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clinical outcome in DC vaccination, despite the fact that 
bidirectional crosstalk between NK cells and DC results 
in enhanced activation of both cell types and increases 
their antitumor activity [7]. In addition, NK cells can 
also directly act as helper cells for adaptive immunity in 
promoting effective T cell based antitumor responses [9]. 
Unfortunately, quantitative and qualitative abnormalities 
in the NK-cell compartment are frequently observed in 
different tumors, such as acute myeloid leukemia (AML) 
[10]. Therefore, combinatorial methods to awake or 
restore impaired NK cell functions may improve clinical 
outcome in DC vaccine trials [11].

Since its discovery two decades ago, interleukin 
(IL) 15 is subject of intense investigation for its 
immunostimulatory antitumor effects. In these years, 
IL 15 has become one of the most promising molecules 
for antitumor immunotherapy, due to its ability to 
stimulate both the innate and the adaptive arm of our 
immune system [12-14]. To exert its effects, IL 15 uses 
a unique transpresentation mechanism, whereby IL 15 
bound to the α moiety of the IL 15 receptor (IL 15Rα) 
is being transpresented to the βγ chains of its receptor 
on neighboring cells [15-17]. In addition, IL 15 can bind 
to the IL 15 βγ receptor without forming a pre complex 
with IL 15Rα, although with a lower binding affinity 
[18]. Moreover, pre complexation of IL 15 with IL 15Rα 
results in an increase of the IL 15 half-life and therefore 
maximizes IL 15 activity in vivo [19, 20]. Therefore, 
combining IL 15 and IL 15Rα could possibly boost the in 
vivo antitumor functions of βγ expressing immune cells, 
such as NK cells and CD8+ T cells [21].

In this paper, we engineered human monocyte-
derived mature DC to produce IL 15 and/or IL 15Rα 
using mRNA electroporation and studied their stimulatory 
effects on autologous NK cells. Combining these IL 15 
‘designer’ DC with NK cells results in enhanced activation 
of the latter, including the cytotoxic capacity against 
NK cell resistant tumor cells. We also show that IL 15 
transpresentation is superior to IL-15 secretion for the 
NK cell stimulatory action. Subsequently, we validated 
the results in a human AML setting. Ultimately, this 
combinatorial approach and the subsequent (re)activation 
of NK cells may therefore be beneficial in the design 
of improved therapeutic DC-based vaccines for cancer 
patients.

RESULTS

Electroporation of DC with IL‑15 mRNA results 
in significant IL‑15 secretion, but IL‑15Rα is 
required for membrane expression of IL‑15

As DC were modified to produce IL‑15 and IL‑
15Rα in a transient manner, we sought to determine 

whether IL‑15 was presented or secreted by the mRNA‑
electroporated DC and to analyze the expression 
kinetics of IL‑15/IL‑15Rα. Therefore we examined the 
supernatants and cells of transfected DC cultures (mock EP 
DC, IL‑15 EP DC and IL‑15/IL‑15Rα EP DC) on different 
time points after mRNA electroporation. As compared 
with mock EP DC, no significant IL‑15 membrane 
expression was observed on IL-15 EP DC (Figure 1A). 
However, electroporating IL‑15Rα mRNA in addition to 
IL‑15 mRNA resulted in a significant IL‑15 expression 
on the membrane of IL‑15/IL‑15Rα EP DC as compared 
with IL-15 EP DC, with a peak expression at 8h after 
electroporation (p < 0.001). At 72h after electroporation, 
the IL-15 membrane expression almost completely 
disappeared (Figure 1A). Electroporating IL‑15Rα mRNA 
only into DC (IL‑15Rα EP DC) did not lead to any surface 
IL-15 expression (data not shown). Interestingly, regarding 
IL‑15Rα expression, we demonstrate that this molecule 
is already present on monocyte-derived IL-4 DC and that 
the expression of IL‑15Rα is only statistically significantly 
upregulated when both IL‑15 and IL‑15Rα mRNA are 
cotransfected into the DC (Supplemental Figure 1).

While IL‑15 EP DC did not show significant 
membrane-bound IL-15, these DC secreted high levels 
of soluble IL-15, with the highest secretion between 2h 
and 8h after electroporation (Figure 1B). Despite the 
high donor variability, this production was even higher as 
compared with IL‑15/IL‑15Rα EP DC as seen in five out 
of six donors (Figure 1B). As seen for the IL-15 membrane 
expression, electroporating IL‑15Rα mRNA only into DC 
did not display any IL-15 secretion (data not shown). 
For this reason, the IL‑15Rα EP DC condition was not 
included in further experiments.

IL‑15 /IL‑15Rα mRNA‑electroporated DC induce 
phenotypic activation of NK cells

After a 48h coculture of IL-15 EP DC or IL-15/
IL‑15Rα EP DC with autologous NK cells, membrane 
expression of multiple typical NK-cell activation markers, 
including common natural cytotoxicity receptors, was 
observed. As shown in Figure 2, IL-15 produced by IL-15 
EP DC (dark grey bars) led to a significant increase in 
the NK-cell membrane expression of NKp30 (p < 0.01), 
NKp44 (p < 0.001), CD69 (p < 0.001), NKG2D (p < 
0.001) and CD56 (p < 0.001) as compared to NK cells 
alone (white bars) or in coculture with mock EP DC (light 
grey bars). Interestingly, when comparing the effect of 
IL‑15 EP DC with IL‑15/IL‑15Rα EP DC (black bars) 
on the activation profile of NK cells, we detected an 
enhanced stimulation by IL‑15/IL‑15Rα EP DC as seen 
in the expression of NKp30 (p < 0.05), NKp44 (p < 0.05), 
CD56 (p < 0.05) and CD69 (p < 0.001). 
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Figure 1: Interleukin‑15 membrane expression and secretion of IL‑15 mRNA electroporated DC. A. Membrane-bound 
IL‑15 expression was determined by flow cytometric staining of mock EP DC (dashed black line), IL‑15 EP DC (grey triangles) and IL‑15/
IL‑15Rα EP DC (black squares) 2h, 4h, 8h, 24h, 48h and 72h after electroporation. Expression levels (MFI) were transformed to relative 
levels compared to those of the corresponding mock EP DC, which were set to one. Data are shown as mean (± SEM) for 3 independent 
donors. B. IL‑15 secretion was quantified using an ELISA on the same EP conditions (mock EP DC, IL‑15 EP DC and IL‑15/IL‑15Rα EP 
DC) and the same time points after electroporation (2h, 4h, 8h, 24h, 48h and 72h) as shown in figure 1A. Data are shown as mean (± SEM) 
for 6 independent donors. Statistical comparison was performed between IL‑15 EP DC and IL‑15/IL‑15Rα EP DC at each time point. ns, 
not significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001, two‑way ANOVA with Bonferroni posthoc test. Abbreviations: EP; electroporation, 
MFI; mean fluorescence intensity, SEM; standard error of the mean.
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IL‑15 EP DC and IL‑15/IL‑15Rα EP DC elevate 
production of lytic effector molecules and IFN‑γ 
by NK cells

From a mechanistic point of view to investigate the 
cytotoxic potential of DC-activated NK cells, supernatant 
of 48h NK/DC/Daudi cocultures was analyzed for the 
presence of granzyme B and perforin. Both proteins were 
undetectable in DC/Daudi cocultures (data not shown) 
but became apparent in the presence of NK cells (Figure 
3A and 3B). While mock EP DC did not have an effect 
on the secretion of granzyme B and perforin by NK 
cells, their secretion was clearly elevated when IL-15 
EP DC or IL‑15/IL‑15Rα EP DC were added to the NK 
cells and Daudi (Figure 3A and 3B). As seen for most 
NK-cell activation markers (vide supra) and killing of 
Daudi (vide infra), IL‑15/IL‑15Rα EP DC displayed a 
superior effect on NK cells as compared to IL-15 EP DC 
regarding granzyme B (Figure 3A) and perforin (Figure 
3B) secretion, although not significantly different. 

Furthermore, we observed intracellular IFN‑γ 
production in NK/Daudi cocultures with or without mock 

EP DC, IL‑15 EP DC or IL‑15/IL‑15Rα EP DC. While 
adding mock EP DC seemed to lower the production of 
IFN‑γ by NK cells, IL‑15 EP DC abrogated this reduction 
and even enhanced the IFN‑γ production of NK cells 
(Figure 3C). Strikingly, adding IL‑15/IL‑15Rα EP DC to 
NK/Daudi cocultures resulted in almost a 2-fold increase 
of IFN‑γ production by NK cells in comparison with IL‑
15 EP DC. This IFN‑γ production was increased both in 
the CD56 dim and the CD56 bright NK-cell populations 
(data not shown). Notably, upon gating on the DC in 24h 
NK/DC/Daudi cocultures, none of the DC displayed any 
intracellular IFN‑γ, regardless of the DC condition (mock 
EP DC, IL‑15 EP DC or IL‑15/IL‑15Rα EP DC) (data not 
shown).

IL‑15/IL‑15Rα EP DC increased the cytotoxic 
profile of NK cells by IL‑15 signaling and partly 
in a contact‑dependent manner

Cocultures of IL-15 EP DC and autologous NK 
cells resulted in an elevated killing of Daudi as compared 
to the basal level of NK cell-mediated tumor-cell killing 

Figure 2: Phenotypic activation profile of DC‑ stimulated NK cells. NK cells were cultured alone (white bars) or in coculture 
with mock EP DC (light grey bars), IL‑15 EP DC (dark grey bars) or IL‑15/IL‑15Rα EP DC (black bars) in a NK/DC‑ratio of 5:1. After 
48h, NK‑cell phenotype was determined using flow cytometry. Data, shown as dMFI (as compared to isotype controls), are depicted as 
mean (± SEM) for 3 independent donors. As a positive control, NK cells were stimulated with recombinant human IL-15 (1 ng/mL) for 
48h before measuring phenotypic NK‑cell activation (striped bars). ns, not significant; *, p < 0.05; **, p < 0.01; ***,p < 0.001, repeated 
measures one‑way ANOVA with Bonferroni posthoc test. Abbreviations: EP; electroporation, dMFI; delta mean fluorescence intensity, 
SEM; standard error of the mean.



Oncotarget44127www.impactjournals.com/oncotarget

(Figure 4A; p < 0.001). This tumoricidal capacity was 
even further enhanced if IL‑15/IL‑15Rα EP DC and 
NK cells were put in coculture (p < 0.01). As a positive 
control, NK cells alone or in combination with DC were 

cocultured with leukemic cells (K562) which are known 
to be killed easily by NK cells (Supplemental Figure 2). In 
order to check whether this effect was contact-dependent, 
transwell experiments were performed to separate DC and 

Figure 3: Granzyme B, perforin and IFN‑γ production after NK/DC/tumor‑cell coculture. Granzyme B A. and perforin B. 
secretion are shown for 48h NK/Daudi (ratio 5:1, white bars) and NK/DC/Daudi (ratio 5:1:1, mock EP DC light grey bars, IL-15 EP DC dark 
grey bars, IL‑15/IL‑15Rα EP DC black bars) cocultures. Data are shown as mean (± SEM) for 5 (granzyme B) and 8 (perforin) independent 
donors, respectively. C. Intracellular IFN‑γ, measured after 24h NK/DC/ Daudi coculture (ratio 5:1:1), is shown for 6 independent donors. 
As a positive control, NK cells were stimulated with IFN‑α (1000U/mL) for 48h and K562 cells for 4h (striped bar) before measuring 
intracellular IFN‑γ. ns, not significant; *,p < 0.05; **,p < 0.01; ***, p < 0.001, repeated measures one-way ANOVA with Bonferroni 
posthoc test. Abbreviation: SEM; standard error of the mean.

Figure 4: Cytotoxicity of NK/DC cocultures against Daudi cells. The mean killing percentage (± SEM) of Daudi cells is shown 
for NK/Daudi (ratio 5:1, white bars), DC/Daudi (ratio 1:1, mock EP DC light grey bars, IL‑15 EP DC dark grey bars, IL‑15/IL‑15Rα EP DC 
black bars) and NK/DC/Daudi (ratio 5:1:1, mock EP DC light grey bars, IL‑15 EP DC dark grey bars, IL‑15/IL‑15Rα EP DC black bars) 
cocultures based on a 4h flow cytometric cytotoxicity assay following 44h NK‑cell and/or DC cocultures. A. In some conditions, a transwell 
insert (pore size of 4 µM) was added before starting NK/DC cocultures. These data are shown as mean (± SEM) for 5-9 independent donors. 
B. 1h prior to the addition of NK cells, anti-IL-15 neutralizing IgG or corresponding IgG isotype control antibody (100 µg/4x105 DC) was 
added to DC. These data are shown as mean (± SEM) for 4‑8 independent donors. **, p < 0.01; ***, p < 0.001, one-way ANOVA with 
Bonferroni posthoc test. Abbreviation: SEM; standard error of the mean.


