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Abstract

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

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

NK cells.

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

of CD54, CD69, and CD25 on the NK cells, their ability to secrete IFNy, and their high lytic
activity. Moreover, the ability of NK-cell activation was not diminished by simultaneous T-cell

activation.

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

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

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

emerged that not only adaptive immune
responses, but also the activation of the innate
immune system is important to fight against the
malignant tissue.*> NK cells activated by vaccine
DCs can: (a) induce the maturation of further
DCs,%7 which in turn leads to additional activa-
tion of CTLs in a CD4*" T cell-independent
manner,8 (b) directly activate additional naive T
cells through IFNy secretion,® and (c) attack
and directly kill tumor cells,!® which can then
lead to a T-cell cross-presentation of released
tumor material by DCs.!!
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The standard protocol for cancer vaccination
generates DCs from monocytes by incubation
with granulocyte-macrophage colony-stimulating
factor (GM-CSF) and IL-4 over 6 days.1%13 These
immature DCs are usually matured using a stand-
ard cytokine cocktail consisting of TNFa, prosta-
glandin E2 (PGE,), IL-18, and IL-6.1* However,
so far the efficacy of tumor vaccination with these
DCs, like other cancer vaccines, is limited and
behind expectations when used as monother-
apy.!5 Therefore, different strategies for improve-
ment are currently under investigation including
combinations with checkpoint inhibitors, use of
optimal tumor antigens, and increase of the
immunostimulatory capacity of moDCs.

Wel6 and others!”-18 have already observed, that a
limitation of the standard maturation protocol is
that the generated DCs spontaneously secrete
only low concentrations of IL-12p70. This
cytokine plays a pivotal role in the induction of T
cell-mediated immune responses!? and also in the
activation of NK cells.2? Consequently, additional
factors either apart from or in addition to the
standard maturation cocktail, are needed to more
efficiently activate DCs.

A key player in the process of DC activation is the
transcription factor NF-«B, which can be acti-
vated through the classical and the alternative
pathways. The classical NF-«kB pathway is
induced through different danger signals, for
example, via pro-inflammatory cytokines or acti-
vation of Toll-like receptors (TLRs),2! which
then results in the activation of specific target
genes. After receiving the activation signal, the
IkB kinase (IKK) complex (IKKa, IKKf, and
IKKYy, the latter also called NEMO) phosphoryl-
ates IkB, which then releases NF-kB (consisting
of RelA and p50).22 NF-xB then translocates into
the nucleus to activate its target genes,?? such as
for example, IL-12.

The standard maturation cocktail already acti-
vates the NF-«xB pathway in DCs,?* but not to its
full potential. Regarding the different strategies to
improve DC vaccination, the NF-kB pathway is
regularly involved, for example, through transfec-
tion of CD40 ligand?5 or the use of different TLR
agonists,26-29 the latter employing a combination
of CD40 ligand, CD70 and constitutively active
(ca)TLR4 (TriMix). Massa and co-authors used
IFNy together with monophosphoryl lipid A
(MPLA) as an alternative maturation cocktail,
which activates NF-xB, and led to DCs with the

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

We used a stabilized and constitutively active
mutant of IKK( as a direct and supplementary
activation signal for the NF-xB pathway. To this
end, we transfected calKKp-encoding mRNA by
electroporation into DCs matured with the stand-
ard cytokine cocktail.16:30 This procedure resulted
in DCs with an increased activation status and
the ability to secrete IL.-12p70. Moreover, these
DCs activated T cells with a higher lytic capacity
and a memory-like phenotype.!¢ In this study, we
investigated whether the activation of the NF-xB
pathway creates DCs that can also more effec-
tively activate NK cells.

Materials and methods

Cells

Blood was obtained from healthy donors following
informed consent and approval by the institutional
review board (Ethikkommission der Friedrich-
Alexander-Universitdt Erlangen Niurnberg, Ref.
no. 4158), and peripheral blood mononuclear
cells (PBMCs) were isolated using density cen-
trifugation with Lymphoprep (Axis-Shield PoC
AS, Oslo, Norway) as described previously.?! To
generate moDCs, monocytes were separated first
from the nonadherent fraction (NAF) by plastic
adherence and differentiated to immature DCs
over 6days in DC medium consisting of RPMI
1640 (Lonza, Verviers, Belgium) supplemented
with 1% nonautologous human plasma (Sigma-
Aldrich, St. Louis, United States), 2mM
L-glutamine (Lonza), and 20mg/l gentamycin
(Lonza), adding fresh DC medium with GM-CSF
(800IU/ml; Miltenyi Biotec, Bergisch Gladbach,
Germany) and IL-4 (250IU/mL; Miltenyi
Biotec) on days 1, 3, and 5, as described previ-
ously.3! On day 6, DCs were matured using the
standard cytokine cocktail consisting of 200I1U/
ml IL-1p (CellGenix, Freiburg, Germany),
1000IU/ml IL-6 (Miltenyi Biotec), 10ng/ml
TNFa (Beromun, Boehringer Ingelheim Pharma,
Germany), and 1pg/ml PGE, (Pfizer, Zurich,
Switzerland). DCs were electroporated after 24h
of maturation.

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

In vitro RNA transcription and electroporation

of DCs

In vitro transcription of mRNA was carried out
using the mMESSAGE mMACHINE™ T7
ULTRA Transcription Kit (Life Technologies,
Carlsbad, CA, USA) and purified with an RNeasy
Kit (Qiagen, Hilden, Germany) according to the
manufacturers’ protocols. The RNA used for elec-
troporation encoded a constitutively active mutant
of IKKp,!® which activates the classical NF-«B
pathway. In a total volume of 100 pul, 6 X 10° DCs
were electroporated with 30pug calKK-RNA or
5ug EGFP-RNA or as a control mock electropo-
rated using a square-wave pulse, 1 ms, and 1250V/
cm as recently described in detail.3?

Co-cultures

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

DCs were co-cultured with fresh autologous
PBMCs or purified NK cells at the indicated
ratios and incubated in MLPC medium consisting
of RPMI 1640 (Lonza), 10% nonautologous
human serum (Sigma-Aldrich), 2 mM L-glutamine
(Lonza), 20mg/l gentamycin (Lonza), 10mM
HEPES (PAA Laboratories, GE Healthcare Life
Sciences, Pasching/Linz, Austria), 1 mM sodium
pyruvate (Lonza), and 1% nonessential amino
acid (100X; Lonza), whereas PBMCs and NK
cells only cultured in the respective medium
served as control. For co-incubations at ratios of
1:2, 1 X 109 DCs/ml and 2 X 10¢ PBMCs/ml were
seeded in a 24- or 48-well, depending on cell
numbers, while for co-incubations at a ratio of
1:10 the final concentrations were 2 X 10> DCs/ml
and 2 X 10° PBMCs/ml. DCs and NK cells were
co-cultured at ratios of 5:1 and 1:1. For co-incu-
bations at a ratio of 5:1, the final concentrations
were 1X10°® DCs/ml and 2X 105 NK cells/ml.
For co-incubations at a ratio of 1:1, the final con-
centrations were 1 X 109 DCs/ml and 1 X 106 NK
cells/ml. PBMCs or NK cells cultured alone
served as control.

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

Transwell analysis

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

Cell surface marker analysis

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

MHC-tetramer staining

Co-cultures containing peptide-pulsed DCs and
PBMCs at a ratio of 1:10 (final concentrations
2 X105 DCs/ml and 2 X 10 PBMCs/ml) were har-
vested after 1 week. Cultures with DCs that had not
been peptide-pulsed served as controls. T cells spe-
cific for the MelanA peptide were detected with
HILA-A0201-PE ELAGIGILTV tetramer (pro-
duced in house according to Rodenko ez al.3%).
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Harvested cells were stained with the tetramer for
15min, then anti-CD3-APC-H7, anti-CD4-Alex-
aFluor700, anti-CD8-PE-Cy7, anti-CD56-BV421,
anti-CD16-FITC, anti-CD69-APC, and anti-
CD27-BUV395 (all from BD Bioscience) were
added and incubated for another 20min. After
washing twice with phosphate buffered saline, cells
were acquired on a FACS Fortessa (BD Bioscience).
CD8* T cells and NK cells were distinguished and
characterized via expression of CD3, CD56, CDS,
and CD69. The gating strategy is depicted in
Supplemental Figure S8.

Cytokine secretion analysis

The supernatants of the co-cultures were taken
after 24h and 48h of incubation. Cytokine con-
centrations were determined using the Human
Th1/Th2 Cytometric Bead Array Kit II (BD
Biosciences) or the Human Inflammatory
Cytometric Bead Array Kit (BD Biosciences) fol-
lowing the manufacturer’s instructions. Immuno-
fluorescence was measured using a FACS Canto
II (BD Biosciences), data were acquired with
FACSDiva software (BD Biosciences) and evalu-
ated with FCS Express software, version 5
(DeNovo Software).

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

Cytotoxicity assay

The cytolytic capacity of NK cells was deter-
mined after 1week of co-incubation with DCs in
a standard 4-6h 31Cr release assay as described
previously.3> Briefly, the target cell line K562 was
labeled with 100puCi of Na,>!CrO,/106 cells.
Target cells were washed and subsequently cul-
tured in 96-well plates (Thermo Fisher, Waltham,
MA, USA) at 1000 cells/well. The labelled cells
were then incubated with titrated amounts of
effector cells (E:T ratios of 20:1, 6:1, 2:1, and

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

[(measured release — background release)} /

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

Statistical analysis

For the creation of graphs and statistical analysis
GraphPad Prism, version 7 (GraphPad Software,
La Jolla, USA) was employed. p values were
determined comparing the respective conditions
(for DC and PBMC co-cultures: Mock
1:2 + calKKp 1:2 and Mock 1:10 + calKK 1:10;
for DC and NK co-cultures: Mock 5:1 + calKKf
5:1, Mock 1:1+ calKKp 1:1) using the paired
Student’s ¢ test assuming a Gaussian distribution.
It should be mentioned that not all formal require-
ments for the paired Student’s z test are fulfilled
here: owing to our limited sample sizes, normal
distribution cannot be tested. On the other hand,
when we performed very similar experiments with
more donors in the past, we usually observed a
Gaussian distribution. In addition, Student’s ¢
test is rather robust, even if this criterion is mildly
violated.3¢

Results

Stimulation with calKKB-transfected mature

DCs leads to the upregulation of activation
markers on NK cells

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

To analyze whether DCs transfected with calKKf3
could also trigger the activation of NK cells,
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Figure 1. Stimulation with calKKB-transfected mature dendritic cells (DCs) results in the upregulation of
activation markers on NK cells.

Cytokine-matured DCs were electroporated either with calKKB-RNA or as a control were mock electroporated. (a)
Transfected DCs were co-cultured with fresh autologous peripheral blood mononuclear cells (PBMCs) 2-4 h after
electroporation at a ratio of 1:2 (final concentrations: 1 10¢ DCs/ml and 2 X 10¢ PBMCs/ml) or 1:10 (final concentrations:
2% 105 DCs/mland 2 X 10¢ PBMCs/ml). To determine background levels, PBMCs were cultured alone. Cells were harvested
after 24 h or 48h and the expression of the surface markers CD54, CD69, and CD25 was determined via flow cytometry (using
the gating strategy shown in Supplemental Figure S2). All values show the upregulation of each surface marker, calculated

relative to the mean fluorescence intensity (MFI) of PBMCs alone. The average fold induction of four different donors with
the SEM is shown; for original data, see Supplemental Table S1. Each donor was analyzed in independent experiments.

(b) DCs were co-cultured with fresh autologous NK cells at a ratio of 5:1 (final concentrations: 1 X 106 DCs/ml and 2 X 105
NK cells/ml) or 1:1 (final concentrations: 1 X 10¢ DCs/mland 1 10¢ NK cells/ml). To determine background levels, NK
cells were cultured alone. Cells were analyzed as described in (a). Average fold induction (relative to MFI of NK cells alone)
is shown from four different donors with SEM; for original data see Supplemental Table S2. p values were calculated to
the respective mock condition with the paired Student’s t test using the specific MFl values, “p=<0.01, "p<0.05, numbers

indicate p value of 0.05<p=<0.1.

calKKp-transfected DCs or mock-transfected
DCs were co-cultured with PBMCs at a cell ratio
of 1:2 and 1:10, for 24h, 48h, and 1week.
PMBC s cultured in the absence of DCs served as
control. At the indicated time points cells were
stained with antibodies directed against CD56
and CD3 to define CD3-CD56" NK-cells as
indicated in Supplemental Figure S2. NK-cell
activation was assessed by measuring the expres-
sion of CD25, CD54, and CD69 by flow cytom-
etry. These markers are well known to be
upregulated on activated NK cells.38:39

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

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

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

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

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

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

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

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

As IFNy and TNFa are strongly secreted by acti-
vated NK cells, it was analyzed whether both
cytokines were secreted after NK cell stimulation
with calKKB-DCs, known to produce intermedi-
ate amounts of TNFa, but not IFNy.16:30 Both
cytokines were barely secreted in co-cultures with
mock-transfected DCs, whereas high and signifi-
cant quantities were detected in co-cultures with
calKKB-DCs (Figure 2(a)). IFNy was hardly
secreted by calKKB-DCs alone, or by PBMCs
alone, but was highly secreted in co-cultures stim-
ulated with calKKB-DCs after 24h and 48h,
especially at a DC/PBMC ratio of 1:2, barely
missing the level of significance (Figure 2(a)).
After 24h, a low concentration of TNFa was
detected in co-cultures with mock-transfected
DCs, calKKB-DCs, and PBMCs alone, but it
was strongly and significantly secreted in co-cul-
tures with calKKp-electroporated DCs, at both
DC/PBMC ratios of 1:2 and 1:10 (Figure 2(a)).
After 48h TNFoa secretion decreased (Figure
2(a)). IL-10 was only secreted in marginal
amounts in each condition (data not shown).

To address whether bystander cells produced
the IFNy and TNFa, transfected DCs were
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Figure 2. calKKB-DCs induce NK cells to secrete pro-inflammatory cytokines.

Cytokine-matured dendritic cells (DCs) were either electroporated with RNA encoding calKKR or as a control were mock
electroporated. (a) Transfected DCs were co-cultured 2-4 h after electroporation with fresh autologous peripheral blood
mononuclear cells (PBMCs) at a ratio of 1:2 (final concentrations: 1 106 DCs/mland 2 X 10¢ PBMCs/ml] or 1:10 (final
concentrations: 2 X 10° DCs/ml and 2 X 106 PBMCs/ml]. As controls, PBMCs and DCs were cultured alone. Secretion of IL-12p70,
TNFa, and IFNy was measured in the supernatant by Cytometric Bead Array after 24h and 48h of co-incubation. Average cytokine
concentrations with SEM are shown from 7 (24 h) or 4 (48 h) different donors; for original data see Supplemental Table S3. (b)
Transfected DCs were co-cultured with fresh autologous NK cells at a ratio of 5:1 (final concentrations: 1 10¢ DCs/ml and 2 X 105
NK cells/ml) or 1:1 (final concentrations: 1 X 10¢ DCs/mland 1 X 10¢ NK cells/ml). As controls, NK cells and DCs were cultured
alone. Cytokine secretion was measured as described in (a). Average cytokine concentrations are shown from 5 (24h) or 4 (48h)
different donors; for original data see Supplemental Table S4. p values were calculated to the respective mock condition with the
paired Student'’s t test, "**p=<0.0001, **p=<0.001, "p=<0.01, "p<0.05, numbers indicate p values of 0.05<p=<0.1.

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

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

(a) Cytokine-matured dendritic cells (DCs) were electroporated with calKKB-RNA or, as a negative control, were mock
electroporated. A transwell assay was carried out, to analyze whether cell-cell interaction between DCs and NK cells was
required, using a membrane allowing transfer of soluble factors while separating cell populations, 2-4 h after electroporation.
DCs and fresh autologous peripheral blood mononuclear cells (PBMCs) were either completely separated through a 0.4um
pore sized membrane (I=mock DCs, Il=calKKB-DCs) or were co-cultured in the lower compartment (I1.2) and separated

from further PBMCs in the upper (I1l.1). Each condition was incubated for 48h. (b) Surface marker expressions (CD54, CDé9,
and CD25) on NK cells (using the gating strategy shown in Supplemental Figure S2) were determined for each condition as
described in (a) by flow cytometry. Average values of 4 (I) or 5 (Il and Ill) different donors with SEM are shown; for original data,
see Supplemental Table S5. (c] The concentrations of IL-12p70, TNFa, and IFNy in the supernatants from each condition were
measured by Cytometric Bead Array. Average values of 4 (1) or 5 (Il and 1) different donors with SEM are shown; for original
data, see Supplemental Table Sé. All donors were analyzed in independent experiments. p values were evaluated using paired
Student's t test, *p<0.05, numbers indicate p values of 0.05<p=<0.1in (b) and (c].

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

In addition to IL.-12p70 a variety of other cytokines
are induced by NF-kB-activation of calKKp-
transfected DCs.19:30 Therefore, it was investigated
whether the secreted soluble molecules by the
calKKB-DCs were sufficient to activate the NK
cells or if direct cell-cell interaction is needed.
Mock-transfected and calKKp-transfected DCs
were subjected to a transwell assay, which prevents
cell contact of PBMCs and DCs, but allows soluble

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

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

calKKB-DCs can simultaneously activate both
CD8* T cells and NK cells

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

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

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

One of the most desirable properties of DCs for
their use in tumor vaccination is their ability to
activate effector cells to initiate tumor killing. We
could previously show that CD8* T cells stimu-
lated with calKKB-DCs were activated with a
superior lytic capacity towards tumor cells com-
pared with DCs matured with the standard proto-
col.1® As NK cells could also eliminate tumor
cells, a standard cytotoxicity assay was performed
to determine whether calKKB-DCs could also
stimulate NK cells to lyse tumor cells. Therefore,
calKKp- or mock-transfected DCs were co-cul-
tured with autologous PMBCs at a cell ratio of
1:2 and 1:10 (Figure 5(a)) or with autologous
purified NK cells at a cell ratio of 5:1 and 1:1
(Figure 5(b)) for 1 week. The resulting cell popu-
lation was then used in a cytotoxicity assay against
K562 cells with a target-to-effector ratios of 1:20,
1:6, 1:2, and 3:2.

Mock-electroporated DCs could not sufficiently
activate NK cells as they were not able to lyse the
target cells (Figure 5A, B). In contrast, the
calKKB-DCs were able to stimulate PBMCs and
also purified NK cells, resulting in NK cells that
efficiently lysed the K562 cell line (Figure 5).
Stimulated PMBCs were able to lyse K562 cells
at a target-to-effector ratio of up to 1:2, reaching
significance at a target-to-effector ratio of 1:20,
when DCs and PMBCs had been co-cultured at a
cell ratio of 1:10 (Figure 5(a)). calKKB-DC/
PBMUC co-cultures at a cell ratio of 1:2 also led to
a cell population with an enhanced ability to lyse
K562 cells, however, without reaching signifi-
cance. Regarding purified NK cells, both calKKf/
NK cell ratios of 5:1 and 1:1 were able to equip
these NK cells with the ability to significantly lyse
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Figure 4. Stimulation of peripheral blood
mononuclear cells (PBMCs) with calKKB-DCs leads to
activation of both NK cells and CD8* T cells.
Cytokine-matured dendritic cells (DCs) were electroporated
either with calKKB-RNA or, as a control, were mock
electroporated. Transfected DCs were then either loaded with
a CD8* T-cell epitope from the melanoma antigen MelanA
(MelA pept) or were left untreated (no pept). These DCs were
co-cultured with fresh autologous PMBCs at a ratio of 1:10
(final concentrations: 2 X 10° DCs/ml and 2 X 106 PBMC/ml)
and incubated for 1week. (a) MelanA-specific CD8* T cells
were measured by peptide-HLA-tetramer staining. To identify
CD8* T cells the gating strategy shown in Supplemental
Figure SBA-E was used. The percentage of MelanA-specific
CD8* T cells out of all CD8* T cells was calculated. Dot plots
from a representative donor out of four individual donors is
shown; for all original data, see Supplemental Table S7. (b)
The expression of CD69 on NK cells (using the gating strategy
shown in Supplemental Figure S8A-D to identify NK cells)
was determined for each condition via flow cytometry. The
average MFI of four different donors with the SEM is shown;
for original data, see Supplemental Table S8. p values were
calculated to the respective mock condition with paired
Student’s t test. “p=<0.01, p=<0.05.

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

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

Discussion

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

Our group has established a method to enhance
the activation of monocyte-derived DCs matured
with the standard cytokine cocktail through sub-
sequent transfection with a calKKp in order to
additionally activate the NF-xB pathway. This
strategy generated DCs with several advanta-
geous features: (i) the activation of NF-xB led to
an increased activation status of DCs by upregu-
lation of several activation markers, while their
ability to migrate towards lymphatic tissue
remained intact; (ii) they spontaneously and con-
tinuously secreted IL-12p70; and, thus, (iii) acti-
vate CD8" T cells that displayed a memory-like
phenotype characterized by an upregulation of
CD27 with a superior lytic capacity.l® DCs
matured with only the standard cocktail required
CD4" T cell help to secrete IL-12p70 and to
induce CD8" T cells with similar features.4?

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

journals.sagepub.com/home/tam


https://journals.sagepub.com/home/tam

NC Bosch, RE Voll et al.

K562
4 07 o © - Mock 1:2
404 S -~ Mock 1:10
< 43 calkKKR 1:2
o | 30l —o— calKKR 1:10
2
0 2
= | 204 S
© o
<
10 5

1:20 1:6 1:2 3:2
target:effector
(a)
K562
40~
4 o -m Mock 5:1
—-- Mock 1:1
< | 307 43 calkKB 5:1
f’z -0 calkKKR 1:1
21 20-
2
©
21 104
0

3:2

target:effector

(b)

Figure 5. NK cells stimulated with calKKB-DCs can
kill K562 cells.

Cytokine-matured DCs were electroporated either with
calKKB-RNA or, as a control, were mock electroporated. (a)
Transfected dendritic cells (DCs) were co-cultured with fresh
autologous peripheral blood mononuclear cells (PBMCs] at a
ratio of 1:2 (final concentrations: 1 X 10¢ DCs/ml and 2 X 10¢
PBMCs/ml) or 1:10 (final concentrations: 2 X 105 DCs/ml and
2% 10¢ PBMCs/ml) and incubated for 1week. The cytolytic
capacity of the resulting cell population was determined in

a S'chromium release assay. The K562 cell line was used

as target at the indicated effector to target ratios. Average
values = SEM of three independent donors, each analyzed in
triplicates, are shown; for original data see Supplemental Table
S9. (b) Transfected DCs were co-cultured with fresh autologous
NK cells at a ratio of 5:1 (final concentrations: 1 106 DCs/ml
and 2 X 10° NK cells/ml) and 1:1 [final concentrations: 1 X 10é
DCs/mland 1 10¢ NK cells/ml) and incubated for 1week.

The lytic capacity of the resulting NK cells was determined as
depicted in (a). Average values = SEM of three independent
donors, each analyzed in triplicates, are shown; for original
data, see Supplemental Table S10. p values were calculated to
the respective mock condition using the paired Student's ¢ test,
“p=<0.01, "p=<0.05, numbers indicate p values of 0.05<p=<0.1.

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

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

The observation that even immature moDCs are
in principle able to activate NK cells was made
many years ago, but the classical maturation
cocktail did not increase this ability.4! Therefore,
other groups have focused on creating improved
protocols using alternative maturation mixtures,
mostly containing different TLR agonists,!7-27:28
inducing DCs to more efficiently activate effector
cells. Anguille er al. used so-called IL-15-DCs by
replacing IL.-4 with IL-15 during the differentia-
tion of DCs and then using TNFa, IFNy, PGE,,
and R-848 (a TLR-7/8 agonist) for maturation.2?
The maturation cocktail used by Massa et al. con-
tained IFNy and MLPA,!” which is a ligand for
TLR-4, whereas Mailliard ez al. used a matura-
tion mixture consisting of IFNa, IFNy, TNFa,
IL-1B, and a TLR-3 agonist (p-1:C), creating so-
called a-type-1-polarized DCs (aDC1).28

The calKKB-DCs, like the IL-15-DCs, aDCI,
and DCs matured with MLPA and IFNy were all
able to effectively activate NK cells as shown in
the upregulation of CD69 (Figure 1),17:42:43
CD25 (Figure 1),1743 CD54 (Figure 1), and fur-
ther activation markers.*? calKKf DCs were able
to activate both NK cells in co-cultures with
PBMCs and also with purified NK cells showing
that bystander cells were not necessary for
NK-cell activation. NK cells activated through
calKKB-DCs or MPLA and IFNy matured DCs
were both able to secrete IFNy (Figure 2).17 Both
these DCs and also IL-15-DCs were able to
induce NK cells to effectively kill certain tumor
cell lines (Figure 5).17:43 Cytotoxicity of NK cells
activated by aDC1s was not analyzed.*2 Regarding
IFNy production, IL-15-DCs alone were already
able to secrete IFNy themselves, whereas in
IL-15-DC/NK co-culture the secretion of IFNy
did not increase significantly.*> aDC1 were able
to induce IFNy production by NK cells, but only
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when aDCI1 were co-cultured with PBMCs (or
together with CD40L stimulation). In a DC1/NK
cell co-cultures, neither IFNy secretion was
detectable, nor was an upregulation of CD69
seen, showing that co-factors (such as CD40L)
are needed for NK-cell activation with aDC1.4?
In this context, it is noteworthy that CD40L is a
bona fide activator of the NF-«xB pathway.

The standard maturation cocktail contains PGE,
as it has been shown that it is important for the
DCs’ ability to migrate to the lymph nodes
(LNs).#445 However, PGE, interferes with the
IL-12p70 secretion by DCs.4%:47 Through elec-
troporation of calKKB-RNA in DCs matured
with the standard maturation cocktail, this prob-
lem could be overcome, as these DCs still could
migrate towards the LN, but had the ability to
secrete high amounts of IL-12p70.1¢ For IL-15-
DCs PGE, was contained in their maturation
cocktail, indeed creating DCs that could migrate
towards the LN. However, these DCs were not
able to secrete IL-12p70 when left alone, only
gaining this ability when co-cultured with
CD40L-transfected 3T3 mouse fibroblasts, rep-
resenting the CD40—CD40L interaction between
DCs and helper T cells.?” Even though PGE, was
not included in the maturation cocktail to create
aDCl1s, these DCs were still able to migrate
towards the corresponding chemokine, although
not quite as well as DCs matured with the stand-
ard protocol.?8 Despite strong CCR7 expression
on DCs matured with MPLA and IFNy, these
DCs did not show efficient migratory capacity
towards CCL21, indicating a low potency to
migrate towards the ILN.48 Both aDC1 and DCs
matured with MPLA and IFNy were able to
secrete I1.-12p70.17:28

The ability to secrete IL-12p70 is one of the most
favorable features for vaccine DCs. IL-12p70
plays a crucial role in the development of a CD8*
T-cell memory,* and it is also important for a
Th1 response.’® Massa er al. showed that NK
cells are highly dependent on IL-12p70 for the
production of IFNy, whereas IL-12p70 does not
play a central role in the cytotoxicity of NK cells.!?
In line with others,229 we observed that the solu-
ble factors secreted by the calKKB-DC, including
IL-12p70, did not induce NK cells to secrete
IFNy, but that direct cell-cell interaction was
required. An interesting observation was that
once NK cells had become activated via direct
interaction with calKKB-DCs, further NK cells
that could not directly interact with these DCs

were also slightly activated, as indicated by upreg-
ulation of CD54 and slightly CD69, but not
CD25 (Figure 3). It is possible that IFNy in con-
cert with other cytokines produced by activated
NK cells, led to the stimulation of further NK
cells (as reviewed by Boehm ez al.5!). This may
indicate a positive feedback mechanism for NK
cell recruitment but this process as well as the
induced activation program within those NK cells
requires further investigations.

In conclusion, calKKB-DCs meet many features
for an optimal vaccination: they can migrate
towards lymphatic tissue, secrete IL-12p70 for
more than 2days, activate CTL with a memory-
like phenotype and NK cells. The possibility to
activate the NF-kB pathway by mRNA electropo-
ration is another advantage as this is a safe method
approved and tested for clinical use.!%-3! Therefore,
we believe that calKKB-DCs are a powerful tool
for anticancer vaccination and we are about to
start testing these DCs in a phase I clinical trial.
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