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Referat 

In der Immuntherapie gibt es zahlreiche vielversprechende Ansätze im Kampf gegen 

Krebs, wie z.B. die therapeutische Impfung gegen Krebs mittels dendritischer Zellen 

(DCs). Dabei werden DCs aus Patientenblut generiert und üblicherweise mit Hilfe eines 

standardisierten Zytokincocktails, bestehend aus Tumornekrosefaktor (TNF) α, 

Prostaglandin E2 (PGE2), Interleukin (IL)-1β und IL-6, gereift. Anschließend werden die 

aktivierten DCs mit einem tumorspezifischen Antigen beladen, um schließlich wieder 

dem Patienten verimpft zu werden. Das primäre Ziel dahinter ist die antigenspezifische 

Aktivierung von zytotoxischen T-Zellen (CTLs), welche die Tumorzellen angreifen und 

töten können. Um die Antitumorwirkung noch weiter zu unterstützen, ist die 

Aktivierung des angeborenen Immunsystems, wie der natürlichen Killerzellen (NK-

Zellen), von großem Nutzen. NK-Zellen sind nicht nur in der Lage, die Stimulation 

weiterer T-Lymphozyten zu induzieren, sondern können Tumorzellen auch direkt 

zerstören. Jedoch können die üblicherweise verwendeten DCs die für die NK-

Zellaktivierung wegweisenden Zytokine IL-12 und IL-15 nicht sezernieren. Eine zentrale 

Rolle in Verbesserungsansätzen für die therapeutische Impfung gegen Krebs spielt die 

Aktivierung des nuclear factor kappa-light-chain-enhancer of activated B-cells-(NF-κB)-

Signalweges der DCs. Dieser kann durch Elektroporation der DCs mit messenger 

(m)RNA getriggert werden, die eine konstitutiv aktive inhibitor of nuclear factor kappa-

B kinase subunit beta (caIKKβ) kodiert. Es wurde bereits gezeigt, dass caIKKβ-DCs 

dadurch die Fähigkeit bekamen, IL-12 zu produzieren und T-Zellen deutlich effektiver 

aktivieren konnten. In dieser Arbeit wurde gezeigt, dass caIKKβ-DCs auch NK-Zellen 

effizient aktivieren können. Dies wurde durch eine erhöhte Expression von CD54, CD69 

und CD25 auf NK-Zellen, deren Fähigkeit IFNγ zu produzieren sowie hoher lytischer 

Aktivität nachgewiesen. Da caIKKβ-DCs jedoch weiterhin kein IL-15 sezernieren 

konnten, wurde, um die Aktivierung der NK-Zellen weiter zu optimieren, neben der 

caIKKβ-RNA ein chimäres IL-15/IL-15Rα-Konstrukt in die DCs transfiziert. Dadurch 

konnten NK-Zellen mit einem noch deutlich erhöhten Aktivitätsniveau generiert 

werden. Die Fähigkeit von caIKKβ-DCs, sowohl die adaptive als auch die angeborene 

Immunantwort zu aktivieren, zeigt ein hohes Potenzial für die klinische Wirksamkeit 

von Impfungen mit DCs.  
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Abstract 

Immunotherapy offers several encouraging methods in the fight against cancer, 

including therapeutic vaccination using dendritic cells (DCs). DCs for vaccination are 

generated from a patient’s blood and typically matured using a standard cytokine 

cocktail consisting of tumor necrosis factor (TNF) α, prostaglandin E2 (PGE2), 

interleukin (IL)-1β, and IL-6. The matured DCs are loaded with a tumor-specific antigen 

and are reinjected into the patient. The primary goal is the antigen-specific activation of 

cytotoxic T cells (CTLs), which in turn attack and kill tumor cells. To further support the 

antitumor effect, the activation of the innate immune system, such as natural killer (NK) 

cells, is of great benefit. NK cells are not only able to induce the stimulation of additional 

CTLs but can also directly attack tumor cells. However, DCs matured with the standard 

protocol cannot secrete IL-12 and IL-15, which are key cytokines for NK cell activation. 

The activation of the nuclear factor kappa-light-chain-enhancer of activated B-cells (NF-

κB) signaling pathway of DCs plays a central role in improving therapeutic vaccination 

against cancer. The NF-κB signaling pathway can be activated by electroporation of DCs 

with messenger (m)RNA encoding a constitutively active inhibitor of nuclear factor 

kappa-B kinase subunit beta (caIKKβ). It has already been shown that caIKKβ-DCs were 

able to produce IL-12 and significantly activate T cells. In this study, it was shown that 

caIKKβ-DCs can also efficiently activate NK cells. This was demonstrated by an 

increased expression of CD54, CD69, and CD25 on NK cells, their ability to produce 

IFNγ, and their high lytic activity against target cells. However, since caIKKβ-DCs still 

could not secrete IL-15, a chimeric IL-15/IL-15Rα construct was transfected into caIKKβ-

DCs to further optimize NK cell activation. As a result, NK cells with even higher levels 

of activity were generated. The ability of caIKKβ-DCs to activate both the adaptive and 

innate immune response demonstrates a high potential for the clinical effectiveness of 

DC vaccination.
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1 Introduction and aim  

Cancer is still one of the main causes of death in Europe [1]. Especially in cases where 

the tumour has metastasised, a systemic therapy is necessary to eradicate the tumour 

cells. For most cancer entities, chemotherapy or radiation is the standard treatment 

option when tumour cells have metastasised. This, however, does not always lead to 

satisfactory results. Another approach to a systemic attack on tumour cells is 

immunotherapy. Initially, the immune system can detect and put up a fight against 

malignant cells, however, over time tumour cells develop different strategies in order to 

evade or silence immune responses [2]. The aim of immunotherapy is to make the 

immune system aware of the malignant tissue so that the immune cells can find and 

destroy the tumour [3]. Different approaches have been developed to use immune cells 

against the malignant cells, such as immune checkpoint inhibition and chimeric antigen 

receptor (CAR)-T cell therapy [4]. Another prominent approach is vaccination with 

dendritic cells (DCs), which is subject of this dissertation.  

1.1 Dendritic cells and the immune system 

As antigen presenting cells (APCs), DCs surveil the body to detect pathogenic agents 

and present them to naïve T cells [5]. DCs can be activated by several danger signals, 

such as inflammatory cytokines, e.g. tumour necrosis factor alpha (TNFα), identification 

of pathogen-associated molecular patterns (PAMPS) or lipopolysaccharides (LPS), by 

toll-like receptors (TLRs), and by sensors of cell death [6,7]. Upon triggering, usually 

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

pathway, the DCs are matured and shift into an activated state [8]. This leads to the 

enhanced processing of antigens; the secretion of pro-inflammatory cytokines, such as 

interleukin (IL-) 6, IL-8, IL-12, TNFα, and the chemokine CXCL8; the upregulation of 

MHC-molecules and the upregulation of further co-stimulatory-molecules, such as 

cluster of differentiation (CD) 80 and the chemokine receptor type 7 (CCR7) [7,9]. Once 

the DC has recognised a pathogen, they take up the pathogenic agents [10]. The antigens 

are then processed and loaded onto major histocompatibility complex (MHC) molecules 

to be presented to effector cells. Not only extracellular antigens are recognised by DCs, 

but also antigens, e.g. virus-particles, which have infiltrated the DC’s cytosol directly, 



 

2 
 

are presented [11]. Whilst the uptake of extracellular antigens primarily leads to the 

presentation on MHC-class-II-molecules, antigens detected in the cytosol are transferred 

onto MHC-class-I-molecules [11]. Meanwhile the DCs migrate towards lymphatic 

tissues in order to present the antigens to effector cells. The upregulation of CCR7 plays 

a central role in this process as it makes the DCs more sensitive to the chemokine ligand 

21 (CCL21) and 19 (CCL19), which lead the DCs through the lymphatic system into 

secondary lymphatic tissues [9,12]. Once the DCs have migrated towards lymphatic 

tissues they can finally activate antigen specific CD4+ T-helper cells (Th cells), which have 

immune regulatory effects, via MHC-class-II presentation, or through MHC-class-I 

presentation, they activate cytotoxic CD8+ T cells (CTLs) to directly kill target cells [6,11]. 

Through upregulation of co-stimulatory molecules and especially through secretion of 

pro-inflammatory cytokines, the reaction of the adaptive immune response is enhanced, 

but in addition to this the innate immune system is stimulated and ready to help 

eradicate the intruder, as NK cells are especially triggered through IL-12 secretion 

[11,13]. Regarding the activation of NK cells by DCs, the secretion of various 

pro-inflammatory cytokines plays an essential role [14]. IL-12 is the most relevant 

cytokine for NK-cell activation, but IL-15 is also a pivotal cytokine for NK-cell 

proliferation [14,15]. It has been shown that the secretion of IL-12 is essential for the 

induction of IFNγ production by NK cells, whereas studies have suggested IL-15 triggers 

NK-cell proliferation [15–17]. Further cytokines, such as e.g. IL-18, which has a 

synergizing effect with IL-12 to induce IFNγ secretion and also leads to enhanced NK 

cell cytotoxicity, or type I interferons have been shown to contribute in NK-cell and DC 

crosstalk [13,14]. However, direct cell-cell contacts between DCs and NK cells seem to 

be essential for optimal NK-cell activation, especially for communication via IL-12 [17].  
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1.2 Immune escape by cancer cells 

Cancer cells can develop mechanisms in order to evade the immune responses [3]. The 

stages of immune escape by cancer cells can be described as the “three E’s of cancer 

immunoediting”: Elimination, Equilibrium, and Escape [2] (Figure 1).  

Initially, the immune system recognizes transformed cells, for instance through 

neoantigen presentation and can therefore eliminate these oncogenic cells [2,3,18]. As a 

result of genomic instability some selective tumour cells transform and acquire tactics to 

escape recognition by the immune system, e.g. by expressing self-antigens, to which T 

cells have been tolerized; by downregulation or loss of MHC-class-I-antigen expression; 

the upregulation of the non-classical class-I HLA-G antigens, which prevent NK-cell and 

T-cell responses; resistance to apoptosis; expression of NK-cell inhibitory receptors, or a 

tumour environment that inhibits T-cell infiltration [2,3,18] (Figure 1). The more of these 

evasive mechanisms the tumour cells acquire, the more difficult it becomes for the 

immune system to keep up the fight against the tumour, eventually leading to a 

complete tumour escape [2,18] (Figure 1). Therefore, the re-activation of the immune 

response is a very promising approach to fighting cancer cells.  

 

Figure 1: The three E’s of cancer immunoediting” 
Elimination: Different immune cells (exemplified as green, light blue and 
purple cells) recognize and eliminate transformed cells (blue cells).
Equilibrium: some selective tumour cells transform and acquire tactics to 
escape recognition by the immune system (brown cells) 
Escape: The more of these evasive mechanisms the tumour cells acquire, the 
more difficult it becomes for the immune system to detect tumour cells, leading 
to a complete tumour escape. 
Adapted and modified from Dunn, Lloyd and Schreiber (2004) 
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1.3 Dendritic cells for vaccination 

As DCs build the bridge between the adaptive and innate immune response, they are 

ideal candidates for vaccination against tumour cells. DC-based vaccines are tested on a 

wide variety of tumours, melanoma being an ideal candidate as its immunogenicity is 

well investigated, but also leukaemia, prostate cancer, renal cell carcinoma, and several 

others are being investigated in clinical trials [19,20]. For DC vaccination, the standard 

protocol generates monocyte-derived DCs (moDCs), a subset of DCs which differentiate 

from monocyte progenitors during inflammatory reactions [21] (Figure 2a). To generate 

moDCs for vaccination, monocytes are first isolated from the patient’s blood, and are 

then differentiated into immature DCs (iDCs) through incubation with granulocyte-

macrophage colony-stimulating factor (GM-CSF) and IL-4 over a period of up to 8 days 

[20,22,23] (Figure 2b). For DC maturation, a standard cytokine-cocktail, consisting of 

TNFα, prostaglandin E2 (PGE2), IL-1β, and IL-6 is usually used [24] (Figure 2c). The 

matured DCs (mDCs) are then loaded with tumour-specific antigens to be then 

reinjected into the patient [25] (Figure 2e,f). An elegant way to load the DCs with 

antigens is the transfection of messenger RNA (mRNA) encoding tumour associated 

antigens (TAAs), which leads to an MHC-class-I restricted presentation [26]. The tumour 

antigens used for presentation can be directly taken from biopsies or tissue taken from 

surgery on the patient’s tumour [19] (Figure 2d). The mRNA can then be isolated and 

amplified, or commonly known tumour antigens can be used [19]. An easy method to 

transfer the mRNA molecules into the DCs is electroporation [27]. With this technique, 

small pores in the cell membrane temporarily open as a result of an electrical pulse, 

which allows the mRNA to enter into the cytoplasm. The transfected mRNA can then be 

translated and the resulting protein can be processed in an MHC-class-I context [28] The 

matured and loaded DCs are then reinjected into the patient, either into the veins (i.v.), 

into the skin, either sub-cutaneous (s.c.), or intradermal (i.d.), or directly into the lymph 

nodes (i.n.) [29] (Figure 2f). The primary goal is to then activate CTLs (Figure 2g) to 

enable antigen-specific tumour killing [30] (Figure 2h).  
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However, even though an immune response can be induced with this method, the 

clinical responses do not meet expectations, and different strategies for improving this 

protocol are under investigation. Most approaches focus on increasing the 

immunogenicity of the DCs, in order to generate an enhanced and more long-lasting 

CTL response [26]. Unfortunately, the ability of DCs matured with the standard cytokine 

cocktail to additionally activate the innate immune system i.e. NK cells is limited [26,31]. 

The main disadvantage of the standard protocol is the limited secretion of IL-12 by 

cytokine-cocktail-matured DCs (cmDCs) [32], a cytokine which is most relevant for both 

the activation of CTLs [33] and that of NK cells [13]. 

The NF-κB pathway plays a central role in the activation of DCs, and its enhanced 

activation forms the focus of many methods for improving DC vaccination [32,34–39]. 

  

Figure 2: Example of generation of DCs for DC-based vaccination. 
(a) The commonly used standard protocol for DC-based vaccination 
generates DCs out of monocytes. (b) The monocytes are then differentiated 
into immature DCs. (c) iDCs are matured with the standard cytokine-
cocktail. (d+e) mDCs are loaded with mRNA encoding tumour-specific 
antigens. (f) The matured and loaded DCs are then reinjected into the 
patient. (g) The DCs should then present the tumour-specific epitopes to 
CTLs, which, once activated, can then (h) attack the tumour. For details see 
text above. (The Motifolio Scientific Illustration Toolkit was used.) 
Adapted and modified from Dörrie et al. (2020). 
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1.3.1 The role of the NF-κB pathway  

NF-κB is a complex transcription factor which coordinates the immune response in 

almost all cell types [40], and is therefore essential for the maturation of DCs [41,42]. It 

can be activated by various danger signals, such as by pro-inflammatory cytokines, 

activation of TLRs, or simply stress-signals, and eventually leads to the upregulation of 

co-stimulatory molecules and the secretion of pro-inflammatory cytokines, such as IL-12 

[40,43]. NF-κB mostly occurs as a heterodimer consisting of different proteins such as 

p50 bound with RelA or cRel [40,44] (Figure 3). In inactive cells, NF-κB is bound by IκB, 

which inhibits NF-κB from translocating into the nucleus [44] (Figure 3). NF-κB can be 

regulated by two pathways: the NF-κB essential modulator (NEMO) (the canonical 

pathway) and the NEMO-independent pathway (the non-canonical pathway) [40]. In the 

canonical pathway, NEMO is complexed with two IκB-kinases, IKKα and IKKβ [40,43] 

(Figure 3). Due to various inflammatory stimuli, the IκB-kinase is triggered and 

phosphorylates IκB which is bound to NF-κB. IκB is then ubiquitinated and degraded 

within the proteasome [45] (Figure 3). NF-κB is now free to translocate into the nucleus 

and binds to the DNA which activates certain target genes [44] (Figure 3).  

Figure 3: The canonical pathway. 
Activation of the NF-κB pathway through activation of NEMO, as described in 
detail in the text above. (The Motifolio Scientific Illustration Toolkit was used.) 
Adapted and modified from Bonizzi et al. (2004) and Strnad and Burke (2007). 
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It must be pointed out that when DCs are matured with the standard cytokine cocktail, 

the NF-κB pathway is activated [42], but due to the lack of alarm signals, the activation 

does not achieve its full potential. By using different stimuli to enhance the activation of 

NF-κB, for instance by using different TLR agonists, an enhanced activation of DCs 

could be demonstrated [34–36,38]. Likewise, the usage of IFNγ together with 

monophosphoryl lipid A (MPLA), which triggers TLRs, as an alternative maturation 

cocktail, as tested by Massa et al., led to the creation DCs which were able to secrete IL-12 

[32].  

The RNA-based Immunotherapy research group at the Department of Dermatology at 

the Universitätsklinikum Erlangen, Germany, has established a method to enhance the 

activity of dendritic cells through transfection of a constitutively active stabilized IKKβ 

(caIKKβ) mutant into DCs to activate the NF-κB pathway [37]. 

In order to explicitly activate the NF-κB pathway, a stabilised mutant of IKKβ was 

designed by exchanging the amino acids serines with glutamic acids in the active centres, 

which mimics phosphorylation [37]. To enable a prolonged expression of this mutant in 

order to use it for mRNA electroporation, all degradation-related serines and threonines 

were exchanged with alanines in the putative destabilising PEST sequences of the 

proteins [37]. Pfeiffer and co-workers could demonstrate that through transfection of 

caIKKβ in cmDCs, several activation markers, such as CD70, CD86, CD83, and others, 

were significantly upregulated and that the DCs gained the ability to secrete 

inflammatory cytokines, such as IL-12, IL-8, IL-6, and TNFα [37]. The ability of DCs to 

migrate towards lymphatic tissue is highly relevant, and the electroporation of 

caIKKβ-RNA did not significantly reduce the DCs’ capability to migrate towards CCL19 

[37]. Furthermore, Pfeiffer et al. could show that caIKKβ-transfected DCs were able to 

repetitively expand antigen-specific CD8+ T cells with a better killer function [37]. 
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1.3.2 Natural killer cells as effector cells  

Several studies have shown that not only is an adaptive immune response essential for 

an anti-tumour effect, but that the innate immune system, especially NK cells, is also of 

utmost importance in the fight against the malignant tissue [9,46,47]. NK cells are 

characterised as CD3-/CD56+ lymphocytes [48]. A major advantage of the usage of NK 

cells for immunotherapy is that once activated, NK cells are immediately ready to do 

their job of killing target cells and do not need to undergo long activation procedures 

[48]. Two types of receptors are distinguished which regulate the activation of NK cells: 

the inhibitory receptors, which prevent NK cells from targeting healthy autologous cells, 

and activating receptors [49]. NK cells are only triggered when the activating signals 

exceed the inhibiting ones [49]. Through MHC-class-I specific inhibitory receptors, NK 

cells can be controlled so that they do not attack MHC-class-I expressing healthy cells 

[50] and can also detect tumour cells which have downregulated MHC expression [51]. 

Therefore tumour entities which have used MHC loss as a means of immune escape 

would be ideal targets for NK-cell-based immunotherapy [52]. 

 Upon activation, NK cells secrete IFNγ and TNFα and are able to lyse target cells 

directly, e.g. by degranulation and death receptor ligation (Figure 4) [14,53,54]. Activated 

NK cells in turn promote the maturation of DCs [55], which then leads to a superior 

activation of CTLs without the help of Th cells [56] (Figure 4). Furthermore, NK cells can 

stimulate T-cell activation directly through the secretion of IFNγ [14,57] (Figure 4).  

Figure 4: NK cells as effector cells 
Activated NK cells can lyse target cells directly, promote the activation and 
maturation of further DCs, leading to an enhanced activation of CTLs. And 
through the secretion of IFNγ can stimulate CTLs directly.  
Adapted and modified from Eva Lion et al. (2012). 
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1.3.3 Interleukin 15 and the IL-15 receptor  

As mentioned above, another prominent cytokine for NK-cell activation is IL-15. IL-15 

plays a significant role in the development of the innate and adaptive immune response 

as it plays a role in the proliferation, development, homeostasis, and activation of CTLs 

and NK cells [58–61]. It is produced by several cell types, such as DCs, macrophages, 

and monocytes but also by fibroblasts and epithelial cells from numerous tissues [59]. 

IL-15 can either be secreted in its soluble form or is presented in complex with the IL-15 

receptor α chain (IL-15Rα) [62] (Figure 5). Neighbouring cells, like T cells or NK cells, 

can detect IL-15 which is presented with the IL-15Rα in trans with their IL-2/IL-15Rβ 

and -γ chains [58,62] (Figure 5).  

Therefore, IL-15, next to IL-12, could strongly support the activation of NK cells. 

However, even though DCs transfected with caIKKβ were now able to secrete IL-12, the 

secretion of IL-15 was still not increased [37]. As simply applying soluble IL-15 for 

immunotherapy could lead to transient toxicity [63], the presentation of IL-15 in complex 

with IL-15Rα seems more promising. Several groups have shown that the presentation 

of IL-15 complexed with IL-15Rα through APCs could lead to a significant increase in 

NK-cell and CTL activation [64–66]. 

  

Figure 5: Presentation of IL-15. 
IL-15 can either be secreted by DCs as soluble IL-15 or can be trans-presented 
with the IL-15Rα which can be recognized by NK cells with their IL-2/IL-15Rβ 
and -γ chains. 
Adapted and modified from Ali et al. (2015) and Patidar et al. (2016). 
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1.4 Aims of this dissertation  

In view of the many advantageous features of NK cells, the activation of NK cells with 

DC vaccines is extremely beneficial. As described above, DCs matured with the standard 

cytokine cocktail are not able to secrete IL-12, and are therefore not able to activate NK 

cells sufficiently [31,32]. The activation of the NF-κB pathway through electroporation 

of caIKKβ-RNA gave these DCs the ability to secrete IL-12 and improved their capability 

to activate and expand CTLs [37]. As part of my research, tests were conducted to 

ascertain whether caIKKβ-transfected DCs were able to improve the activation of NK 

cells via measurement of the activation markers on NK cells and their secretion of 

proinflammatory cytokines. Furthermore, it was analysed if these DCs were able to 

activate NK cells sufficiently enough to enable a lytic capacity towards target cells. As 

the activation of NK cells and CTLs could be in competition with one another, further 

experiments were performed to determine if caIKKβ-transfected DCs could activate both 

cell types simultaneously.  

As described above, adding IL-15 in complex with IL-15Rα could lead to an increased 

activation of NK cells via DC-vaccines. Hence, a specifically designed chimeric protein 

consisting of IL-15 and the IL-15Rα chain (chIL15) was used to be expressed on the DCs’ 

surface via mRNA electroporation, in order to further improve the effectiveness of DC 

vaccines in addition to activating the NF-κB pathway. A chimeric protein was chosen, 

as using one complex instead of two proteins would simplify the DC transfection process 

for clinical application. By using a covalent link, a dissociation of the complex could be 

prevented [52]. To address whether the surface expression of the IL-15 complex could 

support NF-κB activated DCs’ capability to activate NK cells, mRNA encoding caIKKβ 

was co-transfected with mRNA encoding chIL-15 into DCs which had been matured 

with the standard cytokine cocktail. The activation of NK cells and their ability to lyse 

target cells was then determined [52].   
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2 Discussion  

2.1 Advantages of mRNA electroporation in dendritic cells 

The use of mRNA as a vaccine against SARS-CoV-2 has emphasized the great potential 

of mRNA technology [67]. mRNA can be used for a variety of immunological therapeutic 

approaches, including the optimisation of immunotherapy against tumour cells [67]. 

mRNA is also well established in the generation of DC vaccines [19].  

Transfection of mRNA encoding TAAs into DCs is an elegant way to establish an 

MHC-class-I restricted presentation, which is requisite for activating CTLs [26]. Several 

ways to transfect DCs with mRNA exist, e.g. simple co-incubation of mRNA with DCs, 

or mRNA electroporation [19]. Electroporation of mRNA is often used, as its transfection 

rates can reach up to 90% and as it requires no additional chemicals it is a safe method 

which can easily be performed under good manufacturing practice (GMP) conditions 

[19,26,68]. The major advantages of inserting mRNA ex vivo into DCs to then use these 

DCs as vaccines, in contrast to simply using mRNA as direct vaccines in order to achieve 

an activation of DCs in vivo, is the considerably better controllability, the possibility to 

mature the DCs before electroporation with mRNA by using different cytokine cocktails 

[24,32,35,38], and the possibility to modify the DCs even further, to enable an even better 

activation status and stimulation capacity towards effector cells. Since the use of mRNA 

electroporation for the loading of DCs with TAAs has already been tested for clinical use 

[26,68], further modification of DCs by electroporation with mRNA can easily be 

incorporated into the standard protocol [26]. Using caIKKβ-RNA is a simple and safe 

method to activate the NF-κB pathway and requires no major extra steps in the 

development of DC vaccines. The level of NF-κB activation can be optimally controlled 

by using caIKK-RNA electroporation, as the expression levels of the transfected proteins 

can be adjusted, and an over-activation of the NF-κB pathway can be prevented [68]. 

This also offers promising and convenient possibilities to take further steps to 

manipulate DCs, such as co-transfection with chIL15. However, the use of DCs produced 

with the standardised protocol is quite costly, labour intensive and time consuming [32]. 

To address this problem, several groups have focused on creating fast protocols for DC 

maturation [32,35,69]. 
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2.2 Improving dendritic-cell vaccines  

2.2.1 Activating the NF-κB pathway  

The activation of the NF-κB pathway is an excellent way to improve DC-based 

vaccination, as the effect of DCs currently used for tumour vaccination as monotherapy 

is not satisfactory [26]. The major disadvantage of DCs which are matured with the 

standard cytokine cocktail is the lack of IL-12 secretion, a cytokine which is essential for 

the activation of both the adaptive and innate immune response [9,32]. It is important to 

optimize the current protocol not only to gain an enhanced CTL response, but also to 

achieve further immunostimulatory functions by activating  the innate immune 

response [9,46,47]. As the NF-κB pathway is the key player for an optimal DC 

maturation, triggering this pathway is the focus of many approaches to improve DC-

based vaccination [32,34–36,38]. The approach used by the RNA-based Immunotherapy 

research group at the Department of Dermatology in Erlangen for additional activation 

of the NF-κB pathway was to transfect moDCs, matured with the standard cytokine 

cocktail with caIKKβ [37]. As a result, the NF-κB pathway could be fully activated and 

the moDCs gained the ability to secrete IL-12 and shifted into an enhanced activation 

status [37]. Furthermore these DCs were able to activate CTLs with a superior lytic 

capacity and a memory-like phenotype [37]. As part of my research, I was now also able 

to demonstrate that the activation of the NF-κB pathway through transfection of caIKKβ 

was efficient enough to additionally stimulate NK cells with a high lytic capacity and 

the ability to secrete IFNγ as well as small quantities of TNFα [31]. As in theory the 

simultaneous activation of NK cells and CTLs by DCs could lead to competition, it was 

demonstrated that the stimulation of NK cells did not diminish the activation of tumour 

specific CTLs [31]. Moreover, it was illustrated that in this setting, direct interaction 

between DCs and NK cells was necessary and no bystander cells were needed for an 

optimal NK-cell activation [31]. In this context, an interesting side effect could be seen: 

although NK cells had to have initial cell-cell contact with the DCs in order to be 

activated, we observed that NK cells that had no contact with DCs were now also slightly 

activated [31]. This could indicate a positive feedback mechanism induced by activated 

NK cells, probably due to the secretion of IFNγ together with other pro-inflammatory 

cytokines, as reviewed by Boehm et al [70]. In line with these results, other groups have 
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used different strategies to improve DC vaccination, all leading to the activation of the 

NF-κB pathway [32,35,38]. Many used altered maturation cocktails in their improved 

protocol which contained different TLR agonists, e.g. R-848, a TLR-7/8 agonist [35]; 

MLPA, a TLR-4 agonist [32], or poly-I:C, a TLR-3 agonist [38]. Anguille et al. generated 

so-called IL-15 DCs by first replacing IL-4 with IL-15 during DC differentiation and then 

using a maturation cocktail consisting of TNFα, IFNγ, PGE2, and R-848 [35]. αDC1s, 

created by Maillad et al., were generated by using a maturation mixture consisting of 

IFNα, IFNγ, TNFα, IL-1β, and poly-I:C [38], whereas Massa et al. used a maturation 

cocktail containing IFNγ and MLPA [32]. DCs matured with all these alternative 

maturation cocktails were, as with the usage of caIKKβ-DCs, able to effectively activate 

NK cells [31,32,35,38]. As mentioned above, the secretion of IL-12 by DCs is one of the 

most favourable features and αDC1s and DCs matured with MPLA and IFNγ, as well 

as caIKKβ-DCs were able to secrete IL-12, whereas IL-15 DCs were only able to secrete 

IL-12 when co-cultured with further CD40L-transfected mouse fibroblasts, which 

replace the DCs’ interaction with Th cells and activate NF-κB. [31,32,35,38].  

2.2.2 Improved activation of NK cells 

Through the additional activation of the NF-κB pathway by electroporation of caIKKβ-

RNA the immunogenicity of DCs could be enhanced, enabling them to activate NK cells 

as well as achieving an improved CTL response [31,37]. The activation of NK cells is 

highly beneficial, as they can support the anti-tumour effect by further activating DCs, 

increasing CTL activation and also directly attacking and killing tumour cells [55,56,71]. 

However, the activation of NK cells should not be considered as only playing a 

supporting role in an already established CTL response. The activation of NK cells is 

especially relevant for an anti-tumour response against tumour cells which have used 

MHC loss as a means of immune escape, as NK cells can recognize tumour cells with 

downregulated MHC expression, in contrast to CTLs, to whom the tumour cells would 

be invisible [51]. Therefore, an optimized activation of NK cells for tumour entities, such 

as cervical cancer, colorectal cancer, gastric cancer, and oesophageal squamous cell 

carcinoma, which regularly display loss of MHC-class-I, would be of great importance 

for an optimized anti-tumour response [72].  
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In order to improve NK-cell activation further, the focus was now on IL-15. As 

mentioned above, IL-15, next to IL-12, is a cytokine which supports NK-cell activation 

by DCs [14]. The use of NF-κB-activated DCs by electroporation of caIKKβ-RNA, 

however, only led to the secretion of IL-12, and the secretion of IL-15 was only very 

limited [37]. As it had been demonstrated that the presentation of IL-15 in trans leads to 

optimal NK-cell activation [15,64–66], we created a chimeric IL-15/IL-15Rα molecule to 

be transfected into DCs. Electroporation of caIKKβ-RNA together with chIL15-RNA led 

to an improved activation status of NK cells, an enhanced secretion of IFNγ, and higher 

lytic capacity towards the MHC-negative cell line K562 [52]. DCs which were transfected 

with chIL15 alone were not able to effectively increase NK-cell activation [52]. It seems 

that in this setting, IL-15 alone was not sufficient to activate NK cells without the 

additional activation of the NF-κB pathway [52]. The fusion of IL-15 to the IL-15Rα, in 

contrast to simply using the mRNA of each factor separately, has many advantages: the 

production and transfection of one RNA vs. two separate ones is easier, cheaper and 

bears less variability. As IL-15 shows high transient toxicity when applied systematically 

[63], the fusion of IL-15 to the IL-15Rα, which was achieved by a covalent link, could 

prevent IL-15 from causing systemic effects [52]. 
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2.3 Conclusions and outlook  

Taken together, electroporation of caIKKβ-RNA is an easy and safe method to activate 

CTLs and NK cells with high lytic capacities, which is pivotal for tumour elimination. 

Generating DCs, which can enhance the activation of NK cells, provides a possibility to 

further individualize cancer immunotherapy, especially for tumour entities with 

downregulated MHC expression, in order to specifically respond to tumour immune 

evasion mechanisms [52]. A clinical phase I trial has begun at the Department of 

Dermatology at the Universitätsklinikum Erlangen to test the efficacy of 

caIKKβ-transfected DCs loaded with tumour-RNA against metastatic uveal melanoma 

usually together with a standard immune checkpoint blockade therapy (NCT04335890). 

This study measures safety, tolerability and toxicity as primary outcome [73]. Regarding 

toxicity, local reactions at the DC injection sites, flu-like symptoms and fatigue have been 

reported [19]. Cytokine release syndrome (CRS), which is cause by T-cell activation und 

the resulting increased secretion of pro-inflammatory cytokines, and severe 

autoimmune side effects are commonly known effects of immunotherapy, nevertheless 

the overall safety profile of DC vaccination is very good compared to other 

immunotherapeutic approaches, as reviewed by Dörrie et al [19].  

The additional electroporation of chIL15 seems to be a promising method to further 

improve caIKKβ-transfected DCs to increase NK-cell activation. However, the studies 

with chIL15 are still at an early stage and further experiments focusing on the full effect 

of chIL15 need to be carried out before its usage in clinical trials.  
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4 Thesis  

In this dissertation, the following hypotheses were made and addressed 

 

1. NF-κB activated dendritic cells are able to secrete IL-12. 

 

2. DCs electroporated with caIKKβ-RNA can activate natural killer cells. 

 

3. Natural killer cells activated with NF-κB-dendritic cells secrete pro-
inflammatory cytokines, such as TNFα and IFNγ and have a lytic capacity 
towards target cells. 

 

4. For optimal activation of natural killer cells, cell-cell interaction between 
caIKKβ-dendritic cells and natural killer cells is required. 

 

5. Natural killer cells and CD8+ T cells can both be activated via 
caIKKβ-dendritic cells without competitive effects. 

 

6. A chimeric IL-15 / IL-15Rα can be expressed on the surface of dendritic cells 
via mRNA electroporation. 

 

7. IL-15 signalling can improve NK-cell activation by NF-κB-dendritic cells. 
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