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1 Introduction 

 

1.1 Malignant melanoma  

 

1.1.1 Manifestation of malignant melanoma 
 
 
The skin is the human body’s largest organ and represents the first barrier for pathogens, 

noxious substances and other infectious agents that contact and invade our body. It is, 

furthermore, a shield against heat, injury and radiation and consists of various layers. 

The upper layer, the so called epidermis, that consists of squamous cells, basal cells 

and melanocytes, is the site where malignant alterations occur and skin cancer develops 

(Bleyer, 2002).  

 

In contrast to more frequent skin cancer entities such as basal and squamous cell 

carcinomas, which in the majority of cases do not spread to distant organs, the rarer 

malignant melanoma is capable of invading nearby tissues and further metastasizing. Its 

formation is not exclusively restricted to the skin but can also rarely occur in mucosal 

tissues, the intestine or the eye (McGuire, 2016). Apart from genetic risk factors, the 

principal non-genetic risk factor is exposure to ultraviolet radiation. That, however, can 

be either beneficial as non-burning sun light exposure is associated with a reduced risk 

for melanoma  or detrimental as sunburn  doubles the risk of developing a malignant 

disease (Gandini et al., 2005). 

 

In the last 30 years, the incidence rate of metastasized malignant melanoma has tripled 

thus contributing to the majority of skin cancer-related deaths (Aamdal, 2011). It is a 

highly aggressive and metastatic form of cancer and has been defined as a 

heterogeneous disease. Tumor growth commences in the lowest epidermis layer and is 

followed by tumor dissemination as a multistage process. Furthermore, melanoma 

represents the most common cancerous disease among young women and the second 

most common cancer among young men aged 20 to 30 (Siegel, Miller, & Jemal, 2017). 
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1.1.2 Therapeutic approaches to malignant melanoma 
 

There are curative treatments for early stage melanoma. Several therapies are standard 

of care when treating advanced melanoma. These include, for example, surgery to 

remove primary lesions as well as cytotoxic approaches such as chemotherapy or 

radiotherapy that kill the cancer cells and stop them from dividing and growing. 

Furthermore, targeted therapy, such as angiogenesis inhibitors, signal transduction 

inhibitors and oncolytic viral therapy are also used. (Bajetta et al., 2002; Bastiaannet, 

Beukema, & Hoekstra, 2005; Luke, Flaherty, Ribas, & Long, 2017). However, despite all 

efforts and early diagnosis, patients with a metastatic disease still have a poor prognosis. 

The 5-year survival rate among these patients is 10 – 15 % and their median overall 

survival amounts to less than one year (Pollack et al., 2011). In recent years, improved 

knowledge of cancer pathophysiology and a better understanding of the immune 

system’s role in tumor control and its microenvironment have led to the development and 

approval of several immunotherapies as novel therapeutic approaches. 

 

1.2 Tumor immunotherapy 

1.2.1 Basic principles of immunotherapy  
 

Immunotherapies are treatments that can either induce, enhance or suppress an immune 

response. Activating immunotherapies have been designed to elicit and amplify immune 

responses whereas suppressive immunotherapies attenuate and suppress these.  

 

The basis for immunotherapeutic approaches against cancer is the principal ability of the 

immune system to recognize tumor cells as a threat to the organism’s integrity, to 

discriminate between foreign and self and the subsequent activation and proliferation of 

cytotoxic T-cells that play a central role in eradicating malignant cells. Besides cell-based 

immunotherapies that focus on modifying immune cells in vitro and in vivo, 

immunomodulators such as cytokines, chemokines and interleukins are used to 

stimulate and enhance immune responses.  

 

For years, melanoma has been one of the rare solid tumors for which, apart from classic 

chemotherapy, a form of immunotherapy has been standard of care. Despite the fact 

that various tumor entities such as melanoma elicit strong immune responses evident 

due to the infiltration of tumor infiltrating lymphocytes (TILs) into primary lesions, tumors 

have the ability to evade detection and elimination by the immune system (Swann & 
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Smyth, 2007). This process is termed tumor immune evasion and can be subdivided into 

two mechanisms. On the one hand, triggering of immune tolerance, on the other hand, 

evolving resistance to killing by cytotoxic T cells or other activated effector cells (Drake, 

Jaffee, & Pardoll, 2006). By the time tumors have become clinically detectable, they have 

already manipulated their microenvironment with the release of tumor-derived soluble 

factors like chemokines and cytokines (Swann et al., 2008) and thus evade the immune 

response mounted by the host. Immunotherapeutic approaches are intended to 

successfully overcome this tumor-mediated immune suppression. 

 

1.2.2 Immunotherapeutic approaches for malignant melanoma 
 

The first successful immune-based cancer therapies that demonstrated a clinical benefit 

comprised treatment with interferon-α in the adjuvant setting and high doses of immune-

stimulating interleukin-2 (IL-2) in advanced melanoma (Atkins et al., 1999; Floros & 

Tarhini, 2015). Moreover, the combination of a high-dose IL-2 therapy and therapeutic 

vaccination with gp100, a cell surface protein expressed on melanoma cells that can 

serve as antigen, further improved the objective response rate (ORR) significantly 

(Schwartzentruber et al., 2011). Nevertheless, cytokine-based therapies as well as 

treatment with cytotoxic drugs have been characterized by generally low objective 

response rates (approximately 10-20% of patients) and no significant increase in overall 

survival (Mackiewicz, 2012).  

 

However, in the last decade, immunotherapy has transitioned from the cytokine-based 

treatment to the antibody-mediated blockade of immune checkpoints. Monoclonal 

antibodies directed against different so-called immune checkpoints such as the cytotoxic 

T-lymphocyte-associated antigen-4 (CTLA-4) and the programmed cell-death protein 1 

(PD-1) have revolutionized the treatment of unresectable or metastatic melanoma as 

well as other cancer entities by achieving durable clinical responses and prolonging 

patient survival with the hope of a cure for an increasing proportion of patients.   
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1.2.3 Immune checkpoints and their therapeutic potential in tumor therapy 
 

Endogenous antitumor immunity relies on the ability of T cells to selectively recognize 

peptide antigens, kill antigen-expressing cells, to control additional components of the 

immune system and to mediate immunological memory. The intensity of a T cell- 

 

 

Figure 1.1: Scheme of stimulatory and inhibitory interactions between immune cells and / or tumor 

cells mediated by immune checkpoints. Depicted are interactions between immune checkpoints and their 

ligands as well as their cellular effects. A) CTLA-4 pathway inhibition: T cells get activated and proliferate 

into effector T cells by interaction of the TCR with an MHC-I bound antigenic peptide presented to the T cell 

by an APC. The co-stimulatory molecule CD28 is required to stabilize TCR downstream signaling, however 

CTLA-4 competes for the same ligands, CD80 or CD86 (B7 molecules) and dampens the immune response 

upon binding to prevent excessive immune responses. Inhibition of CTLA-4 with monoclonal antibodies 

precludes inhibition and therefore allows upregulation of T cell activation. B) PD-1/PD-L1 pathway inhibition: 

Activated T cells express PD-1 that interacts with either one of its ligands PD-L1 or PD-L2. Whilst PD-L2 is 

predominantly expressed on APCs, PD-L1 is expressed on many cell types, including tumor cells and 

immune cells. This interplay induces an inhibitory stimulus leading to T cell inactivation and anergy. Blocking 

of either PD-1 or its ligands with monoclonal antibodies abrogates this inhibitory stimulus, resulting in a more 

potent antitumor immune response. C) Treg cells are a T cell subpopulation capable of suppressing immune 

responses. Blocking of CTLA-4 on Treg cells inactivates and depletes this inhibitory subpopulation and 

enhances immune responses.   

 

mediated immune response, initiated after antigen recognition by the T cell receptor, is 

regulated by the balance of costimulatory and inhibitory signals, so called immune 

checkpoints (L. Chen & Flies, 2013). Under physiological conditions, these inhibitory 
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signals are necessary to keep up self-tolerance and prevent excessive immune 

reactions. The expression of immune checkpoint proteins is often dysregulated in cancer 

and its microenvironment (Pardoll, 2012). In various cancer entities, tumor-infiltrating T 

lymphocytes express high levels of negative costimulatory markers (Ahmadzadeh et al., 

2009), therefore suggesting a tumor-derived mechanism involved in antitumor 

suppression (Zou & Chen, 2008). Agonists of costimulatory signals as well as 

antagonists of inhibitory signals, the latter referred to as checkpoint blockade, turned out 

to be an attractive therapeutic target for tumor immunotherapy.  

 

1.2.4 Blockade of cytotoxic T lymphocyte associated antigen-4 
 

Cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) was the first immune checkpoint 

receptor used for therapeutic purposes. It is a member of the CD28/B7 immunoglobulin 

superfamily and is exclusively expressed on effector and regulatory T cells where it fulfills 

its delicate task of limiting the extent of early T cell activation. Under physiological 

conditions, CTLA-4 thus prevents overly intense immune responses in healthy 

individuals such as autoimmunity (Robert et al., 2011). CTLA-4 counterbalances the 

costimulatory receptor CD28 that stabilizes and enhances the signaling cascade of T cell 

activation after an antigen is recognized by the T cell receptor. CD28 and CTLA-4 

compete for the same ligands: CD80 and CD86 (Azuma et al., 1993; Linsley et al., 1991). 

While the precise underlying mechanisms are subject of controversial debate, a theory 

exists that CTLA-4 inhibits the activation of T cells by competitive inhibition of CD28 in 

the binding to CD80 and CD86 because of its greater affinity for both ligands (Linsley et 

al., 1994). Direct inhibitory signals on T cells have also been postulated (Parry et al., 

2005; Schneider et al., 2002). Activation of effector T cells as well as the inhibition of 

regulatory T cells are essential factors for the therapeutic success of CTLA-4 checkpoint 

blockade (Pardoll, 2012). Preclinical studies in mouse models determined a significant 

increase in the antitumor immune response due to monoclonal antibody-mediated CTLA-

4 checkpoint blockade (Leach, Krummel, & Allison, 1996). However, this has only been 

observed for immunogenic tumors that elicit a spontaneous basal immune response. 

Barely immunogenic tumors did not respond to monotherapy with anti-CTLA-4 immune 

checkpoint blockade although to the combination with a cytokine secreting GM-CSF 

transduced cell vaccine (van Elsas, Hurwitz, & Allison, 1999). In this study, pre-

established tumors were found to be eradicated in 80% of the animals receiving 

combination treatments whereas monotherapy had only marginal effects suggesting a 

potential synergism of tumor vaccines and checkpoint inhibitors that can boost immunity 

and, most importantly, could prevent tumor escape from newly–released or de novo 
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generated immune responses.  Further preclinical studies support the role of combining 

cancer vaccines and immune checkpoint blockade to enhance the efficacy of each other. 

In this context, anti-CTLA-4 antibodies can reduce inhibitory signaling on activated T 

cells (Kwon et al., 1997) and further interfere with Treg cells, thus altering the intratumoral 

T cells to Treg cells ratio towards a favorable balance (Quezada, Peggs, Curran, & 

Allison, 2006). Moreover, anti-CTLA-4 therapy can increase and maintain the vaccine-

induced stimulation of CTLs and their homing to the tumor (Wada et al., 2013). 

 

Based on these preclinical findings, ipilimumab, a fully humanized anti-CTLA-4 antibody 

was approved for treatment of advanced malignant melanoma by the US-American and 

European regulatory authorities in 2010 and 2011. An improved overall survival of 3.5 

months compared to treatment with the melanoma specific peptide vaccine gp100 has 

been demonstrated in a pivotal study (Hodi et al., 2010). Ipilimumab-mediated CTLA-4 

blockade resulted in prolonged activation of T cells, further proliferation of T cells and 

ultimately in the amplification of the T cell-mediated immune response, altogether 

contributing to an enhanced T cell-driven antitumor immune response (Peggs, Quezada, 

Korman, & Allison, 2006; Robert & Ghiringhelli, 2009). Although treatment with 

ipilimumab was the first therapeutic approach to achieve an improved overall survival of 

patients with metastasized malignant melanoma, the fact that approximately 20 % of 

these patients showed a durable clinical response for more than 5 years, which had 

never been achieved with any prior treatment, appeared even more impressive 

(Schadendorf et al., 2015). This ongoing immune reaction and the associated tumor 

remission achieved even long after completion of the comparatively short therapy phase 

(4 doses over a period of 10 weeks) support the concept that immune-based therapies 

can reprogram the immune system and therefore keep tumors in check long after therapy 

has been completed. Besides this small percentage of patients showing a remarkable 

response to therapy with ipilimumab, the majority of patients could not substantially 

benefit from sole CTLA-4 blockade (Hodi et al., 2010). However, the mechanisms that 

underlie this inter-patient heterogeneity are not fully understood yet and need to be 

further clarified.  

 

1.2.5 The role of PD-1 in checkpoint blockade-mediated immunotherapy  
 
Another major immune checkpoint receptor is the programmed cell death protein 1 (PD-

1). Whilst CTLA-4 is considered to inhibit initial T cell activation, the physiological role of 

PD-1 is the limitation of the T cell effector function in peripheral tissues in order to prevent 

excessive immune reactions. After binding to its ligand, PD-1 inhibits several proteins 
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with kinases function that are necessary for T cell activation (Freeman et al., 2000). PD-

1 has a broader expression pattern compared to CTLA-4 as it is not exclusively 

expressed on effector and regulatory T cells (Francisco et al., 2009) but also on B cells 

(Velu et al., 2009), natural killer cells (NK cells) (Terme et al., 2011) and monocytes 

(Freeman et al., 2000). Two ligands for PD-1, PD-1 ligand 1 (PD-L1) and PD-1 ligand 2 

(PD-L2) have been described and are further termed B7-H1 and B7-H2 (Freeman et al., 

2000; Latchman et al., 2001). PD-L1 is expressed on B cells, T cells, macrophages, DCs 

but also tumor cells. In contrast, PD-L2 is expressed mainly on activated macrophages 

and DCs (Kirkwood et al., 2012). 

 

High expression levels of PD-L1 either on carcinoma cells themselves or on myeloid 

cells in the tumor microenvironment are related to an impaired overall survival in patients 

with renal cell carcinoma (R. H. Thompson et al., 2004). On the one hand, 

overexpression of PD-L1 and PD-L2 on tumor cells can result from constitutive activation 

of oncogenic signaling pathways like the anaplastic lymphoma kinase (ALK) in certain 

lymphomas (Marzec et al., 2008). Moreover, tumor cells upregulate PD-L1 as direct 

adaption to IFN-γ detection that is released in the dynamic process of a tumor specific 

immune response (Taube et al., 2012).  

 

Besides an increased PD-L1/2 expression in tumors and their microenvironment, the 

augmented expression levels of PD-1 on non-functional, exhausted T cells in chronic 

viral infection and cancer also represents an attractive target for antibody-mediated 

checkpoint blockade. Previous studies in a mouse model demonstrated an increased 

antitumor immune response by antibody-mediated inhibition of PD-1 either alone or in 

combination with GM-CSF secreting tumor cell lines (Blank et al., 2004; B. Li et al., 2009). 

Phase III clinical trials with the humanized anti-PD-1 antibody nivolumab revealed 

significant therapeutic responses in patients with nonsquamous, squamous and non-

small-cell lung cancer (K. J. Harrington et al., 2017; Horn et al., 2017). In addition, 

nivolumab administration resulted in long-term clinical benefit and increased relapse-free 

survival in patients suffering from advanced melanoma (Weber et al., 2017). 

Furthermore, nivolumamb was approved by the FDA in 2014 for application in a wide 

range of solid tumors such as melanoma and renal cell carcinoma and may even become 

recommended first-line therapy for non-small cell lung cancer.  

 

An approach that combined PD-1 and CTLA-4 checkpoint blockade demonstrated an 

increase in the percentage of infiltrating T cells and a reduction in the numbers of Tregs 

and myeloid cells within B16 melanoma tumors (Curran, Montalvo, Yagita, & Allison, 
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2010). Moreover, the combined blockade of both inhibitory pathways synergized in the 

therapy of malignant melanoma as 50 % of the patients developed a clinical response 

(Ott, Hodi, Kaufman, Wigginton, & Wolchok, 2017). 

 

Similar to the experiences achieved with anti-CTLA-4, the data from various phase II and 

III clinical trials suggest a long-term response whereas many patients apparently show 

no benefit from treatment with the anti-PD-1 monoclonal antibody. Concurrently, new 

hope for a broader response to this promising immunotherapy arises from the premature 

development of synergistic combination therapies. Such therapy approaches comprise   

the combination of PD-1 blockade with either chemotherapy or radiotherapy in patients 

suffering from NSCLC. The combination of chemotherapy with anti-PD-1 blockade 

revealed an increased ORR whereas checkpoint blockade enhanced the response 

initiated by RT to systemic antitumor responses (Deng, Liang, Burnette, et al., 2014; 

Langer et al., 2016). Furthermore, a phase III clinical trial of melanoma patients receiving 

combined nivolumab with ipilimumab treatment demonstrated complimentary activity of 

both checkpoint inhibitors resulting in enhanced survival and an increased ORR (Larkin, 

Hodi, & Wolchok, 2015). In addition, several phase I and II clinical trials are currently 

evaluating second and third generation immune-oncology drugs to overcome resistance 

and to improve ORR. Among others, these include inhibitory compounds such as TIM-

3, LAG-3 and IDO or costimulatory antibodies CD40, CD137 and ICOS (Dempke, 

Fenchel, Uciechowski, & Dale, 2017).  

 

1.2.6 Resistance Mechanisms to Immune-Checkpoint Blockade in Cancer 

 

Despite the significant success achieved with checkpoint-mediated immunotherapy in 

cancer treatment, the majority of patients fails to respond to immune checkpoint blockade 

or has to stop treatment because of the development of immune-related adverse events. 

This strong inter-individual variation in the clinical response to checkpoint inhibitors such 

as anti-CTLA-4 has not yet been fully elucidated and thus remains a major challenge. 

However, several resistance mechanisms comprising T-cell exhaustion (Fuertes 

Marraco, Neubert, Verdeil, & Speiser, 2015), the overexpression of caspase-8 

(Schimmer, 2004) and a different mutational load as well as the subsequent formation of 

neoantigens (Liontos, Anastasiou, Bamias, & Dimopoulos, 2016) have been made 

accountable for the high degree of inter-patient heterogeneity. Thus leaving the 

questions of how the development of a synergistic combination therapy can overcome 

this problem open.  
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Tumor associated antigens, so called neo-antigens, can be recognized by the immune 

system resulting in the destruction of tumor cells expressing them. It is assumed that the 

expression of such new epitopes is a consequence of newly acquired mutations that can 

be caused by DNA damage and EGFR mutation (D. S. Chen & Mellman, 2013). In recent 

years, genetic mutation analysis of tumor samples has been used to determine mutations 

that can actually give rise to antigens recognizable by T cells. So-called neoantigens can 

then be applied as active cancer vaccines. In this context, a previous study investigated 

the role of tumor-specific neoantigens and changes in the tumor microenvironment in 

response to anti-CTLA-4 mediated checkpoint blockade in pretreated tumor biopsies. 

The clinical benefit was significantly associated with the overall mutational and 

neoantigen load as well as the expression of cytolytic markers by tumor infiltrating 

lymphocytes in the immune microenvironment (Van Allen et al., 2015). In addition, whole 

exome and RNA sequencing has been applied to identify cancer-specific neoantigens 

for the subsequent generation of peptide or RNA vaccines for active immunotherapy. 

Personalized RNA vaccines were designed to encode 10 individual neoantigens per 

person and all patients developed a T cell response to multiple neoantigens upon 

application that achieved a clinical response in the combination with PD-1 mediated 

immune checkpoint blockade (Sahin et al., 2017). Furthermore, another study used 

synthetic peptides encoding 20 neoantigens as immunogens that led to a complete 

response when combined with PD-1 blockade (Ott, Hu, et al., 2017).  

Moreover, a recent report has postulated a potential link between the two distinct 

pathways of anti-CTLA-4-mediated immune checkpoint blockade and high expression 

profiles of antiviral defense genes in patients with metastasizing malignant melanoma. A 

gene array analysis of tumor biopsies  demonstrated that patients expressing increased 

levels of genes involved in antiviral immunity such as RIG-I within whole tumor lysates 

benefited from anti-CTLA-4-mediated checkpoint blockade by developing a durable 

clinical response (Chiappinelli et al., 2015). It has been suggested that high basal 

expression levels of endogenous retroviral transcripts can activate and increase the 

expression of anti-viral defense genes resulting in a favorable therapy response. 

Furthermore, it is supposed that genetic changes as well as increases in ERVs and viral 

defense genes could be applied as biomarkers to predict therapy outcome by immune 

checkpoint inhibitors and other immunomodulatory approaches. However, the underlying 

mechanism by way of which nucleic acid receptor signaling affects the efficacy of 

checkpoint blockade has to be further elucidated. 
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1.3 Mechanisms of anti-tumor immunity 

 

1.3.1 Immune cells involved in the defense against tumors 
 

The most essential role of our immune system is to protect our body from invading 

pathogens by inducing a protective immunity and preventing autoimmunity against self-

tissues. This is achieved via a complex network of organs, tissues and effector cells 

comprising antigen-presenting cells, T and B cells as well as NK cells whose functions 

are the initiation, differentiation and triggering of the effector phase and finally the 

termination of an immune response.  

 

Each T and B lymphocyte expresses only a single antigen-specific receptor. Due to 

individual somatic recombination of the receptor encoding genes a practically infinite 

repertoire of specific receptors is created by gene rearrangement. B cells are primarily 

responsible for humoral immunity. Upon antigen recognition they secrete antibodies 

termed immunoglobulins that are capable of opsonizing pathogens and, moreover, 

binding antigens and inactivating them.  

 

In contrast to immunoglobulins, T lymphocytes recognize antigens only when they are 

displayed on the surfaces of infected cells or presented by antigen-presenting cells. 

Moreover, T lymphocytes can be subdivided into T helper (TH) cells and cytotoxic T cells. 

TH cells are characterized by the costimulatory molecule CD4 whereas cytotoxic T cells 

express CD8 on their surface. Helper T cells are activated when antigen, bound to MHC 

Class II molecules, is recognized whereas cytotoxic T cells require a strong interaction 

of their T cell receptor with a peptide-bound MHC class I molecule. Upon activation naïve 

TH cells differentiate into various subsets of effector cells and trigger the release of 

distinct cytokine sets, depending on their subtype, which influences the activity of various 

immune cells (Glimcher & Murphy, 2000). In addition, TH cells are essential for mediating 

and maximizing the capacities of an adaptive immune response. TH1 cells induce the 

production of IFN-γ which in turn boosts the killing efficacy of macrophages and 

enhances proliferation of cytotoxic T cells. Furthermore, TH2 cells improve humoral 

immune responses due to the secretion of cytokines such as IL-4, IL-5 and IL-13 leading 

to B cell proliferation, enhanced antibody production and antibody class switching. TH17 

cells also mediate protection against extracellular bacteria and fungi by secreting IL-17 

(L. E. Harrington et al., 2005; LeibundGut-Landmann et al., 2007). The role of CD4+ 

helper T cells in anti-tumor immunity is not yet fully understood. However, they provide 

cytokines for the differentiation of naïve CD8+ T cells, so that these cells can differentiate 
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into effector and memory T cells. Moreover, T helper cells, specific to tumor antigens, 

can secrete TNF-α and IFN-γ that increase the expression of MHC-I on tumor cells 

(Burkholder et al., 2014). 

 

In contrast, regulatory T (Treg) cells represent an inhibitory subpopulation of TH cells 

competent in suppressing immune responses and thereby maintaining self-tolerance 

and immune homeostasis. This subpopulation is characterized by the expression of 

CD25 and the transcription factor forkhead box p3 (foxp3) apart from CD4 (Vignali, 

Collison, & Workman, 2008). Increased numbers of Treg cells in peripheral blood and the 

TME are commonly found in patients with invasive and metastatic cancer entities 

(Fehervari & Sakaguchi, 2004).   

 

Cytotoxic T cells (CTLs) induce cell death of damaged, dysfunctional and viral infected 

cells or pathogens.  In response to a particular pathogen, CTLs undergo a process called 

clonal selection. Only certain lymphocyte populations are selected to become functional 

and clonally expand. These activated effector cells are then released into the system 

where they bind to cells expressing the distinct antigen as counterpart to their specific 

receptor and induce lysis or apoptosis of these cells. Once an infection has been fended 

off most effector cells die and are cleared by phagocytes, nevertheless, a few survive 

and remain as memory cells. These cells can quickly differentiate into effector cells on a 

de novo encounter with the same antigen and therefore fulfill the task of immunological 

memory. 

 

CTLs can deploy three major mechanisms to kill and destroy malignant cells. The first is 

the secretion of TNF-α, IFN-γ and other cytokines, which can facilitate anti-viral and anti-

tumor effects. The second is the destruction of tumor cells via Fas/FasL interaction. Fas 

ligand is produced by activated CD8+ T cells and can bind to its receptor, Fas, which is 

expressed on the surface of viral infected cells as well as on tumor cells. Binding causes 

trimerization of Fas molecules resulting in the concentration of signaling molecules and 

the subsequent induction of apoptosis in the target cell by activation of the caspase 

cascade (Lettau, Kabelitz, & Janssen, 2015). Moreover, CTLs are able to produce and 

release cytotoxic granules containing proteins with lytic function including granzymes 

and perforin. Perforin can form a pore in the membrane of the target cell which in turn 

allows the granzyme molecules to penetrate the tumor cell and induce apoptosis by 

cleavage of proteins due to their proteolytic function.   
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Natural killer cells (NK cells) are involved in rapid immune responses against viral 

infected cells and also respond to tumor formation. They can recognize cells affected by 

cellular and genomic stress typically found in cancer and initiate cell lysis independent 

on activation by antibodies or the presence of MHC-I (Vivier et al., 2011). The recognition 

of MHC-I molecules on cellular membranes provides inhibitory signals to NK cells; NK 

cells thus respond in particular to the absence of MHC-I which has been observed in 

many tumors. Furthermore, distinct tumors also express proteins such as MIC and ULB 

that can serve as ligands for the NKG2D receptor on NK cells. However, tumors have 

developed strategies to escape NK cell-mediated lysis by blocking the NKG2D receptor 

via secretion of specific ligands (Handgretinger, Lang, & Andre, 2016; Kohrt et al., 2014). 

 

1.3.2 Pattern recognition receptor families 

1.3.2.1 Recognition of microbial patterns by the immune system 

 
The basis of every immune response is the activation of the innate immune system by 

pattern recognition receptors (PRRs). These germline-encoded receptors recognize the 

presence of microbial intruders by binding so called pathogen-associated molecular 

patterns (PAMPs). These conserved molecular structures are only present in pathogens 

but not in healthy host cells. This way, the immune system is capable of identifying 

hazardous situations and discriminating between self and foreign. Among the most 

important PRRs are classic membrane-bound toll-like-receptors (TLRs), C-type lectin 

receptors (CLRs) as well as members of the cytoplasmic receptor family such as NOD-

like-receptors (NLRs), RNA-helicases such as RIG-I-like helicases (RLHs), AIM-2-like 

helicases (ALHs) and the Cyclic GMP-AMP synthase (cGAS) (Sun, Wu, Du, Chen, & 

Chen, 2013; Takeuchi & Akira, 2010).  

 

1.3.2.2 Membrane-bound receptors 

 

The most prominent member of the classic membrane-bound receptors is the family of 

TLRs. Activation of TLRs leads to the recruitment of adaptor proteins and the subsequent 

induction of inflammatory responses by signal transduction via the NF-kB pathway and 

other transcriptional events such as the expression of costimulatory molecules and the 

production of inflammatory cytokines (Medzhitov, Preston-Hurlburt, & Janeway, 1997). 

Until today, 13 different members of the TLR family have been described (Akira, 2009). 



           Introduction 

 

13 
 

Many of these are conserved in mice and humans, however, TLR8 and TLR10 are non-

functional in mice and TLR11 to TLR13 have disappeared from the human genome.  

 

TLRs are expressed on the membranes of either epithelial cells or on cells and tissues 

with immunological function. These include, in particular, cells involved in innate 

immunity such as dendritic cells, macrophages, natural killer cells and other adaptive 

immunity cells like B and T lymphocytes. In addition, they are expressed on various 

epithelia like the gastro intestinal (GI) tract, the lung, the skin and the spleen (Delneste, 

Beauvillain, & Jeannin, 2007). However, their expression profiles vary within the different 

expression sites.  

 

Furthermore, the TLR family can be divided into different subgroups according to their 

cellular distribution. TLR1, 2, 4, 5, 6 and 11 are located on the cell surface and thus 

recognize lipids, proteins and lipoproteins as part of microbial and fungal membranes. In 

contrast, TLR3, 7, 8 and 9 are expressed on intracellular vesicles such as endosomes 

and lysosomes. Due to their localization, this subpopulation predominantly detects 

nucleic acids like bacterial-derived DNA by their conserved structures such as frequent 

unmethylated CpG motifs. Furthermore, this subpopulation of TLRs, in particular TLR9 

which recognizes bacterial and viral DNA and CpG oligonucleotides, TLR3 which senses 

double-stranded RNA and TLR7 and 8 which detect single-stranded RNA, occupy a key 

role in the recognition of viral nucleic acids (Takeuchi & Akira, 2010). 

 

Detection of both viral DNA or RNA by respective TLRs, triggers intracellular signaling 

pathways that lead to the induction of either IFN via the TRIF-dependent pathway or  the 

MyD88-dependent dissemination of NFκB into the nucleus where it activates 

transcription and the subsequent induction of inflammatory cytokines (Kawai & Akira, 

2010). Secretion of IFN by infected cells inhibits viral replication of the infected cell itself 

as well as in neighboring uninfected cells through the induction of antiviral proteins by 

IFN-stimulated genes (ISGs).  
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1.3.2.4 Detection of nucleic acids by RIG-I like helicases 

 

The identification of RLHs, that are present in various cells of the immune system but 

also in the cytosol of almost all somatic cells, represents essential progress in 

understanding of endogenous viral defense. Members of the RLH family are the retinoic 

acid inducible gene I (RIG-I), melanoma differentiation-associated protein 5 (MDA-5) and 

the laboratory of genetics and physiology 2 (Lgp2). Recognition of RNA, for instance viral 

or tumor derived RNA, by RIG-I takes place in the cytosol, whereas endosomal 

localization is required for the identification and the discrimination between self and 

foreign by TLRs (Schmidt, Endres, & Rothenfusser, 2011).  

RIG-I and MDA-5 turned out to be decisive for the detection of human pathogen viruses. 

RIG-I preferentially binds short dsRNA molecules whereas MDA-5 selectively binds long 

dsRNA and thus can detect various viral strains (Kato et al., 2006; Takeuchi & Akira, 

2007). The exact molecular property of the viral PAMP, which allows MDA-5 to 

distinguish between viral RNA and host self-RNA in the cytosol, is not known until today. 

It has been shown that uncapped 5´-triphospat RNA (3pRNA), a viral RNA modification 

that occurs in eukaryotic cells where it is hidden by the 5´capstructure is exclusively 

detected by RIG-I. Such 3pRNA can be produced by in vitro transcription or in a 

synthetically induced manner (Hornung et al., 2006; Schlee et al., 2009) and can, 

therefore, mimic the effects of naturally occurring viral RNA. 3pRNA selectively activates 

RIG-I and can be used as pharmacological reagent for immune stimulation.  

A unique feature of viral detection is the fact that the characteristic protein-sugar-lipid 

modification, which often serves as recognition pattern for fungi or bacteria, does not 

exist in viruses as these solely consists of host cellular components. Therefore, the 

innate immune system employs specific viral PAMPs like viral capsids, methylation, an 

uncapsulated 5´triphospate end in viral RNA or the production of double-stranded RNA 

for the recognition of viral infections. Moreover, aberrant localization of RNA in the 

cytosol is classified as a danger signal and thus followed by the induction of an immune 

response. 

 

Sensing of a viral infection is followed by the induction of an innate immune response 

and accompanied by the production of antiviral cytokines of the group of IFN-I (IFN-α/-

β) and IFN-III (IFN-λ) that can be formed in somatic cells as well as in specialized cells 

of the immune system (Levy, Marie, & Durbin, 2011). Detection of viral structures by 

PRRs furthermore involves the production of proinflammatory cytokines that can either 

induce apoptosis in viral infected cells or initiate inflammatory responses that recruit cells 



           Introduction 

 

15 
 

from the innate immune system to the site of infection and optimize the molecular 

conditions for immune responses mediated by the adaptive immune system (Nakanishi, 

Yoshimoto, Tsutsui, & Okamura, 2001).  

 

In addition, cancer as a genetic disease arises by an evolutionary process where somatic 

cells acquire multiple mutations. Therefore, cancer cells share properties comparable to 

those of viruses as both arise from host cells. For this reason, similar defense 

mechanisms are applied to fend off uncontrolled expansion of tumor cells as are 

employed in anti-viral immunity. For instance, aberrant localized tumor-derived nucleic 

acids that are released upon tumor cell death can be detected by the innate immune 

system and facilitate an IFN-I driven immune response finally resulting in tumor 

eradication (Dunn et al., 2005).  

 

1.3.2.5 RIG-I mediated induction of apoptosis 

Until recently, knowledge about the function of RIG-I was restricted to the induction of 

IFN-I and proinflammatory cytokines. However, by targeted activation of RIG-I in tumor 

cells an essential role of RIG-I in anti-tumor immunity and a RIG-I-dependent signaling 

pathway for apoptosis induction by an immunogenic variant of cancer cell death leading 

to growth inhibition of pre-established tumors has been described.  

In this context, a previous report revealed that RIG-I and MDA-5 ligation in both somatic- 

and tumor cells triggers two distinct and functionally independent signaling pathways. 

One results in the release of IFN-I by both tumor and host cells, the other leads to the 

induction of pro-apoptotic BH3-only proteins and subsequent apoptosis of malignant 

cells (Besch et al., 2009). This effect was primarily driven by the transcriptional induction 

of Noxa but was independent of p53 induced IFN-I. In addition, apoptotic signaling 

triggered by RIG-I and MDA-5 led to the induction of caspase-9, an essential mediator 

of the mitochondrial apoptosis pathway in melanoma cells. Pro-caspase-9 was further 

cleaved by the effector caspase-3 and this cleavage was accompanied by cytochrome c 

release from mitochondria, another critical event in mitochondrial apoptosis. In contrast 

to the massive cell death induction in melanoma cells, nonmalignant cells evade 

induction of apoptotic cell death by upregulating anti-apoptotic proteins such as Bcl-2 

whereas this mechanism was found to be lost in melanoma cells. A follow-up study 

revealed that the susceptibility to RIG-I-mediated intrinsic apoptosis was not restricted 

to melanoma cells but also found in a preclinical model of pancreatic cancer (Duewell et 

al., 2014). It was further suggested that this kind of tumor cell death is immunogenic as 
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dying tumor cells exhibited characteristic features of immunogenic cell death by 

translocation of calreticulin to the outer membrane as well as the release of HMGB1. 

RIG-I-triggered tumor cell death furthermore led to the activation of DCs, in particular 

CD8α+ DCs, capable of cross-presenting tumor-associated antigens to naïve T cells 

mediated by tumor derived IFN-I.  

In addition, another study observed that in vivo delivery of 3pRNA contributes to overall 

antitumor activity of RIG-I and MDA-5 by activating NK cells capable of eradicating pre-

established tumors (Poeck et al., 2008).  

 

1.3.2.6 Detection of tumor associated antigens by dendritic cells 

 

Upon recognition and internalization, the antigen is processed and digested into small 

peptides containing epitopes and presented to T cells by major histocompatibility 

complex (MHC) molecules at the cell surface (Dalod, Chelbi, Malissen, & Lawrence, 

2014; Rossi & Young, 2005). The activation of cytotoxic T cells by presentation of an 

exogenous antigen bound to MHC class-I molecules is referred to as cross-presentation 

(den Haan, Arens, & van Zelm, 2014). Sensing of an antigen leads to a phenotypic 

transformation and ultimately to the activation and maturing of dendritic cells. This in turn 

is accompanied by the upregulation of MHC molecules and co-stimulatory factors like 

CD80 and CD86 which trigger CD28 on T cells (Brzostek, Gascoigne, & Rybakin, 2016). 

Previous studies have suggested these three signaling classes as being crucial for the 

subsequent fate of T cells as they appear to be required for effector T-cell generation 

and thus move DC to the center of adaptive immunity (Joffre, Nolte, Sporri, & Reis e 

Sousa, 2009). Immature DCs are insufficient in antigen presentation because they lack 

an efficient costimulatory signaling function. Therefore, naïve T cells only receiving signal 

1 enter a state of inactivity either by anergy, induction of tolerance or diversion into a 

regulatory cell fate (Dhodapkar, Steinman, Krasovsky, Munz, & Bhardwaj, 2001; Joffre 

et al., 2009; Shortman & Heath, 2001). The underlying mechanism of this regulation has 

been determined by studies showing that maturation of DCs and the subsequent release 

of a potent immune response is primarily achieved by recognition of pathogen-derived 

microbial patterns (Medzhitov & Janeway, 1997). Endogenous inducible danger signals 

like pro-inflammatory cytokines can also serve as mediators for the transition of DCs to 

immunogenic APCs (Belardelli & Ferrantini, 2002). In addition, dendritic cell-intrinsic IFN-

I signaling has been shown to be of particular importance for the generation of antigen-
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specific T-cell responses against growing tumors by facilitating tumor-specific T cell 

priming and the subsequent accumulation of CD8α+ T DCs in the tumor (Diamond et al., 

2011; Fuertes et al., 2011). Previous studies demonstrated that DCs are capable of 

sensing and processing tumor derived antigens from either living or dying tumor cells 

and further cross-present these to T cells resulting in tumor rejection by the induction of 

a T cell-mediated immune response suggesting DCs as a potential target for cancer 

immunotherapy. 

 

1.3.2.7 Maturation of dendritic cells by immunogenic cell death  

Cancer cell death can be either immunogenic or non-immunogenic depending on the 

initiating stimulus. Immunogenic cell death (ICD) is associated with changes in the cell 

surface and a spatial and temporal release of immunogenic damage-associated 

molecular patterns (DAMPs) capable of inducing an immune response (Garg, Martin, 

Golab, & Agostinis, 2014). However, preclinical cancer models in mice have 

demonstrated that the nature of cell death influences the in vivo immunogenic potential 

of DCs loaded with apoptotic tumor cells (Goldszmid et al., 2003; Hatfield et al., 2008).  

Dying or dead cancer cells can exhibit an immune stimulatory potential by their ability to 

elicit adaptive immune responses mediated by DCs which ultimately result in tumor 

eradication (Kroemer, Galluzzi, Kepp, & Zitvogel, 2013).This includes the release of 

defined DAMPs that can act as potent danger signals.  Furthermore, ICD is accompanied 

by the induction of reactive oxygen species (ROS) and endoplasmatic reticulum (ER) 

stress (D. V. Krysko et al., 2012). There are at least three types of signals elicited by 

dying tumor cells that interact with DCs, including the “find me”, “eat me” and “don´t eat 

me” signals (Ravichandran, 2011). Apoptotic cells release molecules that function as 

“find me” signals including ATP and passively released high-mobility group box 1 

(HMGB1). Calreticulin (ecto-CRT) and phosphatidylserine are membrane-bound and 

therefore surface-exposed molecules that serve as “eat me” markers for phagocytes thus 

supporting detection and uptake of dying cells (Kepp et al., 2014). In addition to these 

stimulatory signals, negative regulators like lactoferrin and CD47 serve as “don´t eat me” 

signals for the prevention of phagocytosis (Chao et al., 2010). Moreover, studies in 

mouse models demonstrated that ICD-undergoing cancer cells also function as very 

potent Th1-driving anticancer vaccines (Guo et al., 2017). Therefore, creating highly 

immunogenic antigenic tumor cell cargo by combining the potential of ICD inducers with 

other immunogenic modalities can even further improve immunotherapy of cancer.  
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1.3.2.8 Downstream signaling of RLHs 

Activation of RIG-I and MDA-5 involves the potent release of IFN-I (Goubau et al., 2014b; 

Hornung et al., 2006) and furthers the secretion of proinflammatory cytokines e.g. IL-6 

and TNF-α (Kato et al., 2006).These essential molecules are mainly produced by cells 

of the innate immune system like DCs and macrophages but also fibroblasts. Concurrent 

secretion of IFN-I and proinflammatory cytokines is responsible for the inhibition of viral 

replication and the induction of an adaptive immune response. The mitochondrial 

antiviral signaling protein (MAVS) serves as an adaptor protein for the RIG-I- and MDA-

5-mediated signaling cascade by activating the transcription factors interferon regulating 

factor 3 and 7 (IRF3; IRF7) which are necessary for the production of IFN-I and further 

the nuclear factor 'kappa-light-chain-enhancer' of activated B-cells (NF-κB) which 

induces proinflammatory cytokines and chemokines. Activation of NF-κB is further 

regulated via the adaptor proteins caspase-recruitment-domain-protein 9 (CARD9) and 

B-cell lymphoma 10 (BCL-10) (Poeck et al., 2010). 

 

Another key pyrogen during an infection besides IL-6 and TNF-α is IL-1β. This cytokine 

triggers the generation of fever and the induction of an adaptive immune response as 

well as the recruitment of leucocytes to the site of infection (Yu & Finlay, 2008). Due to 

these diverse biological functions, a multi-protein complex, the so-called inflammasome, 

closely regulates the secretion of IL-1β. The central effector protein of the inflammasome 

is caspase-1, which catalyzes the cleavage of the inactive precursor pro-IL-1β and pro-

IL-18 into the biologically active cytokines IL-1β and IL-18. The name of each 

inflammasome is based on its respective receptor. Currently three different 

inflammasomes have been described, which play an important role for the clearance of 

viruses: the NLRP3-inflammasom, the AIM2-inflammasom and the RIG-I inflammasome 

(Franchi et al., 2014; Poeck et al., 2010; Pothlichet et al., 2013).  
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1.3.2.9 Cytosolic DNA as danger signal 

In addition to aberrant cytosolic RNA sensing, detection of cytosolic DNA is also 

perceived as a danger signal and thus initiates an immune response upon recognition. 

A source of cytosolic DNA can be genetic material from viral genomes or replication 

intermediates during viral infection. The detection of DNA is facilitated by different 

sensors including the membrane-bound TLR9 receptor, which recognizes CpG motif 

containing nucleotides within the endosome, as well as the recently discovered cytosolic 

DNA sensors Absent in Melanoma-2 (AIM2) and cGAS (Atianand & Fitzgerald, 2013; 

Fernandes-Alnemri, Yu, Datta, Wu, & Alnemri, 2009; Rathinam & Fitzgerald, 2011). 

Activation of AIM2 leads to the formation of the AIM-2 inflammasome complex whereas 

activation of cGAS induces an innate immune response comparable to the recognition 

of cytosolic RNA via RIG-I by producing IFN-I and proinflammatory cytokines.  

 

1.3.2.10 Detection of cytosolic DNA via the cGAS/STING pathway 

cGAS is one of several DNA-binding proteins functioning upstream of its adaptor protein, 

the stimulator of interferon gene (STING). Upon recognition and binding of double-

stranded DNA (dsDNA), cGAS catalyzes the formation of cyclic guanosine 

monophosphate–adenosine monophosphate (cGAMP) from ATP and GTP (Sun et al., 

2013). The STING protein is located on the endoplasmatic reticulum where it recognizes 

and binds cGAMP with a higher affinity compared to its ligands cyclic di-guanylate 

monophosphate (c-di-GMP) and cyclic-di-adenylate monophosphate (c-di-AMP), which 

have a similar structure as cGAMP (Burdette et al., 2011).  

Upon ligand binding, STING activates TANK-binding kinase 1 (TBK1) which triggers the 

phosphorylation of  IRF-3 and subsequent transcription of IFN-β and associated genes 

(Tanaka & Chen, 2012). Furthermore, STING coordinates the activation of STAT, thus 

inducing certain interferon stimulating genes (ISG) and chemokines such as CCL2 and 

CCL20 (Burdette et al., 2011; H. Chen et al., 2011) and is assumed to activate NF-κB 

transcription via the activity of the inhibitor of kappa B kinase (IKK) (Tanaka & Chen, 

2012). 
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1.3.2.11 The role of STING in viral infection and immunotherapy 

By its ability to elicit a strong IFN-I response upon ligand binding, STING occupies a 

crucial role in controlling infections from DNA viruses such as herpes simplex virus 1     

(HSV-1) (Schoggins & Rice, 2011). Recent studies further demonstrated the importance 

of STING signaling in sensing of retroviruses like HIV-1 (Gao et al., 2013). Besides its 

role in antiviral immunity, STING agonist have been shown to be potent adjuvants in 

therapeutic vaccination approaches (X. D. Li et al., 2013). Additionally, STING signaling 

appears to be a promising target for the development of new strategies in cancer therapy 

because of its critical role in innate immune sensing of immunogenic tumors and the 

subsequent priming of CD8+ T cells against tumor antigens (Woo et al., 2014). 

It is furthermore involved in spontaneous anti-tumor responses by sensing tumor derived 

DNA as well as IFN-β release and the activation of host antigen-presenting cells by 

signaling via cGAS/STING and interferon regulatory factor 3 (IRF3). Moreover, cGAS 

and STING seem to be crucial in immunotherapeutic approaches as mice deficient in 

either one of these genes lost the ability to mount an efficient antitumor immune response 

induced by the combination of PD-1-mediated immune checkpoint blockade with direct 

targeting of the cGAS/STING pathway (H. Wang et al., 2017). In contrast, monotherapy 

with anti-PD-1 did not inhibit tumor growth. (Ueha et al., 2015). 
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Figure 1.2: Overview of cytosolic pattern recognition receptor signaling pathways and their 

respective target transcription factors. This schematic overview is reduced to receptors, adaptor 

molecules and the main transcription factors. Adapted from (Junt & Barchet, 2015). 

 

1.3.2.12 Implications of STING and RIG-I agonists in cancer immunotherapy   

 
In recent years, intense research on cells of innate and adaptive immunity and the 

pattern recognition receptors expressed on their surface have broadened the 

understanding of the central role of PRRs in immunotherapy. Specific PRR ligands serve 

as attractive immune modulators. An advantage in the use of specific ligands is their 

ability to induce a precise immune response by mimicking a bacterial or viral infection. 

In addition, activation of PRRs is an appropriate adjuvant for vaccination strategies due 

to their ability to selectively activate professional APCs and the subsequent antibody 

release and induction of cellular immunity.  

 

Previous studies demonstrated that intratumoral application of modified cyclic 

dinucleotides (CDNs) can trigger systemic and tumor specific immune responses in mice 

and men that result in the regression of primary injected tumors as well as systemic 

metastasis (Corrales et al., 2015). Moreover, a vaccination approach with a GMCSF 
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transduced STING agonist in a preclinical mouse model led to reduced tumor growth in 

several cancer entities in vivo. Tumor regression was further accompanied by tumor 

infiltration by CTLs and high expression levels of PD-L1 in the tumor microenvironment. 

Combining vaccination with anti-PD-1-mediated checkpoint blockade resulted in tumor 

regression and prevented further tumor growth in a re-challenge experiment (Fu et al., 

2015). Furthermore, direct targeting of PRRs elicits a Th1-mediated immune response 

and the ensuing potent IFN-I driven defense mechanisms against intracellular 

pathogens. Moreover, this PRR-mediated stimulation of adaptive immunity supports 

immunological defense against tumor cells (C. K. Tang et al., 2013).  

 

Due to their ability to induce either tumor cell death as well as efficient cross priming, 

RIG-I ligands represent promising immune stimulants and can furthermore be utilized for 

the generation of new adjuvants in the use of cancer vaccines (Liu et al., 2016). A 

previous study demonstrated the successful use of RIG-I agonist as vaccine adjuvants 

in a murine influenza model. Application of 3pRNA in combination with influenza 

hemagglutinin, serving as an antigen, resulted in antibody production and activation of 

CTLs and further protected mice against a lethal influenza challenge (Beljanski et al., 

2015; Hochheiser et al., 2016). Moreover, RIG-I has recently been shown to be activated 

in tumor and host cells by small noncoding RNAs that are translocated from the nucleus 

in the cytosol after irradiation and to lead to the induction of an IFN-β driven immune 

response (Ranoa et al., 2016).   

 

Besides their function in facilitating anti-tumor effects, PRRs have also been found to 

promote cancer progression. Chemically induced epidermal carcinogenesis by a 

polycyclic aromatic hydrocarbon leads to the release of DNA into the cytosol, which is 

subsequently sensed by STING leading to the induction of proinflammatory cytokines 

and the attraction of inflammatory cells which then causes a state of chronic inflammation 

that further promotes tumorigenesis (Ahn et al., 2014). Moreover, a previous report 

revealed that direct targeting of RIG-I in a preclinical model of breast cancer fails to 

induce a therapeutic response and additionally enhances tumor growth, formation of 

metastasis and leads to therapy resistance (Nabet et al., 2017).  

 

Altogether, several important aspects seem to affect the efficiency of PRR activation in 

immunotherapy including the tumor microenvironment, the cell specificity of response as 

well as the nature of agonists and tumor immunogenicity. In addition, the role activation 

of tumor and host intrinsic PRR signaling has for checkpoint-mediated immunotherapy 

and how activation of one respective compartment differs from another remains ill-
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defined. Furthermore, the current knowledge of PRRs in immunotherapy is almost 

completely based on preclinical studies highlighting the importance of follow-up studies 

to further elucidate the impact of PRRs on cancer therapy in humans.  

  

1.4 Objectives 

Targeting the immune checkpoint CTLA-4 with the monoclonal antibody ipilimumab 

turned out to be an effective tumor immunotherapy in both mice and men. However, its 

success depends on a preexisting T-cell response which limits its therapeutic potential 

to patients with spontaneous presence of T cells in the tumor microenvironment. 

In addition, high expression levels of various antiviral defense genes including DDx58, 

which encodes the cytosolic RNA receptor RIG-I, have been linked to durable clinical 

responses to CTLA-4 blockade in melanoma patients, suggesting a potential link 

between these two distinct pathways. Yet, little is known about how RIG-I signaling in 

the tumor / host impacts on the efficacy of anti-CTLA-4 checkpoint blockade. 

To address how activation of the RIG-I pathway in tumor and/or host immune cells within 

the tumor microenvironment may affect the efficacy of CTLA-4 blockade, this work was 

designed to answer the following questions: 

(1) Do tumor and / or host RIG-I signaling influence the therapy efficacy of CTLA-4-

mediated immune checkpoint blockade? 

(2) If so, what are the signaling and adapter proteins and the cellular and molecular 

effector mechanisms involved? 

(3) What is the role of RIG-I-induced immunogenic tumor cell death in the efficacy of 

anti-CTLA-4 immunotherapy? 
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2 MATERIALS AND METHODS 

2.1 Materials 

 

2.1.1 Technical equipment 
 
Accu jet pro      Brand, Wertheim, Germany 

Balance (Si-64)    Denver Instruments, Bohemia, USA 

Cat RM5  CAT, Ballrechten-Dottingen, Germany 

Cell culture CO2 incubator    Binder, Tuttlingen, Germany 

Cell culture laminar flow HERASafe KS Thermo Fisher Scientific, Walham, USA 

Centrifuge 5417 R     Eppendorf, Hamburg, Germany 

Centrifuge 5810 R     Eppendorf, Hamburg, Germany 

FACSAria II, FACSCanto II    Becton Dickinson, San Jose, USA 

Innova 4000 Incubator Shaker  New Brunswick Scientific, New Jersey, USA 

INTAS ADVANCED ECL Imager    INTAS Science Imaging 

LightCycler 480 II     Roche, Mannheim, Germany 

Microscope Axiovert 40 C   Zeiss, Jena, Germany 

Mithras LB940 multilabel plate reader  Berthold, Bad Wildbad, Germany 

MyCycler Thermal Cycler System  Biorad, Berkeley, USA 

Nanodrop ND-1000     NanoDrop, Wilmington, USA 

Polymax 204 Heidolph, Schwabach, Germany 

Refrigerators (4°C, -20°C, -80°C)   Siemens, München, Germany 

Tecan Sunrise     Tecan Group, Männedorf, Switzerland 

Thermomixer comfort    Eppendorf, Hamburg, Germany 

Vacusafe Vaccum Pump   Integra, Biebertal, Germany 

Vortex Genie 2     Scientific Industries, Bohemia, USA 

Water bath WB14     Memmert, Schwabach, Germany 

 

2.1.2 Chemicals, reagents and buffers 
 
Albumin Fraktion V    Roth, Karlsruhe, Germany 

Aqua      Braun, Melsungen, Germany 

Chloroform      Sigma Aldrich, St. Louise, USA 

Dimethyl sulfoxide (DMSO)    Sigma Aldrich, St. Louise, USA 

Dulbecco’s PBS (1x)     Sigma Aldrich, St. Louise, USA 

Ethylenediaminetetraacetic acid (EDTA)  Promega, Madison, USA 



  Materials and Methods 

 

25 
 

FastDigest BpiI    Thermo Fisher Scientific, Walham, USA 

Filtrated Bovine serum albumine (FBS) PAN, Aidenbach, Germany 

G-Dex RBC Lysis Buffer   intron, Sangdaewon-Dong, Korea 

Isoflurane (Forene®)     Abbott, Zug, Switzerland 

Lipofectamine 2000    invitrogen, Carlsbad, USA 

Paraformaldehyde (PFA)    Fisher Scientific, Schwerte, Germany 

Percoll (density 1.129 g/ml)   GE Healthcare, Uppsala, Schweden 

Pierce RIPA Buffer    Thermo Fisher Scientific, Walham, USA 

Plasmid-Safe DNase    Biozym Scientific, Oldendorf, Germany 

Ponceau S solution    Sigma Aldrich, St. Louise, USA 

T4 DNA Ligase    New England Biolabs, Ipswich, USA 

TRIzol Reagent    Thermo Fisher Scientific, Walham, USA 

Trypan blue (0.4%)    gibco life technologies , Carlsbad, USA 

Trypsin (0.05%)     gibco life technologies , Carlsbad, USA 

TWEEN 20     Sigma Aldrich, St. Louise, USA 

 

ELISA coating buffer     ELISA assay diluent 

0.2 M sodium phosphate    10% FCS 

in H₂O      in PBS 

pH 6.5      pH 7.0 

 

ELISA wash buffer 

0.05% Tween 20     

in PBS 

 

Lämmli-Buffer     Running Buffer 10x 

0.5 M Tris/HCL    30 g Tris pure 

25% Glycerol     144 g Glycerin 

10% β-Mercaptoethanol   20% SDS 

5 % SDS     1l H₂O 

Bromphenol blue 

H₂O 
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Stripping – Buffer    TBS 10x 

62.5 mM Tris/HCL    24 g Tris pure    

20% SDS     80 g NaCl 

β-Mercaptoethanol    in 800 ml H₂O 

in H₂O      pH 7.4 

pH 6.8 

 

TBST 10x      Transfer Buffer 

24 g Tris pure     480 mM Tris 

80 g NaCl     390 mM Glycerin 

2.5 ml Tween     10 % SDS 

in 800 ml H₂O     in H₂O  

pH 7.4 

 

LB-medium 

10 g NaCL 

10 g Trypton 

5 g Yeastextract 

1l H₂O 

 

2.1.3 Cell culture materials, reagents and media 
 
β-Mercaptoethanol     gibco life technologies, Carlsbad, USA 

Dulbecco's modified Eagle´s medium  gibco life technologies, Carlsbad, USA 

(DMEM), high glucose 

Fetal calf serum (FCS)    PAN Biotech, Aidenbach. Germany 

In vivo-jetPEI     polyplus, Illkirch-Graffenstaden, France 

L-glutamine 200mM     gibco life technologies, Carlsbad, USA 

MEM-NEAA (non-essential amino acids)  gibco life technologies, Carlsbad, USA 

Minimum Essential Medium Eagle  gibco life technologies, Carlsbad, USA 

Nuclease-Free Water    Promega, Madison, USA 

OptiMEM + GlutaMAX   gibco life technologies, Carlsbad, USA 

Penicillin / Streptomycin (100x)   gibco life technologies, Carlsbad, USA 

Phosphate buffered saline (PBS)   Sigma Aldrich, St. Louise, USA 

Roswell Park Memorial Institute (RPMI)  gibco life technologies, Carlsbad, USA 

1640 medium 
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RPMI complete medium  

10% FCS  

2 mM L-glutamine  

100 IU/ml penicillin  

100 μg/ml streptomycin  

1 % β-mercaptoethanol  

in RPMI 1640 

 

DMEM complete medium    Cryo medium 

10% FCS      90% FCS 

2 mM L-glutamine     10% DMSO 

100 IU/ml penicillin       

100 μg/ml streptomycin 

 
Blocking antibodies: 
 

Description Isotype Clone Distributor 

Anti-CTLA4 

Syrian Hamster 

IgG 9H10 BioXCell 

Anti-PD1 Rat IgG2a RMP1-14 BioXCell 

Anti-CD4 Rat IgG2b GK1.5 BioXCell 

Anti-CD8α Rat IgG2b 2.43 BioXCell 

Anti-NK1.1 Rat IgG2a PK136 BioXCell 

 
Disposable plastic materials for cell culture experiments were purchased from Becton 

Dickinson (Heidelberg, Germany), Braun (Melsungen, Germany), (Eppendorf (Hamburg, 

Germany), Falcon (Heidelberg, Germany), Hartenstein (Würzburg, Germany) Nunc 

(Rochester, USA), Sarstedt (Nümbrecht, Germany), Thermo Scientific (Walham, USA) 

or TPP (Trasadingen, Switzerland), VWR (Ismaning, Germany). 

 

2.1.4 Oligonucleotides and other stimuli 

 

5-Azacytidine      Sigma Aldrich, St. Louise, USA 

Etoposide     Sigma Aldrich, St. Louise, USA 

ISD      Sigma Aldrich, St. Louise, USA  

LPS      invivogen, San Diego, USA 
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Necrostatin     Selleckchem, Houston, USA 

Nigericin sodium salt     Sigma Aldrich, St. Louise, USA  

Recombinant murine TNF-α   PeproTech, Rocky Hill, USA 

Shikonin     Sigma Aldrich, St. Louise, USA 

SMAC mimetic 164    ApeXBio, Hsinchu City, Taiwan 

SMAC mimetic LCL-161   Roche, Mannheim, Germany 

Staurosporine     Sigma Aldrich, St. Louise, USA 

z-VAD FMK      invivogen, San Diego, USA 

 
 
Listing of all oligonucleotides used in this work: 
 

Description Nucleotide sequence (5’ --> 3’) 

5´triphosphate RNA UCAAACAGUCCUCGCAUGCCUAUAGUGAGUCG 

ISD TACAGATCTACTAGTGATCTATGACTGATCTGTACATGATCTACA 

 

2.1.5 Kits 
 
RNA isolation, reverse transcription, qRT-PCR 

 

RNeasy mini isolation kit    Qiagen, Hilden, Germany 

Super Script II reverse transcriptase kit invitrogen, Carlsbad, USA 

qPCR Core kit for SYBR Green  eurogentec, Seraing, Belgium 

Universal ProbeLibrary    Roche, Mannheim, Germany 

 
Cytokine ELISA sets (Ready-SET-Go!) 

 

IL-1β murine      invitrogen, Carlsbad, USA 

IL-6 murine      invitrogen, Carlsbad, USA 

IL-12p70 murine     invitrogen, Carlsbad, USA  

IFN-γ murine      invitrogen, Carlsbad, USA 

TNF-α murine     invitrogen, Carlsbad, USA 
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Cytokine ELISA antibodies 

 

Description Antibody type Clone Distributor 

Rat anti-mouse 

IFN-α (Mab) Capture Ab RMMA-1 PBL 

Anti-IFN-α 

(polyclonal) Detection Ab  PBL 

Rat anti-mouse 

IFN-β (Mab) Capture Ab RMMB-1 PBL 

Anti-IFN-β 

(polyclonal) Detection Av  PBL 

Goat anti-rabbit 

IgG HRP (Pab) Enzyme  Abcam 

 
 

Protein determination and Western Blot detection kits 

 
 
Pierce BCA Protein Assay Kit  Thermo Fisher Scientific, Walham, USA 

 

ECL Select Western Blotting   GE Healthcare, Buckinghamshire, Great 

Detection Reagent    Britain 

 

SuperSignal West Pisco   Thermo Fisher Scientific, Walham, USA 

Chemiluminescent Substrate 

 

Cell death staining and intracellular staining kits for flow cytometry  

 

CaspGlow Flourescein Active   invitrogen, Carlsbad, USA 

Caspase-3 staining kit 

 

CellTiter-Glo Luminescent    Promega, Madison, USA 

Cell Viability Assay Kit 

 

Annexin V Apoptosis Detection Kit  Thermo Fisher Scientific, Walham, USA 

 

FIX & PERM Cell     Thermo Fisher Scientific, Walham, USA 
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Fixation & Cell Permeabilization Kit 

 

APO-BRDU Kit    Becton Dickinson, San Jose, USA 

 

Bio-Plex Cell Lysis Kit   Biorad, München, Germany 

 

Nucleic acid purification systems 

 

Wizard SV Genomic DNA    Promega, Madison, USA 

Purification System 

MEGAshortscript T7 Transcription Kit Thermo Fisher Scientific, Walham, USA 

 

2.1.6 FACS antibodies 
 

Description Isotype Clone Distributor 

anti-CD3 Rat IgG2b, κ 17A2 biolegend 

anti-CD4 Rat / IgG2b, κ GK1.5 ebioscience 

anti-CD11b Rat IgG2b, κ M1/70 biolegend 

anti-CD11c Armenian Hamster IgG N418 ebioscience 

anti-CD8a Rat / IgG2a, κ 53-6.7 biolegend 

anti-CD45 Rat IgG2b, κ 30-F11 biolegend 

anti-CD64 Mouse IgG1, κ X54-5/7.1 biolegend 

anti-CD80 (B7-1) Armenian Hamster IgG 16-10A1 biolegend 

anti-CD86 (B7-2) Rat / IgG2a, κ GL1 ebioscience 

anti- CD103 LOU/M IgG2a, κ M290 BD Pharmigen 

anti-FOX3 Rat IgG2b, κ MF-14 biolegend 

anti-GranzymeB Rat / IgG2a, κ NGZB ebioscience 

anti-IFNγ Rat / IgG1a, κ XMG1.2 biolegend 

anti-Ly6C Rat IgG2c, κ HK1.4 biolegend 
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anti-mouse H-Kb bound 

to SIINFEKL Mouse IgG1, κ 25-D1.16 biolegend 

anti-MHC II (I-A/I-E) Rat IgG2b, κ M5/114.15.2 biolegend 

anti-NK1.1 Mouse IgG2a, κ PK136 biolegend 

anti-PD-L1 Rat IgG2b, κ 10F.9G2 biolegend 

  

2.1.7 CRISPR/Cas9 Single guide RNA target sequence 
 

DDX58 (RIG-I) 5′-GGCTGATGAGGATGATGGAGCGG-3′ 

TMEM173 (STING) 5′-CAGTAGTCCAAGTTCGTGCG-3′ 

IRF3 5′-GCATGGAAACCCCGAAACCG-3′ 

IRF7 5′-CTACGACCGAAATGCTTCCA-3′ 

Casp-3 5′-CGGGGTACGGAGCTGGACTG-3′ 

MLKL 5′-GATGCAGTTGCAAATTAGCG-3′ 

 
 

2.1.8 Quantitative real-time PCR primer 
 

2.1.8.1 ERV mRNA primer sequence 

 

eMLV spliced fwd  5′-CCAGGGACCACCGACCCACCG-3′ 

eMLV spliced rev  5′-TAGTCGGTCCCGGTAGGCCTCG-3′ 

MMTV spliced fwd 5′-AGAGCGGAACGGACTCACCA-3′ 

MMTV spliced rev 5′-TCAGTGAAAGGTCGGATGAA-3′ 

xMLV fwd 5′-TCTATGGTACCTGGGGCTC-3′ 

xMLV rev 5′-GGCAGAGGTATGGTTGGAGTAG-3′ 

pMLV / mpMLV common fwd 5′-CCGCCAGGTCCTCAATATAG-3′ 

pMLV rev 5′-AGAAGGTGGGGCAGTCT-3′ 
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mpMLV rev 5′-CGTCCCAGGTTGATAGAGG-3′ 

GLN fwd 5′-TGTGTAAGTCCAGACGCAG-3′ 

GLN rev 5′-CCAACCTACTCCAAAAACAG-3′ 

IAP fwd 5′-AAGCAGCAATCACCCACTTTGG-3′ 

IAP rev 5′-CAATCATTAGATGCGGCTGCCAAG-3′ 

MMERVK fwd 5′-CAAATAGCCCTACCATATGTCAG-3′ 

MMERVK rev 5′-GTATACTTTCTTCTTCAGGTCCAC-3′ 

MusD / EnTII common fwd 5′-GTGCTAACCCAACGCTGGTTC-3′ 

MusD rev 5′-CTCTGGCCTGAAACAACTCCTG-3′ 

ETnII rev 5′-ACTGGGGCAATCCGCCTATTC-3′ 

Mervl Pol fwd 5′-ATCTCCTGGCACCTGGTATG-3′ 

Mervl Pol rev 5′-AGAAGAAGGCATTTGCCAGA-3′ 

Actin fwd 5´-CACACCCGCCACCAGTTCG-3′ 

Actin rev 5´-CACCATCACACCCTGGTGC-3′ 

IFNβ rev 5´-ATAAGCAGCTCCAGCTCCAA-3′ 

IFNβ fwd 5´-GCAACCACCACTCATTCTGA-3′ 

 

2.1.8.2 TIL mRNA primer sequence 

 

mIFNG1 fwd 5′-ATCTGGAGGAACTGGCAAAA-3′ 

mIFNG1 rev 5′-TTCAAGACTTCAAAGAGTCTGAGG-3′ 

mGZMB fwd 5′-TGCTGCTCACTGTGAAGGAA-3′ 

mGZMB rev 5′-TTACCATAGGGATGACTTGCTG-3′ 

mCCL5 rev 5′-TGCCCACGTCAAGGAGTATTT-3′ 

mCCL5 fwd 5′-TCGAGTGACAAACACGATGC-3′ 
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mPerforin fwd 5′-CAAGGTAGCCAATTTTGCAGC-3′ 

mPerforin rev 5′-GGCGAAAACTGTACATGCGAC-3′ 

mICOS fwd 5′-GCACTGGAGGAGAAGACTGC-3′ 

mICOS rev 5′-GAAGACAAAGACACGGCAGAA-3 

mLAG3 fwd 5′-CCGGGCCATAGAGGAGAT-3′ 

mLAG3 rev 5′-AGCAGTCCCAGAAGCAAAAA-3′ 

mHAVCR2 fwd 5′-TTTTCAGGTCTTACCCTCAACTG-3′ 

mHAVCR2 rev 5′-CATAAGCATTTTCCAATGACCTT-3′ 

mPDCD1 fwd 5′-TGCAGTTGAGCTGGCAAT-3′ 

mPDCD1 rev 5′-GGCTGGGTAGAAGGTGAGG-3′ 

 
 

2.1.9 Western blot antibodies 

 

2.1.9.1 Western blot primary antibodies 

 

Target (m) Isotype Clone Distributor 

RIG-I Rat IgG2a SS1A Enzo 

RIPK1 Mouse IgG2a 38/RIP BD 

RIPK3 Rabbit IgG Polyclonal ProSci 

Caspase-8 Rabbit IgG1 Polycloncal Cell Signaling 

MLKL Rat IgG 3H1 Merck Millipore 

pMLKL Rabbit IgG Polycloncal Cell Signaling 

β-Actin Rabbit IgG 13E5 Cell Signaling 
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2.1.9.2 Western blot HRP-linked secondary antibodies 

 

Target (m) Isotype Clone Distributor 

Mouse IgG Horse IgG Polyclonal Cell Signaling 

Rabbit IgG Goat IgG Polyclonal Cell Signaling 

Rat IgG Goat IgG Polyclonal Cell Signaling 

 

2.1.10 Software 
 
Adobe Illustrator CS3    Adobe System, San Jose, USA 

Endnote X7      Thompson Reuter, Carlsbad, USA 

FlowJo V10     Tree Star, Ashland, USA 

Microsoft Office 2016    Microsoft, Redmond, USA 

 

2.2 Animal experimentation  

 

2.2.1 Mice 
 

Female C57Bl/6j and BALB/c mice were purchased from Janvier labs. Mice genetically 

deficient in MAVS, IFNaR1, Batf3, STING (Tmem173/STINGgt/gt) and CD11c-DTR 

transgenic mice have been described previously (Hildner et al., 2008; Jung et al., 2002; 

Muller et al., 1994; Sauer et al., 2011; Seth, Sun, Ea, & Chen, 2005). CD11c-DTR, 

IFNaR-deficient mice, MAVS deficient mice and Batf3 deficient mice were kindly 

provided by Prof. D. Busch (Department of Medical Microbilology, Klinikum Rechts der 

Isar, Technical University Munich, Germany) and Prof. U. Kalinke (TWINCORE, 

Department for Experimental and Clinical Infection Research, Hannover, Germany) and 

Prof. Dr. K. Hildner (Department for Pneumology and Immunology, Erlangen, Germany). 

Mice genetically deficient in STING were purchased from The Jackson Laboratory.  Mice 

were 6 to 12 weeks of age at the onset of experiments and maintained in specific 

pathogen free conditions. Wild-type and genetically deficient mice included in the same 

experiments were co-housed for at least four weeks before onset of experiments or were 

bred as littermates.  All animal studies have been approved by the local regulatory 

agency (Regierung von Oberbayern, Munich, Germany). 
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2.2.2 Isolation of tumor-infiltrating leukocytes 

 
Mice were anesthetized and sacrificed by cervical dislocation. Subcutaneous tumors 

were removed using forceps and surgical scissors and minced into small pieces. Tumor 

slices were pressed through a 100 μm nylon strainer to disintegrate tissue structure and 

further homogenized by repeated pipetting. The tumor cell suspensions were then 

washed in complete RPMI medium and purified on a 30 % Percoll gradient (500 G, 15 

minutes, 4°) to eliminate dead cells and tumor cell debris and further to separate tumor-

infiltrating lymphocytes from denser cell populations such as tumor cells. For lymphocyte 

purification, the cell pellets were suspended in 4 ml of 40% Percoll and layered onto 4 

ml of 80% Percoll, then centrifuged (2.200 rpm, 20°C, 30 min) and the interphase 

containing the leucocyte fraction was extracted, washed in PBS and kept in RPMI 

complete medium on ice for subsequent experiments. 

 

2.2.3 Isolation of lymph node cells  
 
Mice were sacrificed by cervical dislocation after anaesthetization with isoflurane. 

Tumor-draining inguinal lymph nodes were resected with forceps and surgical scissors. 

For disintegration of tissue structure, lymph nodes were mashed through a 100 μm cell 

strainer. The single cell solutions were centrifuged (400 G, 5 minutes, 4°) and re-

suspended in complete RPMI and kept on ice for subsequent experiments. 

 

2.2.4 Measurement of cytokine concentrations in tumor tissue 
 

For the determination of proinflammatory cytokine and IFN-I concentrations in whole 

tumor tissue, mice were subcutaneously inoculated with B16.OVA cells as indicated in 

chapter 2.2.7. When tumors became palpable, 3pRNA or the vehicle control was injected 

into the right-sided tumors. 24 h later, bilateral tumor tissue was removed and snap-

frozen in liquid nitrogen. Frozen tumors were mechanically disrupted using a precooled 

mortar and pestle. The shredded tissue was then suspended in Bio-Plex™ Cell Lysis 

Buffer and vortexed for 30 seconds. Homogenized tissue lysates were spun down at 

20.000 G for 30 min at 4°C, and supernatants were kept for further analysis.  
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2.2.5 Immunostimmulation of mice 
 

2.2.5.1 Selective activation of cytosolic pattern recognition receptors 

 
Double-stranded in vitro-transcribed 5’ triphosphate RNA (3pRNA) was used as defined 

RIG-I stimulus and was generated as previously described (Poeck et al., 2008). Also, 

single-strand oligonucleotides for Interferon Stimulatory DNA (ISD), a specific ligand for 

STING signaling, were purchased from Sigma-Aldrich and annealed by heating to 75 °C 

for 30 minutes and subsequent re-cooling to room temperature. Either 25 µg 3pRNA or 

50 µg ISD were mixed with 3.5 µl in vivo-jetPEI® - a liposomal transfection reagent - in 

a volume of 50 µl 5% glucose solution. The reaction mixture was then incubated for 15 

min at RT to allow the formation of stable complexes ensuring protection against 

enzymatic degradation and subsequently an effective in vivo delivery by intratumoral 

injection. Stimulants were injected into the right-sided flank tumor when subcutaneous 

tumors were palpable and reached an average size ranging 50 mm³ to 75 mm³.  

Treatment was repeated twice in an interval of three days. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 2.1: Treatment scheme. Mice were implanted with either wild-type (WT) or RIG-I-deficient               

(RIG-I-/-) B16.OVA cells in each flank; right-sided tumors were induced with more B16.OVA cells to facilitate 

a faster growth dynamic in comparison to left. Anti-CTLA-4 or isotype control antibodies were administered 

intraperitoneally (ip). Some mice were repeatedly injected with the RIG-I ligand 3pRNA into the right-sided 

(‘local’) tumor. 
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2.2.5.2 Immune checkpoint blockade 

 
To assess the immunotherapeutic potential of monoclonal antibody-mediated checkpoint 

blockade by itself or in combination with particular PRR ligands in vivo, distinct 

monoclonal blocking antibodies were applied systemically by intraperitoneal injection. 

For investigation of the role of either CTLA-4 or PD-1 in a model of malignant melanoma, 

200 µg of the respective blocking antibody were injected in a volume of 400 µl PBS 

intraperitoneally. Animals in the control groups received the adequate isotype antibodies. 

Treatment was carried out according to the protocol applied for immunostimmulation and 

boosted by two additional injections of 100 µg antibody respectively. 

2.2.5.3 Tumor irradiation 

 
In some experiments, radiotherapy was used as an inducer of tumor cell death. Tumor 

cells were inoculated as described in chapter 2.2.6 and irradiated when tumor volumes 

reached an average size from 50 mm³ and 75 mm³.  The mice were initially anesthetized 

by intraperitoneal injection of an anesthetic mixture containing 1.0 mg/kg midazolam, 0. 

5 mg/kg medetomidine and 0.1 mg/kg fentanyl, fixated under a lead shield to restrict 

irradiation to tumor tissue and irradiated once with 20 Gy as described previously (Deng, 

Liang, Xu, et al., 2014). Irradiation was combined with anti-CTLA-4 checkpoint blockade. 

The blocking antibody or the appropriate isotype controls were administered 

intraperitoneally on day 6, 9 and 12. Tumor growth and overall survival were assessed 

daily. 

2.2.5.4 Acazytidine treatment 

To assess the basal activation of tumor intrinsic RIG-I signaling by continuous low-level 

detection of ERVs within tumor cells, the mice were inoculated subcutaneously with 

B16.OVA WT cells or the respective RIG-I deficient clone and treated with intratumoral 

injections of the DNA methyltransferase inhibitor 5-acazytidine with a concentration of 5 

μg in 50 μl PBS. Treatment was applied on 5 consecutive days and the therapy cycle 

repeated after 3 days. The 5-azacytidine treatment was additionally combined with anti-

CTLA-4 checkpoint blockade. Blocking antibodies or the appropriate isotype control 

antibody were injected intraperitoneal on day 6, 9 and 12 and mice monitored for tumor 

growth and ongoing survival every day. 
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2.2.6 Depletion of immune cell subsets  
 
For closer examination of defined immune cell subsets and their impact on therapy 

outcome, mice received monoclonal depleting antibody injections intraperitoneally. To 

deplete either T cells or NK cells, 100 μg of monoclonal antibodies targeting anti-CD8α 

(clone 2.43), anti-CD4 (clone GK1.5) or NK1.1 (clone PK136) were administered two 

days before onset of tumor challenge followed by injection of 50 µg antibody twice a 

week throughout the experiment. For determination of depletion efficiency, whole blood 

was obtained by a buccal bleed, processed as outlined in chapter 2.4.4, stained for 

respective markers and analyzed by FACS. 

 

2.2.7 Tumor experiments 

 

In order to assess local and systemic therapy effects and to determine continuous 

survival a bilateral flank tumor model was established.  Mice were shaved at the site of 

injection and Ovalbumin-transduced B16 melanoma cells (B16.OVA) as well as 

respective CRISPR KO clones were injected as described in the following. 2.4 x 10⁵ 

B16.OVA cells, in a volume of 50 µl PBS, were injected subcutaneously into the right 

flank and 0.8 x 10⁵ into the left flank. Successful tumor cell delivery between two skin 

layers was ensured by formation of a bleb. The identical procedure was applied for 4T1 

mamma carcinoma cells and C26 colon carcinoma cells. For experiments with non-

immunogenic B16.F10 cells, mice were inoculated subcutaneously with 1 x 10⁵ cells in 

both flanks, whereas 1 x 10⁶ cells were injected into the right sided flank and 5 x 10⁵ cells 

into the left flank for studies with PancO2 pancreatic adenocarcinoma and EL4 

lymphoma cell lines,. Therapy was started when tumors reached an average size ranging 

from 50 mm³ to 75 mm³ and was applied as indicated in chapter 2.2.5. Tumor volumes 

were measured daily and animals were euthanized when showing signs of distress or 

when the maximum tumor diameter exceeded 15 mm according to standard legal 

procedure (responsible state office Regierung von Oberbayern). For analysis of tumor-

infiltrating lymphocytes, cytokine concentration in whole tumor tissue, histology 

experiments and intratumoral TUNEL assays, 5 x 10⁵ cells were inoculated in both flanks 

respectively.  For re-challenge experiments, mice were injected with 5 x 10⁵ B16.OVA 

cells in a volume of 200 µl PBS intravenously into the tail vain. Animals were sacrificed 

on day 18 after tumor cell inoculation and superficial pulmonary pseudo-metastases 

were counted. 
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The length (the longest dimension) and width (the distance perpendicular to the length) 

of each tumor was measured with a Vernier caliper and calculated using the formula for 

an ellipsoid volume: volume (mm³) = 
𝜋

6
 x [(length + width)/2]³ 

2.3 Cell culture  

 

2.3.1 B16 melanoma cell line 

 

B16.F10 murine melanoma cells and the B16 melanoma cell line expressing the chicken 

egg white protein ovalbumin (OVA) were kindly provided by Prof. Marcel R.M. van den 

Brink (New York, USA). This B16 melanoma cell line of C57BL/6 background was 

created by transfecting the parental B16.F10 cell line with a cDNA encoding the 

ovalbumin gene (Linardakis et al., 2002). All B16 cell lines and respective CRISPR Cas 

KO clones were cultured in complete DMEM medium. Cell density, signs for cell death 

and microbial contaminations were checked repeatedly by light microscopy. Tumor cells 

were regularly transferred to new culture flasks by aspirating culture medium, washing 

the adherent cells with PBS and further detaching them with 1% trypsin-EDTA solution 

at 37°C in an incubator. Trypsin was inactivated by adding serum-containing complete 

RPMI and cells were re-seeded after a single washing step with complete RPMI medium. 

Possible mycoplasmatic contaminations were excluded by frequently repeated testing. 

 

2.3.2 Additional cancer cell lines 
 

Other tumor cell lines used for this work were cultured as stated below and used for in 

vivo assays as indicated in chapter 2.2.7. 4T1 cells, C26 cells, EL-4 cells, PancO2 cells 

and L929 cells were a kind gift from Prof. M. Schnurr (Department for Clinical 

Pharmacology, Klinikum der Universität München, Germany), Prof. J. Ruland 

(Department of Clinical Chemistry and Pathobiochemistry, Klinikum Rechts der Isar, 

Technical University Munich, Germany), Prof. D. Busch (Department of Medical 

Microbilology, Klinikum Rechts der Isar, Technical University Munich, Germany) and 

Prof. Marcel R.M. van den Brink (Memorial Sloan Kettering Institute, New York, USA). 
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2.3.3 Cell maintenance 

2.3.3.1 General culture conditions and testing for cell viability 

All cell lines used for this study were cultured in incubators at 37°C, 5% CO₂/air mixture 

and 95% atmospheric humidity using pretreated disposable tissue culture flasks. 

Manipulations of all in vitro assays and reagents were carried out using sterile techniques 

and performed under a laminar flow hood. To determine viability and cell numbers for 

plating, in vivo assays and transfection reactions, cells were tested by trypan blue 

exclusion using a Neubauer hemocytometer. A feature of dying cells is a decreased 

membrane integrity that allows the absorption of the dye. In contrast, trypan cannot 

penetrate living cells, thus dead cells can be excluded under the light microscope due to 

their blue intracellular staining. To determine the density per ml of a single cell 

suspension the following formula was used:  

 

Cells (per ml) = mean cell count x dilution factor x 10⁵ 

 

2.3.3.2 Long term storage and liquid nitrogen recovery  

For optimal long-term storage, cells were kept in liquid nitrogen. The growth medium was 

removed from culture flasks and the cells washed with PBS. Cells were then detached 

with trypsin and enzyme activity was stopped by adding FBS containing growth medium. 

After a single washing step, supernatant was discarded and the cell pellet re-suspended 

in freezing medium to a density of 2 x 10⁶ cells per ml. Cryovials were placed in a freezing 

Tumor 

cell line 
Tissue Morphology 

Culture 

Properties 
Strain 

Culture 

medium 

4T1 mammary gland epithelial adherent BALB/cfC3H cRPMI 

C26 colon fibroblast adherent BALB/c cRPMI 

EL-4 T lymphocyte lymphoblast suspension C57BL/6N cDMEM 

L929 
connective 

tissue 
fibroblast adherent C3H/An cDMEM 

PancO2 pancreas fibroblast adherent C57BL/6N cDMEM 



  Materials and Methods 

 

41 
 

container to guarantee a 1°C/min cooling rate which is required for optimal 

cryopreservation of cells.  After freezing for 24h, vials were transferred into liquid nitrogen 

for long-term storage.  

For gentle recovery, cells were removed from storage and quickly thawed in a 

temperature controlled water bath at 37°C. 9 ml of pre-warmed culture medium were 

added to 1 ml of cell-containing freezing medium and centrifuged at 400g for 5 min at 

4°C. The supernatant was removed, the cell pellet re-suspended in fresh growth medium 

and transferred to a cell culture flask. 

 

2.3.4 Stimulation of tumor cells in vitro 

 

To analyze the induction of tumor cell death and its nature by defined immune stimulants 

in vitro, various tumor cell lines were transfected with either nucleic acids, 5-azacytidine 

or defined cell death inducers. Nucleic acid transfection was carried out as described in 

the following. Oligonucleotides and the transfection reagent were prepared in two 

separate reaction mixtures. 3 µg of RNA or 6 µg of DNA were adjusted to a volume of 

10 µl by adding OptiMEM medium. Twice the volume of Lipofectamin 2000, as used for 

3pRNA or ISD, was utilized and adjusted to 10 µl with OptiMEM medium. Both reaction 

mixtures were mixed thoroughly and incubated at RT for 15 minutes for complexation. 

20 µl of the master mix was applied directly into the cell culture medium and incubated 

at 37°C for the indicated time. 

5-azacytidine was dissolved in complete medium at concentrations between 10 µM and 

1 mM. 24h before onset of experiments, cells were seeded into appropriate culture plates 

to allow settling. For stimulation, medium was aspirated and replaced by stimulation 

medium, incubated at 37°C for 24 hours and subsequently analyzed for gene expression 

and the induction of cancer cell death. In order to assess the nature of tumor cell death, 

pre-seeded cells were incubated with specific cell death inducers. For the induction of 

apoptosis, cells were either incubated with 100 µM etoposide for 6 hours or 20 ng/ml 

TNF-α and 100 nM SM-164 for 4 hours depending on the cell line. To initiate necroptosis, 

cells were pretreated for 30 minutes with 20 ng/ml of the pan-caspase inhibitor Z-VAD 

FMK before the induction of cell death with either 20 ng/ml TNF-α and 100 nM SM-164 

for 4 hours or 2.5 µmol of Shikonin for 12 hours. Appropriate controls were prepared 

using Z-VAD FMK and Necrostatin-1, a defined inhibitor for TNF-α-induced necroptosis. 

After stimulation, cells were subsequently analyzed by immune blotting, FACS analysis 

or ATP release. 
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2.3.5. Histological analysis 
 

2.3.5.1 Preparation of whole tumor tissue   

Tumor samples were fixed in 10% neutral-buffered formalin solution for a minimum of 48 

hours, dehydrated under standard conditions and embedded in paraffin. Serial 2µm-thin 

sections prepared with a rotary microtome were collected for histological and 

immunohistochemical analysis. Hematoxylin-Eosin (H.-E.) staining was performed on 

deparaffinized sections with Eosin and Mayer’s Haemalaun according to standard 

protocols.  

 

2.3.5.2 Immunohistochemical staining procedure and evaluation 

 

Slides were deparaffinized in xylene and rehydrated with alcohol washes of decreasing 

concentration (100%, 96%, 70%). After heat-induced antigen retrieval, unspecific protein 

and peroxidase binding was blocked with 3% hydrogen peroxide and 3% goat (cleaved 

Caspase 3) or 3% rabbit (CD8) serum. Immunohistochemistry was performed with a 

Dako autostainer using antibodies against CD8a (clone GHH8) and cleaved Caspase 3 

(Asp175). Antibodies were detected by using the Dako Envision-HRP rabbit labeled 

polymer for cleaved Caspase 3 and a biotinylated secondary rabbit anti-rat antibody 

incubated with Streptavidin Peroxidase for CD8. Antibody binding was visualized with 

diaminobenzidine (DAB) giving a brown precipitate. Counterstaining was performed 

using hematoxylin and slides were dehydrated by applying alcohol washes of increasing 

concentration (70%, 96%, 100%) and xylene and were finally coverslipped using 

Pertex® mounting medium. Stained slides were scanned with an automated slide 

scanner and evaluated by using the Aperio Imagescope software.  Immunohistochemical 

stainings were evaluated by documenting the percentage of tumor tissue covered by 

CD8 positive cells for localization (tumor periphery vs. central part of the tumor tissue). 

For cleaved caspase 3, the number of positive cells within 5 low power fields (435.000 

µm2) as well as a set of 5 high power fields of view, so called hot spot areas, was 

evaluated in tumor periphery and central part of the tumor. 
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2.4 Immunological methods 

 

2.4.1 Flow cytometry 
 
Fluorescent activated cell sorting (FACS) is a specialized form of flow cytometry and a 

common laboratory technique applied for counting cells or microscopic particles from 

heterogeneous suspensions. It is also used to examine the expression levels of cell 

surface and intracellular molecules, to assess purity of isolated cell subpopulations and 

to analyze cells and particles according to size and volume. Moreover, cells can be 

sorted by FACS analysis according to specific properties. Before staining, a single cell 

suspension needs to be prepared from cell culture or tissue samples. Cellular antigens 

of interest can be visualized and detected by binding fluorochrome-conjugated 

antibodies. The cell suspension is aspirated into the flow cell were it is 

hydrodynamically focused by the sheath fluid stream, causing the cells to pass through 

a tiny nozzle and past a laser beam one-by-one. Incoming light is either absorbed by the 

cell or scattered from it. When a fluorochrome is excited with the corresponding excitation 

wavelength light is re-emitted as fluorescence if the cell either contains a naturally 

fluorescent substance or if one or more fluorochrome-conjugated antibodies are 

attached to surface or intracellular structures of the cell. Scattered light of cells passing 

through the laser beam can be either detected as forward scatter (FSC) or side scatter 

(SSC) depending on the cells size and shape.  The FS correlates with the relative cell 

size whereas the SSC depends on the granularity of the cell. Forward and side scattered 

light as well as the fluorescence signals are split into defined wavelengths and channeled 

through various filters and mirrors that block certain wavelengths whilst transmitting 

others. 

 

2.4.1.1 Multicolor flow cytometry 

Flow cytometry analysis was performed with a FACSCanto II and cell sorting with a 

FACSAria II. The FACSCanto II is equipped with a set of three different lasers. A blue 

argon-ion laser illuminates cells at a wavelength of 488 nm and therefore supports the 

detection of the fluorochromes:  fluorescein isocyanate (FITC), phycoerythrin (PE) and 

peridinin chlorophyll protein (PerCP) as well as the Cy7-coupled tandem-dye PE-Cy7. 

The second red diode laser excites fluorochromes at 633 nm including allophycocyanin 

(APC) and the tandem-dye APC-Cy7. The third laser, a violet diode laser with an 

excitation at 405 nm allows the application of the fluorescent dyes Pacific Blue and 

Pacific-Orange amongst other dyes. Various fluorophores used for flow cytometry share 

the same emission spectra which can cause spectral overlap when used in the same 
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assay. This ‘spillover’ of light to photodetectors used for the detection of other dyes can 

compromise data acquisition. Therefore, a selected combination of appropriate 

fluorophores was composed for 8-color analysis to minimize spectral overlap. 

 

2.4.1.2 Analysis of cell surface antigens 

To analyze cell surface antigens, cells or tissue lysates were prepared according to the 

respective assay and re-suspended in PBS supplemented with 3% FCS. Up to eight 

fluorochrome-conjugated monoclonal antibodies directed against antigens of interest 

were added with a concentration of 1.25 μl/ml and the cells subsequently incubated for 

30 minutes at 4°C. After two washing steps with PBS, cells were either re-suspended in 

PBS supplemented with FCS for subsequent analysis, fixated with 0.5% PFA for 

intermediate storage or suspended in fixation buffer for staining of intracellular antigens. 

All staining procedures were carried out in the dark to minimize light exposure. For 

analysis, flow cytometry data can be illustrated in two ways. On the one hand, surface 

antigens can be expressed as percentage of cells staining positive for the fluorochrome-

coupled antibody directed against the investigated antigen or as mean fluorescence 

intensity (MFI). The MFI is directly calculated by the flow cytometer as the amount of 

cell-bound fluorescent dye and thus reflects the expression levels of the antigen of 

interest. 

 

2.4.1.3 Analysis of intracellular antigens   

 

In some experiments, cells were stained for intracellular antigens such as IFN-γ and the 

transcription factor FOXP3. Therefore, extracellular antigens were stained as described 

above (chapter 2.4.1.2). By incubating the cells for 30 minutes at 4°C with the 

fixation/permeabilization buffer, extracellular bound fluorochrome-coupled antibodies 

were fixated and the cell membranes permeabilisized to allow antibodies to penetrate 

the cell. After washing the cells twice with washing buffer, 2.5 μl/ml of the respective 

antibody was added and the cells incubated at 4°C for at least 1 hour or overnight. 

Finally, cells were washed twice with PBS supplemented with FCS and subsequently 

analyzed.  
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2.4.2 Apoptosis staining 
 

In order to determine apoptosis induction by certain stimulants in vitro, cells were stained 

with the Annexin V and 7-AAD apoptosis detection kit. This assay combines staining of 

phosphatidylserine (PS) by Annexin V and labeling of nuclear DNA with 7-AAD and 

therefore allows determination of diverse apoptosis stages.  During apoptosis the 

asymmetric cell membrane structure is lost. Thus PS, which is located on the cytoplasmic 

membrane of viable cells, is more frequently expressed on the outward membrane.  

Viable cells with an intact cell membrane are negative for both stainings, whereas early 

apoptotic cells are positive for PS staining but negative for 7-AAD. Late apoptotic cells 

and secondary necrotic cells stain positively for both markers. The manufacturer’s 

protocol was modified for staining and carried out as follows:  

Cell death was induced with defined stimulants. Supernatant and cells were collected in 

a 15 ml falcon tube, spun down and washed once with PBS. After an additional washing 

step with Annexin V Binding Buffer, cell suspensions were stained in Annexin V Binding 

Buffer by adding 50 µl/ml of each antibody and incubated for 15 minutes at RT in the 

dark.  Samples were diluted 1:4 by adding the appropriate amount of Annexin V Binding 

Buffer and subsequently analyzed by flow cytometry. 

 

2.4.3 Active Caspase-3 staining 

 

To further characterize the nature of tumor cell death in vitro, cleaved caspase-3 was 

stained according to the manufacturer’s protocol. In brief, 5 x 10⁴ cells were seeded in a 

non-tissue treated 24 well culture plate 24 hours prior to stimulation. Apoptosis was 

induced with distinct stimuli and a negative control prepared by using the specific pan-

caspase inhibitor Z-VAD-FMK at a concentration of 20 nM. For analysis, the                         

FITC-conjugated specific Caspase-3 inhibitor DEVD-FMK was directly applied into the 

culture medium and incubated for 60 minutes at 37°C. Cells were washed from the plate 

with cold PBS by repeated pipetting. After centrifugation at 3000 g for 5 minutes, the 

supernatant was discarded and the cell pellet washed twice with PBS. Surface staining 

with additionally antibodies was applied as indicated in chapter 2.4.1.2 and cells were 

subsequently analyzed by FACS. 
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2.4.4 MHC class I tetramer staining 

 

To quantify the systemic T cell response specific for a given antigen, venous blood was 

drawn from a buccal bleed and collected in a heparinized vacutainer to ensure proper 

single-cell dissociation. Whole blood was treated with erythrocyte lysis buffer to enrich 

the lymphocyte fraction and to further reduce background by erythrocytes. Osmotic lysis 

was stopped by adding FBS containing medium and centrifuged at 400 g for 5 min. The 

supernatant was aspirated and process repeated once or twice as needed. After washing 

the cell suspension twice with PBS, staining with commercial purchased MHC class I 

OVA tetramers was carried out according to the manufacturer’s protocol. In brief, 6 µl/ml 

MHC class I tetramers and additional antibodies for surface staining (2.5 μl/ml) were 

applied to the cells and incubated at RT for 30 minutes. After two washing steps, cells 

were suspended in PBS supplemented with 0.5% formaldehyde and were stored at 4°C 

protected from light for a minimum of 1 hour prior to analysis by FACS. 

 

TRP-2 MHC-I tetramers were kindly provided by Prof. D. Busch and generated using the 

method developed by (Altman et al., 1996). For each sample, 0.4 µg of purified 

biotinylated TRP-2 monomers were tetramerized by adding 60 ng of both APC and PE 

fluorescently-labeled streptavidin in FCS containing PBS and incubation for at least 60 

minutes at 4°C in the dark. Leucocytes from whole blood were purified as stated above 

and FC receptor blocking (5 μl/ml) and Amin staining (1 μl/ml) were applied in PBS and 

incubated for 20 minutes at 4°C. Cells were washed once with FACS buffer and the MHC 

tetramer reagent added to the cells and incubated at RT for 30 minutes.  After a single 

washing step, additional antibodies were applied for extracellular surface staining and 

incubated at 4°C for 30 min. After washing with PBS, cells were fixated by adding 0.5% 

PFA containing PBS and were analyzed by FACS. 

 

2.4.5 TUNEL assay 

 

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) was used for the 

detection and quantification of apoptotic DNA fragmentation.  Tumor cells were extracted 

from tumors as described in chapter 2.2.2 without further lymphocyte enrichment by 

density centrifugation. Cell pellets were suspended in 1% paraformaldehyde in PBS at a 

concentration of 1 x 10⁶ cells/ml and kept on ice for 1 hr. After centrifugation at 300 g for 

5 min, the supernatant was discarded and the cells were washed twice with PBS. Pellets 

were suspended in precooled 70% ethanol and stored at -20 °C in the freezer for at least 

18 hours prior to staining. For TUNEL analysis, the samples were centrifuged at 300 g 
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for 5 min and ethanol carefully removed by aspiration. Cells were washed twice with 

wash buffer and re-suspended in DNA Labeling Solution.  

 

Component Volume 

Reaction Buffer 10.00 µl 

TdT Enzyme 0.75   µl 

Br-dUTP 8.00   µl 

Distilled H2O 32.25 µl 

 

Samples were incubated at 37°C for 60 min and re-suspended by gently shaking every 

15 min. At the end of the incubation time, rinse buffer was added and the cells were 

centrifuged at 300 g for 5 min. Cells were rinsed twice and the cell pellet was re-

suspended in 100 µl antibody staining solution and incubated at RT for 30 min protected 

from light. In addition, 500 µl PI/RNase staining buffer was added to each sample and 

incubated for another 30 min in the dark at RT before analysis by flow cytometry.   

 

Component Volume 

FITC-Labeled Anti-BrdU                      5.00 µl  

Rinsing Buffer    95.00 µl 

 

2.4.6 Enzyme-linked immunosorbent assay 
 

A highly sensitive and selective method for the detection and quantification of a particular 

antigen of interest is the enzyme-linked immunosorbent assay (ELISA). Binding the 

antibody to an analyte subsequently converts a colorless reporter molecule into a colored 

or luminescent reagent. To investigate the cytokines from murine tumor cell lysates, 

respective supernatants or whole tumor tissue lysates, a so-called sandwich ELISA was 

performed. Cytokines, captured by plate-bound antibodies are incubated with a 

secondary biotinylated antibody bound to a streptavidin molecule conjugated to a 

peroxidase. The peroxidase enzyme catalyzes the oxidation of tetramethylbenzidine 

(TMB) with hydrogen peroxide into a blue fluorochrome. All cytokines, except IFN-α and 

IFN-β were detected with commercially available ELISA kits according to the 
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manufacturers’ protocol. Samples were applied undiluted or diluted 1:10 to 1:1000 

depending on the sample type. 

 
A modified protocol was applied for IFN-α and IFN-β measurement: For coating of ELISA 

detection plates, a capture antibody binding the particular cytokine was diluted in coating 

buffer (5 μg/ml) and applied to each well. The plates were then incubated on a shaker 

overnight at 4°C, washed three times and subsequently incubated again with blocking 

buffer for 3 hour at RT to prevent unspecific binding. After washing the plates several 

times with washing buffer, the standard protein dilution and samples were applied onto 

the plates and again incubated overnight at 4°C. The top standard for the IFN-α ELISA 

was set at 2000 pg/ml and for IFN-β at 2200 pg/ml. All samples were applied undiluted.  

For detection, the respective antibody was applied in an assay diluent at a concentration 

of 620 ng/ml and incubated for 3h at RT. After extensive washing, horseradish 

peroxidase-conjugated F(ab´)2 fragments (15 μg/ml) were added for 3h at RT. After 

several washing steps, a buffer containing tetramethylbenzidine and hydrogen peroxide 

served as substrate for the horseradish peroxidase. The enzymatic reaction was stopped 

by adding sulfuric acid to each well. All ELISA assays were read-out at a wavelength of 

450 nm with correctional subtraction at 590 nm. 

 

2.4.7 Cell Viability Assay 

 

The CellTiter-Glo® Luminescent Cell Viability Assay was used for determination of cell 

viability in culture based assays. Based on the principal that metabolically active cells 

produce ATP, this assay enables the quantification of viable cells by generating a 

luminescent signal proportional to the amount of ATP present in the culture medium upon 

artificially induced cell lysis. Therefore, cell density was adjusted to 12.5 x 10⁴ cells/ml 

and 100 µl per well were seeded in a 96-well plate 24 hours before stimulation.  Cells 

were treated as indicated in chapter 2.3.4. For analysis, 50 µl of supernatant was 

aspirated and 50 µl of CellTiter-Glo® reagent added. Plates were incubated on an orbital 

shaker for 15 min at RT for optimal cell lysis and to stabilize the luminescent signal.  95 

µl of supernatant were transferred to an opaque-walled 96-well plate and luminescence 

was measured at an integration time of 1 second per well. 
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2.5 Molecular biology methods 

 

2.5.1 Isolation of cytoplasmic RNA 
 
To examine RIG-I-dependent changes on gene expression levels in whole tumor tissue 

after 3pRNA treatment or anti-CTLA4-mediated checkpoint blockade, total cellular RNA 

was extracted using the RNeasyMini Kit (Qiagen). Therefore, mice were sacrificed and 

whole tumor tissue was resected and processed as described in chapter 2.2.2 without 

further purification of tumor cells. Tumor lysates were washed twice with cold PBS and 

the supernatant carefully removed. Then cell pellets were re-suspended in 300 µl of 

Trizol and immediately frozen in liquid nitrogen. After thawing on ice, 120 µl of chloroform 

was added and mixed by inverting the tube several times and incubated at room 

temperature for 5 minutes. After centrifugation for 15 min at 4°C at maximum speed, the 

aqueous upper phase was carefully removed, mixed with an equal volume of 100% 

ethanol and transferred into an RNeasy spin column. After centrifugation at 10.000 g for 

20 seconds, the nucleic acids retained in the filter and the flow-through was discarded. 

Disintegrated DNA and phenol/chloroform residuals were removed in three consecutive 

washing steps. First, 700 µl of RW1 washing buffer was added and the samples were 

centrifuged at 10.000 g for 20 seconds. Then 500 µl of RPE buffer were added and 

probes centrifuged at 10.000 g for 20 seconds. This step was repeated once. Then the 

RNeasy spin columns were placed into new collection tubes and centrifuged for 1 minute 

at maximum speed to remove remaining washing buffer. The retained RNA was re-

suspended in 30 µl RNase free water and eluted from the filter membrane by 

centrifugation at maximum speed for 1 minute. Total RNA was either applied for reverse 

transcription or stored at -80°C for further analysis. 

 

2.5.2 Reverse transcription 
 

Complementary DNA (cDNA) is produced by synthesis of DNA from an RNA template 

via reverse transcription and can be used directly as a template for polymerase chain 

reaction (PCR). The annealing mix for reverse transcription was composed of the 

following: 100 ng Random Primer and 10 mM dNTP mix in RNase free water. 1 μl of 

previously isolated total RNA was mixed with 11.0 μl of the reaction assay to a final 

volume of 12 μl. Samples were incubated at 65°C for 5 minutes and then 4.2 µl of first-

strand buffer substituted with 0.1 M DTT was added to the probes. After incubation at 

25°C for 2 minutes, 0.8 µl of superscript II enzyme was added to each sample and again 

incubated at 25°C for 10 minutes. Probes were then heated to 42°C for another 50 
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minutes. In order to prevent interference of the reverse transcriptase with subsequent 

PCR steps the samples were heated to 70°C for 15 minutes to denaturize the enzyme. 

cDNA was diluted 1:10 by adding nuclease free water and stored at -80°C for subsequent 

experiments. 

 

2.5.3 Polymerase chain reaction 
 

2.5.3.1 Functional principle 

Polymerase chain reaction is a technique which facilitates the amplification of a specific 

DNA sequence, a so called template, in a diverse mixture of nucleic acids such as 

genomic DNA or synthesized cDNA. An optimal reaction requires a thermoresistant DNA 

polymerase enzyme and a sequence-specific primer pair, which are homologue to the 

template´s ends. The amplification process is characterized by three repetitive steps. 

Initially, the DNA double strand is separated in a thermal process (denaturation). In a 

second step, the primers hybridize with their homologue target sequence on the DNA 

templates (annealing). In a final step, DNA is synthesized beginning at the primers 

(elongation). In every following amplification cycle, newly synthesized DNA fragments 

serve as additional matrices themselves. Thus, multiple amplification rounds provide an 

exponential accumulation of DNA sequences. Conventional PCR does not allow for a 

quantification of the initial DNA amount as a linear interval of amplification efficacy is 

required for this purpose, which, however, gradually declines with every cycle due to 

exhaustion of reagents and enzyme. Nevertheless, this problem is overcome by 

quantitative real-time PCR which allows for simultaneous measurement of synthesized 

DNA in the reaction assay during PCR. 

 

2.5.3.2 Quantitative real-time PCR 

Quantitative real-time PCR (qRT-PCR) is a molecular biological assay that is based on 

the polymerase chain reaction. It is used to amplify and quantify a specific target DNA 

molecule during the PCR in real time after each amplification cycle. A non-specific 

fluorescent dye e.g. the asymmetric cyanine dye SYBR Green, is added to the PCR 

samples. This fluorochrome preferentially intercalates with double-stranded DNA.  

Thus the increasing amount of synthesized DNA during PCR leads to a proportional 

increase in fluorescence intensity which can be measured after each cycle with an 

appropriate detector. The fluorescence intensity is adjusted according to the number of 

amplification cycles. To draw a final conclusion of quantitative mRNA expression of the 
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target gene, the measured copy numbers are normalized to match the copy numbers of 

a reference gene. A reference or housekeeping gene is typically a ubiquitously 

expressed gene whose expression is not altered by the experimental manipulations and 

is additionally measured in every sample. In this work, actin, a multi-functional protein, 

responsible for the formation of microfilaments, was used as reference gene. All qRT-

PCR assays were performed using a qPCR Core Kit for SYBR Green and primers were 

designed with the help of the Universal ProbeLibrary Assay Design Center (Roche). The 

following protocol was applied for each assay: 

 

 
After preparation of the experimental assay in a 96-well plate at RT, all samples were 

amplified and analyzed on a LightCycler 480 II system using LightCycler 480 II Software 

1.5.0 SP4. The thermocycler was programed using the following parameters: 

 

Cycles Component Targert temperature Hold time 

1 Pre-Incubation 95 °C 10 min 

 

40 

 

Denaturation 

Annealing 

Elongation 

95 °C 

60 °C 

72 °C 

15 s 

20 s 

40 s 

1 Cooling 40 °C 30 s 

 

Component Volume Final concentration 

10x reaction buffer 5 µl 1x 

MgCl₂ 3.5 µl 3.5 mM 

dNTP mix 2 µl 200 µM 

Forward primer 5 µl 100 nM 

Reverse primer 5 µl 100 nM 

HotGoldStar 0.25 µl 0.025 U/µl 

Diluted SYBR 1.5 µl  

Water, PCR-grade 22.75 µl  

cDNA 5 µl  
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2.5.4 Quantification of total protein by BCA 
 

In order to determine and adapt the total protein content of either western blot or tumor 

tissue lysates for further assays, the BCA Protein Assay was applied. This colorimetric 

assay is based on the reduction of Cu²+ to Cu¹+ by protein in alkaline medium and the 

subsequent colorimetric switch due to the interaction of the cuprous cation and 

bicinchonic acid. For analysis in a 96-well format, samples were diluted 1:10 with PBS 

and a BSA standard series was set up in a working range of 20-2000 µg/ml. The working 

reagent was prepared in a ratio 1:50 and 25 µl of standard and sample were applied in 

a single well respectively. 200 µl of the working reagent (sample to working reagent ratio 

1:8) was added to each well and mixed thoroughly on a plate shaker for 30 second. The 

plate was then incubated at 37 °C for 30 minutes, cooled to RT afterwards and the 

absorbance was measured at 562 nm on a plate reader. 

 

2.5.5 Western Blot analysis 

 

2.5.5.1 Preparation of Western Blot samples 

B16.OVA melanoma cells were seeded 24h prior to stimulation in non-tissue treated 6-

well plates and stimulated as indicated in chapter 2.3.4. After stimulation, cells were 

harvested on ice. Therefore, the supernatant was discarded and the cells washed off the 

culture plate with precooled PBS by repeated pipetting, they were then centrifuged and 

washed once again with PBS. The supernatant was aspirated and the cell pellet re-

suspended in RIPA buffer substituted with proteinase inhibitor, DTT, NaF, β-Glycoside 

and Na₃VO₄. Tissue lysates were stored on ice for 30 minutes and centrifuged for 15 

min at 12.000 rpm at 4°C afterwards. The supernatant was removed thoroughly and 

transferred into a fresh tube. Protein concentration was determined by BCA and adjusted 

to 25 µg/µl in 4x Lämmli buffer. Samples were subsequently heated to 95°C for 5 

minutes, placed on ice for 1 minute afterwards and spun down at maximum speed. 

Supernatants were either applied on a gel for subsequent gel electrophoresis or stored 

at -80°C for later analysis. 
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2.5.5.2 SDS-PAGE and Western Blotting 

 

Protein separation was carried out by sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE), a method used to separate molecules and proteins 

depending on their molecular weight and electrical charge. Single-percentage gels 

ranging from 7.5% to 15% were used depending on the size of the target protein. SDS-

PAGE was run at 70 V for 45 minutes to stack proteins followed by 1 hour at 130 V to 

separate proteins according to their size. To make the proteins accessible to antibody 

detection, the gel was transferred to a nitrocellulose membrane by electroblotting at a 

current of 0.2 A per gel for 1.5 hours. Uniformity and overall effectiveness of the transfer 

was checked by staining the membrane with Ponceau S. Before blocking, the membrane 

was washed with TBST and subsequently blocked for 15 minutes at RT with either 5 % 

non-fat milk or 5 % bovine serum albumin (BSA) in TBST, depending on the respective 

primary antibody. Incubation with the primary antibody was carried out overnight at 4°C 

on a roll mixer.  After three additional washing steps with TBST, each lasting at least 10 

minutes, the secondary antibody coupled with horse-radish-peroxidase (HRP) was 

applied to the membrane in TBST at room temperature for 1.5 hours. After washing the 

membrane three times, signals were visualized using Pierce ECL western blotting 

substrate on the INTAS science imaging system. 

 

2.5.6 CRISPR Cas9 genome editing 

2.5.6.1 Functional principle 

The clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9 are an 

adaptive antiviral immune system component of bacteria and prokaryotic cells. It has 

been adapted as an inexpensive and efficient genome editing tool for targeted DNA 

modification and is used for a wide range of applications. This includes both knock-in 

and knock-out genetic engineering of distinct model organisms, pooled library screening 

and further gene therapy. For a targeted endogenous knock-out, an RNA-guided DNA 

nuclease Cas9 enzyme and a single guide RNA (sgRNA) are required for efficient base-

pairing and cleaving. sgRNAs are chimeric noncoding RNAs that consist of a 20 nt base-

pairing sequence, complementary to targeted genomic sequences and an protospacer 

adjacent motif (PAM). This PAM is an essential targeting component required for 

successfully binding and cleaving the target sequence as it enables distinction of 

bacterial self from non-self DNA and thus prevents the CRISPR locus from being 

targeted and destroyed. The Cas9 enzyme checks foreign DNA and cleaves it when it is 
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complementary to the 20 base-pair spacer region of the sgRNA. Therefore, both the 

Cas9 nuclease and the complementary sgRNA have to form a complex that binds the 

cognate genomic DNA sequence via Watson-Crick base-pairing and induces a double 

strand break (DSB) at a predictable position within the target site which is repaired by 

indel-forming of non-homologous end joining. 

2.5.6.2 CRISPR design 

sgRNA sequences were selected from the Broad GPP genome-wide Brie Library 

(Adgene) and checked for genomic matches or near-matches to reduce off-target effects. 

Guide sequences consist of a 20 nucleotide protospacer sequence upstream of a PAM. 

The reverse complementary strand for each sgRNA was determined and modified by 

adding a PAM. Therefore, sgRNAs were customized by adding a CACC nucleotide 

sequence before the guiding sequence and an AAAC sequence before the reverse 

complement. If the first position of the complement oligo was not a G, a G nucleotide 

was added after the CACC sequence and a C at the 3´end of the reverse complement 

strand to enhance the expression from the U6 promotor of the pSpCas9(BB)-2A-GFP 

plasmid (pX458, Addgene plasmid  ID 48138). This plasmid was selected as it includes 

GFP as a selectable marker.  

2.5.6.3 CRISPR cloning 

2.5.6.3.1 Oligonucleotide annealing and phosphorylation 

 

The previously synthesized oligonucleotides were re-suspended in highly purified double 

distillated water (ddH₂O) to a final concentration of 100 µM and were added to a reaction 

mix of 5 µl prepared for each guide and its respective reverse complement. Annealing 

was carried out in a thermocycler by incubating samples at 37°C for 30 minutes followed 

by heating at 95°C for 5 minutes and then ramping down to 25°C at 5°C per minute. 

Afterwards, oligonucleotides were diluted 1:200 in ddH₂O to a final concentration of 

50 nM. 
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2.5.6.3.2 Golden gate cloning 

Golden Gate assembly was used for ligation of the annealed oligonucleotides into the 

pX458 plasmid, kindly gifted by Feng Zhang.  10 µl of mastermix per reaction were 

prepared and 6 repetitive cycles of 37 °C for 5 minutes and 20 °C for 5 minutes were run 

in a thermocycler to obtain digestion and ligation in a single reaction. 

 

2.5.6.3.3 Plasmid-Safe 

To prevent ligation of residual DNA fragments into the cloning vector and thus false 

positive results and high backgrounds, Plasmid-Safe was applied to the samples. 

Plasmid-Safe is an ATP-dependent DNase that selectively removes contaminating 

bacterial chromosomal DNA from plasmid and vector preparations. 2 µl of master mix 

was, therefore, added to the ligation mixture and incubated on a thermocycler for 

30 minutes at 37°C followed by an additional 30 minutes at 70°C. 

Component Volume Final concentration 

10 x T4 Ligation Buffer 0.5 µl 1x 

sgRNA 0.5 µl 100 µM 

sgRNA rc 0.5 µl 100 µM 

T4 Polynucleotide Kinase (PNK) 0.5 µl 10.000 U/ml 

ddH₂O 3 µl  

Component Volume Final concentration 

pX458 vector 0.5 µl 100 ng/µl 

10 x tango buffer 0.5 µl 1 x 

annealed oligos 1 µl 50 nM 

DTT 0.5 µl 10 mM 

ATP 0.5 µl  10 mM 

T4 DNA ligase 0.5 µl 20.000 U/ml 

FD BpiI restricton enzyme 0.5 µl  

H₂O 5.5 µl  
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2.5.6.3.4 Bacterial transformation 

Bacterial transformation was then performed to allow for the replication of the plasmid in 

competent E. coli bacterial cells. 2 µl of ligation mixture were transferred into 20 µl of 

chemically competent E. coli Stbl cells and incubated on ice for 20 minutes.  After heating 

the reaction mixture to 42°C for 30 seconds, the probes were cooled on ice for 2 minutes. 

100 µl of Super Optimal broth with Catabolite repression medium (SOC medium) was 

then added to each tube and the samples incubated on a thermocycler for 30 minutes at 

37°C. The reaction mixture was subsequently transferred onto lysogeny broth (LB) agar 

plates containing 100 µg/ml ampicillin using sterile glass beads and incubated at 37°C 

overnight. 

2.5.6.4 Plasmid DNA Isolation and purification by mini-prep 

Two to three colonies were picked using sterile pipet tips and incubated in 10 ml of LB 

culture medium for 16 hours on an orbital shaker. 5 ml of bacterial culture were collected 

for subsequent analysis and centrifuged at 10.000 g for 5 minutes to pellet bacteria. The 

SN was removed and the cell pellet thoroughly re-suspended in 250 µl resuspension 

solution. 250 µl of Cell Lysis Solution was added, inverted several times and incubated 

for approximately 5 minutes until the solution cleared. After adding 350 µl of Alkaline 

Protease Solution, the tubes were inverted and incubated for 5 minutes at RT. Protease 

activity was neutralized by adding 350 µl of neutralization solution and subsequently 

centrifuged at maximum speed for 10 minutes at RT. The supernatant was transferred 

to a spin column by decanting and centrifuged at maximum speed for 1 minute at RT. 

The flow-through was discarded and the column washed by adding 750 µl washing 

solution and an additional centrifugation step was applied. Washing was repeated with 

250 µl of washing solution and followed by 2 minutes of centrifugation. The membrane 

was spun dry and plasmid DNA eluted in 100 µl of nuclease free water. Each colony was 

sequenced by Sanger sequencing using a U6 promoter forward primer. 

Component Volume Final concentration 

Ligation mixture 5.5 µl  

10 x Plasmid-Safe Buffer 0.75 µl 1 x 

ATP 0.75 µl 10 mM 

Plasmid-Safe exonuclease 0.5 µl 10.000 U/ml 
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2.5.6.5 Transfection of CRISPR/Cas9 constructs into cells of interest 

CRISPR/Cas9 constructs of sequence-verified colonies were selected for transfection 

into B16.OVA melanoma cells. For transfection, B16.OVA melanoma cells were thawed 

and passaged until they reached a logarithmic growth phase. 24 hours prior to 

transfection, cells were seeded in a density of 1.25 x 10⁵ cells per ml into tissue treated 

6-well culture plates. Complexation was prepared in two separate reaction mixtures. In 

the first reaction mixture, 2 µg of plasmid DNA was adjusted to a volume of 100 µl with 

OptiMEM. In the second mixture, twice the volume of Lipofectamine 2000 was used than 

was applied for DNA and further adjusted to 100 µl by OptiMEM. Both reaction mixtures 

were combined and incubated for 15 minutes at room temperature. For transfection, half 

of the culture medium was replaced by fresh, preheated growth medium. In addition, 200 

µl of complexation reaction were applied per well and incubated for 6 hours at 37°C. To 

stop transfection, the culture medium was completely removed and a preheated medium 

was added carefully to the cells. Cells were cultured for up to 72 hours and transfection 

efficiency checked every day with fluorescence microscopy. 

2.5.6.6 Fluorescence Activated Cell Sorting of Transfected Cells 

Cells were prepared for sorting by FACS when approximately 10% to 20 % of the cells 

became GFP positive, as indicated in chapter 2.3.4 without further staining and filtered 

through a 50 µm strainer. Cell-sorting was performed with a FACSAria II and a single 

GFP positive cell was re-seeded to each well of a 96-well flat bottom plate including 100 

µl of culture medium per well. Clones were incubated at 37°C for 7 to 14 days depending 

on the doubling time of the respective clone and transferred to the next larger size of 

culture dish when cells reached a confluency of approximately 80%. Validation of gene-

deficient CRISPR/Cas9 clones was verified by immunoblotting and the appropriate 

functional assay. 

2.6 Statistical analysis 

 
For the comparison of multiple experiments, all the data is calculated as geometric mean 

values. The variance of mean values is indicated as standard error of the mean (SEM).  

Statistical significance of single data sets was assessed with the independent two-tailed 

Student’s t-test. For multiple statistical comparisons of repetitive experiments, the one-

way ANOVA test with Bonferroni post-test was used. In tumor growth experiments, the 

inter-group comparison of mean tumor volumes was calculated on the day the first 

mouse within a respective treatment group succumbed to tumor growth progression. 
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Comparison between the four treatment groups for a given tumor genotype was 

calculated on the day that the mean tumor volume analysis in the ‘isoytpe’ control group 

was terminated and One-way ANOVA was used to adjust for multiple testing. The 

comparison of the treatment response of different tumor genotypes to a given treatment 

modality was calculated on the day that the mean tumor volume analysis in the given 

treatment group was terminated; the independent two-tailed Student’s t-test was used. 

Overall survival was analyzed using the Log-rank test. Significance level was set at P 

values < 0.05, p < 0.01 and p < 0.001 and was then indicated with an asterisk (*, ** and 

***). All statistical calculations were performed using Prism (GraphPad Software) and 

graphical design was done with Adobe Illustrator. 
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3 Results 

3.1 Impact of tumor intrinsic RIG-I signaling on efficacy of anti-

CTLA-4 checkpoint blockade 

3.1.1 RIG-I-deficient tumor cells are incapable in mounting an IFN-I response 
 

To address the role of tumor or host intrinsic RIG-I signaling for anti-CTLA-4-mediated 

checkpoint blockade, we took advantage of the novel biochemical method of 

CRISPR/Cas9 genome editing and generated a RIG-I deficient B16 melanoma cell line 

expressing the model antigen OVA (B16.OVA). To prove knockout efficacy, we analyzed 

cell lysates of distinct CRISPR KO clones using western blot and found that various cell 

clones no longer expressed RIG-I at the protein level   (Figure 3.1 A). Direct activation 

of RIG-I with its specific ligand in vitro transcribed 5’-triphosphorylated RNA (3pRNA) 

triggers a strong IFN-I release and is moreover capable of inducing a form of 

immunogenic cell death in several tumor cell lines (Figure 3.1 B-D and 3.23 C) (Besch 

et al., 2009; Duewell et al., 2014). We observed that RIG-I-deficient B16 tumor cells 

(RIG-I-/- B16.OVA) failed to mount an IFN-I response by analyzing the supernatant of 

3pRNA-transfected cells by ELISA. Furthermore, gene deficient clones were resistant to 

RIG-I-mediated cell death upon in vitro stimulation with 3pRNA (Figure 3.1 B-D).  

These results demonstrated that we effectively knocked out RIG-I in a murine melanoma 

cell line which gave us the opportunity to investigate the role of tumor intrinsic RIG-I 

signaling in subsequent experiments.    
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Figure 3.1: RIG-I deficient tumor cells are incapable in mounting an antiviral-immune response. (A) 

Western blot of different B16.OVA clones after CRISPR/Cas9-mediated DDX58 (RIG-I) deletion. The RIG-I 

deficient (RIG-I-/-) clone 9.6 was used for subsequent experiments. (B-D) Different B16.OVA clones were 

transfected with 3pRNA in vitro using Lipofectamin 2000. (B) After 48h, cell viability was assessed by 

Annexin V and 7-AAD staining. (C, D) ELISA was used to determine release of IFN-I . Error bars give the 

mean ± S.E.M. of triplicate samples. 

 

3.1.2 Tumor cell intrinsic RIG-I signaling promotes anti-CTLA-4-mediated 

systemic antitumor immunity 

 

In order to investigate the impact of tumor-intrinsic RIG-I signaling on anti-CTLA-4 

immune checkpoint blockade in vivo, we designed a bilateral flank tumor model. This 

gave us the opportunity to investigate local antitumor effects by intratumoral 3pRNA 

application into the right-sided (injected) tumor and to further observe systemic therapy 

effects on the left sided (distant) tumor by local 3pRNA application as well as 

intraperitoneal anti-CTLA-4 antibody administration. Furthermore, this model allowed us 

to examine possible synergistic abscopal effects arising from combining both therapeutic 

approaches. 
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As previous studies demonstrated only a slight or even no treatment effect from 

monotherapy with anti-CTLA-4 blocking antibodies in non-immunogenic tumor entities 

(Hurwitz, Yu, Leach, & Allison, 1998; van Elsas et al., 1999), we choose the 

immunogenic B16.OVA tumor model for further experiments. To investigate tumor 

growth and survival, wild-type BL6/J mice were inoculated with either wild-type (WT) 

B16.OVA cells or the previously designed RIG-I-/- B16.OVA cell line. When tumors 

became palpable, treatment was applied by either injecting in vitro transcribed 3pRNA 

into the right sided tumor or intraperitoneal administration of the anti-CTLA-4 monoclonal 

antibody or the combination of both treatments. Animals of the control group and the 

3pRNA monotherapy group were further injected with an appropriate isotype control. 

Treatment was repeated three times at an interval of three days followed by further 

analysis on day 15.  

Furthermore, systemic anti-CTLA-4 monotherapy also resulted in tumor growth delay in 

mice bearing wild-type B16.OVA tumors. Treatment effects of systemic anti-CTLA-4 

administration were significantly impaired in mice inoculated with RIG-I-/- tumors, 

indicating that effective anti-CTLA-4 treatment crucially relies on tumor cell intrinsic RIG-

I signaling (Figure 3.2 B). Regarding variations in anti-CTLA-4-mediated growth delay 

between local and distant tumors, we hypothesized that this might be attributable to 

different tumor volumes and the resulting growth dynamics in our model. 

Furthermore, therapeutic targeting of RIG-I by 3pRNA application into the right-sided 

flank tumor of mice bearing wild-type tumors led to a complete regression of the 

respective tumor. In addition, we observed improved tumor growth control in these mice 

reflected in a delayed progression of the contralateral (distant) tumor. Interestingly, local 

3pRNA-induced tumor regression seemed to be largely independent of tumor intrinsic 

RIG-I signaling as mice bearing RIG-I-/- B16.OVA tumors maintained the ability to reject 

the local tumor  to a certain extent, suggesting additional mechanisms, independent of 

tumor intrinsic RIG-I signaling, are involved in local tumor control (Figure 3.2 A).  

However, systemic therapy effects were crucially dependent on tumor cell-intrinsic RIG-

I signaling as distant RIG-I-/- B16.OVA tumors were characterized by a rapid tumor 

outgrowth independent of therapy.  

Moreover, by combining local RIG-I activation with systemic anti-CTLA-4 blockade, a 

synergistic therapy effect emerged as outgrowth of distant non-injected tumors was held 

in check due to significant growth control of these tumors, resulting in long term survival 

in most of the treated animals (Figure 3.2 A-C). This effect also relied on tumor intrinsic 

RIG-I signaling as tumors in mice bearing RIG-I-/- B16.OVA tumors showed rapid 
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outgrowth comparable to monotherapy with 3pRNA resulting in a survival disadvantage 

of these animals.  

Additionally, long-term surviving animals remained tumor-free and gained antitumor 

immunological memory as they developed immunity against a subsequent intravenous 

re-challenge with WT B16.OVA cells (Figure 3.2 D).  

 

Figure 3.2 Tumor cell intrinsic RIG-I signaling promotes anti-CTLA-4-mediated systemic antitumor 

immunity. (A-B) Tumor growth of mice bearing either WT or RIG-I-/- B16.OVA tumors that were treated 

with 3pRNA or anti-CTLA-4. All tumor growth curves show mean tumor volume ± S.E.M. of n = 15 individual 

mice and were pooled from three independent experiments. (C) Overall survival of treated mice bearing 

either WT or RIG-I-/- B16.OVA tumors. (D) Long-term surviving animals were re-challenged iv with WT 

B16.OVA cells and formation of pulmonal pseudometastases was analyzed 14 days later. Naive mice were 

used as control group for successful tumor induction. ND, not determined. All data was pooled from at least 

two independent experiments. 
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These results indicate that effective anti-CTLA-4 mediated anticancer immunity crucially 

relied on tumor intrinsic RIG-I signaling and is dispensable for local tumor control 

mediated by a synthetic RIG-I agonist. However, local and selective RIG-I ligation 

enhances the therapeutic effectiveness of anti-CTLA-4-mediated immunotherapy on 

systemic tumors.  

 

3.2 RIG-I activation enhances cross-presentation of tumor-

associated antigen by CD103+ dendritic cells and the 

subsequent cross-priming of CD8+ T cells 

3.2.1 Induction of tumor cell death by 3pRNA in vivo is dependent on tumor 

intrinsic RIG-I signaling 

 

Having demonstrated that tumor intrinsic RIG-I signaling is substantial for the induction 

of tumor cell death in vitro we furthermore wanted to assess the role of therapeutic RIG-

I activation in vivo. For this purpose, whole tumor tissue was harvested 24 hours after a 

single intratumoral injection with 25 µg 3pRNA, it was further processed to single cell 

suspensions and analyzed for apoptotic DNA fragmentation via a TUNEL assay. 3pRNA 

administration resulted in a fast induction of tumor cell death in the injected tumor. 

However, apoptosis induction was restricted to the injected flank tumor and further 

dependent on tumor cell-intrinsic RIG-I signaling (Figure 3.3). It appeared that distant 

non-injected wild type tumors showed a significant difference in the percentage of 

TUNEL positive cells when compared to RIG-I deficient tumors.  

Thus, we demonstrated that tumor intrinsic RIG-I signaling clearly influences 3pRNA 

induced cell death both in vitro and in vivo. 
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Figure 3.3: Induction of tumor cell death by 3pRNA in vivo is dependent of tumor cell-intrinsic         

RIG-I signaling. WT mice bearing bilateral WT or RIG-I-/- B16.OVA tumors were treated with a single, one-

sided intratumoral 3pRNA administration or its vehicle in vivo-jetPEI. 24 h later, the frequency of apoptotic 

tumor cells was analyzed by terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL). 

 

3.2.2 Intact tumor intrinsic RIG-I signaling is required for effective cross-

presentation 

 

Tumor cell death is accompanied by tumor cell disintegration and the possible 

subsequent release of tumor-associated antigens. DCs occupy a central role in innate 

immunity due to their ability to sense and process tumor-derived antigens. Thereby, DCs 

link innate and adaptive immunity by displaying processed antigens on their surface 

which in turn results in cross-priming of CD8+ T cells and the subsequent induction of a 

tumor antigen specific CTL response (Berard et al., 2000). In our previous experiments, 

we had shown that RIG-I ligation by 3pRNA induces tumor cell death both in vitro and in 

vivo, hypothesizing that this might lead to increased tumor antigen release, necessary 

for efficient cross-priming of CD8+ cytotoxic T cells by DCs. 

To address this, we started by assessing the role of tumor-intrinsic RIG-I ligation for DC 

activation and its potential for effective cross-priming of CD8+ T cells. As CD103+ 

migratory DCs, a subpopulation of CD8-like DCs, have previously been shown to 

occupy an important role in the transport of melanoma-associated antigens to draining 

lymph nodes and also to be decisive for the related efficient cross-presentation of either 

self or foreign skin-associated antigens to CD8+ cytotoxic T cells (Bedoui et al., 2009; 

Salmon et al., 2016), we focused our efforts on this specific DC subpopulation. 
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For analysis of OVA cross-presentation and DC activation status, we analyzed DCs 

within tumor-draining lymph nodes for the expression of the immune dominant 

ovalbumin-derived peptide SIINFEKL bound to MHC class I to quantify OVA specific 

antigen presenting cells as well as for other markers by FACS on day 15 after tumor 

induction. This approach revealed enhanced cross-presentation of the OVA immune 

dominant peptide epitope SIINFEKL by CD103+ DCs in the context of MHC-I during 

monotherapy with either 3pRNA or anti-CTLA-4 or the combination of both treatments, 

which in turn critically relied on tumor cell-intrinsic RIG-I signaling          (Figure 3.4 A). 

Enhanced cross-presentation was spatially restricted to the lymph node draining the 

3pRNA-injected tumor (Figure 3.4 A–B). Although cross-presentation was found to be 

dependent on tumor intrinsic RIG-I signaling, the expression of the co-stimulatory 

molecule CD86 on activated CD103+ DCs was not affected by any treatment in both local 

or distant tumor draining lymph nodes (Figure 3.4 C–D).  

 

These data suggests that tumor intrinsic RIG-I signaling is mandatory for efficient cross-

presentation of tumor-associated antigens by CD103+ DCs. Moreover, the maturation 

status of CD103+ DCs appears to be independent of tumor intrinsic RIG-I signaling.  
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Figure 3.4: Intact tumor intrinsic RIG-I signaling is required for effective cross-presentation. Mice 

were implanted with either WT or RIG-I-/- B16.OVA cells in each flank. The RIG-I ligand 3pRNA was injected 

into the right-sided tumor; anti-CTLA-4 antibody was administered ip. Analyses were performed on day 15 

after tumor induction. (A-B) Cross-presentation of the processed OVA peptide-epitope SIINFEKL in the 

context of MHC-I on CD103+ DCs in the lymph node draining the 3pRNA-injected tumor (TdLN) and the 

draining lymph node of contralateral, non-injected tumors. (C-D) CD86 expression on CD103+ DCs in tumor-

draining lymph nodes. Data is normalized to gene expression in isotype-treated mice bearing WT B16.OVA 

tumors (control) and give mean ± S.E.M. of n = 10 individual mice that were pooled from two independent 

experiments. An asterisk without brackets indicates comparison to the WT control group. 
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3.2.3 CD8α-like DCs are mandatory for local and systemic tumor control in 

response to therapy  

 

Having demonstrated the crucial role of CD103+ DCs for efficient cross-presentation, we 

were interested in how the lack of this DC subpopulation would influence therapy 

efficiency in vivo. Therefore, we used our bilateral flank tumor model in mice genetically 

deficient of the transcription factor Batf3 (Batf3-/-). These mice lack CD8α-like DCs 

including the subset of CD103+ DCs. Thus, KO mice are not capable of processing and 

cross-presenting tumor-derived antigens. As a direct consequence, treatment by either 

local RIG-I activation or anti-CTLA-4 checkpoint blockade failed to induce expansion of 

OVA specific CTLs in Batf3-deficient mice (Figure 3.5 D). Consistently, Batf3-/- mice 

treated with 3pRNA showed a rapid tumor outgrowth of distant tumors. Interestingly 

however, local tumors were kept in check although a complete tumor regression was not 

achieved (Figure 3.5 A-B). Moreover, mice systemically treated with anti-CTLA-4 

checkpoint blockade did not respond to therapy as further reflected in reduced survival 

(Figure 3.5 C). The inability of both monotherapies to keep tumor growth in check was 

also reflected in significantly reduced combined treatment efficacy in Batf3-deficient 

mice. However, the combination of both treatments led to local as well as systemic tumor 

control and thus enhanced survival independent of a systemic T cell immune response, 

suggesting additional DC- and thus Batf3-independent antitumor mechanisms such as 

anti-CTLA-4 antibody-mediated depletion of pro-tumorigenic regulatory T cells to 

mediate antitumor immunity (Simpson et al., 2013). 

This data further emphasizes the importance of CD8α+ DCs, especially the subset of 

CD103+ DCs for anti-CTLA-4 mediated checkpoint blockade and RIG-I-mediated T cell-

based antitumor immunity. 
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Figure 3.5: CD8α+ DCs are mandatory for tumor control in response to therapy. (A-B) Tumor growth 

of WT and Batf3-deficient (Batf3-/-) mice bilaterally inoculated with WT B16.OVA cells. Mice were repeatedly 

treated with anti-CTLA-4 +/- intratumoral 3pRNA. All tumor growth curves show mean tumor volume ± S.E.M. 

of n = 10 individual mice and were pooled from two independent experiments. (C) Overall survival of tumor-

bearing mice and (D) the frequency of H-2Kb-SIINFEKL Tetramer+ CD8+ T cells in peripheral blood on day 

15 after tumor induction were determined.  

 

3.2.4 Tumor intrinsic RIG-I signaling is a prerequisite for the formation of a 

systemic T cell-mediated immune response 

 

Effective cross-presentation is the basis for clonal expansion of antigen specific CTLs. 

In line with our previous findings showing a distinct role of tumor-intrinsic RIG-I signaling 

on cross-presentation of tumor-associated antigens, we were interested if this would 

translate into a systemic T cell-mediated immune response.  
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 We, therefore, performed an MHC-I tetramer assay of blood samples from treated mice 

on day 15, one day after they had received the last treatment. This abled us to detect 

and quantify T cells specific for the OVA antigen epitope SIINFEKL. Monotherapy with 

either 3pRNA or anti-CTLA-4 resulted in strong systemic expansion of OVA-specific 

CTLs. In addition, tetramer frequencies were further increased in animals that received 

the combination of both treatments, suggesting a potential synergism by combining both 

therapeutic approaches (Figure 3.6). Importantly, this effect was dependent on tumor 

intrinsic RIG-I signaling, as mice bearing RIG-I deficient tumors showed markedly 

reduced numbers of OVA-specific CTLs compared to mice bearing WT tumors. 

 

Thus, we demonstrated that either treatment with 3pRNA or anti-CTLA-4 checkpoint 

blockade causes a distinct systemic expansion of tumor antigen specific CTLs in an     

RIG-I dependent manner. Moreover, this effect can be boosted by combining both 

therapeutic approaches.  

 

 

Figure 3.6: Effect of tumor intrinsic RIG-I signaling on the expansion of OVA specific CTLs. WT mice 

were bilaterally inoculated with either WT or RIG-I-/- B16.OVA cells and were repeatedly treated with anti-

CTLA-4 +/- intratumoral 3pRNA. The frequency of H-2Kb-SIINFEKL Tetramer+ CD8+ T cells in peripheral 

blood was determined. All data give values of individual mice + group mean as bar that were pooled from at 

least four independent experiments. 
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To achieve their fully cytotoxic potential, tumor antigen-specific T cells need to overcome 

the immunosuppressive tumor microenvironment, infiltrate and accumulate in the tumor 

to ultimately identify and destroy tumor cells. Therefore, tumor-intrinsic RIG-I signaling 

might be substantial to break down these obstacles by facilitating apoptosis in malignant 

cells and the subsequent enhanced cross-priming by tumor resident DCs due to an 

increased antigen release.  

Performing immunohistochemistry of whole tumor tissue revealed dense necrotic areas 

in local and distant tumors mainly in those injected with 3pRNA, whereas systemic 

administration of anti-CTLA-4 blocking antibodies revealed almost no necrotic lesions  

(Figure 3.7 B+C). Nevertheless both therapeutic approaches lead to the accumulation 

of CD8+ tumor-infiltrating leukocytes in a tumor intrinsic RIG-I dependent manner, 

predominantly in local tumors. (Figure 3.7 A+C) Combining both therapies slightly but 

not significantly enhanced T cell accumulation in the tumor, as this has been suggested 

by systemic tetramer frequencies.  

In line with our previous results showing that intact tumor intrinsic RIG-I signaling is 

substantial for the expansion of antigen-specific T cells, these data demonstrate that 

expansion of CTLs is, furthermore, crucial for the development of a systemic immune 

response, the accumulation of antigen specific CTLs within the tumor and subsequent 

tumor eradication.  
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Figure 3.7: RIG-I dependent differences in the infiltration density of CTLs and development of 

necrosis.  WT or RIG-I-/- B16.OVA cells were implanted in each flank of wilde type mice. The    RIG-I ligand 

3pRNA was injected into the right-sided tumor; anti-CTLA-4 antibody was administered ip. (A) The frequency 

of tumor-infiltrating CD8+ T cells and (B) histomorphologically necrotic tumor areas were analyzed with 

immunohistochemistry. (C) Shown are representative tumor sections after H&E and anti-CD8 (red, arrows) 

staining from one of three independent experiments (magnification 20x, scale bar 50 μm; N, highly necrotic 

area). All data were pooled from three independent experiments. 

 

To further address possible underlying mechanisms, we performed gene expression 

analysis within whole tumor tissue lysates. By analyzing distant non-injected  tumors we 

found that RIG-I deficient tumors displayed lower expression levels of genes encoding 

proteins involved in T cell lytic function such as granzyme B, IFN-γ and perforin (Figure 

3.8). Furthermore, CCL5 a chemokine involved in both recruitment of leukocytes into 

inflammatory sites and the proliferation and activation of NK cells as well as inducible T-

cell co-stimulator (ICOS) - the expression of which has been shown to promote anti-

CTLA-4 checkpoint blockade (Yoshinaga et al., 1999) - were upregulated dependent on 

tumor intrinsic RIG-I signaling. Moreover, we found increased expression levels of genes 

encoding inhibitory receptors including LAG3 and TIM-3 in RIG-/- tumors and of PDCD1, 

the gene encoding the inhibitory receptor PD-1 in WT B16.OVA tumors.  

This data suggests that tumor intrinsic RIG-I signaling affects the gene expression profile 

of both TILs and tumor cells upon treatment. In addition, it appears that loss of tumor 

intrinsic RIG-I signaling impairs the expression of genes involved in lytic T cell function 

and furthermore favors the development of an exhaustion phenotype by upregulation of 

gene expression of inhibitory receptors. 
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Figure 3.8: Tumor-intrinsic RIG-I signaling affects the gene expression profiles of TILs and tumor 

cells upon treatment. Gene expression analysis within lysates of distant, non-3pRNA-injected tumors was 

performed with real-time PCR. Data are normalized to gene expression in isotype-treated mice bearing WT 

B16.OVA tumors (control) and give mean ± S.E.M. of n = 10 individual mice that were pooled from two 

independent experiments. An asterisk without brackets indicates comparison to the WT control group. 
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3.3 Anti-CTLA-4-mediated immunotherapy is independent on 

tumor cell-derived IFN-I 

 

3.3.1 RIG-I ligation promotes the induction of IFN-I and proinflammatory cytokines 

in vivo 

 

Tumor intrinsic activation of RIG-I induces a rapid IFN-I response. DC-intrinsic IFN-I 

signaling has been demonstrated to be substantial for tumor specific T cell priming, 

intratumoral accumulation of DCs, effective antigen cross-presentation and the 

subsequent induction of antitumor immunity (Diamond et al., 2011; Fuertes et al., 2011). 

Our previous experiments have shown that DCs, in particular CD103+ DCs, are key 

players in the induction of RIG-I dependent T cell-mediated antitumor immunity. 

Therefore, we wanted to investigate how tumor-derived IFN-I signaling impacts DC 

function in RIG-I-mediated immunity. Having observed a strong IFN-I release after 

transfection of WT B16.OVA tumor cells in vitro  the question arose as to whether local 

administration of 3pRNA into pre-established tumors would induce the release of IFN-I 

or other proinflammatory cytokines in vivo. 

A systemic induction of IFN-α and IFN-β in both injected and distant tumors was detected 

24 hours after local RIG-I activation in the tumor microenvironment (Figure 3.9). In 

addition, injection of 3pRNA induced the production of proinflammatory cytokines such 

as TNF-α, IL-6, IL-12p70 and IFN-γ whereas levels of IL-1β remained unchanged. 

Moreover, increased expression levels of proinflammatory cytokines were primarily 

found in lysates of the injected tumor whereas the levels in the distant tumor were less 

pronounced. However, IFN-I levels in the distant tumor were increased to an extent 

comparable to the injected tumor. Interestingly no significant differences in both the 

levels of IFN-I and proinflammatory cytokine release were observed between lysates of 

WT B16.OVA and RIG-I-/- B16.OVA tumors. 

These data indicate that targeting of RIG-I in the tumor microenvironment with a specific 

ligand induces the production of IFN-I and several pyrogens independent of tumor 

intrinsic RIG-I signaling. Nevertheless, it appears that following RIG-I stimulation tumor 

cells are not the predominant source of IFN-I suggesting, the host as major source for 

IFN-I.  
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Figure 3.9: Effects of local immunostimulation on IFN-I and cytokine expression in vivo. Mice bearing 

bilateral WT or RIG-I-/- B16.OVA tumors were treated either with vehicle (jetPEI) or 3pRNA. 24 h later, the 

concentration of IFN-I and proinflammatory cytokines in local (3pRNA injected) and distant (untreated) tumor 

tissue were analyzed by ELISA. Data show values of n = 5 (vehicle) and n = 15 (3pRNA) individual mice 

with mean.  
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3.3.2 Host-derived IFN-I is vital for RIG-I-mediated tumor cell death and efficient 

anti-CTLA-4 checkpoint blockade 

 

With our previous data suggesting the host as essential IFN-I source we went on by 

determining the role of host-IFN-I signaling on therapy efficiency. For this purpose, mice 

deficient in the interferon-α receptor subunit 1 (IFNaR1-/-) were inoculated with WT 

B16.OVA cells. These animals lacking IFN-I signaling failed to induce an effective 

antitumor immune response upon treatment with 3pRNA as local and distant tumor 

control was not sufficient in keeping tumor growth in check (Figure 3.10 A-B).  

 

Figure 3.10: Role of host derived IFN-I signaling for efficient immunotherapy. (A-B) Tumor growth of 

WT and IFNaR1-deficient (IFNaR1-/-) mice bilaterally inoculated with WT B16.OVA cells. Mice were treated 

several times with anti-CTLA-4 +/- intratumoral 3pRNA. All tumor growth curves show mean tumor volume 

± S.E.M. of n = 4 to 8 individual mice and were pooled from two independent experiments. (C) Overall 
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survival of tumor-bearing mice and (D) the frequency of H-2Kb-SIINFEKL Tetramer+ CD8+ T cells in 

peripheral blood on day 15 after tumor induction.  

This resulted in a survival disadvantage of these mice (Figure 3.10 C) and was moreover 

reflected in clear IFNaR1 dependency of RIG-I-mediated expansion of OVA specific 

CTLs (Figure 3.10 D). In accordance with previous studies, monotherapy with anti-

CTLA-4 was compromised in mice lacking IFN-I signaling (Hannani et al., 2015). 

Nevertheless, the combination of both treatments significantly increased survival of 

IFNaR1-/- mice independent of OVA tetramer frequencies. However all knockout mice 

succumbed tumor outgrowth. 

Preceding in vitro studies suggested IFN-I as important mediator in RIG-I-induced 

immunogenic tumor cell death as well as associated DC activation and subsequent T cell 

priming (Duewell et al., 2014). To test this assumption in vivo and to further examine the 

role of tumor cell-derived IFN-I in contrast to host-derived IFN-I, we generated a 

B16.OVA double KO cell line that genetically lacked the transcription factors IFN 

regulatory factor 3 and 7 (IRF3/7-/-) which are considered as master regulators of IFN-I 

induction and subsequent IFN stimulated gene (ISG) expression.  

As a first step, we started by evaluating the effects of RIG-I ligation on our previously 

designed double KO cell line in comparison to wild-type B16.OVA cells and RIG-I-/- 

B16.OVA cells. To begin with, we transfected the cells with 3pRNA in vitro. Interestingly, 

IRF3/7-/- cells were susceptible to RIG-I-mediated tumor cell killing, at least up to a certain 

extent, but failed to induce IFN-I expression as neither IFN-α nor IFN-β could be detected 

(Figure 3.11 A-C). 

 

 

Figure 3.11: Effects of RIG-I ligation on IFN-I release and tumor cell death induction in various knock-

out cell lines. Wild-type, RIG-I-/- and IRF3/7-/- B16.OVA clones were transfected with 3pRNA in vitro using 

Lipofectamin 2000. (A) After 48 h, apoptosis induction was assessed by Annexin V and 7-AAD staining. (B, 

C) Release of IFN-I was determined by ELISA. Error bars give the mean ± S.E.M. of at least quadruplicate 

samples. An asterisk without brackets indicates comparison to the appropriate ‚vehicle‘ control group. 
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To assess the effects of tumor intrinsic IFN-I deficiency in vivo, we performed our bilateral 

flank tumor model in wild-type mice. By comparing wild-type with IRF3/7-/- tumor cells, 

we observed that in contrast to RIG-I-/- tumor cells, IRF3/7-/- B16.OVA cells were less 

susceptible to RIG-I-mediated tumor cell death, unlike the findings suggested in our 

previous in vitro studies. Therefore, local tumor growth control was far less pronounced 

in 3pRNA treated animals bearing IRF3/7-/- B16.OVA tumors and, in addition, significantly 

impaired when compared to mice bearing B16.OVA WT tumors (Figure 3.12 A). Tumor 

cell deficiency to release IFN-I did not result in significant differences in the systemic 

expansion of tumor antigen specific CTLs when we compared the levels in mice bearing 

WT tumors with mice inoculated with IRF3/7-/- cells (Figure 3.12 D). This was further 

reflected in the tumor growth progression of mice bearing IRF3/7-/- tumors as these 

animals demonstrated a largely intact therapy response to either monotherapy with anti-

CTLA-4 or its combination with 3pRNA (Figure 3.12 A-B). In line with our in vitro data, 

RIG-I-mediated tumor cell death of injected tumors appeared to be dependent on tumor 

intrinsic IFN-I signaling as we observed impaired local tumor growth control in mice 

bearing IRF3/7-deficient tumors. 

These results indicate that RIG-I-mediated efficient anti-CTLA-4 checkpoint blockade is 

associated with intrinsic programmed tumor cell death but independent of tumor cell-

derived IFN-I. This also supports our previously acquired in vivo data suggesting host-

derived IFN-I to be substantial for local and systemic tumor growth control. Nevertheless, 

tumor intrinsic IFN-I signaling appears to be vital for the induction of      RIG-I-mediated 

tumor cell death, at least in murine tumor cells. 
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Figure 3.12: Effect of tumor intrinsic IFN-I signaling on therapy efficiency. WT mice were inoculated 

with either WT or IRF3/7-deficient (IRF3/7-/-) B16.OVA cells and repeatedly treated with anti-CTLA-4 +/- 

3pRNA. (A-B) Tumor growth of 3pRNA-injected and distant tumors. (C) Overall survival of treated mice 

bearing WT or IRF3/7-/- B16.OVA tumors. (D) Frequency of H-2Kb-SIINFEKL Tetramer+ CD8+ T cells in 

peripheral blood on day 15 after tumor induction in WT mice bearing either WT or IRF3/7-/- B16.OVA tumors. 

All data were pooled from at least two independent experiments. 

 

3.4 RIG-I-dependent induction of immunogenic tumor cell death  

 

3.4.1 Tumor intrinsic RIG-I ligation induces apoptosis and activates different 

components of the necroptosis pathways 

 

RIG-I-induced tumor cell death has been suggested to be mediated via tumor-intrinsic 

activation of the mitochondrial apoptosis pathway (Besch et al., 2009) and has been 

further shown to be immunogenic resulting in potent cross-priming of tumor-specific 

CD8+ T cells (Duewell et al., 2014). In addition, a recent report demonstrates that RIG-I 

activation during viral infection triggers necroptosis in infected cells (Schock et al., 2017). 
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To characterize the underlying cell death pathways further, we performed western blot 

analysis of tumor lysates after transfecting wild type or RIG-I deficient B16.OVA tumor 

cells with 3pRNA (Figure 3.13).  

 

Figure 3.13: RIG-I ligation induced expression of components of both the apoptosis and the 

necroptosis pathway. Protein extracts of WT and RIG-I-/- B16.OVA cells, transfected with 3pRNA in vitro, 

were collected at the indicated time points and expression of cell death pathway proteins was analyzed by 

western blot. Actin served as loading control.  

Consistent with the previous published data we found that tumor cell-intrinsic RIG-I 

ligation led to an upregulation of several proteins involved in distinct cell death pathways. 

One of these was the cleaved form of the apoptosis initiator caspase-8 with its key role 

in intrinsic apoptosis. RIPK3 and MLKL, both contributors to necrotic programmed cell 

death also known as necroptosis, as well as RIPK1, due to its function in both apoptosis 

and the proinflammatory necroptosis pathway, were upregulated upon tumor cell intrinsic 

RIG-I activation in an RIG-I dependent fashion.  

This data suggests that tumor cell-intrinsic RIG-I activation induces apoptosis and 

proinflammatory forms of regulated cell death including necroptosis and furthermore that 

both apoptotic and necroptotic pathways might be involved in the immunogenic form of 

RIG-I induced tumor cell death.  
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3.4.2 Anti-CTLA-4-mediated systemic antitumor immunity depends on caspase-3-

mediated tumor cell death 

 

Consistent with our previous data showing an upregulation of genes involved in intrinsic 

apoptosis, and recent studies that highlighted the important role of RIG-I mediated 

activation of the mitochondrial apoptosis pathway in malignant cells, we found that tumor 

cell-intrinsic RIG-I ligation by 3pRNA in vitro resulted in the induction of apoptotic cell 

death as evidenced by enhanced cleavage of the apoptosis executioner caspase-3 and 

exposure of phosphatidylserine in the outer plasma membrane leaflet  (Figure 3.14 A-

B). Cell death appeared to be apoptotic rather than necroptotic as activation of RIG-I did 

not result in the phosphorylation of the necroptosis executioner protease MLKL in wild-

type B16.OVA cells. Nonetheless, by using a series of known inducers of necroptosis, 

including the combination of TNF-α, SMAC mimetics and the pan-caspase inhibitor Z-

VAD-FMK we were unable to see induction of pMLKL in B16.OVA melanoma, suggesting 

that this pathway may be suppressed in this melanoma cell line (Figure 3.14 C). 

Moreover, RIG-I-mediated apoptosis was suspended in B16.OVA cells harboring a 

stable caspase-3 deficiency (Caspase 3-/- B16.OVA). In contrast, cell death induction by 

3pRNA transfection was still intact in MLKL deficient melanoma cells (MLKL-/- B16.OVA) 

(Figure 3.14 A-B). To assess caspase-3 activity in vivo we performed our bilateral flank 

tumor model in wild-type mice and analyzed tumor cells for the expression of activated 

caspase-3, 24 hours after 3pRNA administration. Local RIG-I activation led to a rapid 

RIG-I-dependent cleavage of caspase-3 and subsequent tumor cell death (Figure 3.14 

D). Consistent with this, monotherapy by intratumoral 3pRNA administration in pre-

established caspase-3-/- B16.OVA tumors was incapable of developing a sufficient 

antigen specific T cell response in our bilateral flank tumor model. This was further 

accompanied by impaired local and systemic tumor control and resulted in rapid tumor 

outgrowth. Moreover, anti-CTLA-4-mediated antitumor immunity was also insufficient in 

keeping tumor growth in check. Consequently, the combination of anti-CTLA-4 and 

3pRNA was significantly impaired in mice bearing caspase-3-/- tumors (Figure 3.14 E-

H). This was further reflected in reduced OVA tetramer frequencies and decreased 

survival.  

Taken together, these data suggest RIG-I-dependent induction of tumor cell death in 

melanoma cells as a prerequisite for the efficiency of anti-CTLA-4-mediated 

immunotherapy that is mainly driven by the executioner caspase-3 with its central role in 

apoptosis.     
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Figure 3.14: Anti-CTLA-4-mediated systemic antitumor immunity depends on caspase-3-mediated 

tumor cell death. (A-B) WT, RIG-I-/-, caspase-3-deficient (caspase-3-/-) and MLKL-deficient                                 

(MLKL-/-) B16.OVA cells were transfected with 3RNA and were harvested at the indicated time points. Cells 

were stained (A) with Annexin-V and Live/Dead reagent or (B) cleaved caspase-3 and Live/Dead reagent 

and were analyzed by flow cytometry.  Representative data are from one of three independent experiments. 

(C) WT B16.OVA and murine L-929 fibroblasts were transfected with 3pRNA and induction of necroptotic 

cell death with the presence of phosphorylated MLKL (pMLKL) was analyzed with western blot. The 

combination of TNF-, SMAC mimetics and the pan-caspase inhibitor Z-VAD-FMK was used as a positive 

control to induce necroptosis. (D) WT mice bearing bilateral WT or RIG-I-/- B16.OVA tumors were treated 

with a single, one-sided intratumoral 3pRNA administration or its vehicle in vivo-jetPEI. 24 h later, the 

frequency of active-caspase-3 positive cells was analyzed by FACS. (E-H) WT recipient mice received 

B16.OVA WT or caspase-3-/- cells in each flank and were repeatedly treated with anti-CTLA-4 +/- 

intratumoral 3pRNA injections. Mean ± S.E.M. tumor growth of (F) 3pRNA-injected and (G) distant B16.OVA 

tumors. (H) Overall survival of treated mice bearing B16.OVA tumors. (E) The frequency of H-2Kb-SIINFEKL 
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Tetramer+ CD8+ T cells in peripheral blood was determined 15 days after tumor induction. All data show 

mean values of n = 10 individual mice pooled from two independent experiments. 

 

3.4.3 Radiotherapy promotes anti-CTLA-4 checkpoint blockade in a RIG-I 

dependent manner 

 

For a long time radiotherapy (RTx) - a therapeutic standard in cancer therapy – received 

little attention due to cytotoxicity issues. However, this perception is changing as new 

insights into the underlying mechanisms between radiation-invoked immune responses 

and tumor regression are emerging. RTx is, therefore, not only considered as a “killer” 

for tumor cells but rather a creator of endogenous anticancer vaccines (Golden & Apetoh, 

2015). In this context, tumor irradiation and the subsequent release of DAMPs has 

previously been shown to result in host cGAS/STING-dependent maturation of 

intratumoral DCs, leading to T cell cross-priming (Deng, Liang, Xu, et al., 2014) and thus 

can serve as adjuvants for anticancer vaccines. In addition, irradiation of tumors and the 

subsequent tumor cell death have been shown to synergize with anti-CTLA-4 checkpoint 

blockade thus inducing an effective antitumor immune response (Vanpouille-Box, 

Pilones, Wennerberg, Formenti, & Demaria, 2015).  

In order to investigate the role of tumor-intrinsic RIG-I signaling on anti-CTLA-4-

enhanced antitumor immunity in connection with alternative cell death inducers apart 

from 3pRNA, we locally irradiated mice bearing either wild-type or RIG-I-/- B16.OVA 

tumors (Figure 3.15 A). In keeping with the previously found data, we observed a 

synergism of local RTx in combination with anti-CTLA-4 therapy by performing this 

combined treatment in our bilateral flank tumor model (Figure 3.15 C). Interestingly, 

these results were comparable to those achieved by combining local 3pRNA-induced 

RIG-I activation and anti-CTLA-4 treatment as RTx, on the one hand, resulted in local 

tumor growth control and, on the other hand, led to systemic tumor regression when 

combined with checkpoint blockade. Surprisingly, these synergistic effects crucially 

relied on tumor intrinsic RIG-I signaling. Even monotherapy with localized RTx achieved 

a survival benefit that was also dependent of tumor-intrinsic RIG-I signaling (Figure 3.15 

B).  
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Figure 3.15: Radiotherapy promotes anti-CTLA-4 checkpoint blockade in a RIG-I dependent manner. 

(A) Mice were implanted with either WT or RIG-I-/- B16.OVA cells in each flank. On day 6, the right-sided 

tumor was irradiated with 20 Gy, followed by three consecutive anti-CTLA-4 injections. (B) Overall survival 

of tumor-bearing mice and (C) mean + S.E.M. tumor growth of irradiated and distant tumors were 

determined. Data of n = 10 mice are pooled from two independent experiments. 

In accordance with a previous study, we found that RTx synergized with anti-CTLA-4 

mediated checkpoint blockade in our tumor model (Vanpouille-Box et al., 2015).  More 

striking was the discovery that this synergism depended on tumor cell intrinsic RIG-I 

signaling and therefore supported our previous data demonstrating that intact tumor 

intrinsic RIG-I signaling is required for the efficacy of anti-CTLA-4 checkpoint blockade. 

Thus, the induction of ICD via different modes of programmed tumor cell death appears 

to be a vital requirement for the generation of T cell mediated antitumor immune 

responses that have previously been shown to be substantial for effective anti-CTLA-4 

mediated checkpoint blockade (Spranger et al., 2013).   
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3.4.4 Synergistic antitumor effects of DNA methyltransferase inhibitor                                 

5-azacytidine and anti-CTLA-4 depend on tumor-intrinsic RIG-I activity 

 

As reported in a previous study, melanoma patients with an upregulated viral defense 

signature in the tumor microenvironment particularly benefited from anti-CTLA-4-

mediated immune checkpoint blockade and developed a durable clinical response 

(Chiappinelli et al., 2015). This was further supported by our finding that mice lacking 

tumor-intrinsic RIG-I signaling have a survival disadvantage due to sole anti-CTLA-4 

checkpoint blockade, suggesting that basal RIG-I activation in tumor cells through a 

potential endogenous ligand might contribute to efficacy of anti-CTLA-4-mediated 

checkpoint blockade. 

A possible explanation was provided by a recent study that identified tumor-derived 

endogenous retroviral elements (ERVs) as potential ligands for RIG-I-like helicases 

(Chiappinelli et al., 2015). ERVs constitute around 8 % of the human genome and can 

be detected by PRRs and therefore activate cytosolic RNA sensors. However, ERVs 

remain silenced by promoter DNA methylation in normal somatic cells but can also be 

overexpressed in distinct cancer entities (Hurst & Magiorkinis, 2015; Rycaj et al., 2015).  

Chiappinelli et al. enhanced ERV expression by treatment with the DNA 

methyltransferase inhibitor 5-azacytidine (Aza) which resulted in a RIG-I like helicase-

dependent IFN-I response in vitro. Aza treatment further synergized with anti-CTLA-4 

mediated checkpoint blockade, as was demonstrated in an effective antitumor response 

in vivo.  

In accordance with their results, expression of distinct ERVs such as IAP and the spliced 

version of eMLV was increased up to 3-fold after treatment of the B16.OVA melanoma 

cells with Aza in vitro. This effect appeared to be independent of tumor-intrinsic RIG-I 

signaling (Figure 3.16 A). By combining periodic low-dose Aza treatment with anti-

CTLA-4 checkpoint blockade in our bilateral flank tumor model, we observed treatment 

effects of either Aza alone or in combination with anti-CTLA-4 checkpoint blockade. 

Monotherapy with Aza led to a delayed tumor growth of the injected tumor, largely 

independent on tumor cell-intrinsic RIG-I signaling (Figure 3.16 B). In contrast, the 

systemic response to local Aza treatment appeared to rely on tumor intrinsic RIG-I 

signaling as we observed delayed tumor outgrowth in mice bearing wild-type tumors 

treated with the combination of Aza and anti-CTLA-4 checkpoint blockade (Figure 3.16 

C). Consistent with previously published data, we found synergistic effects by combining 

low dose Aza treatment with checkpoint blockade. Interestingly, this synergism was 

significantly impaired in mice bearing RIG-I-/- tumors and further reflected in the 
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prolonged survival of mice bearing WT tumors receiving either Aza monotherapy or both 

treatments (Figure 3.16 D). In line with our in vivo data, we observed a dose-dependent 

induction of tumor cell death in different B16.OVA tumor cell lines in vitro (Figure 3.16 

E). Consistent with our previous data, RIG-I-deficient tumor cells were less susceptible 

to Aza-mediated cell death whereas IRF3/7-deficient cells appeared to be even more 

vulnerable to the induction of tumor cell death by Aza compared to wild-type B16.OVA 

cells.  

These data suggest that continuous ERV expression within tumor cells and its 

microenvironment might facilitate basal activation of the RIG-I pathway and thus serve 

as an endogenous RIG-I ligand. Treatment with Aza can enhance ERV expression and 

subsequent RIG-I activation, thus promoting the efficacy of anti-CTLA-4 checkpoint 

blockade.  
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Figure 3.16: Synergistic antitumor effects of the DNA methyltransferase inhibitor 5-azacytidine and 

anti-CTLA-4 depend on tumor-intrinsic RIG-I activity. (A) WT and RIG-I-/- B16.OVA cells were treated 

with the DNA methyltransferase inhibitor 5-azacytidine. 24 h later, expression of endogenous retroviral 

(ERV) gene mRNA expression was determined by qRT-PCR. (B-D) Mice received either WT or RIG-I-/- 

B16.OVA cells in each flank and were repeatedly treated with anti-CTLA-4 +/- two cycles of intraturmoral 5-

azacytidine administration. Tumor growth of (B) 5-azacytidine-injected and (C) distant B16.OVA tumors. (D) 

Overall survival of treated, tumor-bearing WT recipient mice. All figures give data of n = 10 individual mice 

per group that were pooled from two independent experiments. (E) WT, IRF3/7-/- and RIG-I-/- B16.OVA cells 

were treated with different concentrations of 5-azacytidine. 24 h later, apoptosis induction was assessed in 

an ATP release assay. Error bars give the mean ± S.E.M. of at least three independent experiments. An 

asterisk indicates comparison to the appropriate ‚untreated‘ control group. 
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3.5 RIG-I signaling in non-malignant host cells is required for 

durable and systemic tumor control after anti-CTLA-4 

therapy 

 

Our previous experiments have shown that efficient anti-CTLA-4 treatment crucially 

relies on tumor intrinsic RIG-I signaling which in turn triggers the release of host-derived 

IFN-I by DCs after 3pRNA mediated RIG-I activation. Therefore, we now wanted to 

investigate the role of the RIG-I pathway in non-malignant host cells for anti-CTLA-4 

efficiency. Thus, we performed our bilateral flank tumor model in mice lacking MAVS 

(Mavs-/-), the central adaptor protein in the RIG-I signaling pathway (Figure 3.17 A).  

In doing so, we found that Mavs-/- mice failed to mount a systemic antitumor immune 

response due to the lack of tumor antigen specific CTL expansion (Figure 3.17 D) which 

highlighted the importance of intact RIG-I signaling in non-malignant host cells. Even 

though Mavs-/-
 mice expressed low levels of tumor antigen specific CTLs following 

monotherapy or combined treatment, their systemic tumor control was impaired. The 

resulting rapid outgrowth of distant tumors was found in mice receiving either 

monotherapy with 3pRNA or anti-CTLA-4 and was further reflected in reduced survival 

of these animals (Figure 3.17 C-E). Interestingly, local tumor rejection following 3pRNA 

application remained intact in Mavs-/-
 mice, suggesting other mechanisms were involved 

in local tumor growth control or the ability of tumor cell-intrinsic RIG-I signaling to facilitate 

antitumor immunity  (Figure 3.17 B). Although, anti-CLTA-4 treatment efficacy was 

impaired in Mavs-/-
 mice, this effect was less pronounced compared to the effect we had 

observed in mice bearing RIG-I deficient tumors that had received the anti-CTLA-4 

blocking antibody. Moreover, and in contrast to deficiency of tumor cell-intrinsic RIG-I 

signaling, we observed no significantly reduced frequency of tumor-specific CD8+ T cells 

in these mice.  

Based on these data, we hypothesized that either intact tumor-intrinsic RIG-I signaling 

or intact host intrinsic RIG-I signaling can provoke a treatment response up to a certain 

extent. To challenge this model, we inoculated RIG-I-deficient B16.OVA melanoma cells 

into Mavs-/-
 recipients, thus entirely abrogating RIG-I signaling. Hereby we found that 

monotherapies and the combined treatment achieved no treatment response, resulting 

in a rapid outgrowth of both local and distant tumors, consequently, leading to a survival 

disadvantage of these mice (Figure 3.17 F). Thus, our findings emphasize the distinct 

role of either tumor or host RIG-I/MAVS signaling since therapy otherwise completely 

lost its effectiveness. 
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Taken together, these data suggest that host intrinsic RIG-I signaling contributes to 

systemic antitumor immunity in response to both anti-CTLA-4 monotherapy and, in 

particular, the combination of checkpoint blockade with local RIG-I activation. 

Nevertheless, it seems that either intact tumor intrinsic or host intrinsic RIG-signaling can 

elicit a local immune response upon stimulation with 3pRNA and therefore compensate 

the loss of either.   

 

Figure 3.17: RIG-I signaling in non-malignant host cells is required for durable and systemic tumor 

control after anti-CTLA-4 therapy. (A) Treatment scheme: WT and MAVS-deficient (Mavs-/-) mice were 

bilaterally inoculated with WT B16.OVA cells and repeatedly treated with anti-CTLA-4 +/- intraturmoral 

3pRNA. (B) Tumor growth of 3pRNA-injected and (C) distant WT B16.OVA tumors. (D) Frequency of H-

2Kb-SIINFEKL Tetramer+ CD8+ T cells in peripheral blood measured on day 15 after tumor induction. (E) 
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Overall survival of WT and Mavs-/- recipient mice bearing WT B16.OVA tumors. All figures give data of                  

n = 10 individual mice per group that were pooled from two independent experiments. (F) WT and                           

Mavs-/- mice were bilaterally inoculated with RIG-I-/- B16.OVA cells that were repeatedly treated with anti-

CTLA-4 +/- intraturmoral 3pRNA. Overall survival of WT and Mavs-/- recipient mice bearing RIG-I-/- B16.OVA 

tumors. 

 

3.6 Efficient anti-CTLA-4-mediated immunotherapy crucially 

relies on host but not tumor cell-intrinsic STING signaling 

 

3.6.1 Tumor cell-intrinsic STING signaling is dispensable for efficient                            

anti-CTLA-4-mediated checkpoint blockade 

 

Cytosolic DNA is released upon tumor cell death, further sensed, and classified as a 

danger signal by the immune system that in turn can elicit a rapid antitumor immune 

response (Woo et al., 2014). In preceding experiments, we have elucidated the crucial 

role of cytosolic RNA sensing by tumor-intrinsic RIG-I signaling for augmenting the 

efficacy of anti-CTLA-4-mediated checkpoint blockade. Therefore, we next wanted to 

investigate the role of the cytosolic double stranded DNA sensing pathway cGAS/STING.  

Even though genes encoding critical components of the cGAS/STING pathway have not 

been shown to be upregulated in tumor tissue of patients that benefited from checkpoint 

blockade (Chiappinelli et al., 2015), previous studies suggested the cGAS/STING 

pathway to be functional in different tumor cell lines (O. Demaria et al., 2015; Takashima 

et al., 2016). Hence, we generated a B16.OVA melanoma cell line deficient in tumor cell-

intrinsic STING (STING-/-) signaling and started by assessing STING activity following 

cGAS stimulation with interferon stimulatory DNA (ISD) (Stetson & Medzhitov, 2006). 

STING signaling in wild-type B16.OVA melanoma cells was intact and active as we 

observed IFN-I release upon ISD transfection in a time depended manner (Figure 3.18 

A). However, IFN-I induction was far less pronounced compared to the levels observed 

after stimulation with 3pRNA. In contrast to RIG-I activation, ISD-induced cGAS/STING 

failed to induce tumor cell death in vitro (Figure 3.18 B).  
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Figure 3.17: Tumor intrinsic STING signaling is dispensable for efficient anti-CTLA-4 mediated 

checkpoint blockade. (A-B) Wild-type (WT) or STING-deficient (STING-/-) B16.OVA cells were transfected 

with 3pRNA or ISD in vitro using Lipofectamin 2000. (A) IFN-I release was determined by ELISA 48h later. 

(B) Apoptosis induction was assessed by Annexin V and 7-AAD staining. Error bars give the mean ± S.E.M. 

of triplicate samples. All data are representative for at least two independent experiments. (C-F) WT recipient 

mice were implanted with B16.OVA WT or STING-/- cells in each flank and repeatedly treated with anti-

CTLA-4 +/- intratumoral ISD injections. Mean ± S.E.M. tumor growth of (C) ISD-injected and (D) distant 

B16.OVA tumors. (E) Overall survival of treated mice bearing B16.OVA tumors. (F) The frequency of H-2Kb-

SIINFEKL Tetramer+ CD8+ T cells in peripheral blood was determined 15 days after tumor induction. All 

data show mean values of n = 10 individual mice pooled from two independent experiments. 
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To elucidate the role of tumor cell intrinsic STING deficiency in vivo, we inoculated wild-

type mice with either B16.OVA WT or STING-/- cells. Consistent with the data derived 

from a previous study (Corrales et al., 2015), treatment of pre-established wild-type 

B16.OVA flank tumors by intratumoral application of ISD resulted in a delayed tumor 

outgrowth of both local and distant tumors. STING ligation synergized with anti-CTLA-4 

checkpoint blockade as animals that received the combination of both treatments had a 

significant longer survival (Figure 3.18 C-D). However, neither ISD monotherapy nor the 

combined treatment achieved complete tumor regression.  

Apart from this, we observed identical therapy efficacy of anti-CTLA-4 monotherapy or 

the combined treatment in mice bearing either wild-type or STING-/-
 tumors. This similar 

therapy response was moreover reflected in both tumor growth and survival as mice 

bearing STING deficient tumors had neither an impaired tumor growth control nor a 

survival disadvantage when compared to animals bearing wild-type tumors                         

(Figure 3.18 E). In addition, the systemic expansion of tumor-specific circulating CD8+ T 

cells appeared to be independent of tumor cell-intrinsic STING signaling                              

(Figure 3.18 F). Nevertheless, we observed a trend towards reduced tumor-specific T 

cell frequencies in animals bearing STING-/- tumors that had been treated with ISD 

monotherapy. This, in turn, affected tumor growth control as these mice showed a faster 

outgrowth of systemic tumors compared to mice bearing wild-type B16.OVA tumors and 

resulted in a significant survival disadvantage following ISD treatment.  

Thus, we demonstrated that in our model single agent anti-CTLA-4-mediated antitumor 

immunity does not require tumor cell intrinsic STING signaling. Nevertheless, 

intratumoral STING signaling seems to contribute to ISD-mediated systemic tumor 

control. 

 

3.6.2 Host intrinsic STING signaling is crucial for efficient checkpoint blockade 

 

Having demonstrated that tumor-intrinsic STING signaling is insignificant for anti-CTLA-4 

checkpoint blockade, we went on by focusing our investigations on host intrinsic STING 

signaling. Previous studies suggested active STING signaling in host APCs as a basic 

requirement for efficient checkpoint blockade (Woo et al., 2014).  

Therefore, we inoculated either wild-type mice or mice deficient in STING (STINGgt/gt) 

with B16.OVA WT cells and treated pre-established tumors with intratumoral injection of 

3pRNA and systemic application of CTLA-4 blocking antibody. We found that the         
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RIG-I-mediated antitumor response remained intact in STING deficient mice since local 

3pRNA application induced tumor regression in these animals leading to local tumor 

control and delayed systemic tumor outgrowth (Figure 3.19 A-B). Consistent with the 

data of Woo et al., we observed that systemic anti-CTLA-4 checkpoint blockade was 

ineffective in STINGgt/gt mice and resulted in a rapid tumor outgrowth and a survival 

disadvantage of knockout mice (Figure 3.19 C). Consequently, the synergistic effect of 

local RIG-I activation and systemic immune checkpoint blockade was lost in STING 

deficient animals.  

  

 

Figure 3.18: Host intrinsic STING signaling is mandatory for efficient checkpoint blockade. WT and 

STING-deficient (STINGgt/gt) mice were bilaterally inoculated with WT B16.OVA cells and repeatedly 

treated with anti-CTLA-4 +/- intratumoral 3pRNA. (A) Tumor growth of 3pRNA-injected and (B) distant wild-

type B16.OVA tumors. (C) Overall survival in WT and STINGgt/gt recipient mice bearing WT B16.OVA 

tumors. All figures give data of n = 10-12 individual mice per group that were pooled from two independent 

experiments.  
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In contrast to our previous data, showing that tumor cell-intrinsic STING signaling is 

irrelevant for efficient anti-CTLA-4-mediated checkpoint blockade and in line with 

previously published data, we demonstrated that CTLA-4 immune checkpoint blockade 

lost its effect in mice lacking intact STING signaling which further influenced the 

synergistic effect of combined treatment in our model.  We thus confirmed the important 

role of host but not tumor cell-intrinsic STING signaling for anti-CTLA-4-mediated 

antitumor responses.  

 

3.7 Local RIG-I activation renders poorly immunogenic tumors 

susceptible to anti-CTLA-4 immunotherapy involving both 

CD8+ T cells and NK cells 

3.7.1 Combination of local RIG-I activation and CTLA-4 checkpoint blockade 

synergized in a poorly immunogenic tumor model 

 

So far, we studied the combination of selective RIG-I activation and anti-CTLA-4-

mediated checkpoint blockade in an immunogenic tumor model as the B16 melanoma 

cell line we had been working with stably expressed the artificial tumor-associated 

antigen OVA. To investigate whether our synergistic therapy approach would be effective 

in a poorly immunogenic model, we treated mice inoculated with B16-F10 tumor cells 

with either 3pRNA and anti-CTLA-4 or the combination of both.  

B16-F10 is a non-immunogenic B16 melanoma cell line that has previously been 

described to be resistant to anti-CTLA-4 monotherapy (van Elsas et al., 1999). 

Accordingly, anti-CTLA-4 monotherapy entirely failed to induce antitumor immunity as 

reflected in tumor growth and survival (Figure 3.20 A-C). Nevertheless, local RIG-I 

activation led to delayed tumor growth of injected tumors; however, it was not capable of 

inducing a systemic antitumor response. Interestingly, 3pRNA administration rendered 

non-immunogenic B16-F10 tumors susceptible to anti-CTLA-4-mediated checkpoint 

blockade, as the combination of both therapeutic approaches resulted in a significantly 

delayed outgrowth of the opposing distant tumor (Figure 3.20 B). Consequently, this 

growth delay led to prolonged survival. Moreover, mice receiving the combination of both 

selective RIG-I activation and anti-CTLA-4 blockade showed an expansion of cytotoxic 

T cells specific to the melanoma-associated tumor antigen tyrosinase-related protein 2 

(TRP2) as shown by tetramer staining    (Figure 3.20 D). 
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Figure 3.20: Combination of local RIG-I activation and CTLA-4 checkpoint blockade synergized in a 

poorly immunogenic tumor model. Wilde-type recipient mice received poorly immunogenic B16-F10 

melanoma cells in each flank and were repeatedly treated with anti-CTLA-4 +/- intratumoral 3pRNA. (A) 

Tumor growth of local, 3pRNA-injected and (B) distant B16-F10 tumors and (C) overall survival of treated 

mice. (D) Frequency of TRP2 Tetramer+ CD8+ T cells in peripheral blood was determined on day 15 after 

tumor induction. All figures give data of n = 12-14 individual mice per group that were pooled from at least 

two independent experiments. 
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3.7.2 CD8+ T cells and NK cells are required for the formation of a systemic immune 

response against growing tumors 

 

Our previous data revealed that both intact tumor-intrinsic and host-intrinsic RIG-I 

signaling is capable of facilitating local tumor growth control and thus indicated additional 

mechanisms involved in the rejection of local 3pRNA-injected tumors apart from selective 

tumor cell-intrinsic RIG-I activation and the resulting tumor cell death. In preceding 

experiments, we had investigated enhanced frequencies of systemic antigen-specific 

CTLs. In addition, a previous study demonstrated that RIG-I-mediated antitumor 

immunity is - at least in part - facilitated via IFN-I-mediated activation of NK cells (Poeck 

et al., 2008). Hence, we wanted to investigate if effector cells of innate and adaptive 

immunity would have an impact on systemic antitumor immunity in our model.  

 

Therefore, we treated wild-type mice with either anti-CD8 or anti-CD4 antibodies to 

deplete these specific T cell subsets before we performed our bilateral flank tumor model. 

Our findings highlighted the crucial role of CTLs for systemic antitumor immunity as mice 

depleted for CD8+ but not CD4+ T cells failed to mount a systemic antitumor immune 

response following combined treatment with both 3pRNA and anti-CTLA-4 (Figure 3.21 

A-B). Compatible with the data obtained from previous studies (Ma et al., 2016), we 

observed that depletion of NK cells also abrogated the therapeutic effects of both 

monotherapies and the combined treatment and was followed by rapid outgrowth of 

injected and distant tumors (Figure 3.21 A-B). However, it appeared that activation of 

tumor-infiltrating NK cells and the subsequent IFN-γ release were independent of tumor 

cell-intrinsic RIG-I signaling and further restricted to the local 3pRNA-injected tumor 

(Figure 3.21 C-D). Thus, our findings suggest that activation of NK cells in the tumor 

microenvironment of local 3pRNA-injected tumors may induce tumor cell killing and 

contributes to subsequent T-cell priming and the resulting antitumor immune response.  

Taken together, our data demonstrate that both NK cells and CD8+ T cells are crucial for 

the development of synergistic therapy effects due to selective local RIG-I activation and 

anti-CTLA-4 blockade and the resulting systemic antitumor immune response in 

otherwise poorly immunogenic tumors. 
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Figure 3.21: CD8+ T cells and NK cells are required for the formation of a systemic immune response. 

Mice were injected with poorly immunogenic B16-F10 melanoma cells in each flank and repeatedly treated 

with anti-CTLA-4 +/- intratumoral 3pRNA. Some mice were additionally pre-treated with anti-CD8α (cytotoxic 

T cells), anti-CD4 (helper T cells) or anti-NK1.1 (NK cells) depleting antibodies, beginning two days before 

tumor induction. Tumor growth of (A) 3pRNA-injected and (B) distant B16-F10 tumors in WT mice receiving 

additional depleting antibodies. Given data of n = 10-20 individual mice per group that were pooled from two 

independent experiments. (C-D) Mice bearing bilateral WT or RIG-I-/- B16.OVA tumors were treated with 

repeated intratumoral 3pRNA injections +/- anti-CTLA-4. Frequency of IFN-γ+ tumor-infiltrating NK cells in 

(C) 3pRNA-injected and (D) distant tumors was determined by flow cytometry. The figures give data of n = 

5 individual mice per group from one representative experiment. 
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3.7.3 Combined targeting of distinct immune checkpoints further enhances 

therapy efficiency  

 

Other inhibitory checkpoints besides CTLA-4 such as PD-1 play an important role in 

regulating adaptive immunity. Their blockade has further been established in cancer 

immunotherapy. In contrast to the role of CTLA-4 in early T-cell activation, PD-1 

contributes to T cell exhaustion and therefore compromises the antitumor efficacy of 

activated T cells (McClanahan et al., 2015). Previous studies have demonstrated that 

due to the expression of its ligand PD-L1 can occur on both tumor and infiltrating immune 

cells as direct response to IFN-γ release (Pardoll, 2012). With our previous experiments, 

showing a significant survival advantage of mice treated with anti-CTLA-4 monotherapy 

and its dependency on tumor intrinsic RIG-I signaling and associated IFN-γ release 

(Figure 3.22 E-F), we were interested in the role of PD-1 in our experimental model.  

Therefore, in a first experiment, we investigated expression levels of PD-L1 on both 

tumor-infiltrating CD45+ cells and B16.OVA melanoma cells in response to 3pRNA 

treatment. Mice were inoculated with either B16.OVA wild-type cells or RIG-I deficient 

tumor cells and received a single intratumoral injection of either jetPEI as vehicle control 

or complexed 3pRNA. Here, we observed a rapid upregulation of PD-L1 expression on 

tumor-infiltrating immune cell subsets after local RIG-I activation (Figure 3.22 C-D). 

However, it appeared that this effect was limited to tumor-infiltrating immune cells as PD-

L1 levels on B16 melanoma cells were unaltered. In addition, it seemed that PD-L1 

expression was unaffected by tumor intrinsic RIG-I signaling.   

Several studies in preclinical models have demonstrated that combining blockade of PD-

1 and CTLA-4 resulted in a more pronounced antitumor activity compared to the 

blockade of either pathway alone (Hodi et al., 2016). Therefore, as a next experiment, 

we investigated combined immune checkpoint blockade in our non-immunogenic tumor 

model. Combining anti-CTLA-4 checkpoint blockade with the blockade of the                            

PD-1/PD-L1 axis further improved the efficacy of intratumoral 3pRNA  by keeping tumor 

growth in check and prolonged survival of treated animals (Figure 3.22 A-B). 
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Figure 3.22: Combined targeting of distinct immune checkpoints further enhances therapy 

efficiency. B16-F10 tumor bearing wild-type mice were treated with anti-CTLA-4 +/- intratumoral 3pRNA 

and were additionally injected with anti-PD-1 antibodies. Tumor growth of (A) 3pRNA-injected, (B) distant 

B16-F10 tumors and (C) overall survival of WT recipient mice that were additionally treated with anti-PD1. 

Given data of n = 5 individual mice per group from a single representative experiment. (E-F) Mice bearing 

either WT or RIG-I-/- B16.OVA tumors were treated with a single intratumoral 3pRNA injection. After 24 h, 

the PD-L1 expression on (E) tumor-infiltrating CD45+ cells and (F) melanoma cells was analyzed by flow 

cytometry. Representative histograms show PD-L1 expression of CD45+ cells within wild-type (black) and 

RIG-I-/- (green) tumors. 
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3.8 Antitumor synergy between CTLA-4 blockade and local            

RIG-I activation is present in several different tumor models 

 

3.8.1 RIG-I ligation induces cancer cell death and a pronounced IFN-I response in 

distinct tumor cell lines 

 

Our previous experiments have shown that therapeutic targeting of RIG-I induces 

immunogenic cell death in a murine melanoma model in vivo and further augments 

therapy efficiency of anti-CTLA-4-mediated checkpoint blockade. A recent study 

confirmed that RIG-I-mediated immunogenic cell death is not limited to melanoma cells 

by demonstrating that RLH-induced cell death can induce efficient antitumor immunity in 

other malignancies such as pancreatic carcinoma (Duewell et al., 2014). Moreover, a 

modified siRNA with 5´-triphosphate ends targeting MDR-1 reduced drug resistance as 

well as immune and pro-apoptotic effects in various human leukemia cell lines. The 

mechanism-of-action involved IFN-I release, secretion of interferon-gamma-inducible 

protein 10 (IP-10), upregulation of MHC-I and caspase-mediated induction of apoptosis 

(D. Li et al., 2017). Therefore, we wanted to investigate whether local RIG-I activation 

and the subsequent associated immunogenic tumor cell death would enhance the 

treatment efficacy of anti-CTLA-4 checkpoint blockade in tumor entities other than 

melanoma.  

As a first step, we tested different tumor cell lines for the release of IFN-I in response to 

RIG-I ligation in vitro. All cell lines revealed a consistent IFN-I release upon stimulation 

with 3pRNA as we observed significantly enhanced levels of both IFN-α and IFN-β 

(Figure 3.23 A-B). Nevertheless, RIG-I-mediated cell death was less pronounced in 

pancreatic carcinoma (Panc02) and colon carcinoma (C26) cells in comparison to 

B16.OVA wild-type cells (Figure 3.23 C). Moreover, the 4T1 mammary carcinoma (4T1) 

cell line appeared to be resistant to RIG-I-mediated cell death in vitro.  
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Figure 3.23: RIG-I ligation induces cancer cell death and a pronounced IFN-I response in distinct 

tumor cell lines. Different tumor cell lines were transfected with 3pRNA in vitro using Lipofectamin 2000. 

(A-B) Release of IFN-I was determined by ELISA. (C) Apoptosis induction was assessed by Annexin V and 

7-AAD staining. Error bars give the mean ± S.E.M. of at least quadruplicate samples. An asterisk indicates 

comparison to the appropriate ‚vehicle‘ control group. 

 

3.8.2 Antitumor synergy between CTLA-4 blockade and local RIG-I activation is 

present in several different tumor models 

 

By performing our bilateral flank tumor model with Panc02 pancreatic carcinoma cells, 

we could observe synergistic effects by combining local 3pRNA application with anti-

CTLA-4 blockade leading to complete regression of both local and distant tumors, 

resulting in long-term survival of these animals. However, this effect seemed to be mainly 

driven by anti-CTLA-4-mediated antitumor immunity, as monotherapy with 3pRNA 

achieved no substantial survival benefit whereas 60% of the mice that had received anti-

CTLA-4 treatment survived. Even though subcutaneous colon carcinoma (C26) flank 

tumors showed delayed tumor growth upon RIG-I activation in local and distant tumors, 
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we could not asses any further synergistic effects as sole anti-CTLA-4 monotherapy led 

to a complete tumor regression independent of additional 3pRNA application. In contrast, 

by applying 4T1 mammary carcinoma cells in the bilateral flank tumor model, 

monotherapy with anti-CTLA-4 checkpoint blockade failed to induce an efficient 

antitumor immune response as tumor growth seemed to be unaffected. Nevertheless, 

3pRNA treatment achieved tumor growth control at least up to a certain extent but did 

not synergize with checkpoint blockade which might be due to the inability of 3pRNA to 

induce RIG-I-mediated immunogenic cell death in this cell line in vitro. 

Taken together, these data demonstrate that local targeting of RIG-I can enhance the 

efficacy of anti-CTLA-4 immunotherapy in different tumor models. However, RIG-I-

mediated cell death appears to be decisive for therapy efficacy.  
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Figure 3.24: Antitumor synergy between CTLA-4 blockade and local RIG-I activation is present in 

several different tumor models. Using different tumor cell lines, mice received tumor cells in each flank 

and were repeatedly treated with anti-CTLA-4 +/- 3pRNA. (A-B) Tumor growth of 3pRNA-injected and distant 

Panc02 pancreatic carcinoma cell line tumors. (C) Overall survival in treated animals bearing bilateral 

Panc02 tumors. (D-E) Tumor growth of 3pRNA-injected and distant C26 colon carcinoma cell line tumors. 

(F-G) Tumor growth of 3pRNA-injected and distant 4T1 mammary carcinoma cell line tumors. 
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4 Discussion  

4.1 PRR signaling in cancer immunotherapy  

 

Novel immunotherapeutic approaches such as immune checkpoint blockade have been 

reshaping the treatment of cancer. However, a significant proportion of patients remains 

unaffected by therapy (Hodi et al., 2010). Its success has been associated with a pre-

existing T cell response (Spranger et al., 2013; Tumeh et al., 2014). Hence, recent 

studies aim at designing seminal approaches to initiate a de novo antitumor immune 

response from within the tumor microenvironment. Previous reports have highlighted the 

particular role of PRR pathways in this context (Liu et al., 2016; C. K. Tang et al., 2013). 

 

In the present study, we identified a so far unrecognized role of tumor-intrinsic RIG-I 

signaling for immune checkpoint blockade-mediated antitumor immune responses. 

Based on a previous study which suggested a connection between increased activity of 

antiviral defense genes in tumor biopsies and enhanced therapy responses to                    

anti-CTLA-4 immunotherapy of melanoma patients (Chiappinelli et al., 2015), we now 

provide experimental evidence that RIG-I signaling in melanoma cells promotes the 

efficacy of anti-CTLA-4-mediated checkpoint blockade whereas STING signaling 

appeared to be dispensable. We identified distinct underlying mechanisms responsible 

for this synergism that comprise the induction of caspase-3-mediated apoptotic cancer 

cell death upon tumor cell-intrinsic RIG-I activation, the subsequent enhanced cross-

presentation of tumor-associated antigens by CD103+ dendritic cells, which is spatially 

restricted to the tumor draining lymph nodes, as well as the systemic expansion of tumor-

antigen-specific CTL and the subsequent infiltration of these cells into the tumor. 

Moreover, therapeutic targeting of RIG-I in the tumor microenvironment enhanced these 

effects potently and further increased efficacy of anti-CTLA-4 checkpoint blockade.  

Preceding studies focused their therapeutic efforts on PRR signaling pathways in non-

malignant host cells, whereas few of these studies addressed the impact of tumor-

intrinsic nucleic acid receptor signaling on immune checkpoint inhibitor-mediated 

antitumor immunity and how it may converge with host-cell intrinsic antitumor immunity. 

By combining local tumor intrinsic RIG-I activation with systemic anti-CTLA-4-mediated 

immune checkpoint blockade, we identified a hitherto unrecognized role of tumor cell 

and host immune cell intrinsic RIG-I signaling to enhance checkpoint blockade-mediated 

antitumor responses. Both tumor- and host-intrinsic RIG-I signaling are fundamental 
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requirements for anti-CTLA-4-mediated antitumor immunity. Thus, targeting of RIG-I 

may serve as a basis for the development of new combination strategies to increase the 

response rate of checkpoint inhibitor-based immunotherapy, in particular in individuals 

without a sufficient spontaneous antitumor T-cell immune response. However, the 

endogenous ligand that could facilitate baseline activity of RIG-I in tumor cell and thus 

causes a beneficial condition for effective checkpoint-mediated antitumor immunity still 

remains unknown and therefore needs to be further evaluated in future studies. 

 

4.1.1 Therapeutic targeting of RIG-I synergizes with immune checkpoint blockade 
 

Cytosolic RNA sensing by RIG-I within host cells has previously been found to induce 

potent IFN-I release and the induction of an antiviral immune response upon activation 

(Goubau et al., 2014a). In addition, and in contrast to other cytosolic nucleic acid 

receptors, targeted activation of RIG-I within tumor cells can induce ICD that results in 

growth inhibition of pre-established tumors (Poeck et al., 2008). A follow-up study 

demonstrated that this cell-intrinsic pathway is particularly active in malignant cells as 

defective protection against apoptosis induction by the anti-apoptotic molecule Bcl-xL 

renders melanoma cells susceptible to this type of apoptotic stimulation. In contrast, non-

malignant cells were found to evade cell death by upregulating of Bcl-xL (Besch et al., 

2009). As RIG-I is ubiquitously expressed, both malignant and non-malignant cells 

respond with potent IFN-I release upon activation. The antitumor effects of RIG-I 

activation and combined anti-CTLA-4 blockade in this study were dependent on host-

derived IFN-I signaling but did not rely on tumor-derived IFN-I. Thus, activation of RIG-I 

does indeed target different pathways in both malignant cells by induction of tumor 

intrinsic cell death and in non-malignant cells by facilitating IFN-I release. 

IFN-I is of particular importance for the generation of antigen-specific T cell responses 

against growing tumors, facilitating the accumulation of CD8α+ DCs in the tumor and 

subsequent cross-priming of tumor antigen specific CTLs (Diamond et al., 2011; Fuertes 

et al., 2011). This might be facilitated by CD103+ DCs as this Batf3-dependent DC 

subtype mainly mediates IFN-I-dependent antitumor immunity in melanoma (Salmon et 

al., 2016). In line with this, RIG-I activation by either therapeutic vaccination or 

adenovirus infection affects CD11c+
 cells, especially CD8α-like Batf3-dependent 

dendritic cells to cross-prime CD8+ T cells (Hochheiser et al., 2016). Therefore, RIG-I 

ligation in the tumor and its microenvironment might enhance T cell-mediated immune 

responses due to antigen release by induction of tumor cell death, intratumoral 
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recruitment of DCs due to IFN-I release by host cells, cross-priming of CTLs by CD103+ 

DCs and subsequent eradication of preexisting tumors. Thus, therapeutic targeting of 

IFN-I inducing nucleic acid receptors in the tumor microenvironment is a promising 

therapeutic approach to generate T cell-mediated antitumor responses. Moreover, a 

previous study stressed the role of combining the immune stimulatory double-stranded 

RNA analogue poly(I:C), a TLR3 and RLH ligand, with antibody-mediated PD-1 blockade 

that in turn prolonged survival of mice bearing poorly immunogenic tumors (Bald et al., 

2014). Therefore, PRRs, especially RLH agonists, might be a promising target for 

combination therapy allowing for the reduction of inter-individual variabilities in clinical 

response.  

 

4.1.2 Induction of spontaneous antitumor immune response by sensing of 

cytosolic DNA 

 

Previous studies have primarily investigated the role of DNA sensing pathways in non-

malignant host cells and their influence on the generation of antitumor T-cell immunity in 

this context. For instance, activation of the cGAS/STING pathway in host DCs by tumor-

derived DNA triggers IFN-I release and subsequently induces a spontaneous antitumor 

immune response (Woo et al., 2014). Consequently, activation of the cytosolic nucleic 

acid sensing pathway cGAS/STING with specific synthetic ligands such as ISD or cyclic 

dinucleotides has been successfully used to enhance antitumor immunity and to 

generate substantial systemic immune responses in preclinical models (Corrales et al., 

2015). This effect was mediated by spontaneous tumor-initiated T cell priming that relied 

on IFN-β production by tumor resident DCs which further depended on host STING 

signaling. Furthermore, intratumoral targeting of STING synergized with systemic triple 

checkpoint modulation and promoted systemic tumor control in a preclinical prostate 

cancer model (Ager et al., 2017) suggesting STING as another promising target for the 

combination of immune checkpoint blockade and target PRR activation.  

 

However, we found that anti-CTLA-4 efficacy is independent on tumor-intrinsic STING 

activity in B16-OVA melanoma cells whereas its effectiveness critically relied on STING 

signaling in host cells. This was in line with the data published by Wo et al.. Nevertheless, 

our data indicated an essential role of MAVS signaling in nonmalignant host cells for the 

efficacy of anti-CTLA-4, though the effect was less pronounced compared to STING 

signaling. However, this was in contrast to the results obtained by the above-mentioned 

study, as they postulated that MAVS signaling is dispensable for the spontaneous 
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development of T cell-mediated antitumor immune response in their B16.SIY melanoma 

model. Nonetheless, these findings might be explained by the more pronounced 

immunogenicity of B16.SIY cells and the subsequent potent spontaneous antitumor 

immune responses that result in tumor rejection. Based on our findings, we assume that 

anti-CTLA-4-mediated immunotherapy depends on tumor-intrinsic RIG-I signaling and 

subsequent activation of STING signaling in the host. We hypothesize that the induction 

of tumor cell death by activation of RIG-I can facilitate the release of tumor-derived DNA 

from dying tumor cells which could be transported by extracellular vesicles that in turn 

can be taken up by myeloid host cells and subsequently induce STING signaling.  

Yet, stimulation of the cGAS/STING pathway by ISD enhanced anti-CTLA-4 efficacy. 

This enhancement was mainly mediated by STING signaling in the host, not in the tumor. 

However, ISD-mediated antitumor effects were less pronounced compared to tumor 

intrinsic RIG-I ligation suggesting induction of cancer cell death as an additional 

requirement for efficient anti-CTLA-4-mediated checkpoint blockade. Given the weak 

potency of ISD to induce cGAS/STING activation in our B16 cells, it is not excluded that 

other potential ligands such as 2`3-cGAMP may utilize both host and tumor-intrinsic 

STING signaling for effective tumor immunotherapy. This is further supported by data 

demonstrating that tumor irradiation and the subsequent release of DAMPs results in 

host cGAS/STING-dependent maturation of intratumoral DCs leading to T cell cross-

priming (Deng, Liang, Xu, et al., 2014). Moreover, in situ vaccination by ionizing radiation 

has been demonstrated to enhance anti-CTLA-4-mediated immune responses 

(Vanpouille-Box et al., 2015).  

Moreover, a recent report has highlighted the role of STING for anti-CTLA-4 

immunotherapy under certain circumstances by demonstrating that the induction of 

double-stranded DNA breaks caused by either radiation or chemotherapy leads to the 

formation of micronuclei by mitosis that can be sensed via cGAS and thus activate tumor-

intrinsic STING signaling which is required for abscopal tumor effects in vivo (Harding et 

al., 2017). In accordance with our data, this study also demonstrated that anti-CTLA-4-

mediated effects in principal do not depend on tumor-intrinsic STING signaling. Instead, 

radiation-induced formation of micronuclei and the subsequent activation of 

cGAS/STING signaling augmented treatment efficacy in the specific scenario of a 

combined modality approach using genotoxic agents and immune checkpoint blocking 

antibodies.  
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4.1.3 Crosstalk between DNA and RNA sensing pathways  

 

4.1.3.1 Interplay of cytosolic nucleic acid sensing pathways due to physical interaction 

and transactivation of mediators of the respective other pathway 

 

There is evidence for a partial overlap of DNA and RNA sensing pathways independent 

of their different receptors and adaptor molecules. Recognition of AT-rich dsDNA and 

the subsequent induction of an IFN-I response has been shown to link DNA sensing with 

the RIG-I pathway. Cytosolic DNA can serve as a template for the RNA polymerase III-

driven synthesis of dsRNA, harboring a 5´triphosphate moiety (Ablasser et al., 2009; 

Chiu, Macmillan, & Chen, 2009). Thus, RNA polymerase III can function as a cytosolic 

sensor for bacterial and viral DNA. Further interactions between RNA- and DNA sensing 

mechanisms have been implied from studies of different human retroviruses such as 

HIV-1 and T-lymphotrophic virus 1 (HTLV-1). In a multistep process, the retroviral RNA 

genome is reversely transcribed and forms DNA-RNA duplexes and ssDNA 

intermediates as well as dsDNA molecules as final products which in turn can activate 

cGAS/STING via the interferon-γ-inducible protein/IFI16 axis and thus counteract 

retroviral infection by induction of ISGs and apoptosis (Jakobsen, Olagnier, & Hiscott, 

2015; van Montfoort, Olagnier, & Hiscott, 2014). 

The critical role of STING signaling on antiviral immunity has been shown in distinct 

human cell lines as the lack of STING expression is accompanied by a significantly 

increased susceptibility to infection by RNA viruses due to reduced IFN-I production 

(Ishikawa & Barber, 2008; Mankan et al., 2014). A reason for that might be the inability 

of specific cell subsets to produce IFN-I upon dsRNA recognition in an RIG-I dependent 

manner in the absence of intact STING signaling (L. L. Chen, Yang, & Carmichael, 2010), 

suggesting a potential role for STING in potentiating RIG-I-mediated antiviral immunity. 

Consistent with this hypothesis, the ssRNA genome of the Japanese encephalitis virus 

(JEV), a flavivirus responsible for the induction of neuronal inflammation in humans, can 

be recognized by RIG-I which in turn recruits STING to initiate an antiviral immune 

response. The absence of intact STING signaling leads to an increased intracellular viral 

load due to missing activation of the IRF/IFN pathway and thus an inhibited release of 

cytokines and chemokines (Nazmi, Mukhopadhyay, Dutta, & Basu, 2012).  

In addition, it appears that STING can interact with MAVS and RIG-I to form a complex 

which is stabilized upon viral infection (Ishikawa & Barber, 2008; Zhong et al., 2008) and 
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thus is involved in the transmission of RIG-I signals. Several viruses such as the hepatitis 

C virus have evolved strategies to inhibit STING-mediated innate immunity by 

competitively binding STING on the mitochondrial membrane which leads to the 

displacement of MAVS from the RIG-I/MAVS/STING complex and thus prevents the 

activation of downstream effector proteins (Nitta et al., 2013). Moreover, the dengue virus 

can interact with the N2SB3 protease that cleaves cytosolic STING and hence impedes 

STING-dependent IFN-I production (Aguirre et al., 2012). Thus it appears that STING is 

a central key player in the interaction between DNA and RNA sensing and further 

facilitates RIG-I-mediated antiviral immune responses. 

Conversely, cytosolic RNA sensing has been shown to enhance the activity of host 

immune responses against non-self DNA. Upon DNA virus infection, TBK1 is 

phosphorylated in an MAVS dependent manner which results in IFN-β release after 

MAVS-TBK1 interaction due to co-localization (Suzuki et al., 2013). The recently 

discovered STING ligand G10, capable of activating the IFN-I and IFN-III pathway in 

human cells, stimulates the STING/IRF3 axis and therefore facilitates protection against 

alphavirus infection independent of RIG-I signaling. Nevertheless, G10-dependent 

induction of IFN is impaired in MAVS deficient follicular CD4+ helper T cells (Sali et al., 

2015).  

4.1.3.2 Co-regulation of cytosolic nucleic acid sensing pathway expression levels 

Besides this pathway interaction, interplay between RIG-I and STING can further occur 

due to coordinated regulation of the respective receptor expression levels. Infection with 

RNA viruses as well as artificial stimulation with poly(I:C) or 3pRNA do not only activate 

the RIG-I signaling pathway but also upregulate STING expression levels in various 

preclinical models, thus suggesting a contribution of RIG-I activation on the protective 

properties of STING against DNA viruses (Huang, Chen, Yu, & Chen, 2012; Liu et al., 

2016). Conversely, irradiation with gamma rays or exposure to the DNA-damaging agent 

etoposide cause a state of chronic stimulation of DNA immune sensing in BMDCs, which 

results in induction of modulators of the DNA-sensing cascade such as cGAS/STING or 

IFI16 but also RIG-I (Hartlova et al., 2015). Consequently, viral infected BMDCs treated 

with etoposide mount a potent IFN-I response capable of suppressing viral replication. 

Although, cGAS is considered to exclusively bind cytosolic DNA (Sun et al., 2013) it has 

previously been found to bind a synthetic small dsRNA molecule, however, this 

interaction did not result in the production of cGAMP (Civril et al., 2013). Nevertheless, 

cGAS−/− mice are susceptible to infection by West Nile virus (WNV) though this effect 
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appeared to be mediated by a modulation of ISGs as well as reduced ISG expression 

levels in infected knock-out animals (Schoggins et al., 2014).  

In return, silencing of the DNA sensor IFI16 mitigates IFN-I responses upon viral infection 

or transfection with 3pRNA. It is supposed that IFI16 facilitates its regulatory function by 

directly binding the IFN promoter and thus facilitates the recruitment of RNA polymerase 

II and subsequent activation of gene transcription (M. R. Thompson et al., 2014). 

Thus, the function of both DNA and RNA sensing pathways appears to be closely inter-

connected by a partial overlap. Intact signaling of the opposing signaling pathway seems 

to be a requirement for effective induction of immune responses and thus can further 

promote receptor function. Furthermore, these interactions rely on the direct interaction 

of components of both pathways and the co-regulation of their expression as well as the 

conversion of nucleic acid ligands by the host. Thus, this pathway interaction might be 

an explanation for synergistic therapy responses by combined treatment in STING-

deficient animals as well as for RIG-I dependent antitumor effects after local 

radiotherapy. The targeted activation of both pathways has been successfully used in 

several preclinical therapy approaches such as vaccine adjuvants and cancer 

therapeutics against highly immunogenic tumors. Therefore, the generation of 

melanoma cells deficient in both RIG-I and STING signaling or the utilization of knock-

out mice deficient in both RIG-I and STING signaling might be necessary to elucidate 

the interplay of both pathways and to further validate the respective contribution to 

therapy efficiency. 
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4.2 Impact of intact tumor and host-intrinsic RIG-I signaling on 

the induction of tumor cell death 

 

4.2.2 RIG-I dependent induction of programmed tumor cell death 
 

Targeting of tumor-intrinsic RIG-I by its specific ligand 3pRNA has previously been 

shown to trigger both IFN-I release and the induction of programmed cell death (Poeck 

et al., 2008). In human cells, 3pRNA application has been suggested to activate the 

mitochondrial apoptosis pathway and induces RIG-I dependent but IFN-I independent 

apoptosis of melanoma cells in vitro (Besch et al., 2009). Activation of both RIG-I and 

MDA-5 induces the pro-apoptotic protein Noxa which facilitates cancer cell apoptosis 

and ultimately decreases lung metastasis in mice (Poeck et al., 2008). 

Moreover, activation of the STING pathway was shown to result in the production of                    

IFN-I and the subsequent induction of ISGs that can further induce cell death. However, 

STING signaling can also induce cell death IFN-independently by mediating interaction 

of IRF-3 with Bcl2-associated X protein (Bax) which triggers mitochondrial apoptosis in 

a caspase-3 and caspase-9 dependent manner (C. H. Tang et al., 2016). Nevertheless, 

it has been demonstrated that apoptotic caspases can suppress STING-mediated IFN-I 

induction (White et al., 2014). Moreover, stimulation of TLR9 with CpG triggered tumor 

cell death in neuroblastoma cells (Brignole et al., 2010). The latter was attributable to 

apoptosis, as cell death involved caspase-3 and caspase-7 activity as well as 

mitochondrial apoptosis since CpG stimulation of tumor cells resulted in the 

depolarization of mitochondrial membrane potential, an event thought to contribute to 

cell death through the disruption of the normal mitochondria function (van Loo et al., 

2002). 

Besides its role in apoptosis induction in melanoma cells, preceding studies have 

highlighted the role of RIG-I for the induction of tumor cell death in several preclinical 

models, different tumor entities and human primary cancer cells. According to a previous 

study, RIG-I has been shown to be abundantly expressed in tumor biopsies of patients 

with head and neck squamous cell carcinoma when compared to normal adjacent cells. 

Nevertheless, activation of tumor-intrinsic RIG-I by high doses of 3pRNA led to cancer 

cell apoptosis and was further accompanied by decreased levels of Act activation in 

different cell lines in vitro (Hu et al., 2013). Moreover, RIG-I activation induces apoptosis 

in patient-derived primary ovarian cancer cells by upregulation of HLA class I as well as 

the secretion of proinflammatory cytokines such as CCL5, interleukin-6, TNF-α and IFN-
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β by tumor cells (Kubler et al., 2010). Additionally, apoptotic tumor cells were 

phagocytosed by monocytes and dendritic cells which in turn upregulated both HLA class 

I and II and released costimulatory molecules CXCL10 and IFN-α. Consistent with these 

findings, activation of RIG-I and its downstream protein MAVS triggers apoptosis of 

human primary glioblastoma cells and further enhances the expression levels of CXCL10 

(Glas et al., 2013).  

In line with these data, we here demonstrate that 3pRNA-mediated tumor cell death is 

dependent on tumor-intrinsic RIG-I but was independent of tumor-intrinsic IFN-I signaling 

in vivo. Furthermore, tumor growth control by anti-CTLA-4 therapy crucially relies on 

tumor-intrinsic RIG-I signaling but is independent of tumor-derived IFN-I. Moreover, 

synergistic effects that occurred by combining local RIG-I activation with anti-CTLA-4 

blockade were closely linked to RIG-I-mediated tumor cell death in vivo. These data 

correspond with our findings that tumor-intrinsic RIG-I signaling activates the expression 

of the apoptosis initiator caspase-8, triggers the release of activated executive caspase-

3 and further causes apoptotic DNA fragmentation in vitro. Induction of intrinsic apoptosis 

requires the cleavage of procaspase-8 (Chang, Xing, Capacio, Peter, & Yang, 2003). 

Fully activated caspase-8 can subsequently cleave caspase-3 which results in the 

induction of extrinsic apoptosis whereas the cleavage of the pro-apoptotic Bcl-2 family 

member Bid by caspase-8 initiates the intrinsic mitochondrial apoptosis pathway leading 

to the release of cytochrome c, subsequent cleavage of caspase-9 and  thus activation 

of  downstream executioner caspase-3 that initiates apoptosis (Kantari & Walczak, 2011; 

H. Li, Zhu, Xu, & Yuan, 1998). 

The crucial role of RIG-I-mediated apoptosis induction was further supported by our in 

vivo observations that emphasized the significance of active tumor-intrinsic caspase-3 

signaling for both RIG-I-mediated tumor cell death and efficient anti-CTLA-4 checkpoint 

blockade.  

Another kind of programmed cell death is pyroptosis, a highly inflammatory form of cell 

death that often occurs upon infection with intracellular pathogens and in antimicrobial 

responses. It is characterized by the recognition of PAMPs in immune cells such as 

macrophages by distinct PRRs and leads to the induction of proinflammatory cytokines 

and subsequent cell swelling, membrane rupture and cell death. In contrast to apoptosis, 

cell death induction by pyroptosis results in plasma-membrane rupture and the 

subsequent release of DAMPs and cytokines into the extracellular space, which further 

sustains the inflammatory cascade (Baroja-Mazo et al., 2014; Franklin et al., 2014). 

Furthermore, pyroptosis requires the activation of the inflammasome by caspase-1 which 

is facilitated by binding RIG-I to the adaptor protein ASC (apoptosis-associated speck 
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protein). This interaction crucially relies on the adaptor molecules CARD9 and Bcl-10 

and results in the release of Interleukin 1β (IL-1β), a potent proinflammatory factor during 

viral infection by the inflammasome as well as IL-18 (Poeck et al., 2010). However, the 

predominant processes in pyroptotis are in marked contrast to the characteristic 

properties of apoptosis that include packaging of cellular content and non-inflammatory 

phagocytosis of membrane-bound apoptotic bodies.  

A recent report has demonstrated that expression of RIPK1 and NF-κB activation during 

cell death are a requirement for efficient cross-priming and subsequent tumor immunity 

(Yatim et al., 2015). Furthermore, it was proposed that the release of inflammatory 

mediators such as DAMPs by dying tumor cells was insufficient in generating efficient 

CD8+ T cell cross-priming. Moreover, necroptosis was postulated to be more efficient in 

the induction of cross-priming then apoptotic or necrotic cells, therefore suggesting that 

necroptotic cells bear a higher immunogenicity compared to necrotic or apoptotic cells. 

In addition, a hallmark of cancer is the blockade and/or evasion of apoptosis and thus is 

often considered as immunologically silent. Therefore, induction of necroptosis appears 

to be a promising target for cancer therapy. Nevertheless, induction of necroptosis and 

its immunogenic potential critically depend on both its activity in a distinct cancer cell line 

as well as its inducing stimulus (O. Krysko et al., 2017). Moreover, necroptotic cells do 

not necessarily have to be immunogenic. In this context, a previous study reported L-

929 to be less inflammatory and to release lesser amounts of pro-inflammatory cytokines 

after induction of necroptosis in vitro (Kearney et al., 2015). However, additional studies 

are required to examine the immunogenicity of necroptosis further and how it affects the 

efficiency in cross-priming of CD8+ T cells in different models.  

Therefore, direct targeting of tumor intrinsic RIG-I signaling, and subsequent caspase-3-

mediated cell death might initiate a de novo antitumor immune response by facilitating 

tumor antigen release which is the basis for promoting efficient antigen cross-

presentation by CD103+ dendritic cells and thus boost efficacy of anti-CTLA-4 mediated 

checkpoint blockade by facilitating a T cell-mediated immune response.  

In this regard, a preceding study proposed that somatic mutations within malignant cells 

can potentially give rise to tumor-specific neoantigens which in turn can serve as major 

class T-cell rejection antigens and thus drive T-cell-mediated antitumor responses 

(Gubin et al., 2014). According to this study, apoptosis induction by tumor-intrinsic RIG-

I ligation might enhance the ICD-dependent release of identified or unidentified tumor 

neoantigens and IFN-I-dependent processing and cross-priming of specific host 

antitumor immunity. This assumption was supported by another report that revealed a 

correlation between genetic mutations and therapy benefit by immune checkpoint 
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blockade (Rizvi et al., 2015; Snyder et al., 2014). Furthermore, CTLA-4 blockade has 

been demonstrated to enhance neoantigen-specific T-cell responses and also to 

broaden the melanoma antigen repertoire in human melanoma patients (Kvistborg et al., 

2014).  

Thus, induction of T cell-driven immune responses by tumor intrinsic RIG-I ligation and 

subsequent antigen release due to tumor cell apoptosis might be a potential approach 

to overcome interpatient heterogeneity and thus improve the efficacy of immune 

checkpoint blockade.  

 

4.2.3 Necroptosis independent therapy responses  

 

A recent report revealed that viral infection can trigger necroptosis in infected cells by 

activation of RIG-I (Schock et al., 2017). Consistent with this study, we found that the 

expression levels of RIPK1, RIPK3 and MLKL, all critical components of the 

proinflammatory necroptosis signaling cascade, were upregulated in an RIG-I dependent 

manner within tumor cells. A previous report indicated that activation of MLKL upon 

phosphorylation by the protein kinases RIPK3 is a prerequisite for the translocation of 

MLKL to the plasma and intracellular membranes where it triggers disruption of 

membrane integrity and induces subsequent programmed necroptotic cell death (Sun et 

al., 2012). Together with RIPK1 and RIPK3, MLKL can form a signaling complex, the so 

called necrosome that facilitates necroptosis. MLKL mediates protein aggregation and 

formation of this specific scaffold that is required for accurate signaling transduction (Wu 

et al., 2014).  

However, MLKL signaling appeared to be inactive in B16 melanoma cells as neither 

TNF-induced necroptosis nor RIG-I ligation lead to phosphorylation of MLKL. Therefore, 

in our model, direct targeting of tumor-intrinsic RIG-I does not induce necroptosis in 

contrast to the induction of necroptosis by specific stimuli found in fibroblasts. 

Nevertheless, it remains unclear whether the MLKL pathway is active in B16 cells after 

all. Further studies are needed to investigate the role of MLKL signaling in B16 cells and 

whether it affects RIG-I signaling and the induction of tumor cell death. 

These data further suggested that either MLKL- or necroptosis-independent 

mechanisms were involved in facilitating therapeutic effects of both 3pRNA application 

and checkpoint blockade. A possible explanation might be necroptosis-independent 

induction of inflammation by RIP kinases (Moriwaki & Chan, 2016). Previous studies 
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reported that activation of NF-κB signaling via RIPK1 within dying cells can initiate a 

CD8+ T cell-driven antitumor immune response (Yatim et al., 2015) by facilitating efficient 

cross-priming and the generation of an inflammatory milieu. In contrast, RIPK3 has been 

shown to activate the NLRP3 inflammasome in a MLKL and thus in a necroptosis-

independent manner (Lawlor et al., 2015). However, this was in contrast to our data that 

revealed only marginal levels of IL-1β in tumor tissue and its microenvironment after local 

3pRNA application suggesting only a slight influence of inflammasome activation on 

therapy efficacy. 

Additionally, a recent report associated MLKL with endosomal function by demonstrating 

its role for the controlled transport of endocytosed proteins, the concomitant modulation 

of receptor signaling by degradation as well as the generation of extracellular vesicles 

(Yoon, Kovalenko, Bogdanov, & Wallach, 2017). However, control of endosomal 

trafficking by MLKL was mediated independently of MLKL phosphorylation by RIPK3. In 

addition, it was further suggested that the release of phosphorylated MLKL within 

extracellular vesicles is a mechanism to limit the necroptotic activity of MLKL by itself.  

Thus, loss of MLKL might compromise shuttling of nucleic acids and tumor-derived 

antigens by extracellular vesicles that could serve as ligands for PRR activation and 

therefore adversely affect RIG-I-mediated immune responses. However, further studies 

are needed to elucidate the role of MLKL signaling on RIG-I-mediated therapy responses 

when it is independent of necroptosis induction as well as the role of MLKL-dependent 

nucleic acid shuttling and its impact on PRR signaling. 

4.3 Impact of RIG-I on synergistic effects of irradiation-mediated 

ICD and immune checkpoint blockade   

 

Previous studies have revealed that induction of tumor cell death by RT can trigger 

immunogenic cell death which is a prerequisite for efficient T-cell priming and thus 

capable of eradicating established distant tumors through the generation of a CD8+ T-

cell-driven antitumor immune response (Obeid et al., 2007).  Moreover, tumor irradiation 

promotes a pro-immunogenic tumor microenvironment. These effects are exerted by 

tumor and stromal cells that survived irradiation and thus facilitated the effector phase of 

antitumor immune responses by upregulating specific chemokines, cell surface 

receptors and mediation of vascular changes (S. Demaria & Formenti, 2007). 
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These data and further preclinical studies implyed that combining immunotherapeutic 

strategies with RT could enhance local and systemic antitumor effects. By combining RT 

with anti-CTLA-4-mediated immune checkpoint blockade, a promising report 

demonstrated abscopal antitumor effects reflected in significant growth inhibition and 

enhanced frequencies of CD8+ T cells in a preclinical mouse model (Dewan et al., 2009). 

These findings were further supported by a recent study that observed systemic 

antitumor immunity and subsequent prolonged survival in patients with advanced 

melanoma that had been irradiated after tumor progression under anti-CTLA-4 treatment 

with ipilimumab (Grimaldi et al., 2014) and thus indicated that radiation directed to a 

single tumor lesion can increase tumor immunogenicity in situ. Moreover, the 

combination of tumor radiotherapy and anti-PD-1 checkpoint blockade rendered poorly 

immunogenic tumors susceptible to combined treatment and thus significantly increased 

tumor control and overall survival (Pike et al., 2017). This was primarily due to the 

upregulation of PDL1 on tumor cells, T cell infiltration into the tumor and the generation 

of a highly inflamed tumor. Similarly, combining radiotherapy with immune checkpoint 

blockade indeed showed synergistic effects as in situ vaccination of murine melanomas 

by irradiation enhanced therapy efficiency of anti-CTLA-4 checkpoint blockade which in 

turn critically depended on tumor-intrinsic RIG-I signaling. Early studies stressed the role 

of PRRs in RT-mediated antitumor effects by targeting TLR9 in the tumor and its 

microenvironment before tumor irradiation in an immunogenic mouse model (Milas et al., 

2004). Subsequent tumor growth control and development of long lasting protective 

immune responses (Mason et al., 2005) suggested that RT enhances antitumor immunity 

through improved PRR signaling. 

According to this assumption, activation of the tumor cell intrinsic RIG-I pathway by 

endogenous RNAs has been described previously (Ranoa et al., 2016). Irradiation of 

tumor cells resulted in translocation of small non-coding RNAs (sncRNAs) from the 

nucleus into the cytosol, the subsequent detection by RIG-I and activation of the IFN 

pathway. Furthermore, another recent report observed a link between host cGAS/STING 

signaling and irradiation-mediated antitumor effects (Deng, Liang, Xu, et al., 2014). 

According to these results, intact host intrinsic STING signaling was essential for the 

induction of IFN-I after irradiation and thus for sensing of irradiated tumor cells by 

intratumoral DCs and subsequent T-cell cross-priming. We, therefore, hypothesize that 

local radiation of primary tumors leads to the activation of tumor intrinsic RIG-I signaling 

by the release of double stranded sncRNAs from the nucleus into the cytosol. The 

combination of RIG-I activation and ionizing radiation then induced cancer cell death 

which is accompanied by the release of nuclear DNA that is identified as DAMP and  

therefore sensed by host intrinsic cGAS/STING. The subsequent activation of STING 
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induces a strong IFN-I release that in turn facilitates efficient T cell cross-priming and 

thus enhances T cell mediated antitumor immunity. 

Tumor radiotherapy, therefore, appears to be another potential ICD inducer that 

synergizes with immune checkpoint blockade. In addition, it seems that cytosolic nucleic 

acid sensing receptors such as RIG-I and STING are a requirement for the mediation of 

therapy responses. Nevertheless, how host RIG-I/MAVS signaling influences sensing of 

DAMPs upon tumor irradiation has to be further investigated.  

4.4 Mediation of local and systemic tumor growth control 

 

4.4.2 Cellular mechanisms involved in RIG-I-mediated tumor control 
 

We observed a RIG-I-dependent induction of tumor cell death in vitro, however, local 

tumor growth control and regression remained largely intact after therapeutic targeting 

of RIG-I in the absence of either functional tumor or host intrinsic RIG-I signaling in vivo. 

In contrast, systemic antitumor immunity appeared to be dependent on both intact tumor 

intrinsic RIG-I signaling and active MAVS signaling in the host.  

We thus conclude that different aspects of immunity are responsible for both local and 

distant tumor growth control. Systemic immunity and the subsequent regression of 

distant tumors correlated with the expansion of tumor antigen specific CD8+ T cells that 

in turn critically relied on both RIG-I signaling in tumor and host cells. However, the 

reduced frequency of systemic tumor antigen specific CTLs after treating RIG-I-/- tumors 

with 3pRNA and anti-CTLA-4 was still sufficient to control local directly injected tumors. 

Interestingly, either mechanism, tumor or host intrinsic RIG-I signaling, can obviously 

compensate the loss of the respective other and thereby facilitate local tumor control in 

the absence of functional RIG-I signaling within one cell subset. Thus, we hypothesize 

that local tumor growth control might be mediated by either RIG-I-induced intrinsic tumor 

cell death or by spatially restricted activation of RIG-I competent innate immune cells in 

the host tumor environment.  

Therefore, it appears that the loss of host intrinsic RIG-I signaling can be compensated 

by efficient tumor cell killing mainly meditated by the induction of intrinsic apoptosis. In 

the absence of tumor intrinsic RIG-I signaling, activation of RIG-I competent innate 

immune cells in the tumor microenvironment including DCs and NK cells appears to 

create an inflammatory tumor hostile milieu that partly compensates the loss of RIG-I-



  Discussion 

 

118 
 

induced ICD which presumably involves host-derived IFN-I (Poeck et al., 2008). 

Consistent with this, depletion of CD8+ cytotoxic T cells resulted in reduced local tumor 

growth control and absence of systemic antitumor immunity following combined 

treatment with 3pRNA and anti-CTLA-4. Therefore, persisting growth control of local 

3pRNA-injected tumors appears to be primarily facilitated by antigen specific CTLs 

whose generation is significantly impaired in mice bearing RIG-I-/- tumors thus suggesting 

the crucial role of tumor intrinsic RIG-I for the long-term control of local tumors.  

 

4.4.3 RIG-I independent NK cell recruitment and tumor cell killing 
 

Although 3pRNA-enhanced tumor infiltration by activated NK cells was spatially 

restricted to local tumors, regression of distant tumors was diminished after depleting 

NK1.1+ cells. These data suggest that local NK cell-mediated tumor cell killing might 

contribute to activation of dendritic cells by processing and cross-presentation of tumor-

associated antigens and the subsequent induction of a systemic CD8+ T cell response. 

This hypothesis was further supported by a previous study that demonstrated that 

recognition of viral nucleic acids by RIG-I upregulates the expression of 

natural killer group 2D (NKG2D) ligands on infected cells and thus enhances NK cell 

recruitment through IFN-I release (Esteso, Guerra, Vales-Gomez, & Reyburn, 2017). 

NKG2D has further been shown to be a major recognition receptor for the detection and 

the subsequent elimination of infected cells and was moreover found to be upregulated 

during cellular stress or genomic stress such as cancer (Gonzalez, Lopez-Soto, Suarez-

Alvarez, Lopez-Vazquez, & Lopez-Larrea, 2008). Furthermore, it can serve as a co-

stimulatory receptor that directly stimulates NK cells, macrophages and moreover co-

stimulates activated CD8+ T cells (Jamieson et al., 2002). Therefore, local RIG-I ligation 

could render tumor cells susceptible to NK cell-mediated tumor cell death due to 

enhanced recruitment and subsequent infiltration of NK cells into the tumor 

microenvironment and further facilitate T-cell-meditated immune responses.  

In line with our data that revealed a RIG-I dependent upregulation of inhibitory receptors 

in melanoma cells deficient in tumor cell intrinsic RIG-I signaling, a previous study 

reported that NK cells become functionally exhausted in melanoma patients by 

upregulation of TIM-3. In clinical trials, this effect could be partially reversed by immune 

checkpoint blockade and further synergized with DC stimulation as well as several TLR 

agonists and melanoma antigens that served as tumor vaccines (Gonzalez-Gugel, 

Saxena, & Bhardwaj, 2016).  



  Discussion 

 

119 
 

Therefore, the combination of distinct checkpoint blocking antibodies that could both 

enhance preexisting T cell immune responses and further target inhibitory receptors on 

additional innate immune cells might be a promising holistic approach in cancer 

immunotherapy. It has previously been shown that combining different immune 

checkpoint inhibitors is a promising approach in the treatment of melanoma in clinical 

trials (Hodi et al., 2016). However, the synergistic therapy advantages that arise from 

such a combination are just beginning to emerge and have to be further elucidated in 

future studies.   

4.5 Activation of RIG-I by endogenous ligands 

 

4.5.2 Microbial RNA as potential source of endogenous RIG-I ligands 
 

The discovery that anti-CTLA-4 monotherapy was significantly less effective in mice 

bearing RIG-I-/- tumors suggested the existence of endogenous ligands that could 

facilitate basal pathway activation of tumor intrinsic RIG-I signaling and, therefore, might 

contribute to therapeutic efficacy of anti-CTLA-4. 

In this regard, two independent reports stressed the role of environmental factors for 

efficient antitumor effects of CTLA-4 blockade (Sivan et al., 2015; Vetizou et al., 2015) 

by demonstrating that the composition of commensal microbiota influences therapy 

response to checkpoint blockade assuming that an intact microflora is a prerequisite for 

immune stimulatory effects. These studies further postulated that augmented DC 

function is mainly responsible for commensal-mediated enhanced antineoplastic activity 

by boosting CD8+ T cell priming and accumulation of these cells in the tumor 

microenvironment. However, the impact of commensal microbiota on tumor intrinsic 

nucleic acid sensing pathways was not addressed. Preceding studies showed that 

microbial nucleic acids can be detected within tumor cells (Duewell et al., 2014; Poeck 

et al., 2008) leading to the subsequent induction of an IFN-I-mediated immune response. 

Therefore, commensal microbiota species can be a potential source of RNA that can 

serve as endogenous ligands required for the activation of either the RIG-I, MAVS or 

IFN-I pathway in both tumor and host immune cells. This might enhance synergistic 

therapy responses as modulating the gut microbiome can improve therapeutic efficacy 

of checkpoint blockade (Pitt et al., 2016) and thus simultaneously reshape microbiota 

towards a favorable phenotype for PRR signaling.  This could be further examined by 
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studying RIG-I-mediated therapy responses in germ free mice or mice depleted of 

defined commensals and subsequent sequencing of beneficial microbiota species. 

 

4.5.3 MicroRNAs can selectively activate RIG-I signaling 
 

Another potential endogenous RIG-I ligand might be microRNAs, as microRNAs have 

been found to be overexpressed in melanoma and various other types of cancer 

(O'Bryan, Dong, Mathis, & Alahari, 2017) and thus can interact with tumor or host intrinsic 

RIG-I. In view of their function in cellular processes like apoptosis, major signaling 

pathways and further post-transcriptional regulation of gene expression (Kloosterman & 

Plasterk, 2006), microRNAs might not only be potential RIG-I activators but moreover 

enhance its immunotherapeutic potential. On the one hand, several miRNAs have been 

shown to facilitate RIG-I activation and the subsequent induction of antiviral immune 

responses. miR-136 has been indicated to activate RIG-I in endothelial cells and to 

induce the expression of IFN-I and IL-6 which in turn inhibits viral replication (Zhao et al., 

2015). Furthermore, miR-145 has been shown to trigger off-target immune responses by 

upregulating ISGs after interacting with RIG-I (Karlsen & Brinchmann, 2013). On the 

other hand, in contrast to the induction of unspecific immune responses, another miRNA, 

miR-34a, was found to upregulate the expression of RIG-I by binding to its 3´untranslatet 

region which resulted in enhanced apoptosis of cervical cancer cells  (J. H. Wang et al., 

2016). The activation of RIG-I has recently been demonstrated to be closely linked with 

several sncRNAs (Ranoa et al., 2016). However, how small RNA molecules that are 

restricted to the nucleus can translocate into the cytosol after irradiation was not further 

assessed. 

 One of these processes might involve active transport by the formation of nuclear pore 

complexes or the transport via shuttling proteins that could be upregulated upon 

irradiation. Furthermore, ionizing radiation induces cancer cell death accompanied by 

membrane disintegration and the release of DAMPs such as DNA or RNA molecules. 

These nucleic acids could be packed by exosomes and transported to neighboring cells 

where they can be engulfed and activate cytosolic PRRs. Furthermore, a previous study 

revealed that DNA damage or the loss of ATM (ataxia-telangiectasia mutated, a DNA 

repair apical kinase) results in the release of nuclear DNA into the cytosol (Hartlova et 

al., 2015). 

Thus, miRNAs may act as endogenous ligands and enhance immunogenicity of RIG-I. 

However, further studies are needed to investigate the relationship between distinct 
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miRNAs and RIG-I signaling in various cancer entities. Therefore, computational 

transcriptomic small RNA and degradome analyses can be performed to characterize 

microRNA-mediated pathways of gene regulation in cancer cells and the tumor 

microenvironment.  

 

4.5.4 Endogenous retroviral elements enhance checkpoint blockade 
 

The DNA methyltransferase inhibitor 5-azacytidine upregulates the expression of ERV 

mRNA, triggers cytosolic RNA sensing and sensitizes mice to anti-CTLA-4 checkpoint 

blockade in a preclinical model (Chiappinelli et al., 2015). Following up on this study, we 

observed that the synergism of combining 5-azacytidine treatment with anti-CTLA-4 

checkpoint depended on active tumor intrinsic RIG-I signaling in vivo. Another report 

supported our findings by demonstrating that endogenous retroelements, including 

ERVs and short interspersed elements (SINEs), could activate RIG-I and cGAS in B cells 

(Zeng et al., 2014). This was facilitated by T cell-independent B cell activation due to 

BCR engagement with TI-2 antigens and subsequent induction of ERV transcription 

through NF-κB activation. Moreover, SINEs could also function as endogenous RIG-I 

ligands when they are transcribed by polymerase III under cellular and environmental 

stress conditions (Mu, Ahmad, & Hur, 2016).Tumor cell intrinsic RIG-I pathway activation 

by endogenous RNAs has been described previously (Ranoa et al., 2016). Irradiation of 

tumor cells resulted in translocation of small non-coding RNAs from the nucleus into the 

cytosol, the subsequent detection by RIG-I and activation of the IFN pathway.  

We therefore hypothesized that basal activity of the tumor intrinsic RIG-I pathway could 

be mediated by continuous detection of either retroviral elements, miRNAs or 

commensal RNA within tumor cells and thus facilitate anti-CTLA-4 efficacy in the 

absence of exogenous ligands.  
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4.6 Tumor intrinsic RIG-I signaling as a prognostic biomarker 

 

In accordance to a previous study, RIG-I ligation induced ICD in pancreatic cancer cells 

(Duewell et al., 2014). Moreover, we observed that C26 cells, a colon cancer cell line, 

were also susceptible to RIG-I-mediated tumor cell death. In contrast, direct targeting of 

RIG-I in a murine breast cancer cell line failed to induce a therapeutic response. This 

data was further supported by a recent study that demonstrated that activation of RIG-I 

enhanced tumor growth, metastasis and therapy resistance in a preclinical breast cancer 

model (Nabet et al., 2017). Thus, it appears that tumor intrinsic RIG-I signaling can 

differentially affect therapy responses depending on the cancer entity. Interestingly, the 

therapeutic success of combined treatment with local RIG-I activation and systemic anti-

CLTA-4 was limited to tumors that showed in vitro susceptibility to RIG-I-mediated ICD. 

We, therefore, presume that induction of ICD by intratumoral RIG-I ligation can function 

as an essential mediator for efficient anti-CTLA-4-mediated checkpoint blockade by 

inducing T cell immune responses. Thus, gene expression-based high-throughput 

screening and whole genome expression analysis could be performed on tumor biopsies 

to analyze gene expression profiles of distinct PRRs that can serve as biomarker to 

predict treatment outcome before targeting RIG-I in human patients. In this regard, 

targeting DCs by systemic application of immune-modulating RNAs for cancer therapy 

has recently proven to be feasible in a phase-I clinical trial (Kranz et al., 2016). However, 

tumor intrinsic RIG-I signaling might also address additional mechanisms to promote 

anti-CTLA-4 efficacy independently of RIG-I-mediated programmed tumor cell death. 

Thus, how tumor intrinsic RIG-I signaling affects cancer progression has to be further 

elucidated as overexpression of RIG-I has been demonstrated to negatively regulate 

intestinal bowel disease-induced CRC progression (Shu et al., 2017) while also being 

beneficial in controlling intestinal microbiota and therefore inhibiting colitis induced CRC 

(Zhu et al., 2017). 

4.7 Combining oncolytic viral therapy with immune checkpoint 

blockade 

 

Finally, our data may provide novel insights into the underlying mechanisms of 

therapeutic efficacy of oncolytic viruses (OV). Successful cancer immunotherapy using 

OVs is characterized by three major mechanisms of action. Firstly, the capacity of OVs 

to induce oncolysis of infected cancer cells and endothelial cells in the TME. Secondly, 
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the indirect effects of both apoptosis and necrosis of uninfected cells and associated 

endothelial cells in the tumor-associated vasculature resulting in decreased 

angiogenesis (Breitbach et al., 2013). Finally, OVs elicit and enhance antitumor and 

antiviral immunity by improving antigen cross-priming and subsequent recruitment of 

effector cells into the TME (Guo et al., 2017). However, oncolysis is not the only major 

mechanism responsible for tumor growth inhibition. Several preclinical studies have 

demonstrated that the therapeutic efficacy of OVs is not only conveyed by direct 

infection-mediated tumor cell cytotoxicity but critically depends on subsequent activation 

of both innate and adaptive immunity (Turnbull et al., 2015). This has been shown in 

several approaches including the use of tumor antigen encoding OV strains that 

effectively induced T cell-mediated antitumor responses (Diaz et al., 2007) as well as the 

depletion of CD8+ T cells resulting in the inhibition of OV-based therapy efficiency (Sobol 

et al., 2011).  

In a preclinical melanoma model, local intra-tumor application of Newcastle disease virus 

(NDV) resulted in the generation of an inflammatory response, lymphocytic infiltration 

and the subsequent induction of a systemic immune response  by an apparent infiltration 

of tumor specific T cells (Zamarin et al., 2014). Furthermore, this localized OV therapy 

rendered poorly immunogenic tumors susceptible to anti-CTLA-4 immunotherapy which 

led to the rejection of pre-established distant tumors and immunological memory and 

depended on CD8+ T cell, NK cell and IFN-I signaling. In addition, several oncolytic viral 

(OV) strains have been shown to activate the RIG-I / MAVS pathway (Kumar et al., 2015; 

Rahman, Bagdassarian, Ali, & McFadden, 2017). Moreover, loss of tumor intrinsic MAVS 

and IFN-I signaling results in diminished anticancer activity of NDV due to the 

suppression of tumor cell apoptosis via downregulation of TRAIL. Thus, combining RIG-

I-mediated ICD and subsequent IFN-I induction with the infection-related cytolysis of 

tumor cells may account for the overall efficacy of OV immunotherapy.  

4.8 Summary  

 

Despite significant progress achieved by treatment of patients suffering from metastatic 

melanoma with immune checkpoint blockade, strong inter-patient heterogeneity in 

clinical response to checkpoint inhibitors such as anti-CTLA-4 and anti-PD-1 remains a 

major challenge. In addition, activation of innate nucleic acid receptor pathways such as 

RIG-I/MAVS and cGAS/STING in both immune and tumor cells are emerging as 

intriguing determinants of both anticancer immune responses as well as immune escape 

and resistance mechanisms. The fact that the majority of patients are either resistant to 
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therapy or relapse thereafter highlights the need to elucidate mechanisms that drive 

tumor resistance. Moreover, it is mandatory to gain detailed mechanistic insights into 

immune suppressive and stimulatory signaling in cancer to better understand 

carcinogenesis and to successfully develop combined therapies by interconnecting 

innate immune activation via pattern recognition receptors and immune checkpoint 

blockade to overcome interpatient heterogeneity. 

Therefore, we focused our efforts on the effects of tumor intrinsic RIG-I signaling on the 

efficacy of anti-CTLA-4-mediated checkpoint blockade and possible synergistic effects 

by combining immune checkpoint blockade with local RIG-I activation. We demonstrated 

that the in vivo efficacy of anti-CTLA-4-mediated checkpoint blockade in mice crucially 

relied on intact tumor intrinsic RIG-I signaling, whereas tumor intrinsic STING and IFN-I 

signaling were dispensable. Mice bearing RIG-I-deficient tumors had an impaired 

systemic tumor growth control and failed to completely reject systemic immunogenic 

tumors. Furthermore, we demonstrated that following anti-CTLA-4 treatment, activation 

of tumor-intrinsic RIG-I signaling induces caspase-3-mediated tumor cell death that 

critically impacts on cross-presentation of tumor-associated antigens by CD103+ 

dendritic cells, the subsequent expansion of tumor antigen-specific CD8+ T cells and 

ultimately the accumulation of CD8+ T cells within the tumor tissue. Consistently, 

therapeutic targeting of RIG-I with 5’-phosphorylated-RNA in both tumor and non-

malignant host cells potently augmented the efficacy of CTLA-4 checkpoint blockade 

supporting our hypothesis of a potential synergism between these two distinct pathways. 

Additionally, these processes were also dependent on host STING, MAVS and type I 

interferon signaling and closely linked to RIG-I-mediated tumor cell death.  

Several reports have shown that targeting tumor intrinsic RIG-I signaling in malignant 

cells induces a variant of ICD. A key factor in this process is the induction of apoptosis 

via activation of the intrinsic mitochondrial apoptosis pathway. However, it remains 

unclear whether additional cell death pathways are involved in RIG-I-mediated cell death. 

We demonstrated that tumor intrinsic RIG-I ligation induces enhanced caspase-3-

mediated tumor cell death in melanoma cells in vitro and in vivo. However, RIG-I-

mediated tumor cell death appeared to be primarily driven by apoptosis as RIG-I ligation 

failed to activate MLKL, a critical component of the necroptosome. Furthermore, mice 

bearing tumors deficient in caspase-3 signaling showed a markedly impaired therapy 

response to both local 3pRNA application and systemic checkpoint blockade, 

highlighting the significance of apoptosis induction in our experimental model. In addition, 

tumor cell death induction by radiotherapy also synergized with anti-CTLA-4 checkpoint 

blockade. Interestingly, this effect was also critically dependent on intact tumor cell 
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intrinsic RIG-I signaling, suggesting a decisive role of tumor intrinsic RIG-I for tumor 

immune surveillance. 

Systemic administration of anti-CTLA-4 monoclonal antibodies induces tumor growth 

delay in vivo in the absence of exogenous 3pRNA suggesting the existence of an 

endogenous ligand that could facilitate basal pathway activation. Our data show that 

endogenous retroviruses (ERVs) can act as such a ligand for upregulation of ERV 

transcripts by treatment with demethylating agents causing tumor growth delay and 

inducing tumor cell death in an RIG-I-dependent manner that further synergizes with 

immune checkpoint blockade.  

Further studies will need to specify the nature of possible endogenous ligands that 

facilitate synergistic effects by combining anti-CTLA-4 checkpoint blockade with local 

RIG-I activation. Solving this key issue should increase our understanding of the interplay 

between PRRs and inhibitory receptors in cancer immunotherapy and will make it 

possible to overcome inter-individual variations in clinical responses by creating a 

balance between co-stimulatory and inhibitory processes. Additionally, expression of 

tumor-intrinsic RIG-I could function as a biomarker and predictor of overall survival and 

therapeutic efficacy of immune checkpoint blockade. 
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6 Appendix  

6.1 Abbreviations 

 
A 

ALH  AIM-2-like-helicase 

ALK  Anaplastic lymphoma kinase 

APC   Antigen-presenting cell 

APC  Allophycocyanin 

ASC  Apoptosis-associated speck protein 

ATP  Adenosintriphosphat 

Aza   5-acazytidine 

 

B 

B16.OVA B16 melanoma cell line expressing OVA 

Batf3  Basic Leucine Zipper ATF-Like Transcription Factor 3 

Bcl-2  B-cell lymphoma 2 

BSA  Bovine serum albumin 

 

C 

CARD9 Caspase-recruitment-domain-protein 9 

Caspase Cysteinyl-aspartate specific protease 

CD  Cluster of differentiation 

cDNA   Copy-desoxyribonucleic acid 

cGAMP Cyclic guanosine monophosphate–adenosine monophosphate 

cGAS  Cyclic GMP-AMP synthase 

CLR  C-type lectin receptor 

CpG   Oligonucleotide with cytosine-(phosphate)-guanine motifs 

CRISPR Clustered regularly interspaced short palindromic repeats 
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CTL  Cytotoxic T lymphocyte 

CTLA-4  Cytotoxic T-lymphocyte-associated antigen-4 

 

D 

DAMP  Danger-associated molecular pattern 

DC  Dendritic cell 

DMEM  Dulbecco's modified Eagle´s medium 

DMSO  Dimethyl sulfoxide 

DNA   Desoxyribonucleid acid 

ds  Double-stranded  

DTT  Dithiothreitol 

 

E 

EDTA  Ethylenediaminetetraacetic acid 

EGFR   Epidermal growth factor receptor 

ELISA   Enzyme-linked immunosorbent assay 

ER  Endoplasmatic reticulum 

ERV  Endogenous retroviral element 

 

F 

FACS   Fluorescent-activated cell sorting 

FBS  Filtrated Bovine serum albumine 

FCS   Fetal calf serum 

FDA  Food and Drug Administration 

FITC   Fluorescein isocyanate 

Foxp3   Forkhead box p3 

FSC   Forward scatter 
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G 

GM-CSF  Granulocyte-macrophage colony stimulating factor 

gp100  Glycoprotein 100 

 

H 

HMGB1 High-mobility group box 1 

HRP   Horseradish peroxidase 

HSV-1  Herpes simplex virus 1      

 

I 

ICD  Immunogenic cell death 

ICOS  Inducible T-cell co-stimulator 

IF   Interferon 

IFNaR   Interferon-α receptor 

IL   Interleukin 

IRF   Interferon regulatory factor 

ISD  Interferon Stimulatory DNA 

ISG  IFN-stimulated gene 

 

L 

Lgp2  Laboratory of genetics and physiology 2 

LPS   Lipopolysaccharid 

 

M 

MAVS  Mitochondrial Antiviral Signaling Protein 

MDA-5  Melanoma differentiation-associated protein 5 

MFI  mean fluorescence intensity 

MHC   Major histocompatibility complex 

miRNA  micro RNA 
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MLKL  Mixed lineage kinase domain like pseudokinase 

mRNA  Messenger ribonucleic acid 

MyD88  Myeloid differentiation primary response gene 88 

 

N 

nd   Not determined 

NF-kB  Nuclear factor-κB 

NK cell  Natural killer cell 

NKG2D Natural killer group 2D 

NLR  NOD-like receptor 

ns   Not significant 

 

O 

ORR  objective response rate 

 

P 

PAMP  pathogen-associated molecular pattern 

PBS  Phosphate buffered saline 

PCR  Polymerase chain reaction 

PD-1  Programmed cell-death protein 1 

PD-L  PD-1 ligand  

PE  Phycoerythrin 

PerCP  Peridinin chlorophyll protein 

PRR   Pattern-recognition receptor 

 

Q 

qRT-PCR  Quantitative real-time PCR 

R 

RIG-I  retinoic acid inducible gene I 
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RIPK  Receptor-interacting serine/threonine-protein kinase 

RLH  RIG-I like helicase 

RNA   Ribonucleic acid 

ROS  Reactive oxygen species 

RPMI  Roswell Park Memorial Institute 

RT   Room temperature 

RTx  Radiotherapy 

 

S 

SDS-PAGE Sulfate polyacrylamide gel electrophoresis 

SEM  Standard error of the mean 

sgRNA  Single guide RNA 

ss  Single-stranded 

STING  stimulator of interferon gene 

 

T 

TBK1  TANK-binding kinase 1 

TCR  T cell receptor 

TGF   Tumor growth factor 

Th cell  T-helper cell 

TIL  Tumor infiltrating lymphocyte 

TIM-3  T-cell immunoglobulin and mucin-domain containing-3  

TLR   Toll-like receptor 

TME  Tumor microenvironment 

TNF   Tumor necrosis factor 

Treg cell  Regulatory T cell 

TRIF   TIR-containing adapter inducing IFN-β 

TRP-2   Tyrosinase-related protein 2 

TUNEL Terminal deoxynucleotidyl transferase dUTP nick end labeling 
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