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Abstract representation of all cell types and their interactions used in this 

thesis (regular tetrahedron). Every corner of the tetrahedron represents a 

different cell type (dendritic cell, natural killer cell, T cell and tumor cell). All 

these cells can interact with each other (ribs of the tetrahedron) impacting 

on the resulting antitumor immune response. In this thesis, we focused on 

the manipulation of the dendritic cells, for their use in cancer therapy, by 

implementation of interleukin-15 and evaluated the activation of both 

natural killer cells, including the killing of tumor cells, and T cells. 

Interleukin-15 is represented in its tertiary protein structure and is trapped 

within the tetrahedron, referring to the targeted delivery of interleukin-15. 

In contrast to systemic delivery of this molecule, interleukin-15 will exert its 

immunostimulatory capacities locally, in close proximity of the injection site 

of the dendritic cell vaccine. 
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Cancer immunotherapy: dendritic cell-based vaccination 

strategies in acute myeloid leukemia 

Acute myeloid leukemia (AML) is the most common form of acute leukemia 

in adults [1]. The primary treatment of de novo AML patients is intensive 

chemotherapy or 'small molecules' therapy and hematopoietic stem cell 

transplantation (HSCT) [2, 3], resulting in a high rate of complete remission. 

However, the majority of all patients relapse within two years after initial 

treatment, contributing to a five-year survival rate of approximately 26%, 

which is even further decreased to 3-8% in patients older than 60 years [4, 

5]. Relapse is caused by proliferation of residual cancer cells after primary 

treatment. Therefore, the challenge for AML therapy is to secure the 

complete remission condition of the patient and to prevent relapse by 

eliminating residual leukemia cells in an adjuvant setting. 

 

Allogeneic HSCT and donor lymphocyte infusions (DLI) are two therapeutic 

techniques with proven efficacy against AML with a graft-versus-leukemia 

(GVL) effect of donor T cells [6]. However, these techniques are 

accompanied by a high morbidity and mortality, limiting their use [7, 8]. For 

this reason, research efforts are focused on better strategies to prevent 

relapse by generating a strong anti-leukemic immune response. In this 

context, active immunotherapy using cancer vaccines is a promising 

strategy in order to promote mobilization of the patient’s immune system, 

more specifically by the activation of both innate and adaptive immunity 

directed against tumor cells [9-11]. The use of dendritic cells (DC) as cancer 

vaccines has gained a lot of interest, since these cells were described as the 

main orchestrators of the immune system, already more than four decades 

ago [12]. More specifically, DC are professional antigen presenting immune 

cells that are capable of activating both natural killer (NK) cells (innate 

immunity) and T cells (adaptive immunity) [13, 14]. On top, because of their 

unique immunostimulatory capabilities, antigen-loaded DC form ideal 
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candidates for cancer vaccines to induce specific antitumor immunity [11, 

15, 16]. 

 

Due to the above-described properties, especially the induction of antigen-

specific cytotoxic T-lymphocyte (CTL) responses, DC-based vaccines were 

introduced in clinical trials to treat cancer patients, more than two decades 

ago [17, 18]. Since then, numerous clinical studies have been performed to 

test the feasibility and efficacy of DC-based cancer vaccines. In the majority 

of studies, DC vaccines have been shown to be safe and well-tolerated. 

Moreover, there is a growing body of evidence that DC-based vaccination 

can be of clinical benefit to cancer patients [17, 19, 20]. Until now, tumor 

types with improved survival results following DC vaccination include 

melanoma, prostate cancer, malignant glioma, renal cell cancer and lung 

cancer [17, 21]. Although these results encourage to continue with 

antitumor DC vaccination, there is room for improvement to enhance the 

potency and efficacy of the currently used DC vaccine preparations alone or 

as part of a combination strategy to further increase the overall survival and 

the number of responding cancer patients [22-24]. 

 

In recent years, in view of therapeutic DC vaccine optimization, researchers 

have put the focus on improving the outcome of DC/T-cell interaction by 

redirecting the balance between activating and inhibitory signals [20, 25, 

26]. These signals are delivered via various cell surface receptors and their 

ligands, cytokines or enzymes (Figure 1). By enhancing co-stimulatory 

molecules on the DC membrane (e.g. CD40) or increasing the production of 

T helper (Th)-1-polarizing cytokines (e.g. IL-12), DC are able to augment 

T-cell activation [27-29]. Similarly, neutralizing inhibitory molecules on the 

DC membrane (e.g. programmed death ligands) or blocking the production 

of immune-inhibitory cytokines (e.g. IL-10) or enzymes (e.g. suppressors of 

cytokine signaling) also results in increased T-cell activation [30-33]. 
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Figure 1. Balance of DC/T-cell interaction is based on positive and negative signals via cell 

surface receptors and their ligands, cytokines and enzymes, some of which are exemplified 

here. Abbreviations: BTLA, B-and T-lymphocyte attenuator; CTLA, Cytotoxic T lymphocyte 

antigen; DC, dendritic cell; HVEM, Herpes Virus Entry Mediator; IDO, Indoleamine 

2,3-dioxygenase; IL, Interleukin; IL-15R, Interleukin-15 Receptor; PD, Programmed Death; 

PD-L, Programmed Death-Ligand; SOCS, Suppressor of Cytokine Signaling; TIGIT, T-cell 

Immunoglobulin and ITIM (immunoreceptor tyrosine-based inhibitory motif) domain. 
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Interestingly, several activating/inhibiting receptors or ligands are shared 

between multiple immune cells, such as T cells, NK cells and B cells. 

Consequently, one specific modification in the DC design could improve the 

activation status of distinct mediators of the immune system. Altogether, 

altering the balance between various positive and negative signals in DC 

interaction with other immune cells, could favor protective antitumor 

immunity, which may improve the clinical impact of therapeutic DC 

vaccines. 
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Interleukin-15 as cancer immunotherapy 

 

Discovery of IL-15 and IL-15Rα: a comparison with IL-2 and its receptor 

More than two decades ago, interleukin (IL)-15 was discovered as a T-cell 

growth factor with overlapping biological functions as compared to IL-2 in 

vitro [34]. Although their protein sequences show no similarities, IL-15 can 

be assigned to the IL-2 family based on the resembling three-dimensional 

structure, in this case the common four alpha-helical bundle [34]. Due to 

their structural and biological similarities, the hypothesis that both 

cytokines bind to common receptor parts to transfer their signal was 

thoroughly investigated [35]. It was found that both the beta and gamma 

chains of the IL-2 receptor (IL-2R) are required for IL-15 binding and 

signaling [35]. However, several lines of evidence indicated the existence of 

an additional, IL-15-specific receptor compartment [35, 36]. In this context, 

Cosman and colleagues discovered an IL-15 binding chain that, with 

co-transfection of IL-2Rβ, resulted in IL-15 stimulation of the transfected 

cells [36, 37]. Although this IL-15-specific receptor part, hereafter called 

IL-15Rα, showed to be structurally related to the IL-2 receptor alpha 

(IL-2Rα), both receptor parts have unique properties. First, IL-15Rα binds 

IL-15 with a 1000-fold higher affinity as compared to the binding of IL-2Rα 

and IL-2. Secondly, IL-15Rα is expressed by a wider variety of cells as 

compared to IL-2Rα, suggesting a broader range of cellular targets for IL-15 

[37]. Altogether, the above-mentioned discoveries about IL-15 and IL-15Rα 

underscored the need to scrutinize both molecules in order to unravel the 

signaling mechanisms and the corresponding functions.  

  

IL-15 as immunotherapeutic agent and prognostic biomarker in cancer 

Since its discovery, IL-15 has been thoroughly investigated and it was found 

that IL-15 is able to stimulate both the innate and the adaptive immune 

system. More specifically, IL-15 is a pivotal factor on one hand in the 

development, proliferation and activation of natural killer (NK) cells, and on 
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the other hand in CD8+ T-cell proliferation and activation [38, 39]. On top, 

IL-15 is also a main player in the activation of NKT cells, γδ T cells and B 

cells, including an increase in the antibody-secreting capacity of the latter 

[40-42]. Due to its pleiotropic functions, IL-15 forms a bridge between both 

immune systems, which is in favor of optimal defense against malignant 

cells [43]. Moreover, in contrast to IL-2, IL-15 does not cause activation-

induced cell death and does not provoke maintenance of CD4+CD25+ 

regulatory T cells [44, 45]. These unique properties of IL-15 may be of 

benefit in the immunotherapy of cancer [46]. Therefore, IL-15 has become 

one of the most promising molecules for antitumor immunotherapy, 

illustrated by its top 3 position in the US National Cancer Institute’s ranking 

of 20 immunotherapeutic drugs with the greatest potential for broad usage 

in cancer therapy [47]. Unfortunately, high tumor burden, immune 

suppression of the tumor microenvironment and/or the short in vivo half-

life of IL-15, which is between 40-60 minutes, can impede the 

immunostimulatory effects of IL-15. Therefore, IL-15 will probably be most 

efficient in combination with other antitumor strategies to overcome these 

obstacles. An overview of the most common IL-15 combination antitumor 

therapies in pre-clinical models can be found in Figure 2 and in Table 1.  

 

Next to the immunotherapeutic character of IL-15, this molecule is thought 

to be a possible predictor of cancer patient outcomes. This nomination is 

based on two facts, which are (i) the ability of IL-15 to increase the number 

of tumor-infiltrating immune cells and (ii) the correlations seen between 

levels of infiltrated T cells and patient outcomes [48, 49]. As seen in multiple 

cohorts of patients with colorectal cancer, high IL-15 expression resulted in 

increased densities of proliferating T and B cells in the tumor milieu 

compared with samples from patients with low IL-15 expression. In 

addition, patients with low IL-15 levels had increased risk of tumor 

recurrence and decreased survival compared with patients with high IL-15 

levels [50]. This suggests that IL-15-based therapies might be effective in 
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providing antitumor activity for those patients who have reduced IL-15 

expression at the tumor site [49, 50]. 

 

Figure 2. Overview of IL-15 in combination with other antitumor therapies in pre-clinical 

models. IL-15 in combination with (1) chemotherapy/Everolimus/ACT/BMT/ RFA, (2) IL-21, (3) 

IL-12, (4) IL-6, (5) Cetuximab or anti-HER2, (6) anti-PDL1, (7) anti-CD40, (8) anti-CTLA-4, (9) 

IL-15Rα, (10) IL-15Rα and 4-1BBL, (11) Caspy 2 and (12) CCL-21. Interactions between CTL 

and APC: (a) CD40-CD40L, (b) PD1-PDL1, (c) TCR-MHC I and (d) CTLA-4-CD80/CD86. 

Abbreviations: ACT, Adoptive Cell Transfer; APC, Antigen-Presenting Cell; BMT, Bone Marrow 

Transplantation; CTL, Cytotoxic T Lymphocyte; IL, Interleukin; NK, Natural Killer; RFA, 

Radiofrequency Thermal Ablation; TGF-β, Tumor Growth Factor beta; Th, T helper. 
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 Table 1. Pre-clinical studies testing antitumor combination therapies with interleukin-15 in animal models. Abbreviations: 5-FU, Fluorouracil; Ab, 

antibody; ACT, adoptive cell therapy; ADCC, antibody-dependent cellular cytotoxicity; BCG, Bacillus Calmette-Guérin; BMT, Bone marrow 

transplantation; CCL-21, chemokine ligand 21; CTL, cytotoxic T lymphocyte; CTLA-4, cytotoxic T Lymphocyte antigen 4; CTVT, canine transmissible 

venereal tumor; GVHD, graft-versus-host-disease; GVL, graft-versus-leukemia; HCC, hepatocellular carcinoma; HER2, human epidermal growth factor 

receptor 2; IFN, interferon; IL, Interleukin; mAB, monoclonal antibody; MDSC, myeloid-derived suppressor cells; NA, not applicable; NR, not reported; 

PBMC, peripheral blood mononuclear cells; PD, programmed death; PDL, programmed cell death ligand, TNF, tumor necrosis factor; TRAMP, 

transgenic adenocarcinoma of the mouse prostate. 

 

Reference 
Tumor 
model 

IL-15 
combination 

therapy 

Clinical 
effect of IL-

15 alone 

Clinical effect of IL-
15 combination 

therapy 

Immunological 
effect of IL-15 alone 

Immunological effect of IL-15 
combination therapy 

Radiotherapy/chemotherapy/transplantation     

Katsanis E, 
1996 [51] 

Lymphoma BMT NA ↗ survival NA 
↗ cytotoxicity of transplant 

splenocytes 

Evans R, 
1997 [52] 

Lung cancer 
Cyclo-

phosphamide 
no effect 

↘↘ tumor size; ↗ 
remission period 

↗ NK cell cytotoxicity 
(spleen cells) 

↗ NK cell number and 
cytotoxicity (spleen cells); no 
evidence of class I-restricted 

cytolytic T cell activity 
Chapoval 
AI, 1998 
[53] 

Lung cancer 
Cyclo-

phosphamide 
no effect ↗ survival NR 

↗ levels of NK1.1+/LGL-1+ cells 
and CD8+/CD44+ T cells 

Cao S, 
1998 [54] 

Colorectal 
cancer 

Fluorouracil 
and 

Leucovorin 
no effect 

↘ chemo-induced GI 

toxicities; ↘ tumor 

weight; ↗ therapeutic 
selectivity of 5-FU 

NR NR 

Alpdogan 
O, 2005 
[55] 

Leukemia BMT NA  ↗ GVL and no GVHD NA 
↗ donor-derived CD8+ T cells, 

NK cells and NKT cells; ↗ NK 
cell- and T cell-functions 

Habibi M, 
2009 [44] 

Breast cancer RTA and IL-7 no effect ↘ tumor development NR ↗ IFN-γ; ↘ MDSC 

C
h

a
p

te
r 1
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Other cytokines     

Lasek W, 
1999 [56] 

Melanoma IL-12 no effect 
↗ tumor regression 

(50% of mice); ↗ 
survival 

↗ NK cell activity 
(spleen) 

↗↗ NK cell activity (spleen and 

LN), ↗ cytotoxic activity antigen-

specific T cells (LN), ↗ IFN-γ in 
serum 

Zeng R, 
2005 [57] 

Melanoma IL-21 
↗ tumor 

regression 
↗↗ tumor regression 

↗ antigen-specific 
CD8+ T cell numbers; 

↗ NK cell numbers; ↗ 

IFN-γ by CD8+ T cells 

↗↗ antigen-specific CD8+ T cell 

numbers; ↗↗ NK cell numbers; 

↗↗↗ IFN-γ by CD8+ T cells 

 
      

Gene therapy     

Di Carlo E, 
2000 [58] 

Small cell 
lung cancer 

IL-15 
producing 
tumor cells 

25% 
rejection of 
tumor cells 

complete rejection of 
tumor cells (even in 

NK cell-depleted 
mice) 

↗ cytotoxicity by 
tumor-infiltrating 

macrophages 

↗ IFN-γ (not in NK-cell depleted 

mice); ↗↗↗ cytotoxicity by 
tumor-infiltrating macrophages 

Comes A, 
2002 [59] 

Adeno- 
carcinoma 

IL-15 
producing 

adenocarcino
ma cells 

↘↘ tumor 
size 

tumor rejection in 
90% of all mice 

NR 
tumor infiltration of CD8+ T 
cells/granulocytes and NK 

cells/macrophages/CD4+ T cells 

Kishida T, 
2003 [60] 

Lymphoma IL-21 
↘↘ 

metastasis 

↘↘↘ metastasis; 
complete regression 
in 80% of the mice 

↗↗ NK cell killing 

activity; ↗ CTL activity 
↗↗↗ NK cell killing activity; ↗↗ 

CTL activity 

Lasek W, 
2004 [61] 

Melanoma 
IL-15 

producing 
tumor cells 

↘ tumor 

diameter; ↘ 
tumor-free 

mice 

eradication of 
established tumor 

cells 

↗ NK cell- and ↗ 
CD8+ T cell-numbers  

↗ NK cell- and ↗↗ CD8+ T cell-

numbers and cytotoxicity; ↗ IFN-

γ production 

Kowalczyk 
A, 2007 
[62] 

Neuro- 
blastoma 

GD2 mimitope 
vaccine + IL-

21 
no effect 

↘↘ tumor growth; ↗↗ 
survival 

↗ IgG2b antibody 
response 

↗↗↗ IgG2b antibody response; 

↗↗ CD8+ T cell cytotoxicity 

Lin CY, 
2008 [63] 

CTVT IL-6 
almost no 

effect 

↘ tumor 
establishment and 

growth 

↗ number of DX5+ NK 

cells; TGF-β blocks NK 
cell cytotoxicity 

↗↗ number of DX5+ NK cells; 
restoration of NK cell 

cytotoxicity 

G
e
n

e
ra

l in
tro

d
u

ctio
n
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Basak GW, 
2008 [64] 

Melanoma 
IL-15 and 
producing 
tumor cells 

↘↘ tumor 
growth; 70% 
rejection of 
tumor cells 

↘↘↘ tumor growth; 
complete rejection of 

tumor cells 

↗ infiltration of CD3+ 
lymphocytes 

↗↗ infiltration of granulocytes 
and CD3+ lymphocytes (CD4+ 
and CD8+ at a similar ratio) 

Chou PC, 
2009 [65] 

CTVT IL-6 NA ↗ tumor regression NA 

↗ CD8+ T cell tumor infiltration; 

↗ tumor-specific IFN-γ 

production; ↗ tumor-specific 
cytotoxicity 

Chang CM, 
2010 [66] 

HCC 
IL-15:IL-15Rα 
sushi domain 

NR 
↘↘ metastasis; ↗↗ 

survival 
no effect 

↗↗ NK cell numbers and 
cytotoxic activity 

Steel JC, 
2010 [67] 

Breast cancer 
IL-15 and IL-

15Rα-
expressing DC 

↗ survival ↗↗ survival 
↗ antigen-specific 
antibody response 

↗↗ antigen-specific antibody 
response 

Yang Y, 
2012 [68] 

Colon, 
Melanoma, 

Breast cancer 
Caspy2 

↗ survival; ↘ 
tumor 

growth; ↘ 
lung 

metastasis 

↗↗ survival; ↘↘ tumor 

growth; ↘↘ lung 
metastasis 

↗ induction of 

apoptosis; ↗ IFN-γ 

and TNF-α; ↗↗ IL-10 
expression 

↗↗ induction of apoptosis; ↗↗↗ 

IFN-γ and TNF-α; ↘ IL-10 
expression 

Ochoa MC, 
2013 [69] 

Metastatic 
melanoma 
and colon 

cancer 

ApoA-I/IL-
15/IL-15Rα 

sushi domain 
construct 

no effect ↘ metastasis 
↗ NK cell- and ↗ 

CD8+ T cell-numbers 
in spleen/lung/liver 

↗ NK cell- and ↗↗ CD8+ T cell-
numbers in spleen/lung/liver 

Zhao DX, 
2014 [70] 

Colon 
carcinoma 

CCL-21 
↘ tumor 
volume 

↘↘ tumor volume 
↗ cytotoxicity CTL; ↗ 

IFN-γ 
↗↗ cytotoxicity CTL;, ↗↗ IFN-γ 

Chen X, 
2014 [71] 

Lewis lung 
cancer 

Whole-cell 
tumor vaccine 

↘ tumor 
volume 

↘↘ tumor volume; ↗↗ 
survival 

↗ lymphocyte 

cytotoxicity; ↗↗ IFN-γ 

↗ tumor-specific Ab titer, ↗↗ 

lymphocyte cytotoxicity; ↗↗ IFN-

γ 

Yan Y, 2015 
[72]  

Colon 
carcinoma 

Oncolytic virus NR 
↘↘ tumor volume and 

weight 
NR ↗ CD8+ T cell cytotoxicity 

C
h

a
p

te
r 1
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Antibodies and targeted therapy     

Stoklasek 
TA, 2006 
[73] 

Melanoma 
IL-15Rα (pre-
complexed) 

no effect 
↘↘↘ tumor burden (90% 

of mice is tumor free) 
no effect 

↗↗ proliferation of memory 
CD8+ T cells, NK cells and NKT 
cells; activation of naive CD8+ T 

cells 

Zhang M, 
2009 [74] 

Colon 
carcinoma 

anti-CD40 ↗ survival ↗↗ survival 

↗ granzyme B 
expression by NK 

cells; ↗ NK cell 
cytotoxic activity 

↗↗ granzyme B expression by 

NK cells; ↗↗ NK cell cytotoxic 
activity 

Yu P, 2010 
[75] 

Colon 
carcinoma 

anti-PDL1 + 
anti-CTLA-4 

↗ survival; ↘↘ 
lung tumor 

nodules 

↘↘↘ lung tumor 
modules 

↗ cytotoxicity and 

IFN-γ expression 

CD8+ T cells; ↗ PD-1 
and IL-10 expression 

CD8+ T cells 

↗↗ cytotoxicity and IFN-γ 

expression CD8+ T cells; ↘ PD-1 
and IL-10 expression CD8+ T 

cells 

Zhang M, 
2012 [76] 

TRAMP anti-CD40 
↘ tumor 

volume; ↗ 
survival 

↘↘↘ tumor volume; 

↗↗↗ survival; ↗ number 
of remissions 

↗ NK cell priming 
and killing (by IL-15 
transpresentation) 

↗↗ antigen-specific CD8+ T cells; 

↗↗ NK cell priming and killing 
(by IL-15 transpresentation) 

Xu M, 
2012 [77] 

Breast 
cancer 

Anti-
HER2/neu + 
IL-15/IL-15R 

(or anti-
CD40) 

NR 

no effects of anti-
HER2/neu mAB because 
of MDSC and PD-1 on 

TIL 

NR 
no effects of anti-HER2/neu 

mAB because of MDSC and PD-1 
on TIL 

Yu P, 2012 
[78] 

TRAMP 
anti-PDL1 +  
anti-CTLA-4 

↘ tumor size; 

↗ survival 
↘↘ tumor size; ↗↗ 

survival 

↗ antigen-specific 

CD8+ T cells; ↗ 
cytotoxicity and IFN-

γ release CD8+ T cells 

↗↗ antigen-specific CD8+ T cells; 

↗↗ cytotoxicity and IFN-γ release 

CD8+ T cells; ↘ supression of 
CD4+CD25+ and CD8+CD122+ 

Treg 
Roberti 
MP, 2012 
[79] 

Breast 
cancer 

Cetuximab 
↘ tumor 
volume 

↘↘ tumor volume NR 
ADCC of NK cells is restored and 

potentiated 

G
e
n

e
ra

l in
tro

d
u

ctio
n
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 Zhao N, 
2013 [80] 

Breast 
cancer 

Everolimus 
↘ tumor size; 

↗ tumor 
apoptosis 

no synergistic effect; ↘ 

tumor size; ↗ tumor 
apoptosis rate 

↘ Ki-67 expression 
no synergistic effect; ↘ Ki-67 

expression 

Kermer V, 
2014 [81] 

Metastatic 
melanoma 

FAB-specific 
Ab/IL15:IL15R

/4-1BBL 
fusion  

↘↘ lung 
metastases  

↘↘↘ lung metastases 

↗ proliferation T cells; 

↗ IFN-γ production; 

↗ cytotoxicity T cells 

↗↗ proliferation T cells; ↗↗ IFN-γ 

production; ↗ cytotoxicity T cells 

 

 

 

Adoptive cell therapy     

Roychowd
hury S, 
2004 [82] 

Myeloma T cell ACT NR 

delayed tumor 
relapse; defense 
against tumor 
rechallenge 

NR 
↗↗ number of antigen-specific 

CD8+ T cells; ↗ cytotoxicity 
splenocytes 

Klebanoff 
CA, 2004 
[83] 

Melanoma T cell ACT NR 
↗ survival; ↘ tumor 

growth 
NR 

↗ in vivo antitumor activity CD8+ 
T cells 

Ng SS, 
2016 [84] 

Melanoma T cell ACT 
↘ tumor 
volume 

↘↘ tumor volume NR 
↗↗ tumor-specific CD8+ T cells in 

tumor/spleen/lung, ↗↗ granzyme 
B expression 

C
h

a
p

te
r 1
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IL-15 transpresentation in cancer 

The unique properties of IL-15 can be devoted to the mechanism it uses to 

transfer its signal to other immune cells, which differs from all other 

cytokines. Unlike the secretion of most cytokines, IL-15-mediated immune 

stimulation occurs mainly by a unique transpresentation mechanism [85]. 

Hereby, IL-15 and IL-15Rα form a heterodimeric complex intracellularly, 

which is subsequently guided to the cell membrane, where it is bioactive 

[86-91]. In this way, cell-cell contact between the IL-15-transpresenting cells 

and IL-15Rβγ-expressing cells can result in activation of the latter (Figure 3). 

 

 

 

Figure 3. Mechanisms whereby IL-15 can bind to its effector cells. IL-15 can be presented 

by the IL-15Rα-moiety (green) to the IL-15Rβγ-subunits (purple) in a membrane-bound state 

through a process called transpresentation (1) or in a soluble state (2). IL-15 can also bind 

the IL-15Rβγ-subunits directly, albeit with a lower affinity (3). 
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Interestingly, IL-15 can bind to the IL-15 βγ-receptor without forming a 

pre-complex with IL-15Rα, although with a lower binding affinity [92]. The 

different binding strategies of IL-15 to its receptor subunits are depicted in 

Figure 3.  

 

The activation of IL-15Rβγ-expressing cells involves selected Janus-

associated kinases (JAK) and signal transducer and activator of transcription 

(STAT) proteins. More specifically, binding of IL-15 to IL-15Rβγ induces JAK1 

activation that subsequently phosphorylates STAT3 via the β chain and 

JAK3/STAT5 activation via its γ chain [93, 94]. Phosphorylated STAT3 and 

STAT5 proteins form heterodimers that then translocate to the nucleus 

where they activate transcription of anti-apoptotic proteins, preventing cell 

death. In addition, upon IL-15Rβγ binding, specific adaptor molecules are 

recruited to phosphorylated residues on the β-chain of the IL-15 receptor, 

resulting in a cascade of subsequent activation of different kinases. At the 

end of this pathway, activation of protein kinase B (Akt) and mitogen-

activated protein kinase (MAPK) induce the expression of downstream 

effector molecules to promote the survival, proliferation and cytotoxic 

effector functions of IL-15Rβγ-expressing cells [93]. Since both NK cells and 

CD8+ T cells, as main killer cells of the immune system, express the 

βγ-moiety of the IL-15 receptor, IL-15 transpresentation has become a 

valuable signaling mechanism in antitumor immunotherapies. 
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Mimicking IL-15 transpresentation 

Pre-complexation of IL-15 with IL-15Rα results in an increase of the IL-15 

half-life [73, 95], going from 1 hour when IL-15 is unbound to 

approximately 20 hours in the complexed form [73]. In this perspective, 

combining IL-15 and IL-15Rα increases the in vivo bioavailability of IL-15 

and, together with the higher binding affinity to the βγ-moiety of the IL-15 

receptor, increases the in vivo bioactivity of IL-15. Therefore, researchers 

have been focusing on designing soluble IL-15/IL-15Rα complexes as 

antitumor therapy, because the cytoplasmic part of IL-15Rα is not necessary 

for IL-15 transpresentation [96]. To date, three main fusion proteins are 

being pursued in the pre-clinical treatment of cancer (Figure 4) [97, 98]. The 

first is a fusion of IL-15 and the soluble IL-15Rα-Fc subunit, further called 

IL-15/IL-15Rα-Fc complex [73, 95, 99]. The second complex is known as RLI, 

which consists of IL-15 coupled with a linker to the soluble IL-15Rα sushi 

domain which was identified to have the most binding affinity for IL-15 

[100]. Thirdly, pre-association of an IL-15 mutant (whereby the amino acid 

asparagine at position 72 is substituted by an aspartic acid) with the 

IL-15Rα sushi-Fc fusion complex is called ALT-803 [101]. All three IL-15 

fusion proteins displayed improved in vivo pharmacokinetics and a higher 

potency to activate immune cells as compared to soluble IL-15 as seen both 

in in vitro experiments and in animal models [99, 100, 102] (Table 2). In view 

of cancer immunotherapy, these pre-clinical studies have proven that all 

three fusion proteins possess superior immunotherapeutic antitumor 

properties as compared to soluble IL-15, favoring clinical development of 

these molecules to treat various cancers. Although there is no evidence to 

suggest that one of the three IL-15 fusion proteins is better for cancer 

treatment, almost only ALT-803 is currently being investigated in clinical 

studies. 
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Figure 4. IL-15 transpresentation mechanisms used in antitumor immunotherapies. IL-15-

transpresenting dendritic cells or tumor cells (A), IL-15/IL-15Rα-Fc complex (B), RLI (C) and 

ALT-803 (D) are used in both in vitro and in vivo studies to enhance the amount and 

antitumor activity of IL-15Rβγ-expressing cells, such as NK cells and CTL, to eradicate tumor 

cells. Abbreviations: CTL, Cytotoxic T Lymphocyte; DC, Dendritic Cell; Fc, Fragment 

crystallizable region; IL, Interleukin; IL-15R, interleukin-15 Receptor; NK, Natural Killer cell; TC, 

Tumor Cell. 
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Table 2. Mimicking IL-15 transpresentation as antitumor approach in in vitro experiments 

and animal models. Abbreviations: ALT-803, IL-15 superagonist (N72D) + sushi domain 

IL-15Rα; Fc; Fragment crystallizable region; IL-15, interleukin-15; NK, natural killer; RLI, IL-15 

coupled with a linker to the soluble IL-15Rα sushi domain. 

 

Reference 
IL-15/IL-15Rα 

complex therapy 
Effects of IL-15 

Effects of IL-15/IL-15Rα 
complexes 

Dubois S, 
2008 [103] 

IL-15/IL-15Rα-Fc   ↗ survival 

NK cells: ↗↗ amount, ↗ killing 

capacity, CD8+ T cells: ↗↗ 

amount; ↗↗ survival 

Epardaud 
M, 2008 

[104] 
IL-15/IL-15Rα-Fc  ↘ tumor burden 

NK and CD8+ T cells: ↗↗ 

amount; ↘↘ tumor burden, ↗ 
survival 

Wu Z, 
2010 [105] 

IL-15/IL-15Rα-Fc  
No effect on killing of 
NK cells and CD8+ T 

cells 

NK cells: ↗↗ amount, ↗↗ 
killing capacity, CD8+ T cells: 

↗↗ amount, ↗ killing capacity  

Chertova 
E, 2013 

[99] 
IL-15/IL-15Rα-Fc  

NK and CD8+ T cells: ↗ 
amount 

NK and CD8+ T cells: ↗↗↗ 
amount 

Sun H, 
2016 [106] 

IL-15/IL-15Rα-Fc  NA 
NK and T cells: ↗↗ perforin, 

granzyme B and IFN-γ; ↗↗ 
survival 

Mortier E, 
2006 [100] 

RLI 
IL-15Rβ/γ-expressing 

cells: no effect 
IL-15Rβ /γ -expressing cells: ↗ 

proliferation 

Chang 
CM, 2009 

[66] 
RLI NK cells: no effect 

NK cells: ↗↗ amount, ↗↗ 

killing capacity; ↗↗ survival 

Cheng L, 
2014 [107, 

108] 
RLI NA 

NK and CD8+ T cells: ↗↗ 

amount; ↘↘ tumor growth 

Xu W, 
2013 [109] 

ALT-803 ↘ tumor burden 

CD8+ T cells: ↗↗ amount, ↗↗ 

IFN-γ; ↘↘↘ tumor burden, ↗↗ 
survival 

Wong HC, 
2013 [110] 

ALT-803 
NK and CD8+ T cells: 

no effect 

NK and CD8+ T cells: ↗↗ 

amount, ↗↗ IFN-γ; ↗↗ 
survival 

Mathios 
D, 2016 

[111] 
ALT-803 NA 

CD8+ T cells: ↗↗ tumor-

infiltration, ↗↗ IFN-γ; ↗↗ 
survival 

Rhode PR, 
2016 [112] 

ALT-803 ↗ survival 

NK and CD8+ T cells: ↗↗ 

amount, ↗↗ IFN-γ; ↗↗ 

survival, ↘ tumor volume 

Kim PS, 
2016 [113] 

ALT-803 NA 
NK and CD8+ T cells: ↗↗ 

amount, ↗↗ killing; ↗ survival; 

↘ metastasis 
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At the moment, the use of ALT-803 alone or in combination with other 

antitumor therapies is implemented in eight clinical studies to treat a range 

of hematological and solid tumors, such as melanoma, renal cell cancer, 

pancreatic cancer, lung cancer, bladder cancer and indolent B cell 

non-Hodgkin lymphoma (Table 3).  

 

Table 3. IL-15/IL-15Rα complexes implemented in clinical trials. Abbreviations: 

ALT-803, IL-15 superagonist (N72D) + sushi domain IL-15Rα; BCG, Bacillus 

Calmette-Guérin; IL-15, interleukin-15; NK cell, natural killer cell; SCT, stem cell 

transplantation; sIL-15Rα, soluble IL-15 receptor alpha. 

 

Clinical 
identifier 
number 

IL-15/IL-15Rα 
complex 
therapy 

Combination Tumor type 

NCT01885897 ALT-803 / 
Relapse of hematologic 

malignancy after 
allogeneic SCT 

NCT01946789 ALT-803 / Advanced solid tumors 

NCT02099539 ALT-803 / Multiple myeloma 

NCT02138734 ALT-803 BCG 
BCG-naive non-muscle 
invasive bladder cancer 

NCT02384954 ALT-803 Rituximab 
Indolent B cell non-
Hodgkin Lymphoma 

NCT02452268 IL-15/sIL-15Rα / 
Advanced metastatic 

cancers 

NCT02523469 ALT-803 Nivolumab 
Non-small cell lung 

cancer 

NCT02559674 ALT-803 
Gemcitabine 

and Nab-
paclitaxel 

Advanced pancreatic 
cancer 

NCT02890758 ALT-803 
NK-cell 
infusion 

Hematological and solid 
cancers 

 

The primary goal of these studies is to evaluate the safety and determine 

both the maximum tolerated dose and the minimum effective dose. As 

secondary outcome measures, the immunogenicity and pharmacokinetic 

profile of ALT-803 will be characterized in treated patients, as well as 

progression-free survival and duration of the response. Since none of the 
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current clinical studies where IL-15/IL-15Rα complexes are used as 

biological agents has been completed at this moment, no results on the 

safety and efficacy of this treatment have been published so far. In the 

meanwhile, we envisage that more antitumor therapies will be tested in a 

clinical setting and, therefore, more combinations with IL-15/IL-15Rα 

complexes will probably be investigated for their antitumor effect in 

different kind of tumors. 
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Design of interleukin-15-expressing dendritic cells 

 

Targeted delivery of IL-15/IL-15Rα complexes 

Although very promising in the treatment of different kinds of cancers, 

soluble IL-15/IL-15Rα complexes are administered systemically in all the 

presented (pre-) clinical studies, which can dramatically augment the 

probability of adverse side effects or autoimmunity. To fully benefit from 

the advantages of IL-15/IL-15Rα complexes while bypassing systemic side 

effects, the use of cell carriers to deliver IL-15/IL-15Rα in a more controlled 

way might be preferable. It is within this context that cell-based 

immunotherapy approaches come to the fore. 

 

Therefore, researchers have focused on implementing both IL-15 and 

IL-15Rα DNA into DC [67] or tumor cells [89, 114, 115] using adenoviruses 

[67, 114], retroviruses [115] or electroporation [89], to create a transcellular 

IL-15-presenting system with the intention to activate IL-15Rβ/γ-expressing 

cells (Table 4). According to these studies, transcellularly-presented IL-15 

was able to increase the activation of both NK cells [89, 115] and CTL [114, 

115] in a superior way as compared to soluble IL-15. Importantly in an 

antitumor setting, the IL-15/IL-15Rα-activated NK cells demonstrated 

enhanced cytotoxic activity against tumor cells in vitro [89]. In addition, in 

vivo mice experiments displayed increased percentages of tumor-infiltrating 

NK cells and CD8+ T cells after treatment with IL-15/IL-15Rα-expressing 

cells. This increased tumor-infiltration resulted in inhibition of tumor growth 

and improved survival of challenged mice as demonstrated in a lung cancer 

[115], a breast cancer [114] and a prostate cancer mouse model [114]. Next 

to activation of NK cells and CTL, treatment of tumor-bearing mice (BALB-

neuT mice) with IL-15/IL-15Rα-expressing cells can also result in an antigen-

specific antibody response, which is superior as compared to cells that only 

express IL-15. This antibody response is correlated with an increased 
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antitumor effect in terms of decreased tumor development [67]. Overall, 

these results show that the IL-15 transpresentation mechanism is of great 

value in optimizing DC [67] as well as tumor cell vaccination [89, 114, 115]. 

 

Table 4. Implementing transcellular IL-15 by gene therapy approaches. Abbreviations: Ab, 

antibody; DC, dendritic cell; IL-15-TP, interleukin-15-transpresenting; NK, natural killer. 

 

Reference 

IL-15/IL-

15Rα 
complex 
therapy 

IL-15 
transfection 

method 
Effects of IL-15 

Effects of IL-

15/IL-15Rα 
complexes 

Kobayashi 
H, 2005 

[89] 

IL-15-TP 
tumor cells 

DNA 
electroporation 

NK cells: no effect 
(at physiological 
concentrations) 

NK cells: ↗↗ killing 
capacity 

Rowley J, 
2008 [115] 

IL-15-TP 
tumor cells 

Retroviral DNA 
transduction 

NA 

NK cells and CD8+ 

T cells: ↗↗ tumor-

infiltration, ↘↘ 
tumor growth 

Morris JC, 
2014 [114] 

IL-15-TP 
tumor cells 

Adenoviral DNA 
transduction 

↘↘ tumor volume, 

↗↗ survival 

NK cells and CD8+ 

T cells: ↗ amount, 

↘↘↘ tumor 

volume, ↗↗↗ 
survival 

Steel JC, 
2010 [67] 

IL-15-TP 
DC 

Adenoviral DNA 
transduction 

Ab-response: ↗ 

titer, ↗↗ survival 

Ab-response: ↗↗ 

titer, ↗↗↗ survival 

 

 

Optimization of the DC vaccine manufacturing protocol 

Based on the above-described results and the growing body of evidence 

that the ‘gold standard’ IL-4 DC, which are most often used in clinical trials, 

might be suboptimal for inducing anticancer immunity [22], we and others 

have designed new protocols for DC vaccine manufacturing, incorporating 

IL-15 [87, 116-120]. In view of this, we genetically engineered DC to express 

IL-15 and IL-15Rα, using the mRNA electroporation technique (detailed in 

[121-124]). The generation of these DC, further called IL-15/IL-15Rα EP DC 

(Figure 5), was based on the ‘gold standard’ IL-4 DC vaccine manufacturing 

protocol with two major modifications. First, in our newly-designed 

protocol, only TNF-α and PGE2 were used during DC maturation, while IL-1β 

and IL-6 were omitted from the maturation cocktail. Without affecting the 

most important properties of the DC, which has been tested in our 
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laboratory [125], this simplification of the protocol results in a more cost-

effective DC vaccine. Second and most importantly, both IL-15 and IL-15Rα  

were co-transfected by means of mRNA electroporation into the matured 

IL-4 DC.  

 

 

 

 

Figure 5. Preparation of monocyte-derived IL-15/IL-15Rα EP DC in a three-step protocol. 

In the first two steps, monocytes are differentiated in the presence of IL-4 and GM-CSF into 

immature IL-4 DC, followed by maturation in the presence of TNF-α and PGE2. In the third 

step, IL-15, IL-15Rα and/or tumor-specific antigen mRNA are co-electroporated into the 

matured DC to obtain IL-15/IL-15Rα-producing DC. Abbreviations: DC, dendritic cell; EP, 

electroporation; GM-CSF, granulocyte macrophage colony-stimulating factor; IL, interleukin; 

IL-15Rα, interleukin-15 receptor alpha; PGE2, prostaglandin E2; TNF-α, tumor necrosis factor 

alpha. 

 

In addition to local delivery of IL-15, these IL-15/IL-15Rα-expressing DC 

have two important advantages, as compared to non-transient systemic 

protein delivery, resulting from the mRNA electroporation technique. From 

a Good Manufacturing Practices (GMP) perspective, it is easier to obtain 

GMP-grade IL-15 mRNA than clinical-grade protein, so mRNA-based 
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transfection (e.g. through electroporation) with IL-15 mRNA in DC 

circumvents the obstacle of the scarcely available clinical grade protein 

IL-15. Biologically, a transient effect of IL-15/IL-15Rα complexes is in favor 

of NK-cell activation as compared to prolonged stimulation by 

IL-15/IL-15Rα complexes [126]. In conclusion, theoretically our IL-15 and 

IL-15Rα mRNA-transfected DC are promising candidates to improve current 

DC-based vaccination strategies. 
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Transpresentation of interleukin-15 and silencing of 

immune checkpoint ligands in a single DC vaccine 

preparation 

 

Immune checkpoints 

The potential success of DC vaccines also depends on the tumor 

microenvironment. It has become clear that the efficiency of DC vaccines is 

impaired by immune evasion of the tumor cells themselves [127]. Tumors 

can suppress the immune system in many ways including upregulation of 

immune-suppressing cytokines, such as tumor growth factor (TGF)-β and 

IL-10 [128] or upregulation of ligands that can interact with immune-

suppressive receptors. Popular immune checkpoints under active 

investigation include the cytotoxic T-lymphocyte associated protein 4 

(CTLA-4) and programmed death (PD-) 1 [127-129]. More specifically, 

interaction of the ligands PD-L1 and/or PD-L2 on the tumor cells with PD-1 

on T cells results in T-cell exhaustion and clinically has been 

associated/correlated with a decreased prognosis for patients bearing 

PD-L+ tumors [130]. Furthermore, PD-1/PD-L1 interactions can collaborate 

with regulatory T cells in order to generate enhanced immunosuppression 

[131]. The importance of these immune checkpoints in cancer 

immunotherapy is further underscored by the first place ranking of 

anti-PD-1 and anti-PD-L1 blocking antibodies as potential targets for 

immunotherapy at the 29th Annual meeting of the Society for 

Immunotherapy of Cancer (SITC) in 2015 [47]. Especially the CTLA-4 and 

PD-1/PD-L pathways are heavily investigated and have led to the 

development of monoclonal antibodies targeting these inhibiting ligands 

[132]. This has further resulted in FDA approvals of Ipilimumab 

(anti-CTLA-4) since 2011, Nivolumab and Pembrolizumab (both anti-PD-1) 

since 2014, and Atezolizumab (anti-PD-L1) since 2016 [133]. Although all 

these inhibitors have provided proof of therapeutic efficiency in clinical 

studies, evidence has recently shown that anti-CTLA-4 therapy is 
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accompanied by more serious adverse effects than blocking the PD-1/PD-L 

pathway [134-136], putting forward the PD-1/PD-L pathway as a better 

target for further research. Therefore, the combination of the 

immunostimulatory effect of DC vaccination and the blockade of the 

inhibitory immune-regulatory PD-1/PD-L pathway is expected to be one of 

the most promising strategies to promote antitumor immunity while 

dampening immune evasion. 
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Inhibition of the PD-1/PD-L pathway in DC 

In accordance with the systemic delivery of IL-15/IL-15Rα complexes, the 

use of systemic antibodies against PD-1, PD-L1 and CTLA-4 leads to several 

immune-related adverse effects [130, 135]. Therefore, in the context of DC 

vaccination strategies, alternatives to combine DC vaccines and the 

blockade of immune checkpoint pathways is needed. An efficient approach 

to block the PD-1/PD-L pathway was discovered by Hobo et al. in 2010. 

They used short interfering RNA (siRNA) to silence PD-L1 and PD-L2 

expression on the membrane of DC [137]. This research was based on the 

facts that (1) PD-L1 and PD-L2 are expressed on antigen presenting cells, 

such as DC [138, 139], (2) their expression is elevated upon DC maturation 

[140], and (3) earlier studies already proved the feasibility of using siRNAs 

to target other inhibitory immune-related pathways [141, 142]. Since then, 

different approaches of PD-L silencing have been investigated by this 

research group [137, 140, 143, 144]. Electroporation of siRNAs against 

PD-L1 and PD-L2 into the DC appeared to be an efficient way to knock-

down both inhibitory immune ligands [137]. However, if the electroporation 

technique is also used to load DC with a tumor-specific antigen or an 

immune-stimulatory molecule, it is preferable to use another transfection 

method to introduce the siRNAs into DC. The reason for this is that two 

electroporation steps in different stages of the DC generation protocol 

appeared to be incompatible due to a very low DC yield and viability [143]. 

Lipid nanoparticle transfection popped up to be an alternative method of 

siRNA delivery, which could subsequently knock-down PD-L1 and PD-L2, 

and which is compatible with downstream electroporation for antigen 

loading [140, 144]. These PD-L-silenced DC have already proven to boost 

and expand tumor-specific CD8+ T cells in vivo, which in turn possess the 

capacity to degranulate upon encountering their target antigen [144].  

 

Altogether, by combining PD-L silencing and IL-15 transpresentation into 

one DC vaccine preparation, theoretically potent stimulators of antitumor 

immunity can be created. On top, this combination would lead to a single 
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therapy, eliminating the need for the patient to receive multiple therapies 

on a regular basis and to avoid systemic side effects. 
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Aims and outline of the thesis 

The primary treatment of acute myeloid leukemia (AML) patients, i.e. 

polychemotherapy, results in most cases in disappearance of the disease. 

However, the majority of patients relapses due to proliferation of residual 

leukemic (stem) cells. Therefore, effective adjuvant therapies are urgently 

needed. Dendritic cell (DC) vaccination, as active immunotherapy, has 

already proven to be safe and able to induce clinical relevant responses, but 

there is still room for improvement. To further improve DC vaccination 

strategies, this study aims the in vitro generation and characterization of 

IL-15-transpresenting 'designer' DC to increase the immunostimulatory and 

antitumor effect of DC therapy as adjuvant cancer treatment. More 

specifically, in this thesis we study the cellular and molecular determinants 

of IL-15 transpresentation by in vitro cultured DC. The focus is on 

maximizing the immunostimulatory properties of DC to evoke both an 

NK-cell and a tumor-specific T-cell response. Our hypothesis is that DC 

engineered to express IL-15 and IL-15Rα using mRNA electroporation, 

are able to induce a strong and effective NK- and T-cell-mediated 

antitumor response. Overall, we aim to design an innovative DC vaccine by 

introducing a small change in the DC manufacturing protocol which can 

have major consequences on protective innate and adaptive antitumor 

immunity (Figure 1).  

 

Before testing our hypothesis, we evaluated if our IL-15/IL-15Rα 

manipulation actually results in IL-15 transpresentation on the DC 

membrane and if expression of both IL-15 and IL-15Rα is required to 

acquire IL-15 transpresentation (Chapter 3). Furthermore, we describe the 

influence of our new design on the intrinsic properties of the DC. Therefore, 

we tested the effect of IL-15 and/or IL-15Rα mRNA electroporation on the 

expression of typical phenotypic DC markers, the cytokine-producing 
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properties, the migration profile and the T-cell proliferating capacity of 

these novel designer DC (Chapter 3). 

 

 

 

Figure 1. Overview of the outline of the thesis. Abbreviations: allo-MLR, allogeneic mixed 

lymphocyte reaction; DC, dendritic cell; EP, electroporation; GM-CSF, granulocyte 

macrophage colony-stimulating factor; IL, interleukin; IL-15Rα, interleukin-15 receptor alpha; 

NK, natural killer; PD-L, programmed death-ligand; PGE2, prostaglandin E2; TNF-α, tumor 

necrosis factor alpha. 

 

After characterization of our IL-15-transpresenting DC, we investigated the 

influence of these DC on the activation of NK cells as innate immune cells 

(Chapter 4). In order to do so, both the activation phenotype and the 

production of pro-inflammatory and cytolytic cytokines of the NK cells were 

examined. Most interestingly in view of cancer immunotherapy, we also 

checked the cytotoxicity of designer DC-primed NK cells against NK cell-

sensitive and -resistant tumor cell lines. From a mechanistic point of view, 

we questioned if the observed effects could be linked to the presence of 
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IL-15. Moreover, we explored if cell-cell contact between DC and NK cells is 

required or whether soluble factors bring about the cytotoxic capacity of 

the DC-primed NK cells (Chapter 4).  

 

In Chapter 5, we investigated the T cell-stimulating capacity of our IL-15-

transpresenting DC. Aiming at leveraging the immunogenicity of DC 

vaccines, we hypothesize that integrating in situ PD-L-silencing in our 

IL-15-transpresenting DC working model will exhibit superior 

stimulatory potential. As an important co-inhibitory signaling axis 

between T cells and DC, PD/PD-L blockade has been demonstrated to be in 

favor of DC-mediated T cell activation. The main goal of this chapter is to 

incorporate the PD-L1/L2 siRNA transfection strategy in our novel IL-15-

transpresenting DC culture protocol and validate the effects of siRNA-

mediated PD-L-silencing in IL-15-transpresenting DC on their T cell-specific 

stimulatory potential. 

 

In Chapter 6, The findings of this thesis are discussed in view of recent 

literature. Furthermore, the position of our novel designer DC vaccine in 

therapeutic cancer immunotherapy will be highlighted, together with future 

perspectives and ongoing investigations. Both an English and Dutch 

summary of this thesis can be found in Chapter 7. 

 

While all chapters discuss the optimization of the immunostimulatory 

capacities of a DC vaccine, the specific aim of Chapter 8 was different to 

that of the other chapters in the thesis (Figure 2). Therefore, it was decided, 

for sake of clarity, to add it as an addendum to the thesis. In this chapter, 

the effects of a commercial human papillomavirus (HPV) vaccine as a 

clinically applicable DC maturation cocktail were investigated on DC 

differentiated in the presence of IL-15 instead of IL-4 – the so-called ‘IL-

15 DC’ – and NK cells, including killing of HPV-infected cells by both DC 

and DC-primed NK cells. IL-15 DC were chosen as DC model since these DC 

represent the in vitro correlate of the naturally existing CD56+CD7-
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CD11c+BDCA1+ myeloid blood DC subset, which has gained interest 

because of its potential direct cytotoxic activity. Furthermore, we scrutinized 

which element of the HPV vaccine was responsible for the observed effects, 

among which the boosting of innate immune responses. 

 

 

Figure 2. Schematic representation of design and aim of Chapter 8 of the thesis. 

Abbreviations: DC, dendritic cell; GM-CSF, granulocyte macrophage colony-stimulating 

factor; HPV, human papilloma virus; IL, interleukin; NK, natural killer; TLR, Toll-like receptor. 

 



 

 

 

 



 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 3 

Enabling interleukin-15 transpresentation in 

human monocyte-derived dendritic cells by 

co-electroporation of IL-15 and IL-15Rα mRNA 

Partly adapted from:  

Van den Bergh JMJ, Willemen Y, Lion E, Van Acker HH, De Reu H, 

Anguille S, Goossens H, Berneman ZN, Van Tendeloo VFI, Smits ELJM. 

Oncotarget 2015; 6(42): 44123-33. 

Van den Bergh JMJ, Smits ELJM, Versteven M, De Reu H, Berneman ZN, 

Van Tendeloo VFI, Lion E. Characterization of interleukin-15-

transpresenting dendritic cells for clinical use. J Immunol Res 2017; 

under review. 
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Abstract 

Dendritic cell (DC)-based vaccination has already proven to be safe and 

effective as second-line therapy in the treatment of patients with various 

cancer types. Nevertheless, in terms of overall survival, there is still room for 

improvement at the level of optimizing currently used DC vaccines. In this 

context, we re-designed our currently clinically used DC vaccine generation 

protocol to enable transpresentation of interleukin (IL)-15 to IL-15Rβγ-

expressing cells aiming at boosting the antitumor immune response. In this 

study we demonstrate that upon electroporation with both IL-15 and 

IL-15Rα-encoding messenger RNA, mature DC become highly positive for 

surface IL-15, without influencing the expression of prototypic mature DC 

markers and with preservation of their cytokine-producing capacity and 

their migratory profile. Functionally, we show that IL-15-transpresenting DC 

are equal, if not better, inducers of T-cell proliferation compared with DC 

without IL-15 conditioning. Providing rationale for further translational 

exploration, we evidence with a time- and cost-effective manner that 

clinical-grade DC can be safely engineered to transpresent IL-15, hereby 

gaining the ability to transfer the IL-15 signal towards antitumor immune 

effector cells.  
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Introduction 

Dendritic cells (DC) are the most professional antigen-presenting cells and 

the main orchestrators of our immune system [1]. Therefore, researchers 

have been implementing these cells as an immunotherapy in clinical trials 

to treat cancer patients for over 20 years now [2]. While DC-based 

vaccination has shown to be safe and effective in the battle against cancer, 

durable clinical responses remain scarce. For this reason, optimization of 

currently applied DC vaccines improving their immunostimulatory 

properties to generate superior antitumor immune responses, is subject of 

intensive investigations [2-5].  

 

Interleukin (IL)-15 was exclaimed as one of the most interesting 

immunotherapeutic agents for broad usage in cancer therapy [6, 7]. This 

nomination stems from the potent stimulatory effects of IL-15 on both the 

innate and the adaptive components of the immune system [8-11]. The 

superior immunostimulatory effects of IL-15 can be dedicated to the unique 

transpresentation mechanism it uses to transfer its signal to the effector 

cells of the immune system. Hereby, IL-15 binds to the α-moiety of its 

receptor, resulting in transpresentation of IL-15 to neighboring cells 

expressing the βγ-moiety of the IL-15 receptor on their membrane [12-14]. 

Since both natural killer (NK) cells and cytotoxic T cells (CTL) as main killer 

cells of the innate and adaptive immune system, respectively, display βγ-

molecules on their membrane, IL-15 transpresentation can target these 

immune cells to increase the antitumor immune response.  

 

In this study, we postulated that incorporating the IL-15 transpresentation 

mechanism into currently used DC vaccines by means of electroporation 

would increase their immunostimulatory properties while 1) preserving the 

hallmark characteristics of the DC, 2) without dramatically increasing the 

cost and time to prepare the vaccine and 3) guaranteeing product and 

patient safety in a clinical setting. In this context, mRNA electroporation has 
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already proven to be a feasible method to efficiently introduce molecules 

into DC, without introducing possibly noxious substances as with viral 

transfections [15-18]. Moreover, both mRNA encoding for 

immunostimulatory molecules, such as IL-15/IL-15Rα, and mRNA encoding 

for a specific antigen can simultaneously be electroporated into cells, 

circumventing the need of extra manipulating steps [19]. Transfection with 

mRNA has the additional safety advantage compared with DNA 

transfection that it cannot result in genomic integration and, therefore, will 

not permanently interfere with the normal function of human cells [18]. 

 

In this chapter, we describe how IL-15 and/or IL-15Rα mRNA is 

implemented in a human monocyte-derived DC vaccine protocol that is 

currently under investigation in three clinical trials in our lab (NCT01686334, 

NCT02649829, NCT02649582). First, we evaluated the transfection efficiency 

by means of IL-15 membrane and soluble expression after introduction of 

both IL-15 and IL-15Rα mRNA. Next, we examined the influence of this 

manipulation on hallmark DC characteristics; the DC maturation profile, 

their cytokine-producing and migratory capacity and their ability to induce 

T-cell proliferation.  
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Material and Methods 

Ethics statement and cell material 

This study was approved by the Ethics Committee of the University of 

Antwerp (Antwerp, Belgium) under the reference number 16/10/123. 

Experiments were performed using blood samples from anonymous donors 

provided by the Antwerp branch of the Red Cross Blood Transfusion Center 

(Mechelen, Belgium). 

 

mRNA 

The human OSP-IL-15 gene [20], which contains an optimized signal 

peptide (OSP) sequence before the IL-15 coding sequence, was generated 

into a pST1 vector by gene-ART (Life Technologies), putting it under the 

control of a T7 promoter and providing it with a poly(A)tail [21]. The human 

IL-15Rα gene was a kind gift of Dr. B. Weiner (University of Pennsylvania, 

Philadelphia, USA) and was subcloned into a pST1 vector. mRNA transcripts 

were generated using an mMessage mMachine T7 in vitro transcription kit 

(Life Technologies) according to the manufacturer’s protocol. 

 

IL-15 designer DC generation 

DC were generated as described previously [22, 23] with minor adaptations 

specific for the IL-15 designer DC. Briefly, positively selected CD14+ 

monocytes were differentiated into immature DC in the presence of IL-4 

(20ng/mL; Life Technologies) and granulocyte-macrophage colony-

stimulating factor (800U/mL; Gentaur). After 5 days, 20 ng/mL tumor 

necrosis factor-α (Gentaur) and 2.5 µg/mL prostaglandin E2 (Pfizer, Puurs, 

Belgium) were added to induce maturation. Monocyte-derived DC (moDC) 

were harvested 40-44 hours later and electroporated without mRNA (mock 

EP DC), with 5 µg OSP-IL-15 mRNA (IL-15 EP DC), 5 µg IL-15Rα mRNA 

(IL-15Rα EP DC) or a combination of 5 µg OSP-IL-15 mRNA and 5 µg 

IL-15Rα mRNA (IL-15/IL-15Rα EP DC) in 200 µL Opti-MEM reduced serum 

medium without phenol red (Life Technologies). 
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Membrane immunophenotyping 

IL-15 surface expression on DC was examined 2h, 4h, 8h, 24h, 48h and 72h 

after electroporation using a phycoerythrin (PE)-conjugated monoclonal 

anti-IL-15 antibody (R&D). IL-15Rα surface expression was examined 4h 

after electroporation using an anti-IL-15Rα-PE monoclonal antibody 

(eBioscience). DC phenotype was examined 4h, 8h, 24h and 48h after 

electroporation using combinations of fluorescein isothiocyanate (FITC)- 

and PE-conjugated monoclonal antibodies against CD14, CD40, CD70, 

CD80, CD86, CD209, CD273, CD274, human leukocyte antigen (HLA)-DR, 

OX-40 ligand (OX-40L) (all BD), CD83 (Life Technologies) and chemokine 

receptor 7 (CCR7) (R&D). Corresponding isotype staining was performed as 

negative control. 7-aminoactinomycin D (7-AAD; BD) was used to 

distinguish between viable and dead cells. All samples were measured on a 

FACScan flow cytometer (BD). Expression levels (delta mean fluorescence 

intensity (ΔMFI)) are expressed as relative levels compared to those of the 

corresponding mock EP DC, with ΔMFI representing subtraction of the MFI 

of the isotype control from the marker-specific MFI. 

 

Cytokine secretion assays 

Secretion of IL-15 was determined in DC supernatant 2h, 4h, 8h, 24h, 48h 

and 72h after electroporation using a human IL-15 enzyme-linked 

immunosorbent assay (ELISA; eBioscience) according to the manufacturer’s 

protocol and analyzed on a Victor 3 multilabel counter (Perkin Elmer). 

Supernatant of DC cultures was further examined 24h and 48h after 

electroporation for the presence of IL-4, IL-6, IL-10, IL-17A, IL-18, interferon 

(IFN)-α2a, IFN-γ and tumor necrosis factor (TNF)-α using a custom-made 

U-plex kit for electrochemiluminescent detection (Meso Scale Discovery 

(MSD), Rockville, MD, USA) and performed according to the manufacturer’s 

protocol. Data were analyzed on a SECTOR instrument (MSD) using MSD’s 

Discovery Workbench software. 
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Migration assay 

The migratory potential of mock EP DC, IL-15 EP DC and IL-15/IL-15Rα EP 

DC was determined 4h after electroporation by a chemotaxis assay using 

24-well culture plates carrying polycarbonate membrane-coated Transwell™ 

permeable inserts (5 μm pore size; Costar). The lower plate chambers were 

filled with 600 µL DC culture medium per well supplemented with the 

chemotactic CCR7 ligands CCL19 and CCL21 (R&D Systems) at an optimal 

concentration of 100 ng/mL for each agent. DC (1 × 105 cells) were seeded 

on top of each Transwell™ insert in a total volume of 100 µL culture 

medium and allowed to migrate to the lower compartments for 180 min in 

a humidified 37°C/5% CO2 incubator (chemokine-driven migration). Parallel 

control experiments were conducted in the absence of CCL19 and CCL21 to 

assess the spontaneous cell migration (negative control) or by transferring 

all cells (1 x 105) to the lower well in order to determine the maximum 

possible DC yield (positive control). Thirty minutes prior to harvest, 5 mM 

EDTA (Merck; Darmstadt, Germany) was added to the lower compartments 

to detach the transmigrated adherent cells. Finally, the cells from each 

lower well were collected, centrifuged and concentrated to a final sample 

volume of 200 μL. Cells were counted by flow cytometric analysis at a fixed 

flow rate during a defined time period of 60 sec (counts per minute; cpm). 

DC migration was expressed using the following equation: % migrated cells 

= [(cpm chemokine−driven migration – cpm negative control) / cpmpositive control] ×100. 

 

Allogeneic mixed lymphocyte reaction (allo-MLR) 

Thawed peripheral blood lymphocytes (PBL) were labeled with CFSE (5 µM; 

Life Technologies) according to the manufacturer’s instructions and used as 

effector cells in an allogeneic mixed lymphocyte reaction (allo-MLR) at a 

DC:effector cell ratio of 1:10. Specifically, 2 x 105 allogeneic effector cells 

were cultured with 2 x 104 DC in 200 µL Iscove’s Modified Dulbecco’s 

Medium (IMDM; Invitrogen) supplemented with 10% fetal bovine serum 
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(FBS; Invitrogen). Medium and phytohemagglutinin/IL-2 stimulation served 

as negative and positive controls, respectively. After 5 days, samples were 

stained with LIVE/DEAD® Fixable Aqua Stain (Life Technologies), CD3-

PerCP-Cy5.5 (BD), CD4-APC-H7 (BD) and CD8–PB (Life Technologies) and 

measured on a FACSAria II flow cytometer. CD4+ and CD8+ T-cell 

proliferation was assessed by quantifying the percentage of divided (CFSE-

diluted) cells within the viable (LIVE/DEAD-) CD3+CD4+ and CD3+CD8+ 

lymphocyte population, respectively. 

 

Statistical analysis 

Flow cytometry data were analyzed using FlowJo version 10.0.6 (Treestar, 

Ashland, OR, USA). GraphPad Prism 5 software (GraphPad, San Diego, SA, 

USA) was used for graphing and statistical calculations. Statistical analysis 

was performed using the repeated-measures one-way or two-way analysis 

of variance with Bonferroni post-hoc test, where appropriate. Results were 

considered statistically significant when p < 0.05. 
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Results 

IL-15Rα is required for IL-15 surface expression 

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 detail on the expression kinetics of 

IL-15/IL-15Rα. As compared with the condition where no mRNA is 

electroporated (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 surface 

expression 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). 

 

 

Figure 1. IL-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) are 

expressed as 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: DC; dendritic cells, EP; electroporation, 

IL; interleukin, IL-15Rα; interleukin-15 receptor alpha, MFI; mean fluorescence intensity, SEM; 

standard error of the mean. 
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Electroporating IL-15Rα mRNA only into DC (IL-15Rα EP DC) did not lead to 

any IL-15 surface expression (data not shown). Interestingly, we 

demonstrate that IL-15Rα is already present on IL-4 moDC (mean 

expression of approximately 15%) and that the expression of IL-15Rα is only 

significantly upregulated when IL-15 and IL-15Rα mRNA are co-transfected 

into the DC (mean expression of approximately 20%; 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). Like the IL-15 membrane 

expression, electroporating IL-15Rα mRNA only into DC did not lead to any 

IL-15 secretion (data not shown). For this reason, the IL-15Rα EP DC 

condition was not included in further experiments. 

 

Implementing IL-15 and IL-15Rα mRNA into IL-4 moDC preserves their 

phenotypic maturation profile 

Since IL-15 is highly expressed on the membrane of IL-15/IL-15Rα EP DC 4h 

after mRNA electroporation (Figure 1A), the effect of this manipulation on 

the DC phenotype was determined 4h, 8h and 24h after electroporation. As 

expected, the monocyte marker CD14 was absent on all DC types, while the 

prototypic DC maturation markers CD80, CD83 and CD86 were equally high 

expressed on the membrane of mock EP DC (dark-grey filled histogram), 

IL-15 EP DC (dashed-lined histogram) and IL-15/IL-15Rα EP DC (thin-lined 

histogram) as compared to the corresponding isotype (light-grey filled 

histogram) (Figure 2). Also no differences could be detected on all other DC 

markers tested, human leukocyte antigen (HLA)-DR, CD40, CD209, CCR7, 

CD70, OX-40L, programmed-death ligand (PD-L)1 and PD-L2 (Figure 2). 
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Although the expression of DC membrane markers can differ over time, 

IL-15 and/or IL-15Rα mRNA electroporation did not have an effect on their 

expression at the different time points (Supplemental Figure 2). 

 

 

 

Figure 2. Phenotype of IL-15 mRNA electroporated DC. 

Surface expression of CD80, CD83, CD86, CD14, HLA-DR, CD40, CD209, CCR7, CD70, OX-40L, 

PD-L1 and PD-L2 on IL-15 EP DC (dashed-lined histogram) or IL-15/IL-15Rα EP DC (thin-

lined histogram) were compared 4h after electroporation with mock EP DC (dark-grey filled 

histogram) and isotype controls (light-grey filled histogram). Histogram overlays are shown 

for one representative donor out of six independent donors. Abbreviations: CCR7; C-C 

chemokine receptor type 7, HLA; human leukocyte antigen, PD-L; programmed death-ligand. 

 

 



 IL-15 transpresentation in human moDC 

75 

 

Evaluation of cytokine secretion profile after implementation of IL-15 

and IL-15Rα mRNA into IL-4 moDC 

As shown in table 1, levels of typical T helper (Th)-2 cytokines, such as IL-4 

and IL-10, and the typical Th-17 cytokine IL-17 remained below detection 

limits, irrespective of the applied electroporation. In addition, secretion of 

most pro-inflammatory cytokines (IFN-α2a, TNF-α, IL-6, IL-18) was not 

affected by the introduction of IL-15 transpresentation. Interestingly, 

although secretion levels were rather low (< 55 pg/mL), both IL-15 EP DC 

(p < 0.01) and IL-15/IL-15Rα EP DC (p < 0.01) showed a statistically 

significant higher IFN-γ production as compared to mock EP DC, which 

display cytokine secretion below detection limit (Table 1). 

 

Table 1. Cytokine-secretion (± SEM) in 24h wash-out supernatant by IL-15 designer DC. 

Abbreviations: DC, dendritic cell; DL, detection limit; EP, electroporated; IFN, interferon; IL, 

interleukin; SEM, standard error of mean; TNF, tumor-necrosis factor. ** p < 0.01 (compared 

to mock EP DC) (n=6). 

 

 

 

 

Both IL-15 EP DC and IL-15/IL-15Rα EP DC retain the capacity to 

migrate 

Since C-C chemokine receptor type 7 (CCR7) is highly presented on the 

membrane of IL-4 moDC (Figure 2), we evaluated the migratory potential of 

the different DC types towards the lymph node recruiting CCR7 ligands 
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CCL19 and CCL21. The migratory potential of IL-15 EP DC (39.6 ± 1.8 %; 

mean ± SEM) and IL-15/IL15Rα EP DC (37.2 ± 1.2 %) are comparable to that 

of mock EP DC (41.2 ± 1.5 %) (Figure 3). 

 

 

 

Figure 3. Migration capacity of IL-15 mRNA electroporated DC. 

The mean migration percentage (± SEM) of mock EP DC (white bar), IL-15 EP DC (grey bar) 

and IL-15/IL-15Rα EP DC (black bar) is shown 4h after electroporation based on a 3h 

chemotaxis assay (n=6). DC migration was expressed using the following equation: % 

migrated cells = [(cpm chemokine-driven migration – cpm negative control) / cpm positive 

control] ×100 (see material and methods section). Abbreviations: DC; dendritic cells, EP; 

electroporation, CPM; counts per minute, IL; interleukin, IL-15Rα; interleukin-15 receptor 

alpha, SEM; standard error of mean. 

 

IL-15 designer DC can have higher T cell-proliferating capacity  

As key characteristic of DC, we assessed the IL-15 designer DC-mediated 

proliferation of both CD4+ and CD8+ T-cells in an allogeneic mixed 

lymphocyte reaction. Non-stimulated lymphocytes served as negative (non-

proliferative) control (Figure 4). Co-culture of allogeneic lymphocytes with 

mock EP DC resulted in significant CD4+ (p < 0.001) and CD8+ T-cell 

proliferation (p < 0.001). Although the addition of IL-15 mRNA to the DC 

vaccine preparation (IL-15 EP DC) did not have an additive effect on T-cell 
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proliferation, combining IL-15 and IL-15Rα mRNA into the DC preparation 

(IL-15/IL-15Rα EP DC) demonstrated a slight increase in CD8+ T-cell 

proliferation as compared to mock EP DC (p < 0.01). The same trend was 

observed for CD4+ T-cell proliferation, however this elevated proliferation 

was not significantly different between IL-15/IL-15Rα EP DC and mock EP 

DC (p > 0.05). 

  

 

 

Figure 4. Induction of T-cell proliferation by IL-15 mRNA electroporated DC. 

Bar graphs depict proliferation of PBL upon 5-day coculture with mock EP DC (white bar), 

IL-15 EP DC (grey bar) or IL-15/IL-15Rα EP DC (black bar) at a 10:1 T cell/DC ratio. Cocultures 

were analyzed for CD4+ T-cell and CD8+ T-cell proliferation within the viable CD3+ T-cell 

population by flow cytometry. Data are shown as mean (± SEM) for 4 independent donors. 

**, p < 0.01; ***, p < 0.001, repeated measures one-way ANOVA with Bonferroni post-hoc 

test. Abbreviations: DC; dendritic cells, IL; interleukin, IL-15Rα; interleukin-15 receptor alpha, 

ns; not significant, PBL; peripheral blood lymphocytes, SEM; standard error of the mean. 
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Discussion 

Due to the pleiotropic attribute of IL-15 to stimulate both the innate and 

the adaptive arm of the immune system and growing preclinical data on 

IL-15-mediated antitumor immunity, IL-15 was categorized as one of the 

immunotherapeutic agents with high potential for broad usage in cancer 

therapy [6, 7]. In line with these observations, the antitumor potency of 

systemic IL-15 administration was further investigated in both animal 

models and in the first-in-human clinical trial [8]. Although systemic 

delivery of IL-15 resulted in efficient activation of antitumor responses, this 

was accompanied with substantial systemic cytotoxicity, particularly when 

administered on a daily basis [8, 24, 25]. Together with some early clinical 

disappointments with systemic cytokine-based immunotherapy, including 

IL-15, pharmaceutical companies are not inclined to produce clinical-grade 

cytokines anymore [26]. Additionally, the half-life of IL-15 is less than one 

hour, limiting its bioactivity in vivo after systemic delivery. By binding to 

IL-15Rα, which occurs in the so-called IL-15 transpresentation process, the 

half-life and stability of IL-15 can be prolonged [27, 28].  

 

Benefiting from its immunostimulatory properties, while evading systemic 

delivery of clinical-grade IL-15, a different approach of IL-15 transfection in 

immune-competent cells was assessed in this study, effectuating in situ 

production, secretion and transpresentation of IL-15. The goal of this study 

was to evaluate a clinically feasible protocol generating IL-15-secreting and 

-transpresenting cells by simultaneously electroporating IL-15 and IL-15Rα 

mRNA into DC. From a clinical perspective it is more feasible to obtain 

GMP-grade IL-15 and IL-15Rα mRNA for mRNA-based transfection (e.g. 

through electroporation) [29] than the purified proteins, circumventing the 

hurdle of the only scarcely available clinical-grade proteins IL-15 and 

IL15Rα. With this innovative designer DC-based strategy, we aimed to 

develop highly potent immune-stimulatory DC for future use in DC 

vaccination trials. 
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Co-electroporating IL-15 and IL-15Rα mRNA into DC provides the necessary 

ingredients to establish IL-15 transpresentation on the cell membrane. As 

demonstrated by Bergamaschi and colleagues, IL-15 and IL-15Rα can form 

an intracellular pre-complex which can be subsequently transported to the 

cell membrane, where IL-15Rα can present the bound IL-15 to neighboring 

cells [30]. If one of both components is not available, stable pre-complexes 

are unable to form hampering IL-15 transpresentation [28, 30-32]. We first 

hypothesized that IL-15Rα mRNA electroporation of cells capable of 

producing IL-15, such as monocytes and DC, could facilitate IL-15 

transpresentation on the membrane [33]. Refuting this hypothesis, 

membrane-bound IL-15 could not be detected following IL-15Rα mRNA 

electroporation, questioning endogenous IL-15 production and/or 

trafficking via the secretory pathway in moDC differentiated in the presence 

of GM-CSF and IL-4 and obviating the need to co-transfect IL-15 mRNA in 

such DC. Alternatively, it has been shown that adapting the TNF-α/PGE2-

containing DC maturation cocktail into a combination of IFN-γ and a 

Toll-like receptor agonist, resulted in a high secretion of IL-15 by DC [34]. 

 

In DC-based immunotherapy, it is pivotal to ensure that all manipulations to 

generate the final DC vaccine product are in favor of the 

immunostimulatory characteristics of the DC. In this context, Tourkova and 

colleagues showed that adenoviral transduction of the IL-15 gene into 

human moDC resulted in elevated expression of co-stimulatory molecules 

on the DC membrane, enhanced IL-12 expression by the DC and the ability 

to induce T-cell proliferation [35]. It is suggested that the observed effects 

were caused by signaling through the βγ-moiety of the IL-15 receptor, which 

can be presented on both T cells and monocytes [36]. Using IL-15/IL-15Rα 

mRNA transfection, we demonstrate that there is no significant influence on 

the DC phenotype, migratory capacity nor cytokine production as 

compared to mock-electroporated DC. This might imply that our IL-15-
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transpresenting DC do not, or only in low levels, express the β- or γ-moiety 

of the IL-15 receptor. These discrepancies could be explained by the 

differences in DC vaccine preparation, such as delivery method of IL-15 

(mRNA electroporation vs transduction via adenoviral gene integration) and 

time point of IL-15 delivery (immature vs mature DC stage). Furthermore, as 

a hallmark of DC, our IL-15-conditioned DC preserve the induction of 

allogeneic T-cell proliferation, with even a slight increase in CD8+ T-cell 

proliferation when both IL-15 and IL-15Rα mRNA are introduced in DC. This 

indicates that IL-15 transpresentation can have immunostimulatory effects 

towards CD8+ T cells [37, 38]. 

 

Altogether, we report on a novel designer DC type, whereby the IL-15 

transpresentation mechanism is implemented into clinically applicable 

moDC while maintaining hallmark properties of the DC. Moreover, since 

mRNA electroporation is broadly accepted to introduce tumor antigens into 

DC, co-transfection with immune-stimulatory molecules like IL-15 and 

IL-15Rα mRNA can be easily performed in one electroporation step, 

avoiding the need of time- and cost-consuming manipulations [19, 39]. In 

this way, DC gain the ability to transfer the signal of IL-15 to IL-15Rβγ-

expressing cells (e.g. NK cells and T cells) in order to increase the (antigen-

specific) antitumor immune response with only minor modifications to the 

DC protocol. The next step will be to evaluate the antitumor-mediating 

potency of our IL-15-conditioned DC. More specifically, we will investigate 

the IL-15-dependent promotion of DC-mediated stimulation of both innate 

(Chapter 4) and adaptive (Chapter 5) antitumor immunity. 
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Supplemental Figures 

 

 

 

Supplemental Figure 1. IL-15Rα membrane expression of IL-15 and/or IL-15Rα 

mRNA electroporated DC. 

Membrane-bound IL-15Rα expression (dMFI as compared with isotype controls) was 

determined by flow cytometric staining of mock EP DC (white bar), IL-15Rα EP DC (light grey 

bar), IL-15 EP DC (dark grey bar) and IL-15/IL-15Rα EP DC (black bar) 4h after 

electroporation. Data are shown as dMFI (± SEM) for 3 independent donor. ns, not 

significant; *, p < 0.05; **, p < 0.01, repeated measures one-way ANOVA with Bonferroni 

posthoc test. Abbreviations: DC; dendritic cells, EP; electroporation, dMFI; delta mean 

fluorescence intensity, IL; interleukin, IL-15Rα; interleukin-15 receptor alpha, SEM; standard 

error of the mean. 
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Supplemental Figure 2. Expression of membrane markers by IL-15 mRNA 

electroporated DC at multiple time points after electroporation. 

Mock EP DC (white bars), IL-15 EP DC (grey bars) and IL-15/IL-15Rα EP DC (black bars) were 

evaluated flow cytometrically for surface expression of CD80, CD83, CD86, CD14, HLA-DR, 

CD40, CD209, CCR7, CD70, OX-40L, PD-L1 and PD-L2 at 4h, 8h and 24h after electroporation. 

Results are depicted as mean percentage (± SEM) membrane marker expression relative to 

mock EP DC as follows: (dMFI IL-15 EP DC or IL-15/IL-15Rα EP DC/dMFI mock EP DC) x 100, 

with dMFI representing subtraction of the MFI of the isotype control from the membrane 

marker-specific MFI. Abbreviations: CCR7; C-C chemokine receptor type 7, dMFI; delta mean 

fluorescence intensity, HLA; human leukocyte antigen, IL; interleukin, IL-15Rα; interleukin-15 

receptor alpha, PD-L; programmed death-ligand, SEM; standard error of the mean. 
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Abstract 

In cancer immunotherapy, the use of dendritic cell (DC)-based vaccination 

strategies can improve overall survival, but until now durable clinical 

responses remain scarce. To date, DC vaccines are designed primarily to 

induce effective T-cell responses, ignoring the antitumor activity potential 

of natural killer (NK) cells. Aiming to further improve current DC vaccination 

outcome, we engineered monocyte-derived DC to produce interleukin 

(IL)-15 and/or IL-15 receptor alpha (IL-15Rα) using mRNA electroporation. 

The addition of IL-15Rα to the protocol, enabling IL-15 transpresentation to 

neighboring NK cells, resulted in significantly better NK-cell activation 

compared to IL-15 alone. Next to upregulation of NK-cell membrane 

activation markers, IL-15 transpresentation resulted in increased NK-cell 

secretion of IFN-γ, granzyme B and perforin. Moreover, 

IL-15-transpresenting DC/NK cell co-cultures from both healthy donors and 

acute myeloid leukemia (AML) patients in remission showed markedly 

enhanced cytotoxic activity against NK cell sensitive and resistant tumor 

cells. Blocking IL-15 transpresentation abrogated NK cell-mediated 

cytotoxicity against tumor cells, pointing to a pivotal role of IL-15 

transpresentation by IL-15Rα to exert its NK cell-activating effects. In 

conclusion, we report an attractive approach to improve antitumoral 

NK-cell activity in DC-based vaccine strategies through the use of 

IL-15/IL-15Rα mRNA-engineered designer DC. 
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Introduction 

As the main orchestrators of the immune system, dendritic cells (DC) are 

ideal candidates in the design of immunotherapeutic strategies to treat 

cancer patients. For this reason, DC-based vaccination is being explored to 

improve clinical outcome of various cancer patients. As reported by our and 

other research groups, DC-based immunotherapy was shown in clinical 

trials to be safe and able to induce antitumor immune responses [1, 2]. 

However, durable clinical responses have only been observed in a minority 

of patients, underscoring the need to investigate new avenues of 

immunostimulatory DC vaccines for the generation of clinically relevant 

antitumor immune responses [3-6]. 

 

Moreover, clinical responses in DC trials are diverse and there is lack of 

immunologic readout systems that correspond with clinical outcome [7]. To 

date, DC vaccines are designed primarily to induce effective T-cell 

responses, mostly ignoring the antitumor activity potential of natural killer 

(NK) cells [7, 8]. Indeed, NK cells have largely been neglected in the 

interpretation of the 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 immune system [12-14]. To exert its effects, IL-15 uses a 



IL-15-transpresenting DC and NK cells 

95 

 

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. 
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Material and Methods 

Ethics statement and cell material 

This study was approved by the Ethics Committee of the University of 

Antwerp (Antwerp, Belgium) with reference number 13/49/500. Experiments 

were performed using blood samples from anonymous donors provided by 

the Antwerp branch of the Red Cross Blood Transfusion Center (Mechelen, 

Belgium) or from patients with AML or glioblastoma multiforme obtained 

from the hematological/oncological division of the Antwerp University 

Hospital (Edegem, Belgium). AML patients were only selected when they 

were in remission and excluded when they previously received a 

hematopoietic stem cell transplantation. The human NK-cell resistant Daudi 

cell line (gift from Dr. K. Thielemans of the Free University of Brussels (VUB)) 

and the leukemic cell lines K562 (ATCC) and THP-1 (ATCC) were maintained 

in Iscove’s Modified Dulbecco’s Medium (IMDM; Invitrogen) supplemented 

with 10% fetal bovine serum (FBS; Invitrogen). The adherent glioblastoma 

cell lines U87-MG (CLS) and LN-229 (ATCC) were maintained in Dulbecco’s 

Modified Eagle Medium (DMEM; Invitrogen) supplemented with 10% FBS. 

All cell lines were maintained in logarithmic growth phase at 37°C in a 

humidified atmosphere supplemented with 5% CO2. 

 

mRNA 

The human OSP-IL-15 gene [22] was generated into a pST1 vector by gene-

ART (Life Technologies), putting it under the control of a T7 promoter and 

providing it with a poly(A)tail [23]. The human IL-15Rα gene was a kind gift 

of Dr. B. Weiner (University of Pennsylvania, Philadelphia, USA) and was 

subcloned into a pST1 vector. mRNA transcripts were generated using a 

mMessage mMachine T7 in vitro transcription kit (Life Technologies) 

according to the manufacturer’s protocol. 
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IL-15 designer DC generation 

DC were generated as described previously [24] with minor adaptations 

specific for the IL-15 designer DC. Briefly, positively selected CD14+ 

monocytes were differentiated into mature DC according to a 7-day culture 

protocol. [24] After 7 days, DC were harvested and electroporated without 

mRNA (mock EP DC), with 10 µg OSP-IL-15 mRNA (IL-15 EP DC), 10 µg 

IL-15Rα mRNA (IL-15Rα EP DC) or a combination of 10 µg OSP-IL-15 mRNA 

and 10 µg IL-15Rα mRNA (IL-15/IL-15Rα EP DC) in 200 µL Opti-MEM 

reduced serum medium without phenol red (Life Technologies). 

 

NK cells 

Untouched resting CD3-CD56+ NK cells were isolated from the thawed 

CD14- peripheral blood lymphocyte fraction, which was frozen at day -7 in 

freezing medium consisting of Roswell Park Memorial Institute 1640 (RPMI; 

Invitrogen) supplemented with 20% FBS and 10% dimethyl sulfoxide 

(Sigma-Aldrich), after overnight resting at 37°C. NK cells were isolated using 

the human negative selection NK-cell isolation kit (Miltenyi Biotec) 

according to the manufacturer’s instructions. NK-cell purity and viability 

was at least 95% as determined on a FACScan flow cytometer (BD) 

following staining with fluorescein isothiocyanate (FITC)-conjugated anti-

CD3 (BD) and phycoerythrin (PE)-conjugated anti-CD56 (BD) monoclonal 

antibodies (mABs), and propidium iodide (PI; Invitrogen), respectively. 

 

Membrane immunophenotyping 

Purified NK cells were co-cultured at a 5:1 ratio with autologous DC in 

IMDM + 10% FBS directly after DC electroporation and membrane-stained 

with anti-CD11c-V450, anti-NKp30-AF360, anti-NKp44-PE, anti-NKp46-APC, 

anti-NKG2D-PE, anti-CD56-FITC and anti-CD69-APC-Cy7 (all BD) mABs 48h 

after initiation of co-cultures. 7-aminoactinomycin D (7-AAD; BD) was used 

to distinguish between viable and dead cells. Samples were measured on a 

FACSAria II flow cytometer (BD). 
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Cytokine secretion assays 

The secretion of granzyme B and perforin was determined in supernatant of 

48h NK/DC/tumor-cell co-cultures (co-cultured directly after DC 

electroporation) using a human granzyme B (Cell Sciences) and perforin 

(Diaclone) ELISA kit, respectively, according to the manufacturer’s protocol. 

Both ELISA assays were measured on a Victor 3 multilabel counter (Perkin 

Elmer). 

 

Intracellular staining 

IFN-γ production was measured using a flow cytometric-based intracellular 

staining assay after 24h NK/DC/tumor-cell co-cultures. Briefly, tumor cells 

were added to 6h NK/DC co-cultures (co-cultured directly after DC 

electroporation), followed 1h later by addition of a protein transport 

inhibitor (GolgiPlug; 5µL/mL) (BD). After overnight incubation at 37°C and 

5% CO2, cells were membrane-stained with fluorochrome-labeled anti-CD3 

(BD), anti-CD11c (BD), anti-CD56 (BD) and LIVE/DEAD Aqua (Invitrogen). 

Next, cells were fixed and permeabilized using the Foxp3/transcription 

factor staining buffer kit (eBioscience) according to the manufacturer’s 

instructions with minor adaptations. Briefly, cells were fixed by adding 

fix/perm working solution during 1h at 4°C, followed by two washing steps 

with permeabilization buffer. Permeabilized cells were stained with 

anti-IFN-γ antibody (BD) for 1h at 4°C. Samples were measured on a 

FACSAria II flow cytometer (BD). 

 

Cytotoxicity assay 

The killing capacity of DC and NK cells against tumor cells was determined 

using a flow cytometry-based protocol as described previously with minor 

modifications [3, 24-26]. Briefly, tumor cells were labeled prior to co-culture 

with PKH67 Green Fluorescent Cell Linker dye (Sigma-Aldrich) according to 

the manufacturer’s protocol. PKH67+ tumor cells were cultured alone or 

added to 48h-co-cultures of NK cells and DC, which were co-cultured 

directly after DC electroporation, for 4h at an NK/DC/tumor-cell ratio of 
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5:1:1. After 4h co-culture, samples were stained with annexin V-APC (BD) 

and PI (BD) followed by acquisition on a FACSAria II flow cytometer. 

Cytotoxicity was calculated based on the viability (annexin V-/PI-) of PKH67+ 

tumor cells using the following equation: % killing = 100% -

(% annexin V-/PI- tumor cells with effector cells/% annexin V-/PI- tumor cells 

without effector cells). In specific experiments, anti-IL-15 neutralizing IgG 

mAB (R&D) or corresponding IgG isotype control mAB was added to 

cultures of DC 1h prior to the addition of NK cells for 48h. To determine the 

cell-contact dependence of NK cells and DC regarding IL-15 signaling, 

transwell inserts with a pore size of 0.4 µM (BD) were used at the day of co-

culturing the cells. The transwell inserts were removed before adding tumor 

cells 48h after co-culture. 

 

Statistical analysis 

Flow cytometry data were analyzed using FlowJo version 10.0.6 (Treestar). 

GraphPad Prism 5 software was used for graphing and statistical 

calculations. Statistical analysis was performed using the (repeated-

measures) one-way or two-way analysis of variance with Bonferroni post-

hoc test, where appropriate. Results were considered statistically significant 

when p < 0.05. 
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Results 

IL-15 /IL-15Rα mRNA-electroporated DC induce phenotypic activation 

of NK cells 

After a 48h co-culture 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.  

 

 

 

Figure 1. Phenotypic activation profile of DC- stimulated NK cells. 
NK cells were cultured alone (white bars) or in co-culture 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. 
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As shown in Figure 1, 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 

co-culture 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).  

 

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 co-cultures was 

analyzed for the presence of granzyme B and perforin. Both proteins were 

undetectable in DC/Daudi co-cultures (data not shown) but became 

apparent in the presence of NK cells (Figure 2A and 2B). 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 2A and 

2B). 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 2A) and 

perforin (Figure 2B) secretion, although not significantly different.  

Furthermore, we observed intracellular IFN-γ production in NK/Daudi 

co-cultures 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 2C). Strikingly, 

adding IL-15/IL-15Rα EP DC to NK/Daudi co-cultures resulted in almost a 2-
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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 co-cultures, 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). 

 

 

 

Figure 2. Granzyme B, perforin and IFN-γ production after NK/DC/tumor-cell 

co-culture. 

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) co-cultures. 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 co-culture (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. 

 

IL-15/IL-15Rα EP DC increased the cytotoxic profile of NK cells by IL-15 

signaling and partly in a contact-dependent manner 

Co-cultures 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 3A; p < 0.001). This tumoricidal capacity was even 

further enhanced if IL-15/IL-15Rα EP DC and NK cells were put in co-culture 
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(p < 0.01). As a positive control, NK cells alone or in combination with DC 

were co-cultured with leukemic cells (K562) which are known to be killed 

easily by NK cells (Supplemental Figure 1). In order to check whether this 

effect was contact-dependent, transwell experiments were performed to 

separate DC and NK cells. The superior tumor-cell killing effect of 

IL-15/IL-15Rα EP DC/NK-cell co-cultures leveled out to the cytotoxic level of 

IL-15 EP DC/NK-cell co-cultures using transwells, indicating that a contact-

dependent IL-15 transpresentation mechanism is involved in the superior 

killing effect (Figure 3A, p < 0.001).  

 

 

 

Figure 3. Cytotoxicity of NK/DC co-cultures 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) co-cultures based on a 4h flow 

cytometric cytotoxicity assay following 44h NK-cell and/or DC co-cultures. A In some 

conditions, a transwell insert (pore size of 4 µM) was added before starting NK/DC 

co-cultures. 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. 
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Furthermore, to determine if the increased killing capacity of NK cells 

stimulated with IL-15 EP DC or IL-15/IL-15Rα EP DC was correlated with the 

IL-15 expression and/or secretion, IL-15 was blocked by adding an 

anti-IL-15 neutralizing antibody before co-culture. As shown in figure 3B, 

neutralizing IL-15 resulted in a statistically significant reduction of 

tumor-cell killing (p < 0.001), pointing to an important role for IL-15 in the 

observed killing effect. 

 

Confirmation of increased cytotoxic profile of DC-activated NK cells 

using immune cells of cancer patients ex vivo 

To confirm the killing capacity of DC-activated NK cells against tumor cells, 

monocyte-derived DC and autologous NK cells from three AML patients in 

remission were used. As observed for all three AML patients, co-culturing 

IL-15 EP DC and NK cells increased the killing against the NK-cell resistant 

Daudi cell line dramatically (Figure 4A).  

 

Replacing IL-15 EP DC by IL-15/IL-15Rα EP DC even boosted this effect. The 

enhanced killing for AML-patients 1 and 2 (which were already in remission 

for some years) was comparable to that of healthy donors, while for AML 

patient 3 who only recently was brought into remission after consolidation 

therapy overall less tumor killing was observed. For patient 3 however, IL-15 

EP DC and IL-15Rα EP DC induced tumoricidal activity of NK cells that was 

absent if no DC were added. For all 3 patients, similar effects were seen for 

killing of the leukemic cell lines K562 and THP-1 compared to killing of 

Daudi cells (Figure 4B and C). Interestingly, the increased killing of NK cells 

in co-culture with IL-15 EP DC or IL-15/IL-15Rα EP DC could also be shown 

using DC and NK cells derived from a glioblastoma multiforme patient 

pointing towards a more general immunostimulatory approach that could 

be applied to both hematological and solid tumors (Supplemental Figure 2). 
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Figure 4. Validation of the cytotoxic profile of DC-activated NK cells against 

tumor cells for AML patients in remission. 

The killing percentage of A Daudi, B K562 and C THP-1 is shown for NK/DC/tumor-cell (ratio 

5:1:1) co-cultures of three different AML patients in remission based on a 4h flow cytometric 

cytotoxicity assay following 44h NK/DC co-cultures. AML 1 and AML 2 are already a few 

years in remission, while patient AML 3 was tested shortly after consolidation. *, p < 0.05, 

one-way ANOVA with Bonferroni posthoc test. 



Chapter 4 

106 

 

 

Discussion 

As shown in chapter 3 of this thesis, mRNA electroporation of IL-15 only 

into DC resulted in a low IL-15 membrane expression and a high secretion 

of IL-15. On the other hand, cotransfection of both IL-15 and IL-15Rα mRNA 

into DC resulted in a high IL-15 expression on the DC membrane and a high 

secretion of IL-15 by these DC. Via this IL-15 transpresentation mechanism, 

the IL-15 designer DC can present IL-15 to neighboring IL-15Rβγ-expressing 

cells, such as NK cells. Previously it was shown that DC-derived IL-15 is able 

to stimulate proliferation and activation of these immune effector cells in 

both a virus- and tumor-related setting [27-33]. Our results show that 

IL-15-producing DC are able to (1) increase phenotypic NK-cell activation, 

(2) elevate lytic effector molecules and IFN-γ secretion of DC- stimulated 

NK cells and (3) increase killing of tumor cells after NK/DC co-cultures. In 

addition, when IL-15 is pre-complexed with IL-15Rα, superior stimulatory 

effects on NK cells were observed likely due to a higher binding affinity with 

the βγ-moiety of the IL-15 receptor [16, 20, 34-37]. Our observations 

corroborate these findings, including enhanced killing of tumor cells if IL-15 

is presented by IL-15Rα, as seen by us using healthy donor and cancer 

patient material. AML patients in remission and glioblastoma multiforme 

patients are very interesting target groups for DC vaccination to eliminate 

residual cancer cells and to prevent or to postpone relapse [25, 38-40]. 

Interestingly, for the AML patient that had just undergone consolidation 

therapy, the designer DC could even restore NK cell killing activity that was 

dysfunctional in the absence of DC. Due to technical reasons, we used 

frozen NK cells in all the NK-cell assays in this report, which might affect 

their killing capacity [41]. This NK cell-freezing obstacle is not present when 

applying DC vaccination in the in vivo setting, suggesting that even better 

immunostimulatory results of our designer DC might be expected. 
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As reported by Guo and colleagues, IFN-γ-production is essential to 

IL-15/IL-15Rα-induced immunocytotoxicity, as IFN-γ knock-out mice did 

not show any improvement in the activation of NK cells after treatment with 

IL-15/IL-15Rα complexes [42]. On top, based on our IFN-γ data, we show 

that IL-15/IL-15Rα-expressing dendritic cells are able to activate all subsets 

of NK cells, both CD56 dim and CD56 bright. Interestingly, transwell inserts 

between NK cells and DC abrogate the superior effect of IL-15/IL-15Rα 

complexes, favoring the engagement of IL-15 transpresentation in a 

contact-dependent manner [37]. 

 

Although IL-15/IL-15Rα EP DC are promising candidates for DC-based 

vaccination in cancer immunotherapy, the tumor suppressive environment 

can impede its powerful antitumor effects. Therefore, combining our 

immunostimulatory DC with other antitumor therapies, such as immune 

checkpoint inhibitors, could further improve the efficacy of both our DC 

vaccine and other current immunotherapies. Furthermore, to promote their 

clinical application, our DC can be loaded with different kinds of tumor 

antigens and since the expansion and survival effects of IL-15 on CTL are 

antigen-independent [43], our DC vaccine can be used against a broad 

range of tumor types. 

 

Thus, in this report we show that our novel IL-15/IL-15Rα designer DC are 

promising candidates to improve DC vaccination strategies in the battle 

against cancer, based on two different key points. First of all, IL-15Rα 

chaperones IL-15 to be expressed on the membrane of DC, potently 

stimulating DC-mediated NK-cell activation [37]. This IL-15/IL-15Rα 

transpresentation mechanism lies at the root why DC-derived IL-15 was 

found to be superior to rIL-15 in eliciting durable therapeutic antitumor 

immunity [33]. Secondly, our IL-15/IL-15Rα mRNA electroporation 

technique ensures a transient effect of IL-15/IL-15Rα complexes, which is in 

favor of the activation of NK cells as compared to prolonged stimulation by 
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IL-15/IL-15Rα complexes. Remarkably, prolonged stimulation by 

IL-15/IL-15Rα complexes leads to a marked accumulation of NK cells with 

considerably impaired activation, cytotoxicity, and proliferative activity, and 

an altered balance of activating and inhibitory receptors [36]. In conclusion, 

we show that IL-15Rα plays a pivotal role in IL-15-based NK-cell activation 

and that the use of IL-15/IL-15Rα mRNA-engineered DC is an attractive 

approach to improve antitumoral NK-cell activity in DC-based vaccination 

strategies. 
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Supplemental Figures 

 

 

 

Supplemental Figure 1. Cytotoxicity of NK/DC co-cultures against K562 cells. 

The mean killing percentage (± SEM) of K562 cells is shown for NK/K562 (ratio 5:1, white 

bars) and NK/DC/K562 (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) co-cultures based on a 4h flow cytometric cytotoxicity assay 

following 44h NK-cell and/or DC co-cultures. Data are shown as mean (± SEM) for 7 

independent donors. *, p < 0.05, one-way ANOVA with Bonferroni posthoc test. 

Abbreviation: SEM; standard error of the mean. 
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Supplemental Figure 2. Validation of the cytotoxic profile of DC-activated 

NK cells against tumor cells using immune cells from a glioblastoma multiforme 

patient. 

The killing percentage of A Daudi, B U87-MG and C LN229 is shown for NK/tumor-cell (ratio 

5:1, white bars) and NK/DC/tumor-cell (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) co-cultures based on a 4h flow cytometric 

cytotoxicity assay following 44h NK-cell and/or DC co-cultures. 
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Abstract 

Although allogeneic stem cell transplantation (allo-SCT) can elicit graft-

versus-tumor (GVT) immunity, patients often relapse due to residual tumor 

cells. As essential orchestrators of the immune system, vaccination with 

dendritic cells (DC) is an appealing strategy to boost the GVT-response. 

Nevertheless, durable clinical responses after DC vaccination are still 

limited, stressing the need to ameliorate current DC vaccines. Aiming to 

empower DC potency, we engineered monocyte-derived DC to deprive 

them of inhibitory immune checkpoint programmed death ligand (PD-L) 

expression and to equip them with interleukin (IL)-15 transpresentation 

skills. Preserving its acknowledged mature DC profile, transfection with 

PD-L1 and PD-L2 short interfering (si)RNA in combination with IL-15 and 

IL-15Rα mRNA renders DC with a superior T cell proliferating and IFN-γ-

inducing capacity. Translated into an ex vivo hematological disease setting, 

PD-L-deprived DC or IL-15/IL-15Rα-expressing DC, but above all, our novel 

PD-L-silenced IL-15-transpresenting DC induce superior expansion of minor 

histocompatibility antigen (MiHA)-specific CD8+ T cells from transplanted 

cancer patients. Altogether, these data support the combinatorial approach 

of in situ suppression of the PD-L inhibitory checkpoints with DC-mediated 

IL-15 transpresentation to promote antigen-specific T-cell responses and 

ultimately contribute to GVT-immunity. 
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Introduction 

At this moment, therapies designed to boost the body’s immune system, 

further called immunotherapy, are considered as one of the most rising and 

promising cancer therapies, evidenced by the recent approval of several 

biologicals for clinical use, such as Sipuleucel-T [dendritic cell (DC)-based 

vaccine] and the immune checkpoint inhibitors atezolizumab [programmed 

death-ligand 1 (PD-L1) inhibitor], nivolumab and pembrolizumab [both 

programmed death (PD)-1 inhibitors] [1]. In immunotherapy, DC vaccination 

is a highly-examined approach whereby ex-vivo generated DC, as main 

orchestrators of the immune system, are administered to induce T-cell 

immunity in cancer patients. Although this has already led to observable 

clinical responses, the majority of clinical studies report limited efficacy with 

conventional DC vaccine preparations, indicating the need to develop newly 

designed immunostimulatory DC vaccines in order to generate superior 

antitumor immune responses [2, 3]. 

 

Incorporating interleukin (IL)-15 in the manufacturing process of DC 

vaccines can turn the DC into potent immune stimulators [4]. Since IL-15 is 

able to stimulate both the innate and the adaptive arm of the immune 

system, it has become one of the most promising molecules for antitumor 

immunotherapy [5-7]. To transfer its signal, IL-15 uses the α-moiety of its 

receptor (IL-15Rα) to be transpresented to neighboring cells expressing the 

IL-15Rβ and -γ parts, such as natural killer (NK) cells and CD8+ cytotoxic 

T cells [8, 9]. We recently demonstrated that transfection of DC with mRNA 

encoding for both IL-15 and its α-receptor renders them highly capable of 

stimulating innate immunity, evidenced by a strong NK-cell phenotypic 

activation profile, higher NK-cell IFN-γ production and improved cytotoxic 

properties, as compared to DC lacking transpresented IL-15 or soluble IL-15 

secretion [10]. In the context of cancer immunotherapy, the next step is to 

investigate whether IL-15 transpresenting DC have similar effects on 

adaptive antigen-specific CD8+ T cells. 
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In addition to co-stimulatory interactions, the strength of an immune 

response is also determined by co-inhibitory signals, like programmed 

death protein (PD)-1 interactions with its ligands PD-L1 and PD-L2 [11]. 

Since PD-L1 and PD-L2 are highly expressed on mature monocyte-derived 

DC, the potency of DC vaccines can be dampened by these dominant 

co-inhibitory immune checkpoints [12]. As demonstrated previously for IL-4 

DC, reducing DC surface expression of inhibitory PD-L1 and PD-L2 by 

transfection of targeted short interfering RNA (siRNA) resulted in DC with 

significant higher T cell-stimulating properties [13]. 

 

To acquire a tumor-specific T cell-mediated immune response, DC can be 

loaded with specific antigens. In the setting of allogeneic stem cell 

transplantation, hematopoietic-restricted minor histocompatibility antigens 

(MiHAs) have been reported to play a key role in the induction of graft-

versus-tumor (GVT) effects in vivo [14, 15]. In addition, MiHA-loaded DC 

have proven to boost in vitro antitumor CD8+ T-cell immunity, which favors 

the GVT-response [13, 16].  

 

Here, we developed a monocyte-derived DC generation protocol 

combining in situ PD-L silencing and IL-15/IL-15Rα transfection and 

investigated the T-cell stimulatory properties of these newly designed DC. 

 

 

 



Chapter 5 

122 

 

Material and Methods 

Ethics statement and cell material 

This study was approved by the Ethics Committee of the University of 

Antwerp (Antwerp, Belgium) under the reference number 16/10/123. 

Experiments were performed using blood samples from anonymous donors 

provided by the Antwerp branch of the Red Cross Blood Transfusion Center 

(Mechelen, Belgium) or from patients with hematological malignancies 

(Table 1) obtained at the Department of Hematology of the Radboud 

University Medical Center (Nijmegen, The Netherlands). Patients received an 

allo-SCT prior to blood collection. Cellular material was obtained in 

accordance with the Declaration of Helsinki and institutional guidelines and 

regulations (CMO 2013/064). 

 

mRNA and siRNA 

The IL-15 and IL-15Rα mRNA constructs were obtained as described 

previously [10]. PD-L1, PD-L2 and luciferase siRNAs were produced as 

described previously [17]. 

 

DC culture and RNA transfection  

PD-L-silenced DC were generated as described previously [12] with minor 

adaptations to implement the IL-15 transpresentation mechanism. Briefly, 

positively selected CD14+ monocytes (Miltenyi Biotec) were differentiated 

into mature DC according to a 9-day culture protocol in Phenol red-free 

X-VIVO-15 culture medium (Lonza) supplemented with 2% human serum 

(HS; PAA laboratories) [12]. After 3 days, intermediate monocyte-derived DC 

(moDC) were harvested and reseeded for transfection in serum-free culture 

medium with siRNA/SAINT-RED lipoplexes (4µg/40µL ratio; luciferase or 

PD-L1/2 siRNAs) or left untreated (no siRNA) [12]. After 1h lipofection at 

37°C, medium was replenished with GM-CSF, IL-4 and 2% HS to allow 

further differentiation. At day 7, maturation was induced with 20 ng/mL 

tumor necrosis factor (TNF)-α (Miltenyi Biotec) and 1 µg/mL prostaglandin 
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E2 (PGE2; Prostin E2, Pfizer). At day 9, matured moDC were harvested and 

electroporated (200V, 150 µF) without mRNA (mock EP DC) or a 

combination of 5 µg OSP-IL-15 mRNA and 5 µg IL-15Rα mRNA 

(IL-15/IL-15Rα EP DC) in 200 µL Opti-MEM reduced-serum medium without 

phenol red (Life Technologies), according to a previous described protocol 

[18]. PD-L surface expression and maturation phenotype of DC was 

analyzed by staining with fluorochrome-labeled CD80, CD83, CD86, PD-L1 

and PD-L2 antibodies (all from BD, except CD83 from Life Technologies), 

and corresponding isotype controls. To evaluate PD-L knockdown 

efficiency, relative expression was calculated as (ΔMFI PD-L siRNA-treated 

DC/ΔMFI no siRNA-treated DC) x 100, with ΔMFI (delta mean fluorescence 

intensity) representing subtraction of the MFI of the isotype control from 

the PD-L-specific MFI. IL-15 surface expression was evaluated 4 hours after 

electroporation with IL-15-PE (R&D). Cells were analyzed on a FACScan flow 

cytometer (BD). For antigen-specific assays, DC were loaded exogenously 

with 5 µM MiHA-peptide (Table 1) by incubation with peptide during 30 

minutes at 37°C. 

 

Allogeneic mixed lymphocyte reaction (Allo-MLR) 

Allogeneic CD3+ T cells were isolated by negative selection with magnetic 

Microbeads (Miltenyi Biotec) and subsequently labeled with 10 µM Cell 

Proliferation Dye eFluor 450 (eBioscience), according to the manufacturer’s 

instructions. Labeled T cells were cocultured with allogeneic mature DC at a 

10:1 ratio in 6-plo in 96-well round-bottom plates (Nunc) for 5 days at 37°C. 

Cell-free supernatant was collected and frozen at -20°C until further 

analysis with IFN-γ ELISA (Endogen). Cells were harvested and stained with 

anti-CD3-PECy7 (Biolegend), anti-CD8-FITC (Beckman Coulter) and 1:1000 

diluted Fixable Viability dye eFluor 780 (eBioscience) for 15-30 minutes at 

4°C for cell-based proliferation analysis on a Gallios flow cytometer 

(Beckman Coulter, Fullerton, CA).  
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MiHA-specific T-cell stimulation assay 

MiHA-specific T-cell expansion was evaluated with PBL of hematological 

cancer patients stimulated for 7 days with peptide-loaded HLA-A2
+ or 

HLA-B7
+ MiHA- allogeneic moDC of healthy donors at a 10:1 ratio in IMDM 

+ 10% HS in 24-well plates (Elscolab). At day 5 of the coculture, 50U/mL 

rhIL-2 was added. After 7 days, cells were harvested and stained for 

15 minutes at 37°C with MiHA-specific tetramers (0.2 µg PE-labeled and 0.2 

µg APC-labeled; kindly provided by Prof. Dr. J.H.F. Falkenburg (Leiden 

University Medical Center, Leiden, the Netherlands)). Subsequently, cells 

were labeled with anti-CD3-PECy7 (Biolegend), anti-CD8-FITC (Beckman 

Coulter) and 1:1000 diluted Fixable Viability dye eFluor 780 (eBioscience) for 

15-30 minutes at 4°C and analyzed using a Gallios flow cytometer (Beckman 

Coulter).  

 

 

Statistical analysis 

Flow cytometry data were analyzed using FlowJo version 10.0.6 (Treestar). 

GraphPad Prism 5 software was used for graphing and statistical 

calculations. Statistical analysis was performed using the repeated-

measures one-way analysis of variance with Bonferroni post-hoc test. 

Results were considered statistically significant when p < 0.05. 
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Results 

PD-L siRNA lipofection of DC results in significant reduction of PD-L 

expression, without affecting the maturation and IL-15 

transpresentation of the DC 

We previously designed a DC manufacturing protocol in which DC were 

modified to present IL-15 on their membrane [10]. In a new protocol, we 

implemented PD-L siRNA lipofection to reduce the expression of both 

PD-L1 and PD-L2. Therefore, transfected DC (No siRNA DC, Luci siRNA DC 

and PD-L siRNA DC) were checked for expression of PD-L1 and PD-L2. For 

both molecules, membrane expression, expressed as relative percentages 

based on delta mean fluorescence intensity (ΔMFI), was significantly 

reduced on PD-L siRNA DC as compared to No siRNA DC (p < 0.001) and 

Luci siRNA DC (p < 0.001) (Figure 1A). Lipofection with siRNA did not 

negatively affect the maturation profile of the DC, as the expression of the 

most common DC maturation markers (CD80, CD83, CD86) remained 

unchanged (Figure 1B). 

 

After verifying PD-L silencing and DC maturation, DC were electroporated 

with both IL-15- and IL-15Rα-encoding mRNA. IL-15 membrane expression 

was observed 4 hours after electroporation. There was a significant increase 

(p < 0.001) in IL-15 membrane expression on all the IL-15/IL-15Rα EP DC as 

compared to the mock-electroporated DC condition, where no mRNA was 

added in the electroporation process (Figure 1C). Importantly, lipofection of 

immature DC did not affect subsequent mRNA electroporation efficiency in 

mature DC, as evidenced by equally high IL-15 surface expression (Figure 

1C). 
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Figure 1. Characterization of PD-L-silenced and IL-15-transpresenting DC based 

on phenotype. 

Mature non-lipofected (No siRNA, white bars), Luci siRNA (grey bars) and PD-L siRNA 

lipofected DC (black bars) were evaluated flow cytometrically at harvest for surface 

expression of PD-L1, PD-L2 and maturation markers (mean ± SEM of 13 independent 

donors). (A) Results are depicted as percentage PD-L surface expression relative to non-

lipofected DC based on ΔMFI (see Material and Methods). (B) Expression of maturation 

markers (CD80, CD83, CD86) is represented as ΔMFI. (C) Membrane-bound IL-15 expression 

was determined by flow cytometric analysis 4 hours after mock (grey bars) or IL-15/IL-15Rα 

mRNA electroporation (black bars) of non-lipofected (No siRNA), Luci siRNA and PD-L 

siRNA-lipofected DC and is depicted as mean percentage (± SEM, n=11). ns, not significant; 

***, p < 0.001, repeated measures one-way ANOVA with Bonferroni post-hoc test. 

Abbreviations: ΔMFI, delta mean fluorescence intensity; IL-15, interleukin-15; IL-15Rα, 

interleukin-15 receptor alpha; Luci, Luciferase; PD-L, programmed death-ligand; SEM, 

standard error of the mean. 
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PD-L-silenced and IL-15-transpresenting DC induce augmented 

proliferation and IFN-γ production of allogeneic T cells 

To further investigate the characteristics of PD-L-silenced 

IL-15-transpresenting DC, these DC were cocultured with allogeneic CD3+ 

T cells for 5 days in order to investigate the T-cell proliferation capacity of 

the DC and to analyze for the presence of the pro-inflammatory cytokine 

IFN-γ in the supernatant of these cocultures. While T cells alone did not 

show proliferation (data not shown), addition of DC resulted in proliferation 

of 50-60% and 60-70% of the CD4+ and CD8+ T cells, respectively (Figure 

2A). Interestingly, PD-L silencing of the DC resulted in a significantly 

increased T-cell proliferation (PD-L siRNA vs. Luci siRNA, p < 0.001 for CD4+ 

T cells and CD8+ T cells) regardless of the presence of IL-15 on the 

membrane of the DC (Figure 2A). 

 

 

Figure 2. Allogeneic T cell-stimulation by PD-L-silenced and IL-15-transpresenting 

DC. 

Bar graphs depict proliferation of allogeneic CD3+ T cells upon 5-day coculture with mock-

electroporated (grey bars) or IL-15/IL-15Rα mRNA-electroporated (black bars) mature DC 

treated with or without siRNA, as indicated, at a 10:1 T cell/DC ratio. Cocultures were 

analyzed for CD4+ T-cell and CD8+ T-cell proliferation within the viable CD3+ T-cell 

population by flow cytometry (A), and supernatant was analyzed for IFN-γ secretion (B). Data 

are shown as mean (± SEM) for 5 (A) and 4 (B) independent donors, respectively. *, p < 0.05; 

**, p < 0.01; ***, p < 0.001, repeated measures one-way ANOVA with Bonferroni post-hoc 

test. Abbreviations: IFN-γ; interferon gamma, IL-15; interleukin-15, IL-15Rα; interleukin-15 

receptor alpha, Luci; Luciferase, PD-L; programmed death-ligand, SEM; standard error of the 

mean. 
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In accordance with the enhanced proliferation of both CD4+ and CD8+ 

T cells, cocultures of PD-L siRNA DC and allogeneic T cells resulted in 

significantly increased IFN-γ levels as compared to Luci siRNA DC 

(p < 0.001) (Figure 2B). Strikingly, when the PD-L siRNA DC also 

transpresented IL-15, a synergistic effect on IFN-γ production was observed 

resulting in markedly enhanced levels as compared to PD-L siRNA DC 

without IL-15 transpresentation (p < 0.01) and even 3-fold higher levels as 

compared to IL-15-transpresenting Luci siRNA DC (p < 0.001) (Figure 2B). 

 

PD-L-silenced and IL-15-transpresenting DC are able to robustly 

expand MiHA-specific T cells of hematological cancer patients 

Next, we investigated whether low frequencies of MiHA-specific memory 

T cells present in the peripheral blood of hematological cancer patients 

after allo-SCT could be efficiently boosted with the different MiHA-loaded 

DC vaccines (See for characteristics of used patient samples in Table 1).  

 

Table 1. Details of Minor Histocompatibility Antigen (MiHA) profile of hematological 

cancer patients after allogeneic stem cell transplantation. Percentages are given of tetramer-

positive MiHA-specific CD8+ T cells in peripheral blood. Abbreviations: AML, acute myeloid 

leukemia; ALL, acute lymphoid leukemia; CLL, chronic lymphoid leukemia; HLA, Human 

Leukocyte antigen; MDS-RAEB, Myelodysplastic Syndrome - Refractory Anemia with Excess 

of Blasts. 

 

Patient Disease MiHA type Peptide 
% circulating 
MiHA-specific 
CD8+ T cells  

1 MDS-RAEB HLA-B7 LRH1 TPNQRQNVC 0.003 

2 AML HLA-B7 LRH1 TPNQRQNVC 0.012 

3 ALL HLA-A2 HA2 YIGEVLVSV 0.011 

4 AML HLA-B7 ARGHDIB LPRACWREA 0.026 

5 AML HLA-B7 ARGHDIB LPRACWREA < 0.001 

6 CLL HLA-A2 HA1 VLHDDLLEA 0.053 

 

In this context, integrating the PD-L silencing strategy into the DC 

increased the expansion of MiHA-specific T cells (4.7%) as compared 

to Luci siRNA DC (2.9%) (Figure 3A). On the other hand, exploiting the IL-15 
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transpresentation mechanism resulted also in a detectable increase of 

MiHA-specific T cells as compared with the mock EP DC condition. Notably, 

combining PD-L silencing and IL-15 transpresentation showed the highest 

levels, reaching 2-fold higher percentages of MiHA-specific T cells (9.0%) 

versus the IL-15-transpresenting Luci siRNA DC (4.0%) or the mock EP PD-L 

siRNA DC (4.7%) (Figure 3A; shown for one representative patient out of six 

allo-SCT patients). Comparing absolute counts of MiHA-specific T cells, the 

effect of the combination treatment on expansion of MiHA-specific T cells is 

significantly better as compared to mock EP PD-L siRNA DC lacking IL-15 

expression (p < 0.01; Figure 3B). 

 

 

Figure 3. PD-L-silenced and IL-15-transpresenting DC induce strong expansion of 

MiHA-specific CD8+ T cells from hematological cancer patients. 

Flow cytometry plots (one representative patient out of 6 patients) (A) or floating bar graphs 

(n=6) (B) illustrate percentage and absolute counts, respectively, of expanded MiHA-specific 

CD8+ T cells from allo-SCT hematological cancer patients after 7 days coculture with 

peptide-loaded allogeneic DC, either lipofected with Luci siRNA (upper graphs) or PD-L 

siRNA (lower graphs) and either mock-electroporated (left graphs) or IL-15/IL-15Rα mRNA-

electroporated (right graphs). (A) Gated cells were selected for viable HA-1-tetramer-positive 

CD3+CD8+ cells. (B) Absolute counts were calculated by multiplying total cell count, % CD8+ 

T cells and % MiHA-specific T cells. Absolute counts were transformed to relative counts 

compared to those of the corresponding mock EP No siRNA DC, which were set to 100. ns, 

not significant; **, p < 0.01, repeated measures one-way ANOVA with Bonferroni post-hoc 

test. Abbreviations: APC; allophycocyanin, EP; electroporation, IL-15; interleukin-15, IL-15Rα; 

interleukin-15 receptor alpha, Luci; Luciferase, PE; Phycoerythrin, PD-L; programmed death-

ligand. 
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Discussion 

Current therapies to treat cancer patients with hematological malignancies, 

such as allo-SCT, are often insufficient in clearing all tumor cells, due to 

inadequate amounts of functional immune killer cells [19]. Therefore, 

adjuvant therapies are needed to boost GVT-immunity, without inducing 

graft-versus-host-disease (GVHD), to prevent relapse of cancer patients. In 

this context, DC vaccination has gained much interest, since these cells can 

be loaded with specific antigens to be presented to T cells and, in addition, 

express high levels of co-stimulatory molecules, which is highly favorable to 

boost tumor-reactive T-cell immunity [20].  

 

Although DC vaccination has proven to be safe and immunogenic in clinical 

trials, durable clinical responses remain scarce [3]. Therefore, optimization 

of current DC vaccine protocols is urgently needed. To improve the 

protocol, we adapted conventional IL-4 DC with two major changes, namely 

implementation of the IL-15 transpresentation mechanism by means of 

IL-15/IL-15Rα mRNA electroporation and interference with the PD1/PD-L-

pathway by means of lipofection of PD-L1 and PD-L2 siRNAs. These 

adaptations were adopted in the protocol for four important reasons. First, 

IL-15 holds the top position in the US National Cancer Institute’s ranking of 

20 immunotherapeutic drugs with the greatest potential for broad usage in 

cancer therapy [5]. On top, cells expressing both IL-15 and IL-15Rα can 

exert superior antitumor T-cell activation as compared to cells expressing 

IL-15 alone [21]. Secondly, interference with the PD1/PD-L-pathway has 

already proven to be effective in reducing tumor growth and improving 

overall survival in multiple clinical trials [22]. Thirdly, systemic delivery of 

IL-15/IL-15Rα complexes and PD-L1-blocking antibodies is associated with 

a higher risk to induce autoimmunity or elicit (immune-related) adverse 

effects as compared to a more targeted ‘in situ’ delivery [23, 24]. Therefore, 

we opted to transfect DC with mRNA encoding for IL-15/IL-15Rα and 

siRNAs to prevent PD-L1/2 expression. Fourthly, a combination of 
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lipofection and electroporation was chosen over a double electroporation 

strategy to introduce PD-L silencing and IL-15 transpresentation as we 

previously showed that a double electroporation procedure of DC leads to 

a diminished DC yield and viability after harvest, while combining 

lipofection and electroporation proved to be clinically feasible [12]. 

 

While both IL-15-transpresenting DC and PD-L-silenced DC separately have 

been described to have an increased capacity to activate and expand 

tumor-reactive T cells in vitro [12, 13, 21, 25], we are the first to show the 

superior effects of combining IL-15 transpresentation and PD-L silencing in 

a single DC preparation. Next to successfully implementing both 

mechanisms into conventional IL-4 DC, we showed that PD-L-silenced IL-15 

transpresenting DC were the best stimulators of IFN-γ production by 

allogeneic T cells as compared to DC where only one strategy was 

implemented. In a target population of allo-SCT-treated hematological 

cancer patients the combination of these two modifications in our DC 

resulted in the highest in vitro activation and expansion of MiHA-specific 

CD8+ T cells, underscoring the superior specific T cell-stimulatory potential 

of our novel DC protocol where IL-15 transpresentation and interference 

with the PD-1/PD-L-pathway are combined. Overall, these findings 

contribute to the growing body of evidence that both immunotherapy and 

combination therapies are valuable key players in the search for efficient 

cancer therapies. 
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Cancer immunotherapy 

Cancer vaccines 

Over the years, the immune system has shown that it can play a key role in 

cancer therapy. Immune-compromised patients are at higher risk to 

develop malignancies and tumor-infiltrating lymphocytes are associated 

with improved survival [1-3]. Immunotherapeutic strategies include cancer 

vaccines, oncolytic viruses, adoptive transfer of ex vivo activated T or 

natural killer (NK) cells, and administration of antibodies that either 

co-stimulate immune cells or block the so-called immune checkpoint 

pathways [4].  

 

Although cancer vaccines, such as dendritic cells (DC), are safe and can 

promote antitumor immune responses, there is room for improvement of 

response rates and clinical outcome [5]. With the advance of new 

immunotherapies, such as immune checkpoint inhibitors, there is renewed 

enthusiasm for optimizing DC vaccines to prevent recurrence in early-stage 

cancers and/or to combine with other immune therapies for therapy of 

advanced cancers. More specifically, effective DC vaccines offer promise to 

improve cancer therapy in three major settings [6]. First, as monotherapy in 

the adjuvant setting by inducing protective antitumor immunity for patients 

at high risk for recurrence, for whom the toxicity of more aggressive 

therapy may not be acceptable. Second, in combination with checkpoint 

blockade, by inducing (or expanding) T-cell responses to cancer antigens in 

patients without significant spontaneous antitumor T-cell responses [7]). 

This may improve tumor control when checkpoint blockade is otherwise 

ineffective, as has been demonstrated in murine models [8]. Third, in 

combination with adoptive T-cell therapy, as has been demonstrated to be 

effective in clinical studies [9-12]. Although our optimized DC vaccine, as 

disclosed in this thesis, can fit into all three categories, the choice of 

applicability of the DC vaccine depends on the tumor type, stage of the 

disease and the health condition of the patient [13]. 
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Ideal DC vaccines 

Many questions remain about how to achieve the most effective DC 

vaccines in terms of inducing efficient antitumor therapy. Key parameters 

include 1) antigen selection and formulation, 2) having the right balance 

between stimulatory and inhibitory signals produced by DC, and 3) choice 

of combinations [6]. 

 

The ideal tumor antigens should not just be expressed at high levels in the 

target tumor population in a significant percentage of patients with a 

particular cancer type, but should preferably not be expressed, or only at 

very low levels, in normal tissues to ensure tumor specificity. The antigens 

should also be essential for the cancer cell’s growth and/or survival in order 

to minimize the potential for immune escape due to emergence of tumor 

antigen-loss variants [4, 14, 15]. In this context, the Wilms’ tumor 1 (WT1) 

antigen was top-ranked as most promising immunogenic antigen in the use 

of cancer vaccination approaches [14]. This tumor antigen is currently 

implemented in various clinical trials, including our own (NCT02649829, 

NCT01686334, NCT02649582). Since the manufacturing process of our 

‘designer’ DC, described in this thesis, is based on the DC included in these 

clinical trials (see Chapter 3), WT1 can easily be implemented as ideal 

tumor antigen in our optimized DC vaccine. As an alternative, minor 

histocompatibility antigens (MiHAs), which are endogenous antigens in 

recipient cells that differ from those of the donor in the setting of 

allogeneic stem-cell transplantation, can serve as specific tumor antigens 

(see Chapter 6). Although MiHA-loaded DC have shown to augment MiHA-

specific T-cell responses in vivo [16], it remains a challenge to select the 

ideal MiHA to induce the largest graft-versus-tumor (GVT) effect, without 

inducing graft-versus-host-disease (GVHD) [17]. In this perspective, 

hematopoietic system-restricted MiHAs are more prone to induce GVT, 

while broadly expressed MiHAs additionally results in the induction of 

GVHD. This limits the use of MiHA-targeting therapies, such as DC 
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vaccination approaches, to HSCT-based immunotherapy of hematological 

malignancies and disorders [18]. 

 

Furthermore, in terms of DC vaccination, the optimal antigen-loading 

strategy can determine the efficacy of these DC. In this perspective, loading 

DC with epitopes from multiple antigenic proteins offers a better chance of 

recognition and less chance of escape by epitope mutation [19]. As an 

alternative, whole antigen approaches can overcome some problems 

associated with the use of peptide epitopes. For example, DC loaded with 

proteins or transfected with RNA or DNA encoding tumor antigens are able 

to present multiple epitopes without HLA restriction and may be more likely 

to induce high-affinity CD4+ and CD8+ T cells [20]. In addition, use of mRNA 

to express transgenes in DC has become increasingly common owing to 

high transfection efficiencies and reduced safety concerns compared with 

viral transduction methods [21]. For these reasons, we prefer mRNA 

electroporation as the ideal method to load DC with whole tumor antigens. 

 

To increase the immunostimulatory properties of DC, investigators have 

genetically modified DC in multiple ways. These strategies fall broadly into 

two categories, which are overexpression of positive regulators and 

inhibition of negative regulators [20]. Within this context, we investigated 

the immunostimulatory properties of DC which were manipulated to 

overexpress interleukin (IL)-15 and/or inhibit programmed death ligand 

(PD-L) expression, two top-ranked molecular agents as most promising 

antitumor immunomodulators [22] (Chapter 3 till Chapter 5). 
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IL-15 and its transpresentation mechanism 

The establishment of IL-15/IL-15Rα complexes 

Although IL-15 has become one of the most promising molecules for 

antitumor immunotherapy [22, 23], the cytokine as monotherapy may not 

be optimal to treat cancer patients due to several reasons, such as a short 

half-life in vivo and a low binding affinity with the IL-15 βγ-receptor to 

transfer its signal. However, combining IL-15 with the (sushi domain of the) 

α-moiety of its receptor or methods that can increase the IL-15Rα-

expression on cells [24], can dramatically increase the in vivo bioactivity of 

IL-15 [25-27]. By using this strategy, not only the molecular weight of IL-15 

is increased to elevate its half-life, but IL-15 will also be better 

(trans)presented to the IL-15 βγ receptor which increases IL-15 signaling 

[28, 29]. Subsequently, the increased in vivo bioactivity results in superior 

expansion and antitumor activity of IL-15Rβγ-expressing cells, as compared 

to IL-15 alone [30-32]. For these reasons, researchers have investigated 

several ways to present IL-15 to IL-15Rβγ-expressing cells to enhance the 

therapeutic effect of this antitumor immunotherapy. In this thesis, we 

focused on IL-15 transpresentation, whereby IL-15 is presented to 

neighboring cells in contrast to cis-presentation, where it is presented to 

the same cell that produces the IL-15. Although transpresentation is the 

main mechanism of IL-15 signaling [29], it is noteworthy to mention that 

IL-15 cis-presentation is also capable of increasing the proliferation and 

cytotoxic capacity of CD8+ T cells, but not NK cells, in vivo [33-35].  

 

In the context of IL-15 transpresentation, two different subgroups can be 

made, which are the soluble and the membrane-bound IL-15/IL-15Rα 

complexes. Both groups differ in the mechanism that is used to pass the 

IL-15 signal under physiological circumstances, resulting in different modes 

of actions. This can be an explanation why membrane-bound IL-15/IL-15Rα 

complexes are able to strongly activate IL-15Rβγ-expressing cells, while 

soluble complexes only do this to a lesser extent [32]. To circumvent this 
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problem, Fc-molecules can be linked to the soluble IL-15/IL-15Rα 

complexes, making them suitable to attach on Fc-receptors on the 

membrane of various cell types, such as macrophages, monocytes, NK cells 

or B cells. The importance of membrane-bound IL-15/IL-15Rα complexes is 

further verified by Hong and colleagues [36]. They describe that 

transpresentation of IL-15/IL-15Rα in a multivalent fashion on the surface of 

nanoparticle-treated DC stimulates antigen-specific activation of IL-15Rβγ-

expressing cells, resulting in significantly delayed tumor progression as 

compared to monovalent soluble IL-15/IL-15Rα complexes [36]. As shown 

by these reports, the design of the IL-15/IL-15Rα strategy is of crucial 

importance to obtain the most optimal antitumor immune responses. In our 

study, introducing IL-15 and IL-15Rα mRNA into DC, favors the multivalent 

configuration of IL-15/IL-15Rα complexes on the DC membrane as seen by 

high surface expression of IL-15 and IL-15Rα (Chapter 3). 

 

Effect of IL-15 and IL-15 transpresentation on immune cell activation 

in cancer: which immune cells are involved? 

In order to better understand the antitumor functions of IL-15, it is 

important to know which cells are responsible for the effects seen in 

preclinical models of cancer. IL-15 has shown to be a stimulator both of 

CD8+ T cells of the adaptive immune system and NK cells of the innate 

immune system as described in many in vitro studies [37]. In the in vivo 

setting, the main focus was set on the effect of IL-15 towards cytotoxic 

T lymphocytes, resulting in the observation that IL-15 is able to enhance the 

activity of tumor-reactive CD8+ T cells [38, 39]. In recent years, however, 

researchers have shifted their focus to determine whether NK cells are also 

key players in the IL-15-mediated antitumor immunity. In general, the 

majority of studies where IL-15 is used as a cancer immunotherapeutic 

agent, whether or not in combination with other antitumor therapies, report 

an enhanced percentage and/or cytotoxic activity of NK cells [24, 27, 40-49] 

(see also Table 1 in Chapter 1). Moreover, several of these studies 
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indicated the indispensability of NK cells to improve in vivo antitumor 

immunity, since NK-cell depletion resulted in dampening or even 

abolishment of the antitumor effect [42, 43, 45]. On the contrary, Di Carlo 

and colleagues showed in a murine small cell lung cancer model that 

NK cells are not required for IL-15-associated antitumor functions, because 

NK cell-depleted mice demonstrated a similar antitumor effect as wild-type 

tumor bearing-mice after treatment with the IL-12/IL-15 combination 

therapy [50]. The authors suggest that in NK-cell depleted mice the 

combination therapy mainly targets macrophages and granulocytes to 

conduct the antitumor functions.  

 

Similar results were obtained in studies where the IL-15 transpresentation 

mechanism is tested for its antitumor effects (see Table 2 in Chapter 1). 

In these studies, both NK cells and CD8+ T cells are described as important 

mediators of the therapeutic effect of the IL-15/IL-15Rα complex antitumor 

therapy, as also indicated in Chapter 4 and Chapter 5 of this thesis. 

Nevertheless, some studies show that mainly NK cells [51, 52] or 

CD8+ T cells [53, 54] are involved in the eradication of tumor cells and not 

the other subset by depleting one of these two immune cell subsets. 

A possible explanation for this phenomenon can be that chronic exposure 

of IL-15/IL-15Rα complexes can lead to accumulation of NK cells with an 

exhausted phenotype and impaired effector functions [55]. In this case, NK 

cells can still infiltrate the tumor site, but are unable to kill the tumor cells 

anymore. These studies show us the importance of the dose and 

administration scheme of IL-15 transpresentation strategies to activate both 

NK cells and CD8+ T cells in order to kill tumor cells. In addition, different 

tumor models and tumor types were used to test the antitumor effect of 

IL-15/IL-15Rα in the aforementioned studies (Table 2 Chapter 1). The 

different biology of each tumor, the various interactions of immune cells 

with tumor cells and the tumor (suppressor) microenvironment of each 

tumor type and tumor model might explain why some immune cells are 
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more dominantly involved in some studies as compared to others, even 

when the same IL-15/IL-15Rα therapy is used [52-54]. 

 

Although most antitumor research is focused on the presence and activity 

of CD8+ T cells and NK cells, as the main killer cells of our immune system, 

other immune cells have shown to be involved in IL-15 antitumor therapy, 

such as B cells, NKT cells and γδ T cells (Figure 1). First, Steel and colleagues 

describe that antigen-loaded IL-15-transpresenting DC can augment the 

production of antibodies against the specific tumor antigen by B cells in 

vivo [56]. This augmented antibody response resulted further in a tumor-

free state of 70% of the treated mice compared to none in the treatment 

without IL-15 and IL-15Rα. Second, type I NKT cells have shown to be 

involved in protective immunity against cancer by producing IFN-γ to 

activate NK cells and CD8+ T cells [57] and inhibit tumor growth by 

targeting tumor-associated macrophages [58]. Tumor progression therefore 

requires that TAMs, present in a hypoxic tumor microenvironment, evade 

NKT cell activity. Although NKT cells cannot execute their antitumor 

functions in this hypoxic environment, IL-15 can rescue NKT cells from this 

hypoxic trap, resulting in strongly enhanced antitumor efficacy [58]. Third, 

γδ T cells can contribute to the immune response against many tumor types 

(lymphoma, myeloma, melanoma, breast, colon, lung, ovary, and prostate 

cancer) directly through their cytotoxic activity and indirectly by stimulating 

or regulating the biological functions of other cell types required for the 

initiation and establishment of the antitumor immune response, such as DC 

and cytotoxic CD8+ T cells [59]. Interestingly, adding IL-15 to in vitro 

γδ T-cell cultures resulted in a more activated phenotype, a higher 

proliferative capacity, a more pronounced T helper 1 polarization, and an 

increased cytotoxic capacity of these γδ T cells [60]. 
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Figure 1. Overview of immune cells involved in IL-15 antitumor therapies. Abbreviations: 

AB, antibody; γδ T, gamma/delta T cell; IFN, interferon; IL, interleukin; NK, natural killer; 

TAMs, tumor-associated macrophages; Th1, T helper 1. 

 

It is unclear if CD4+ T cells can play a major role in IL-15 antitumor therapies 

or not. Contradictorily, IL-15 has been shown to increase CD4+ T-cell 

proliferation by suppressing regulatory CD4+ T cells in vitro [61], while 

others have shown that IL-15 supports the expansion of CD4+CD25+ 

regulatory T cells [62]. To unravel the possible importance of CD4+ T cells in 

IL-15 antitumor therapies, more investigations are needed. Interestingly, 

IL-15 co-delivered with vaccines can overcome CD4+ helper T-cell 

deficiency for promoting longevity of antigen-specific CD8+ T cells and 

avoidance of apoptosis [63], further questioning the involvement of CD4+ 

T cells in IL-15 antitumor therapies. 
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Overall, in the antitumor setting it is certainly interesting to investigate the 

involvement of NK cells and other cell types of the innate and adaptive 

immune system besides CD8+ T cells. Therefore, next to CD8+ T-cell 

stimulation, we investigated the NK cell-stimulating properties of IL-15-

transpresenting DC in this thesis. Our results show that IL-15-

transpresenting DC are able to induce the expansion of antigen-specific 

CD8+ T cells (Chapter 5) and to enhance the activation and cytotoxic 

activity of NK cells (Chapter 4). Although other cells could be involved in 

the antitumor effects of IL-15, we focused on CD8+ T cells and NK cells as 

the main killer cells of the immune system. Based on our results, we clearly 

show that not only CD8+ T cells, but also NK cells can be of valuable 

importance in IL-15 antitumor therapies. 

 

Adverse effects of IL-15 and IL-15 transpresentation 

In addition to selective expansion of NK cells and CD8+ T cells and 

increasing their cytotoxic capacity, the use of IL-15, whether or not in 

combination with IL-15Rα, can result in some adverse events, such as 

lymphocytic pneumonitis, hypothermia, weight loss, liver injury and 

mortality [26, 64]. These adverse consequences are mainly mediated by 

hyperproliferation of NK cells and the overproduction of the 

pro-inflammatory cytokine IFN-γ caused by very high concentrations of 

IL-15 or IL-15/IL-15Rα complexes. As indicated, the observed effects are 

dose- and time-dependent. Therefore, it will be very important to 

administer the correct dose of IL-15 or IL-15/IL-15Rα complexes to cancer 

patients and optimize the time-point of administration(s) to gain optimal 

antitumor efficacy of the complexes with a minimum of adverse events. In 

this perspective, it has been shown that daily administration of IL-15 

resulted in persistently elevated plasma levels of IL-15 and transient toxicity, 

while intermittent IL-15 administration allowed clearance of IL-15 between 

doses and was safe for more than 3 weeks in nonhuman primates [65]. Next 

to the dose and administration scheme, we aimed in this thesis to tackle the 
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occurrence of adverse events by implementing the IL-15 transpresentation 

mechanism into a cell-based vaccine, resulting in a more regulated and 

targeted delivery of IL-15 signaling. Furthermore, IL-15 and IL-15Rα were 

introduced into the cells by means of mRNA electroporation, resulting in a 

transient expression of IL-15 on the membrane of these cells (Chapter 3), 

lowering the risk of detrimental effects. A balance between transient 

expression and multiple vaccinations should be sought to profit fully of the 

long-lasting tumor immunity of IL-15, without inducing severe toxicity. 

 

Interestingly, in contrary to the antitumor properties of IL-15/IL-15Rα 

complexes as discussed above, two studies describe a pro-tumoral role of 

soluble IL-15Rα in cancer [66, 67]. In the first study, increased serum soluble 

IL-15Rα concentrations in head-and-neck cancer patients were correlated 

with poor clinical outcome. Here, soluble IL-15Rα was mainly produced by 

tumor cells via proteolytic cleavage of IL-15Rα and functioned as an 

enhancer of IL-15-induced pro-inflammatory cytokines that may promote 

tumor progression [66]. In a second human ex vivo study, focusing on renal 

cancer, stimulation of membrane-bound IL-15 by soluble IL-15Rα results in 

epithelial-to-mesenchymal transition, a crucial process in tumor progression 

[67]. These studies show us that soluble IL-15Rα can also be involved in 

tumor evasion mechanisms, pointing to a potential dual face of 

IL-15/IL-15Rα complexes in cancer. In our IL-15-transpresenting DC setting, 

the secretion of soluble IL-15Rα molecules was not investigated. However, 

given the transient expression of IL-15Rα and the assumption that most 

IL-15Rα is complexed with IL-15 in our system, we tend to believe that our 

IL-15-transpresenting DC have no pro-tumoral role in cancer. Nevertheless, 

the absence of soluble IL-15Rα molecules should be verified before 

IL-15-transpresenting DC can be implemented into clinical trials. 
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DC migration and immune-cell attractive capacities of IL-15 

In an in vivo setting, before IL-15/IL-15Rα complexes can perform their 

immunostimulatory properties towards immune cells, they have to come in 

contact. In the context of DC vaccination, this can be obtained by two 

different principles. First, DC can migrate from the injection site towards 

lymph nodes, where resident T cells are present, to ensure DC/T-cell 

interactions [68, 69]. Our novel IL-15-transpresenting designer DC have 

shown to possess the ability to migrate in an equal manner compared with 

‘gold standard’ IL-4 DC (Chapter 3), paving the path to interact with T cells 

in the lymph nodes. Furthermore, the choice of administration route 

determines the efficiency of both DC migration towards the lymph nodes 

and the induction of superior T-cell responses. Although intranodal 

administration of DC results in significantly more ‘migration’ to adjacent 

lymph nodes, intradermal administration proved superior in antitumor 

T-cell induction [70]. In this perspective, based on the simplicity of 

execution and induction of Th1 immunity, intradermal administration has 

gained the interest of most researchers [70-72].  

 

The second possibility of DC to interact with immune cells, opposed to DC 

migration, is to attract the immune cells to the site of DC administration. 

Unfortunately, ‘gold-standard’ IL-4 DC have been shown to be suboptimal 

in attracting effector lymphocytes [73]. On the other hand, implementing 

IL-15 into the DC manufacturing protocol could turn these DC in potent 

recruiters of CD8+ T cells, NK cells and γδ T cells by providing a favorable 

chemokine milieu for attracting these immune cells, as shown in our lab 

[73]. Furthermore, the migrated lymphocytes display superior effector 

functions as compared to ‘gold standard’ IL-4 DC, including killing of tumor 

cells. Noteworthy, the manufacturing of IL-15-engineered DC used in the 

discussed study differs from the IL-15-transpresenting DC described in this 

thesis, with regard to the differentiation, maturation, IL-15-engineering and 

culture time. We still need to confirm if our IL-15-transpresenting DC can 

recruit immune cells to the same extent as the other IL-15-engineered DC. 
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PD-1/PD-L1 blockade 

Next to providing stimulatory signals to DC in order to trigger the 

antitumor functions of effector immune cells, blocking inhibitory immune 

pathways between DC and effector immune cells could shift the balance 

towards the same direction. Most research is focused on the effect of 

PD-1/PD-L pathway blockade on the activation of T cells. In this context, 

using monoclonal antibodies (mABs) against PD-1, mABs against PD-L1 or 

silencing PD-L1 on DC (see Chapter 5) have resulted in enhanced 

expansion and/or antitumor function of (antigen-specific) T cells both in in 

vitro and in vivo studies [16, 74-78]. As demonstrated in Chapter 5, PD-L-

silencing did not result in complete elimination of PD-L1 and PD-L2 

molecules on the DC membrane, which is in concordance with other studies 

[74, 79]. These PD-L molecules can still interact with PD-1 on T cells, 

hampering the activation status of the latter. Therefore, aiming to erase 

every PD-L molecule from the DC membrane could be of benefit of 

DC-mediated T-cell activation. As an alternative, PD-L-silenced DC could be 

combined with T-cell polarizing cytokines, such as IFN-γ, IL-12 or IL-15, to 

enhance the therapeutic effect of the DC vaccine [79]. As PD-L-silenced DC 

only displayed little therapeutic benefit in eradicating melanoma tumor 

cells, incorporating IL-12 in the PD-L-silenced DC vaccine resulted in 

increased survival as shown in melanoma-bearing mice [79]. These results 

encourage the combination of immunostimulatory cytokines, such as IL-15, 

and PD-L-silencing in DC to enhance antitumor immunity, as investigated 

by us in Chapter 5. 

 

Conclusion 

Although both immune checkpoint inhibitors and IL-15/IL-15Rα complexes 

separately have proven to increase antitumor immune responses in vivo, 

combinatorial approaches could even further enhance these antitumor 

effects [80]. To avoid systemic side effects and in the context of optimizing 

DC vaccination, we implemented IL-15 transpresentation and interference 
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with the PD-1/PD-L1 pathway into a single DC preparation. Based on our 

results discussed in this thesis, we believe that our novel designer DC 

vaccine has the potential to improve the therapeutic outcome obtained 

until now using DC vaccines in the battle against cancer. 
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Future perspectives 

In this thesis, we show that implementation of IL-15 transpresentation into 

a DC vaccine is feasible for further clinical development. These IL-15-

transpresenting DC have shown to increase the antitumor properties of NK 

cells and the expansion of antigen-specific T cells. In addition, 

supplementary silencing of PD-L on the DC membrane enhanced the latter 

effect on T cells synergistically. Although all these data promote our novel 

designer DC vaccine as promising antitumor therapy in the adjuvant setting, 

other aspects of the design of the DC vaccine could further improve the 

immunostimulatory capacity or the applicability of this cancer vaccine as 

described below: 

 

1) The focus throughout the thesis was set on an optimized therapy to 

treat patients with hematological diseases, more specifically with 

acute myeloid leukemia (AML). Therefore, we used cell material of 

AML patients, leukemic cell lines and/or leukemia-associated 

antigen-loaded DC to validate their NK cell- and antigen-specific 

T cell-stimulatory activity (Chapter 4 and 5). However, DC can easily 

be loaded with other tumor-associated antigens, amplifying the 

applicability of our DC vaccine to a broad range of tumor types, 

including both hematological and solid tumors. Importantly in this 

aspect, changing the tumor antigen has no implications on the 

immunostimulatory effect of IL-15, since IL-15 displays its effects in 

an antigen-independent way [81, 82]. 

 

2) In the currently used DC protocol, lipofection of PD-L siRNAs 

occurred at day 3 in the manufacturing protocol and required an 

additional harvesting step (Chapter 5). In addition, after lipofection, 

fresh culture medium supplemented with differentiation cytokines, 

i.e. IL-4 and GM-CSF, was used for the remainder of the culture. 

From a cost-effective point of view, transferring siRNA lipofection to 

the monocyte level at day 0 of the DC manufacturing protocol 
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would circumvent the extra harvesting step and the medium 

refreshment at day 3, drastically simplifying the DC protocol [83]. 

Importantly, in the context of siRNA lipofection, simplifications of 

the protocol should retain or improve the silencing efficiency, the 

DC viability and phenotype. 

 

3) Engaging IL-15 and PD-L-silencing into the same DC vaccine has led 

to augmented expansion of antigen-specific CD8+ T cells compared 

with IL-15 implementation or PD-L-silencing alone (Chapter 5). It 

can be assumed that a single therapy has major advantages over 

multiple combined antitumor therapies, such as the quality of life of 

cancer patients and cost-effectiveness. Due to the bulk of tumor 

cells and/or the tumor suppressive environment, however, clinical 

benefit of DC vaccination only is limited, even when used as a 

second-line treatment [84-87]. Therefore, researchers believe that 

DC vaccination will not be the sole mode of therapy, but only a 

weapon in a complementary arsenal. Effective therapies may require 

combinations of optimized DC vaccines with other antitumor 

therapies, such as adoptive T-cell transfer, blockade of regulatory 

cells and of soluble inhibitors [20, 84]. In this perspective, it will be 

important to select the combination that maximizes clinical efficacy, 

while preserving the quality of life. 

 

4) In addition to T cells, recent studies have been exploring the 

presence of PD-1 on the membrane of human NK cells [88, 89]. 

Although PD-1 expression can be detected on NK cells in 1 out of 4 

healthy individuals and is linked to cytomegalovirus (CMV)-positivity 

[88], increased expression levels could be detected by cancer 

patients, which is further linked to impaired antitumor activity of 

these NK cells [88, 90]. NK cells can in this manner be another target 

of tumors for immune evasion. Blocking of the PD-1/PD-L pathway 

by means of mABs can result in a higher IFN-γ and granzyme B 
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production by NK cells [90] and enhanced NK cell-mediated 

cytolytic activity [90-92]. Moreover, it is known that also DC can 

enhance the NK cell-mediated cytotoxicity [93]. In the context of DC 

vaccination, this could indicate that blocking the PD-1/PD-L 

pathway, either by blocking PD-1 on the NK cells directly with mABs 

or either by silencing PD-L on DC, could promote the cytotoxic 

activity of NK cells. This would also be beneficial for the DC vaccine 

itself, because, due to the extensive cross-talk between NK and DC, 

these activated NK cells could in turn stimulate the DC [94, 95]. 

 

5) The idea of promoting therapy effectiveness by introducing PD/PD-L 

blockade has been proposed in several settings. However, other 

pathways still remain that contribute to immune evasion by the 

tumor and could hamper the efficacy of DC vaccination. Examples of 

these newly emerging targets include lymphocyte activation gene-3 

(LAG-3), T-cell immunoglobulin and mucin domain-3 (TIM-3) and 

T-cell immunoglobulin and ITIM domain (TIGIT) [96-99]. 

Combinations of LAG-3, TIM-3 or TIGIT mABs with blockade of the 

PD/PD-L pathway have already shown to reverse T cell exhaustion, 

suppress tumor growth and subsequently enhance survival rates 

[100-103]. Therefore, combination therapy by blocking multiple 

immune checkpoints seems to be favorable to further enhance the 

immune response evoked by the DC vaccine. 

 

Overall, in this thesis IL-15 transpresentation and PD-L silencing have been 

successfully implemented in clinically applicable monocyte-derived DC and 

have proven to possess superior antitumor immunostimulatory properties. 

Although these research efforts contribute to the aim of implementing our 

designer DC vaccine in a clinical study, some remaining questions should be 

answered first before testing the safety and efficacy in human beings. These 

questions are: 1) Does incorporation of IL-15 transpresentation and PD-L 

silencing also result in functional activation of antigen-specific CD8+ T cells? 
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2) Do our designer DC secrete soluble IL-15Rα molecules? 3) Does triple 

electroporation (IL-15, IL-15Rα and tumor-specific antigen) in DC affect the 

transpresentation mechanism or the availability of antigen? 
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Summary 

Acute myeloid leukemia (AML) is the most common acute leukemia in 

adults. Despite major medical advances, AML still has a poor prognosis with 

a five-year survival rate of less than 27%. Although the majority of patients 

reach complete remission after the standard treatment, the majority of 

patients relapses within two years due to the presence of residual tumor 

cells. Therefore, there is a clear need for new effective therapies that can 

destroy the remaining malignant AML (stem) cells. At present, there is much 

interest in the use of dendritic cell (DC)-based vaccination, as this cell 

therapy is capable of mobilizing the patient’s own immune system, resulting 

in the in vivo generation of an antitumor response without serious toxicity 

or side effects. However, clinical effectiveness of DC vaccines needs to be 

further improved.  

 

In this context, redirecting the balance between immune-activating 

and -inhibitory signals of DC could improve the antitumor functions of 

immune cells, such as natural killer (NK) cells and CD8+ T cells, which are the 

main killer cells of the immune system. Two of the most promising immune 

modulators involved in the new era of cancer therapy are interleukin (IL)-15, 

as immune-stimulatory agent, and the programmed death ligands (PD-L) 1 

and 2, as immune-inhibitory checkpoints. By introducing IL-15 in DC and/or 

by suppressing PD-L on the DC membrane, this study aims to increase both 

their NK cell- and T cell-stimulatory properties. This hypothesis is based on 

the fact that both immune cell types express the IL-15 receptor (IL-15R) 

moieties responsible for IL-15 signaling and the PD-1 receptor which can 

interact both with its ligands PD-L1 and PD-L2. 

 

The relevance of introducing IL-15 and IL-15Rα into DC by means of mRNA 

electroporation and of the deprivation of PD-L on the DC membrane by 

means of short interfering RNA (siRNA), is provided in Chapter 1. In 
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addition to the general objectives of this study, the specific aims of each 

subpart are described in Chapter 2. 

 

Main findings of the thesis 

In Chapter 3, monocyte-derived DC are electroporated with IL-15 and/or 

IL-15Rα mRNA, enabling IL-15 transpresentation. While IL-15 secretion is 

not dependent on IL-15Rα, this molecule plays a key role in the transient 

expression of IL-15 on the DC membrane. Interestingly, besides IL-15 

expression, this modification has no influence on the phenotypic 

maturation profile of the DC nor on their migratory capacity. In addition, 

while secretion of most pro-inflammatory cytokines is not affected by 

engineering IL-15 transpresentation, increased interferon (IFN)-γ production 

is observed, although secretion levels are rather low. These findings confirm 

that our modifications to the DC manufacturing protocol preserves the 

intrinsic properties of the DC in the context of cancer immunotherapy. 

Furthermore, IL-15-transpresenting DC are equal, if not better, stimulators 

of T-cell proliferation as compared to DC where no IL-15 was introduced in 

the protocol. 

 

In Chapter 4, we examine the immunostimulatory effects of IL-15-

engineered DC towards NK cells. In this perspective, we demonstrate that 

introducing IL-15 mRNA in DC (IL-15 EP DC) results in increased NK-cell 

activation, in comparison with the conditions where no IL-15 is 

implemented. Interestingly, addition of IL-15Rα to the protocol 

(IL-15/IL-15Rα EP DC), results in even stronger activation of DC-stimulated 

NK cells. More specifically, next to upregulation of NK-cell membrane 

activation markers, IL-15 transpresentation give rise to increased NK-cell 

secretion of IFN-γ, granzyme B and perforin. Moreover, 

IL-15-transpresenting DC/NK cell cocultures from both healthy donors and 

AML patients in remission show markedly enhanced cytotoxic activity 

against NK cell-sensitive and -resistant tumor cells. Blocking IL-15 
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transpresentation abrogate NK cell-mediated cytotoxicity against tumor 

cells, pointing to a pivotal role of IL-15 transpresentation by IL-15Rα to 

exert its NK cell-activating effects. 

 

Next to the NK cell-stimulating effects of IL-15-transpresenting DC 

discussed in Chapter 4, we focus on the T cell-stimulatory effects of these 

DC in Chapter 5. While IL-15 transpresentation have only a modest effect 

on the expansion of antigen-specific CD8+ T cells, including PD-L-silencing 

to the DC manufacturing protocol synergistically enhanced this effect as 

seen with cell material from hematological cancer patients. The successful 

implementation of PD-L-silencing in IL-15-transpresenting DC results also 

in increased IFN-γ in cocultures with allogeneic T cells. 

 

Altogether, we report on a novel ‘designer DC’ vaccine with superior NK 

cell- and T cell-stimulating effects, without affecting the intrinsic properties 

of the DC in the antitumor setting. Moreover, the newly implemented 

products, being IL-15/IL-15Rα mRNA and PD-L siRNA, are currently 

available as good manufacturing practice (GMP)-grade products, thereby 

facilitating the transition of these DC into clinical applications. Thus, our 

‘designer DC’ display a great potential to stimulate antitumor immunity in 

vivo and contribute to the ongoing battle against cancer.  
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Samenvatting 

Acute myeloïde leukemie (AML) is de meest voorkomende vorm van acute 

leukemie bij volwassenen. Ondanks de vooruitgang die de laatste decennia 

is geboekt in de behandeling van AML, heeft deze maligniteit nog steeds 

een slechte prognose, waarbij de vijfjaarsoverleving voor patiënten minder 

dan 27% bedraagt. Hoewel de standaardbehandeling resulteert in een hoge 

graad van complete remissie, hervalt ongeveer 75% van alle patiënten 

binnen twee jaar door de aanwezigheid van overgebleven tumorcellen. De 

uitdaging in de ontwikkeling van nieuwe therapieën is dan ook om remissie 

te bewaren en herval te voorkomen door residuele AML (stam)cellen te 

elimineren. Een therapie waar momenteel veel interesse naartoe gaat, is het 

gebruik van dendritische cel (DC)-gebaseerde vaccinatie. De interesse heeft 

deze celtherapie te danken aan de capaciteit om de patiënt zijn 

immuunsysteem zelf te mobiliseren, wat kan resulteren in de in vivo 

generatie van antitumor immuniteit, zonder het opwekken van ernstige 

toxiciteit of bijwerkingen. De klinische effectiviteit van DC vaccins heeft 

echter nood aan bijkomende verbeteringen. 

 

Door de balans te verleggen tussen immuunstimulerende en inhiberende 

signalen op de DC kan de antitumorfunctie van immuuncellen verbeterd 

worden. Natural killer (NK)-cellen en CD8+ T-cellen spelen als belangrijkste 

mediatoren van immuungerelateerde eliminatie van tumorcellen hierin een 

sleutelrol. In deze context zijn interleukin (IL)-15, als immuunstimulerende 

molecule, en  ‘programmed death ligands’ (PD-L) 1 en 2, als inhiberende 

immuuncheckpoints, zeer beloftevolle moleculen. Middels transfer van 

IL-15 en zijn receptor IL-15Rα in DC  en/of inhibitie van PD-L  op de DC 

membraan beoogt deze studie om zowel de NK- en T-celstimulerende 

eigenschappen van de DC te verhogen. Deze hypothese is gebaseerd op 

het feit dat NK-cellen en T-cellen zowel specifieke elementen van de IL-15 

receptor (IL-15R) als de PD-1 receptor tot expressie brengen, welke 
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verantwoordelijk zijn voor IL-15 signalisatie en interactie met PD-L1 en 2, 

respectievelijk. 

 

De relevantie om zowel IL-15 als IL-15Rα te introduceren in DC door 

gebruik te maken van mRNA elektroporatie en om PD-L expressie op de DC 

membraan te inhiberen door het gebruik van siRNA, wordt in Hoofdstuk 1 

besproken. Naast de algemene objectieven van deze studie worden in 

Hoofdstuk 2 de specifieke doelen van elk studieonderdeel beschreven. 

 

Hoofdbevindingen van de thesis 

In Hoofdstuk 3 worden monocyt-afgeleide DC geëlektroporeerd met IL-15 

en/of IL-15Rα mRNA om IL-15 transpresentatie te bewerkstelligen. Terwijl 

IL-15 secretie niet afhankelijk is van IL-15Rα speelt deze molecule een 

sleutelrol in de transiënte expressie van IL-15 op de DC membraan. Naast 

IL-15 expressie heeft de modificatie van DC geen invloed op hun 

fenotypisch maturatieprofiel noch op hun migratiecapaciteit. De introductie 

van IL-15 transpresentatie heeft eveneens geen invloed op de productie 

van de belangrijkste pro-inflammatoire cytokines. Er kon wel een 

verhoogde interferon (IFN)-γ productie waargenomen worden onder 

invloed van IL-15 transpresentatie, maar dit waren eerder lage 

secretiewaarden. Al deze bevindingen bevestigen dat onze modificaties aan 

het DC protocol de intrinsieke eigenschappen van de DC behouden, 

hetgeen belangrijk is in de context van kankerimmuuntherapie. In dit 

hoofdstuk tonen we verder aan dat IL-15-transpresenterende DC even 

goede stimulatoren zijn van T-celproliferatie in vergelijking met DC waar 

IL-15 niet is geïncorporeerd in het protocol. 

 

In Hoofdstuk 4 bestuderen we de NK-celstimulerende effecten van DC die 

onderworpen werden aan een IL-15/IL-15Rα transfectie. In dit perspectief 

tonen we aan dat introductie van IL-15 mRNA in DC (IL-15 EP DC) leidt tot 

verhoogde NK-celactivatie in vergelijking met condities waar geen IL-15 is 
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toegevoegd. Additie van IL-15Rα aan het protocol (IL-15/IL-15Rα EP DC) 

resulteert zelfs in een nog sterkere activatie van DC-gestimuleerde NK-

cellen. Specifiek gezien leidt IL-15 transpresentatie op de DC tot verhoogde 

expressie van NK-cel activatiemerkers en een toegenomen NK-celsecretie 

van IFN-γ, granzyme B en perforine. Bovendien tonen we een duidelijke 

stijging in cytotoxische activiteit tegen NK cel-sensitieve en -resistente 

tumorcellen door ‘designer DC’-gestimuleerde NK-cellen van zowel 

gezonde donoren als AML-patiënten in remissie. Het blokkeren van IL-15 

transpresentatie neutraliseert de extra NK-celgemedieerde cytotoxiciteit 

tegen tumorcellen, wat de sleutelrol van IL-15 transpresentatie door IL-

15Rα benadrukt in het uitoefenen van zijn NK cel-stimulerende effecten. 

 

Naast de NK-celstimulerende effecten van IL-15-transpresenterende DC 

(Hoofdstuk 4), focussen we in Hoofdstuk 5 op de T-celstimulerende 

effecten van deze DC. Terwijl IL-15 transpresentatie enkel een gering effect 

heeft op de expansie van antigeen-specifieke CD8+ T-cellen, wordt dit effect 

synergistisch versterkt wanneer PD-L-suppressie wordt toegevoegd aan het 

DC protocol zoals aangetoond met celmateriaal van hematologische 

kankerpatiënten. De succesvolle implementatie van PD-L-suppressie in 

IL-15-transpresenterende DC verhoogt eveneens de IFN-γ concentratie na 

co-cultuur met allogene T-cellen. 

 

Samenvattend rapporteren we in deze studie over een nieuw ‘designer’ DC 

vaccin met superieure NK- en T-celstimulerende effecten, zonder de 

intrinsieke eigenschappen van de DC in de antitumor setting te 

beïnvloeden. Verder zijn de nieuw geïmplementeerde producten, zijnde 

IL-15/IL-15Rα mRNA en PD-L siRNA, beschikbaar als ‘good manufacturing 

practice’ (GMP) producten, wat de transitie van deze DC naar klinische 

applicaties kan bevorderen. Kortom, deze thesis toont aan dat onze 

‘designer’ DC veel potentieel bezitten om de antitumor immuniteit in vivo 
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te stimuleren en zo kunnen bijdragen tot betere therapieën in de 

voortdurende strijd tegen kanker. 
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Rationale 

The immunostimulatory properties of a dendritic cell (DC) vaccine are not 

only determined by redirecting the balance between immunostimulatory 

and -inhibitory signals, as described in Chapters 1 till 7. For example, the 

choice of the DC maturation cocktail can also exert an effect on the 

immunostimulatory characteristics of DC. In this perspective, the 

combination of interferon (IFN)-γ and a membrane fraction of a bacterium 

as a DC maturation cocktail resulted in the activation of DC-stimulated 

natural killer (NK) cells [1].  Comparable results could be obtained by 

combining IFN-γ and Toll-like receptor (TLR) ligands [2]. Unfortunately, the 

limited availability of GMP-grade TLR ligands hampers their applicability in 

DC maturation protocols for clinical use [3]. Therefore, alternative sources of 

TLR-stimulating adjuvants which are clinically applicable should be 

explored, such as those commonly used in preventive vaccines [3]. 

 

In this additional chapter, Chapter 8, we used a commercial preventive HPV 

vaccine as a clinical-grade DC maturation cocktail and investigated its effect 

on the DC themselves and on DC-primed NK cells, including killing of HPV-

infected cells by both DC and DC-primed NK cells. As DC model, we have 

chosen for IL-15 DC since these DC represent the in vitro correlate of the 

naturally existing CD56+CD7-CD11c+BDCA1+ myeloid blood DC subset, 

which has gained interest because of its potential direct cytotoxic activity 

and Langerhans cell features. Altogether, this chapter illustrates the effects 

of a preventive vaccine on boosting innate immunity. 
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Abstract 

Cervarix™ is approved as a preventive vaccine against infection with the 

human papillomavirus (HPV) strains 16 and 18, which are causally related to 

the development of cervical cancer. We are the first to investigate in vitro 

the effects of this HPV vaccine on interleukin (IL)-15 dendritic cells (DC) as 

proxy of a naturally occurring subset of blood DC, and natural killer (NK) 

cells, two innate immune cell types that play an important role in antitumor 

immunity. Our results show that exposure of IL-15 DC to the HPV vaccine 

results in increased expression of phenotypic maturation markers, 

pro-inflammatory cytokine production and cytotoxic activity against 

HPV-positive tumor cells. These effects are mediated by the vaccine 

adjuvant, partly through Toll-like receptor 4 activation. Next, we 

demonstrate that vaccine-exposed IL-15 DC in turn induce phenotypic 

activation of NK cells, resulting in a synergistic cytotoxic action against 

HPV-infected tumor cells. Our study thus identifies a novel mode of action 

of the HPV vaccine in boosting innate immunity, including killing of 

HPV-infected cells by DC and NK cells. 
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Introduction 

Genital infection with oncogenic human papillomavirus (HPV) strains, such 

as HPV16 and HPV18, is the leading cause of cervical cancer. Cervarix™ is 

one of the two HPV vaccines that have been licensed and marketed in 

Europe and the United States for cervical cancer prevention [4, 5]. This 

bivalent HPV vaccine contains virus-like particles (VLP) of the L1 protein of 

HPV16 and HPV18 combined with Adjuvant System 04 (AS04). The latter is 

composed of 3-O-desacyl-4’-monophosphoryl lipid A (MPL) adsorbed onto 

aluminum salt [6-8]. In turn, MPL is a detoxified derivative of the 

lipopolysaccharide (LPS) isolated from the Gram-negative bacterium 

Salmonella minnesota R595 strain [6], and is described to be a Toll-like 

receptor (TLR)4 agonist [9, 10]. 

 

Until now, studies investigating the immunological mechanism of action of 

the HPV vaccine have dealt with B cells, T cells and monocyte-derived 

dendritic cells (DC) [6, 11-14]. So far, these studies have revealed that the 

HPV vaccine works (i) by triggering a humoral immune response consisting 

of viral antigen-specific IgG antibodies and virus-neutralizing antibodies 

[12-14], (ii) by inducing a cellular immune response characterized by 

proliferation and activation of viral antigen-specific CD4+ T cells [11, 13], 

and (iii) by activating DC to enhance adaptive immunity [6, 11]. The latter 

results were obtained using in vitro-generated interleukin (IL)-4-

conditioned monocyte-derived DC (IL-4 DC). In recent years, the naturally 

existing CD56+CD7-CD11c+BDCA1+ blood DC subset has gained interest 

because of its potential direct cytotoxic activity [15, 16]. Detailed functional 

studies, however, are complicated by the low frequencies of DC with this 

specific phenotype in vivo [16]. We and others have developed a novel 

in vitro DC culture system that allows for the generation of CD56+ DC 

(hereafter referred to as IL-15 DC) [17], representing the in vitro correlate of 

the naturally existing CD56+CD7-CD11c+BDCA1+ myeloid blood DC subset. 
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A growing body of evidence has now accumulated to show that human DC, 

including IL-15 DC [18, 19], can exert direct cytotoxic effects against cancer 

cells [20, 21], which can be triggered by various immunostimulatory 

cytokines and TLR stimuli. Whether or not HPV vaccines can unlock the 

intrinsic cytotoxic effector function of IL-15 DC against HPV-positive tumor 

cells remains to be investigated. 

 

In addition to DC, natural killer (NK) cells – the prime effectors of the innate 

immune system – also play a key role in immune protection against HPV 

and cervical cancer [22, 23]. Similar to what is observed in other 

malignancies [24], quantitative and qualitative abnormalities in the NK-cell 

compartment are frequently observed in cervical cancer or its precursor 

lesions. For example, the local NK-cell infiltrate in HPV-infected 

pre-neoplastic and neoplastic lesions of the cervix often displays a 

decreased expression of activating NK-cell receptors (e.g. NKp30, NKp46 

and NKG2D) and a diminished cytotoxic activity [25]. These abnormalities 

have also been implicated in cervical cancer progression, further 

underscoring the importance of NK cells in immune protection against HPV 

and cervical cancer [25-27].  

 

Until now, the effects of the HPV vaccine on human IL-15 DC and the 

subsequent interaction of these DC with NK cells have not been 

investigated. In this study, we assess the effects of the HPV vaccine and its 

individual components on the phenotype and function of IL-15 DC and 

DC-stimulated NK cells with specific attention for the cytotoxic activity of 

both cell types against HPV-positive tumor cells. 
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Material and Methods 

Ethics statement and cell material 

This study was approved by the Ethics Committee of the University of 

Antwerp (Antwerp, Belgium) under the reference number 11/47/366. All 

experiments were performed using blood samples from anonymous donors 

provided by the Antwerp branch of the Red Cross Blood Transfusion Center 

(Edegem, Belgium). The human HPV16+ CaSki cell line (cervical epidermoid 

carcinoma) and the human HPV18+ HeLa cell line (cervical adenocarcinoma) 

were obtained from the American Type Culture Collection (Rockville, MD, 

USA) and maintained in Roswell Park Memorial Institute 1640 (RPMI; 

Invitrogen, Merelbeke, Belgium) supplemented with 10% fetal bovine serum 

(FBS; Invitrogen). The human HPV- K562 cell line (bone marrow chronic 

myelogenous leukemia) was obtained from the Deutsche Sammlung von 

Mikroorganismen und Zellkulturen (Braunschweig, Germany) and 

maintained in Iscove’s Modified Dulbecco’s Medium (IMDM; Invitrogen) 

supplemented with 10% FBS. All cell lines were maintained in logarithmic 

growth phase at 37°C in a humidified atmosphere supplemented with 5% 

CO2. 

 

IL-15 dendritic cells 

CD14+ monocytes were isolated from peripheral blood mononuclear cells 

obtained after Ficoll-Paque Plus gradient separation (GE Healthcare, 

Uppsala, Sweden) by positive selection using magnetic CD14 microbeads 

(Miltenyi Biotec, Utrecht, The Netherlands) according to the manufacturer’s 

instructions. Monocytes were used to generate immature DC (iDC) as 

described previously with minor modifications [17]. Briefly, CD14+ 

monocytes were seeded in 75 cm2 polystyrene tissue culture flasks (Sarstedt 

Inc., Newton, NC, USA) at a concentration of 1.0-1.4 x 106 cells/mL in RPMI 

1640 culture medium supplemented with 2.5% heat-inactivated human AB 

serum (Invitrogen), 800 IU/mL granulocyte macrophage colony-stimulating 

factor (GM-CSF; Gentaur, Brussels, Belgium), and 200 ng/mL IL-15 

(Immunotools, Friesoythe, Germany) and incubated at 37°C, 5% CO2. 
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After 48 hours of differentiation, iDC were stimulated with (i) 0.5 µg/mL 

bivalent HPV vaccine Cervarix™ (GlaxoSmithKline, GSK, Rixensart, Belgium) 

per 106 cells (i.e. Cer-DC), (ii) 1 µg/ml purified HPV16 and/or HPV18 L1 VLP 

without adjuvant (kindly provided by GSK; i.e. VLP-DC), (iii) 1 µg/mL LPS (i.e. 

LPS-DC, Invivogen, San Diego, CA, USA) or (iv) left unstimulated (i.e. iDC). In 

specific experiments, 1 µg/mL of the TLR4 signaling inhibitor CLI-095 

(Invivogen) was added to the culture medium of iDC 6h before stimulation 

with LPS or the HPV vaccine to determine the role of TLR4 in the HPV 

vaccine’s effect. After 18 hours of stimulation at 37°C and 5% CO2, cells 

were harvested and spun down. Culture supernatants were collected and 

stored at -20°C until further analysis (cytokine secretion profile). Cells were 

either stained for phenotypic analysis or resuspended in fresh medium for 

functional assays. 

 

Natural killer cells 

Untouched resting CD3-CD56+ NK cells were isolated from the CD14- 

peripheral blood lymphocyte fraction using the human negative selection 

NK-cell isolation kit (Miltenyi Biotec) according to the manufacturer’s 

instructions. NK-cell purity and viability was at least 95% as determined on 

a FACScan flow cytometer (BD, Erembodegem, Belgium) following staining 

with fluorescein isothiocyanate (FITC)-conjugated anti-CD3 and 

phycoerythrin (PE)-conjugated anti-CD56 monoclonal antibodies (BD), and 

propidium iodide (PI; Invitrogen), respectively. Purified NK cells were 

cryopreserved at -80°C until further use in freezing medium consisting of 

FBS supplemented with 10% dimethyl sulfoxide (Sigma-Aldrich, Diegem, 

Belgium). 

 

Membrane immunophenotyping 

DC were membrane stained with FITC-, PE-, allophycocyanin (APC)-, Pacific 

Blue- or V450-conjugated monoclonal antibodies (BD) against CD14, CD80, 

CD83, CD86, CD209, HLA-DR and IL-15. Thawed NK cells were co-cultured 

at a 1:1 ratio with autologous DC in IMDM + 10% FBS and membrane 
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stained with anti-NKp46-APC (BD), anti-NKG2D-PE (R&D) and anti-CD69-

FITC (BD) monoclonal antibodies 4h, 24h, 42h and 72h after initiation of 

cultures. Corresponding isotype staining was performed as negative control. 

All samples were measured on a FACSAria II flow cytometer (BD). 

 

Cytokine secretion assay 

Secretion of IL-1β, IL-2, IL-4, IL-5, IL-10, IL-12p70, IL-13, interferon (IFN)-γ 

and tumor necrosis factor (TNF)-α by DC was determined in supernatant 

using a human T helper (Th)1/Th2 10-plex kit for electrochemiluminescent 

detection (Meso Scale Discovery (MSD), Rockville, MD, USA) and performed 

according to the manufacturer’s protocol. Data were analyzed on a SECTOR 

instrument (MSD) using MSD’s Discovery Workbench software. 

 

Cytotoxicity assay 

The killing capacity of DC and NK cells against tumor cells was determined 

using a flow cytometry-based protocol as described previously with minor 

modifications [18, 28]. Briefly, tumor cells were labeled prior to co-culture 

with PKH67 Green Fluorescent Cell Linker dye (Sigma-Aldrich) according to 

the manufacturer’s protocol. PKH67+ tumor cells were co-cultured with DC 

and/or NK cells for 4h at different ratios followed by staining with annexin 

V-APC (BD) and PI. Tumor cells cultured without effector cells, i.e. DC or NK 

cells, served as controls. All samples were measured on a FACSAria II flow 

cytometer. Cytotoxicity was calculated based on the viability (annexin V-/PI-) 

of PKH67+ tumor cells using the following equation: % killing = 100 % -

(% annexin V-/PI- tumor cells with effector cells/% annexin V-/PI- tumor cells 

without effector cells). 

 

Cytotoxic phenotyping 

The cytotoxic phenotype of DC was determined by flow cytometry following 

staining for the most common cytotoxicity markers. DC were membrane 

stained for CD107a, CD178 (Fas ligand), and TNF-related apoptosis-

inducing ligand (TRAIL) and stained intracellular for perforin and granzyme 
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B using FITC-, PE- and APC-conjugated monoclonal antibodies (BD). 

Corresponding isotype staining was performed as negative control. For 

intracellular staining, 10 µg/mL Brefeldin A (Invitrogen) was added to DC 

cultures 3h prior to harvesting. After harvesting, cells were treated 

sequentially with FACS lysing and permeabilizing solution 2 (BD), and 

incubated with antibodies against perforin and granzyme B for 4h at 4°C. All 

samples were measured on a FACSAria II flow cytometer.  

 

Statistical analysis 

Flow cytometry data were analyzed using FlowJo version 10.0.6 (Treestar, 

Ashland, OR, USA). GraphPad Prism 5 software (GraphPad, San Diego, CA, 

USA) was used for graphing and statistical calculations. Statistical analysis 

was performed using the Wilcoxon matched-pairs test or repeated-

measures one-way analysis of variance with Bonferroni post-hoc test, where 

appropriate. Results were considered statistically significant when p < 0.05. 
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Results 

The HPV vaccine activates IL-15 DC 

As shown in Figure 1, stimulation of IL-15 DC with the HPV vaccine (i.e. 

Cer-DC) resulted in marked phenotypic activation. This was evidenced by 

downregulation of the immature DC markers CD14 and CD209 and by 

upregulation of HLA-DR, the costimulatory molecules CD80/CD86 and the 

phenotypic maturation marker CD83. Interestingly, Cer-DC, but not 

unstimulated DC (i.e. iDC), also showed surface expression of the 

immunostimulatory cytokine IL-15. 

 

 

 

Figure 1. HPV vaccine induces phenotypic maturation of IL-15 DC. 

Histogram overlays show the surface expression of CD14, CD209, HLA-DR, IL-15, CD80, CD83 

and CD86 of 18h HPV vaccine-stimulated IL-15 DC (Cer-DC, bold-lined histogram) 

unstimulated iDC (thin-lined histogram) and isotype-matched controls (dashed-lined 

histogram). Histogram overlays are shown for one representative donor out of three 

independent donors. 

 

A multiplexed electrochemiluminescent assay was performed to further 

evaluate the effect of the HPV vaccine on the cytokine production profile of 

IL-15 DC (Table 1). Upon HPV vaccine stimulation, the levels of the typical 
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Th1-polarizing cytokine IFN-γ and of the pro-inflammatory cytokines IL-1β 

and TNF-α were significantly elevated (p < 0.01, p < 0.001, p < 0.001, 

respectively; n=3), while typical Th2-polarizing cytokines IL-4, IL-5, IL-10 and 

IL-13 were undetectable. 

 

Table 1. Cytokine-secretion (± SEM) at DC harvest. Abbreviations:  HPV; human 

papillomavirus, IFN; interferon, IL; interleukin, Th; T helper, TNF; tumor-necrosis factor, VLP; 

virus-like particle. ** p < 0.01, *** p < 0.001 (compared between HPV vaccine-stimulation 

and no stimulus) (n=3). 

 

 

 

The effects of the HPV vaccine on IL-15 DC are partly mediated via 

TLR4 

We next aimed to dissect which component of the HPV vaccine was 

responsible for the above observed stimulatory effects on IL-15 DC. 

Exposure of the DC to purified L1 HPV VLP without the AS04 adjuvant (i.e. 

VLP-DC) did not result in phenotypic activation (data not shown), nor did it 

affect the cytokine secretion profile of the DC (Table 1). To examine the 

possible role of the AS04 adjuvant, which contains the TLR4 ligand MPL, 
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blocking experiments using the TLR4 signaling inhibitor CLI-095 were 

performed. We first determined a working concentration of the TLR4 

inhibitor by exposing DC to the TLR4 agonist LPS (i.e. LPS-DC). As shown in 

Figure 2, at a concentration of 1 µg/mL CLI-095, the LPS-mediated 

upregulation of CD83, CD86 and HLA-DR on IL-15 DC could be clearly 

inhibited (delta MFI ± SEM = 11.9 ± 4.4 for CD83; delta MFI ± SEM = 201.4 

± 7.3 for CD86; delta MFI ± SEM = 284 ± 185 for HLA-DR). However, using 

the same concentration of the inhibitor, the HPV vaccine-induced 

upregulation of these phenotypic markers was not affected (delta MFI ± 

SEM = 0.25 ± 0.9 for CD83; delta MFI ± SEM = 13.3 ± 0.3 for CD86; delta 

MFI ± SEM = 51.5 ± 57.5 for HLA-DR) (Figure 2). 

 

 

Figure 2. The effect of TLR4 blocking on HPV vaccine-induced DC maturation. 

Surface expression of CD83, CD86 and HLA-DR on DC after 18h stimulation with LPS 

(LPS-DC, upper row) or the HPV vaccine (Cer-DC, lower row) in the absence (bold-lined 

histogram) or presence (grey filled histogram) of the TLR4 inhibitor CLI-095 was compared 

with unstimulated iDC (thin-lined histogram) and isotype controls (dashed-lined histogram). 

CLI-095 was added 6h before LPS or HPV vaccine stimulation. Histogram overlays are shown 

for one representative donor out of three independent donors. Abbreviations: CLI-095, TLR4 

inhibitor; LPS, lipopolysaccharide. 
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Interestingly, while blocking the TLR4 pathway did not affect the phenotype 

of Cer-DC, cytokine production by Cer-DC was almost completely abolished 

by inhibiting TLR4 signaling (Table 2). These findings suggest that at least 

part of the stimulatory effects of the HPV vaccine on IL-15 DC are mediated 

through TLR4 signaling. 

 

Table 2. Cytokine-secretion (± SEM) at DC harvest. Abbreviations: CLI-095; TLR4 

inhibitor, HPV; human papillomavirus, IFN; interferon, IL; interleukin, Th; T helper, 

TLR4; Toll-like receptor 4, LPS; lipopolysaccharide. * p < 0.05, ** p < 0.01, *** p < 

0.001 (compared between CLI-095 and no CLI-095 added) (n=2). 

 

 
 

Cer-DC are cytotoxic against HPV16+ and HPV 18+ cervical cancer cells 

The direct cytotoxicity of HPV vaccine-stimulated IL-15 DC (i.e. Cer-DC) was 

examined in a flow cytometric lysis assay by co-culturing DC with the 

HPV16+ cervical cancer cell line CaSki, the HPV18+ cervical cell line HeLa or 

the HPV- CML cell line K562 for 4 hours at an effector:target (E:T) ratio of 5:1 

and 50:1. As shown in Figure 3A, Cer-DC exhibited significant cytotoxicity 

against CaSki at both the 5:1 (10.8 ± 1.8%) and 50:1 (22.3 ± 4.9%) ratios, 

whereas iDC exerted no demonstrable lytic activity (p < 0.05; Figure 3A). 

Similar cytotoxic activity of Cer-DC was observed against HeLa cells (Cer-DC 
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compared to iDC; delta % killing ± SEM = 3.5 ± 0.2 at 5:1 ratio; delta % 

killing ± SEM = 18.2 ± 1.8 at 50:1 ratio). Strikingly, neither iDC nor Cer-DC 

exerted a demonstrable lytic activity against the HPV- K562 both at the 5:1 

(% killing ± SEM = 3.6 ± 2.9 for iDC; % killing ± SEM = 3.3 ± 4.1 for Cer-DC) 

and 50:1 ratio (% killing ± SEM = 4.4 ± 5.9 for iDC; % killing ± SEM = 6.4 ± 

6.0 for Cer-DC) (Figure 3A). 

 

 

 

Figure 3. HPV vaccine stimulates functional and phenotypic cytotoxic properties 

on IL-15 DC. 

A The cytotoxicity capacity of iDC (open squares) and HPV vaccine-stimulated DC (Cer-DC, 

filled squares) against the HPV16+ cervical cancer cell line CaSki and the HPV- CML cell line 

K562 was assessed at effector:target ratios of 5:1 and 50:1 in a 4h flow cytometric 

cytotoxicity assay and represented as the mean (± SEM) killing percentage of target cells 

based on annexin V/PI staining (n=3; * p < 0.05). B Histogram overlays of one representative 

donor out of three independent donors represent membrane (CD107a, CD178, TRAIL) and 

intracellular (perforin, granzyme B) expression of cytotoxic markers on 18h HPV vaccine-

stimulated DC (Cer-DC, bold-lined histogram), iDC (thin-lined histogram) and corresponding 

isotype controls (dashed-lined histogram). Abbreviations: PI, propidium iodide; SEM, 

standard error of mean; TRAIL, TNF-related apoptosis-inducing ligand. 
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From a mechanistic point of view, we found that Cer-DC, and to a lesser 

extent the non-cytotoxic iDC, expressed different cytotoxic effector 

molecules on their cell surface, such as CD178 (Fas ligand) and TRAIL (delta 

MFI ± SEM = 7.2 ± 0.1 for CD178; delta MFI ± SEM = 9.6 ± 1.8 for TRAIL) 

(Figure 3B). Furthermore, intracellular cytokine staining revealed that 

Cer-DC had increased levels of the granule-associated lytic molecules 

perforin and granzyme B as compared to iDC (delta MFI ± SEM = 1.4 ± 0.2 

for perforin; delta MFI ± SEM = 0.3 ± 0.1). The expression of CD107a on the 

DC surface after stimulation with the HPV vaccine confirmed their 

degranulation potential (delta MFI ± SEM = 18.2 ± 12.3) (Figure 3B). 

 

Cer-DC phenotypically activate autologous NK cells 

NK cells were exposed to autologous iDC or Cer-DC for 4h, 24h, 42h and 

72h, after which their surface expression of NKp46, NKG2D and CD69 was 

evaluated (Figure 4A). Although Cer-DC did not further enhance the 

expression of the activating NK-cell receptor NKp46 (measured at the 42h 

peak expression time point), both the activating receptor NKG2D (72h peak 

expression time point) and the activation marker CD69 (42h peak 

expression time point) were found to be upregulated on the NK-cell surface 

after stimulation with Cer-DC as compared to iDC (Figure 4A). 

 

Cer-DC/NK-cell interaction synergistically increases cytotoxicity 

against HPV16+ and HPV18+ cervical cancer cells 

In line with their ability to induce phenotypic activation of NK cells, Cer-DC 

were also found to interact with NK cells to enhance cytotoxicity against the 

HPV16+ CaSki and HPV18+ HeLa cervical cancer cell lines. As shown in 

Figure 4B, a significantly higher killing of CaSki cells was observed in the 

Cer-DC/NK-cell co-cultures (38.5 ± 6.5%), as compared to NK cells alone 

(6.4 ± 2.0%; p < 0.01) or Cer-DC alone (12.8 ± 8.4%; p < 0.05) (Figure 4B). 

Similar results were obtained with HeLa cells, with a significantly higher 

killing of HeLa cells in the Cer-DC/NK co-cultures (42.5 ± 15.8%), as 

compared to NK cells alone (7.4 ± 2.6%; p < 0.01) or Cer-DC alone (8.7 ± 
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1.4%; p < 0.01). For the HPV- K562 cells, the percentage of killed cells was 

also significantly higher in the Cer-DC/NK-cell co-cultures (77.7 ± 1.8%), as 

compared with Cer-DC alone (1.3 ± 4.9%; p < 0.001), but comparable with 

NK cells alone (66.2 ± 9.0%; p > 0.05) (Figure 4B). 

 

 

 

Figure 4. Phenotypic and functional NK-cell activation by HPV vaccine-stimulated 

DC. 

A Histogram overlays of one representative donor out of three independent donors 

represent NK-cell surface expression of NKp46, NKG2D and CD69 at their peak expression 

(42h, 72h and 42h, respectively) after co-culture at a 1:1 ratio with autologous Cer-DC 

(bold-lined histogram) or iDC (thin-lined histogram), as compared to unstimulated NK cells 

(grey filled histogram) and corresponding isotype controls (dashed-lined histogram). B The 

mean killing percentage (± SEM) of HPV16+ CaSki and HPV- K562 is shown for NK-cell/tumor 

cell (ratio 5:1, white bars), DC/tumor cell (ratio 5:1, iDC grey bars, Cer-DC black bars) and 

NK-cell/DC/tumor cell (ratio 5:5:1, NK-cell/iDC grey bars, NK-cell/Cer-DC black bars) 

co-cultures based on a 4h flow cytometric cytotoxicity assay following 42h NK-cell and/or 

DC co-cultures (n=3). * p < 0.05, ** p < 0.01, *** p < 0.001. Abbreviations: SEM, standard 

error of mean. 
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Discussion 

The Cervarix™ HPV vaccine, consisting of truncated HPV16 and HPV18 VLP 

in combination with the adjuvant AS04, has been developed to prevent 

cervical cancer caused by HPV infections [29]. It has been demonstrated 

that this HPV vaccine elicits antigen-specific and virus-neutralizing antibody 

responses and CD4+ T-cell responses [13, 14, 30]. Furthermore, it was shown 

that both the adjuvant AS04 (containing MPL) and MPL alone induce DC 

maturation, which further increases antigen-specific T cell responses [6, 11]. 

Until now, however, the effects of the HPV vaccine (or its components) on 

DC were investigated using in vitro-generated IL-4-conditioned DC [6, 11]. 

Here, we are the first to examine the effects of the vaccine on in vitro-

generated IL-15-conditioned DC. These IL-15 DC have a unique phenotype, 

including the expression of CD56 which may be involved in the direct 

cytotoxic potential of these cells (so-called killer DC) [17]. It has only 

recently been appreciated that this cell surface marker is not specific for 

lymphoid cells (e.g. NK cells), but is also present on cells with myeloid-

lineage orientation [15, 16]. The latter can be discriminated from the 

lymphoid cells by their lack of CD7 expression and can be further 

subdivided in DC-like monocytic cells (CD14+) and blood myeloid DC 

(CD11c+ and BDCA1+). Since the frequency of the naturally existing blood 

myeloid cells with the CD56+CD7-CD11c+BDCA1+ phenotype is low in vivo 

[16], we used an in vitro related subset, i.e. IL-15 DC [17], to investigate the 

effects of the HPV vaccine. 

 

With this study, we demonstrate that the complete HPV vaccine, but not the 

VLP alone, leads to a higher expression of the antigen-presenting molecule 

HLA-DR, the costimulatory molecules CD80/CD86 and the phenotypic 

maturation marker CD83 on IL-15 DC. Similar effects on IL-4-conditioned 

DC have been reported by other research groups using full-length VLP of 

HPV16 and HPV18 [31, 32] (as opposed to the truncated HPV VLP in 

Cervarix™) or the adjuvant AS04 [6]. In addition to phenotypic activation, we 

also showed that Cer-DC, but not VLP-DC, produced high amounts of the 
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pro-inflammatory cytokines IFN-γ, IL-1β, and TNF-α, but no detectable 

levels of Th2-polarizing cytokines. IFN-γ is an important signaling molecule 

in the differentiation of Th1 cells, which are highly favorable in the battle 

against infections and tumor cells [33]. IL-12, another Th1-polarizing 

cytokine, on the other hand, was not detected after stimulation with the 

HPV vaccine. An explanation for this could be the absence of a second 

stimulatory signal, in concreto CD40-CD40L interaction, since we did not 

observe expression of CD40 on Cer-DC [17, 34]. 

 

While others have described that HPV VLP alone can induce the activation 

of DC [31, 32, 35], we did not detect an effect of the adjuvant-free L1 HPV 

VLP on DC maturation, nor on cytokine secretion, not even with a doubled 

concentration. A possible reason for these contrasting observations might 

be the difference in DC that were used, because Langerhans cells (in 

contrast to conventional IL-4 DC) were found to be refractory to activation 

by VLP [36]. Like Langerhans cells, but unlike IL-4 DC, the IL-15 DC used in 

our study were shown to express langerin [17, 37], which could explain why 

they were not activated by VLP alone. Therefore, HPV VLP were not 

included in functionality tests of either DC or NK cells. 

 

Besides VLP, the HPV vaccine contains the TLR agonist MPL (in the adjuvant 

AS04), a detoxified derivative of LPS that maintains most of its 

immunostimulatory properties and operates as a potent TLR4 agonist [38]. 

Hence, we evaluated the dependence on TLR4 signaling by the adjuvant for 

vaccine-induced DC activation. We found that blocking TLR4 signaling with 

the inhibitor CLI-095 almost completely abolished the HPV vaccine’s effects 

on DC cytokine secretion. In contrast, we observed that the effects on the 

phenotype of DC were not affected by blocking TLR4. Since MPL is also 

described as a possible TLR2 agonist, TLR2 signaling (in addition to TLR4 

signaling) might be involved in the HPV vaccine’s effects on DC activation 

[39].  
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In addition to the effects on maturation and cytokine secretion, we are the 

first to demonstrate that the HPV vaccine stimulates the intrinsic innate 

function of IL-15 DC, resulting in the killing of HPV16+ and HPV18+ cervical 

cancer cells, but not HPV- K562 cells. This indicates that the presence of 

active virus is needed for DC to exert cytotoxic functions against tumor 

cells. Upon flow cytometric analysis of the most common membrane and 

intracellular cytotoxicity markers, we discovered that Cer-DC express 

CD107a , CD178 (Fas ligand), TRAIL, perforin and granzyme B. Cytotoxicity 

of Cer-DC against HPV+ tumor cells in combination with the expression of 

cytotoxic markers on these DC are in concordance with others who 

described that DC can be cytotoxic against tumor cells by means of TNF 

family molecules (TRAIL, CD178) expressed on the cell surface of activated 

DC [40]. As shown by our research group and others, perforin and/or 

granzyme B-producing DC are also capable of killing tumor cells [18, 41, 

42], which favors the idea that the increased killing of CaSki tumor cells 

occurs via a perforin/granzyme B-dependent mechanism. In this context, 

increasing or unlocking the intrinsic killer function of myeloid blood DC 

could contribute to a strong immune response against HPV-infected cells. 

 

Since NK cells are the prime effector cells of the innate immune system and 

play a key role in the immune protection against HPV and cervical cancer, 

stimulating NK-cell functions could favor HPV immunity. We demonstrated 

that the HPV vaccine can indirectly promote NK-cell immunity via IL-15 DC, 

illustrated by phenotypic NK-cell activation and synergistically increased 

cytotoxicity against HPV16+ and HPV18+ cervical cancer cells by 

Cer-DC/NK-cell co-cultures. Our observations hereby support reports by 

others showing that IL-15- and TNF-α-producing DC are capable of 

inducing or increasing NK-cell function [43], because Cer-DC were found to 

produce both IL-15 (on the cell surface) and TNF-α. Moreover, IL-15 

disappeared from the Cer-DC surface during co-culture with autologous NK 

cells (data not shown), suggesting uptake of this cytokine by NK cells. 
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Since the HPV vaccine is capable of unlocking the cytotoxic function of 

IL-15 DC against HPV+ tumor cells and since cytotoxicity is further increased 

after NK/DC co-culture, the HPV vaccine might have therapeutic effects. The 

local NK-cell infiltrate in HPV-infected preneoplastic and neoplastic lesions 

of the cervix often displays a decreased expression of activating NK-cell 

receptors (e.g. NKp30, NKp46 and NKG2D) and a diminished cytotoxic 

activity [25]. These abnormalities are related to cervical cancer progression 

[25-27]. Thus, increasing the DC- and/or NK-mediated cytotoxicity by the 

HPV vaccine might improve the outcome of cervical cancer. 

 

In conclusion, we are the first to show that stimulation of IL-15 DC (related 

to the naturally existing CD56+CD7-CD11c+BDCA1+ myeloid DC subset) with 

the HPV vaccine prompts phenotypic activation and cytokine secretion and 

that these effects are partially mediated through TLR4 signaling. Strikingly, 

HPV vaccine-stimulated IL-15 DC exert cytotoxic activity against HPV16+ 

and HPV18+ cervical cancer cells, which is synergistically increased when 

these DC are combined with autologous NK cells. Hence, our data identify a 

novel mode of action by which the HPV vaccine can protect against cervical 

cancer development.  
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List of abbreviations 

 

 5-FU 5-fluorouracil 

 7-AAD 7-aminoactinomycin D 

 

A 

 AB Antibody 

 ACT Adoptive cell transfer 

 Akt Activation of protein kinase B 

 ALL Acute lymphoid leukemia 

 Allo-MLR Allogeneic mixed lymphocyte reaction 

 Allo-SCT Allogeneic stem cell transplantation 

 ALT-803 IL-15 superagonist (N72D) + sushi domain 

IL-15Rα 

 AML Acute myeloid leukemia 

 APC (cell) Antigen-presenting cell 

 APC (stain) Allophycocyanin 

 ATCC American type culture collection 

 

B 

 BCG Bacillus Calmette-Guérin 

 BMT Bone marrow transplantation 

 BTLA B- and T-lymphocyte attenuator 

 

C 

 Cer-DC HPV vaccine-stimulated DC 

 CCL Chemokine (C-C motif) ligand 

 CCR Chemokine (C-C motif) receptor 

 CFSE Carboxyfluorescein succinimidyl ester 

 CLI-095 Toll-like receptor 4 signaling inhibitor 

 CLL Chronic lymphoid leukemia 

 CO2 Carbon dioxide 

 CPM Counts per minute 

 CTL Cytotoxic T lymphocyte 
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 CTLA Cytotoxic T lymphocyte antigen 

 CTVT Canine transmissible venereal tumor 

 

D 

 DC Dendritic cell 

 DL Detection limit 

 DLI Donor lymphocyte infusion 

 DMEM Dulbecco’s modified Eagle medium 

 dMFI delta mean fluorescence intensity (ΔMFI) 

 DMSO Dimethyl sulfoxide 

 DSMZ Deutsche sammlung von microorganismen und 

zellkulturen 

 

E 

 EDTA Ethylenediaminetetraacetic acid 

 ELISA Enzyme-linked immunosorbent assay 

 EP Electroporation 

 

F 

 FBS Fetal bovine serum 

 Fc Fragment crystallizable region 

 FITC Fluorescein isothiocyanate 

 

G 

 gd T cell gamma/delta T cell (γδ T cell) 

 GM-CSF Granulocyte macrophage colony-stimulating 

factor 

 GMP Good manufacturing practice 

 GVDH Graft-versus-host-disease 

 GVL Graft-versus-leukemia 

 GVT Graft-versus-tumor 

 

H 

 HER2 Human epidermal growth factor receptor 2 
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 HCC Hepatocellular carcinoma 

 HLA Human leukocyte antigen 

 HPV Human papillomavirus 

 HSCT Hematopoietic stem cell transplantation 

 HVEM Herpes virus entry mediator 

 

 

I 

 iDC immature dendritic cells 

 IDO Indoleamine 2,3-dioxygenase 

 IFN Interferon 

 IgG Immunoglobulin G 

 IL Interleukin 

 IL-15 DC In vitro correlate of CD56+CD7-CD11c+BDCA1+ 

blood DC 

 IL-2R Interleukin-2 receptor 

 IL-15R Interleukin-15 receptor 

 IL-15-TP Interleukin-15-transpresenting 

 IMDM Iscove’s modified Dulbecco’s medium 

 ITIM Immunoreceptor tyrosine-based inhibitory motif 

 

J 

 JAK Janus-associated kinases 

 

L 

 LPS Lipopolysaccharide 

 Luci Luciferase 

 

M 

 mAB monoclonal antibody 

 MAPK mitogen-activated protein kinase 

 MDSC Myeloid-derived suppressor cells 

 MDS-RAEB Myelodysplastic syndrome - Refractory anemia 

with excess of blasts 
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 MFI Mean fluorescence intensity 

 MiHA Minor histocompatibility antigen 

 moDC monocyte-derived dendritic cells 

 MPL 3-O-desacyl-4’-monophosphoryl lipid A 

 mRNA messenger RNA 

 MSD Meso Scale Discovery 

 

N 

 NA Not applicable 

 NK cell Natural killer cell 

 NKT cell Natural killer T cell 

 NR Not reported 

 NS Not significant 

 

O 

 OSP Optimized signal peptide 

 OX-40L OX-40 ligand (CD252) 

 

P 

 PBL Peripheral blood lymphocytes 

 PBMC Peripheral blood mononuclear cells 

 PD Programmed death 

 PD-L Programmed death-ligand 

 PE Phycoerythrin 

 PerCP Peridinin chlorophyll protein 

 PGE2 Prostaglandin E2 

 PHA Phytohemagglutinin 

 PI Propidium iodide 

 

R 

 RFA Radiofrequency thermal ablation 

 RLI IL-15 linked to the soluble IL-15Rα sushi domain 

 RPMI Roswell Park memorial institute 1640 
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S 

 SCT Stem cell transplantation 

 SD Standard deviation 

 SEM Standard error of the mean 

 sIL-15Rα soluble interleukin-15 receptor alpha 

 siRNA short interfering RNA 

 SITC Society for immunotherapy of cancer 

 SOCS Suppressor of cytokine signaling 

 STAT Signal transducer and activator of transcription 

 

T 

 TAMs Tumor-associated macrophages 

 TC Tumor cell 

 TGF-β Tumor growth factor beta 

 Th T helper 

 TIGIT T-cell immunoglobulin and ITIM domain 

 TLR Toll-like receptor 

 TNF Tumor necrosis factor 

 TRAIL TNF-related apoptosis-inducing ligand 

 TRAMP Transgenic adenocarcinoma of the mouse 

prostate 

 

V 

 VLP Virus-like particle 
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Dankwoord 

 

ijna aan het einde van dit boekje en ook bijna aan het einde van 

een afgerond hoofdstuk, mijn doctoraat. De laatste jaren zijn een 

avontuur geweest dat ik niet snel zal vergeten. Zowel op 

wetenschappelijk als persoonlijk vlak heb ik enorme vooruitgang 

geboekt. Zoals het cliché zich voordoet, wisselden deze pieken zich af met 

enkele mindere momenten. Juist op die momenten heb je anderen nodig 

om terug op de rails te komen om dat ultieme doel te halen, een doctoraat 

afronden. Zowel voor het bereiken van de topmomenten als het opbeuren 

van de mindere momenten, wil ik enorm veel mensen bedanken. Jullie 

hebben mee bepaald wie ik ben en wat ik heb bereikt. Bedankt daarvoor! 

Hoewel diegenen die me hard geholpen hebben dit zelf weten, wil ik toch 

enkele mensen extra in de bloemetjes zetten, ook al ben ik een man van 

weinig woorden (soms toch :p). 

 

erst en vooral zou ik Prof. Dr. Filip Lardon, Prof. Dr. Didier Ebo 

en mijn externe juryleden Prof. Dr. Karim Vermaelen en Prof. 

Dr. Wilfred Germeraad willen bedanken voor het uitvoerig lezen 

van mijn doctoraatsthesis, hun interesse te tonen en de nodige 

bemerkingen te maken. Ook alle patiënten die bloed hebben gedoneerd 

voor mijn experimenten ben ik enorm dankbaar. Door jullie bijdrage 

hebben we samen het onderzoek een stap vooruit kunnen zetten. Verder 

wil ik graag ons diensthoofd Prof. Dr. Zwi Berneman bedanken voor alle 

steun en mogelijkheden die ter beschikking werden gesteld. Zijn blijvende 

interesse en enthousiasme in het onderzoek zijn een hart onder de riem 

voor velen. In dit rijtje wil ik ook graag mijn appreciatie uiten aan mijn twee 

promotoren, Prof. Dr. Evelien Smits en Prof. Dr. Viggo Van Tendeloo. 

Hoewel jullie de titel van professor dragen, heb ik nooit het gevoel gehad 

dat jullie mijn ‘bazen’ waren (wat ik met zeer veel respect bedoel). De 

informele gesprekken over al dan niet werkgerelateerde onderwerpen 
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verlaagden de drempel om telkens weer (snel) binnen te springen om iets 

te vragen of om gewoon een uitleg te doen over random zaken. Ook het 

snelle tempo waarmee jullie feedback terugstuurden op een 

projectaanvraag, verslag of manuscript heeft ervoor gezorgd dat ik op een 

“vlotte” manier dit doctoraat doorwaterd heb. Bij deze wil ik jullie bedanken 

om me vijf jaar geleden aan te werven als labotechnicus (waarvoor ook 

dank aan Prof. Dr. Pierre Van Damme en Dr. Alex Vorsters) en me te 

laten doorgroeien als doctoraatsstudent. Ik kijk alvast met een goed gevoel 

terug op deze periode en hopelijk heb ik jullie verwachtingen kunnen 

inlossen. 

 

an kunnen we natuurlijk ook Dr. Sébastien Anguille en Dr. Eva 

Lion niet vergeten. Séba, ik heb dit misschien te weinig gezegd 

tegen jou, maar ik ben je enorm dankbaar voor al je kennis en 

hulpvaardigheid in het begin van mijn doctoraat. Als jonge 

onderzoeker keek ik naar je op (en nog steeds) en wilde in je voetsporen 

treden. Door verder te gaan op jouw onderzoeksonderwerp, had ik een 

perfect voorbeeld van wat mogelijk was en wat er nog allemaal te 

ontdekken viel. De hoge standaard die je er op nahield, kon ik eveneens als 

voorbeeld gebruiken en heeft me steeds tot het uiterste gedreven om dit 

doctoraat zo efficiënt en succesvol mogelijk af te ronden. Ook de gezellige 

uitjes na het werk zal ik niet snel vergeten. Zeker niet die ene keer dat we 

naar ‘Den Beerschot’ gingen kijken toen ze nog in eerste klasse speelden en 

we de loges mochten bezoeken via veel aandringen bij de security. Eva, je 

hebt je taak als mijn begeleidster met verve uitgevoerd. Zeker de laatste 

helft van mijn doctoraat heb ik enorm veel aan je gehad om mijn 

manuscripten gepubliceerd te krijgen, met een kritische blik mijn 

onderzoeksresultaten te aanschouwen, mee na te denken om de perfecte 

experimenten te plannen, … Als mijn bureaugenoot kon ik elke morgen 

weer rekenen op een vrolijke goedemorgen en de vraag: “Hoe is het met 

jou?” (zelfs als ik voor een paar maanden in Nijmegen was). Het antwoord 

begon vaak met een diepe zucht :p, maar ik heb dit altijd geapprecieerd. 

D 
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Ons motto: “alles komt altijd goed!” heeft me meerdere keren over de 

streep getrokken om iets af te werken en de uitspraak “eten en slapen is 

voor losers” heeft hier zeker ook aan bijgedragen. Ik zou je nog voor zoveel 

zaken kunnen bedanken, maar dit zal ik wel een keer doen als ik nog eens 

bij je kom eten :).  

 

lle mensen van het UZA-containerpark (aka de 

multifunctionele units) en diegenen die er vaak over de vloer 

kwamen zoals iedereen van CORE kunnen niet missen in dit 

dankwoord. In tegenstelling tot wat de naam aangeeft, zijn 

jullie zeker niet het afval van het UZA, maar wel één voor één topmensen. 

Jullie bureau stond altijd open (letterlijk en/of figuurlijk) om mij te 

ontvangen voor een korte of een iets minder korte babbel. Het uitvoeren 

van experimenten afwisselend met deze gesprekjes (de verhoudingen zijn 

over de jaren heen misschien een beetje veranderd :p) was een goede 

combinatie om de werkdruk een beetje te verlichten. Ook om alles mooi op 

te ruimen in het labo, alle toestellen steeds keurig af te sluiten en de 

algemene labotaken netjes te vervullen, wil ik graag alle collega’s bedanken: 

Ann, Amber, Amaryllis, Barbara, Bert, Chantal, Charlotte, Diana, Dries, Eline, 

Elly, Evelien, Geert, George, Griet, Hans, Heleen, Howa, Ilse, Isabel, Jinthe, 

Jolien, Jonas, Jorrit, Judith, Julie, Kaat, Katrijn, Kelly, Kevin, Kim, Luc, Maarten, 

Megha, Michel, Nadia, Nathalie C, Nathalie D, Sam, Sandy, Sara, Steffi, 

Steven, Tahnee, Tim, Tine P, Tine V, Vicky, Yannick, Wai-Ping (hopelijk ben ik 

niemand vergeten :s). Hiernaast ben ik het labo van Prof. Dr. Peter 

Ponsaerts dankbaar voor het gebruik van hun faciliteiten voor bepaalde 

experimenten en enkele producten zodat mijn onderzoek vlot kon blijven 

verlopen. 

 

a deze hele waslijst zijn er enkele collega’s die ik extra wil 

vernoemen omdat ze ofwel op werkvlak en/of op sociaal 

gebied ervoor gezorgd hebben dat dit doctoraat een mooi 
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hoofdstuk is geworden in mijn leven. Yannick, ik mis nog steeds onze tijd 

samen in het labo. Elke dag grapjes uithalen, als twee kleuters 

‘rondhuppelen’ door de gangen, de hele dag door snoep eten, … Wat een 

tijd! Ook je kritische blik op al mijn experimenten, heeft me enorm 

vooruitgeholpen. Soms iets te kritisch misschien :)? Ik zou zeggen: tot op 

het volgende feestje (wie weet komt ‘Dessie’ ook :p)! Over feestjes 

gesproken: Bedankt Hans om steeds samen met mij als laatste over te 

blijven. Zo konden we altijd samen naar huis fietsen, zeker nu ik wat dichter 

in jouw richting ben komen wonen. Ook een dikke merci voor alle hulp bij 

experimenten die we samen tot een goed einde hebben gebracht (die 

beginnersfouten heb ik je al lang vergeven :p). Dan kan ik natuurlijk mijn 

twee lieftallige dames van cardiologie niet vergeten, Evelien en Tahnee. Als 

iemand mij nodig had en me niet kon vinden, dan was jullie bureau meestal 

de plek waar ik me schuilhield. De vele uren dat wij met elkaar gebabbeld 

hebben over van alles en nog wat (al dan niet met een drankje in onze 

handen :p), heeft me steeds afgeleid van de drukte van het labo en mijn 

wetenschappelijk werk. Tahnee, je competitiviteit en doorzettingsvermogen 

zijn een voorbeeld voor velen. Ook al luisterde je vaak maar met een half 

oor (omdat je nog alles tot in de puntjes moest afwerken voor een 

bepaalde deadline), kon ik steeds op je rekenen als ik nood had aan een 

serieus gesprek. Ook merci Nolle…t (uit te spreken met of zonder de ‘t’), of 

het nu voor 5 minuten was of voor enkele uurtjes, ik kon steeds bij jou 

terecht. En ik kon ook echt alles tegen jou vertellen (of het nu een fait-

divers was, een flauwe mop, een serieus gesprek of over ‘welken type’ er nu 

weer in het labo rondliep ;)). Alleen aan je slecht geweten zal je iets moeten 

doen. Altijd zo verschieten als je in de flow aan het werken was terwijl ik 

rustig achter je kwam staan :p. Maxime, je bent er eentje uit de duizend. In 

het begin een beetje naïef, maar je stond altijd klaar als ik je hulp nodig 

had. Nu de naïviteit plaats heeft geruimd voor focus en vastberadenheid, 

ben ik er zeker van dat ook jouw doctoraat een goede afloop krijgt. Ik steun 

je alvast nog steeds voor de 100%. Merci voor alle uren dat we naast elkaar 

in de flow hebben gezeten. De tijd ging dan net iets sneller vooruit, maar 
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het werk dan weer niet :p. Wai-Ping, het allereerste moment dat ik je 

zag/hoorde werd ik opgeschrokken door een unieke schaterlach. Deze lach 

is me altijd bijgebleven en staat voor mij nog altijd symbool voor wie je 

echt bent. Hiernaast hebben we elkaar vééééle uren kunnen bestoken met 

tonnen gezaag over wat er allemaal fout ging in het labo. Misschien 

moeten we nog eens zo’n zaagmomentje inlassen, want dat werkt wel 

therapeutisch denk ik :p. Yannick, Hans, Evelien, Tahnee, Maxime, Wai-Ping 

– jullie zijn niet enkel (ex)collega’s voor mij, maar ook vrienden voor het 

leven! 

 

oningsdag, bevrijdingsfeesten, Hemelvaart, Teambuilding, … ik 

had precies de juiste maanden gekozen om richting Nijmegen 

te trekken. Zeker de teambuilding zal ik niet snel vergeten: ik 

ben zeer vereerd dat jullie mij gekozen hadden als ‘Beste 

Radboud’er 2016’… Het Radboud Research Smurfenpak ligt nog steeds in 

mijn kast en de ‘You are the No1 tas’ staat boven mijn bureau. In het 

bijzonder wil ik Tim, Lotte, Soley, Hanny en Willemijn bedanken voor de 

gezellige momenten buiten het lab. De keren dat ik werd uitgenodigd bij 

één van jullie thuis of dat we gaan poolen waren, zal ik niet snel vergeten. 

De rest van het Hematologie lab (ook al vernoem ik geen specifieke namen) 

wil ik graag bedanken voor hun gastvrijheid en voor hun bereidwilligheid 

om steeds klaar te staan als ik een specifieke vraag had en me zo verder 

konden helpen. De expertise van Prof. Dr. Harry Dolstra en Dr. Willemijn 

Hobo hebben me dan weer verder geholpen in het ontwikkelen en 

uitwerken van mijn doctoraatsproject, wat ik ten zeerste apprecieer. Ik heb 

echt genoten van deze samenwerking en misschien tot in de (nabije) 

toekomst! 

 

enslotte ben ik nog vele mensen dankbaar die niet 

rechtstreeks iets met mijn doctoraat te maken hebben, maar 

bij wie ik wel een uitlaatklep vond om even aan iets anders te 
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denken dan altijd maar werken, werken, werken, … In dit rijtje horen zeker al 

mijn ploegmakkers van de voetbal thuis. Op een training of wedstrijd kon 

ik me altijd uitleven zonder dat ik ook maar één seconde aan mijn 

doctoraat moest denken. In deze categorie horen zeker ook mijn maten 

van het Matkot thuis. Jullie zijn niet enkel vrienden van op de scouts, maar 

veel meer dan dat. De vakanties die we al hebben meegemaakt zijn 

onbeschrijfelijk en steeds weer voor herhaling vatbaar. Hoewel ik het op 

donderdag vaak lastig had nadat we weer een avondje waren doorgezakt, 

zou ik jullie voor geen geld in de wereld willen missen. Als voorlaatste in het 

rijtje wil ik graag mijn ouders, broer, zus en schoonouders een dikke 

dank-jullie-wel zeggen. Ook al had niemand van jullie verwacht dat ik zover 

op de academische ladder zou komen (inclusief mezelf :p), zijn jullie me 

altijd blijven steunen en waren jullie fier als ik met mijn diploma, mijn eerste 

publicatie of een binnengehaalde beurs, … naar huis kwam. Ik heb 

misschien niet altijd getoond hoezeer ik deze steun heb geapprecieerd, 

maar bij deze wil ik jullie toch meegeven dat ik zonder jullie steun niet zou 

staan waar ik nu sta. Merci daarvoor! Als allerlaatste kan ik mijn allerliefste 

schat Ellen niet vergeten. Je weet als geen ander dat mijn werk vaak op 

nummer 1 kwam en dat jij één of meerdere plaatsjes moest inboeten. Dat je 

dit hebt kunnen aanvaarden en me steeds bent blijven steunen in alles wat 

ik doe, is het grootste geschenk dat je me hebt kunnen geven. Dit 

doctoraatshoofdstuk is één van de vele hoofdstukken in ons prille 

levensverhaal en ik hoop dat we er nog vele mogen bijschrijven. 

 

Bedankt iedereen! 

 



 

 

 

 

 

 

 

 


