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Referat

In der Immuntherapie gibt es zahlreiche vielversprechende Ansitze im Kampf gegen
Krebs, wie z.B. die therapeutische Impfung gegen Krebs mittels dendritischer Zellen
(DCs). Dabei werden DCs aus Patientenblut generiert und tiblicherweise mit Hilfe eines
standardisierten Zytokincocktails, bestehend aus Tumornekrosefaktor (TNF) a«,
Prostaglandin E2 (PGEz), Interleukin (IL)-1p und IL-6, gereift. Anschlieflend werden die
aktivierten DCs mit einem tumorspezifischen Antigen beladen, um schliefslich wieder
dem Patienten verimpft zu werden. Das primére Ziel dahinter ist die antigenspezifische
Aktivierung von zytotoxischen T-Zellen (CTLs), welche die Tumorzellen angreifen und
toten konnen. Um die Antitumorwirkung noch weiter zu unterstiitzen, ist die
Aktivierung des angeborenen Immunsystems, wie der natiirlichen Killerzellen (NK-
Zellen), von grofiem Nutzen. NK-Zellen sind nicht nur in der Lage, die Stimulation
weiterer T-Lymphozyten zu induzieren, sondern konnen Tumorzellen auch direkt
zerstoren. Jedoch konnen die {iiblicherweise verwendeten DCs die fiir die NK-
Zellaktivierung wegweisenden Zytokine IL-12 und IL-15 nicht sezernieren. Eine zentrale
Rolle in Verbesserungsansétzen fiir die therapeutische Impfung gegen Krebs spielt die
Aktivierung des nuclear factor kappa-light-chain-enhancer of activated B-cells-(NF-kB)-
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 (calKK{) kodiert. Es wurde bereits gezeigt, dass calKK3-DCs
dadurch die Fahigkeit bekamen, IL-12 zu produzieren und T-Zellen deutlich effektiver
aktivieren konnten. In dieser Arbeit wurde gezeigt, dass calKK(3-DCs auch NK-Zellen
effizient aktivieren konnen. Dies wurde durch eine erhohte Expression von CD54, CD69
und CD25 auf NK-Zellen, deren Fahigkeit IFNy zu produzieren sowie hoher lytischer
Aktivitdit nachgewiesen. Da calKKB-DCs jedoch weiterhin kein IL-15 sezernieren
konnten, wurde, um die Aktivierung der NK-Zellen weiter zu optimieren, neben der
calKKB-RNA ein chiméres IL-15/IL-15Ra-Konstrukt in die DCs transfiziert. Dadurch
konnten NK-Zellen mit einem noch deutlich erhohten Aktivititsniveau generiert
werden. Die Fahigkeit von calKKB-DCs, sowohl die adaptive als auch die angeborene
Immunantwort zu aktivieren, zeigt ein hohes Potenzial fiir 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 (ITNF) «, prostaglandin E2 (PGE2),
interleukin (IL)-1f, 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-
kB) signaling pathway of DCs plays a central role in improving therapeutic vaccination
against cancer. The NF-kB 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 (caIKKp). It has already been shown that calKK{-DCs were
able to produce IL-12 and significantly activate T cells. In this study, it was shown that
calKKB-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
IFNYy, and their high lytic activity against target cells. However, since calKKp-DCs still
could not secrete IL-15, a chimeric IL-15/IL-15Ra construct was transfected into calKKf3-
DCs to further optimize NK cell activation. As a result, NK cells with even higher levels
of activity were generated. The ability of calKK{-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 naive T cells [5]. DCs can be activated by several danger signals,
such as inflammatory cytokines, e.g. tumour necrosis factor alpha (TNFa), 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-kB)
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, TNFq«, and the chemokine CXCLS; 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,



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 IFNy 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 IFNY 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].



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).
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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)

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- 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.



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
TNFa, prostaglandin E2 (PGEz), IL-1B, 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 (in.) [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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Figure 2: Example of generation of DCs for DC-based vaccination.

(@) 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 Dorrie et al. (2020).

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-kB 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].



1.3.1 The role of the NF-kB pathway

NF-«xB 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-kB 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-kB is bound by IxB,
which inhibits NF-kB from translocating into the nucleus [44] (Figure 3). NF-kB can be
regulated by two pathways: the NF-kB 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 IkB-kinases, IKKa and IKKf3 [40,43]
(Figure 3). Due to various inflammatory stimuli, the IxB-kinase is triggered and
phosphorylates IxB which is bound to NF-kB. IkB is then ubiquitinated and degraded
within the proteasome [45] (Figure 3). NF-kB is now free to translocate into the nucleus

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

Activation of the NF-kB 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).



It must be pointed out that when DCs are matured with the standard cytokine cocktail,
the NF-kB 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-kB, for instance by using different TLR agonists, an enhanced activation of DCs
could be demonstrated [34-36,38]. Likewise, the usage of IFNy 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 Universitatsklinikum Erlangen, Germany, has established a method to enhance the
activity of dendritic cells through transfection of a constitutively active stabilized IKKf3
(calKKp) mutant into DCs to activate the NF-xB pathway [37].

In order to explicitly activate the NF-kB pathway, a stabilised mutant of IKKf 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
calKKp 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 TNFa [37]. The ability of DCs to
migrate towards lymphatic tissue is highly relevant, and the electroporation of
calKKB-RNA did not significantly reduce the DCs’ capability to migrate towards CCL19
[37]. Furthermore, Pfeiffer et al. could show that calKKf(-transfected DCs were able to

repetitively expand antigen-specific CD8* T cells with a better killer function [37].



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 1mmunotherapy [52].
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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 IFNy can stimulate CTLs directly.

Adapted and modified from Eva Lion et al. (2012).

Upon activation, NK cells secrete IFNy and TNFa 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 IFNvy [14,57] (Figure 4).



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 a chain (IL-15Ra) [62] (Figure 5). Neighbouring cells, like T cells or NK cells,
can detect IL-15 which is presented with the IL-15Ra in trans with their IL-2/IL-15Rf3
and -y chains [58,62] (Figure 5).

IL-2/IL15RB

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-15Ra which can be recognized by NK cells with their IL-2/IL-15R3
and -y chains.

Adapted and modified from Ali et al. (2015) and Patidar et al. (2016).

Therefore, IL-15, next to IL-12, could strongly support the activation of NK cells.
However, even though DCs transfected with calKKp 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-15Ra seems more promising. Several groups have shown that the presentation
of IL-15 complexed with IL-15Ra through APCs could lead to a significant increase in
NK-cell and CTL activation [64-66].



14 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-kB pathway through electroporation
of calKKB-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 calKKp-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 calKKf3-transfected DCs could activate both

cell types simultaneously.

As described above, adding IL-15 in complex with IL-15Ra 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-15Ra 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-xB 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-kB activated DCs’ capability to activate NK cells, mRNA encoding calKK{
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

21  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 calKK{3-RNA is a simple and safe
method to activate the NF-kB pathway and requires no major extra steps in the
development of DC vaccines. The level of NF-kB activation can be optimally controlled
by using calKK-RNA electroporation, as the expression levels of the transfected proteins
can be adjusted, and an over-activation of the NF-kB 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
221 Activating the NF-xB pathway

The activation of the NF-kB 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-kB 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-kB pathway was to transfect moDCs, matured with the standard cytokine
cocktail with calKKp [37]. As a result, the NF-kB 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-kB pathway through transfection of calKKf3
was efficient enough to additionally stimulate NK cells with a high lytic capacity and
the ability to secrete IFNy as well as small quantities of TNFa [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 IFNy 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-kB 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-1: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 TNFa, IFNy, PGE:, and R-848 [35]. aDCls,
created by Maillad ef al., were generated by using a maturation mixture consisting of
IFNa, IENy, TNFa, IL-13, and poly-I1:C [38], whereas Massa et al. used a maturation
cocktail containing IFNy and MLPA [32]. DCs matured with all these alternative
maturation cocktails were, as with the usage of calKK(-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 aDC1s and DCs matured with MPLA and IFNYy, as well
as calKK3-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-«xB. [31,32,35,38].

2.2.2 Improved activation of NK cells

Through the additional activation of the NF-kB pathway by electroporation of calKKf3-
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-kB-activated DCs by electroporation of calKK{3-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-15Ra molecule to
be transfected into DCs. Electroporation of calKKB-RNA together with chIL15-RNA led
to an improved activation status of NK cells, an enhanced secretion of IFNy, 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-kB pathway [52]. The fusion of IL-15 to the IL-15Rq, 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-15Ra, 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 calKKB-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 Universitatsklinikum Erlangen to test the efficacy of
calKKp-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 Dorrie et al [19].

The additional electroporation of chIL15 seems to be a promising method to further
improve calKKp-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-kB activated dendritic cells are able to secrete IL-12.

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

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

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

5. Natural killer cells and CD8* T cells can both be activated wvia
calKK-dendritic cells without competitive effects.

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

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

Background: In therapeutic cancer vaccination, monocyte-derived dendritic cells ([moDCs)
efficiently activate specific T-cell responses; however, optimizing the activation of innate
immune cells could support and improve the antitumor effects. A major disadvantage of
moDCs matured with the standard cytokine cocktail [consisting of IL-1B, IL-6, TNFa, and PGE,)
is their inability to secrete IL-12p70. IL-12 prominently activates natural killer [NK] cells,
which are crucial in innate antitumor immunity, as they act as helper cells for the induction of
a cytotoxic T lymphocyte {CTL] response and are also able to directly kill the tumar.

Methods: Previously we have shown that triggering the NF-«B pathway in moDCs by
transfection of mRNA encoding constitutively active IKKB [calKKP) led to IL-12p70 secretion
and improved the dendritic cells’ capability to activate and expand CTLs with a memory-like
phenotype. In this study, we examined whether such dendritic cells could activate autologous

NK cells.

Results: moDCs matured with the standard cytokine cocktail followed by transfection with
the calKKB-RNA were able to activate autologous NK cells, detected by the upregulation

of CDb4, CD6%, and CD25 on the NK cells, their ability to secrete IFNy, and their high lytic
activity. Moreover, the ability of NK-cell activation was not diminished by simultaneous T-cell

activation.

Conclusion: The capacity of calKKp-DCs to activate both the adaptive and innate immune
response indicates an enhanced potential for clinical efficacy.

Keywords: adoptive cellular immunotherapy, dendritic cells, interleukin-12, natural killer

cells, NF-xB
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Introduction

Dendritic cells (IDCs) play a wvital role in the
immune system. They build the bridge between
the adaptive and innate immune system because
they can activate both T cells via major histocom-
patibility complex (MHC) presentation of anti-
gens in conjunction with co-stimulatory signals!
and the innate immune system such as NK cells.2
Therefore, DCs have been used for therapeutic
tumor vaccination with the primary goal of acti-
vating cytotoxic T lymphocytes (CTLs) to enable
elimination of tumor cells.> Recently, evidence

emerged that not only adaptive immune
responses, but also the activation of the innate
immune system is important to fight against the
malignant tissue.*> NK cells activated by vaccine
DCs cant

DCs,%7 which in turn leads to additional activa-
tion of CTLs in a CD4" T cell-independent
manner,® (b) directly activate additional naive T
cells through IFNy secretion,® and (c¢) atrrack
and directly kill tumor cells,’® which can then
lead to a T-cell cross-presentation of released
tumor material by DCs, !

() induece the maturation of furthar
(&) 1nauce tnc mataration oi martner
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The standard protocol for cancer vaccination
generates DCs from monocytes by incubation
with granulocyte-macrophage colony-stimulating
factor (GM-CSF) and IL-4 over 6 days.'>!® These
immature DCs are usually matured using a stand-
ard cytokine cocktail consisting of TNFa, prosta-
glandin E2 (PGE,), IL-15, and IL-6.'* However,
so far the efficacy of tumer vaccination with these
DCs, like other cancer vaccines, is limited and
behind expectations when used as monother-
apy.'5 Therefore, different strategies for improve-
ment are currently under investigation including
combinations with checkpoint inhibitors, use of
optimal tumor antigens, and increase of the
immunostimulatory capacity of moDCs.

Welt and others!”!® have already observed, that a
limitation of the standard maturation protocol is
that the generated DCs spontaneously secrete
only low concentrations of IL-12p70. This
cytokine plays a pivotal role in the induction of T
cell-mediated immune responses!® and also in the
activation of NK cells.?? Consequently, additional
factors either apart from or in addition to the
standard maturation cocktail, are needed to more

efficiently activate DCs.

A key player in the process of DC activation is the
transcription factor NF-kB, which can be acti-
vated through the classical and the alternative
pathways. The classical NF-«B pathway is
induced through different danger signals, for
example, via pro-inflammatory cytokines or acti-
vation of Toll-like receptors (TLRs),?! which
then results in the activation of specific target
genes. After receiving the activation signal, the
IkB kinase (IKK) complex (IKKa, IKKB, and
IKXKYy, the latter also called NEMO) phosphoryl-
ates IxB, which then releases NF-«B (consisting
of RelA and p50).22 NF-kB then translocates into
the nucleus to activate its target genes,?? such as
for example, T1.-12,

The standard maturation cocktail already acti-
vates the NF-kB pathway in DCs,2* but not to its
full potential. Regarding the different strategies to
improve DC vaccination, the NF-kB pathway is
regularly involved, for example, through transfec-
tion of CD40 ligand?® or the use of different TLR
agonists,20-2% the latter employing a combination
of CD40 ligand, CD70 and constitutively acuve
(ca)TLR4 (TriMix). Massa and co-authors used
IFNy together with monophosphoryl lipid A
(MPLA) as an alternative maturation cocktail,
which activates NF-xB, and led to DCs with the

ability to secrete IL-12p70 and also to activate
both innate and adaptive immune responses.!?

We used a stabilized and constitutively active
mutant of IKKB as a direct and supplementary
activation signal for the NF-kB pathway. To this
end, we transfected calKKp-encoding mRNA by
electroporation into IDCs matured with the stand-
ard cytokine cocktail.'®? This procedure resulted
in DCs with an increased activation status and
the ability to secrete I1.-12p70. Moreover, these
DCs activated T cells with a higher lytic capacity
and a memory-like phenotype.!® In this study, we
investigated whether the activation of the NF-kB
pathway creates DCs that can also more effec-
tively activate NK cells.

Materials and methods

Nalls

Blood was obtained from healthy donors following
informed consent and approval by the institutional
review board (Ethikkommission der Friedrich-
Alexander-Universitit Erlangen Niirnberg, Ref.
no. 4158), and peripheral blood mononuclear
cells (PBMCs) were isolated using density cen-
trifugation with Lymphoprep (Axis-Shield PoC
AS, Oslo, Norway) as described previously.?! To
generate moDCs, monocytes were separated first
from the nonadherent fraction (NAF) by plastic
adherence and differentiated to immature DCs
over 6days in DC medium consisting of RPMI
1640 (Lonza, Verviers, Belgium) supplemented
with 1% nonautologous human plasma (Sigma-
Aldrich, St. Louis, United States), 2mM
L-glutamine (Lonza), and 20mg/l gentamycin
(Lonza), adding fresh DC medium with GM-CSF
(800 IU/ml; Miltenyi Biotec, Bergisch (Gladbach,
Germany) and IL-4 (250IU/mL; Miltenyi
Biotec) on days 1, 3, and 3, as described previ-
ously.?! On day 6, DCs were matured using the
standard cytokine cocktail consisting of 20010/
ml IL-1B (CellGenix, Freiburg, Germany),
1000IU/ml IL-6 (Miltenyi Biotec), 10ng/ml
TNFa (Beromun, Boehringer Ingelheim Pharma,
Germany), and 1ug/ml PGE, (Pfizer, Zurich,
Switzerland). DCs were electroporated after 24h
of maturation.

NK cells were isolated from autologous PBMCs
via negative selection using the Human NK cell
Enrichment Set-DM (BD Biosciences, Heidelberg,
Germany) according to the manufacturer’s
description.
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Cells were incubated at 37°C with 5% CO, unless
stated otherwise.

In vitro RNA transcription and electroporation

of DCs

In witro transcription of mRNA was carried out
using the mMESSAGE mMACHINE™ T7
ULTRA Transcription Kit (Life Technologies,
Carlsbad, CA, USA) and purified with an RNeasy
Kit (Qiagen, Hilden, Germany) according to the
manufacturers’ protocols. The RNA used for elec-
troporation encoded a constitutively active mutant
of IKKf,!¢ which activates the classical NF-«B
pathway. In a total volume of 100ul, 6 X 105 DCs
were electroporated with 30ug calKIK-RNA or
5ug EGFP-RNA or as a control mock electropo-
rated using a square-wave pulse, 1 ms, and 1250V/
cm as recently described in detail.??

Co-cultures

Transfected DCs were harvested 2—4 h after elec-
troporation and were either directly used for co-
culture experiments or were pulsed with 10 pg/ml
MelanA EAAGIGILTV-peptide {GenScript,
Leiden, Netherlands) for 1h and then used for
co-culture. Donors employed for peptide pulsing
were haplo-typed HLLA-A0201.

DCs were co-cultured with fresh autologous
PBMCs or purified NK cells at the indicated
ratios and incubated in MLPC medium consisting
of RPMI 1640 (Lonza), 10% nonautologous
human serum (Sigma-Aldrich), 2mM L-glutamine
(Lonza), 20mg/l gentamycin (Lonza), 10mM
HEPES (PAA Laboratories, GE Healthcare Life
Sciences, Pasching/Linz, Austria), 1 mM sodium
pyruvate (Lonza), and 1% nonessential amino
acid (100X; Lonza), whereas PBMCs and NK
cells only cultured in the respective medium
served as control. For co-incubations at ratios of
1:2, 1 X 10° DCs/ml and 2 X 10°* PBMCs/ml were
seeded in a 24- or 48-well, depending on cell
numbers, while for co-incubations at a ratio of
1:10 the final concentrations were 2 X 10° DCs/ml
and 2 X 10° PBMCs/ml. DCs and NK cells were
co-cultured at ratios of 5:1 and 1:1. For co-incu-
bations at a ratio of 5:1, the final concentrations
were 1 X 10° DCs/ml and 2 X 10> NK cells/ml.
For co-incubations at a ratio of 1:1, the final con-
centrations were 1 X 10% DCs/ml and 1 X 10° NK
cellssrml. PBMCs or NK cells cultured alone
served as control.

Cells were harvested after 24h, 48h, and after
1week of co-incubation, whereas supernatants
were taken after 24 h and 48h. Co-cultures over
1week were split and fresh medium was added
depending on thelr expansion rate.

Transwell analysis

To separate the cell populations from each other
while allowing the transfer of soluble factors,
transwell polycarbonate membrane cell culture
inserts (Corning Incorporated, New York, United
States) were used. Transfected DCs and freshly
isolated PBMCs were counted and resuspended
in 1 X 10¢ cells/ml and 2 X 106 cells/ml in MLPC
medium, respectively, Of these suspensions,
350l DCs were seeded in a 24-well plate, either
alone, adding 250 ul MLLPC medium, or together
with 250 ul PBMCs. After adding the membrane
(pore size: 0.4pum) 100ul PBMCs were seeded in
the upper compartment, We harvested cells after
48h from both the upper and lower compartment
and supernatant was takern.

Cell surface marker analysis

Cells were harvested after 24h, 48h, and 1 week.
The expression of surface markers was analyzed
by flow cytometry using anti-CD80-FITC,
anti-CD70-PE, anti-CD40-PE and their corre-
sponding isotype controls, and anti-CD56-
FITC, anti-CD3-APC-Cy7 or anti-CD3-V500,
anti-CD69-PE, anti-CD25-BV421 oranti-CD25-
PE, and anti-CD54-APC or anti-CD54-PE (all
from BD Biosciences) as recently described.?
Immunofluorescence was measured using a
FACS Canto II (BD Biosciences), data were
acquired with FACSDiva software (BD
Biosciences) and evaluated with FCS Express
software, version 5 (DeNovo Software). An aver-
age of approximately 6500 NK cells per measure-
ment was acquired, with a minimum of 500 and a
maximum of 23,000 cells.

MHC-tetramer staining

Co-cultures containing peptide-pulsed DCs and
PBMCs at a ratio of 1:10 (final concentrations
2 %X 105 DCs/ml and 2 X 10° PBMCs/ml) were har-
vested after 1 week. Cultures with DCs that had not
been peptide-pulsed served as controls. T cells spe-
cific for the MelanA peptde were detected with
HLA-A0201-PE ELAGIGILTV tetramer (pro-
duced in house according to Rodenko er al3%).
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Harvested cells were stained with the tetramer for
15min, then anti-CD3-APC-H7, anti-CD4-Alex-
aFluor700, anti-CD8-PE-Cy7, anti-CD56-BV421,
anti-CD16-FITC, anti-CD69-APC, and anti-
CD27-BUV395 (all from BD Bioscience) were
added and incubated for another 20min. After
washing twice with phosphate buffered saline, cells
were acquired on a FACS Fortessa (BD Bioscience).
CD8* T cells and NK cells were distinguished and
characterized wvia expression of CD3, CD56, CD8,
and CD69. The gating strategy is depicted in
Supplemental Figure S8.

Cytokine secretion analysis

The supernatants of the co-cultures were taken
after 24h and 48h of incubation. Cytokine con-
centrations were determined using the Human
Thl1/Th2 Cytometric Bead Array Kit II (BD
Biosciences) or the Human Inflammatory
Cytometric Bead Array Kit (BD Biosciences) fol-
lowing the manufacturer’s instructions. Immuno-
fluorescence was measured using a FACS Canto
II (BD Biosciences), data were acquired with
FACSDiva software (BD Biosciences) and evalu-
ated with FCS Express software, version 5
(DeNovo Software).

To illustrate cytokine secretion on a per cell level,
we normalized each cytokine concentration to cell
number. We calculated the IL-12p70secretion
per 10° DCs as follows: the cytokine concentra-
tion of IL-12p70 was multiplied by 2 for the con-
ditions Mock only, Mock 1:2, calKKp only, and
calKKp 1:2, or multiplied by 10 for the condi-
tions Mock 1:10 and calKKp 1:10. The TNFa
and IFNy secretion per 10% NK cells was calcu-
lated as follows: the average cytokine concentra-
tion of IFNy and TNFa was multiplied by 2 for
the conditions NK only, Mock 1:1, and calKK}p
1:1, or multiplied by 10 for the conditions Mock
5:1 and calKK§p 5:1.

Cytotoxicity assay

The cytolytic capacity of NK cells was deter-
mined after 1 week of co-incubation with DCs in
a standard 4-6h 5'Cr release assay as described
previously.?® Briefly, the target cell line K562 was
labeled with 100pCi of Na,’1CrO,/10° cells.
Target cells were washed and subsequently cul-
tured in 96-well plates (Thermo Fisher, Waltham,
MA, USA) at 1000 cells/well. The labelled cells
were then incubated with titrated amounts of
effector cells (E:'T ratios of 20:1, 6:1, 2:1, and

0.6:1) for 4-6h, followed by collection of super-
natants for measurement of released chromium
concentrations using the Wallac 1450 MicroBeta
plus Scintillation Counter (Wallac, Turku,
Finland). The percentage of lysis was calculated
using the following formula:

[(measured release — background release):| /

[(maximum release — background release)] x 100%.

Statistical analysis

For the creation of graphs and statistical analysis
GraphPad Prism, version 7 (GraphPad Software,
La Jolla, USA) was employed. p values were
determined comparing the respective conditions
(for DC and PBMC co-cultures: Mock
1:2 + calKKp 1:2 and Mock 1:10 + calKKp 1:10;
for DC and NK co-cultures: Mock 5:1 + calKKp
5:1, Mock 1:1 +calKKp 1:1) using the paired
Student’s 7 test assuming a Gaussian distribution.
It should be mentioned that not all formal require-
ments for the paired Student’s ¢ test are fulfilled
here: owing to our limited sample sizes, normal
distribution cannot be tested. On the other hand,
when we performed very similar experiments with
more donors in the past, we usually observed a
Gaussian distribution. In addition, Student’s ¢
test is rather robust, even if this criterion is mildly
violated.?®

Results

Stimulation with calKKp-transfected mature

DCs leads to the upregulation of activation
markers on NK cells

Electroporation of calKK mRNA in DCs
matured with the standard cytokine cocktail leads
to efficient activation of the classical NF-kB path-
way, resulting in an enhanced activation state of
mature DCs!® accompanied by a more long-last-
ing and higher stimulation capacity towards T
cells.1% Transfection efficiency of DCs with mRNA
is generally very robust with over 90% positive
cells®” (Supplemental Figure S1A). The activation
of the NF-xB pathway through calKKf-mRNA
transfection is demonstrated by the upregulation
of several activation markers such as CD70,
CD80, and CD40 in the whole population of the
DCs (Supplemental Figure S1B).

To analyze whether DCs transfected with calKK 3
could also trigger the activation of NK cells,
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Figure 1. Stimulation with calKKp-transfected mature dendritic cells [DCs] results in the upregulation of

activation markers on NK cells.

Cytokine-matured DCs were electroporated either with calKKB-RNA or as a control were mock electroporated. (al
Transfected DCs were co-cultured with fresh autologous peripheral blood mononuclear cells [PBMCs) 2-4 h after
electroporation at a ratio of 1:2 (final concentrations: 1< 10¢ DCs/ml and 2 X 106 PBMCs/mll or 1:10 [final concentrations:
2105 DCs/ml and 2 X 10¢ PBMCs/ml). To determing background levels, PBMCs were cultured alone. Cells were harvested
after 24 h or 48h and the expression of the surface markers CD54, CD69, and CD25 was determined via flow cytometry (using
the gating strategy shown in Supplemental Figure 52]. All values show the upregulation of each surface marker, calculated
relative to the mean flucrescence intensity (MFI) of PBMCs alone. The average fold induction of four different donors with
the SEM is shown; for original data, see Supplemental Table $1. Each donor was analyzed in independent experiments.

(b] DCs were co-cultured with fresh autologous NK cells at a ratio of 5:1 (final concentrations: 71X 10¢ DCs/mland 2 X 10°
NK cells/ml) or 1:1 (final concentrations: 1 X 10¢ DCs/mland 1 10¢ NK cells/ml). To determine background levels, NK
cells were cultured alone. Cells were analyzed as described in [a). Average fold induction (relative to MFI of NK cells alone)
is shown from four different donoers with SEM; far criginal data see Supplemental Table S2. p values were calculated to

the respective mock condition with the paired Student’s { test using the specific MF| values, "p=0.01, "p=:0.05, numbers

indicate p value of 0.05=p=0.1.

calKKp-transfected DCs or mock-transfected
DCs were co-cultured with PBMCs at a cell ratio
of 1:2 and 1:10, for 24h, 48h, and 1week.
PMBCs cultured in the absence of DCs served as
control. At the indicated time points cells were
stained with antibodies directed against CDD56
and CD3 to define CD3 CD56% NK-cells as
indicated in Supplemental Figure S2. NK-cell
activation was assessed by measuring the expres-
sion of CD25, CD54, and CD69 by flow cytom-
etry. These markers are well known to be
upregulated on activated NK cells. 383

On NK cells stimulated with calKIKB-DCs, the
activation markers CD54, CD69, and CD25 were

upregulated significantly, in comparison with NK
cells stimulated with mock-electroporated DCs
(Figure 1(a) and Supplemental Figure S3). The
expression of CD54 on NK cells stimulated with
calKKp-transfected DCs was about twice as high
as on NK cells stimulated with mock-electropo-
rated DCs at both cell ratios of 1:2 and 1:10,
reaching significance after 24h at a DC/PBMC
ratio of 1:2 (Figure 1(a)). In conditions with a
ratio of 1:2, the expression of CD25 was also sig-
nificantly higher on NK cells stimulated with
calKK(3-DCs after 48h. The strongest effect was
observed for CD69 with up to eightfold increased
expression levels on NK cells co-incubated with
calKKB-transfected DCs at a DC/PBMC ratio of
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1:2. In contrast, the CD69 expression on NK cells
co-cultured with mock-DCs only increased up to
twofold (Figure 1(a)) when compared with the
background mean fluorescence intensity {MFI) of
PBMUC s that were cultured alone. The expression
of CD69 and CD25 on NK cells stimulated with
cal KKB-DCs at a cell ratio of 1:10 was upregu-
lated to a lesser extent, and reached significance
after 48 h (Figure 1(a)).

After showing that calKK(B-DCs activated NK
cells in co-culture with PBMCs, we studied
whether this activation was alse possible with
purified NK cells, or if bystander cells were nec-
essary. For this, transfected DCs were co-cul-
tured with purified NK cells at a cell ratio of 5:1
and 1:1 or, to measure background expression
levels, NK cells were cultured alone. Indeed,
again all three activation markers on the NK cells
were highly and significantly upregulated by stim-
ulation through calKKB-DCs (Figure 1(b) and
Supplemental Figure S4).

The upregulation of the activation markers
CD54, CD69, and CD25 on NK cells was pre-
served up to lweek of co-incubation with
calKKB-DCs, however only reaching significance
for CD54 at a ratio of 1:1 (Supplemental Figure
S5A). After 1 week of incubation, NK cells incu-
bated alone did not sufficiently survive, whereas
NK cells co-cultured with mock or calKKB-DCs
were able to persist during this period. After
1week of co-culture, NK cells stimulated with
calKKB-DCs changed their morphoelogy and
increased in size (Supplemental Figure S5B). In
addition, the intensity of the CD56 expression
increased (Supplemental Figure S5C) indicating
a superior activation state of these NK cells, com-
pared with the controls. Thus, calKK[3-DCs were
well capable of activating NK cells and this acti-
vation occurred independently of bystander cells.

The presented data support the hypothesis that
calKKB-DC enhance NK-cell activation, based
on CD25, CD54, and CD69 expression, but fur-
ther research is necessary to determine the direct
effects of calKKB-DCs on the expression CD16
and natural cytotoxicity receptors, including
NKG2D.

Stimulation of NK cells with calKK[}-DCs leads
to the secretion of pro-inflammatory cytokines
To determine which cytokines are involved in the
stimulation of NK cells by cytokine-matured

DCs, in which the NF-xB pathway was activated,
calKK[3-electroporated DCs or mock-¢lectropo-
rated DCs were either cultured alone, or co-cul-
tured with PBMCs at a DC/PBMC ratio of 1:2
and 1:10. As an additional control, PBMCs were
cultured in the absence of DCs. Supernatants
were harvested after 24 h or 48 h and the secretion
of different cytokines was determined via a cyto-
metric bead array.

Wel® and others!” have previously shown that
DCs matured with the standard cytokine cocktail
do not sufficiently secrete IL-12p70. However,
activation of the NF-«kB pathway in such DCs
enabled the secretion of this cytokine was shown
by our group!® and also in Figure 2(a) and (b). As
IL-12p70 1s an important cytokine for the activa-
tion of NK cells,'” we studied whether calKKp-
DCs have a positive effect on NK-cell activation.
A reason for the lower IL-12p70 concentration in
the DC/PBMC co-cultures at a cell ratio of 1:10
compared with the DC/PBMC co-cultures at a
cell ratio of 1:2 could simply be the presence of
fewer DCs in the former, To demonstrate this,
the I1.-12p70 production was normalized to DC
numbers which showed a constant production
of approximately lng IL-12p70per 10° DCs
(Supplemental Figure S6A).

As IFNy and TNFa are strongly secreted by acti-
vated NK cells, it was analyzed whether both
cytokines were secreted after NK cell stimulation
with calKK3-DCs, known to produce intermedi-
ate amounts of TNFa, but not IFNy.!%3° Both
cytokines were barely secreted in co-cultures with
mock-transfected DCs, whereas high and signifi-
cant quantities were detected in co-cultures with
calKKB-DCs (Figure 2(a)). IFNy was hardly
secreted by calKKB-DCs alone, or by PBMCs
alone, but was highly secreted in co-cultures stim-
ulated with calKKB-DCs after 24h and 48h,
especially at a DC/PBMC ratio of 1:2, barely
missing the level of significance (Figure 2(a)).
After 24h, a low concentration of TNFa was
detected in co-cultures with mock-transfected
DCs, calKKpB-DCs, and PBMCs alone, but it
was strongly and significantly secreted in co-cul-
tures with calKK[p-electroporated DCs, at both
DC/PBMC ratios of 1:2 and 1:10 (Figure 2(a)).
After 48h TNFa secretion decreased (Figure
2(a)). IL-10 was only secreted in marginal
amounts in each condition (data not shown).

To address whether bystander cells produced
the IFNy and TNFc, transfected DCs were

journals.sagepub.com/home/tam

29



NC Bosch, RE Voll et al.

W 24h O 48h
IL-12p70 IFNy TNFa
4 15 52 0.25
= o2 dedede
£ |os == 02
£l : 10 1 '
E 0.6 A * 0.15 e
7
E 0.4 4 © 5 % 0.1 e
g S 5
81 0.2 4 0.05 (S
0 4
% only 1:2 1:10 only 1:2 1:10 % only 1:2 1:10 only 1:2 1:10 (i) only 1:2 1:10 only 1:2 1:10
in Mock calKKp & Mock calKKp o Mock calKKB
(a)
IL-12p70 IFNy TNFa &
8
A2 80 0.1 S
E 60 | 0.08
g_ 0.8 4 «M 0.06 N
E 0 E 0.04
£ |04 2c ' *
s =01 s 0.02
o
04 T 4 T T T
NK only 5:1 1.1 only 51 1:1 NK only 511 1:1 only 5:1 1:1 NK only 5:1 1:1 only 5:1 1:1
Mock calKKf Mock calkKKB Mock calKKB
(b)

Figure 2. calKKp-DCs induce NK cells to secrete pro-inflammatory cytokines.

Cytokine-matured dendritic cells [DCs) were either electroporated with RNA encoding calKKp or as a control were mock
electroporated. (a) Transfected DCs were co-cultured 2-4 h after electroporation with fresh autelogous peripheral blood
mononuclear cells [PBMCs) at a ratio of 1:2 (final concentrations: 1% 10¢ DCs/ml and 2 X 105 PBMCs/ml) or 1:10 [final
concentrations: 2% 10% DCs/mland 2 X 106 PBMCs/mll. As contrals, PBMCs and DCs were cultured alone, Secretion of IL-12p70,
TNFa, and IFNy was measured in the supernatant by Cytometric Bead Array after 24h and 48h of co-incubaticn. Average cytokine
concentrations with SEM are shown from 7 (24 h] or 4 (48h)] different donors; for original data see Supplemental Table $3. [b]
Transfected DCs were co-cultured with fresh autologous NK cells at a ratio of 5:1 (final concentrations: 1 106 DCs/ml and 2 % 10°
NK cells/ml or 1:1 (final concentrations: 1 10¢ DCs/mland 1% 10¢ NK cells/ml). As controls, NK cells and DCs were cultured
alone. Cytokine secretion was measured as described in (a). Average cytokine concentrations are shown from 5 (24 h) or 4 [48h)
different donors; for original data see Supplemental Table S4. p values were calculated to the respective mock conditicn with the
paired Student’s  test, ""p=:0.0001, ""p=0.001, "p=0.01, "p=0.05, numbers indicate p values of 0.05=p=0.1.

co-cultured with purified NK cells at a DC/NK
cell ratio of 5:1 and 1:1 and cytokine concentra-
tions were determined in the supernatant. In co-
cultures with purified NK cells and calKKJ}-
electroporated DCs, IFNy was still very efficiently
and significantly secreted at a cell ratio of 1:1
(Figure 2(b)). TNFa was still secreted at higher
concentrations in co-cultures of purified NK cells
with calKKB-DCs (barely missing significance at
a ratio of 1:1 after 24h) compared with NK cells
with mock DCs, but in lower concentrations
compared with co-incubations of PMBCs and
calKK{3-DCs (Figure 2(b)). The large difference
in cytokine secretion levels between DC/NK co-
cultures at a cell ratio of 5:1 and 1:1 could possi-
bly be a result of fewer NK cells present at a cell
ratio of 5:1. Therefore, the cytokine production
was normalized to NK cell numbers, demonstrat-
ing that IFNy was indeed constantly secreted at a

concentration of approximately 60ng (24h) to
100ng (48h) per 10® NK cells (Supplemental
Figure S6B). It is noteworthy that the secretion
of TNFa per 10% NK cells was clearly higher if
more DCs were seeded together with the same
amount of NK cells (Supplemental Figure S6B).
These data indicate that the NK cells are prob-
ably the main sources for IFNy secretion, but we
cannot say for sure which cells are primarily
responsible for TNFa secretion, Another possi-
bility is that through a DC/NK cell crosstalk, the
activated NK cells trigger additional secretion of
pro-inflammatory c¢ytokines in the DCs. In sum-
mary, the interaction of NK cells with calKKf3-
transfected DCs triggered the production of
large quantities of IFNY, and also small, but sig-
nificant quantities of TNFa, proving an active
interaction of the calKKp-DCs with the NK
cells.
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Figure 3. Cell-cell interaction is necessary for best NK-cell activation by calKKp-DCs.

[al Cytokine-matured dendritic cells [DCs) were electroporated with calKKB-RNA or, as a negative control, were mock
electroporated. A transwell assay was carried out, to analyze whether cell-cell interacticn between DCs and NK cells was
required, using a membrane allowing transfer of soluble factors while separating cell populations, 2-4h after electroporation.
DCs and fresh autologous peripheral blood mononuclear cells [PBMCs] were either completely separated through a 0.4pm
pore sized membrane (l=mock DCs, Il=calKKB-DCs] or were co-cultured in the lower compartment (111.2) and separated

from further PBMCs in the upper [11.1). Each condition was incubated for 48h. [b) Surface marker expressions (CD54, CDé9,
and CD25) on NK cells (using the gating strategy shown in Supplemental Figure 52] were determined for each condition as
described in (2] by flow cytometry. Average values of 4 (1) or 5 (Il and lll) different donors with SEM are shown; for criginal data,
see Supplemental Table S5. (c] The concentrations of IL-12p70, TNFe, and IFNy in the supernatants from each condition were
measured by Cytometric Bead Array. Average values of 4 (1) or 5 (Il and 1l1) different donors with SEM are shown; for original
data, see Supplemental Table Sé. All denors were analyzed in independent experiments. p values were evaluated using paired
Student’s ¢ test, "p=0.05, numbers indicate p values of 0.05=p=0.1in [b) and [c).

The cell-cell interaction between cal KKB-
transfected DCs and NK cells is necessary for
optimal NK-cell activation

In addition to IL-12p70 a variety of other cytokines
are induced by NF-kB-activation of calKKp-
transfected DCs. 183 Therefore, it was investigated
whether the secreted soluble molecules by the
calKKB-DCs were sufficient to activate the NK
cells or if direct cell-cell interaction is needed.
Mock-transfected and calKKp-transfected DCs
were subjected to a transwell assay, which prevents
cell contact of PBMCs and DCs, but allows soluble

factors to pass (Figure 3(a)). DCs and PBMCs
were either completely separated from each other
(Figure 3(a); I+1II), or DCs and PBMCs were co-
cultured and separated from further PBMCs
(Figure 3(a); III). To measure NK-cell activation,
the expression of CD54, CD25, and CD69 was
determined after 48h of incubation (using the gat-
ing strategy shown in Supplemental Figure S2, to
gate on NK cells). The expression of all three sur-
face markers was the highest when DCs and
PBMCs had direct cell-cell contact (Figure 3(b);
II1.2 and Supplemental Figure S7). For CD54 and
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CD69, the differences to NK cells separated from
pure calKKB-DC were significant. Interestingly,
CD54 and also slightly CD69 expression was
upregulated on PMBCs that were separated from
the PBMC/calKKB-DC co-culture {Figure 3(b);
ITI.1}, although not as high when PBMCs and DCs
were in direct contact. This result indicates that a
DC/NK interaction resulted in the release of solu-
ble factors with some NK-cell activation capacity.

Secretion of IFNy was only sufficiently and sig-
nificantly detectable when DCs and PBMCs were
allowed to interact directly (Figure 3(c)). TNFu
was strongly secreted when calKKfB-DCs and
PBMCs were co-cultured, intermediately when
calKK(3-DCs and PBMCs were separated and
not at all in the mock condition (Figure 3(c)).
These data show that calKKB-DCs and NK cells
require direct cell-cell interaction for improved
NK-cell activation. Activated NK cells seem to
induce the activation of further NK cells, inde-
pendently of direct cell contact.

calKKp-DCs can simultaneously activate both
CD8" T cells and NK cells

The classical function of DCs in therapeutic
tumor vaccination is the activation of tumor-spe-
cific T cells that attack the tumor. Hence, it is
essential that the DCs’ ability to activate CD8' T
cells is not diminished. On the other hand, it may
be possible that the T cells that are stimulated by
the DCs compete with the NK cells for the
DC-mediated activation. To investigate this, we
analyzed whether NK cells and T cells were in
competition with one another or if they could
both be activated simultaneously in a cal KK pB-DC/
PBMC co-culture. Therefore, calKKB-RNA-
electroporated and mock-electroporated DCs
were loaded with a CD8* T-cell epitope from the
melanoma antigen MelanA, or were left untreated
as a control. These DCs were co-cultured with
autologous PBMCs at a cell ratio of 1:10. After
1week of stimulation, cells were stained with
antibodies directed against CD56, CD3, and
CDS8 to distinguish between CD3/CD56" NK
cells and CD8+/CD3/CD56- T cells (using the
gating strategy in Supplemental Figure S8).
calKKf(-DCs loaded with the MelanA peptide
were able to expand MelanA-specific CD8* T
cells on average to 0.75% of all CD8", whereas
mock-¢lectroporated DCs were able to vield an
average of 0.16% MelanA-specific CD8* T cells.
A representative donor out of four is shown in
Figure 4A; data from all donors are depicted in

Supplemental Table S7. To display NIK-cell acti-
vation the expression of CD69 was determined
(Figure 4B). The expression of CD69 on NK
cells stimulated by calKKp-DCs with MelanA
peptide was almost exactly as high as on NK cells
stimulated by calKK[3-DCs without a peptide
(Figure 4B). These data indicate that at least in
this model system, calKKB-DCs were able so
specifically activate CD8" T cells, while simulta-
neously interacting with NK cells. In addition,
NK-cell activation was not diminished in the
presence of a tumor antigen-derived T-cell
epitope, indicating no competitive effects between
T-cell and NK-cell activation.

calKKp-electroporated mature DCs induce NK
cells that can lyse K562 target cells

One of the most desirable properties of DCs for
their use in tumor vaccination is their ability to
activate effector cells to initiate tumor killing, We
could previously show that CD8" T cells stimu-
lated with calKKB-DCs were activated with a
superior lytic capacity towards tumor cells com-
pared with DCs matured with the standard proto-
col.’® As NK cells could also ecliminate tumor
cells, a standard cytotoxicity assay was performed
to determine whether calKKB-DCs could also
stimulate NK cells to lyse tumor cells. Therefore,
calKKB- or mock-transfected DCs were co-cul-
tured with autologous PMBCs at a cell ratio of
1:2 and 1:10 (Figure 5(a)) or with autologous
purified NK cells at a cell ratio of 5:1 and 1:1
(Figure 5(b)) for 1 week. The resulting cell popu-
lation was then used in a cytotoxicity assay against
K562 cells with a target-to-effector ratios of 1:20,
1:6, 1:2, and 3:2.

Mock-electroporated DCs could not sufficiently
activate NK cells as they were not able to lyse the
target cells (Figure 5A, B). In contrast, the
calKKB-DCs were able to stimulate PBMCs and
also purified NK cells, resulting in NK cells that
efficiently lysed the K562 cell line (Figure 5).
Stimulated PMBCs were able to lyse K562 cells
at a target-to-effector ratio of up to 1:2, reaching
significance at a target-to-effector ratio of 1:20,
when DCs and PMBCs had been co-cultured at a
cell ratio of 1:10 (Figure 5(a)). calKKB-DC/
PBMUC co-cultures at a cell ratio of 1:2 also led to
a cell population with an enhanced ability to lyse
K562 cells, however, without reaching signifi-
cance. Regarding purified NK cells, both calKK[}/
NK cell ratios of 5:1 and 1:1 were able to equip
these NK cells with the ability to significantly lyse
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Figure 4. Stimulation of peripheral blood
mononuclear cells [PBMCs] with calKKB-DCs leads to
activation of both NK cells and CD8~ T cells.
Cytokine-matured dendritic cells (DCs) were electroporated
either with calKKB-RNA or, as a control, were mock
electroporated. Transfected DCs were then either loaded with
a CD8' T-cell epitope from the melanoma antigen MelanA
[MelA pept] or were left untreated (no pept]. These DCs were
ce-cultured with fresh autologous PMBCs at a ratic of 1:10
[final concentrations: 2 10° DCs/ml and 2 %X 10¢ PBMC/ml]
and incubated for 1week. (al MelanA-specific CD8* T cells
were measured by peptide-HLA-tetramer staining. To identify
CD8* T cells the gating strategy shown in Supplemental
Figure S8A-E was used. The percentage of MelanA-specific
CD8* T cells out of all CD8* T cells was calculated. Dot plots
from a representative donor out of four individual donors is
shown; for all original data, see Supplemental Table S7. [b)
The expression of CD&% on NK cells (using the gating strategy
shown in Supplemental Figure S8A-D to identify NK cells)
was determined for each condition via flow cytometry. The
average MFI of four different donaors with the SEM is shown;
for original data, see Supplemental Table $8. p values were
calculated to the respective mock condition with paired
Student’s ¢ test. “p=0.01, *p=0.05.

K562 cells at a target-to-effector ratio of 1:20.
Purified NK cells that were stimulated with
calKKB DCs were able to lyse K562 cells at a

target-to-effector rato of up to 1:2, when co-
incubated at a ratio of 5:1 and even up to 1:0.6
when co-incubated at a ratio of 1:1.

Discussion

The DCs currently used for tumor vaccination
were mainly optimized for induction of potent
tumor-specific T cells, but the clinical efficacy
observed after treatment with DCs as monother-
apy suggested that an improvement of this
approach is required. Therefore, next to new
combinatorial approaches, it is of great impor-
tance to generate DCs with immunostimulatory
functions beyond CTL induction.

Our group has established a method to enhance
the activation of monocyte-derived DCs matured
with the standard cytokine cocktail through sub-
sequent transfection with a calKKp in order to
additionally activate the NF-xB pathway. This
strategy generated DCs with several advanta-
geous features: (1) the activation of NF-xB led to
an increased activation status of DCs by upregu-
lation of several activation markers, while their
ability to migrate towards lymphatic tissue
remained intact; (ii) they spontancously and con-
tinuocusly secreted IL.-12p70; and, thus, (i} acti-
vate CD8* T cells that displayed a memory-like
phenotype characterized by an upregulation of
CD27 with a superior lytic capacity.'® DCs
matured with only the standard cocktail required
CD4* T cell help to secrete IL-12p70 and to
induce CD8™ T cells with similar features.?

In the study described here, we show that
calKKB-DCs strongly activate NK cells in con-
trast to DCs generated with the standard proto-
col. Following contact with calKKB-DCs,
activated NK cells were able to secrete high
amounts of IFNy and also some TNFa (Figure
2), which can promote further activation of DCs,”
and naive T cells® for induction of robust cyto-
toxic T-cell responses. Indeed, a clearly increased
expansion of tumor antigen-specific CD8* T cells
by the calKKB-DC was found when compared
with conventional DCs in presence of NK-cells
(Figure 4). Nevertheless, in theory NK cells and
T cells might compete for the DCs, thus resulting
in a lower NK activation when the DCs had to
stimulate both types of effector cells simultane-
ously. However, the fact that loading calKKf3-
DCs with an antigen resulted in the generation of
specific CD8* T cells and that this did not influ-
ence NIK-cell activation (Figure 4) indicated that
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Figure 5. NK cells stimulated with calKKB-DCs can
kill K562 cells.

Cytokine-matured DCs were electroporated either with
calKKB-RNA or, as a control, were mock electroporated. (a)
Transfected dendritic cells [DCs] were co-cultured with fresh
autologous peripheral blood monenuclear cells [PBMCs] at a
ratio of 1:2 (final concentrations: 1x 10¢ DCs/mland 2 x 10¢
PBMCs/ml) or 1:10 [final concentrations: 2 X 10° DCs/ml and
2% 106 PBMCs/ml] and incubated for 1week. The cytolytic
capacity of the resulting cell population was determined in
a®chromium release assay. The K562 cell line was used

as target at the indicated effector to target ratios. Average
values = SEM of three independent donors, each analyzed in
triplicates, are shown; for original data see Supplemental Table
59. [b) Transfected DCs were co-cultured with fresh autologous
NK cells at a ratio of 5:1 (final concentrations: 1 106 DCs/ml
and 2 % 108 NK cells/ml] and 1:1 (final concentrations: 1< 10¢
DCs/mland 1104 NK cells/ml] and incubated for 1week.

The lytic capacity of the resulting NK cells was determined as
depicted in [al. Average values = SEM of three independent
donors, each analyzed in triplicates, are shown; for original
data, see Supplemental Table $10. p values were calculated to
the respective mock condition using the paired Student’s ¢ test,
“p=0.01, "p=s0.05, numbers indicate p values of 0.05=p=<0.1.

no competition between T-cell and NK-cell acti-
vation occurred in the utilized model system.

In addition, the DC-activated NK cells by them-
selves were able to effectively lyse the classical
HILA-negative NK-cell target K562 (Figure 5).
Hence, the simultaneous activation of CTL and
NK cells would allow an attack on the tumor via
tumor antigens presented in HLA class I and effi-
ciently preempt the immune escape mechanism
of HLA class I loss. The mechanisms by which
the NK cells exert this killing remains to be fur-
ther investigated; so far, we excluded degranula-
tion as well as production of IFNy and TNFa via
CD107a and intracellular staining (data not
shown) suggesting that cell-surface interaction
might to play a role here.

The observation that even immature moDCs are
in principle able to activate NK cells was made
many years ago, but the classical maturation
cocktail did not increase this ability.?! Therefore,
other groups have focused on creating improved
protocols using alternative maturation mixtures,
mostly containing different TLR agonists,!7:>7:?8
inducing DCs to more efficiently activate effector
cells, Anguille er al. used so-called IL-15-DCs by
replacing I1.-4 with IL-15 during the differentia-
tion of DCs and then using TNFa, IFNy, PGE,,
and R-848 (a TLR-7/8 agonist) for maturation.?”
The maturation cocktail used by Massa er al. con-
tained IFNy and MLPA,!7 which is a ligand for
TLR-4, whereas Mailliard et al. used a matura-
tion mixture consisting of IFNo, IFNy, TNFa,
IL-1B, and a TLR-3 agonist (p-1:C), creating so-
called a-type-1-polarized DCs (aDC1).28

The calKKp-DCs, like the I1-15-DCs, oDC1,
and DCs matured with MLPA and IFNy were all
able to effectively activate NK cells as shown in
the upregulation of CD69 (Figure 1),17:4243
CD25 (Figure 1), CD54 (Figure 1), and fur-
ther activation markers.*? calKKp DCs were able
to activate both NK cells in co-cultures with
PBMCs and also with purified NK cells showing
that bystander cells were not necessary for
NK-cell activatdon. NK cells activated through
calKKB-DCs or MPLA and TFNy matured DCs
were both able to secrete IFNy (Figure 2).17 Both
these DCs and also IL-15-DCs were able to
induce NK cells to effectively kill certain tumor
cell lings (Figure 5).17%% Cytotoxicity of NK cells
activated by «DC1s was not analyzed.*2 Regarding
IFNy production, IL.-15-DCs alone were already
able to secrete IFNy themselves, whereas in
IL-15-DC/NK co-culture the secretion of IFNy
did not increase significantly.*?® aIDC1 were able
to induce IFNy production by NK cells, but only
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when aDC1 were co-cultured with PBMCs (or
together with CD40L stimulation). In aDC1/NK
cell co-cultures, neither IFNy secretion was
detectable, nor was an upregulation of CD69
seen, showing that co-factors (such as CD40L)
are needed for NK-cell activation with oDC1.%?
In this context, it is noteworthy that CID40L is a
bona fide activator of the NF-xB pathway.

The standard maturation cocktail contains PGE,
as it has been shown that it is important for the
DCs’ ability to migrate to the lymph nodes
(LLNs).*%> However, PGE, interferes with the
IL-12p70 secretion by DCs.%%7 Through elec-
troporation of calKK(B-RNA in DCs matured
with the standard maturation cocktail, this prob-
lem could be overcome, as these DCs still could
migrate towards the LN, but had the ability to
secrete high amounts of IL-12p70.'¢ For IL-15-
DCs PGE, was contained in their maturation
cocktail, indeed creating DCs that could migrate
towards the LN. However, these DCs were not
able to secrete IL-12p70 when left alone, only
gaining this ability when co-cultured with
CD40L-transfected 3T3 mouse fibroblasts, rep-
resenting the CD40-CD40L interaction between
DCs and helper T cells.?” Even though PGE, was
not included in the maturation cocktail to create
aDDCls, these DDCs were still able to migrate
towards the corresponding chemokine, although
not quite as well as DCs matured with the stand-
ard protocol.28 Despite strong CCR7 expression
on DCs matured with MPLA and IFNy, these
DCs did not show efficient migratory capacity
towards CCLZ21, indicating a low potency to
migrate towards the LN.%® Both aDC1 and DCs
matured with MPLA and IFNy were able to
secrete IL-12p70,17:28

The ability to secrete IL-12p70 is one of the most
favorable features for vaccine DCs. IL-12p70
plays a crucial role in the development of a CD8*
T-cell memory,* and it is also important for a
Thl response.’® Massa er al. showed that NK
cells are highly dependent on IL-12p70 for the
production of IFNYy, whereas I1.-12p70 does not
play a central role in the cytotoxicity of NK cells.!”
In line with others,22° we observed that the solu-
ble factors secreted by the calKKB-DC, including
IL-12p70, did not induce NK cells to secrete
IFNv, but that direct cell-cell interaction was
required. An interesting observation was that
once NK cells had become activated wvia direct
interaction with calKKB-DCs, further NK cells
that could not directly interact with these DCs

were also slightly activated, as indicated by upreg-
ulation of CD54 and slightly CD69, but not
CD25 (Figure 3). It is possible that IFNy in con-
cert with other cytokines produced by activated
NK cells, led to the stumulation of further NK
cells (as reviewed by Boehm er @/.>!). This may
indicate a positive feedback mechanism for NK
cell recruitment but this process as well as the
induced activation program within those NK cells
requires further investigations.

In conclusion, calKKB-DCs meet many features
for an optimal vaccination: they can migrate
towards lymphatic tissue, secrete II-12p70 for
more than 2days, activate CTL. with a memory-
like phenotype and NK cells. The possibility to
activate the NF-xB pathway by mRNA electropo-
ration is another advantage as this is a safe method
approved and tested for clinical use.'3! Therefore,
we believe that calKKB-DCs are a powerful tool
for anticancer vaccination and we are about to
start testing these DCs in a phase I clinical trial.
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Abstract: Natural killer (NK) cells, members of the innate immune system, play an important role in
the rejection of HLA class I negative tumor cells. Hence, a therapeutic vaccine, which can activate
NK cells in addition to cells of the adaptive immune system might induce a more comprehensive
cellular response, which could lead to increased tumor elimination. Dendritic cells (DCs) are capable
of activating and expanding NK cells, especially when the NFkB pathway is activated in the DCs
thereby leading to the secretion of the cytokine 1L-12. Another prominent NK cell activator is IL-15,
which can be bound by the IL-15 receptor alpha-chain (IL-15R«) to be transpresented to the NK
cells. However, monocyte-derived DCs do neither secrete IL-15, nor express the IL-15Rx. Hence, we
designed a chimeric protein consisting of IL-15 and the IL-15Ra. Upon mRNA electroporation, the
fusion protein was detectable on the surface of the DCs, and increased the potential of NFkB-activated,
IL-12-producing DC to activate NK cells in an autologous cell culture system with ex vivo-generated
cells from healthy donors. These data show that a chimeric IL-15/IL-15Ra molecule can be expressed
by monocyte-derived DCs, is trafficked to the cell surface, and is functional regarding the activation
of NK cells. These data represent an initial proof-of-concept for an additional possibility of further
improving cellular DC-based immunotherapies of cancer.

Keywords: adoptive cellular immunotherapy; IL-15; natural killer cell; dendritic cell; NF-xB

1. Introduction

In the fight against cancer, therapeutic vaccination with dendritic cells (DCs) shows
great potential. When patients” DCs are loaded with tumor antigens, these are able to acti-
vate tumor-specific CD8* cytotoxic T cells (CTLs), which then may eradicate the tumor [1].
Studies have shown that an additional innate immune response is highly beneficial when
fighting the malignant tissue [2—4]. The standard protocol for cancer vaccination generates
DCs from monocytes [5,6], which are subsequently matured using the standard cytokine
cocktail consisting of TNFa, prostaglandin E2 (PGE;,), IL-1B, and IL-6 [7]. However, this
procedure alone is not sufficient to achieve the desired anti-tumor effect [1] for various
reasons, which are still under debate. These include that DCs, used as a vaccine, do not
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reach the immuncgenicity of a pathogen-driven inflammation, are often limited in IL-12
production, and do not properly interact with the innate immune system [8,9]. Additional
activation of the NFkB pathway through electroporation with RNA encoding constitutively
active (ca)lKK{ after maturation may give DCs the missing features [10,11]. Our group
could already show that electroporation with calKK( leads to an upregulation of several
activation markers, such as CD70, CD80 and CD40 and triggers the DCs’ ability to secrete
bicactive IL-12 [10], a characteristic that merely cytokine cocktail-matured DCs lacked, but
which is one of the most essential cytokines for the activation of the adaptive [12] and in-
nate [13] immune response, especially against tumors. We found that NFkB-activated DCs
displayed an enhanced ability to induce CTLs with a high lytic capacity and a memory-like
phenotype [10] and to activate NK cells with the ability to lyse tumor cells [14]. Another
pivotal cytokine for the activation of NK cells is IL-15 [15]. IL-15 itself is found in different
functional forms either soluble or complexed with the IL-15 receptor x chain (IL-15R«x).
This complex can provide IL-15 signaling in frans to adjacent cells [16].

The intracellular trafficking and processing of IL-15 is complex. Two premature
isoforms are translated, which contain different signaling peptides, but are otherwise
similar in their protein sequence. Nevertheless, processing and secretion of the isoforms
follow different paths, which are individually regulated. Nevertheless, both require the
presence of the IL-15R« to reach the cell surface [17,18]. Hence, the secretion of IL-15 does
not directly correlate with its transcription.

Van den Bergh and his group showed that transfection with a combination of mRNA
encoding IL-15Rec and mRNA encoding IL-15 resulted in a significantly increased NK-cell
activation when compared to IL-15 alone [19]. Furthermore, the same stimulatory effect
was observed when T cells were stimulated with either soluble IL-15/IL-15Rex complexes
or with membrane bound IL-15/1L-15R« presented on APCs [20]. Stoklasek et al. observed
a robust proliferation of memory CD8" T cells, NK cells and T cells in mice treated with
soluble IL-15/IL-15R& complexes [21]. On the other hand, systemic application of IL-15 in
therapeutic applications is limited due to its high toxicity [22].

In continuation of the work of Van den Bergh et al. [19], we created a chimeric protein
consisting of IL-15 and the IL-15Rx« chain (chIL15), specially designed for efficient surface
expression on DCs, which are intended for clinical application. The use of one chimeric
protein instead of the two original proteins would simplify the DC-transfection process
and the covalent link prevents the complex from dissociation. As initial proof-of-concept,
we examine here whether expression of such a chimeric construct is feasible on DCs and if
it could boost the potential of IL-12-producing DCs to activate NK cells.

2. Results

We recently showed that cytokine cocktail-matured DCs (cmDC), electroporated with
calKK 3-encoding RNA, in order to activate the NF«B-pathway, were able to activate NK
cells effectively [14], endowing them with the ability to secrete IFNy and a lytic capacity
towards target cells. Another relevant cytokine for the activation of NK cells is IL-15 [23],
especially when I1-15 was trans-presented with the IL-15R« [19]. We, therefore, designed
a chimeric IL-15/IL-15Ra (chIL15) surface molecule to be transfected into DCs in addition
to calKK-RNA, and tested, whether this led to an enhanced NK-cell activation.

2.1. chIL15 Is Expressed on chiL15-mRNA-electroporated DCs

As ithas been shown that the complex formation of IL-15 with its receptor is important
for its efficacy [19,20], we designed a fusion protein of IL-15 and the IL-15Rx genetically
fused via a flexible linker. Initially, we used a fusion protein consisting of the full-length
IL-15 transcript 1 with its own signal peptide sequence linked to the mature IL-15Ra
(chIL150ld) (Figure 1A). After transfection of chIL15cld into mDCs however, little IL-15Re
was detectable by surface marker staining with an IL-15Rx-specific antibody (Figure 1B,
red line) and Western blot (Supplementary Figure S1). We, therefore, postulated that the
endogenous signal sequences are not suitable to mediate sufficient expression, processing,
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or trafficking [24] in DCs and therefore the chimeric protein was not properly expressed
and shuttled to the cell surface. To overcome this we replaced the complete IL-15 signal
peptide including the pro-peptide with the CD25 signal peptide (Figure 1A), CD25 was
chosen for the following reasons: it is a surface molecule and not a soluble factor, it is a
close homolog of the IL-15R«, and it is efficiently expressed on the surface of mature DCs.
To investigate whether this new chimeric [L-15/IL-15Re (chIL15) leads to better surface
expression, the protein was detected by surface staining with an IL-15R«-specific antibody.
Therefore, moDCs were matured with the standard cytokine cocktail and transfected with
chlL15, or, as a control, were electroporated without adding any mRNA (mock). The chIL15
surface expression was determined via flow cytometry 2, 4, 6, and 24 h after electroporation.
After 24 h over 50% of the cells stained positive (Figure 1B, blue line}, and already after 2 h,
a visible chIL15 expression was detected with an increase over 4 and 6 h until 24 h after
electroporation (Figure 1C). The presence and expression of chIL15 could also be verified
by Western blot analysis (Supplementary Figure 52). We were, therefore, able to express
the fusion protein efficiently on the DC’s surface.

A
chlL150ld
IL]SSigl_)_g ILl 5prernat30_45 Ill[’ltIL-lB_lg_le SG-SPBCGI‘ IL-lSRﬂ;l_ZE;
chIL15
CD255igl—2L 111'3-&]-'1549—1‘@ SG-SPE{CEI‘ IL-15RQ31,26;
B C 100+
A F 3
D mock . u ]
= chIL150ld E -
E - & | 504 —
g — chIL15 : i
e ) E’ m —_— A
= & ®
g _ & A® t
ok o
ok, e U w L —
2h 4 h 6h 24h
» time after EP

anti-htuman IL-15Ra PE

B Mock B chill5

Figure 1. Composition and expression of the chimeric IL15 constructs. (A) Originally, the protein sequence of the complete
IL-15 transcript variant 1 was fused to that of the IL-15R« via a flexible SG-linker (SG3(5G4)35G35). This construct is referred
to as chlL150ld. To improve the construct, the first 48 AA of the IL-15 transcript variant 1 that constitute the signal peptide
and the pro-peptide were replaced with the signal sequence of CD25. The signal sequence of the IL-15Rx was removed so
that the linker was directly fused to the first sushi-domain. This altered construct is referred to as chIL15. (B) To measure
the expression of the chIL150ld and the chIL15 construct on the surface of DCs, cytokine matured DCs were electroporated
with mRNA encoding the chlL150ld (red line) or chIL15 (blue line}, or as a negative control were mock clectroporated
(grey histogram). The cells were stained with an IL-15Rx-specific antibody and analyzed by flow cytometry. A histogram
of DCs electroporated with chIL150ld, chlL15, or without RNA (mock) and stained for IL-15R« 24 h after electroporation is
shown (# =3 for chIL15, # = 1 for chIL150ld). (C) The expression kinetics of chIL15 was determined 2, 4, 6, and 24 h after
electroporation. The specific mean fluorescence intensity (MFI} was calculated by subtracting the isotype control MFI from
the MFI measured with the IL-15Ra-specific antibody (different symbols represent the three individual experiments). The
interaction p-value between the mock and the chIL15 condition was calculated by two-way ANOVA, 1 p < 0.05.
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2.2. Stimulation with DCs Transfected with a Combination of calKK§ and chIL15 Leads to an
Enhanced Activation of NK Cells

To analyze whether the surface expression of chIL15 can increase the ability of calKKp-
transfected cmDCs to activate NK cells, cmnDCs were either electroporated with chIL15
RNA or calKK[3 RNA or with the combination of both. DCs electroporated without RNA
(mock) were used as negative controls. The electroporated DCs were co-cultured for 48 h
with autologous peripheral blood cells (PBMCs) at a ratio of 1:10 and, as additional controls,
each cell type was cultured alone.

To measure NK-cell activation, the cells were stained for CD3, CD56 and the well-
established NK-cell activation markers CD69, CD25, and CD54 [25,26]. Cells were analyzed
by flow cytometry and NK cells were identified within the mixed population of PBMCs
by gating on CD3~/CD56* cells, as this population represents the majority of bona fide NK
cells [27] (see Supplemental Figure S3 for details). The mean fluorescence intensity (MFI)
of each activation marker was calculated relative to the MFI of PBMCs alone. As we could
already show previously [14], all three activation markers on NK cells were upregulated
between 2- to 4-fold when PBMCs were co-cultured with calKK3-transfected DCs, reaching
significance with regard to CD69 and CD25 (Figure 2A,B). In co-cultures, in which the DCs
were co-transfected with chIL15 and calKKp, the expression of all three NK-cell activation
markers was even higher (significant for CD69 and CD25), rising up to almost 5-fold
(Figure 2A,B). Comparing co-cultures with mock and chlL15 DCs only, a slight increase
in each activation marker was observed, which was statistically not significant. These
data indicate that the activation of the main population of NK cells (CD3™/CD56"%) by
calKK -transfected DCs can be further improved by additional IL-15 signaling.

As NK cells secrete large quantities of IFNy upon activation [2], the concentration
of this cytokine was quantified in the supernatants of the co-cultures. As expected, the
secretion of IFNy was significantly increased when PBMCs were co-cultured with calKKf3-
transfected DCs (Figure 2C). Co-cultures with DCs transfected with both calKKp and
chlL15 secreted almost twice as much IFNy (Figure 2C). DCs cultured alone and transfected
with calKKf3 alone and those that were transfected with chIL15 and calKKf3, also secreted
lower quantities of IFNvy, while DCs electroporated only with chIL15-RNA lacked IFNy
secretion (Figure 2C).

We previously demonstrated that both isolated NK cells and PBMCs co-cultured with
calKKp-transfected DCs for one week had a superior lytic capacity against HLA-negative
targets [14]. Since cytotoxicity is the most desirable property for an anti-tumor effect, we
examined whether the co-electroporation of chIL15-RNA together with the calKK-RNA
would further increase the lytic capacity of the cells that had been co-cultured with such
DCs against the classical HLA-negative NK-target cell line K562. This was tested in a
standard °!chromium release assay with target-to-effector ratios of 1:6, 1:2, and 1:0.6. Cells
from co-cultures with DCs electroporated with both chlL15- and calKK[3-RNA were able
to significantly lyse K562 cells in all target-to-effector ratios, and cells from co-cultures
with DCs, electroporated with calKK[3 mRNA alone only marginally missed the formal
p-value threshold (Figure 2D). Again, we observed an increase of lytic capacity against K562
cells when PBMCs were co-cultured with DCs that were electroporated with both chlL15-
and calKKB-RNA compared to co-cultures with only calKK3-DCs, reaching the highest
lytic capacity of 35% at a target-to-effector cell ratio of 1:6 (Figure 2D). The lytic capacity
was even twice as high in co-cultures with chlIL15- and calKKp-transfected DCs at the
target-to-effector ratios of 1:2 and 1:0.6, reaching significance at a ratio of 1:0.6 (Figure 2D).
As a control, PBMCs were cultured alone, but no difference to PBMCs co-cultured with
mock-electroporated DCs was found (data not shown).

Taken together, the activation of NK cells by calKKf3-transfected DCs can be further
improved by additional IL-15 signaling resulting in an even higher upregulation of the
activation markers CDé9, CD25, and CD54 (Figure 2A,B), an enhanced secretion of IFNy
(Figure 2C), and a higher lytic capacity towards HLA-negative target cells (Figure 2D),
albeit other cells in the co-culture may contribute to the latter two observations.
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Figure 2. Transfection of DCs with calKKp combined with chIL15 leads to an improved NK-cell
activation. DCs matured with the standard cytokine cocktail were electroporated with RNA encoding
calKKp and chIL15 either alone or in combination. As a control, DCs were mock electroporated.
Transfected DCs were co-cultured with autologous peripheral blood mononuclear cells (PBMCs) 24 h
after electroporation at a ratio of 1:10 (final concentrations 2 x 10° DCs/mLand 2 x 10° PBMCs/ mL).
As controls, transfected DCs and PBMCs were cultured alone. Cells were harvested and supernatant
was sampled after 48 h of co-culture. (A) The expression of surface markers CDé9, CD25, and CD54
was determined via flow cytometry on cells negative for CD3 and positive for CD56 (using the
gating strategy shown in Supplemental Figure 53). A representative histogram for each activation
marker out of three independent experiments is shown. (B) The depicted values show the fold
upregulation of each surface marker, calculated relative to the mean fluorescence intensity (MFI) of
PBMCs cultured in absence of DCs. The average fold induction of three different donors with SD is
shown. p values were calculated with a one-way ANOVA and subsequent Tukey test, *** p < 0.001,
*p < 0.01,* p < 0.05, numbers indicate p values of 0.05 < p < 0.1. {C) The secretion of IFNy was
measured in the supernatant by Cytometric Bead Array. Average cytokine concentrations with SD
are shown from three independent donors. p values were calculated with a one-way ANOVA and
subsequent Tukey test, *** p < 0.001, * p < 0.01, numbers indicate p values of 0.05 <p < 0.1. (D) The
cytolytic capacity of stimulated cells was determined in a *'chromium release assay. The K562 cell
line was used as a target at the indicated target ratios. Average values with SD of three independent
donors, each analyzed in triplicates, are shown. p values were calculated with a one-way ANOVA
and subsequent Tukey test, ** p < 0.01, * p < 0.05, numbers indicate p values of 0.05 < p < 0.1. The

respective brackets refer to the mock-transfected co-cultures.
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3. Discussion

Activating the NFkB pathway through electroporation with calKKB-RNA makes
DCs ideal candidates for tumer vaccination, as they unite several beneficial features.
Transfection with calKKp leads to a higher activation state of DCs providing them with
the ability to secrete IL-12. This leads to an advanced stimulation capacity towards both
CTLs and NK cells, which in turn gain a superior lytic capacity [10,14]. Currently, the
efficacy of these DCs is evaluated in a phase I clinical trial (NCT04335890). Besides 11-12,
as a crucial cytokine for the activation of effector cells, also IL-15 plays a pivotal role in the
activation of both the adaptive and the innate immune responses [15,24,28,29]. Therefore,
it represents an interesting candidate for improving immunotherapeutic approaches [30].
However, NFkB activation does not induce IL-15 secretion by mature monocyte-derived
(mo)DCs [10] and merely adding soluble IL-15 has major disadvantages, as [L-15 has a very
short half-life [21] and shows high transient toxicity in high plasma concentrations [22].
These negative features can be circumvented when IL-15 is bound to the IL-15Re. Trans-
presentation of IL-15 bound to the IL-15R« shows high potential for the activation of the
adaptive and the innate immune response. Treatment with nanoparticles trans-presenting
IL-15 enhanced CD8" T-cell potency [31]. Unfortunately, moDCs do not endogenously
express the IL-15Rx but nevertheless showed enhanced activation of NK cells after being
equipped with both IL-15 and the IL-15Ra by mRNA electroporation [19]. The fusion of
IL-15 to the IL-15Re might therefore further improve the activation of effector cells through
DC vaccination.

We observed that chIL15 alone had only a marginal effect on the activation status
of NK cells, probably because IL-12 is critically required for NK activation and standard
moDC, matured with the standard cytokine cocktail do not produce this cytokine. When,
in contrast, transfected with chlL15 and calKKR-RNA, which facilitates 1L-12-production,
DCs were significantly better in NK cell activation. In a previous paper, we could already
show that vast amounts of IFNy that were secreted in PBMC and DC co-cultures were
secreted by NK cells and not other bystander cells [14]. However, the results presented
here, only provide an initial proof-of-principle and a deeper characterization of these DCs
is necessary to address whether they maintain their T-cell stimulatory capacity, or are by
any other means impaired in their immunogenic function. Also, the resulting NK cells
should further be characterized for their activity against different tumor cells and their
effector function in general.

The use of a single chimeric construct for this purpose is advantageous for several
reasons. Under good manufacturing practice (GMP) conditions, which are prerequisites
for clinical application of cellular products, the production and transfection of one RINA vs.
two separate ones is easier, cheaper and bears less variability. The covalent link prevents
any dissociation of the IL-15 from the receptor o chain thus prolonging the activity and
avoiding any free IL-15 that might act systemically. A suspected side effect of IL-15 is the
induction of autoimmunity [32,33], and Sato et al. postulate that this effect requires cis
presentation of IL-15 [33], and as chIL15 only presents IL-15 in frans, this side effect would
be prevented.

As mRNA electroporation is a well-established technique used in clinical trials on
cancer immunotherapy [34], taking this approach from the bench to the bedside seems
a reasonable task. DCs electroporated with calKK-RNA are currently tested in a phase |
clinical trial on uveal melanoma patients (NCT04335890). If these DCs prove safe and effi-
cient, DCs additionally electroporated with the chIL15 could be clinically tested, provided
that a reasonable risk assessment is performed and the regulatory authorities consider
the risk:benefit ratio adequate. The intended activation of NK cells, however, would
probably have the best impact in the treatment of tumors with impaired HLA expression,
which renders the malignant cells invisible for CD8* T-cell responses but increases their
sensitivity to NK cells. Uveal melanoma, in contrast, usually shows good HLA class 1
expression [35]. Hence, tumor entities, which typically use HLA loss as a means of immune
escape, would represent better targets. Cervical cancet, colorectal cancer, gastric cancert,
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and esophageal squamous cell carcinoma regularly display loss of HLA class I and this loss
is often associated with progression or escape [36]. But for most other tumors, HLA-loss or
down-regulation has been described to occur with different incidences. The possibility to
generate DCs with an increased capacity to activate NK cells which in turn could block this
immune escape route for the tumor provides a possibility to further individualize cancer
immunotherapy and to specifically respond to tumor immune evasion mechanisms.

Taken together, our experimental data confirm that forced trans-presentation of 1L-15
supports the activation of NK cells by DCs. Combining this with calKK{ transfection into
DCs extends their immune-stimulatory function, as it adds a missing piece to the system,
overcoming the inability of such DCs to produce endogencus IL-15. This, on the one hand,
confirms the importance of IL-15 trans-presentation in NK cell activation, and on the other
hand, may represent a possibility to improve designer DC vaccines further.

4. Materials and Methods
4.1. Acquisition of Primary Cells

Peripheral blood mononuclear cells {(PBMCs) were isolated from 100 to 360 mL blood,
taken from healthy donors after informed consent and approval by the institutional review
board (Ethikkommission of the Friedrich-Alexander University Erlangen-Niirnberg, Ref.
no. 4158), by density centrifugation with Lymphoprep (Axis-Shield PoC AS, Oslo, Nor-
way) as described previously [37]. For the generation of moDCs, monocytes, were first
separated from the non-adherent fraction (NAF) by plastic adherence, to be differentiated
into immature DCs (iDCs) over the course of 6 days in DC medium, consisting of RPMI
1640 (Lonza, Verviers, Belgium) supplemented with 1% non-autologous human plasma
(Sigma-Aldrich, St. Louis, MO, USA), 2mM L-glutamine (Lonza), and 20 mg/1 gentamycin
(Lonza), Fresh DC medium with GM-CSF (800 IU/mL; Miltenyi Biotec, Bergisch Gladbach,
Germany) and IL-4 (250 IU/mL; Miltenyi Biotec) was added on days 1, 3, and 5. Cn day 6,
DCs were matured (mDC) with the standard cytokine cocktail consisting of 200 IU/mL
IL-18 (CellGenix, Freiburg, Germany), 1000 IU/mL IL-6 (Miltenyi Biotec), 10 ng/mL TNFa«
(Beromun, Boehringer Ingelheim Pharma, Ingelheim am Rhein, Germany), and 1 ng/mL
PGE; (Pfizer, Zurich, Switzerland), as described in detail previously [14]. After 24 h of
maturation, DCs were used for electroporation. Cells were incubated at 37 “C with 5% CO,.

4.2. RNA Counstructs and Electroporaiion of DCs

For in vitro transcription of mRNA, the mMESSAGE mMACHINE © T7 ULTRA Tran-
scription Kit (Life Technologies, Carlsbad, CA, USA) was used and mRNA was purified
with an RNeasy Kit (Qiagen, Hilden, Germany) according to the manufacturers’ instruc-
tions. To activate the classical NFxB pathway in DCs, RNA encoding a constitutively active
mutant of IKK(} (calKK[3) was used [10]. A DNA sequence enceding the original fusion con-
struct consisting of the full-length IL-15 variant 1 (NCBI Reference Sequence: NP_000576.1)
linked to the IL-15Ro (AA 31-267, NCBI Reference Sequence: NP_002180.1) with a flexible
linker (SGGGSGGGGSGGGGSGGGGSGGGSLQ) was ordered from GeneART® (Thermo
Fisher Scientific, Waltham, MA, USA) and cloned into the pGEM4764A RNA production
vector [37]. The sequence encoding the first 48 AA of the IL-15 was replaced with a se-
quence encoding the first 21 AA of CD25 (NCBI Reference Sequence: NP_000408.1) using
two annealed complementary oligonucleotides (Eurofins Genomics, Ebersberg, Germany).
The detailed sequences are provided as supplementary Data S1.

DCs were electroporated in a total velume of 100 puL, with a maximum of 6 x 108 DCs,
using 30 ug of each mRNA, with a square-wave pulse and 1250 V /cm for 1 ms, as described
in detail [38]. As a control, cells were electroporated under identical conditions but without
any RNA (mock).

4.3. moDCs and PBMCs Co-Culfures

After transfection, DCs were rested for 2-4 h, then 2 x 10° DCs/mL and 2 x 10°
fresh autologous PBMCs/mL were co-cultured, gaining a ratio of 1:10. A maximum of
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2 x 10° DCs and 2 x 10° PBMCs, and a minimum of 4 x 10* DCs and 4 x 10° PBMCs
were used. PBMCs cultured alone served as control. Cells were seeded into 24- or 48-well
plates, depending on cell numbers and incubated in MLPC medium consisting of RPMI
1640 (Lonza), 10% non-autologous human serum (Sigma-Aldrich), 2mM L-glutamine
(Lonza}, 20mg/L gentamycin (Lonza), 10 mM HEPES (PAA Laboratories, GE Healthcare
Life Sciences, Pasching/Linz, Austria), 1 mM sodium pyruvate (Lonza), and 1% non-
essential amino acid (100x; Lonza). Cells and supernatants were harvested after 48 h. To
generate cells for cytotoxicity assays, co-cultures were extended to 1 week and during this
period cells were split and fresh MLPC medium was added as necessary.

4.4. Analysis of Marker Expression on the Cell Surface

Cells were harvested either 2, 4, 6, and 24 h after electroporation or after 48 h of
co-culture. The expression of surface markers was determined via flow cytometry using
anti-CD215-FPE (anti-human [L-15Re, clone JM7A4) (Biolegend, San Diego, CA, USA) and
IgG2b-PE isotype control, anti-CD56-FITC, anti-CD3-APC-Cy7 or anti-CD3-V500, anti-
CD69-PE, anti-CD25-BV421 or anti-CD25-PE, and anti-CD54-APC or anti-CD54-PE (all from
BD Biosciences, Heidelberg, Germany) as described [39]. A FACS Canto II flow cytometer
(BD Biosciences) and FACSDiva software [40] were used to measure immunofluorescence
and acquire data, which was evaluated with FCS Express software [41].

4.5. Measurement of Cytokine Secretion

The supernatants of the co-cultures were sampled after 48h. The concentration of
IFNy was determined using the Human Th1l/Th2 Cytometric Bead Array Kit II (BD
Biosciences) following the manufacturer’s instructions. A FACS Canto II flow cytometer
and BD FACSDiva software [40] were used to measure immunofluorescence and acquire
data, which was evaluated with FCS Express software [41].

4.6. Cytotoxicity Assay

Co-cultures were harvested after 1 week of co-incubation. Then the cytolytic capacity
was determined in a standard 4-6 h *'chromium release assay as described in detail be-
fore [42]. In short, the target cell line K562 was labeled with 100 uCi of Naz?'CrOy/10° cells
(PerkinElmer, Waltham, MA, USA), washed and subsequently cultured in 96-well plates
(Thermo Fisher Scientific) at 1000 cells/well. Effector cells harvested from the co-cultures
were added at E:T ratios of 6:1, 2:1 and 0.6:1 (i.e., 6000, 2000, and 600 cells per well, re-
spectively). The supernatant was taken after 4-6 h and the release of chromium was
measured via a Wallac 1450 MicroBeta plus Scintillation Counter (Wallac, Turku, Finland).
The following formula was applied to calculate the percentage of lysis: (measured release
— background release)/(maximum release — background release) x 100%.

4.7. Statistical Analysis

GraphPad Prism [43] was employed to create graphs and statistical analysis. To
determine statistical significance and p values, a paired one-way ANOVA, and subsequent
multiple comparison analyses using the Tukey test were performed, assuming Gaussian
distribution, based on our experience in similar experiments. To analyze the expression
kinetic of chIL15, a two-way ANOVA was performed.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/ijms221910227 /s1.
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