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induced T cells efficiently recognized oncolysate-derived 
tumor-associated antigens expressed by cancer cells used 
for the production of oncolysate. Our optimized one-step 
simultaneous antigen delivery and DC maturation-inducing 
method emerges as a promising tool for the development 
and implementation of next-generation cellular cancer 
immunotherapies.
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Abstract  The natural adjuvant properties of bacterial 
ghosts (BGs) lie within the presence of intact pathogen-
associated molecular patterns on their surface. BGs can 
improve the direct delivery, natural processing and pres-
entation of target antigens within dendritic cells (DCs). 
Moreover, sensitization of human DCs by cancer cell 
lysate (oncolysate)-loaded BGs in the presence of IFN-α 
and GM-CSF enhanced DC maturation as indicated by 
an increased expression of maturation markers and co-
stimulatory molecules, higher production of IL-12p70 and 
stimulation of significantly increased proliferation of both 
autologous CD4+ and CD8+ T cells compared to DCs 
matured in the presence of purified lipopolysaccharide. The 
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Introduction

Despite the renaissance of cancer immunotherapy over 
the past two decades and advances in cancer prophylaxis 
and therapeutic approaches, malignant diseases still repre-
sent a major health problem in all parts of the world and 
their incidence, which according to the WHO/IARC World 
Cancer Report 2014 will increase by 57% worldwide in 
the next 20  years [1]. Standard cancer treatment strate-
gies, including surgery, chemotherapy, radiotherapy and 
targeted therapies, generally do not guarantee long-lasting 
disease control in the majority of patients, especially at an 
advanced stage of disease. There is ample evidence that the 
immune system, especially Th1-type cytotoxic immune 
responses, plays a critical role in the control of cancer 
growth and is crucial for the therapeutic activity of current 
standard cancer treatment approaches [2, 3]. However, can-
cer cells exhibit a high capacity of escape from immunosur-
veillance, significantly contributing to the failure of cancer 
treatment and relapse or progression of the disease [4, 5]. 
Therefore, cancer-dysbalanced anti-tumor immunity should 
be restored by therapeutic means known as tumor immu-
notherapy. Tumor immunotherapy aims to (re)stimulate the 
patient’s immune system by building up functionally com-
petent immune responses against patient-specific TAAs and 
reverting the immunosuppressive tumor microenvironment, 
thereby leading to immune-mediated cancer control, which 
may manifest as either a complete or partial elimination of 
residual cancer cells or a durable stable disease [6].

Therapeutic cancer vaccination is one of the most prom-
ising immunotherapeutical approaches and exploits den-
dritic cells (DCs) to mediate its desirable impact on anti-
tumor immune responses and the resulting clinical activity. 
DCs are the most potent professional antigen-presenting 
cells (APCs) that have outstanding immunostimulatory 
and immunomodulatory properties and play a key role 
in maintaining a delicate balance between active immu-
nity and immune tolerance [7]. A unique capacity of DCs 
to prime anti-tumor immune responses place them in a 
prominent position in therapeutic tumor vaccine develop-
ment and tumor immunotherapy in general [8]. The pos-
sibility of generating functionally competent DCs ex vivo 
from different precursors led to the development of vari-
ous DC production protocols. DC-based therapeutic can-
cer vaccines have been tested in numerous clinical trials 
[9]; however, only one professional APC-based cancer 
immunotherapy, Sipuleucel-T (Provenge), was approved 
by the US Food and Drug Administration (FDA) and the 
European Medicines Agency (EMA) for the treatment of 
metastatic castration-resistant prostate cancer [10]. Several 
phase III clinical trials evaluating the therapeutic poten-
tial of DCs are currently underway (www.clinicaltrials.
gov; accessed 20 August 2016). Different approaches using 

various Toll-like receptor (TLR) agonists, cytokines and 
their combinations to induce proper DC maturation ex vivo 
were generated in the past decades and are currently under 
intensive clinical investigations [8, 11–16]. However, the 
recently approved Provenge and some previously clinically 
tested DC vaccines, which were generated using various 
maturation protocols, did not meet the high expectations 
of DC-based therapeutic vaccines. These facts clearly point 
toward the need for optimization of protocols to generate 
clinical-grade DCs capable of inducing effective anti-tumor 
immune responses that lead to tumor elimination, regres-
sion or durable stabilization of the disease.

In a recent report, a one-step protocol for monocyte-
derived DC maturation and loading with TAAs employed 
lentiviral transduction of DCs. Monocytes were directly 
induced to self-differentiate into tumor-antigen-loaded 
DCs upon transduction with lentivirus encoding for the 
cytokines granulocyte–macrophage colony-stimulating 
factor (GM-CSF) and IL-4 and a melanoma antigen tyrosi-
nase-related protein 2 [17]. Another group has recently 
reported a study describing the transduction of melanoma 
cells (source of TAAs) with costimulatory molecules that 
are essential for adequate T cell activation, thereby provid-
ing tumor cells with properties of professional APCs and 
enabling them to directly activate CTLs without the partici-
pation of DCs and involvement of CD4+ T helper cells in 
the activation process [18]. We have shown previously that 
empty non-living bacterial cell envelopes, known as bac-
terial ghosts (BGs), possess intact surface structures, such 
as lipopolysaccharide (LPS), flagellin, peptidoglycan and 
many others, that are ligands for various pattern recogni-
tion receptors (PRRs) and are collectively known as patho-
gen-associated molecular patterns (PAMPs) [19]. BGs can 
stimulate strong cellular and humoral immune responses 
against BGs themselves and heterologous antigens carried 
by BGs [19]. Moreover, we demonstrated that BGs activate 
and mediate the maturation of DCs and can deliver plasmid 
DNA encoding target antigens into DCs [20, 21]. Proper 
expression of delivered genes within the cytosol of DCs led 
to their natural processing and presentation and stimulation 
of an efficient antigen-specific immune response [20].

Activation of an anti-tumor immune response leading 
to elimination of all tumor deposits and distant metastases 
requires TAAs either released directly from cancer cells 
or delivered exogenously, presentation of TAAs by fully 
mature DCs, stimulation of TAA-specific T cells capable 
of crossing protection barriers formed around the tumor 
microenvironment and recognition and killing of cancer 
cells. Stimulation of an anti-tumor immune response with 
a single antigen does not meet all the requirements for 
tumor eradication, but these requirements can be achieved 
using multiple antigen stimulation. Multi-TLR targeting 
and activation by BGs capacitate natural processing and 

http://www.clinicaltrials.gov
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presentation of delivered TAAs and induce competent mat-
uration of DCs capable of eliciting effective TAA-specific 
immune responses. Cancer cell lysate (oncolysate)-loaded 
BGs serve as a convenient system for loading DCs with 
multiple undefined TAAs and inducing their proper matura-
tion in a one-step process, which makes the clinical-grade 
DC generation process more standardized, straightforward 
and cost-effective. Combining BGs with numerous TAAs 
present within the oncolysate generated from a patient’s 
tumor would significantly enhance the chances of stimulat-
ing effective qualified cytotoxic T cells.

Here, we report the capacity of BGs to enhance the 
delivery of TAAs present within the oncolysate to DCs and 
induce their maturation ex vivo, overcoming the potential 
influence of the immunosuppressive tumor milieu [22, 
23]. Our data show that polarization of human monocyte-
derived DCs in the presence of BGs combined with IFN-α 
led to an enhanced secretion of IL-12p70 and stimulation 
of autologous T cells capable of recognizing native cancer 
cells used for the preparation of the oncolysate.

Materials and methods

Production of bacterial ghosts

BGs from E. coli Nissle 1917 were produced by the con-
trolled expression of the phage-derived lysis protein E as 
described previously [24]. For safety reasons to fully inac-
tivate all residual non-lysed viable bacterial cells and DNA 
present in the BG suspension, the BG preparation was 
treated with two equal doses of β-propiolactone (Ferak, 
Berlin, Germany) at 30-min intervals followed by extensive 
washing with demineralized sterile water by diafiltration 
[24]. The washed product was dispensed into aliquots, fro-
zen at −80 °C and lyophilized. Dry-powdered product was 
stored at room temperature (RT) until further use.

Preparation of oncolysate

The T98G-glioblastoma cell line (European Collection 
of Cell Cultures, Cat. No. 92090213, a Health Protection 
Agency Culture Collection, Salisbury, UK) was maintained 
in Dulbecco’s modified Eagle’s medium supplemented with 
10% fetal calf serum, 2 mM glutamine, 100 U/mL penicil-
lin, 100 µg/mL streptomycin, 1 mM sodium pyruvate and 
0.1  mM nonessential amino acids solution (all obtained 
from Gibco, Invitrogen, Carlsbad, CA) in a humidified 5% 
CO2 incubator at +37 °C. Cancer cells were harvested by 
trypsinization, washed twice with DPBS and resuspended 
in complete DC culture medium (1  ×  107/mL). Onco-
lysates were prepared from cancer cell suspension by six 
cycles of freeze-thawing in a mixture composed of dry ice 

and methanol (Sigma-Aldrich, Irvine, UK). Subsequently, 
the cell lysate was sonicated in an ultrasonic bath for 5 min. 
Cell debris together with the cell lysate was collected in 
one tube, centrifuged at 15,000 rpm for 10  min followed 
by quick and careful collection of the supernatant (onco-
lysate) without a pellet using a fine needle. Non-filtrated 
cell lysates were aliquoted and stored at −80 °C until fur-
ther use.

Generation of monocyte‑derived DCs

Immature monocyte-derived DCs were generated from 
peripheral blood mononuclear cells (PBMCs) obtained 
from buffy-coats of healthy donors at the Department of 
Transfusion Medicine and Blood Bank, University Hospi-
tal Brno, Brno, Czech Republic. The study was approved 
by the Ethical Committee of the University Hospital Brno. 
PBMCs were separated by density gradient centrifuga-
tion on Histopaque (Sigma), resuspended in CellGro DC 
medium (CellGenix, Freiburg, Germany) supplemented 
with 50  µg/mL DNase I (Roche, Mannheim, Germany), 
and allowed to adhere to the surface of 75  cm2 culture 
flasks (Corning, Sigma) for 2 h at +37 °C in a humidified 
5% CO2 atmosphere. After washing, adherent monocytes 
were cultured for 3 days in culture medium supplemented 
with IFN-α2a (IFN-α; 3000 IU/mL; Roferon A, Roche) and 
recombinant human GM-CSF (rhGM-CSF; 1000  IU/mL; 
mGMP-rHuGM-CSF, clinical grade, Gentaur, Kampen-
hout, Belgium). No serum or antibiotics were added. On 
day 4, immature DCs (iDCs) were collected, transferred 
into 6-well plates (Corning) containing complete culture 
medium (CellGro; IFN-α2a, 3000  IU/mL; rhGM-CSF, 
1000 IU/mL) and incubated for 4 h at +37 °C in a humidi-
fied 5% CO2 atmosphere with the following maturation 
stimuli: a T98G-glioblastoma cell line lysate (oncolysate) 
alone (oncolysate applied to DCs at a ratio of cancer cells 
[Oncolysate]/DCs—3:1) (1), an oncolysate plus LPS 
(200  ng/mL, Calbiochem, Merck Millipore, Darmstadt, 
Germany) (2) or a freshly prepared mixture of oncolysate 
and BGs (3). The solution was made by mixing oncolysate 
(cancer cells/DCs—3:1) with a lower amount of BGs 
(BGs/DCs—10:1) or a higher amount of BGs (BGs/DCs—
100:1) and incubated at RT for 60  min with gentle shak-
ing. Then, the mixture was immediately added to immature 
DCs. After co-culture, the DCs were washed to remove the 
excess stimuli and incubated in complete culture medium 
for 48 h.

DC phenotyping

Mature DCs were harvested 48  h after the incubation 
period with maturation stimuli, washed with FACS buffer 
[3% heat inactivated human AB serum (Sigma), 0.1% 
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BSA (Sigma), 0.01% NaN3 (Sigma) in PBS (Invitrogen)] 
and surface stained with fluorescence-labeled mAb. The 
antibodies used included CD80, CD86, HLA-DR, CD56 
(Beckman Coulter, Fullerton, CA, USA), CD83 and CD14 
(BD Biosciences, San Jose, CA, USA), CD1a and CD11c 
(Exbio, Vestec, Czech Republic) and CCR7 (R&D Sys-
tems, Minneapolis, MN, USA). Propidium iodide (PI; 
Sigma) was added immediately before analysis to assess 
cell viability and exclude dead cells. The cells were ana-
lyzed by flow cytometry on a FACSCanto II Flow Cytom-
eter using BD FACSDiva Software (both BD Biosciences).

T cell proliferation assay

The stimulatory capacity of generated DCs was determined 
in a mixed leukocyte reaction. Autologous or allogeneic T 
cells (1 × 105) were labeled with carboxyfluorescein suc-
cinimidyl ester (CFSE; 2.5 µM; Invitrogen) for 10 min at 
+37 °C in a humidified 5% CO2 atmosphere and incubated 
with DCs matured with the different stimuli (DCs/T cells 
ratio of 1:10) in 96-well flat bottom plates in X-VIVO 10 
(Lonza, Verviers, Belgium) supplemented with 5% heat 
inactivated human AB serum. T cells incubated alone and 
with phytohemagglutinin (PHA; 5  µg/mL; Sigma) served 
as negative and positive controls, respectively. After 6 days 
of incubation, the cells were collected and surface stained 
with fluorochrome-labeled CD3 (Beckman Coulter), CD4 
(Exbio) and CD8 (Exbio) mAbs. Proliferation of responder 
cells was analyzed by flow cytometry measuring the CFSE 
levels (fluorescence “dilution” related to mitotic cell divi-
sion) in T cells.

Cytokine secretion assay

Culture supernatants were collected 24  h and 48  h after 
adding of maturation stimuli to immature monocyte-
derived DCs. Cytokine levels of IL-12p70, IFN-γ, TNF-α, 
IL-6, IL-10 and IL-1β in the supernatants were detected 
using a Human FlowCytomix Kit (Bender Medsystems 
GmbH, Vienna, Austria) on a FACSArray Bioanalyzer (BD 
Biosciences) according to the manufacturer’s instructions.

T cell cytotoxicity assay

Autologous T cells were sensitized by DCs matured with 
the different stimuli. After 6 days of culture in X-VIVO 10 
medium supplemented with 5% heat inactivated human AB 
serum, T cells (effectors) were collected, washed and added 
to 1 × 105 CFSE-labeled target cancer cells (T98G) at the 
ratio of effectors/targets—10:1, and incubated for 24  h. 
Cancer cells incubated without pre-stimulated effector 
cells served as controls for spontaneous cell death (nega-
tive control). Lysis of cancer cells after incubation with 

10% ethanol served as a positive control. The efficacy of 
recognition and killing of tumor cells by T cells was calcu-
lated using the following formula: [(a − b)/(c − b)] × 100 
(where a = sample; b = negative control; c = positive con-
trol). PI was added immediately before measurement to 
detect cell viability and dead cells. Cells were analyzed by 
flow cytometry.

Statistical analysis

Experimental data were analyzed by GraphPad Prism 5 
(GraphPad Software, La Jolla, CA) and Statgraphics Cen-
turion XVII (Statpoint Technologies, Inc., Warrenton, VA). 
The one-way analysis of variance (ANOVA) test was used 
to determine individual significant differences between the 
means of the analyzed groups. Differences were considered 
significant with a P value <0.05.

Results

DC generation and characterization

We have previously demonstrated that BGs generated from 
E. coli NM522 and M. haemolytica promote the maturation 
of DCs in the presence of a maturation cocktail composed 
of GM-CSF, IL-4, TNF-α, IL-1β, IL-6 and PGE2 known as 
the Jonuleit cocktail [25] and are able to deliver heterolo-
gous genes to the cytosol of DCs resulting in their expres-
sion with a transfection efficacy up to 85% [21]. To shorten 
the DC generation protocol required for therapeutic appli-
cations, exclude the controversial impact of PGE2 [9, 26] 
and improve the immunostimulatory capacity of DCs, we 
hypothesized that generation of immature DCs from periph-
eral blood monocytes in the presence of GM-CSF and IFN-α 
followed by multi-TLR activation mediated by BGs loaded 
with oncolysate should yield fully potent mature DCs pre-
senting TAAs processed from internalized oncolysate. To 
test this hypothesis, immature DCs were generated from 
peripheral blood monocytes after 3 days of incubation in the 
presence of GM-CSF and IFN-α. Maturation of immature 
monocyte-derived DCs was induced using various stimuli, 
including oncolysate alone (1), oncolysate combined with 
LPS (2) or freshly prepared mixture of oncolysate preincu-
bated with E. coli Nissle 1917 BGs [10 per cell (3) or 100 
per cell (4)]. After a short (4  h) DC activation with these 
maturation stimuli, DCs were washed and incubated for an 
additional 2 days in complete medium containing GM-CSF 
and IFN-α. The viability of the cells was assessed imme-
diately prior to analysis by adding PI (Fig.  1b). DCs gen-
erated in the presence of oncolysates supplemented with 
BGs had an overall comparable immunophenotype profile 
with a significantly increased expression of DC maturation 
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marker CD83 and co-stimulatory molecule CD86 (Fig. 1a). 
In addition, pure LPS and a higher amount of E. coli Nissle 
1917 BGs (100 BGs per cell) mediated lower expres-
sion of CD14 on DCs compared to oncolysate alone and a 
reduced number of E. coli Nissle 1917 BGs per cell (10/
cell); however, this expression was not statistically signifi-
cant (Fig.  1a). Although a decreased expression of CD1a, 
CD11c, HLA-DR and CD56 maturation markers was 
detected on DCs stimulated with oncolysate plus LPS (2) 

and oncolysate-loaded BGs [10 per cell (3) or 100 per cell 
(4)] compared with DCs matured by oncolysates alone (1), 
the difference was not statistically significant (Fig. 1b). Col-
lectively, these results indicate similar maturation-inducing 
effects mediated either by a single TLR agonist (LPS) or 
by the empty intact shells of bacteria containing multiple 
PAMPs. Moreover, our data confirmed the fact that TAAs 
and other cancer cell’s constituents present within onco-
lysate are not capable of inducing and completing the pro-
cess of proper DCs maturation (characterized by the surface 
expression of CD83 and CD80) without the “help” of com-
petent external stimuli.

Oncolysate‑loaded BGs significantly modulate cytokine 
profile of DCs

Cytokine profiling of DCs activated by either oncolysate 
alone or combined with bacteria-derived stimuli was per-
formed by measuring the levels of Th1 polarizing (IL-
12p70, IFN-γ), pro-inflammatory (TNF-α, IL-1β, IL-6) and 
immunosuppressive (IL-10) cytokines (Fig.  2). Cytokine 
levels were analyzed in culture supernatants obtained 24 and 
48 h after short (4 h) DC incubation with the investigated 
maturation/activation stimuli. Increased production of all 
analyzed cytokines was detected in the supernatants of DCs 
activated by oncolysate supplemented with the tested bacte-
rial stimuli but not in those stimulated by oncolysate alone. 
After 24 h of incubation, only DCs activated by oncolysate 
supplemented with the higher amount of E. coli Nissle 1917 
BGs (100 BGs per cell) showed a significantly increased 
production of IL-12p70, IFN-γ, TNF-α, IL-6, IL-10 and 
IL-1β (Fig.  2). Except for IL-1β production (Fig.  2f), ele-
vated cytokine production levels were also detected 48  h 
after activation with the same stimuli (100 BGs per cell). In 
addition, an elevated production of IL-10 by DCs activated 
with oncolysates mixed with the lower amount of E. coli 
Nissle 1917 BGs (10 BGs per cell) was observed; however, 
the expression was statistically significant only in culture 
medium collected 24 h after DC activation (Fig. 2e). Moreo-
ver, the addition of LPS and both investigated amounts of E. 
coli Nissle 1917 BGs to oncolysate significantly increased 
production of IL-6 by DCs as detected 24 and 48  h after 
stimulation compared to activation with oncolysate alone 
(Fig.  2d). A significant increase in IL-12p70, IFN-γ and 
TNF-α levels was detected only in supernatants from cul-
tures of DCs activated by oncolysates mixed with a higher 
amount of E. coli Nissle 1917 BGs (100 BGs per cell) both 
at 24 h and 48 h of incubation (Fig. 2a, b, c). DCs stimulated 
with oncolysate alone and that were missing extra matura-
tion stimuli produced very low amounts of both IFN-γ and 
IL-1β, while the levels of IL-12p70, TNF-α, IL-6 and IL-10 
were almost undetectable (Fig. 2).

Fig. 1   DC surface marker expression. a, b Immature DCs were pre-
pared by incubation of monocytes obtained from peripheral blood of 
normal healthy donors in CellGro DC medium supplemented with 
IFN-α (3000 IU/mL) and rhGM-CSF (1000 IU/mL) for 3 days. Matu-
ration markers of DCs were analyzed by multicolor flow cytometry 
48 h after a short (4 h) stimulation of immature DCs with oncolysate 
obtained from the glioblastoma cell line T98G and BGs from E. coli 
Nissle 1917 (10 and 100 BGs/1DC) in the presence of IFN-α and 
rhGM-CSF. Immature DCs incubated with IFN-α, rhGM-CSF and 
oncolysate supplemented with LPS (200  ng/mL) or without extra 
maturation stimuli served as controls. The y axis represents the per-
centage of cells expressing specific differentiation antigen. The via-
bility of the cells was assessed by adding PI immediately prior to the 
analysis. Box-and-whisker plots of the data obtained in four inde-
pendent experiments from different normal healthy donors are shown. 
Boxes represent interquartile ranges; the horizontal bar within each 
box indicates the median; whiskers show the minimum and the maxi-
mum. P values <0.05 were considered significant and are indicated 
with asterisks (*P < 0.05; **P < 0.01)
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Activation and maturation of DCs by oncolysate‑loaded 
BGs improved their capacity to stimulate the 
proliferation of autologous T cells

The ability of the analyzed DC populations to stimulate T 
cell proliferation was assessed by one-way allogeneic and 
autologous mixed lymphocyte reactions (MLR) using flu-
orescence-labeled T cells as responder cells. Proliferation 
of total T cells (CD3+), helper (CD3+CD4+) and cytotoxic 
(CD3+CD8+) T cells was measured by flow cytometry 
after 6 days of incubation with the tested DC populations 
at the cell ratio DCs/T cells—1:10. The gating strategy 

to determine T cell proliferation and a representative his-
togram data set of the CFSE-stained T cells are depicted 
in Supplementary Figures  1 and 2, respectively. T cells 
incubated in the presence of PHA and DCs activated with 
oncolysate alone served as positive and negative controls, 
respectively. All the examined DC populations elicited 
a robust response of allogeneic T cells (both CD3+CD4+ 
and CD3+CD8+ T cells) confirmed by increased prolifera-
tion, but no significant difference in stimulatory capacity 
of the tested DC populations was detected (Fig. 3a). Con-
trary to the results obtained from allogeneic MLR, autolo-
gous MLR revealed exceptional stimulatory capacities of 

Fig. 2   Cytokine profile of DCs matured in the presence of onco-
lysate and different bacterial stimuli. Immature DCs were activated 
with IFN-α, rhGM-CSF and oncolysate obtained from the glioblas-
toma cell line T98G for short time (4 h) in the presence of pure LPS 
(200 ng/mL) or BGs from E. coli Nissle 1917 (10 and 100 BGs/1DC) 
prior to measuring cytokine production in supernatants collected after 
24  h (white bars) and 48  h (gray bars) incubations. Cells activated 
with oncolysate alone and without additional bacterial stimuli served 
as negative controls. The levels of cytokines released from DCs—a 

IL-12p70, b IFN-γ, c TNF-α, d IL-6, e IL-10 and f IL-1β were meas-
ured using a FACSArray Bioanalyzer. Box-and-whisker plots of the 
data obtained in four independent experiments from different normal 
healthy donors are shown. Boxes represent interquartile ranges; the 
horizontal bar within each box indicates the median; whiskers show 
the minimum and the maximum. P values <0.05 were considered 
significant and are indicated with asterisks (*P < 0.05; **P < 0.01; 
***P < 0.001)
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DCs matured with oncolysate-loaded E. coli Nissle 1917 
BGs (both 10 and 100 BGs per cell). DCs activated with 
oncolysate-loaded E. coli Nissle 1917 BGs induced sig-
nificantly higher autologous T cell proliferation compared 
with DCs matured with oncolysate alone or oncolysate sup-
plemented with LPS. Moreover, there was no significant 
difference in autologous T cell proliferation induced by 
DCs activated with oncolysate plus LPS versus DCs acti-
vated with oncolysate alone. Interestingly, DCs activated 

with oncolysate-loaded BGs elicited proliferation of 
both CD3+CD4+ and CD3+CD8+ autologous T cells at 
a similar level, while the number of proliferating autolo-
gous CD3+CD4+ T cells was more than threefold higher 
than that of CD3+CD8+ T cells after stimulation with 
DCs matured in the presence of oncolysate either with or 
without LPS (Fig. 3b). These results demonstrated that the 
activation and maturation of DCs in the presence of onc-
olysate-loaded E. coli Nissle 1917 BGs followed by DCs 
incubation with IFN-α and rhGM-CSF led to the genera-
tion of potent DCs capable of eliciting strong proliferation 
of both allogeneic and autologous CD4+ and CD8+ T cells. 
Moreover, data shown in Fig. 3 clearly indicate high func-
tional competence of DCs matured in the presence of onc-
olysate-loaded BGs, thereby highlighting the natural adju-
vant potential of BGs and their capacity to target multiple 
PRRs expressed by DCs.

Fig. 3   Allogeneic and autologous immunostimulatory capacities 
of analyzed DCs. A short incubation of immature DCs with IFN-α, 
rhGM-CSF and oncolysate obtained from the glioblastoma cell line 
T98G and E. coli Nissle 1917 BGs (4 h) significantly enhanced the 
capacity of DCs to stimulate the proliferation of autologous T cells 
compared to DCs matured with IFN-α, rhGM-CSF and oncolysate 
supplemented either with pure LPS or without extra maturation stim-
uli. Stimulatory capacities of analyzed DC populations were deter-
mined after 6  days of incubation in the presence of CFSE-labeled 
allogeneic or autologous T cells at the ratio of DCs/T cells—1:10. 
Stimulated cells were stained after incubation with a panel of mono-
clonal antibodies (anti-CD3, anti-CD4 and anti-CD8), and prolif-
eration of both allogeneic and autologous T cells was determined by 
multicolor flow cytometry. The values were calculated as percentage 
of cells proliferated spontaneously subtracted from the percentage of 
cells proliferated after stimulation with distinct populations of DCs. 
T cells incubated with PHA (5 µg/mL) served as a positive control. 
a Allogeneic immunostimulatory capacities of analyzed DC popula-
tions. b Autologous immunostimulatory capacities of analyzed DC 
populations. Box-and-whisker plots of data obtained in four inde-
pendent experiments from different normal healthy donors are shown. 
Boxes represent interquartile ranges; the horizontal bar within each 
box indicates the median; whiskers show the minimum and the maxi-
mum. P values <0.05 were considered significant and are indicated 
with asterisks (*P < 0.05; **P < 0.01; ***P < 0.001)

Fig. 4   Recognition of cancer cells and cytotoxic effects of autolo-
gous T cells induced by DCs activated with oncolysates and bacte-
ria-derived stimuli. Autologous T cells were incubated for 6 days in 
the presence of DCs briefly (4 h) activated with oncolysates prepared 
from T98G cancer cells combined with pure LPS (200 ng/mL), BGs 
from E. coli Nissle 1917 (10 and 100 BGs/1DC) or without extra 
maturation stimuli. Subsequently, stimulated T cells (effector cells; 
E) were added to fresh CFSE-labeled T98G cancer cells (target cells; 
T) at the ratio of E/T—10:1. Specific lysis of cancer cells was deter-
mined 24  h after mutual co-incubation by flow cytometry. The per-
centage of tumor recognition and killing efficacy was calculated as 
described in the Materials and methods. Box-and-whisker plots of 
data obtained in four independent experiments from different normal 
healthy donors are shown. Boxes represent interquartile ranges; the 
horizontal bar within each box indicates the median; whiskers show 
the minimum and the maximum. P values <0.05 were considered sig-
nificant and are indicated with asterisks (*P < 0.05; **P < 0.01)



156	 Cancer Immunol Immunother (2017) 66:149–159

1 3

DCs activated by oncolysate‑loaded BGs elicit the 
generation of autologous cytotoxic T cells capable 
of recognizing natural TAAs

It was important to determine whether autologous T cells 
stimulated by DCs activated and matured by oncolysate-
loaded BGs can recognize natural TAAs expressed by can-
cer cells used to prepare the oncolysate. To test this hypoth-
esis, we collected T cells (effector cells; E) sensitized with 
differentially matured DCs for 6 days and mixed them with 
CFSE-labeled T98G cancer cells (target cells; T) at a ratio 
of E/T, 10:1. The gating strategy to determine of T cell 
cytotoxicity and killing of cancer cells and a representa-
tive histogram data set of the CFSE-stained cancer cells are 
depicted in Supplementary Figures  3 and 4, respectively. 
T98G cancer cells, serving as target cells, were used to pre-
pare oncolysate as a source of TAAs. After 24 h of incu-
bation, the target T98G cancer cell recognition and killing 
efficacy of induced tumor-specific T cells were determined 
by flow cytometry. A tumor recognition assay confirmed 
the previous results, showing that BGs loaded with onco-
lysate possess a superior ability to activate DCs, modu-
late their cytokine profile and the capacity to elicit robust 
T cell response. The strongest capacity to recognize native 
antigens naturally presented by cancer cells was detected 
using T cells stimulated by DCs activated and matured in 
the presence of oncolysate supplemented with both tested 
amounts of E. coli Nissle 1917 BGs. Increased tumor rec-
ognition efficacy by stimulated T cells was also detected 
after using pure LPS as an adjuvant mixed with oncolysate 
for DC activation; however, a significantly increased kill-
ing efficacy was only detected when oncolysate was sup-
plemented with BGs (Fig. 4). Interestingly, a lower number 
of BGs were used together with oncolysate for activation 
and maturation of DCs (10 BGs per 1 DC) compared to 
both a higher amount of BGs (100 BGs per 1 DC) and 
LPS has a greater impact on stimulation of the cytotoxic 
T cells possessing enhanced killing potency. Moreover, 
these results clearly showed that the use of multi-TLR 
agonists (monophosphoryl lipid A, LPS, flagellin and 
peptidoglycan) containing BGs [19] compared to a single 
TLR agonist (LPS) leads to the stimulation of T cells with 
a significantly higher killing efficacy. The results indicate 
that T cells elicited by BGs-oncolysate-DCs represent a 
spontaneous polyclonal population of effector cells due to 
the source of TAAs originating from the glioblastoma can-
cer cell line used in the study and PBMCs obtained from 
healthy donors. Collectively, these data demonstrate the 
efficacy of DCs activated by oncolysate and BGs to elicit a 
robust in vitro tumor-antigen-specific T cell response com-
prising fully functional cytotoxic T cells.

Discussion

Over the past two decades, a high number of protocols 
generating clinical-grade DCs ex vivo were developed [9]. 
While the results from the very first clinical studies did not 
completely fulfill the high expectations that were placed on 
DC therapy in the past, recently published data show that 
great progress has been made in therapeutic DC vaccine 
development and their use in cancer immunotherapy with 
minimal side effects [12]. To date, more than 500 therapeu-
tic DC vaccination clinical studies have been registered at 
ClinicalTrials.gov, a service of the US National Institutes 
of Health (www.clinicaltrials.gov; accessed 20 August 
2016), providing new insights into DC-based cellular thera-
pies [8]. However, a universally acceptable protocol has not 
yet been defined and approved also due to the missing data 
from properly designed and standardized clinical studies 
investigating the efficacy of a defined DC vaccine for the 
treatment of patients with reduced variables [13]. Moreo-
ver, the production of DC vaccines belongs to the agenda 
of advanced therapy medicinal products supervised by 
EMA. Due to the requirements for DC vaccine production, 
which are excessively time-consuming and high-priced 
and are slowing the process of their use in the clinic, great 
efforts have been made to optimize and standardize the DC 
vaccine manufacturing process and improve their immu-
nostimulatory properties compared to the first-generation 
DC vaccines.

Our novel approach for the generation of mature DCs 
from blood monocytes is based on an innovative one-step 
(simultaneous) antigen delivery and DC maturation-induc-
ing platform that exploits oncolysate-loaded BGs in the 
presence of GM-CSF and IFN-α. BGs have bacterial bio-
adhesive surface properties and immunostimulating compo-
nents in their original state [27]. We have shown previously 
that BGs are well recognized by cells expressing TLRs, 
including professional APCs and cancer cells, and that they 
are capable of delivering both DNA and protein antigens 
to target cells [19–21, 28–30]. The use of BGs provides an 
opportunity to target multiple PRRs, rather than one or sev-
eral selected PRRs, expressed by DCs. Ligation of various 
PRRs triggers natural processing and presentation of TAAs, 
DC maturation, secretion of Th1-type cytokines and stimu-
lation of effector tumor-antigen-specific T cells [7]. For 
example, after intravenous immunization of mice with DCs 
transfected ex  vivo with BGs loaded with target antigen-
encoding plasmid DNA, antigen-specific CD4+ and CD8+ 
T cell immune responses were generated [20].

We and others utilize lysates prepared from cancer cells 
(oncolysate) as a source of various “own” non-defined poly-
valent TAAs [31–33] combined with TLR targeting-mediated 

http://www.clinicaltrials.gov
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activation of DCs [15, 16, 34–36]. The major advantage of 
using oncolysate prepared from either a cancer cell line or 
a sample of whole autologous tumor lies in the presence of 
multiple unique “real-time” TAAs expressed by malignant 
cells. Autologous tumor cells possess individual patient-
specific mutational antigens (neo-antigens) that appear as a 
result of random point mutations in various genes. Some of 
these non-defined neo-TAAs may serve as the most accurate 
targets for the effectors of an anti-tumor immune response, 
mainly cytotoxic T cells. Moreover, the use of individual 
unique TAAs should also minimize the effect of regula-
tory cells, thereby improving the efficacy of the induced 
immune response [37]. Implementation of the BG-based 
protocol may be superior to other one-step approaches, e.g., 
viral transduction of DCs with regard to safety concerns 
and a more cumbersome process of viral transduction. Most 
importantly, BGs mixed with oncolysate deliver a variety 
of neo-TAAs rather than one or several well-defined TAAs. 
This fact may potentially avoid failure of therapeutic can-
cer vaccinations due to the emergence of immune escape 
variants of cancer cells as a result of antigen loss during the 
immunoediting process (immunoselection) [38, 39].

Here, we showed that human monocyte-derived DCs 
activated with oncolysate-loaded BGs, prepared by a sim-
ple reconstitution of lyophilized BGs in oncolysate, can 
elicit tumor-specific T cell responses. It is assumed that 
short incubation of immature DCs with oncolysate-BGs 
mediates two TAA delivery modes: a proportion of TAAs/
oncolysate is delivered within the BG envelopes that are 
phagocytosed by DCs. The rest of the TAAs/oncolysate 
(which is not loaded within the BG envelope) is endocy-
tosed by DCs, independent of BG phagocytosis. We pre-
sume that simultaneous delivery of target TAAs as pro-
teins within the free (non-loaded) oncolysate together with 
TAAs loaded inside the BG envelope might result in the 
release of intact (unprocessed) BG content into the cyto-
plasm of DCs in addition to antigen processing inside the 
phagosome–endosome fusion complex. Hence, both MHC 
class I and MHC class II antigen processing and presen-
tation pathways are engaged, which is crucial for the gen-
eration of functionally competent durable effector memory 
T cell responses [40, 41]. This theory can explain our cur-
rent results showing that the delivery of exogenous TAAs 
to human DCs by BGs led to their cross-presentation as 
confirmed by an abundant proliferation of both CD4+ and 
CD8+ autologous T cells. Moreover, our data show that the 
primed CD8+ T cells efficiently recognized and killed tar-
get human cancer cells naturally expressing TAAs.

The majority of studies have focused on the development 
of therapeutic cancer vaccines capable of stimulating cyto-
toxic CD8+ T cells, which are considered to be the most 
specific and direct killers of tumor cells [42]. However, the 
optimal induction of fully functionally competent cytotoxic 

CD8+ T cells essentially requires the presence of TAA-spe-
cific CD4+ T helper cells [43]. Furthermore, direct tumor cell 
killing properties were also confirmed for CD4+ T cells [44]. 
Hence, mature clinical-grade DCs should be able to prime 
and stimulate both CD4+ and CD8+ T cells to trigger bal-
anced anti-tumor immune responses and achieve maximal 
immune-mediated control of tumor growth [45]. Therefore, it 
is critical to develop improved TAA-loading approaches capa-
ble of cross-presenting exogenous TAAs within both MHC 
class I and class II molecules. In this regard, BGs emerge as 
an invaluable tool for optimal DC loading with TAAs since 
BGs carry highly effective membrane structures, including 
PAMPs [27], and can stimulate cross-presentation of exog-
enous, oncolysate-related TAAs by DCs. Indeed, intact LPS 
affects endosomal acidification of DCs, thereby improving 
cross-presentation of antigens [46]. Moreover, activation of 
DCs by IFN-α promotes and strongly enhances cross-presen-
tation of extracellular antigens [47] and, together with BGs, 
makes the signaling for cross-priming more efficient.

We used IFN-α (with GM-CSF) for both the induction 
of DC differentiation from monocytes and the induction of 
their maturation in the presence of oncolysate-loaded BGs. 
Several recent reports described a critical role of IFN-γ 
rather than IFN-α for DC activation by various TLR ago-
nists, such as LPS [8, 9, 11, 13]. Despite a lower migra-
tory capacity of LPS/IFN-γ DCs (which can be solved by 
their intranodal administration), these DCs showed unique 
immunostimulatory properties and the ability to inhibit 
the T regulatory cell (Treg)-mediated immunosuppres-
sive effects and the capacity to convert Tregs into effector 
IFN-γ-producing T cells [15, 48]. In fact, strong immu-
nostimulatory properties, such as the ability to induce Th1-
polarized immune responses and shift the T cell phenotype 
from regulatory to effector, were detected after vaccination 
of patients with DCs generated in the presence of IFN-α 
and TLR agonists [49, 50]. In general, type-I IFNs (IFN-α 
and IFN-β) seem to be required for upregulation of all path-
ways associated with DC immunogenicity [51]. Further-
more, in our protocol, IFN-α is used for both the induction 
of DC differentiation and their maturation, hence it avoids 
the use of additional cytokines, which is more straightfor-
ward, cost-effective and standardized for application in a 
clinical setting.

Our study presents a novel straightforward approach 
for the ex vivo generation of clinical-grade antigen-loaded 
mature human DCs. Our findings confirmed that this one-
step antigen delivery and maturation-inducing platform 
generates DCs capable of inducing prominent proliferation 
of autologous CD4+ and CD8+ T cells that efficiently rec-
ognize oncolysate-derived TAAs expressed on the surface 
of native human cancer cells. Our results provide the oppor-
tunity to develop a novel standardized future approach 
for producing next-generation clinical-grade therapeutic 
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cancer vaccines. The effectiveness of DCs generated by the 
proposed protocol should be evaluated in clinical trials.
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