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To date, the intracellular signaling pathways involved in dendritic cell (DC) function
are poorly understood. The antioxidative transcription factor nuclear factor (erythroid-
derived 2)-like 2 (Nrf2) has been shown to affect maturation, function, and subsequent
DC-mediated T cell responses of murine and human DCs. In experimental autoim-
mune encephalomyelitis (EAE), as prototype animal model for a T helper cell-mediated
autoimmune disease, antigen presentation, cytokine production, and costimulation by
DCs play a major role. We explore the role of Nrf2 in DC function, and DC-mediated
T cell responses during T cell-mediated autoimmunity of the central nervous system
using genetic ablation and pharmacological activation in mice and men to corroborate
our data in a translational setting. In murine and human DCs, monomethyl fumarate
induced Nrf2 signaling inhibits DC maturation and DC-mediated T cell proliferation by
reducing inflammatory cytokine production and expression of costimulatory molecules.
In contrast, Nrf2-deficient DCs generate more activated T helper cells (Th1/Th17) but
fewer regulatory T cells and foster T cell proliferation. Transfer of DCs with Nrf2 activation
during active EAE reduces disease severity and T cell infiltration. Our data demonstrate
that Nrf2 signaling modulates autoimmunity in murine and human systems via inhibiting
DC maturation and function thus shedding further light on the mechanism of action of
antioxidative stress pathways in antigen-presenting cells.

Keywords: nuclear factor (erythroid-derived 2)-like 2/antioxidant response element signaling pathway, dendritic

cells, inflammation, experimental autoimmune encephalomyelitis/multiple sclerosis, oxidative stress, antigen-
presenting cells

INTRODUCTION

In the periphery, immature dendritic cells (DCs) survey their environment and capture soluble anti-
gens, like microbes and cell debris. Since they are barely immunogenic, immature DC express only
low levels of major histocompatibility complex (MHC) II and costimulatory molecules but display
marked phagocytic capacity which renders them critical for maintaining peripheral T cell tolerance
(1, 2). Activation of DC leads to maturation with increased surface marker expression and cytokine
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production allowing them to efficiently present antigens to naive
T cells (3, 4). Consequently, DC subsets and functions are altered
in many autoimmune diseases including multiple sclerosis (MS),
systemic lupus erythematosus or graft-versus-host disease (5-7).
While DC maturation and corresponding changes in surface
marker expression are well characterized (8), the involved intra-
cellular signaling pathways are less understood.

Recently, the antioxidant transcription factor nuclear factor
(erythroid-derived 2)-like 2 (Nrf2) was described as critical
regulator responsible for maintenance of DC redox homeostasis,
differentiation, and maturation by modulating the expression
of cytoprotective genes, such as heme oxygenase 1 (Hmoxl),
NAD(P)H: quinone oxidoreductase 1 (Nqol), and glutathione
(9-12). In general, Nrf2 is involved in different aspects of cellular
functions including differentiation, proliferation and inflamma-
tion by fostering antioxidative gene expression while suppressing
the production of reactive oxygen species and proinflammatory
cytokines as well as nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-xB) signaling (13-17). Furthermore, aber-
rant function or expression of Nrf2 is associated with patholo-
gies such as inflammatory diseases, autoimmunity, cancer and
neurodegeneration [as reviewed in Ref. (18, 19)]. In the cytosol,
the activity of Nrf2 is tightly regulated via proteasomal degrada-
tion by Kelch-like ECH-associated protein 1 (Keapl) (20, 21).
Appropriate stimuli, like oxidative stress, induce conformational
changes in Keapl allowing for translocation of Nrf2 into the
nucleus where it binds to antioxidant response elements (ARE)
and activates gene expression (21). Nrf2-deficient mice only toler-
ate mild autoimmune attacks, and if so they display an aggravated
disease course in several inflammation-mediated animal models
(22, 23), including experimental autoimmune encephalomyelitis
(EAE) (24). In contrast, systemic activation of Nrf2 mitigates
autoimmune inflammation in scurfy mice (25).

Fumaric acid esters, like dimethyl fumarate (DMF) and its pri-
mary active metabolite monomethyl fumarate (MMF), have been
shown to activate the Nrf2-ARE pathway by altering the ability
of Keapl to interact with Nrf2 (26) and reduce DC maturation,
cytokine release and T cell activation capacities mainly via NF-kB
signaling pathways in vitro (27-31). In EAE, treatment with DMF
led to significant therapeutic effects on parameters of inflamma-
tion and neurodegeneration (26, 32). Similar observations were
made in MS clinical trials (33, 34). Thus, MMF or DMF treatment
can be employed as an excellent model system to analyze effects
of Nrf2 activation in DC.

Here, we focus on the effect of Nrf2 signaling on DC matura-
tion, function and subsequent T cell responses in vitro as well as
in T cell-mediated autoimmunity of the central nervous system
in vivo. We show that Nrf2 deficiency fosters a proinflammatory
phenotype in murine and human DC, while Nrf2 activation pro-
motes rather tolerogenic functions by significantly modulating
cytokine production and expression of costimulatory molecules.

MATERIALS AND METHODS

Mice
Nuclear factor (erythroid-derived 2)-like 2-fl/fl mice were a
kind gift from Prof. Pi, China Medical University, Shenyang,

China. CD11c-Cre mice were obtained from Prof. Steinkasserer,
University of Erlangen-Niirnberg, Erlangen, Germany. Mice
harboring a transgenic MOG-specific T cell receptor [2D2 mice
(35)]; were a kind gift from Prof. V. Kuchroo, Boston, MA, USA.
Wild-type (wt), 2D2, Nrf2KO, and CD11c-Cre/Nrf2-fl/fl mice
were backcrossed on the C57BL/6] background and all mice were
obtained from an in-house breed at the local animal care facility
of the University of Erlangen-Niirnberg or the Ruhr-University
Bochum under a 12-h day-night cycle and standardized envi-
ronment. All experiments were performed in accordance with
the German laws for animal protection and were approved by
local ethic committees (Government of Unterfranken, Bavaria,
Germany, ref. # 55.2-2532-2-451).

Oral DMF Gavage and EAE Induction

Mice received 15 mg/kg body weight DMF (Sigma-Aldrich,
St. Louis, MO, USA) in 0.8 mg/ml hydroxypropyl methylcellulose
(Sigma-Aldrich) twice daily by oral gavage, while control mice
obtained 0.8 mg/ml hydroxypropyl methylcellulose. Mice were
adapted to DMF treatment 2 weeks before EAE induction. Since
the majority of DMF is rapidly metabolized to MMF by esterases
in the intestine and only MMF can be detected in the systemic
circulation (36, 37), we employed DMF to examine eftects of Nrf2
pathway activation in our in vivo studies but MMF for in vitro
stimulation experiments.

Induction of active EAE was performed as previously
described (38, 39). For DC transfer experiments, 1 X 10° DC,
cultured in vitro for 10 days with or without 200 pM MMF
(Sigma-Aldrich) and stimulated with 1 pg/ml lipopolysaccharide
(LPS) (Sigma-Aldrich) for 24 h, were injected intraperitoneally
at d2 and d7 after EAE induction together with 200 ng pertussis
toxin (List Biological Laboratories).

Generation of Murine Bone Marrow-
Derived DC (BMDC)

Bone marrow cells were obtained from tibias and femurs and
maintained in R10 medium (RPMI-1640 + 10% FCS + 1% peni-
cillin/streptomycin + 1% L-glutamine) containing granulocyte
macrophage colony-stimulating factor (GM-CSF) (5 ng/ml,
Biolegend, San Diego, CA, USA) and interleukin (IL)-4 (5 ng/ml,
Biolegend) for 10 days with/without 200 uM MMF (Sigma-
Aldrich). Cells were matured on day 8 with 1 pg/ml LPS (Sigma-
Aldrich). For flow cytometry, cells were stained with aCD11c
(N418, Biolegend), aCD80 (16-10A1, Biolegend), xCD86 (GL-1,
Biolegend), and aMHCII (AF6-120.1, BD Biosciences, San Diego,
CA, USA).

DC Functional Assays
Phagocytosis was assessed by stimulating DC with 1 pg/ml LPS
(Sigma-Aldrich) for 48 h before adding opsonized Fluoresbrite®
YG Carboxylate Microspheres 0.75 pm (Polysciences Inc.,
Warrington, PA, USA). After 20 h of incubation, cells were
subjected to flow cytometry and phagocytic cells were detected
in the FITC channel.

The migratory capacity of DC was investigated using a modi-
fied Boyden chamber assay and transwell inserts with a 5 pm
porous bottom (Corning Life Sciences, Corning, NY, USA).

Frontiers in Immunology | www.frontiersin.org

December 2017 | Volume 8 | Article 1922


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Hammer et al.

Nrf2 Signaling in DCs

Mature DC were seeded into the migration chamber in medium
containing 0.5% FCS. The lower chamber was supplemented
with 10% FCS medium. After 20 h of migration, cells residing
in the lower chamber (transmigrated fraction) were stained for
CDl1lc and quantified by flow cytometry (FACSCantoll, BD
Biosciences).

Murine Coculture Assays

Mature DC were loaded with MOGss_s5 peptide (20 pg/ml) for
1 h and seeded with naive transgenic T cells harboring a MOG
specific TCR at a ratio of 1:6. Naive MOG-specific transgenic
T cells were isolated form the spleen of 2D2 mice by magnetic
activated cell sorting using the “Naive CD4" T Cell Isolation
Kit, mouse” according to the manufacturers instructions
(Miltenyi Biotech, Bergisch Gladbach, Germany). For Th17
differentiations, cocultured cells were additionally stimulated
with IL-6 (40 ng/ml, R&D Systems, Minneapolis, MN, USA) and
transforming growth factor beta (TGFf1) (2 ng/ml, Biolegend).
For Th1 differentiations, cells were cultured in the presence of
IL-12p70 (20 ng/ml, R&D Systems) and anti-IL-4 (10 mg/ml,
11B11, Biolegend). For Treg differentiations, TGFp1 (10 ng/ml,
Biolegend) was added to culture media. T cell frequencies were
analyzed by flow cytometry (FACSCantoll, BD Biosciences)
using the antibodies listed in the section “Murine FACS analysis.”
To monitor proliferation, cells were pulsed with [3H]-thymidine
24 h before analysis.

Murine T Cell Differentiation

Differentiation of murine T cells was performed as previously
described (40). Splenic T cells were isolated by magnetic activated
cell sorting using the “pan T cell isolation kit II” according to
the manufacturer’s instructions (Miltenyi Biotech). Cells were
fluorescently stained with an antibody cocktail containing
aCD4-FITC (RM4-5, eBioscience), «CD44-PE (IM7, Biolegend),
aCD62L-APC (MEL-14, eBioscience), and aCD25-PE-Cy5
(PC61.5, eBioscience) and were subsequently isolated by fluores-
cence activated cell sorting on MoFlo (Beckman-Coulter, Brea,
CA, USA) in the FACS-core unit of the University Hospital
Erlangen. Sorted naive T cells (CD4*CD62L*CD44°*CD25")
were stimulated by plate-bound anti-CD3 (2 pg/ml, 145-2C11, BD
Pharmingen, San Diego, CA, USA) and soluble anti-CD28 (2 pg/
ml, 37.51, BD Pharmingen) and cultured for 4 days in the pres-
ence of IL-6 (40 ng/ml, R&D Systems, Minneapolis, MN, USA)
and TGFp1 (2 ng/ml, Biolegend) for Th17, IL-12p70 (20 ng/ml,
R&D Systems) and anti-IL-4 (10 pg/ml, Biolegend) for Thl or
TGFp1 (10 ng/ml, Biolegend) alone for Treg differentiation. T cell
frequencies were analyzed by flow cytometry (FACSCantoll, BD
Biosciences) using the antibodies listed in the section “Murine
FACS analysis”

Isolation of Spinal Cord Lymphocytes

Spinal cords were disrupted with a 5 ml glass homogenizer fol-
lowed by Percoll (GE Healthcare) density gradient centrifugation.
Cell frequencies were analyzed by flow cytometry (FACSCantoll,
BD Biosciences) using the antibodies listed in the section “Murine
FACS analysis.”

Murine FACS Analyses
As previously described (40), dead cells were excluded by
the fixable viability dye eFluor®780 (0.2 pl/test, eBioscience).
Nonspecific Fc-mediated interactions were blocked by addition
of 0.5 ul aCD16/32 (93, eBioscience). For surface staining,
cells were treated with the respective fluorochrome-conjugated
antibodies: «CD4-BV510 (RM4-5, Biolegend), aCD11c-FITC
(HL3, BD Biosciences), aCD25-APC (PC61.5, eBioscience),
aCD80-APC  (16-10A1, Biolegend), aCD86-PerCP/Cy5.5
(GL-1, Biolegend), and aMHCII-BV510 (M5/114.15.2, Biole-
gend).

For intracellular cytokine staining, cells were stimulated for
4 h with ionomycin (1 pM, Sigma-Aldrich) and PMA (50 ng/ml,
Sigma-Aldrich) in the presence of monensin (2 uM, eBioscience),
fixed with 1% paraformaldehyde and made permeable by sapo-
nin buffer treatment. Intracellular cytokines were stained with
the respective fluorochrome-conjugated antibodies: aFoxp3-PE
(FJK-16s, eBioscience), alFNy-APC (XMG1.2, eBioscience),
and oIL-17A-PE (eBiol7B7, eBioscience). Samples were meas-
ured with a flow cytometer (FACSCantoll, BD Biosciences).

Generation of Human DCs

For the generation of monocyte-derived DCs from leukoreduc-
tion system chambers of healthy donors (HDs) the positive vote
from the local ethics committee has been obtained (Re.-Nr.:
4556). Generation of human monocyte-derived DC was
performed as previously described (41). Peripheral blood
mononuclear cells were prepared from leukoreduction system
chambers of HDs by density centrifugation, followed by plastic
adherence on tissue culture dishes (BD Falcon, San Diego,
CA, USA). The non-adherent fraction was cryopreserved at
—80°C for isolation of allogeneic T cells as described before
(42), while the adherent cell fraction was cultured for 4 days
with or without 50 or 200 pM MMF in DC-medium consisting
of RPMI 1640 (Lonza, Basel, Switzerland) supplemented with
1% of heat-inactivated human serum type AB (Sigma-Aldrich),
1% Penicillin/Streptomycin/L-glutamine (Sigma-Aldrich), and
10 mM Hepes (Lonza) as well as 800 IU/ml (day 0) or 400 IU/ml
(day 3) recombinant human GM-CSF and 250 IU/ml (days 0
and 3) recombinant IL-4 (both Miltenyi). Maturation of DC
was induced by adding a maturation cocktail consisting of
200 U/ml IL-1p, 1,000 U/ml IL-6 (both CellGenix, Freiburg,
Germany), 10 ng/ml tumor necrosis factor alpha (TNF-o)
(Beromun, Boehringer Ingelheim, Germany), and 1 ug/ml PGE2
(Prostin E2, Pfizer, NJ, NY, USA) for 48 h. DC were analyzed
by flow cytometry for activation marker expression: xCD80-PE
(2D10.4, eBioscience), aMHCII-PE/Cy5 (LN3, eBioscience),
oaCD25-FITC (M-A251, BD Biosciences), «CD86-PE (IT2.2,
eBioscience), aMHCI-FITC (W6/32, eBioscience), aCCR7-
APC (3D12, eBioscience), aILT-4-FITC (27D6, eBioscience),
and «CD83-PE (HB15e, eBioscience).

Human Mixed Lymphocyte Reaction (MLR)
Mature human DC were generated as described above (41)
and were either left untreated or were stimulated with matura-
tion cocktail for 24 h. Allogeneic T cells were generated from
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cryopreserved non-adherent fraction. For this purpose, frozen
cells were thawed, filtrated using a cell-strainer (Falcon) to
remove dead cells and finally adjusted to 2 X 10° cells/ml in MLR
medium consisting of RPMI 1640 (Lonza) supplemented with
5% heat-inactivated human serum type AB (Sigma-Aldrich),
1% Penicillin/Streptomycin/L-glutamine (Sigma-Aldrich), and
10 mM HEPES (Lonza). Afterward, triplicates of 2 x 10° allo-
geneic T cells were cocultured in 96-well flat cell culture plates
(Falcon) with allogeneic DCs at different ratios for 72 h in MLR
medium, and were finally pulsed with [3H]-thymidine (1 pC/well)
for 8-16 h. Cultures were harvested onto glassfiber filtermates
using an ICH-110 harvester (Inotech, Dottikon, Switzerland) and
filters were counted in a 1450 microplate counter (Wallac, Turku,
Finland).

Cytometric Bead Array

Determination of cytokines (IL-6, TNF-a) secreted by human
DC and/or T cells into the supernatant was assessed by Human
Inflammation LEGENDplex™ (13-plex, Biolegend) according to
the manufacturer’s protocol.

Enzyme-Linked Immunosorbent
Assay (ELISA)

Cytokine concentrations in murine cell culture supernatants
were analyzed by ELISA for the secretion of IL-6, TNF-a, IL-23,
and IL-12 (R&D Systems) according to the manufacturer’s
instructions.

Real-time PCR

RNA isolation, reverse transcription and PCR reactions were
performed as previously described (40). Relative quantification
was performed by the AACT method, normalizing target gene
expression on actb/B-Actin or gapdh as housekeeping gene.
The following TagMan® real-time PCR assays from Thermo
Fisher Scientific were used: actb (B-Actin) MmO00607939_sl1,
nfe2l2 (nrf2) Mmo00477784_ml, il6 Mm99999064_m1l, nqol
Mm01253561_m1l, hmoxl Mm00516005_m1, il10 Mm01288386_
ml, ill2a MmO00434169_m1, argl Mm00475988_ml, tgfb
MmO01178819_m1,nqol Hs02512143_s1, akrlcl Hs04230636_sH,
hcar2 Hs02341584_s1, and gapdh Hs02758991_g1.

Western Blot

Cultured cells were harvested in 1x Ripa lysis buffer [15 mM
NaCl, 3.85 mM SDS, 5 mM Tris, 13.4 mM SDOX, 0.05 mM
EDTA, 0.1% NP40, complete protease inhibitor cocktail
Complete Mini and phosphatase inhibitor cocktail PhosStop
(Roche Diagnostics, Basel, Switzerland)]. Protein concentration
was determined using the BC Assay Protein Quantitation Kit
(Interchim, Montlugon, France). Protein was detected using
a rabbit polyclonal Nqol antibody (1:1,000, ab34173, Abcam,
Cambridge, United Kingdom). Mouse anti-p-Actin (1:1,000) was
obtained from Abcam (ab8226). Donkey antirabbit Alexa Fluor
488-conjugated and goat antimouse Alexa Fluor 647-conjugated
secondary antibodies (1:1,000, Invitrogen, Carlsbad, CA, USA)
were used. Detection was performed using a Fusion Capt Advance
FX7 (peqlab, Erlangen, Germany).

Statistical Analysis

Statistical testing was performed using GraphPad Prism
(GraphPad Software Inc., San Diego, CA, USA). All in vitro and
ex vivo data were analyzed by either one-/two-way ANOVA
followed by Tukey’s posttest, unpaired t-test or Mann-Whitney
test after checking for normal distribution (unless otherwise
indicated). EAE data were analyzed by Mann-Whitney U-test.
Data are presented as mean + SEM; *p < 0.05, **p < 0.01, or
***p < 0.001 were considered to be statistically significant.

RESULTS

Nrf2 Signaling Alters DC Activation and

Maturation In Vitro

To analyze Nrf2 signaling in DC, we employed Nrf2-deficient
cells. In a complementary approach, MMF treatment was used
to induce Nrf2 signaling in DC. BMDC were cultured with
200 pM MMEF either from the beginning (day 0) or starting at
the day of LPS stimulation (i.e., day 8) to analyze if the time point
of Nrf2 activation is crucial for its effect on DC maturation and
surface marker expression. First, we examined whether activa-
tion of Nrf2-dependent signaling pathways influences BMDC
generation in vitro. Yet CD11c* cell frequencies were not altered
in MMF-treated cell cultures (Figure 1A). However, the expres-
sion of MHCII, CD80 and CD86 was reduced when BMDC were
generated under Nrf2 activating conditions (day 0) whereas
addition of MMF on day 8 together with LPS, had almost no
effect on activation marker expression (Figure 1B; Figure S1A in
Supplementary Material).

To investigate whether the effect of MMF on BMDC surface
marker expression is indeed dependent on Nrf2 induced signal-
ing pathways, we treated Nrf2-deficient BMDC generated from
either complete Nrf2 knockout mice (Nrf2KO) or conditional
DC specific knockout mice (CD11c-Cre/Nrf2-fl/fl) with MME.
Again, the yield of CDI11c* cells did not differ between bone
marrow obtained from wt, Nrf2KO, or CD11c-Cre/Nrf2-fl/fl
mice and treatment with 200 uM MMF did not influence the
generation of BMDC in the cell culture (Figure 1C). However,
flow cytometric analyses revealed enhanced expression of CD80,
CD86 (Figure 1D), and CD40 (Figure S1B in Supplementary
Material) on Nrf2-deficient BMDC generated from either
Nrf2KO or CD11c-Cre/Nrf2-fl/fl mice compared to wt BMDC.
Additionally, MMF treatment had no influence on the frequency
of CD80*/CD86" and CD80*/CD40* Nrf2-deficient BMDC but
reduced the expression of CD80, CD86, and CD40 on wt BMDC
(Figure 1D; Figure S1B in Supplementary Material).

In conclusion, modulation of the Nrf2 signaling pathway criti-
cally affects the activation status of DC in vitro.

Nrf2 Affects DC Functionality and

Cytokine Expression Profile

Next, we assessed the influence of Nrf2 on different essential
BMDC functions in vitro. As shown in Figure 2A, migratory
capacities of BMDC isolated from Nrf2KO mice was significantly
increased compared to BMDC from wt mice. Furthermore, MMEF-
treated wt BMDC showed a strongly reduced migratory capacity
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FIGURE 1 | Nuclear factor (erythroid-derived 2)-like 2 (Nrf2) signaling alters dendritic cell (DC) activation status. (A) Frequency of CD11c* cells after generating (dO)
or just activating (d8) bone marrow-derived DC (BMDC) in the presence of 200 uM metabolite monomethyl fumarate (MMF) (data pooled from three to five
experiments). (B) Expression of CD80, CD86, and MHCII on cultured CD11c* BMDC after MMF treatment as assessed by flow cytometry (data pooled from three to
four experiments, *p < 0.05, *p < 0.01). (C) Frequency of CD11c* cells after generating wild-type (wt), Nrf2KO, and CD11c-Cre/Nrf2-fl/fl BMDC in the presence of
200 uM MMF (data pooled from four independent experiments). (D) Frequency of CD80+CD86* cells in CD11c* BMDC generated from wt, Nrf2KO, and CD11c-
Cre/Nrf2-fl/fl mice under MMF treatment as assessed by flow cytometry (data pooled from four experiments, “p < 0.05, **p < 0.01, ***p < 0.001). BMDC were
stimulated with 1 pg/ml LPS for 48 h before analysis. LPS stimulated, but otherwise treatment naive BMDC obtained from wt mice served as control.
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compared to untreated wt mice (Figure 2A). The phagocytosis
rate of MMF-treated wt BMDC was not altered compared to
untreated wt BMDC but decreased in Nrf2-deficient BMDC which
correlates well with their enhanced maturation status (Figure 2B).

Expression analysis revealed that MMF treatment enhanced
Nrf2 mRNA levels (Figure 2C) in wt BMDC in vitro. In turn,
Nrf2 activation not only induced its antioxidative target genes
nqol and hmoxI but also the anti-inflammatory cytokine /10
(Figures 2D-F). As expected, nfe2l2 (Nrf2), nqol, and hmox1
expression was almost undetectable in Nrf2-deficient BMDC
and tgfb expression levels were also significantly lower compared
to wt BMDC (Figures 2C-E,G; Figure S2 in Supplementary
Material). Furthermore, Nrf2 activation enhanced, while Nrf2
deficiency reduced, the expression of arginase 1 (argl), a marker
for tolerogenic DC (Figure 2H). Nrf2KO BMDC displayed a
higher expressionlevel of il12a compared to wt BMDC, while Nrf2
activation decreased proinflammatory cytokine expression on the
mRNA level (Figures 2LJ). Nrf2 induction significantly reduced
the production of IL-6,IL-12,IL-23, and TNF-a, proinflammatory

cytokines that mediate T helper (Th)1 and Th17 differentiation,
in wt but not Nrf2KO (data not shown) or CD11c-Cre/Nrf2-fl/
fl BMDC (Figures 2K-N). Furthermore, Nrf2-deficient BMDC
tended to produce higher baseline proinflammatory but lower
tolerogenic cytokine levels compared to wt cells (Figure 2).

Immunoblot analysis of Nqo1 protein in wt and Nrf2-deficient
BMDC cultures confirmed that the induction of Nqo1 expression
in BMDC by MMF treatment is Nrf2 dependent (Figure 20;
Figure S3 in Supplementary Material).

Taken together, these data indicate that Nrf2 signaling alters DC
functionality by modulating maturation, migration, expression of
costimulatory molecules, and cytokine/chemokine production,
which are required for effective antigen presentation to T cells.

Nrf2 Directly and Indirectly Regulates

T Cell Differentiation and Proliferation
In coculture experiments, untreated or MMF pretreated wt and
Nrf2KO BMDC were cultured together with naive CD4* T cells
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FIGURE 2 | Nuclear factor (erythroid-derived 2)-like 2 (Nrf2) affects functionality of myeloid dendritic cell(DC). (A) Migratory capacity of Nrf2KO and metabolite
monomethyl fumarate (MMF)-treated wild-type (wt) bone marrow-derived DC (BMDC) compared to control cells as assessed by an in vitro FCS-gradient Transwell
assay (data pooled from two to five independent experiments, *“p < 0.01, **p < 0.001). (B) Phagocytic capacity of MMF versus control-treated wt and Nrf2KO
BMDC determined as frequency of fluorescent bead uptake by flow cytometry (data pooled from two to four experiments, **p < 0.01, ***p < 0.001). (C-J) Gene
expression analysis of nfe2/2 (Nrf2) (C), ngo1 (D), hmox1 (E), il10 (F), tgfb (G), arg1 (H), il6 (1), and il12a (J) in MMF-treated wt and Nrf2-deficient BMDC compared
to control cells (data pooled from two to three preparations, *p < 0.05, **p < 0.01, **p < 0.001). (K-N) Interleukin (IL)-6 (K), IL-12 (L), IL-23 (M), and tumor
necrosis factor alpha (N) production in MMF-treated wt and Nrf2-deficient cultured BMDC (n = 6 for wt and n = 3 for CD11c-Cre/Nrf2-fi/fl, “po < 0.05, **p < 0.01,
***p < 0.001). (O) Representative immunoblot of NAD(P)H: quinone oxidoreductase 1 (Ngo1) protein expression in wt and Nrf2-deficient BMDC cultured with and
without MMF. $-Actin was used as loading control.
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FIGURE 3 | Nuclear factor (erythroid-derived 2)-like 2 (Nrf2Nrf2) shows direct and indirect effects on T cell differentiation. (A-C) MOG-loaded, metabolite
monomethyl fumarate (MMF) pretreated or untreated wt and Nrf2KO bone marrow-derived dendritic cell (BMDC) were cocultured with MOG-specific transgenic
naive CD4+ T cells under Th1 (A), Th17 (B), or Treg (C) cell polarizing conditions (data pooled from three to six experiments, “p < 0.05, **p < 0.01). (D) Proliferation
rate of T cells cultured with Nrf2KO or MMF pretreated or untreated wild-type (wt) BMDC as assessed by thymidine incorporation assay (one out of three
representative experiments is shown, **p < 0.001, cpm = counts per minute). (E-G) Addition of 200 M MMF to wt and Nrf2KO CD4+ T cell differentiation culture
under Th1 (E), Th17 (F), or Treg (G) polarizing conditions (data pooled from three to five experiments, **p < 0.01).

under Thl, Th17, or Treg cell polarizing conditions to demon-  a reduced proliferation in the coculture with MMF pretreated wt
strate effects of Nrf2 signaling on DC-mediated T cell activation. = BMDC (Figure 3D).
Nrf2-deficient BMDC increased Th1 and Th17 but reduced Treg T cell monocultures demonstrated that Nrf2 had no direct

differentiation in coculture (Figures 3A-C). MMF pretreat- effect on Thl and Th17 cell differentiation (Figures 3E,F).
ment of wt BMDC had no effect on Thl and Th17 frequencies =~ However, Nrf2 deficiency induced a distinct reduction in Treg
(Figures 3A,B) but increased Treg differentiation (Figure 3C). differentiation (Figure 3G).

Thymidine incorporation showed an enhanced proliferation rate These results show that Nrf2 signaling in DC may modulate
of T cells that were cultured together with Nrf2KO BMDC and ~  their potential to regulate T cell differentiation and proliferation.
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FIGURE 4 | Nuclear factor (erythroid-derived 2)-like 2 (Nrf2) signaling alters disease course and immune cell activation in the experimental autoimmune
encephalomyelitis (EAE) mouse model. (A-C) Ex vivo flow cytometry analysis of CD11c* cells (A) as well as CD80/CD86 (B) and MHCII (C) expression in the spinal
cord under dimethyl fumarate (DMF) versus control treatment on day 14 after active EAE induction (n = 3-4 mice per group, *p < 0.05). (D) Clinical course of
MOGgs-ss EAE after dendritic cell (DC)-transfer. Untreated or metabolite monomethyl fumarate (MMF) pretreated in vitro cultured bone marrow-derived DC (BMDC)
were transferred into EAE mice on days 2 and 7 after MOG immunization. Data are shown on a 5-point score scale (1 = 9 mice per group, data pooled from two
independent experiments, *p < 0.05). (E) Ex vivo flow cytometry analysis of total CD4*, Th1, and Th17 cells in the spinal cord of DC-transferred mice at the
maximum of disease (n = 7-8 mice per group, data pooled from two independent experiments, *o < 0.05).

Nrf2 Influences Disease Course and
Immune Cell Activation in the EAE

Mouse Model

To demonstrate the relevance of the Nrf2 pathway in DC function
for T cell-mediated autoimmunity in vivo, we employed the EAE
animal model.

Spinal cords of DMF or control-treated wt and Nrf2KO mice
were analyzed for DC frequencies and surface marker expression
on day 14 after MOG-EAE induction (Figures 4A-C). Neither
Nrf2 activation nor deficiency had an effect on the frequency
of CD11c* cells in the spinal cord of EAE mice (Figure 4A). In
good accordance with the previous data, Nrf2 deficiency caused
a significant increase in the expression of the activation markers
CD80 and CD86 and enhanced MHCII expression on CD11c*
DC in the spinal cord (Figures 4B,C).

To further elucidate the effect of Nrf2 modulation on DC
function during neuroinflammation, we employed MMF treat-
ment as a potent Nrf2 inducer. In vitro cultured untreated or
MMEF-treated BMDC were injected into untreated wt mice at d2
and d7 after EAE induction. Mice which received MMF-treated
BMDC showed an ameliorated clinical disease course compared
to the control group (Figure 4D) and also a significantly reduced
amount of total CD4" as well as Th1 and Th17 cells in the spinal
cord (Figure 4E).

Therefore, Nrf2 induction in DC in vitro may promote a
tolerogenic phenotype enabling these cells to mitigate active EAE
in vivo.

Nrf2 Signaling Alters Maturation Status,
Gene Expression Profile, and T Cell
Activation Capacity of Human DC In Vitro

In a next step, we translated our findings from murine to human
DC. Treatment of in vitro cultured human monocyte-derived
DC with increasing amounts of the potent Nrf2 inducer MMF
caused a concentration-dependent reduction of DC costimula-
tory, activation and inflammatory molecules including CD80,
CD86, MHCI, MHCII, CD25, CD83, and C-C chemokine recep-
tor type 7 (CCR?7) as well as an increased expression of the tolero-
genic surface receptor Ig-like transcript (ILT)-4 (Figures 5A-H).

Expression analysis showed that Nrf2 activation enhanced
the expression of nqol and aldo-keto reductase family 1 member
CI (akricl) in human monocyte-derived DC analogously to
murine BMDC (Figures 6A,B). Furthermore, MMF induced the
expression of hydroxycarboxylic acid receptor 2 (hcar2), a niacin
receptor involved in the regulation of inflammation and oxidative
stress independently from Nrf2 signaling (Figure 6C). Human
DC-treated with MMF also exhibited reduced tnfa and il6 but
increased i/10 and tgfb expression compared to the control group
(Figures 6D-G).

Thymidine incorporation revealed a robust reduction in the
T cell proliferation rate when T cells were cultured together with
MMF pretreated human monocyte-derived DC compared to
untreated DC (Figure 6H). To verify our PCR results on the pro-
tein level, cytokine production was measured in the supernatant
of the aforementioned coculture assays. Here, IL-6 (Figure 6I)
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FIGURE 5 | Nuclear factor (erythroid-derived 2)-like 2 (Nrf2) affects maturation marker expression of human dendritic cell (DC) in vitro. Frequency of CD80 (A), CD86
(B), MHCI (C), MHCII (D), CD25 (E), CD83 (F), CCR7 (G), and ILT-4 (H) positive cells in total human monocyte-derived DC under metabolite monomethyl fumarate
(MMF) treatment as assessed by flow cytometry. The immature control group was not treated with the maturation cocktail as described in the method section.
Statistical significance was tested between the matured, untreated control group (ctrl) and the MMF-treated groups (data pooled from four to five independent
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and TNF-« (Figure 6]) secretion was significantly reduced when
DC were pretreated with MMFE.

Complementary to the murine model, induction of Nrf2
signaling in human monocyte-derived DC modulates maturation
marker expression, cytokine production and DC induced T cell
proliferation.

DISCUSSION

Here, we show that Nrf2 signaling plays a pivotal role for effects
of fumarates on DC maturation, function and their capacity to
regulate T cell responses in autoimmunity in mice and men.
While DC specific Nrf2 deletion induces immunogenic DC

with high costimulatory potential, activation of the Nrf2 signal-
ing pathway via fumarates rather generates immature DC which
show reduced proinflammatory gene and cytokine expression
but enhanced tolerogenic properties also in vivo. Effects of
fumarates on Nrf2 activation and on DC as well as a role of the
Nrf2 pathway in murine and human DC have been described
previously (15, 26, 29, 43, 44). Our study now links these obser-
vations and shows functional effects of fumaric acid esters on
DC via the Nrf2 pathway as novel significance beyond what is
already published.

In previous studies utilizing in vitro DC cultures, treatment
with fumaricacid esters in murine and human systems retains DC
in arather immature, inactive state and reduces proinflammatory
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FIGURE 6 | Nuclear factor (erythroid-derived 2)-like 2 (Nrf2) alters the expression profile and functionality of human dendritic cell (DC). (A-G) Gene expression
analysis of nqo1 (A), akric1 (B), hcar2 (C), tnfa (D), il6 (E), iI10 (F), and tgfb (G) in untreated and metabolite monomethyl fumarate (MMF)-treated human monocyte-
derived DC (data pooled from four preparations, *p < 0.05, **p < 0.01, ***p < 0.001). (H) Proliferation rate of allogeneic T cells cultured with MMF pretreated or
untreated human monocyte-derived DC as assessed by thymidine incorporation assay (data pooled from four independent experiments, **p < 0.01, ***p < 0.001
compared to ctrl, cpom = counts per minute). (I-J) Interleukin (IL)-6 (I) and tumor necrosis factor alpha (TNFa) (J) secretion by MMF pretreated or untreated human
monocyte-derived DC measured in the supernatant of T cell-DC coculture assays normalized to immature DC (data pooled from three independent experiments,
*p < 0.05).

In MS and EAE as a prototype model for T cell-mediated
autoimmunity, a beneficial effect of Nrf2 activation via DMF has
already been shown (26, 46). Yet, these reports did not focus on
DC and previous studies on the impact of fumaric acid esters on
DC function mainly comprise in vitro data (28, 29). We utilized
EAE in C57BL/6] mice as model to determine whether Nrf2
signaling in DC is also crucial for regulating autoreactive T cell
responses in vivo. In the acute phase of EAE, the expression of
costimulatory markers on CNS infiltrating DC is enhanced in

gene and cytokine expression (27, 28). We now extend these find-
ings and show that fumaric acid esters activate the Nrf2 signaling
pathway in DC thereby fostering anti-inflammatory properties
in a time- and concentration-dependent manner. Furthermore,
Nrf2 modulates DC-mediated T cell proliferation and differen-
tiation specifically favoring the induction of regulatory T cells.
The observed decrease in IL-12 production and enhanced secre-
tion of IL-10 in our murine and human DC cultures after Nrf2
activation may be an explanation for the induction of anergy and

tolerance in T cells (45).

Nrf2KO mice. Furthermore, injection of MMF pretreated DC

Several groups employed Nrf2KO mice to demonstrate the
relevance of Nrf2 signaling in DC biology in vitro (15, 17). We
complement these data revealing that DC specific Nrf2 deletion
generates strongly immunogenic DC that express high levels of
costimulatory molecules. Nrf2-deficient DC also display marked
migratory potential but low phagocytic capacity which renders
them critical for stimulating peripheral T cell responses.

shortly after EAE induction ameliorates the disease course and
reduces the number of spinal cord infiltrating Th1 and Th17 cells.
Therefore, the reported effects of fumarates on T cell popula-
tions may be rather indirect or in the case of lymphopenia even
cytotoxic (32). Our data not only support the in vitro observation
that Nrf2 induces immature, tolerogenic DC but also prove that
the effect of Nrf2 signaling on DC function is critical enough
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to alter T cell activation and/or polarization in the CNS during
neuroinflammation in vivo.

Interfering with costimulatory pathways has already been
shown to effectively inhibit autoimmune diseases and allograft
rejection (47). In the recent years, several molecular pathways,
like NF-kB signaling (48), have been described as critically
involved in DC maturation and function. These pathways are,
however, difficult to modulate by pharmacological interven-
tion since they are pivotally involved in a multitude of cellular
functions and address various target structures. In contrast, the
maturation status and phenotype of DC may be altered by weak
Nrf2 inductors such as fumaric acid esters without causing seri-
ous side effects thereby creating a tolerogenic, anti-inflammatory
environment (24, 26). Due to its role in managing oxidative stress
responses, Nrf2 is not only involved in MS but also several other
autoimmune diseases, such as psoriasis, asthma and diabetes,
and different forms of cancer [as reviewed in Ref. (19,49)]. In
addition, Nrf2 plays a crucial role in neurodegeneration, cellular
aging and senescence (50). Thus, the Nrf2 inducing effects of
fumarates on antigen-presenting cells may not only be of interest
in neuroinflammation, but also other diseases with a pivotal role
of immune activation.

In conclusion, we demonstrate that fumaric acid esters
modulate Nrf2 signaling in DC thus affecting their functionality
in murine and human systems and leading to a more tolerogenic
phenotype with the potential to ameliorate autoimmunity
in vivo. In future studies, it will be of interest to determine
DC-specific interaction partners of Nrf2 and the molecular
pathways that are responsible for regulating the expression of
cell surface molecules and the secretion of inflammatory and
immunomodulatory cytokines.

ETHICS STATEMENT

All experiments were performed in accordance with the German
laws for animal protection and were approved by local ethic

REFERENCES

1. Bachmann MF, Speiser DE, Mak TW, Ohashi PS. Absence of co-stimulation
and not the intensity of TCR signaling is critical for the induction of T cell
unresponsiveness in vivo. Eur ] Immunol (1999) 29:2156-66. doi:10.1002/
(SICI)1521-4141(199907)29:07<2156::AID-IMMU2156>3.0.CO;2-P

2. Steinman RM. The dendritic cell system and its role in immunogenicity. Annu
Rev Immunol (1991) 9:271-96. doi:10.1146/annurev.iy.09.040191.001415

3. Schuler G, Steinman RM. Murine epidermal Langerhans cells mature
into potent immunostimulatory dendritic cells in vitro. ] Exp Med (1985)
161:526-46. d0i:10.1084/jem.161.3.526

4. Inaba K, Witmer-Pack M, Inaba M, Hathcock KS, Sakuta H, Azuma M, et al.
The tissue distribution of the B7-2 costimulator in mice: abundant expression
on dendritic cells in situ and during maturation in vitro. ] Exp Med (1994)
180:1849-60. doi:10.1084/jem.180.5.1849

5. Palucka AK, Banchereau J, Blanco P, Pascual V. The interplay of dendritic cell
subsets in systemic lupus erythematosus. Immunol Cell Biol (2002) 80:484-8.
doi:10.1046/j.1440-1711.2002.01112.x

6. Koyama M, Cheong M, Markey KA, Gartlan KH, Kuns RD, Locke KR, et al.
Donor colonic CD103+ dendritic cells determine the severity of acute graft-
versus-host disease. ] Exp Med (2015) 212:1303-21. d0i:10.1084/jem.20150329

7. Serafini B, Rosicarelli B, Magliozzi R, Stigliano E, Capello E, Mancardi GL,
et al. Dendritic cells in multiple sclerosis lesions: maturation stage, myelin

committees (Government of Unterfranken, Bavaria, Germany,
ref. # 55.2-2532-2-451). For the generation of monocyte-derived
DCs from leukoreduction system chambers of healthy donors,
the positive vote from the local ethics committee at the University
Erlangen-Niirnberg has been obtained (Re.-Nr.: 4556).

AUTHOR CONTRIBUTIONS

AnH, AW, IK, EZ, JB, §J, KK, and CD planned and performed
experiments and analyses. RL designed the study and planned
as well as supervised the research. AnH, AW, and RAL wrote the
manuscript. AS and JP provided genetic engineered mice. AS,
RG, AiH, AB, JP, and DL supervised the research and edited the
manuscript. All authors read and approved the final manuscript.

ACKNOWLEDGMENTS

We are grateful to Silvia Seubert, Katrin Bitterer, Lena Sandrock,
and Andrea Deinzer for expert technical assistance. We kindly
thank the FACS-core unit of the University Hospital Erlangen
where cell sorting experiments have been performed.

FUNDING

RL holds an endowed professorship supported by Novartis
Pharma. Parts of the study were supported by an investigator
initiated trial grant from Biogen, the company marketing DMF
for relapsing-remitting MS patients. AS was supported by the
Deutsche Forschungsgemeinschaft Grant DFG-SFB1181 Project
B3. The authors report no financial interests.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at
http://www.frontiersin.org/articles/10.3389/fimmu.2017.01922/
full#supplementary-material.

uptake, and interaction with proliferating T cells. ] Neuropathol Exp Neurol
(2006) 65:124-41. d0i:10.1097/01.jnen.0000199572.96472.1c
8. Langenkamp A, Messi M, Lanzavecchia A, Sallusto E. Kinetics of dendritic
cell activation: impact on priming of TH1, TH2 and nonpolarized T cells.
Nat Immunol (2000) 1:311-6. doi:10.1038/79758
9. Kim H-J, Barajas B, Wang M, Nel AE. Nrf2 activation by sulforaphane restores
the age-related decrease of T(H)1 immunity: role of dendritic cells. J Allergy
Clin Immunol (2008) 121:1255-61.€7. d0i:10.1016/j.jaci.2008.01.016
LiN, Alam J, Venkatesan MI, Eiguren-Fernandez A, Schmitz D, Di Stefano E,
et al. Nrf2 is a key transcription factor that regulates antioxidant defense in
macrophages and epithelial cells: protecting against the proinflammatory and
oxidizing effects of diesel exhaust chemicals. J Immunol (2004) 173:3467-81.
doi:10.4049/jimmunol.173.5.3467
Chauveau C, Rémy S, Royer PJ, Hill M, Tanguy-Royer S, Hubert F-X,
et al. Heme oxygenase-1 expression inhibits dendritic cell maturation and
proinflammatory function but conserves IL-10 expression. Blood (2005)
106:1694-702. doi:10.1182/blood-2005-02-0494
Al-Huseini LMA, Aw Yeang HX, Sethu S, Alhumeed N, Hamdam JM,
Tingle Y, et al. Nuclear factor-erythroid 2 (NF-E2) p45-related factor-2
(Nrf2) modulates dendritic cell immune function through regulation of p38
MAPK-cAMP-responsive element binding protein/activating transcription
factor 1 Signaling. JBiol Chem (2013) 288:22281-8. doi:10.1074/jbc.
M113.483420

10.

11.

12.

Frontiers in Immunology | www.frontiersin.org

December 2017 | Volume 8 | Article 1922


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1002/(SICI)1521-4141(199907)29:07 < 2156::AID-IMMU2156 > 3.0.CO;2-P
https://doi.org/10.1002/(SICI)1521-4141(199907)29:07 < 2156::AID-IMMU2156 > 3.0.CO;2-P
https://doi.org/10.1146/annurev.iy.09.040191.001415
https://doi.org/10.1084/jem.161.3.526
https://doi.org/10.1084/jem.180.5.1849
https://doi.org/10.1046/j.1440-1711.2002.01112.x
https://doi.org/10.1084/jem.20150329
https://doi.org/10.1097/01.jnen.0000199572.96472.1c
https://doi.org/10.1038/79758
https://doi.org/10.1016/j.jaci.2008.01.016
https://doi.org/10.4049/jimmunol.173.5.3467
https://doi.org/10.1182/blood-2005-02-0494
https://doi.org/10.1074/jbc.M113.483420
https://doi.org/10.1074/jbc.M113.483420
http://www.frontiersin.org/articles/10.3389/fimmu.2017.01922/full#supplementary-material
http://www.frontiersin.org/articles/10.3389/fimmu.2017.01922/full#supplementary-material

Hammer et al.

Nrf2 Signaling in DCs

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

de Jong R, Bezemer AC, Zomerdijk TP, van de Pouw-Kraan T, Ottenhoff
TH, Nibbering PH. Selective stimulation of T helper 2 cytokine responses
by the anti-psoriasis agent monomethylfumarate. Eur ] Immunol (1996) 26:
2067-74. doi:10.1002/¢ji.1830260916

Jiang T, Tian F, Zheng H, Whitman SA, Lin Y, Zhang Z, et al. Nrf2 suppresses
lupus nephritis through inhibition of oxidative injury and the NF-kB-mediated
inflammatory response. Kidney Int (2014) 85:333-43. doi:10.1038/ki.2013.343
Yeang HXA, Hamdam JM, Al-Huseini LMA, Sethu S, Djouhri L, Walsh J,
et al. Loss of transcription factor nuclear factor-erythroid 2 (NF-E2) p45-re-
lated factor-2 (Nrf2) leads to dysregulation of immune functions, redox
homeostasis, and intracellular signaling in dendritic cells. J Biol Chem (2012)
287:10556-64. doi:10.1074/jbc.M111.322420

Rangasamy T, Williams MA, Bauer S, Trush MA, Emo J, Georas SN, et al.
Nuclear erythroid 2 p45-related factor 2 inhibits the maturation of murine
dendritic cells by ragweed extract. Am ] Respir Cell Mol Biol (2010) 43:276-85.
doi:10.1165/rcmb.2008-04380C

Williams MA, Rangasamy T, Bauer SM, Killedar S, Karp M, Kensler TW, et al.
Disruption of the transcription factor Nrf2 promotes pro-oxidative dendritic cells
that stimulate Th2-like immunoresponsiveness upon activation by ambient par-
ticulate matter. J Immunol (2008) 181:4545-59. doi:10.4049/jimmunol.181.7.4545
Johnson DA, Johnson JA. Nrf2 - a therapeutic target for the treatment of neu-
rodegenerative diseases. Free Radic Biol Med (2015) 88:253-67. doi:10.1016/j.
freeradbiomed.2015.07.147

Kim J, Cha Y-N, Surh Y-J. A protective role of nuclear factor-erythroid
2-related factor-2 (Nrf2) in inflammatory disorders. Mutat Res Mol Mech
Mutagen (2010) 690:12-23. doi:10.1016/j.mrfmmm.2009.09.007

Zhang DD, Hannink M. Distinct cysteine residues in Keapl are required
for Keap1-dependent ubiquitination of Nrf2 and for stabilization of Nrf2 by
chemopreventive agents and oxidative stress. Mol Cell Biol (2003) 23:8137-51.
doi:10.1128/MCB.23.22.8137-8151.2003

Itoh K, Wakabayashi N, Katoh Y, Ishii T, Igarashi K, Engel JD, et al. Keapl
represses nuclear activation of antioxidant responsive elements by Nrf2
through binding to the amino-terminal Neh2 domain. Genes Dev (1999)
13:76-86. d0i:10.1101/gad.13.1.76

Rangasamy T, Guo ], Mitzner WA, Roman ], Singh A, Fryer AD, et al
Disruption of Nrf2 enhances susceptibility to severe airway inflammation
and asthma in mice. ] Exp Med (2005) 202:47-59. doi:10.1084/jem.20050538
Osburn WO, Yates MS, Dolan PD, Chen S, Liby KT, Sporn MB, et al. Genetic
or pharmacologic amplification of Nrf2 signaling inhibits acute inflammatory
liver injury in mice. Toxicol Sci (2008) 104:218-27. doi:10.1093/toxsci/kfn079
Johnson DA, Amirahmadi S, Ward C, Fabry Z, Johnson JA. The absence of the
pro-antioxidant transcription factor Nrf2 exacerbates experimental autoimmune
encephalomyelitis. Toxicol Sci (2010) 114:237-46. doi:10.1093/toxsci/kfp274
Suzuki T, Murakami S, Biswal SS, Sakaguchi S, Harigae H, Yamamoto M, et al.
Systemic activation of NRF2 alleviates lethal autoimmune inflammation in
scurfy mice. Mol Cell Biol (2017) 37:¢63-17. doi:10.1128/MCB.00063-17
Linker RA, Lee D-H, Ryan S, van Dam AM, Conrad R, Bista P, et al. Fumaric
acid esters exert neuroprotective effects in neuroinflammation via activation
of the Nrf2 antioxidant pathway. Brain ] Neurol (2011) 134:678-92.
doi:10.1093/brain/awq386

Litjens NHR, Rademaker M, Ravensbergen B, Thio HB, van Dissel JT,
Nibbering PH. Effects of monomethylfumarate on dendritic cell differ-
entiation. Br J Dermatol (2006) 154:211-7. doi:10.1111/j.1365-2133.2005.
07002.x

Ghoreschi K, Briick ], Kellerer C, Deng C, Peng H, Rothfuss O, et al. Fumarates
improve psoriasis and multiple sclerosis by inducing type II dendritic cells.
J Exp Med (2011) 208:2291-303. doi:10.1084/jem.20100977

Peng H, Guerau-de-Arellano M, Mehta VB, Yang Y, Huss DJ, Papenfuss TL,
et al. Dimethyl fumarate inhibits dendritic cell maturation via nuclear factor
kB (NF-kB) and extracellular signal-regulated kinase 1 and 2 (ERK1/2) and
mitogen stress-activated kinase 1 (MSK1) signaling. ] Biol Chem (2012)
287:28017-26. doi:10.1074/jbc.M112.383380

Zhu K, Mrowietz U. Inhibition of dendritic cell differentiation by fumaric
acid esters. JInvest Dermatol (2001) 116:203-8. doi:10.1046/j.1523-
1747.2001.01159.x

Litjens NHR, Rademaker M, Ravensbergen B, Rea D, van der Plas MJA,
Thio B, et al. Monomethylfumarate affects polarization of monocyte-derived

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

dendritic cells resulting in down-regulated Th1 lymphocyte responses. Eur
J Immunol (2004) 34:565-75. doi:10.1002/¢ji.200324174

Schilling S, Goelz S, Linker R, Luehder E Gold R. Fumaric acid esters are
effective in chronic experimental autoimmune encephalomyelitis and
suppress macrophage infiltration. Clin Exp Immunol (2006) 145:101-7.
doi:10.1111/j.1365-2249.2006.03094.x

Fox RJ, Miller DH, Phillips JT, Hutchinson M, Havrdova E, Kita M, et al.
Placebo-controlled phase 3 study of oral BG-12 or glatiramer in multiple
sclerosis. N Engl ] Med (2012) 367:1087-97. doi:10.1056/NEJMo0a1206328
Gold R, Kappos L, Arnold DL, Bar-Or A, Giovannoni G, Selmaj K, et al.
Placebo-controlled phase 3 study of oral BG-12 for relapsing multiple sclero-
sis. N Engl ] Med (2012) 367:1098-107. doi:10.1056/NEJMoal114287

Bettelli E, Pagany M, Weiner HL, Linington C, Sobel RA, Kuchroo VK. Myelin
oligodendrocyte glycoprotein-specific T cell receptor transgenic mice develop
spontaneous autoimmune optic neuritis. ] Exp Med (2003) 197:1073-81.
doi:10.1084/jem.20021603

Litjens NHR, Burggraaf J, van Strijen E, van Gulpen C, Mattie H,
Schoemaker RC, et al. Pharmacokinetics of oral fumarates in healthy sub-
jects. Br J Clin Pharmacol (2004) 58:429-32. doi:10.1111/j.1365-2125.2004.
02145.x

Werdenberg D, Joshi R, Wolffram S, Merkle HP, Langguth P. Presystemic
metabolism and intestinal absorption of antipsoriatic fumaric acid esters.
Biopharm Drug Dispos (2003) 24:259-73. doi:10.1002/bdd.364

Hammer A, Yang G, Friedrich ], Kovacs A, Lee D-H, Grave K, et al. Role of the
receptor Mas in macrophage-mediated inflammation in vivo. Proc Natl Acad
Sci US A (2016) 113(49):14109-14. doi:10.1073/pnas.1612668113

Haghikia A, Jorg S, Duscha A, Berg J, Manzel A, Waschbisch A, et al.
Dietary fatty acids directly impact central nervous system autoimmu-
nity via the small intestine. Immunity (2015) 43:817-29. doi:10.1016/j.
immuni.2015.09.007

Hammer A, Schliep A, Jorg S, Haghikia A, Gold R, Kleinewietfeld M, et al.
Impact of combined sodium chloride and saturated long-chain fatty acid
challenge on the differentiation of T helper cells in neuroinflammation.
J Neuroinflammation (2017) 14:184. doi:10.1186/s12974-017-0954-y

Pfeiffer 1A, Zinser E, Strasser E, Stein MFE Dorrie J, Schaft N, et al.
Leukoreduction system chambers are an efficient, valid, and economic
source of functional monocyte-derived dendritic cells and lymphocytes.
Immunobiology (2013) 218:1392-401. doi:10.1016/j.imbi0.2013.07.005
Feuerstein B, Berger TG, Maczek C, Roder C, Schreiner D, Hirsch U, et al.
A method for the production of cryopreserved aliquots of antigen-preloaded,
mature dendritic cells ready for clinical use. J Immunol Methods (2000)
245:15-29. doi:10.1016/S0022-1759(00)00269-6

Mazzola MA, Raheja R, Regev K, Beynon V, von Glehn E Paul A, et al.
Monomethyl fumarate treatment impairs maturation of human myeloid
dendritic cells and their ability to activate T cells. Mult Scler Houndmills
Basingstoke Engl (2017). doi:10.1177/1352458517740213

Wang J, Liu P, Xin S, Wang Z, Li J. Nrf2 suppresses the function of dendritic
cells to facilitate the immune escape of glioma cells. Exp Cell Res (2017)
360:66-73. doi:10.1016/j.yexcr.2017.07.031

Steinbrink K, Wolfl M, Jonuleit H, Knop J, Enk AH. Pillars article: induction
of tolerance by IL-10-treated dendritic cells. ] Immunol (1997) 197:1547-55.
Gopal S, Mikulskis A, Gold R, Fox RJ, Dawson KT, Amaravadi L. Evidence
of activation of the Nrf2 pathway in multiple sclerosis patients treated with
delayed-release dimethyl fumarate in the Phase 3 DEFINE and CONFIRM
studies. Mult Scler Houndmills Basingstoke Engl (2017) 23(14):1875-83.
doi:10.1177/1352458517690617

Tezzi G, Karjalainen K, Lanzavecchia A. The duration of antigenic stimulation
determines the fate of naive and effector T cells. Immunity (1998) 8:89-95.
doi:10.1016/51074-7613(00)80461-6

Arimilli S, Johnson JB, Alexander-Miller MA, Parks GD. TLR-4 and -6
agonists reverse apoptosis and promote maturation of simian virus 5 infected
human dendritic cells through NFkB-dependent pathways. Virology (2007)
365:144-56. doi:10.1016/j.virol.2007.02.035

Zhu J, Wang H, Chen E, Fu ], Xu Y, Hou Y, et al. An overview of chemical
inhibitors of the Nrf2-ARE signaling pathway and their potential applications
in cancer therapy. Free Radic Biol Med (2016) 99:544-56. doi:10.1016/j.
freeradbiomed.2016.09.010

Frontiers in Immunology | www.frontiersin.org

December 2017 | Volume 8 | Article 1922


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1002/eji.1830260916
https://doi.org/10.1038/ki.2013.343
https://doi.org/10.1074/jbc.M111.322420
https://doi.org/10.1165/rcmb.2008-0438OC
https://doi.org/10.4049/jimmunol.181.7.4545
https://doi.org/10.1016/j.freeradbiomed.2015.07.147
https://doi.org/10.1016/j.freeradbiomed.2015.07.147
https://doi.org/10.1016/j.mrfmmm.2009.09.007
https://doi.org/10.1128/MCB.23.22.8137-8151.2003
https://doi.org/10.1101/gad.13.1.76
https://doi.org/10.1084/jem.20050538
https://doi.org/10.1093/toxsci/kfn079
https://doi.org/10.1093/toxsci/kfp274
https://doi.org/10.1128/MCB.00063-17
https://doi.org/10.1093/brain/awq386
https://doi.org/10.1111/j.1365-2133.2005.
07002.x
https://doi.org/10.1111/j.1365-2133.2005.
07002.x
https://doi.org/10.1084/jem.20100977
https://doi.org/10.1074/jbc.M112.383380
https://doi.org/10.1046/j.1523-1747.2001.01159.x
https://doi.org/10.1046/j.1523-1747.2001.01159.x
https://doi.org/10.1002/eji.200324174
https://doi.org/10.1111/j.1365-2249.2006.03094.x
https://doi.org/10.1056/NEJMoa1206328
https://doi.org/10.1056/NEJMoa1114287
https://doi.org/10.1084/jem.20021603
https://doi.org/10.1111/j.1365-2125.2004.
02145.x
https://doi.org/10.1111/j.1365-2125.2004.
02145.x
https://doi.org/10.1002/bdd.364
https://doi.org/10.1073/pnas.1612668113
https://doi.org/10.1016/j.immuni.2015.09.007
https://doi.org/10.1016/j.immuni.2015.09.007
https://doi.org/10.1186/s12974-017-0954-y
https://doi.org/10.1016/j.imbio.2013.07.005
https://doi.org/10.1016/S0022-1759(00)00269-6
https://doi.org/10.1177/1352458517740213
https://doi.org/10.1016/j.yexcr.2017.07.031
https://doi.org/10.1177/1352458517690617
https://doi.org/10.1016/S1074-7613(00)80461-6
https://doi.org/10.1016/j.virol.2007.02.035
https://doi.org/10.1016/j.freeradbiomed.2016.09.010
https://doi.org/10.1016/j.freeradbiomed.2016.09.010

Hammer et al.

Nrf2 Signaling in DCs

50. Buendia I, Michalska P, Navarro E, Gameiro I, Egea ], Le6n R. Nrf2-ARE
pathway: An emerging target against oxidative stress and neuroinflamma-
tion in neurodegenerative diseases. Pharmacol Ther (2016) 157:84-104.
doi:10.1016/j.pharmthera.2015.11.003

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2017 Hammer, Waschbisch, Knippertz, Zinser, Berg, Jorg
Kuhbandner, David, Pi, Bayas, Lee, Haghikia, Gold, Steinkasserer and Linker.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) or licensor are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Immunology | www.frontiersin.org

13

December 2017 | Volume 8 | Article 1922


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1016/j.pharmthera.2015.11.003
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Role of Nuclear Factor (Erythroid-Derived 2)-Like 2 Signaling for Effects of Fumaric Acid Esters 
on Dendritic Cells
	Introduction
	Materials and Methods
	Mice
	Oral DMF Gavage and EAE Induction
	Generation of Murine Bone Marrow-Derived DC (BMDC)
	DC Functional Assays
	Murine Coculture Assays
	Murine T Cell Differentiation
	Isolation of Spinal Cord Lymphocytes
	Murine FACS Analyses
	Generation of Human DCs
	Human Mixed Lymphocyte Reaction (MLR)
	Cytometric Bead Array
	Enzyme-Linked Immunosorbent 
Assay (ELISA)
	Real-time PCR
	Western Blot
	Statistical Analysis

	Results
	Nrf2 Signaling Alters DC Activation and Maturation In Vitro
	Nrf2 Affects DC Functionality and Cytokine Expression Profile
	Nrf2 Directly and Indirectly Regulates 
T Cell Differentiation and Proliferation
	Nrf2 Influences Disease Course and Immune Cell Activation in the EAE 
Mouse Model
	Nrf2 Signaling Alters Maturation Status, Gene Expression Profile, and T Cell Activation Capacity of Human DC In Vitro

	Discussion
	Ethics Statement
	Author Contributions
	Acknowledgments
	Funding
	Supplementary Material
	References


