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ABSTRACT

Allergic contact dermatitis (ACD) represents a severe
health problem with increasing worldwide prevalence. It
is a T-cell-mediated inflammatory skin disease caused
by chemicals present in the daily or professional envi-
ronment. NiSO, and 2,4-dinitrochlorobenzene (DNCB)
are 2 chemicals involved in ACD. These contact sensi-
tizers are known to induce an up-regulation of pheno-
typic markers and cytokine secretion in dendritic cells
(DCs; professional APCs), leading to the generation of
CD8* Tc1/Tc17 and CD4* Th1/Th17 effector T cells. In

the present study, using a peptide array approach, we
identified protein kinase CK2 as a novel kinase involved in
the activation of human monocyte-derived DCs (MoDCs)
in response to NiSO,4 and DNCB. Inhibition of CK2 activity
in MoDCs led to an altered mature phenotype with lower
expression of CD54, PDL-1, CD86, and CD40 in response
to NiSO, or DNCB. CK2 activity also regulated proin-
flammatory cytokine production, such as TNF-q, IL-18,
and IL-23 in MoDCs. Moreover, in a DC/T cell coculture
model in an allogeneic setup, CK2 activity in MoDCs
played a major role in Th1 polarization in response

to NiSO,4 and DNCB. CK2 inhibition in MoDCs led to
an enhanced Th2 polarization in the absence of
contact sensitizer stimulation. J. Leukoc. Biol.

101: 703-715; 2017.

Introduction

ACD is a T-cell-mediated inflammatory skin disease caused by
type IV delayed hypersensitivity responses to contact allergens
[1]. Contact allergens are chemically reactive haptens

Abbreviations: ACD = allergic contact dermatitis, CK2 = protein kinase CK2
(formerly casein kinase 2), cMFI = corrected MF|, CX-4945 = 5-(3-
chlorophenylamino)oenzo[c][2,6]naphthyridine-8-carboxylic acid, DC =
dendritic cel, DNA-PKC = DNA dependant protein kinase C, DNCB = 2,4-
dinitrochlorobenzene, IRF = interferon regulatory factor, MFl = mean
fluorescence intensity, MoDC = monocyte-derived dendritic cell, MSD =
Meso Scale Discovery (assay), PDL-1 = programmed death ligand-1, RFl =
relative fluorescence intensity, RPMIc = complete RPMI medium
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(molecular mass, <500 Da). During skin penetration, they bind
to self-proteins to generate immunogenic neoantigens [2]. DCs
are the major players in the sensitization phase, the first phase of
ACD. This phase is clinically unapparent; it occurs at the first
contact of skin with the chemical sensitizer and leads to the
generation of hapten-specific T cells [3]. DCs capture the
hapten—self-protein complex, migrate through the lymphatic
vessels, and present the hapten—protein complex to naive T cells
in the draining lymph node to generate CD8" Tcl/Tc17 and
CD4" Th1/Thl7 effector T cells, which enter the blood
circulation [3, 4]. The second phase of ACD, termed the
elicitation phase, occurs upon re-exposure of sensitized individ-
uals to the same hapten, and the reaction becomes clinically
apparent. Specific T lymphocytes are activated in the dermis and
the epidermis and trigger the inflammatory process responsible
for cutaneous lesions [3].

More than 3000 contact allergens have been identified. Nickel,
present in jewelry, piercing jewelry, coins, and smartphones, is
a metallic hapten ranked as the number one allergen in
frequency of positive patch test reactions [5]. DNCB is used as
a reactive intermediate during the manufacture of fungicides,
dyes, and elastomers. It is used to study the mechanisms of
contact sensitivity, because it is can induce ACD in all
immunocompetent humans [6]. Moreover, DNCB is still the
reference product in regulatory tests to measure the potency of
sensitization.

In human in vitro DC models, we and others have demon-
strated that chemical sensitizers such as NiSO4 induce pheno-
typic modifications, with HLA-DR, CD86, CD40, CD83, and
CCR7 up-regulation and secretion of inflammatory cytokines,
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such as IL-8 and TNFa [7-10]. Signaling pathways, such as MAPK
and NF-«kB, have been reported to be involved in DC maturation
in response to contact sensitizers [8, 9, 11, 12]. Thus, inhibition
of p38 MAPK, JNK, and ERK abrogate the NiSO4-induced up-
regulation of CD86, CD83, and CCR7 expression. Otherwise, it
has been demonstrated that p38 MAPK, NF-«kB, and IRF-1 are
involved in IL-12p40 production induced by NiSO, [13]. In
response to DNCB, p38 MAPK controls the expression of HLA-
DR, CD86, and CD83 and the production of IL-8 by DCs [9].
Moreover, p38 MAPK and JNK control TNF-a release in DNCB-
stimulated DCs [7].

The hypothesis that chemical sensitizers can be perceived as a

danger signal by DCs has also been proposed, based on signaling
pathways identified by chemical sensitizer treatment, and is

known to be triggered by danger signals such as TLR agonists [7,
8, 12]. Signaling pathways, such as MAPKs and NF-kB, are known
to be redox sensitive, and oxidative stress induced by chemical
sensitizers has been shown to participate in the DC-maturation
process (for review, see ref. 14). However, very little is known
regarding upstream signals, and therefore pathways that could be
involved in MAPK and NF-kB activation remain to be found. To
this end, we used a peptide array to find the original pathways
implicated in the biologic response of DCs to contact sensitizers.
Results from this peptide array analysis have highlighted the
activation of CK2 (formerly casein kinase 2), a multifunctional
and pleiotropic protein that is ubiquitous and constitutively
active. CK2 is a multisubunit protein kinase that exhibits a
quaternary structure composed of 2 catalytic subunits, CK2a and
CK2a', and 2 regulatory subunits, CK2. As a signaling protein,
CK2 is a prodigious kinase having many cellular functions
associated with a wide repertoire of substrates. Indeed, CK2 has
been found to regulate key transcription factors implicated in
inflammation and cytokine signaling, such as NF-kB and AP-1
[15]. The biologic importance of CK2 in diseases such as cancer
has led to the development of an orally available small molecule
inhibitor, CX-4945 [16].

To investigate the role of CK2 in DC activation in response to
contact sensitizers, we used a highly specific pharmacological
inhibitor of CK2, CX-4945, which displays high potency and an
unequaled selectivity for CK2 [17].

In DGs differentiated from human MoDCs, we showed that
CK2 (1) plays a role in phenotypic maturation and cytokine
production in response to NiSO4 and DNCB and (2) has a major
role in CD4" T-lymphocyte activation and in the control of Thl
polarization without affecting Th17 polarization.

MATERIALS AND METHODS

Generation of DCs derived from human MoDCs

The generation of human MoDCs was performed as described elsewhere [13].
In brief, PBMCs were isolated from whole blood of healthy donors obtained
from Etablissement Francais du Sang (EFS, Rennes, France) by density
centrifugation with Ficoll-gradient (lymphocyte separation medium LSM
1077; PAA, Les Mureaux, France). Monocytes were further isolated from the
mononuclear fraction through magnetic positive selection by using MiniMacs
separation columns (Miltenyi Biotec, Bergish Glabash, Germany), and anti-
CD14 antibodies were coated on magnetic beads according to the
manufacturer’s instructions (direct CD14 isolation kit; Miltenyi Biotec). These
CD14" cells have been confirmed to have purity greater than 95%, based on
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CD14 expression (555398; BD Biosciences, Le Pont de Claix, France)
evaluated by flow cytometry (FACSCalibur; BD Biosciences). Monocytes were
cultured at 1 X 10° cells/ml in the presence of GM-CSF (550 U/ml) and IL-4
(550 U/ml) (both from Miltenyi Biotec) in RPMI 1640 medium with
Glutamax and 25 mM HEPES (ThermoFisher Scientific, Carlsbad, California,
USA) supplemented with 10% heat-inactivated FBS (Biowest, Paris, France),
1% sodium pyruvate (ThermoFisher Scientific), and 1% penicillin/
streptomycin (ThermoFisher Scientific) [RPMIc] for 5 d. The resulting
MoDCs were DC-SIGN"™#", CD1a"8", CD86'", and CD83"", as evaluated by
flow cytometry (FACSCalibur; BD Biosciences).

Chemical treatment

MoDCs were washed twice and then incubated at 1 X 10° cells/ml. The cells
were treated with DNCB (10 uM) or NiSO,4 (500 wM; both from Sigma-
Aldrich, St. Louis, MO, USA) for different periods, depending on the
experiment. DNCB was dissolved in DMSO at 0.1%, as a final concentration in
complete medium, whereas NiSO,4 was dissolved in saline. Inhibition of CK2
was performed with the pharmacological inhibitor CX-4945 (5 uM; Santa Cruz
Biotechnology, Heidelberg, Germany).

Phosphokinome analysis of NiSO,- and
DNCB-stimulated MoDCs

Human MoDCs from 10 healthy donors were selected for their response to
NiSO,4 and DNCB: CD83 and CD86 up-regulation at 24 h determined by flow
cytometry (described below) and activation of phospho-p38 at 30 min,
evaluated by Western blot.

Immature MoDCs (1 X 108 cells/donor/chemical) were treated with
vehicle (DMSO or saline), NiSO,4 (500 uM), or DNCB (10 uM) for 30 or
60 min in culture conditions (37°C, 5% CO,) and were collected on ice,
washed with PBS, and resuspended in 25 pl of the cold lysis buffer Triton 1%
[20 mM Tris-HCI (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1%
Triton X-100, 2.5 mM NasPsO,4, 1 mM B-glycerophosphate, 1 mM NagVOs,
and 1 mM NaF, supplemented with Complete protease inhibitor cocktail
(Roche Diagnostics, Meylan, France)]. Cell lysates were pooled by treatment
(molecule/time), cleaned by centrifugation, diluted in buffer [50 mM
HEPES-KOH (pH 7.5), 10 mM MgCl,, 10 mM MnCl, supplemented with
Complete protease inhibitor cocktail (Roche)], and cleaned a second time, as
above. Supernatant (80 wl) was mixed with 10 wl Activation Mix [20 pnCi of
VSSP—ATP (GE Healthcare Life Sciences, Velizy-Villacoublay, France), 50%
glycerol, 5 mM DTT, 50 mM MgCl,, 50 mM MnCly, 250 p.g/ml PEG 8000, and
250 wg/ml BSA], cleared by an additional centrifugation, loaded on 1
PepChip Kinomics Array (Pepscan Presto, Lelystad, The Netherlands) per
sample, and incubated for 2 h at 37°C in a humidified chamber. Arrays were
washed 4 times alternatively with 2 M NaCl 1% Triton X-100 solution and PBS
1X 1% Triton X-100 solution, rinsed 3 times with distillated water, air dried,
and exposed on a phosphor storage screen (GE Healthcare Life Sciences).
The screen was then scanned with a resolution of 50 wm/pixel on a Storm
Imager (GE Healthcare Life Sciences), and the array scans were quantified
with in-house developed quantification software in a MatLab (Natick, MA,
USA) environment (Pepscan Presto). Arrays contain 1024 peptides (48
controls, 976 experimental, representing redundant phosphorylable motifs
identified in the human genome), each in triplicate on an array. One array
per sample resulted in a maximum of 3 data points per peptide. Background
was subtracted for all individual spots. The spots were corrected for local
minima and maxima on the array and flagged for the number of artifacts. The
spots were subsequently filtered with the Kolmogorov-Smirnov statistic at a
cutoff of P=0.001, to exclude those with a value distribution that could not be
distinguished from the background, and a minimum of 2 values per peptide.
As a threshold for significance, only ratios corresponding to mean differences
of 2.0 X (seM 1 + sEM 2) were considered.

CK2 activity assay

The measurement of CK2 activity was performed by using a published
procedure [18]. In brief, reaction was started by addition of the sample (3 pl)
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to the reaction mixture [20 mM Tris-HCl (pH 7.5), 10 mM MgCly, 150 mM
NaCl, 30 uM ATP, 45 uM of the synthetic peptide RRREDEESDDEE, and

1 nGi of y—[32P]—ATP/reaction in a final volume of 20 pl]. The reaction was
performed for 5 min at room temperature and stopped with 60 wl of 4% cold
TCA. After centrifugation of the reaction mixture, the supernatant was
spotted on phosphocellulose paper squares. After 3 successive 15 min washes
in cold phosphoric acid (0.5%), the radioactivity on phosphocellulose paper
was counted in scintillation liquid. Results are expressed either as total activity
(cpm) or as specific activity (cpm/milligram protein per minute of reaction).
Protein concentration was determined with the micro-bicinchoninic acid
technique.

Treatment of MoDCs

On d 5, immature MoDCs were harvested and washed in RPMIc. MoDCs were
then pretreated with CX-4945, the specific pharmacological inhibitor of CK2
(5 uM, sc-364475; Santa Cruz Biotechnology). After 1 h of incubation at 37°C,
MoDCs were treated or not with NiSO4 (500 pM) or DNCB (10 uM). The
stimulation time at 37°C ranged from 30 min to 24 h, depending on the
experiment.

Functional analysis of MoDC endocytosis:
internalization of dextran-FITC

The endocytic capacity of the cells was analyzed by the measure of dextran-
FITC uptake, a probe for mannose receptor-mediated endocytosis. MoDCs
were pretreated for 1 h at 37°C with DMSO or CX-4945 (5 uM) and then
stimulated or not with NiSO4 (500 M) or DNCB (10 wM) for 24 h, washed,
and resuspended in RPMIc at 2 X 10° cells/ml. One hundred microliters of
the cell suspension was incubated for 1 min at 37°C (or at 4°C for controls)
before the addition of 100 wl of 1 mg/ml dextran-FITC (molecular mass,
40 kDa; ThermoFisher Scientific) solution for different times. At 15 min,

30 min, 1 h, or 2 h, the reaction was stopped by adding 4 ml cold PBS; then,
the cells were washed 4 times with cold PBS. The uptake of dextran-FITC was
analyzed by flow cytometry with a FACSCalibur cell analyzer and CellQuest
software (BD Biosciences).

Flow cytometric analysis of MoDC maturation

After 24 h of treatment with DMSO or CX-4945 with or without chemical
sensitizers (NiSO4 or DNCB), the MoDCs phenotype was analyzed by flow
cytometry. The labeling procedure was performed as follows: 2 X 10° cells/ml
were washed in cold PBS supplemented with 0.5% of BSA and stained with
mAbs in the dark on ice for 20 min. After a wash with cold PBS, the cells are
fixed in 1% paraformaldehyde diluted in PBS. The following mAbs were used:
FITC-abeled mouse anti-human CD86 [2331 (FUN-1); BD Biosciences), anti-
human CD40 (5C3; BD Biosciences) and anti-human PDL-1 (CD274; MIH1;
BD Biosciences); allophycocyanin-conjugated mouse anti-human CD83
(HB15e; BD Biosciences), anti-human CD54 (HA58; BD Biosciences), and
anti-human HLA-DR (G46-6; BD Biosciences). Appropriate isotype controls
(mouse IgGlk; BD Biosciences) were used at the same concentration to
determine nonspecific staining. A minimum of 10,000 cells were analyzed on a
FACSCalibur cell analyzer with CellQuest software (BD Biosciences). Living
cells were identified on the basis of their physical characteristics [forward
scatter and side scatter). Results are expressed as the RFI, using the ¢cMFI, as
follows: cMFI = MFI of cells/MFT of isotype control; RFI = cMFI of treated
cells/cMFI of untreated cells.

Quantitative real-time RT-PCR assay of cytokines
in MoDCs

Total RNA was extracted after lysis of MoDCs treated for 6 h (10° cells/ml)
with RNA-PLUS reagent (MP Biomedicals, Santa Ana, CA, USA). Total RNA
pellets were resuspended in RNAse-free water and quantified by spectropho-
tometry. First-strand cDNA was synthesized from total RNA on a thermocycler
(Biometra, Gottingen, Germany). The reaction used 1 pg of total RNA, a
dNTP mixture (containing 25 mM dATP, dGTP, dCTP, and dTTP) and

50 wM oligo (dT) primers (MWG Biotech, Ebersberg, Germany). Reverse
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transcription was performed in 1X AMV reverse transcriptase reaction buffer
(Promega, Charbonniéres-les-Bains, France), with RNase inhibitor (RNasine;
Promega) at 40 U/pl, AMV reverse transcriptase (Promega) at 10 U/ul, and
RNase-free water, to a final volume of 10 pl. A control without reverse
transcriptase was used to confirm the absence of DNA contamination. Real-
time PCR was performed with SYBR Green technology on a CFX96 system
(Bio-Rad, Marnes-la-Coquette, France). Each reaction mix consisted of 1:50
diluted ¢cDNA in a 4 pl final volume of nuclease-free water; 0.5 uM of each
forward and reverse primer for il-12p35, il-12p40, il-23p19, irf-1, irf-4, irf-8,
Gapdh, and b-actin; and Sso Advanced Supermix (Bio-Rad) in a total reaction
volume of 10 pl. The following specific primers are used (forward and reverse,
respectively): il-12p40: 5'-TGG AGT GCC AGG AGG ACA GT-3' and 5'-TCT
TGG GTG GGT CAG GTT TG-3'; il-12p35: 5'-ACC ACT CCC AAA ACC
TGC-3" and 5'-CCA GGC AAC TCC CAT TAG-3'; il-23p19: 5'-GTT CCC CAT
ATC CAG TGT GG-3' and 5'-TCC TTT GCA AGC AGA ACT GA-3'; irf-I:
5'-ACC CTG GCT AGA GAT GCA GA-3' and 5"-TTT TCC CCT GCT TGT
ATC G-3'; irf4: 5'-AGC ATC TTC CGC ATC CCC-3' and 5'-CAT CTG CGG
GTC CTC CAA-3"; inf-8: 5'-GAC AGT GGC TGA TCG AGC AG-3'" and
5'-CTT CCA AGT GGC TGG TTC AGGC-3'; gapdh: 5'-CAG CCT CAA GAT
CAT CAG CA-3' and 5'- TGT GGT CAT GAG TCC TTC CA-3'; and b-actin:
5'-GGC ATC CTC ACC CTG AAG TA-3' and 5'-GCA CAC GCA GCT CAT
TGT AG-3'.

After 30 s at 95°C for Sso7dfusion polymerase activation, amplification was
allowed to proceed for 44 cycles, each consisting of denaturation at 95°C for
5 s and annealing/extension at 62°C for 5 s. Eightfold serial dilutions of mixed
c¢DNA (from different samples) were analyzed for each target gene, allowing
us to construct linear standard curves from which the efficiency (E) of each
PCR run was evaluated. SYBR green fluorescence was detected at the end of
each elongation cycle, after which a melting curve was constructed to confirm
the specificity of the PCR products. Quantification was performed with CFX
Manager Software (Bio-Rad), and data were analyzed by the A4C, method.
Ratios are calculated as the geometric mean of (1 + E) — AACty where E is the
efficiency and 824G, is the target gene expression of treated cells compared
with normal levels in untreated cells, with correction for the expression of the
reference genes b-actin and GAPDH. Results are expressed as the fold factor
increase (i.e., ratio of (1 + E) — AAC[ of treated cells/(1 + E) — AACt of
untreated cells).

T-lymphocyte proliferation

The capacity of MoDCs to activate CD4" T cells was evaluated by the use of
allogeneic T CDh4* lymphocytes labeled with 0.5 pM CFSE, according to the
manufacturer’s instructions. CD4" T cells were isolated from PBMCs by
positive selection with the MACS CD4 isolation kit IT (Miltenyi Biotec). These
T cells were confirmed to have purity greater than 95%, based on CD4
(555349; BD Biosciences) expression evaluated by flow cytometry.

MoDCs were pretreated or not with CX-4945 (5 uM) and then stimulated
with NiSO,4 or DNCB for 24 h. Treated MoDCs were washed and then cultured
with allogeneic CD4" T cells at a 1:10 DC/T-cell ratio for 5 d in RPMI 1640
Glutamax supplemented with 10% AB human serum, in round-bottomed
96-well plates. On day 5, CD4" T-cell proliferation was analyzed by flow
cytometry and expressed as the percentage of CFSE'" cells present in the
sample. Cell division was next determined by analyzing CFSE dilution with a
FACSCalibur flow cytometer and CellQuest software (BD Biosciences).
Supernatants were then analyzed for cytokine release, as described below.

T-lymphocyte polarization in response to MoDCs

To study differentiation of naive Th cells into Thl, Th2, or Th17 effectors
cells, naive CD4" T cells, isolated using naive CD4" T cell isolation kit II
(130-094-131, Miltenyi Biotec), were cocultured with treated MoDCs. After

5 d of coculture, the T cells were stimulated with anti-CD2/3/28 beads (bead-
to-cell ratio 1:2) from a T-cell activation and expansion kit (130-091-441,
Miltenyi Biotec) for 48 h. Supernatants were analyzed for cytokine release (as
described below), and the cells were stained with anti-CD4 Alexa Fluor 700
(56-0049-42; eBioscience, Paris, France), fixed, and permeabilized with a
Foxp3 staining buffer set (00-5523, eBioscience), according to the manufac-
turer’s instructions. For other transcriptional factors, RORYT-APC
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(17-6988-82; eBioscience), GATA3-PE (12-996642, eBioscience), and T-Bet-
Brilliant Violet 605 (644817, BioLegend, London, UK) were used for
staining. The cells were analyzed on an FACS Fortessa with Diva software
(BD Biosciences) and gated on living cells based on ZombieAqua staining
(BioLegend).

Cytokine quantification in MoDCs and MoDC/T-cell
culture supernatants

The supernatants of 24 h cultured MoDCs were assayed for IL-6, IL-8, TNF-,
IL-1B, IL-12p70, 1L-23, and MIP-1B production, with an MSD multiplex assay
(Human Proinflammatory Panel-1, Prototype Human IL-23, and Chemokine
Panel-1 kits; Meso Scale Discovery, Gaithersburg, MD, USA).

Supernatants of MoDCnaive or total CD4" T cell cocultures were also
analyzed for their cytokine production. IFN-y, IL-5, 1L-13, IL-10, and IL-17
(Human Proinflammatory Panel-1 and V-PLEX Custom Human Cytokine
Panel-1 kits) were quantified with the MSD multiplex assay.

Statistical analysis

Data are expressed as means * sem. Differences between groups were
evaluated with the Mann-Whitney U test (Prism Software; GraphPad, La Jolla,
CA, USA). P < 0.05 was regarded as significant.

RESULTS
Phosphokinome array

MoDCs from donors exhibiting at least a 1.5-fold increase in
CD86 and phosphorylation of p38 MAPK at 30 and 60 min in
response to chemical sensitizers were analyzed. As many
upstream kinases were activated in response to the chemicals,
only the top 5 up-regulated kinases were presented for each time
and each chemical (Fig. 1).

DNCB and NiSOy activated different kinase profiles that are
important in the DCs’ biologic process (Fig. 1). We found that 2
of these kinases were highly activated by both chemicals at both
times (30 and 60 min): ERK and CK2 subunits a or o'.
Furthermore, cell division cycle protein 2 homolog, PKC, JNK,
DNA-dependent protein kinase C, and Fyn were highly activated
but have already been described as key players in DCs activation
and function, such as ERK [19-23]. Among all these kinases, only
CK2 was a novel kinase that had not been described to play a role
in DC biology to date. Thus, we chose to evaluate the role of CK2
in NiSOy4- and DNCB-stimulated MoDCs.

Inhibition of CK2 activity by CX-4945 does not
modulate the uptake of dextran-FITC by MoDCs
To address the role of CK2, we used a specific pharmacologic
inhibitor of CK2, CX-4945, a potent small inhibitor of CK2
displaying an excellent kinase selectivity profile [24] and
drastically inhibiting CK2 activity at 5 uM (Fig. 2A), without
cytotoxicity in MoDCs (data not shown). Our results showed that
global CK2 activity was not modulated by the chemical treatment,
contrary to the results observed in the phosphokinome, which
measured the activity on specific phosphorylation motives
depending on the substrate (Fig. 1). This result was not
surprising, because CK2 is constitutively active [15].

DGCs have 3 main functions: endocytosis, migration, and
antigen presentation to T lymphocytes. First, we examined
whether the inhibition of CK2 activity by CX-4945 impairs
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Figure 1. MoDCs display important kinase activity in response to NiSO,
and DNCB. Peptide microarray analysis of the predicted kinase
activity of the top 5 kinases up-regulated in MoDCs by 30 and

60 min stimulation with NiSO4 500 uM (A) or DNCB 10 pM (B).
Protein lysates of 10 independent donors were pooled and results
were expressed as fold increase compared to control. DNA-PKC:
DNA dependant kinase C; EphA4: ephrin type-A receptor 4; CDC2:
cell division cycle protein 2 homolog; FER: (fps/fes related) tyrosine
kinase.

endocytic capacity, analyzed by dextran-FITC uptake by imma-
ture MoDGs. Cells were thus pretreated or not with CX-4945 for
1 h, washed, and incubated with dextran-FITC solution at 37°C
for different times (Fig. 2B). MoDCs’ endocytic capacity was
identical in the presence or absence of CX-4945. As the negative
control, similar experiments are performed at 4°C, in which the
uptake of dextran-FITC by MoDCs was inhibited. As expected,
mature MoDCs (MoDCs stimulated for 24 h with NiSO,4 or
DNCB) had a decreased ability to take up dextran-FITC at

30 min. CX-4945 pretreatment did not modulate the dextran-
FITC uptake in stimulated MoDCs (Fig. 2C). These data indicate
that CK2 does not control endocytic activity in stimulated and
unstimulated MoDCs.

Inhibition of CK2 activity down-regulates the expression
of key surface markers for MoDCs maturation

Because MoDCs activated by contact sensitizers have been shown
to acquire a mature phenotype, we evaluated the role of CK2 in
the acquisition of a mature phenotype in response to NiSO4 or
DNCB. After incubation with CX-4945 for 1 h, MoDCs were
stimulated for 24 h with NiSO4 or DNCB, and the expression of
several MoDC maturation markers was quantified by flow
cytometry. As previously described, NiSO4 and DNCB induced
MoDC maturation [8, 9, 25], as shown by the increased
expression of CD86, CD83, CD40, PDL-1, and MHC II (Fig. 3A
and B). Contrary to NiSO4, DNCB did not increase CD54
expression in our hands.
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Figure 2. Inhibition of CK2 activity does not modulate uptake of
dextran-FITC by MoDCs. MoDCs were pretreated for 1 h with CX-
4945 (CX, 5 or 10 uM) and stimulated for 6 h with NiSO4 (500 uM)
or DNCB (10 pM). CK2 activity was measured by incorporation of
v-[*?P]-ATP on a synthetic peptide specific to CK2 (A). Results

are expressed as total activity (cpm) and are representative of 3
independent experiments. MoDCs were incubated with DMSO 0.1%
or CX-4945 (CX, 5 puM) for 1 h before incubation with dextran-
FITC (0.5 mg/ml) at 37°C for various times and the uptake of
dextran-FITC was analyzed by flow cytometry (B). MoDCs were
pretreated for 1 h with DMSO or CX-4945 (5 wM) and stimulated
or not with NiSO4 (500 uM) and DNCB (10 uM) for 24 h before
incubation with dextran-FITC (0.5 mg/ml) at 37°C for 30 min (C).
MoDGs incubated with dextran-FITC (0.5 mg/ml) at 4°C were used
as the control. Histogram represents MFI of 3 independent
experiments.

Pretreatment of MoDCs with CX-4945 significantly decreased
NiSOy-induced up-regulation of CD86, PDL-1, and CD54
expression, with the following percentage reductions: CD86,
44 = 7%; PDL-1, 60 = 8%; and CD54, 36 = 7%. Only a slight
decrease was observed in CD83 and CD40 (Fig. 3A). Pre-
treatment of DNCB-stimulated MoDCs with CX-4945 signifi-
cantly decreased PDL-1, CD54, and CD40 expression, with
the following percentage reductions: PDL-1, 38 = 8%; CD54,
57 * 10%; and CD40: 40 = 8% (Fig. 3B). In control cells, CK2
did not modulate the expression of the studied markers, CD86,
CD83, PDL-1, CD54, and CD40, but negatively controlled basal
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MHC II expression. Indeed, control cells pretreated with
CX-4945 exhibited a significant increase in MHC II expression
(Fig. 3A and B).

These results show that CK2 controlled PDL-1 and CD54
expression in response to DNCB and NiSO,4, whereas CK2
controlled CD86 expression in response to NiSO4 and CD40 in
response to DNCB. Taken together, these data demonstrate that
the inhibition of CK2 activity prevents full MoDCs phenotypic
maturation in response to DNCB and NiSOy.

Inhibition of CK2 activity modulates cytokine
production by MoDCs

We quantified cytokine production in MoDC supernatants by
using an MSD multiplex assay. Cytokines were measured 24 h
after NiSO4 or DNCB stimulation of MoDCs, pretreated or not
with CX-4945. Both NiSO4 and DNCB stimulation induced the
production of the proinflammatory cytokines IL-6 and TNF-«
and the chemokines CCL-4 and CXCL-8 in MoDCs. Only NiSO,4
induced a relevant production of IL-1p and -23 (Fig. 4A and B).
In response to NiSOy, inhibition of CK2 activity had no effect on
CXCL-8 production, whereas production of IL-13 and -23 was up-
regulated compared to that in NiSOy-stimulated MoDCs (Fig.
4A). Moreover, CX-4945 pretreatment led to a decrease in IL-6,
TNF-o, and CCL-4 production in NiSOy-stimulated MoDCs. In
response to DNCB, CXCL-8 was down-regulated in MoDCs
pretreated with CX-4945 (Fig. 4B). However, TNF-a production
was increased in the absence of CK2 activity in DNCB-stimulated
MoDCs.

Regarding IL-12p70, the absence of CK2 tended to decrease
IL-12p70 production slightly, in response to NiSOy4. Because
IL-12p70 is made-up of IL-12p40 and IL-12p35 subunits and IL-23
comprises IL-23p19 and IL-12p40, we measured the different
subunits by RT-qPCR: il12p35, il12p40, and il23p19. In response
to NiSO4, mRNA expression of the 3 subunits mentioned above
was up-regulated (Fig. 4C). In the absence of CK2 activity, mRNA
expression of i-12p35 tended to be decreased, whereas il-12p40
and 23-p19 mRNA expression, subunits of IL-23, were signifi-
cantly increased.

Taken together, these results are evidence that CK2 plays a
role in the production of several proinflammatory cytokines by
MoDCs in response to NiSO4 and DNCB. il12p35 is controlled
positively, whereas il-12p40 and il-23p19 are negatively controlled
by CK2 via a transcriptional mechanism.

Inhibition of CK2 activity impairs the capacity of
DNCB- and NiSO-treated MoDCs to activate

CD4" T-lymphocyte proliferation

Because we showed that CK2 is involved in MoDCs’ acquisition of
a mature phenotype and production of cytokines, we then
studied the capacity of CX-4945-pretreated MoDCs to activate
CD4" T lymphocytes. Although NiSO4 and DNCB are known to
trigger contact hypersensitivity, mainly through CD8" cytotoxic
effector T lymphocytes in mice [3], the question was the
importance of CK2 activity in the functional capacity of human
DCs to activate CD4" T lymphocytes, a key step in initiating a full
immune response [26].
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Figure 3. Inhibition of CK2 activity down-regulates the expression of key surface markers of MoDC maturation. Immature MoDCs were pretreated
for 1 h with DMSO 0.1% or CX-4945 (CX, 5 pM) and then stimulated for 24 h with NiSO4 500 puM (A) or DNCB 10 pM (B). After 24 h, the
expression of cell surface markers was quantified by flow cytometry. Data represent the results of 5 independent experiments and are expressed as
the fold increase over control medium (for NiSO4) or DMSO (for DNCB). *P < 0.05; **P < 0.01 (Mann-Whitney test).

NiSO4 or DNCB-stimulated MoDCs, pretreated or not with
CX-4945, were coincubated with allogeneic CD4" T lymphocytes
loaded with CFSE. Proliferation was evaluated on d 5 as a
percentage of CFSE'® CD4" T cells. In the absence of DC
treatment with NiSO, or DNCB, <30% of CD4" T cells were
CFSE'"®". Pretreatment of MoDCs with CX-4945 had no effect on
CD4" T cell proliferation in the absence of NiSO4 or DNCB
stimulation (Fig. 5A and 5B). NiSOy4- or DNCB-stimulated
MoDCs augmented the proliferation of CD4" T lymphocytes with
51 = 5% and 41 = 3% of CFSE'" cells, respectively. The
proliferation of CD4" T lymphocytes cocultured with MoDCs
pretreated with CX-4945 and then stimulated with NiSO,4 or
DNCB was significantly decreased (36 * 5% and 23 * 2% of
CFSE" cells, respectively; Fig. 5A) without affecting the number
of cell cycles of the proliferating cells (Fig. 5C). However,
CX-4945 pretreatment led to a decrease in cell count in each
generation, particularly in generations 5 and 6 with NiSO,4 and in
4 and 5 with DNCB. The collective findings reveal that CK2

708 Journal of Leukocyte Biology \Volume 101, March 2017

activity is involved in the capacity of NiSO4- or DNCB-stimulated
MoDCs to augment CD4" T cell proliferation. The data suggest
that CK2 plays a role in the proliferation of T lymphocytes
through DCs.

Inhibition of CK2 affects CD4" T-cell polarization
induced by DNCB- and NiSOy-activated MoDCs

CK2 appears to have an important role in MoDCs’ ability to
activate CD4" T-lymphocyte proliferation and to modulate key
cytokine production known to be involved in T-cell polarization.
We thus addressed its role in T-cell polarization. MoDCs were
incubated for 24 h, with or without DNCB or NiSOy, in the
presence or absence of CX-4945, and then cocultured with
allogeneic CD4" T lymphocytes. Cytokine production of activated
T lymphocytes was evaluated 5 d later by quantifying cytokines in
cell culture supernatants with an MSD multiplex assay (Fig. 6).
Because high variability was observed between donors, results are
expressed as fold increase compared to control DMSO or
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Figure 4. Inhibition of CK2 activity modulates cytokine production by MoDCs. Immature MoDCs were pretreated for 1 h with DMSO 0.1% or
CX-4945 (CX, 5 wM) and then stimulated for 24 h with NiSO4 500 uM (A) or DNCB 10 puM (B). Levels of IL-1B, CXCL-8, IL-6, TNF-a, CCL4,
IL-12p70, and IL-23 were quantified in MoDCs supernatants with a Multi-Scale Discovery Multiplex assay. Immature MoDCs were pretreated for 1 h
with DMSO 0.1% or CX-4945 (CX, 5 uM) and then stimulated for 6 h with NiSO,4 500 WM. [I-12P35, il-12P40, and i-23P19 mRNAs were quantified
by real-time RT-PCR (C). Data represent the results of 5 independent experiments and are expressed as means * seM (A and B) or as fold increase

normalized to control (C). *P < 0.05; **P < 0.01 (Mann-Whitney test).
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Figure 5. Inhibition of CK2 activity impairs DNCB but not NiSO, MoDC-induced CD4+ T-lymphocyte proliferation. CFSE-loaded CD4" T
lymphocytes were cultured with allogeneic MoDCs pretreated with (A) NiSO4 500 uM or (B) DNCB 10 uM (ratio 1 T cell: 10 DCs) in the presence
or absence of CX-4945 (CX, 5 uM). On day 6 the percentage of CFSE™" cells was determined by flow cytometry. Results are expressed as the
percentage of CFSE" cells, corresponding to T-cell proliferation or as cell counts per generation (C). The results are representative of 8

independent experiments. *P < 0.05; **P < (.01 (Mann-Whitney test).

medium. As expected, NiSO4- or DNCB-stimulated MoDCs
augmented the secretion of IFN-y by T cells, whereas IL-17 was
produced only in the presence of NiSOy-stimulated DCs. In the
absence of CK2 activity in DCs, secretion of IFN-y by T cells was
down-regulated in response to MoDCs treated with either
chemical (Fig. 6A and B). However, IL-17 production was
maintained in the absence of CK2 activity, in response to MoDCs
treated with NiSO, (Fig. 6A). These results suggest that CK2 in
DGs controls Thl polarization by controlling T-cell IFN-y
secretion in response to both NiSO4 and DNCB (Fig. 6A and B).

Analysis of naive allogeneic CD4" T-cell supernatants, cocul-
tured for 5 d with MoDCs pretreated or not with CX-4945 and
stimulated with NiSO,, showed that CK2 controlled IFN-y
secretion without affecting IL-17 production in naive CD4"

T cells. As previously shown by Turbica et al. [27] in naive CD4"
T cells, NiSOy stimulation induced IL-5 and -13 production
contrary to total CD4" T cells. Solely in the absence of CK2
activity in untreated MoDCs, IL-5 and -13 production was
enabled.

These results suggest that CK2 activity could negatively
regulate IL-5 and -13 expression in response to unstimulated
MoDCs (basal state).

Taken together, these data indicate that CK2 is involved in
T-cell polarization, both in the basal state and in stimulated

710 Journal of Leukocyte Biology Volume 101, March 2017

conditions. CK2 seemed to particularly control Thl response by
modulating IFN-y production in response to NiSO4 and DNCB.

Inhibition of CK2 activity modulates key transcription

factors involved in DC and in T-cell polarization

The initiation of (Th1/Th17)/Th2 response was dependent on
the expression of members of the IRF family in DCs and other

transcription factors, such as T-Bet, known to be involved in Thl
response, RORYT for Th17 polarization, and GATA-3, known to
be involved in Th2 polarization.

First, we analyzed by RT-qPCR the expression in MoDCs of the
main IRFs described in T-cell polarization: #f-1, -4, and -8. NiSO,
stimulation induced the up-regulation of expression of if-1, -8,
and -4 mRNA (Fig. 7A), whereas CX-4945 pretreatment of
MoDCs before NiSOy-stimulation led to a strong down-regulation
of all the tested IRF mRNA expression. DNCB stimulation
induced mRNA expression of #rf1, down-regulated mRNA
expression of irf4, and did not modulate ir8 mRNA (Fig. 7B).
Loss of CK2 activity with CX-4945 pretreatment before DNCB
stimulation led to a significant decrease in /"] mRNA
expression. Irf-<4 mRNA expression in MoDCs was significantly
increased in the absence of CK2 activity without chemical
stimulation (Fig. 7A and B). DNCB and NiSO, induced the
expressions of #f mRNA in a different manner. However, the
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Figure 6. Inhibition of CK2 activity modulates DNCB and NiSO4 MoDCs-induced CD4" T lymphocyte polarization.
coincubated with MoDCs, both immature and NiSO4 (A) and DNCB- (B) treated, and naive CD4" T lymphocytes (C) were coincubated with

NiSO4-stimulated MoDCs in the absence or presence of CX-4945 (5 wM). On day 5, cytokines were quantified in the coculture supernatants using a
Multi-Scale Discovery Multiplex assay. Results are expressed as fold increase compared to control medium or DMSO; or are shown as dot plots. The
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results represent 6 (A and B) or 5 (C) independent experiments. *P < 0.05; **P < 0.01 (Mann-Whitney test).
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Figure 7. Inhibition of CK2 activity modulates mRNA expression of IRFs in MoDCs. Immature MoDCs were pretreated for 1 h with DMSO 0.1% or
CX-4945 (CX, 5 uM) and then stimulated for 6 h with (A) NiSO4 500 uM or (B) DNCB 10 pM. IRF-1, -8, and -4 mRNAs were quantified by real-
time RT-PCR. Naive CD4" T lymphocytes were coincubated with NiSO4-stimulated MoDGCs (C) in the absence or presence of CX-4945 (5 uM). On
day 5, cells were restimulated with anti-CD3/CD2/CD28 beads for 48 h and stained with CD4-Alexa Fluor 700, CD3-FITC, RoryT-APC, GATAS-PE,
and T-Bet Brilliant Violet 605. Living cells (ZombieAqua negative cells) were analyzed by flow cytometry. Data represent the results of 5 independent
experiments and are normalized to the control. *P < 0.05; **P < 0.01 (Mann-Whitney test).
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3 IRFs (irf-1, -4, and -8) induced in response to NiSO4 and #rf-1
induced by DNCB stimulation was regulated by CK2.

The analysis of other transcription factors using intracellular
staining allowed us to show that NiSOstimulated MoDCs
induced slight T-Bet (from 6.5 to 7.8%, and from 8.7 to 11.4%),
GATA-3 (from 11.5 to 13.9%), and RORyT (from 5 to 10.5%)
expression (Fig. 7C). CX-4945 pretreatment of NiSO,-stimulated
MoDCs did not modulate T-Bet expression, whereas RORYT and
GATA-3 expression was increased (from 10.5 to 12.5% and from
13.9 to 16.2%, respectively). GATA-3 was decreased in CX-4945-
pretreated control cells, suggesting that the up-regulation of Th2
cytokines (IL-5 and -13) could be measured independent of
GATA-3, probably because the T-cell population was not highly
polarized.

DISCUSSION

Allergic contact dermatitis is a T-cell inflammatory disease
wherein DCs play a crucial role. Chemical sensitizers like NiSOy4
and DNCB have been demonstrated to induce the expression of
markers related to DC maturation and function and the
production of proinflammatory cytokines. Furthermore, these
chemicals induced the phosphorylation of MAPK family proteins
and the activation of the NF-kB pathway, mimicking the effects of
danger signals and leading to the acquisition of a mature
phenotype by DCs [7-9, 11-13].

Using a peptide array approach, we identified a novel kinase,
protein kinase CK2 (formerly casein kinase 2), that plays a role in
the acquisition of a mature phenotype in DCs in response to
DNCB and NiSO,4, well-known contact sensitizers. CK2 has been
described to participate in the activation of several major
signaling pathways as Ras-Raf-MEK-ERK, p38 MAPK, PKC, and
PI3 kinase-Akt and to phosphorylate different MAPK effec-
tors [28].

In this work, we studied the role of CK2 in DC activation in
response to contact sensitizers. Our data are the first to
demonstrate such a role for CK2 in DCs. The inhibition of CK2
prevented NiSO4 or DNCB-induced DC maturation and
impaired T-cell proliferation by these well-known contact
allergen inducers of DC maturation.

In response to contact allergens, in vitro, DCs preferentially
secrete cytokines that polarize the T-cell response toward Tcl/
Thl and Tcl7/Th17 effector T cells [29]. In ACD caused by
nickel, there is a massive cellular infiltration dominated by
CD4" T cells producing IL-17 and IFN-y in nickel-challenged
skin [30]. Pickard et al. [26] also showed that DNCB leads to
Th1 and Tcl responses in humans exposed to this chemical. In
our hands, the absence of CK2 activity led to an alteration of the
cytokine profile secreted by T lymphocytes: secreting less IFN-y
in response to both chemicals, whereas IL-17 production was
maintained in response to NiSOy. In the absence of CK2 activity
in NiSOg-stimulated MoDC, the up-regulation of IL-23 and -1
could promote Th17 polarization vs. Th1/Th17 [31]. Further-
more, allogeneic T CD4" lymphocytes proliferation was
affected. These data support the notion that CK2 activity in DCs
drives T-cell polarization by preferentially inducing a Thl
response to contact sensitizers without modulating Th17
polarization.

www jleukbio.org

Role of CK2 in DC activation and Th1 response

The IRF family can directly alter the transcription of cytokine
genes by Th cells, and the IRF family controls many aspects of DC
biology [32]. IRFs govern the development of various DC subsets
and promote and modulate DC maturation [33]. The main IRF
transcription factors involved in T-cell polarization are IRF-1, -4,
and -8. IRF-1 and -8 are involved in IL-12 synthesis and drive
Th1l/Th17 response [32, 34], whereas IRF-4 controls Th2
response [35, 36]. In the present work, i1 mRNA was induced
in response to both chemicals, whereas if4 and #r~8 mRNAs
were induced only in response to NiSO4. We found that DCs
stimulated with NiSO, are IRF1"'IRF8""IRF4"*PDL-1""CD54"'"
DCs, allowing a Th1/Th17 response, and DNCB-stimulated DCs
were IRF1'PDL-1'"" CD54'", allowing a Th1 response. Inhibition
of CK2 activity could convert these DCs into IRF1*IRF8™ IRF4"
PDL-1'°"CD54"*" DCs in response to NiSO, and into
IRF1 PDL1 CD54  DCs in response to DNCB. Our results
showed that CK2 regulated irf-8 positively, whereas it negatively
regulated /23p19 and il12p40 mRNA. IL-23, mainly released by
DCs, was an essential component for the maintenance but not
the induction of Th17 cells [37]. The induction of IL-23 seems to
be independent of IRF-8 and suggests that other transcription
factors are regulated by CK2, such as NFAT and IRF-4 [38].
Accordingly, the negative regulation of IRF1 and -8 in MoDC in
absence of CK2 activity is in accordance with the maintenance of
Th17 polarization in response to NiSO4 These results correlated
very well with the higher percentage of ROR" cells in response to
NiSOy pretreated with CX-4945 compared to NiSOy alone. In
response to DNCB, the low IRF-1 expression could explain the
low production of IL-12, a key cytokine for Thl polarization.

The absence of CK2 in unstimulated DCs leads to a
spontaneous Th2 polarization. Our results suggest that CK2
activity in MoDC could control the DC phenotype prone to Th2
polarization, as shown by Ulges et al. [39]. Their study
demonstrated that CK2 allows regulatory T cells to suppress
excessive Th2 response in vivo [39]. In our study, these cells were
T-Bet'GATA3'ROR-y'IL-5'TL-13'IL-17' TFN-y~. T-Bet and
GATAS3 are frequently coexpressed in different lineages, and the
balanced interplay between them dictates the resultant cell fate
[40]. It has been shown that T-Bet undergoes several post-
translational protein modifications, such as phosphorylation on
tyrosine, serine, and threonine residues, affecting Th cell
differentiation [41]. The absence of CK2 activity in MoDC may
alter indirectly some signaling pathways involved in T-cell
activation, particularly in T-Bet phosphorylation. However, the
signal provided by contact allergen stimulation inhibits the Th2
response induced in the absence of CK2 activity.

Our study also shows that CK2 negatively controls irf-4
transcription in unstimulated MoDCs. Because IRF-4 has been
shown to be a key regulator of DC-Th2 development [42], we
could propose that &/~ mRNA induction in MoDCs explains the
spontaneous Th2 polarization. Neither PDL-2 nor OX40L,
markers described as Th2 inducers, are induced in the absence
of CK2 activity in unstimulated MoDCs (data not shown). Ulges
et al [39] have demonstrated that the genetic ablation of the
B-subunit of CK2, specifically in Tregs, results in the maturation
of IRF4"PDL-2* DCs, required for the development of Th2
response in vivo. In our study, NiSO4, inducing IRF4"PDL1" DCs
were also required for naive Th2 polarization.
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In conclusion, this work contributes to a better understanding

of the role of CK2 in DC-T cell crosstalk, as recently described
[39, 43, 44], and highlights CK2 as a key kinase in chemical

sensitizer-induced DC phenotype modulation, cytokine produc-

tion, and CD4" T-lymphocyte polarization. CK2 controls Thl
response through IFN-y secretion by T cells and maintains Th17

polarization through IL-1B and -23 production by DCs, in-
dependent of IRF8. As a transcription modulator, CK2 triggers
an efficient immune response because this kinase modulates
mRNA expression of several cytokines such as IL-23 and
transcription factors involved in T-cell response. Our results also
suggest that CK2 is a key kinase in the control of the Th2
response, probably through IRF-4. Our study revealed a novel
function of CK2 in DC in response to contact sensitizers.
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