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Background: Dimethyl Fumarate (DMF) treatment leads to a reduction in IFN-��CD4� T (Th1) cells in patients with
multiple sclerosis.
Results: DMF reduces the antigen-presenting capacity of dendritic cells (DCs) via suppression of NF-�B and ERK1/2-MSK1
signaling.
Conclusion: DMF impaired DC maturation, resulting in decreased Th1 and Th17 cell differentiation.
Significance: This study defined one of the molecular mechanisms of DMF in inflammatory diseases.

Dimethyl fumarate (DMF) is an effective novel treatment
for multiple sclerosis in clinical trials. A reduction of IFN-�-
producing CD4� T cells is observed in DMF-treated patients
and may contribute to its clinical efficacy. However, the cel-
lular andmolecular mechanisms behind this clinical observa-
tion are unclear. In this study, we investigated the effects of
DMF on dendritic cell (DC) maturation and subsequent DC-
mediated T cell responses. We show that DMF inhibits DC
maturation by reducing inflammatory cytokine production
(IL-12 and IL-6) and the expression of MHC class II, CD80,
and CD86. Importantly, this immature DC phenotype gener-
ated fewer activated T cells that were characterized by
decreased IFN-� and IL-17 production. Further molecular
studies demonstrated that DMF impaired nuclear factor �B
(NF-�B) signaling via reduced p65 nuclear translocalization
and phosphorylation. NF-�B signaling was further decreased
by DMF-mediated suppression of extracellular signal-regu-
lated kinase 1 and 2 (ERK1/2) and its downstream kinase
mitogen stress-activated kinase 1 (MSK1).MSK1 suppression
resulted in decreased p65 phosphorylation at serine 276 and
reduced histone phosphorylation at serine 10. As a conse-
quence, DMF appears to reduce p65 transcriptional activity
both directly and indirectly by promoting a silent chro-
matin environment. Finally, treatment of DCs with theMSK1
inhibitor H89 partially mimicked the effects of DMF on
the DC signaling pathway and impaired DC maturation.
Taken together, these studies indicate that by suppression of
both NF-�B and ERK1/2-MSK1 signaling, DMF inhibits

maturation of DCs and subsequently Th1 and Th17 cell
differentiation.

Multiple sclerosis (MS)3 is an inflammatory demyelinating
disease of the central nervous system (CNS). Although the
cause ofMS is unknown, accumulating evidence suggests that it
is an autoimmune disorder mediated by autoreactive myelin-
specific CD4� T cells (1). Much effort has been invested to
better understand the phenotypes of these pathogenic CD4� T
cells, and both IFN-�-producing Th1 cells and IL-17-secreting
Th17 cells have been identified as critical mediators in MS (2).
Dendritic cells play a critical role in instructing the develop-
ment of these pathogenic T cells. In the steady state, immature
DCs lack the capacity to initiate a strong T cell response due to
low expression of MHC class II, CD80, and CD86 (3, 4). Acti-
vation ofDCs throughToll-like receptor signaling or encounter
with antigen leads to maturation and increased expression of
MHC class II, CD80, and CD86. These modifications allow DCs
to become efficient at presenting antigen to naive T cells, which is
critical for launching the adaptive immune response. Cytokine
production is also initiated during the maturation of DCs. This is
important as unique cytokinemicroenvironments influence naive
T cell differentiation (3, 4). IL-12 instructs T cells toward IFN-�-
producingCD4� cells (Th1), whereas IL-6 in the absence of IL-12
favors IL-17-producing cell (Th17) differentiation (2).
Given the important role of DCs in instructing CD4� T cell

differentiation, the association of DCs withMS has been inves-
tigated. PeripheralDCs frompatientswithMS aremoremature
and polarize naive T cells to secrete higher levels of cytokines
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when comparedwithDCs fromhealthy individuals (5). In addi-
tion to their key role in priming naive T cells in the periphery,
CD11c� DCs are also found in the cerebrospinal fluid and
inflammatory MS lesions in the brain (6). This observation
attracted the interest ofmany scientists to study the phenotypes
and functions of DCs retained in the CNS. Evidence suggests
that these CD11c� DCs are capable of acquiring a mature phe-
notype in MS lesions to stimulate autoreactive T cells locally
(7). In addition, theseDCsmaymigrate to cervical draining lymph
nodes and initiate new waves of autoreactive T cells. Based on
these studies, DCs are emerging as a critical player in the priming
of autoreactive T cells in the periphery and the CNS.
Dimethyl fumarate (DMF), in combination with mono-

methyl fumarate, was first approved for the treatment of psori-
asis in Germany in 1994 (8). Two phase III clinical trials have
demonstrated that oral administration of DMF significantly
reduces gadolinium-enhancing lesions, annual relapse rate, and
disease progression in relapsing-remitting MS (9, 10). The
safety record, efficacy, and oral availability of DMF make it
potentially more beneficial toMS patients than currently avail-
able therapies. Although immunological studies show that
DMF treatment leads to a reduction in IFN-�-producing CD4�

T cells in both MS and psoriasis patients (11, 12), the cellular
and molecular mechanisms of DMF are not fully understood.
Understanding the mechanisms by which DMF exerts its ther-
apeutic effects will not only benefit drug development, but will
also enhance our understanding of themolecular pathways that
are critical to the pathophysiology of MS.
In the present study, we focus on the effect of DMF on DC

maturation and subsequent DC-mediated T cell responses
because DCs are the key element in the interface of innate and
adaptive immune responses. We show that DMF inhibits mat-
uration of DCs by significantly reducing cytokine production
(IL-12and IL-6) andexpressionofMHCclass II,CD80, andCD86.
These immature DCs generate fewer activated T cells, namely
IFN-�- and IL-17-producingCD4�Tcells. Further, ourmolecular
studies demonstrate that DMF hinders thematuration of DCs via
suppression of both p65 and ERK1/2-MSK1 signaling.

EXPERIMENTAL PROCEDURES

BoneMarrow-derived Dendritic Cells (BMDCs) Generated in
Vitro—BMDCs were generated according to standard proce-
dures (12). In brief, bone marrow cells were removed from the
femurs and tibias of B10.PL or C57BL/6 mice and cultured in
RPMI 1640 (Invitrogen) supplemented with L-glutamine and
penicillin/streptomycin at 2mM,�-mercaptoethanol (5� 10�5

M), 10% FBS, and 2% J558L medium. J558L cells (kindly pro-
vided by Dr. Miguel Stadecker) secrete granulocyte-macro-
phage colony-stimulating factor (GM-CSF), which is needed to
promote differentiation of bone marrow cells into DCs. Cells
were cultured at 2� 106 cells/well for 10 days with 5%CO2 and
95% air at 37 °C. Fresh medium supplemented with 2% J558L
mediumwere added to the cell culture on days 3, 6, and 8. Cells
were harvested on day 10 for in vitro assays. For mitogen-acti-
vated protein kinase (MAPK) and phospho-histone-3 analysis,
BMDCs were harvested on day 10 and serum-starved for 3–4 h
before LPS or DMF addition. This procedure allows us to 1)
exclude the effects of the serum factors (e.g. growth factors) that

may consistently activate MAPK and p-histone-3 and 2) distin-
guish between specific agonist-induced signaling and that medi-
ated by DMF.
Dendritic Cells Generated in Vivo—DCs were expanded in

vivo by subcutaneously administering 4 � 106 B16 melanoma
cells, which overexpressmurine Flt3L, toC57BL/6 femalemice.
DCs were isolated 3–4 weeks later. Whole spleens were pro-
cessed into a single cell suspension, andCD11c�DCswere then
purified using CD11c magnetic bead positive selection (Milte-
nyi Biotec, Auburn, CA) on an AUTOMACS separator (Milte-
nyi Biotec) (13). Purity of DCswas verified by flow cytometry to
be greater than 95%.
Dendritic Cells andMOG35–55-specific T Cell Co-culture—In

vivo-generated DCs were purified and plated onto 24-well
plates at 1� 106 cells/well. Cells were stimulated with LPS (100
ng/ml, Sigma-Aldrich) in the presence or absence of DMF (70
�M, Sigma-Aldrich) for 24 h. Supernatants were then removed,
and DCs were washed twice in warm PBS. The myelin oligo-
dendrocyte glycoprotein (MOG)-specific 2D2 T cell receptor
transgenic mouse generated by Dr. Vijay Kuchroo (14) was a
generous gift from Dr. Caroline Whitacre. MOG35–55-specific
T cells (4� 106/well) were added to the conditionedDCculture
in the presence of MOG35–55 (2 �g/ml). T cell activation and
cytokine production were determined by flow cytometry and
ELISA, respectively.
Thymidine IncorporationAssay—DCs generated in vivowere

purified and plated on a 96-well plate at 1� 105 cells/well. Cells
were stimulated with LPS (100 ng/ml) in the presence or absence
of DMF (70 �M) for 24 h. Supernatants were then removed, and
DCs were washed twice in warm PBS. MOG35–55-specific T cells
(4� 105 cells/well) were added to the conditionedDCs in 96-well
plates for 48 h. Cells were pulsedwith 50�l ofmediumcontaining
0.5 �Ci of [3H]thymidine for 18 h. Cells were then harvested with
the FilterMate harvester (PerkinElmer Life Sciences) onto UniFil-
ter plates (PerkinElmer Life Sciences) and incubated overnight at
room temperature to dry. A total of 30 �l of MicroScint 20
(PerkinElmer Life Sciences) were added to each well, and plates
were sealed. [3H]Thymidine incorporation was read using a Top-
Count NXTmachine (PerkinElmer Life Sciences).
Cytokine ELISA—Supernatants were collected for each cul-

ture condition and analyzed for IL-12p70, IL-6, IFN-�, and
IL-17 as described previously (15). ELISA was performed using
purified anti-mouse capture antibodies and biotinylated rat
anti-mouse detection antibodies (BD Biosciences). Cytokine
concentrations were calculated by generating a standard curve
using recombinant proteins (R&D Systems) and analyzed using
SoftMax Pro software (Molecular Devices, Sunnyvale, CA).
Flow Cytometry and Intracellular Cytokine Staining—Flow

cytometric analysis was performed to evaluate CD44 expres-
sion on T cells as described previously (15). In the co-culture,
GolgiPlug (1 mg/ml; BD Biosciences) was used to block cyto-
kine secretion for the last 4 h prior to staining. In addition,
the expression of CD11c, CD80, CD86, and MHC class II on
DCs was also examined under different conditions. About
105 live cell events were acquired on a FACSCanto II (BD
Biosciences) and analyzed using FlowJo software (Tree Star).
The following antibodies were purchased from BD Biosci-
ences: fluorescein (FITC)-conjugated anti-CD44, peridinin-
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chlorophyll protein complex (PerCP)-conjugated anti-CD4, allo-
phycocyanin (APC)-conjugated CD11c, fluorescein (FITC)-
conjugated MHC class II, phycoerythrin (PE)-conjugated
CD86, and V450-conjugated anti-CD80.
Immunohistochemistry—BMDCs were plated onto cover-

slips at 50,000 cells/coverslip and stimulated by LPS (100
ng/ml) in the presence or absence of DMF (70 �M). At 5 and 60
min after stimulation, cells were washed by 0.1 M PBS and fixed
by 2% paraformaldehyde for 30 min at 4 °C. Cells were then
stained by primarymonoclonal rabbit anti-mouse p65 antibody
(1:500, Cell Signaling). The location and distribution of p65
were visualized by incubation with Alexa Fluor 568 (1:500,
Invitrogen)-conjugated goat anti-rabbit secondary antibody.
DAPI (4�,6-diamidino-2-phenylindole, Sigma) was used to
stain cell nuclei. To analyze the p65 distribution and reduce
human bias, an automated scanning program was developed
using theMetaMorph image analysis system (16). The intensity
of p65 labeling in whole cell and nucleus was respectively col-
lected by the program. Nuclear p65 distribution is expressed by
the ratio of nuclear p65 and whole cell p65.
Western Blot—Whole cell protein was extracted using 1%

Triton X-100 lysis buffer (20mMTris-HCl, 150mMNaCl, 1mM

EDTA, 1 mM phenylmethylsulfonyl fluoride (PMSF), 1 mM

sodium orthovanadate, and 1:100 protease inhibitor (Sigma-
Aldrich)) for phospho-p65, total p65, and I�B� detection. For
MAPKs detection, whole cell protein was extracted using 1�
SDS buffer with 1 mM PMSF, 1 mM sodium orthovanadate, and
1:100 protease inhibitor. Whole cell lysates were electropho-
retically separated on Criterion Tris-HCl gel (10%) (Bio-Rad),
transferred to nitrocellulose membranes (GE Healthcare), and
then probed with the antibody of interest. Detections were per-
formed using HRP-conjugated secondary antibodies followed
by development with ECLWestern blotting substrate (Cell Sig-
naling), as described previously (17). The density of the bands
was determined by using an AlphaImager (Alpha Innotech
Corp.) p65 antibody, and pSer536-p65 antibody, I�B� antibody,
pThr581-MSK1 antibody, phospho-ERK1/2 antibody, phospho-
JNKantibody, and phospho-p38 antibodywere purchased from
Cell Signaling. pSer276-p65 antibody was from Abcam. �-Actin
was from Sigma. U0126 was from Cell Signaling, and H89 was
purchased from EMDMillipore.
Statistical Analysis—GraphPad Prism software (GraphPad,

La Jolla, CA) was used to perform all statistical analyses. All
statistical analyses were performed using a two-tailed Student’s
t test. A 0.05 p value was considered significant.

RESULTS

DMF Inhibits DC Maturation—As a promising novel medi-
cation, the beneficial effects of DMF correlate with a reduction
in IFN-�� CD4� T cells in patients (10). Given the important
role of DCs in instructing T cell differentiation, we sought to
determine whether DMF impairs DC maturation and subse-
quent DC-mediated T cell responses. BMDCs were stimulated
by LPS, a TLR4 agonist, in the presence or absence of DMF, and
cytokine secretion was determined by ELISA at 6 and 24 h.
DMF treatment significantly inhibited production of IL-12 and
IL-6, proinflammatory cytokines that mediate Th1 and Th17
differentiation (2) (Fig. 1A). The inhibitory effect of DMF was

dose-dependent, with maximal inhibition achieved at the 70
�M concentration. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide assay indicated no toxicity of DMF at
the dosages used (data not shown). Our cytokine data are in
agreement with previous work from both our laboratory and
others (12, 18).
To further characterize DC responses to DMF, the expression

ofDCmaturationmarkerswas evaluated.Although theGM-CSF-
differentiated DCsmethod is reproducible, easy, and inexpensive,
GM-CSF-differentiated DCs display an inflammatory phenotype
(19). Therefore, for the DCmaturation and co-culture studies, we
utilized DCs generated in vivo that are phenotypically equivalent
to steady-stateDCs in vivo (19).Our results suggest that LPS stim-

FIGURE 1. DMF inhibits dendritic cell maturation. A, BMDCs were stimulated
by LPS (100 ng/ml) in the presence or absence of different dosages of DMF (17, 35,
and 70 �M). Cytokine secretion was determined by ELISA at 6 and 24 h. Error bars
indicate S.E. B, DCs were generated in vivo, purified, and stimulated by LPS (100
ng/ml) in the presence or absence of DMF (70�M) for 24 h. MHC class II, CD80, and
CD86 were then stained for flow cytometric analysis. Numbers indicate the per-
centages of MHC class IIhigh, CD80-positive, or CD86high. *, p � 0.01. Data are
derived from one experiment representative of three independent experiments.
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ulation led to enhanced expressionofMHCclass IIhigh, CD80, and
CD86high, whereas the addition ofDMF completely abrogated the
up-regulationof these surfacemolecules (Fig. 1B).Taken together,
these data indicate thatDMF inhibitsDCmaturationby suppress-
ing both pro-inflammatory cytokine production and the expres-
sion of cell surface molecules required for effective antigen pres-
entation to T cells.
DMF-treated DCs Are Less Effective Antigen-presenting Cells—

As potent antigen-presenting cells, DCs present peptides on
MHC molecules to naive T cells and instruct T cell activation
and differentiation. BecauseDMF treatment inhibitedDCmat-
uration and the production of cytokines that mediate the dif-
ferentiation of Th1 and Th17 cells, we next wanted to test
whether DMF subsequently influenced DC-mediated T cell
activation. In vivo-generatedDCswere stimulated by LPS in the
presence (LPS/DMF-DCs) or absence (LPS-DCs) of DMF for
24 h, washed to remove DMF and LPS, and then co-cultured
with T cell receptor transgenic T cells specific forMOG35–55 in
the presence of MOG35–55 peptide for 48–72 h. This experi-
mental set-up allowed us to rule out direct effects of DMF on T
cells because only DCs are exposed to DMF. T cell activation
and proliferation were evaluated by flow cytometry and
[3H]thymidine assay, respectively. As demonstrated in Fig. 2A,
T cells generated by LPS/DMF-DCs had a markedly lower per-
centage of CD4� T cells expressing CD44, a marker of effector
and memory T cells, when compared with those generated by
LPS-DCs. To determine whether this reduction in cellular acti-
vation also resulted in decreased cytokine production, namely
the hallmark Th1 and Th17 cytokines IFN-� and IL-17, cyto-
kine production was evaluated by ELISA. Consistently, both
IFN-� and IL-17 in the LPS/DMF-DC�MOG35–55-specific T
cell co-culture were significantly reduced (Fig. 2B). In addition,
T cells generated by LPS-DCs had a high proliferation, whereas
T cells from LPS/DMF-DCs co-culture had a significantly
decreased proliferation (Fig. 2C). Thus, DMF inhibits the mat-
uration and function of DCs, as well as the subsequent DC-me-
diated T cell response, resulting in reduced activation, cytokine
production, and proliferation of MOG35–55-specific T cells.

DMF Inhibits the NF-�B Pathway in DCs—To explore the
molecular mechanisms through which DMF impairs the mat-
uration of DCs, the NF-�B pathway was analyzed because it is
critical for TLR-induced DCmaturation (see Fig. 7, Point 1). In
the resting state, p65 is sequestered by I�B� in the cytoplasm.
Upon stimulation with agents such as LPS, I�B� is rapidly
phosphorylated and degraded. As a consequence, p65 is freed
and translocates to the nucleus, where it binds to promoters of
inflammatory genes and drives gene transcription. During this
process, p65 is also phosphorylated at different sites to allow for
optimal transcriptional activity (20). To test whether DMF
treatment influences p65 activity, BMDCs were stimulated by
LPS in the presence or absence of DMF. Cells were fixed at 5
and 60 min after LPS stimulation. Total p65 distribution was
then evaluated by histology at each time point. As shown in Fig.
3A, the majority of p65 resides in the cytoplasm at 5 min after
LPS activation, and as expected, a robust translocation of p65 to
the nucleus was observed at 60 min. In contrast, DMF treat-
ment retains p65 in the cytoplasm, resulting in significantly
reduced p65 translocation to the nucleus (Fig. 3, A and B).

It has been well described that degradation of I�B� plays a
critical role in altering the dynamic balance of p65 between
cytoplasm and nucleus, favoring nuclear entry of p65 (21). To
determine whether decreased degradation of I�B� was respon-
sible for the reduced translocation of p65 to the nucleus after
DMF treatment, I�B� protein levels were determined byWest-
ern blot. As demonstrated in Fig. 3C, DMF does not prevent
I�B� degradation, suggesting that DMF does not inhibit p65
liberation. Phosphorylation of p65 enhances its nuclear stability
and its capacity to recruit other co-activators to the promoter.
To determine whether DMF inhibits phosphorylation of p65 at
specific serine residues, Western blotting was performed on
whole protein extracts using antibodies specific for phospho-Ser-
276 and phospho-Ser-536. As demonstrated in Fig. 3, C and D,
DMF reduces p65 phosphorylation, which may result in reduced
capacity of p65 nuclear localization and decreased p65 transcrip-
tional activity. These analyses of p65 localization and phosphory-

FIGURE 2. LPS/DMF-DCs generate less T cell activation and proliferation characterized by decreased IFN-� and IL-17 production. Purified DCs were
stimulated by LPS (100 ng/ml) in the presence or absence of DMF (70 �M) for 24 h, supernatant was then removed, and DCs were washed twice by warm PBS.
MOG35–55-specific T cells were then added to the conditioned DC culture in the presence of MOG35–55 peptides (2 �g/ml). A, T cell activation was determined
by flow cytometric analysis of CD44, an effector T cell marker, at both 48 h and 72 h after co-culture was set up. The number above the gate indicates the
percentage of activated CD4�CD44� T cells. B, cytokine production including IFN-� and IL-17 in the co-culture system supernatant was evaluated by ELISA.
C, proliferation was assessed by [3H]thymidine incorporation. Cells were pulsed at 48 h with [3H]thymidine and harvested 18 h later. [3H]Thymidine incorpo-
ration was measured using a TopCount NXT (PerkinElmer Life Sciences). *, p � 0.01. Data are derived from one experiment, which is representative of at least
three independent experiments. Error bars indicate S.E.
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lation provide molecular evidence that DMFmodulates signaling
mechanisms that lead toDCmaturation and cytokine production.
DMF Suppresses ERK1/2-MSK1 Signaling—In addition to

NF-�B activation, MAPK family signaling is also involved and
plays different roles in DCmaturation (22). Suppression of p38
or extracellular signal-regulated kinase 1 and 2 (ERK1/2) acti-
vation by inhibitors prevents DC maturation, whereas activa-
tion of c-JunN-terminal kinase (JNK)may limit DCmaturation
(23–25). To determine whether DMF alters MAPK signaling
(see Fig. 7, Point 2), BMDCs were serum-starved for 3–4 h and
then treated with DMF 1 h prior to LPS stimulation. U0126, an
ERK1/2 inhibitor, was included as a positive control.Whole cell
proteins were extracted at 5, 10, 20, and 30 min after LPS stim-
ulation, and MAPK activity was determined by Western blot.
Fig. 4 demonstrates that DMF treatment specifically inhibited
phosphorylation of ERK1/2 (Fig. 4, A and B) but did not influ-
ence phosho-p38 or phospho-JNK activity (Fig. 4C). Previous

studies suggest that MSK1, a downstream kinase of ERK1/2,
positively regulates p65 signaling pathways. MSK1 enhances
p65 transcriptional capacity by promoting phosphorylation
of p65 at serine 276 (see Fig. 7, Point 3). In addition, MSK1
phosphorylates histone-3 at serine 10,which in turn promotes a
permissive chromatin structure for transcriptional activity
induced by p65 (see Fig. 7, Point 4). To address this issue,MSK1
activity was determined byWestern blot. As shown in Fig. 4, A
and B, LPS stimulation results in enhanced phosphorylation of
MSK1, and this enhancement was impaired byDMF treatment.
DMF-mediated ERK1/2-MSK1 Reduction Contributes to the

Compromised NF-�B Activity—Although the MAPK and
NF-�B pathways are independent, they can interact via MSK1,
where MSK1 phosphorylates p65 and enhances its transcrip-
tional activity (see Fig. 7,Point 3). To dissect the contribution of
ERK1/2-MSK1 signaling reduction to NF-�B inhibition caused
by DMF, the MSK1 inhibitor H89 was used (20, 26–28). The

FIGURE 3. DMF inhibits p65 phosphorylation and nuclear translocation. A and B, BMDCs were stimulated by LPS (100 ng/ml) in the presence or absence of
DMF (70 �M). A, cells were fixed by 2% paraformaldehyde at 5 and 60 min after LPS stimulation and then labeled with p65 and DAPI, revealing increased
cytoplasmic retention of p65 in DMF conditions. The immunohistochemical results are quantified in B, which shows the ratio of nuclear p65 over whole cell p65
in LPS (black bar) and LPS�DMF (white bar) conditions. Data are derived from one experiment representative of two independent experiments. *, p � 0.01. Error
bars indicate S.E. C, time course of phospho-p65 and I�B� expression in LPS and LPS�DMF conditions. BMDCs were stimulated by LPS (500 ng/ml) in the
presence or absence of DMF (70 �M). Whole cell protein was then extracted at 0, 5, 20, 30, 40, and 60 min, and phospho-p65, p65, I�B�, and �-actin levels were
determined by Western blot and quantified in D as the ratio of phospho-p65/p65 or I�B�/�-actin. Data are derived from one experiment representative of three
independent experiments.
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effect of DMF-mediated MSK1 reduction on different levels of
the p65 pathway was examined and compared with that of H89
(Fig. 5). BMDCs were stimulated by LPS (500 ng/ml),
LPS�DMF, or LPS�H89 (10�M), and whole cell proteins were
analyzed for pSer10-H3 and pSer276-p65. As expected, H89 did
not affect I�B� degradation. Interestingly, H89 successfully
mimicked the inhibitory effect of DMF on pSer276-p65 and
pSer10-H3, suggesting that DMF-induced-MSK1 reduction
contributes to the compromised NF-�B activity.
H89Mimics the Inhibitory Effect of DMF on DCMaturation—

To further determine whether DMF-induced MSK1 reduction
is functionally important, the effect of H89 on DC maturation
was determined.Wehypothesized thatH89 is able tomimic the
inhibitory effect of DMF on DC maturation. To test this, puri-
fied DCs generated in vivo were stimulated by LPS, LPS�H89,
or LPS�DMF for 24 h. The expression of MHC class II, CD80,
and CD86 was evaluated by flow cytometric analysis (Fig. 6A).
To determine whether the MHC class IIhigh, CD80, and
CD86high cells are the same population, cells were first gated on
MHC class IIhigh and then on CD80 and CD86high (Fig. 6B). In
the untreated condition, about 45%ofMHCclass II high cells are
CD86high, and only about 5% are CD80 positive. In contrast,
after LPS stimulation, the percentage of MHC class IIhigh cells

increased, virtually all MHC IIhigh cells were also CD86high, and
about 73% of MHC class IIhigh CD86high cells were also CD80-
positive. This demonstrates that LPS induces a mature popula-
tion expressing MHC class IIhigh CD86high and CD80, which is
expected to be highly efficient at driving T cell responses.
Importantly, DMF completely blocked the development of this
mature population. H89 partially mimicked the effect of DMF
on DC maturation by decreasing the expression of MHC class
IIhigh from 38 to 8%, expression of CD80 from 31 to 4%, and
expression of CD86high from 44% to 11% (Fig. 6A). In addition,
cytokine production was evaluated in different conditions.
DMF reduced the secretion of both IL-12 (undetectable) and
IL-6 (95% reduction). Similarly, H89 treatment led to a 85%
reduction in IL-12 and a 60% reduction in IL-6 (Fig. 6C) Taken
together, our data suggest that MSK1 reduction is critical for
the inhibitory effect of DMF on DC maturation.

DISCUSSION

Ourdata show that the expression ofDCmaturationmarkers
includingMHCclass IIhigh, CD80, andCD86high is substantially
inhibited by DMF. In addition, IL-12 and IL-6 production is
significantly reduced. These cytokines are essential for Th1 and
Th17 cell differentiation (12, 29). TLR4-mediated NF-�B acti-

FIGURE 4. DMF inhibits ERK1/2-MSK1 signaling. Serum-starved-BMDCs were treated with DMF (70 �M) or ERK1/2 inhibitor U0126 (10 �M) 1 h before the
addition of LPS (100 ng/ml). Whole cell protein was then extracted at 5, 10, 20, and 30 min, and p-ERK1/2, ERK1/2, p-JNK, JNK, p-p38, p38, p-MSK1, and �-actin
were determined by Western blot. A, time course of expression of p-ERK1/2 and p-MSK1. B, quantification of Western blot images. Values are expressed as the
ratio of p-ERK1/2/ERK1/2, and p-MSK1/�-actin. C, time course of expression of p-JNK, JNK, p-p38, and p38 in each condition. Data are derived from one
experiment representative of three independent experiments.
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vation involves both myeloid differentiation factor 88
(MyD88)-dependent and MyD88-independent pathways (Fig.
7). Although proinflammatory cytokine production is mainly
viaMyD88-dependent signaling, these cytokines are still induc-
ible inMyD88/TNF receptor-associated factor-6 (TRAF6) dou-
ble knock-out mice, indicating the involvement of MyD88-
independent pathway in cytokine production after TLR4
stimulation (30, 31) Thus, it is possible that the inhibitory effect
of DMF on DC maturation is via both pathways. Additionally,
DMF may also block signaling of other TLRs because MyD88-
dependent pathway is involved in signaling of all TLRs (with the
exception of TLR3), and MyD88-independent pathway is
involved in TLR3/TLR4 signaling (31–33).
Our data further demonstrate that these immature DCs have

impaired capacity in driving T cell activation. T cells generated
by LPS/DMF-DCs activate and proliferate less and produce
decreased levels of Th1 and Th17 hallmark cytokines. This is in
agreement with the clinical observation that DMF treatment
leads to pathogenic Th1 (IFN-��CD4� T cell) cell reduction
(11, 12). Thus, our study provides an important mechanism by
whichDMF suppressesT cell activation and proliferation. Clin-
ical data in regard to the effect of DMF on Th17 cells, another
pathogenic cell population, are not yet available. However,
IL-17 production in the LPS/DMF-DCs�MOG35–55-specific T
cell co-culture was also significantly reduced, suggesting that
Th17 differentiation is affected by DMF treatment as well. It
would be of interest to determine whether the Th17 population
in MS patients is decreased during the course of DMF treat-
ment. It should be noted that some studies suggest that DMF
leads to direct enhancement in CD4� T cell apoptotic rate.
However, the increases in apoptotic rate were not sustained,
and by 12 weeks of treatment, the rate of apoptosis had
returned to base-line levels, yet the IFN-�-producing CD4� T

cell count remains low during the entire treatment course (11,
12). Because of its immunosuppressive effects, concernsmay arise
onpotential adverse effects ofDMFtreatment.However, basedon
the MS clinical trial data and experiences from psoriasis patients,
there is no evidence of increased risk of opportunistic infection or
malignancy in DMF-treated individuals (8–11).
To enhance our understanding of the effects of DMFonDCs,

we began to explore the molecular targets of DMF in DCs. Pre-
vious studies showed that both NF-�B and MAPK activation
contribute to LPS-mediated DC maturation (34, 35). In the
resting state, p65 is bound to I�B� in the cytosol. Upon LPS
stimulation, I�B� is phosphorylated, ubiquitinated, and
degraded by the proteasomemachinery, releasing p65 to trans-
locate to the nucleus and transactivate genes (Fig. 7, Point 1). In
addition, site-specific phosphorylation also occurs to increase
p65 transcriptional activity either by enhancing binding to
coactivators and basal transcription factors or by increasing
p65 nuclear localization and stability (21, 36). Phosphorylation
at the same site can be achieved by multiple kinases, often in a
cell-specific manner. For instance, Ser-276 of p65 is phosphor-
ylated by protein kinase A (PKA) and MSK1, whereas phosphor-
ylation at Ser-536 is mediated by different I�B kinases (37, 38).
Phosphorylation of both Ser-536 and Ser-276 plays critical
roles in regulating p65 activity (27, 36, 38–41).
In the current study, we demonstrate that DMF inhibits p65

signaling by decreasing its phosphorylation and its entry to the
nucleus. However, reduced p65 nuclear localization is inde-
pendent of I�B� as DMF does not prevent its degradation. Our
finding is in agreement with others where in TNF-� stimulated
endothelial cells, DMF inhibits translocation of p65 to the
nucleus without inhibiting I�B� degradation (42).What causes
reduced nuclear localization of p65 by DMF treatment? One
possible explanation might be the reduced phosphorylation of

FIGURE 5. DMF-mediated-MSK1 reduction interferes with p65 signaling. A, serum-starved-BMDCs were treated with DMF (70 �M) or MSK1 inhibitor H89 (10
�M) 1 h before the addition of LPS (100 or 500 ng/ml). Whole cell protein was then extracted at 5, 20, 30, and 40 min, and pSer10-histone-3, histone-3, pSer276-p65,
p65, I�B�, and �-actin were determined by Western blot. B, quantification of Western blot images. Values are expressed as the ratio of pSer276-p65/p65,
pSer10-histone-3/histone-3, and I�B�/�-actin. Data are derived from one experiment representative of three independent experiments.
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p65 caused by DMF. Phosphorylation of p65 at serine 276 was
suggested to promote acetylation and retention of p65 in the
nucleus (43). In addition, evidence also suggests that pSer536-
p65 does not exist in the classical NF-�B complex of p50 and
p65. Instead of being controlled by I�B, its nuclear localization
is probably facilitated by another protein that is not involved in
the classical NF-�B pathway (44). In our study, the fact that the
reduction in pSer536-p65 is independent of I�B� degradation
indicates that DMF regulates phospho-p65 nuclear transloca-
tion through an alternative mechanism (44). We hope to
address this question once these phospho-p65 nuclear translo-
cation regulators are identified.
MSK1, a downstream protein of ERK1/2 or p38, potentiates

p65 transcriptional activity (Fig. 7, Point 3). Initially identified
as a nuclear kinase, MSK1 was later shown to present in the
cytosol as well (26). MSK1 phosphorylates p65 at serine 276,
and this phosphorylation was much reduced in MSK1/2-defi-
cient mouse embryonic fibroblasts (36). It has been well docu-
mented that once phosphorylated at serine 276, p65 undergoes
configuration change, allowing its enhanced capacity of recruit-
ing other co-factors to the gene promoters (20). In addition,
through phosphorylation of histone-3 at serine 10, MSK1 pro-
motes local relaxation of DNA and enhances the accessibility of

p65 to gene promoters including IL-6, IL-12p40, and IL-8 (28,
45). In fact, by chromatin immunoprecipitation (ChIP) analysis,
MSK1 and its substrates including both pSer276-p65 and pSer10-
histone-3 were shown to localize to the endogenous NF-�B
containing IL-6 promoter upon TNF-� stimulation (27, 46).
In our study, we demonstrate that DMF inhibits MSK1 acti-

vation through its upstream protein ERK1/2 (Fig. 7, Point 2).
Our observation is in conflict with a study published by Gesser
et al. (47) where DMF inhibits MSK1 without affecting p38 or
ERK1/2. However, different cell types and different stimuli may
explain the difference we observed. Further, the importance of
MSK1 as a target of DMFwas supported by the mimicry exper-
iments. We showed that without decreasing I�B� degradation,
H89, an MSK1 inhibitor, reduces phosphorylation of p65 at
serine 276 and of histone-3 at serine 10. Moreover, this reduc-
tion in pSer276-p65 and pSer10-histone-3 is functionally impor-
tant becauseH89 successfully inhibitsDCmaturation by reduc-
ing IL-6/IL-12 and MHC class IIhigh, CD80, and CD86high
expression. It should be noted that H89 partially mimics the
function of DMF, which indicates the involvement of other
phospho-p65 (e.g., pSer536-p65) as targets by DMF.
In conclusion, we demonstrate that DMF inhibits DCmat-

uration and function, and subsequently, suppresses Th1 and

FIGURE 6. DMF-mediated MSK1 reduction is essential for the inhibitory effect of DMF on DC maturation. Purified DCs were stimulated by LPS (100 ng/ml),
LPS�H89 (10 �M), or LPS�DMF (70 �M) for 24 h. Untreated condition was included as control. A, MHC class IIhigh, CD80, and CD86high expression was
determined by flow cytometry. B, cells were first gated on MHC class IIhigh and then gated on CD80 and CD86high. C, cytokine secretion in each condition was
evaluated by ELISA. *, p � 0.01. Data are derived from one experiment representative of two independent experiments. Error bars indicate S.E.
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Th17 cell differentiation. Further, our molecular data dem-
onstrate that DMF exerts its effect via suppression of both
p65 and ERK1/2-MSK1 signaling. Our study provides an
important mechanism for the action of DMF in modulating
inflammation and provides insight into pathways that are
effective targets for therapeutic intervention in inflamma-
tory diseases with unknown etiology such as multiple
sclerosis.
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