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Abstract 

Dendritic-cell (DC) vaccination has demonstrated potential in clinical trials as a new effective 

cancer treatment, but objective and durable clinical responses are confined to a minority of 

patients. Interferon (IFN)-g, a type-I IFN, can bolster anti-tumor immunity by restoring or 

increasing the function of DCs, T cells and natural killer (NK) cells. Moreover, type-I IFN 

signaling on DCs was found to be essential in mice for tumor rejection by the innate and 

adaptive immune system. Targeted delivery of IFN-g by DCs to immune cells could boost the 

generation of anti-tumor immunity, while avoiding the side effects frequently associated with 

systemic administration. Naturally circulating plasmacytoid DCs, major producers of type-I 

IFN, were already shown capable of inducing tumor antigen-specific T-cell responses in 

cancer patients without severe toxicity, but their limited number complicates their use in 

cancer vaccination. In the present work, we hypothesized that engineering easily generated 

human monocyte-derived mature DCs to secrete IFN-g using mRNA electroporation 

enhances their ability to promote adaptive and innate anti-tumor immunity. Our results show 

that IFN-g mRNA electroporation of DCs significantly increases the stimulation of tumor 

antigen-specific cytotoxic T-cell as well as anti-tumor NK-cell effector functions in vitro 

through high levels of IFN-g secretion. Altogether, our findings mark IFN-g mRNA-

electroporated DCs as potent inducers of both adaptive and innate anti-tumor immunity, and 

pave the way for clinical trial evaluation in cancer patients. 
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Précis 

IFN-g mRNA-electroporated monocyte-derived mature DCs are identified as potent 

stimulators of tumor antigen-specific CD8+ T cells as well as NK cells. 
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Introduction 

The understanding that the immune system can specifically recognize and eliminate tumor 

cells has fueled the development of cancer immunotherapy. Based on the potent immune-

stimulatory capacity of dendritic cells (DCs) and the promising results from early clinical 

trials, DC vaccination is currently widely investigated for its therapeutic potential in various 

solid and hematological malignancies [1]. We recently demonstrated in a phase I/II clinical 

trial that DCs, loaded with the tumor-associated antigen Wilms’ tumor 1 (WT1) by mRNA 

electroporation, could induce clinical responses in acute myeloid leukemia patients which 

correlated with the expansion of WT1-specific T cells and the activation of natural killer (NK) 

cells [2]. Yet, in general, objective and durable clinical responses are limited to a minority of 

cancer patients, spurring the exploration of strategies that could improve the therapeutic 

efficacy of DC vaccination [3-5]. 

 

Interferon (IFN)-g has long been known for its direct and immune-mediated anti-proliferative 

action in different malignancies, but is nowadays rarely used in cancer treatment because of 

heterogeneous clinical results and significant toxicity following systemic administration [6-9]. 

Nevertheless, the recent observation that type-I IFN signaling on DCs is essential in mice for 

tumor rejection by the innate and adaptive immune system rekindles interest in IFN-g in this 

era of immunotherapy [10, 11]. Targeted delivery of IFN-g by DCs to immune cells in the 

context of cancer vaccination could limit  the troublesome side effects while still allowing the 

exploitation of its natural immune-adjuvant properties [12-14]. Notably, given its ability to 

stimulate IFN-け production and cytotoxicity by CD8+ T cells and NK cells [14], IFN-g 

secretion by DCs could facilitate the generation of strong adaptive as well as innate anti-

tumor immunity. Enlisting innate immunity might be particularly relevant in the context of 

DC cancer vaccination, since NK cells are increasingly recognized as important mediators of 
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anti-tumor immunity and their activation following DC vaccination has been linked to 

favorable clinical outcome [2, 15, 16]. 

 

Naturally circulating plasmacytoid DCs, major producers of type-I IFN, already demonstrated 

the ability to induce tumor antigen-specific T-cell responses in cancer patients [17], but their 

limited availability complicates their use in cancer vaccination. We hypothesized that 

engineering easily generated human monocyte-derived DCs to secrete IFN-g increases their 

capacity for stimulating both anti-tumor T-cell and NK-cell immunity, and can boost the 

therapeutic efficacy of DC cancer vaccination. The latter is supported by mouse studies in 

which DCs modified to express IFN-g through viral gene transduction improved clinical 

outcome in different tumor models [18-20]. This approach has not translated into clinical 

trials, however, which could be related to the reluctance to use viral transduction in a patient 

setting. Therefore, in the present work, we engineered human monocyte-derived mature DCs 

to secrete IFN-g using mRNA electroporation, an efficient and clinically safe transfection 

method implemented worldwide in clinical-grade DC vaccine preparation [21-23]. 

 

In summary, we show that mature DCs electroporated with IFN-g mRNA secrete high levels 

of IFN-g and can be effectively co-electroporated with WT1 mRNA, while preserving IFN-g 

secretion and WT1 antigen presentation. Moreover, we demonstrate that IFN-g mRNA 

electroporation significantly enhances the ability of DCs to promote tumor antigen-specific 

CD8+ T-cell and anti-tumor NK-cell effector functions in vitro through IFN-g signaling. 
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Materials and Methods 

Experimental conditions and cell material 

This study and reporting thereof is MIATA-compliant (supplementary MIATA information) 

[24]. Experiments were approved by the Ethics Committee of the University of Antwerp, 

Antwerp, Belgium and performed using buffy coats derived from anonymous healthy 

volunteers’ peripheral blood (with citrate phosphate dextrose anticoagulant) donated the day 

before and stored overnight at room temperature (Red Cross Blood Transfusion Center 

Antwerp, Edegem, Belgium). Peripheral blood mononuclear cells (PBMCs) were isolated 

from buffy coats by Ficoll density gradient separation (Ficoll-Paque PLUS, GE Healthcare, 

Diegem, Belgium). The K562 (American Type Culture Collection, Rockville, MD, USA) and 

Daudi (gift from Dr. K. Thielemans, Free University of Brussels (VUB), Brussels, Belgium) 

cell lines were cultured in complete medium consisting of Iscove’s Modified Dulbecco’s 

Medium (IMDM) with 10% fetal bovine serum (FBS; micro-organism pretested and 

qualified, cat# 10270-106, Life Technologies, Merelbeke, Belgium). The cytotoxic CD8+ T-

cell clone specific for the human leukocyte antigen (HLA)-A*0201-restricted WT1126 epitope 

(WT1 amino acids 126-134: RMFPNAPYL) was kindly provided by Dr. P. Greenberg 

(University of Washington, Seattle, WA, USA). In all experiments, cells were counted using 

an automated ABX Micros 60 cell counter (Horiba ABX, Deurne, Belgium) and (co-)cultures 

were maintained at 37 °C. Cryopreserved cell samples were frozen down in FBS with 10% 

dimethyl sulfoxide (Sigma-Aldrich, Diegem, Belgium) in a Nalgene Mr. Frosty™ Cryo 1 °C 

freezing container (Thermo Fisher Scientific, Erembodegem, Belgium) at -80 °C. All 

experiments were conducted in a biosafety level 2-certified laboratory that operates under 

exploratory research principles using established laboratory protocols and investigative 

research assays. 
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mRNA 

The human IFN-g2b gene was subcloned into a pST1 plasmid vector, putting it under the 

control of a T7 promoter and providing it with a poly(A)tail [25]. mRNA transcripts were 

generated using a mMessage mMachine T7 in vitro transcription kit (Life Technologies) 

according to the manufacturer’s protocol. Clinical grade in vitro transcribed WT1 mRNA was 

produced by eTheRNA (Kortenberg, Belgium) from a T7 promoter-driven plasmid containing 

the codon-optimized human WT1 gene, lacking the 5’ and 3’ untranslated regions and the 

nuclear localization signal (aa292-348), and flanked by the signal sequence and HLA class II -

targeting sequence of DC-lysosome-associated membrane protein [26]. 

 

DC generation 

DCs were generated according to our acute myeloid leukemia clinical trial protocol 

(clinicaltrials.gov - NCT00834002, NCT00965224 and NCT01686334) with adaptations for 

research [2, 27]. Briefly, CD14+ monocytes were positively selected from fresh PBMCs using 

CD14 MicroBeads according to the manufacturer’s instructions (Miltenyi Biotec, Leiden, The 

Netherlands) and added to T175 culture flasks (Becton Dickinson (BD), Erembodegem, 

Belgium) at a final concentration of 1.0-1.4 x 106 cells/mL in 50-70 mL Roswell Park 

Memorial Institute (RPMI) 1640 medium with 2.5% heat-inactivated human AB serum 

(micro-organism pretested and qualified, cat# 34005-100, Life Technologies), 800 U/mL 

granulocyte-macrophage colony-stimulating factor (Gentaur, Brussels, Belgium) and 20 

ng/mL interleukin (IL)-4 (Life Technologies). After 5 days, 20 ng/mL tumor necrosis factor-g 

(Gentaur) and 2.5 µg/mL prostaglandin E2 (Pfizer, Puurs, Belgium) were added to induce 

maturation. DCs were harvested 40-44 hours later and used as such (non EP DCs) or 

following electroporation without mRNA (mock EP DCs), with 10 µg WT1 mRNA (WT1 EP 

DCs), with 10 µg IFN-g mRNA (IFN-g EP DCs), or with both 10 µg WT1 mRNA and 10 µg 
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IFN-g mRNA (WT1/IFN-g EP DCs) in 200 µL Opti-MEM reduced serum medium without 

phenol red (Life Technologies). Immediately following electroporation, DCs were collected 

and washed in RPMI 1640 medium supplemented with 2.5% human AB serum and used in 

further experiments. In specific experiments, DCs were labeled with the cytoplasmic 

fluorescent CellTracker Violet BMQC dye (Violet; Life Technologies) prior to 

electroporation, as described previously [28]. 

 

NK cells 

CD3-CD56+ NK cells were isolated from fresh CD14+ monocyte-depleted PBMCs using a 

negative selection NK-cell isolation kit (Miltenyi Biotec) and then cryopreserved. After 7 

days, NK cells were thawed and washed in preheated (37 °C) complete medium, and cultured 

alone or together with autologous DCs at a 1:1 ratio in complete medium with or without 104 

U/mL (~30-50 ng/mL [29, 30]) exogenously added rIFN-g2 (Peprotech, Rocky Hill, NJ, 

USA). 

 

IFN-Į and IFN-Ȗ ELISA 

IFN-g and IFN-け secretion was determined by ELISA using a human IFN-g matched antibody 

pairs kit (eBioscience, Vienna, Austria) and IFN-け ELISA kit (Peprotech), respectively, 

according to the manufacturers’ protocols. Standards and samples were measured in duplicate 

and triplicate, respectively, in a 96-well flat bottom microplate (Nunc, Rochester, NY, USA) 

on a Victor3 multilabel counter (Perkin Elmer, Waltham, MA, USA). IFN-g levels were 

calculated in IU according to a conversion factor of 3 pg/IU [29, 30]. 
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WT1 staining 

DCs were stained with LIVE/DEAD Fixable Green Stain (Life Technologies) prior to 

fixation and permeabilization for intracellular staining using the Foxp3/Transcription Factor 

Staining Buffer Set (eBioscience) according to the manufacturer’s instructions. Subsequently, 

DCs were incubated with mouse anti-WT1 monoclonal antibody (mAb; clone 6F-H2, Dako, 

Heverlee, Belgium) followed by PE-labeled rabbit anti-mouse immunoglobulin polyclonal 

antibody (Dako). WT1 expression in viable (LIVE/DEAD-) cells was determined on a 

FACScan flow cytometer (BD; Suppl. Fig. 1). 

 

Immunophenotyping 

DC and NK-cell phenotypes were examined using combinations of fluorochrome-conjugated 

mAbs (BD) followed by analysis on a FACSAria II  flow cytometer (BD). DCs were surface 

stained 48 hours after electroporation with FITC-, V450-, APC- and APC-H7-conjugated 

mAbs against CCR7, CD14, CD40, CD80, CD83, CD86 and HLA-DR. DCs were gated on 

side scatter/forward scatter properties (Suppl. Fig. 2). NK cells were surface stained 48 hours 

after initiation of DC/NK-cell co-cultures with FITC-, PE-, V450-, APC-/AF647- and APC-

Cy7-/APC-H7-conjugated mAbs against CD16, CD56, CD69, HLA-DR, NKG2D, NKp30 

and NKp46. NK cells were gated on lymphocyte side scatter/forward scatter properties and 

CD56 expression (Suppl. Fig. 2). DC and NK-cell viability was determined based on 7-amino 

actinomycin D (7-AAD;  BD) staining (Suppl. Fig. 2). Dead (7-AAD+) cells were excluded 

from phenotypic analysis. Mean fluorescence intensity was used for statistical comparison. 

 

Mixed lymphocyte reaction 

Thawed CD14+ monocyte-depleted PBMCs were labeled with CFSE (5 µM; Life 

Technologies) according to the manufacturer’s instructions and used as responder cells in a 
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mixed lymphocyte reaction (MLR) at a DC:responder-cell ratio of 1:10, as also described 

previously [31]. Specifically, 2 x 105 allogeneic responder cells were cultured with 2 x 103 

non EP DCs, mock EP DCs, or IFN-g EP DCs in 200 µL complete medium. In specific 

conditions, DCs were incubated with anti-IFN-g neutralizing IgA mAb or corresponding IgA 

isotype control mAb (2 µg/104 DCs; InvivoGen, Toulouse, France) for one hour prior to the 

addition of responder cells. Medium stimulation and PHA/IL-2 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 proliferating (CFSE-

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

population, respectively (Suppl. Fig. 3). 

 

WT1126-specific cytotoxic CD8+ T-cell clone activation 

The WT1126-specific T-cell clone was cultured in triplicate with mock EP DCs, WT1 EP DCs, 

IFN-g EP DCs or WT1/IFN-g EP DCs from HLA-A*0201+ donors at a DC:T-cell ratio of 4:1 

in IMDM supplemented with 1% human AB serum in 96-well round bottom microplates 

(Corning, Amsterdam, The Netherlands). Cultures of DCs or T cells alone and cultures of T 

cells with mock EP DCs and 50 µg/mL WT1126 peptide (Eurogentec, Seraing, Belgium) 

served as negative and positive controls, respectively. After overnight culture, supernatants 

were collected and cryopreserved at -20°C for IFN-け quantification. 

 

NK-cell functional assay 

K562 and Daudi tumor cells were labeled with the green-fluorescent membrane dye PKH67 

according to the manufacturer’s instructions (Sigma-Aldrich) and served as target cells in a 
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flow cytometry-based cytotoxicity assay as described previously with minor adaptations [28, 

31]. In short, PKH67-labeled tumor cells were cultured alone or added to 48-hour cultures of 

NK cells and/or Violet-stained DCs at a DC:NK-cell:tumor-cell ratio of 5:5:1. After 4 hours, 

supernatants were collected for IFN-け quantification and cells were acquired on a FACSAria 

II  flow cytometer following staining with annexin V-APC (BD) and propidium iodide (PI; 

Life Technologies). Killing was calculated based on the percentages of viable (annexin V-/PI-) 

cells within the Violet-/PKH67+ tumor-cell population (Suppl. Fig. 4) using the following 

equation: % killing = 100% - (% viable tumor cells with effector cells/% viable tumor cells 

without effector cells). In specific experiments, anti-IFN-g neutralizing IgA mAb or 

corresponding IgA isotype control mAb (InvivoGen) was added to Violet-stained DCs (10 

µg/5 x 105 DCs) one hour prior to the addition of NK cells. 

 

Data analysis 

Raw data were routinely checked for consistency and plausibility and can be provided upon 

motivated request. All samples were compared empirically to their respective negative and 

positive controls to determine reactivity and whether they fell within the ranges of the assay. 

Flow cytometry data were analyzed using FlowJo v9.3 or vX.0.6 (Treestar, Ashland, OR, 

USA). GraphPad Prism 5 software (GraphPad, San Diego, CA, USA) was used for data 

comparison, statistical calculations and artwork. Statistical analysis was performed using 

repeated measures one-way analysis of variance (ANOVA) with Bonferroni posthoc test. 

Differences were predefined to be considered as statistically significant when p < 0.05. 
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Results 

Electroporation of DCs with IFN-Į mRNA results in substantial IFN-Į secretion and 

can be combined with WT1 mRNA co-electroporation 

To determine whether IFN-g mRNA electroporated DCs produce IFN-g, we quantified IFN-g 

levels in the supernatants of mock EP DCs, WT1 EP DCs, IFN-g EP DCs and WT1/IFN-g EP 

DCs at different time points (2, 4, 6, 24, 48, 72, 120 and 168 hours) after electroporation. 

Simultaneously, we examined WT1 protein expression in these DCs to verify that IFN-g 

mRNA electroporation does not interfere with tumor antigen translation following mRNA co-

electroporation. Whereas mock EP DCs and WT1 EP DCs did not secrete detectable levels of 

IFN-g (< 2.6 IU/5 x 105 DCs; n = 6; Fig. 1A), IFN-g EP DCs and WT1/IFN-g EP DCs 

secreted comparably high levels of this cytokine (mean 5.9 [range 2.8-10.8] and 5.6 [range 

2.3-10.7] x 103 IU/5 x 105 DCs, respectively; n = 6; Fig. 1A). Results further showed that 

IFN-g secretion was highest within the first 4 hours after electroporation and virtually fell to 

zero after 24 hours (n = 6; Fig. 1A). WT1 protein expression in IFN-g EP DCs did not differ 

significantly from background levels found in mock EP DCs at the evaluated time points (n = 

6; Fig. 1B). Conversely, WT1 EP DCs and WT1/IFN-g EP DCs demonstrated increased WT1 

expression with comparable expression levels and kinetics (n = 6; Fig. 1B). Altogether, these 

data show that electroporation of DCs with IFN-g mRNA results in high IFN-g secretion, 

independent of co-electroporation with WT1 mRNA, and that, in turn, WT1 expression is not 

hampered by IFN-g mRNA co-electroporation. 

 

IFN-Į mRNA electroporation slightly increases DC viability and maturation  

To investigate the effects of IFN-g mRNA electroporation on DC viability and phenotype, we 

compared non EP DCs, mock EP DCs and IFN-g EP DCs for these parameters after 48 hours 

of culture. There was no difference in viability or surface marker expression of any of the 
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tested markers between non EP DCs and mock EP DCs (Fig. 2). Viability of IFN-g EP DCs 

was marginally higher than that of non EP DCs and mock EP DCs (83.9% vs. 79.1% and 

79.3%, respectively; p < 0.05; n = 4; Fig. 2). Non EP DCs, mock EP DCs and IFN-g EP DCs 

all expressed CD83, CD80, CD86, CD40, HLA-DR and CCR7, as fluorescence levels 

following staining for these markers always exceeded those obtained following corresponding 

isotype staining (data not shown). Yet, CD83 was appreciably up-regulated on IFN-g EP DCs 

compared to non EP DCs and mock EP DCs (p < 0.01; n = 4; Fig. 2). Surface expression of 

other markers was slightly increased (CD80, CD86 and CD40) or decreased (HLA-DR), or 

virtually unchanged (CCR7) on IFN-g EP DCs compared to non EP DCs and mock EP DCs, 

but these differences were not statistically significant (Fig. 2). Non EP DCs, mock EP DCs 

and IFN-g EP DCs did not express CD14 (data not shown), as fluorescence levels following 

CD14 staining were lower than those following corresponding isotype staining. For each of 

the isotype stainings, fluorescence levels did not differ between non EP DCs, mock EP DCs 

and IFN-g EP DCs (data not shown). These results demonstrate that IFN-g mRNA 

electroporation of DCs does not negatively affect and even to some degree increases viability 

and phenotypic maturation. 

 

IFN-Į mRNA electroporation of DCs reduces the induction of allogeneic CD4+ and 

CD8+ T-cell proliferation in an IFN-Į-dependent manner 

To assess whether IFN-g mRNA electroporation influences DC-induced CD4+ and CD8+ T-

cell proliferation, we compared non EP DCs, mock EP DCs and IFN-g EP DCs in an MLR. 

There were no differences in allogeneic CD4+ or CD8+ T-cell proliferation between 

conditions stimulated with non EP DCs versus mock EP DCs (data not shown). Whereas 

mock EP DCs and IFN-g EP DCs both stimulated allogeneic CD4+ and CD8+ T-cell 

proliferation, as evidenced by CFSE dilution, the former did so to a significantly higher extent 
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than the latter (Fig. 3). Addition of anti-IFN-g mAb, but not its isotype control, increased 

CD4+ and CD8+ T-cell proliferation in conditions stimulated with IFN-g EP DCs to levels 

almost equal to those found in conditions stimulated with mock EP DCs (Fig. 3A). These data 

show that IFN-g EP DCs retain allo-stimulatory properties, but induce significantly less 

proliferation of allogeneic CD4+ and CD8+ T cells than their mock EP DC counterparts, and 

that this effect depends on IFN-g signaling. 

 

IFN-Į mRNA electroporation of DCs enhances WT1-specific cytotoxic CD8+ T-cell clone 

activation 

To evaluate the effects of IFN-g mRNA electroporation of DCs on WT1-specific T-cell 

activation, we tested the capacity of mock EP DCs, IFN-g EP DCs, WT1 EP DCs and 

WT1/IFN-g EP DCs for inducing IFN-け secretion by a WT1126-specific cytotoxic CD8+ T-cell 

clone. T cells stimulated with mock EP DCs or IFN-g EP DCs did not secrete more IFN-け 

than T cells cultured alone (medium control; Fig. 3B). In contrast, IFN-け secretion by T cells 

stimulated with WT1 EP DCs or WT1/IFN-g EP DCs exceeded medium control baseline 

levels (Fig. 3B). Remarkably, stimulation with WT1/IFN-g EP DCs resulted in 2.7-fold 

higher IFN-け secretion compared to stimulation with WT1 EP DCs (273.8 vs. 101.3 pg/5 x 

103 T cells, respectively; p < 0.001; n = 3; Fig. 3B). These results indicate that IFN-g mRNA 

co-electroporation of WT1 mRNA-loaded DCs enhances their ability to activate cytotoxic 

CD8+ T cells specific for this tumor-associated antigen. 

 

IFN-Į EP DCs promote autologous NK-cell survival and activation 

To investigate the NK-cell stimulatory capacity of IFN-g EP DCs, we compared viability and 

phenotype of NK cells cultured alone or with autologous IFN-g EP DCs for 48 hours. In 

addition, NK cells were cultured with rIFN-g, with mock EP DCs, or with mock EP DCs plus 
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rIFN-g to define whether effects depended on IFN-g, DCs or both. Culture with IFN-g EP 

DCs significantly improved NK-cell survival compared to NK cells cultured alone (86.7 vs. 

70.0%, respectively; p < 0.001; n = 4; Fig. 4). While rIFN-g and mock EP DCs each also 

increased survival of NK cells (76.1 and 81.3%, respectively; p < 0.01 and p < 0.001, 

respectively; n = 4), the combined signal provided by IFN-g EP DCs was superior to both (p 

< 0.001 and p < 0.05, respectively; Fig. 4). 

Besides superior survival, NK cells cultured with IFN-g EP DCs showed a marked up-

regulation of the phenotypic activation marker CD69 (p < 0.001; n = 4; Fig. 4). Strikingly, 

neither rIFN-g nor mock EP DCs alone significantly up-regulated CD69 expression on NK 

cells (Fig. 4). Furthermore, IFN-g EP DCs also increased the expression of CD56, HLA-DR 

and NKp46 on NK cells (p < 0.001 each; n = 4; Fig. 4). Conversely, CD16, NKG2D and 

NKp30 expression was down-regulated on NK cells cultured with IFN-g EP DCs (p < 0.01, p 

< 0.001 and p < 0.001, respectively; n = 4; Fig. 4). Of note, CD16, NKp30 and NKp46 

expression did not differ between NK cells cultured with IFN-g EP DCs or rIFN-g (Fig. 4). 

Altogether, these data demonstrate that IFN-g EP DCs improve survival and induce activation 

of autologous NK cells. 

 

IFN-Į EP DCs boost autologous NK-cell cytotoxicity and IFN-Ȗ secretion against tumor 

cells 

To assess whether IFN-g EP DCs stimulate the anti-tumor effector functions of autologous 

NK cells, we determined the cytotoxicity and IFN-け secretion by NK cells and/or DCs against 

K562 or Daudi tumor cells. The fact that mock EP DCs and IFN-g EP DCs alone did not 

show any cytotoxicity against K562 or Daudi cells implies that IFN-ɲ secretion by DCs did 

not directly affect tumor-cell viability (data not shown). Surprisingly, compared to NK cells 

cultured alone, mock EP DCs reduced NK-cell cytotoxicity against K562 and Daudi cells 
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(Fig. 5). In contrast, IFN-g EP DCs preserved NK-cell cytotoxicity against K562 cells and 

improved cytotoxicity against Daudi cells (Fig. 5). IFN-g secretion by IFN-g EP DCs was 

crucial for their stimulatory effect on NK-cell cytotoxicity against Daudi cells, since antibody 

neutralization of IFN-g reduced mean killing by NK cells from 87.9% to 64.6% (p > 0.05; n = 

4; Fig. 5B). 

In addition to enhanced cytotoxicity against Daudi cells, NK cells cultured with IFN-g EP 

DCs also secreted significantly more IFN-け in response to K562 cells than NK cells cultured 

alone or with mock EP DCs (p < 0.05 each; n = 4; Fig. 6). Strikingly, only the dual signal 

from IFN-g EP DCs and K562 cells prompted a statistically significant increase in IFN-け 

secretion, whereas either IFN-g EP DCs or K562 cells did not (Fig. 6). Collectively, these 

results show that IFN-g EP DCs enhance the anti-tumor effector functions of autologous NK 

cells, as illustrated by improved cytotoxicity and IFN-け secretion against tumor cells. 
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Discussion 

Clinical trials by our group and others demonstrated that DC vaccination can induce objective 

clinical responses in cancer patients without significant toxicity [2-5]. However, such 

responses currently only occur in a minority of patients. Integrating IFN-g into DC cancer 

vaccination could improve therapeutic efficacy, because of the favorable effects of type-I IFN 

on innate and adaptive anti-tumor immunity [10-14]. 

 

In this study, we engineered human monocyte-derived mature DCs to produce IFN-g using 

mRNA electroporation and found that this approach resulted in the transient secretion of high 

levels of IFN-g, limited almost entirely to the first 24 hours after electroporation. Although it 

has been described that individual transgene protein expression might decrease when cells are 

simultaneously electroporated with different mRNAs [32], we demonstrated that both IFN-g 

secretion and WT1 expression were sustained following co-electroporation of DCs with IFN-

g and WT1 mRNA. Furthermore, we showed that IFN-g mRNA electroporation did not 

negatively affect and even slightly increased viability and phenotypic maturation of DCs, 

which corresponds to earlier studies documenting phenotypic changes on DCs in response to 

IFN-g/type-I IFN [33-35]. 

 

We showed that IFN-g EP DCs induced less allogeneic CD4+ and CD8+ T-cell proliferation 

than their mock EP DC counterparts and established that IFN-g was responsible for this 

impaired proliferation. This could have been due to direct anti-proliferative action of IFN-g in 

high doses as well as indirect effects influencing DC/T-cell interaction and warrants future 

research [6]. Even though IFN-g secreted by IFN-g EP DCs reduced allogeneic T-cell 

proliferation, WT1/IFN-g EP DCs proved to be efficient antigen-presenting cells and more 

potent activators of WT1-specific CD8+ T cells than WT1 EP DC controls, as evidenced by 
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significantly higher IFN-け secretion by the WT1126-specific CD8+ T-cell clone. Possibly, IFN-

g stimulated IFN-け secretion by providing a third signal – next to the T-cell receptor and co-

stimulatory signaling by DCs – directly to CD8+ T cells, as reported earlier [36, 37]. Another 

explanation might be that IFN-g enhanced HLA class-I antigen presentation by DCs, similar 

to a study describing the superiority of DCs generated with IFN-g instead of IL-4 in terms of 

antigen survival and HLA class-I presentation [38]. 

 

In addition, we found that electroporation of DCs with IFN-g mRNA promoted autologous 

NK-cell survival, activation, cytotoxicity and IFN-け secretion against tumor cells. This 

corresponds to other studies underscoring the significance of type-I IFN in NK-cell 

homeostasis, activation and anti-tumor function, and confirms the two-signal requirement for 

inducing IFN-け secretion by NK cells described by Kalinski and others [39-43]. The 

pronounced effects on survival and phenotypic activation seen after stimulation with both 

IFN-g and DCs, could result from effects working directly and/or indirectly on NK cells, the 

latter being mediated by DCs in response to type-I IFN [44]. In our study, phenotypic 

activation and increased function of NK cells was associated with a decreased expression of 

the activating receptors NKG2D and NKp30, which we hypothesize to be part of a negative 

feedback mechanism to prevent excessive activation [45]. In addition, we demonstrated 

through antibody neutralization experiments that the enhancing effect of IFN-g mRNA-

electroporated DCs on NK-cell cytotoxicity depended at least in part on IFN-g signaling, 

thereby further supporting the integration of IFN-g into DC vaccination. 

 

As mentioned earlier, the systemic administration of IFN-g to cancer patients is greatly 

restricted by frequently associated side effects, including asthenia, depression, flu-like 

symptoms, gastrointestinal complaints and hematological toxicity [6-9]. In patients with 
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metastatic renal cell cancer, IFN-g treatment consists of 3-20 x 106 IU of IFN-g 

subcutaneously three days per week, which leads to severe adverse events in up to 80% of 

patients [8, 9]. Considering that we administer at most 10 x 106 DCs/vaccine once every two 

weeks in our clinical trials [2], and taking into account a conversion factor of 3-5 pg/IU for 

human IFN-g [29, 30] and the observed inter-donor variability, one vaccination with IFN-g 

mRNA-electroporated DCs is estimated to expose patients to only 0.125-0.2 x 106 IU of IFN-

g. This variability in IFN-g secretion by DCs following mRNA electroporation might be 

regarded as a drawback for clinical application, but can easily be factored into future trials by 

quantifying IFN-g secretion by thawed DCs for each vaccine batch using ELISA. In any case, 

we expect that the much lower doses will be better tolerated but will still be able to improve 

anti-tumor immune induction following DC vaccination, because, in contrast to systemic 

administration or even co-injection with DCs, IFN-g mRNA electroporation ensures the 

presence of IFN-g at the immunological synapse between DCs and other immune cells. From 

a further clinical viewpoint, IFN-g mRNA electroporation also offers important advantages 

over viral transduction, as applied by others to generate IFN-g-producing DCs in mice [46]. 

The former results in transient, more controlled IFN-g secretion, does not disrupt the host 

genome, and can be combined in a single electroporation step with other mRNAs, which is 

already widely used and considered safe for clinical-grade DC vaccine preparation [2, 23, 32]. 

 

In conclusion, we demonstrated that IFN-g mRNA-electroporated human monocyte-derived 

mature DCs secrete high levels of IFN-g and that they can be effectively co-electroporated 

with WT1 mRNA, without compromising IFN-g secretion or WT1 antigen presentation. 

Moreover, we showed that these DCs are not only excellent stimulators of tumor antigen-

specific CD8+ T cells, but also significantly enhance autologous NK-cell effector functions 

via IFN-g signaling. The latter is particularly interesting because the interaction between DCs 
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and NK cells receives increasing appreciation for its role in establishing effective anti-tumor 

immunity following DC vaccination [2, 16, 47]. Collectively, our findings mark these DCs 

engineered to secrete IFN-g using mRNA electroporation as potent activators of both adaptive 

and innate anti-tumor immunity in vitro, and pave the way for clinical trial evaluation in 

cancer patients. 
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Figure legends 

Fig. 1 Electroporation of DCs with IFN-Į mRNA results in substantial IFN-Į secretion 

and can be combined with WT1 mRNA co-electroporation (A) IFN-g levels were 

quantified by ELISA in culture supernatants of mock EP DCs, WT1 EP DCs, IFN-g EP DCs 

and WT1/IFN-g EP DCs 2, 4, 6, 24, 48, 72, 120 and 168 hours after electroporation. (B) 

Simultaneously, DCs were examined for WT1 protein expression by intracellular staining. 

Expression levels (in mean fluorescent intensity) were transformed to relative levels 

compared to those of the corresponding mock EP DCs, which were set to one. Data are 

depicted as mean (± SEM) of 6 independent donors. ns not significant, repeated measures 

one-way ANOVA with Bonferroni posthoc test. MFI, mean fluorescent intensity. 

 

Fig. 2 IFN-Į mRNA electroporation slightly increases DC viability and maturation  

Viability and phenotype of non EP DCs, mock EP DCs and IFN-g EP DCs were determined 

by flow cytometry 48 hours after electroporation. Data are depicted as mean (+ SD) of 4 

independent donors. *p < 0.05, **p < 0.01, ns not significant, repeated measures one-way 

ANOVA with Bonferroni posthoc test. MFI, mean fluorescence intensity. 

 

Fig. 3 IFN-Į mRNA electroporation of DCs reduces the induction of allogeneic T-cell 

proliferation, but enhances WT1-specific cytotoxic CD8+ T-cell activation (A) Mock EP 

DCs and IFN-g EP DCs served as stimulators for CFSE-labeled allogeneic, CD14+ monocyte-

depleted PBMC responder cells at a DC:responder-cell ratio of 1:10. In specific conditions, 

anti-IFN-g neutralizing IgA mAb or corresponding IgA isotype control mAb (2 µg/104 DCs) 

was added to DCs one hour prior to the addition of responder cells. After 5 days, the 

percentage of proliferated (CFSE-diluted) cells within the viable (LIVE/DEAD-) CD3+CD4+ 

and CD3+CD8+ lymphocyte populations was determined by flow cytometry. Histogram 
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overlays show CFSE dilution and gating of proliferated cells after stimulation with medium 

(dotted black line), mock EP DCs (grey filled area), or IFN-g EP DCs (full black line) for 1 

representative donor from 1 experiment out of 2 experiments on 4 independent donors. The 

percentages of proliferated CD4+ and CD8+ T cells are depicted as mean (+ SD) of 2 

experiments on 4 independent donors. (B) The WT1126-specific T-cell clone was cultured 

overnight without DCs (medium control), with mock EP DCs, with IFN-g EP DCs, with WT1 

EP DCs, or with WT1/IFN-g EP DCs from HLA-A*0201+ donors at a DC:T-cell ratio of 4:1. 

IFN-け levels were quantified by ELISA in culture supernatants. Data are depicted as mean (+ 

SD) of 3 independent donors. *p < 0.05, ***p < 0.001, repeated measures one-way ANOVA 

with Bonferroni posthoc test. MFI, mean fluorescence intensity. 

 

Fig. 4 IFN-Į EP DCs promote autologous NK-cell survival and activation NK cells were 

cultured alone or together with autologous mock EP DCs or IFN-g EP DCs at a DC:NK-cell 

ratio of 1:1. As additional controls, NK cells were cultured with 104 U/mL (~30-50 ng/mL) 

rIFN-g or with mock EP DCs plus 104 U/mL IFN-g. After 48 hours, NK-cell viability and 

phenotype were determined by flow cytometry. NK cells were discriminated from DCs based 

on lymphocyte side scatter/forward scatter properties and CD56 expression. Data are 

expressed as mean (+ SD) of 4 independent donors. *p < 0.05, **p < 0.01, ***p < 0.001, 

repeated measures one-way ANOVA with Bonferroni posthoc test. MFI, mean fluorescence 

intensity. 

 

Fig. 5 IFN-Į EP DCs sustain or improve autologous NK-cell cytotoxicity against tumor 

cells NK cells were cultured alone or together with Violet-stained autologous mock EP DCs 

or IFN-g EP DCs at a DC:NK-cell ratio of 1:1. After 48 hours, PKH67-labeled K562 or Daudi 

tumor cells were added at a DC:NK-cell:tumor cell ratio of 5:5:1. Tumor cells cultured alone 
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served as controls. After 4 hours, the percentage of viable (annexin V-/PI-) cells within the 

Violet-/PKH67+ tumor-cell population was determined by flow cytometry. Killing of tumor 

cells was calculated as follows: % killing = 100% - (% viable tumor cells with effector 

cells/% viable tumor cells without effector cells). (A) Killing of K562 or Daudi cells is 

expressed as individual values and means of 5-8 independent donors. (B) One hour prior to 

the addition of NK cells, anti-IFN-g neutralizing IgA or corresponding IgA isotype control 

antibody (10 µg/5 x 105 DCs) was added to DCs for the remainder of the co-culture. Killing 

of Daudi cells is depicted as mean (+ SD) of 4 independent donors. *p < 0.05, **p < 0.01, ns 

not significant, repeated measures one-way ANOVA with Bonferroni posthoc test. 

 

Fig. 6 IFN-Į EP DCs boost IFN-Ȗ secretion by autologous NK cells in response to tumor 

cells NK cells and mock EP DCs or IFN-g EP DCs were cultured alone or together at a 

DC:NK-cell ratio of 1:1. After 48 hours, medium or K562 tumor cells were added to the 

DC/NK-cell cultures at a DC:NK-cell:tumor cell ratio of 5:5:1. Tumor cells cultured alone 

served as controls. After 4 hours, supernatants were collected for IFN-け quantification by 

ELISA. Data are depicted as mean (+ SD) of 4 independent donors. *p < 0.05, repeated 

measures one-way ANOVA with Bonferroni posthoc test. 
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