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Abstract Embelin (2,5-dihydroxy-3-undecyl-1,4-benzoqui-
none, EB) has been shown to inhibit the X-linked inhibitor
of apoptosis protein and various inflammatory pathways. Al-
though different molecular mechanisms have been described
for the potent antitumor activities of EB, its potential effect on
inflammatory and immune-mediated diseases such as multiple
sclerosis (MS) and its animal model experimental autoim-
mune encephalomyelitis (EAE) remains unclear. In this study,
we demonstrated that EB suppressed human CD14"
monocyte-derived dendritic cell (DC) differentiation, matura-
tion, and endocytosis and further inhibited the stimulatory
function of mature DCs on allogeneic T cell proliferation
in vitro. In addition, EB blocked the DC-derived expression
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of the Th1 cell-polarizing cytokines interferon-y and interleu-
kin (IL)-12 and the Th17 cell-polarizing cytokines IL-6 and
IL-23. In vivo administration of EB led to a reduction in the
EAE clinical score, in central nervous system inflammation,
and in demyelination. Furthermore, EB also suppressed in-
flammatory Thl and Thl17 cells in EAE, at least partially,
through the promotion of transforming growth factor-beta
and {3-catenin expression and inhibition of signal transducer
and activator of transcription 3 signaling pathways in DCs.
These data suggest that EB has potent anti-inflammatory and
immunosuppressive properties and is a potential thera-
peutic drug for MS and other autoimmune inflammatory
diseases.
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Introduction

Embelia ribes Burm (Myrsinaceae), an herbaceous medicinal
plant, has been traditionally used to treat fever, dyspepsia,
various gastrointestinal ailments, and skin disease [1].
Embelin (EB), an active compound from this plant, has shown
significant antiproliferative and pro-apoptotic effects on cells
in fibrosarcoma [2], leukemia [3-5], pancreatic cancer [6, 7],
breast cancer [8], colon cancer [9], multiple myeloma [10],
and prostate cancer [11]. Other reports have clearly demon-
strated that EB is a potent inhibitor of the activation of pro-
inflammatory transcription factors, such as nuclear factor-
kappaB [4] and signal transducer and activator of transcription
3 (STAT3) [10]. Additionally, EB has also been reported to
induce apoptosis through the upregulation of peroxisome
proliferator-activated receptor-gamma (PPARY) transcription
[9], the targeting of microtubular proteins [12], and the cleav-
age of receptor-interacting protein [6] in addition to signifi-
cantly increasing PPARYy expression in type 2 diabetic rats
[13]. Recently, EB was found to inhibit growth and induce
apoptosis through the suppression of Akt/mTOR/S6K1 sig-
naling cascades [14]. Although various molecular mecha-
nisms, as discussed previously, have been suggested to ac-
count for the potent antitumor activities of EB, its potential
effect on multiple sclerosis (MS) and its animal model exper-
imental autoimmune encephalomyelitis (EAE) remains
unclear.

Dendritic cells (DCs) have a pivotal role in the immune
response and in stimulating naive T lymphocytes [15]. DCs
also have a critical role in the induction and maintenance of
self-tolerance, the failure of which can lead to autoimmune/
inflammatory diseases. Recent evidence suggests that DCs are
critical for the suppression of immune responses through the
generation of T regulatory cells (Treg cells) [16, 17]. How
DCs accomplish these seemingly contradictory functions in
immunity vs. tolerance is unclear. The general features of DC
maturation are well understood [18] and involve the translo-
cation of major histocompatibility complex class II molecules
(MHC-II), the upregulation of co-stimulatory molecules such
as CD80 and CDS86, the activation of lysosomal antigen
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processing, and the release of a host of immunostimulatory
cytokines [19]. Such cytokines regulate the differentiation of
naive CD4" T cells into either inflammatory cells [T helper 1
(Th1), Th2, or Th17] or Treg cells, thereby regulating the
balance between immunity and tolerance. In both MS and
EAE, Thl and Th17 myelin-reactive CD4" T lymphocytes
gain access to the central nervous system (CNS) and, in
concert with other infiltrating mononuclear cells such as mac-
rophages, cause inflammation, oligodendrocyte cell death,
demyelination, axonal degeneration, and progressive ascend-
ing paralysis [20-22]. However, Th2 mediated the suppres-
sion of autoimmune disease [23].

EAE is an autoimmune disorder of the CNS that serves as
an animal model for human MS [24]. A strong body of
evidence points to a role for transforming growth factor-beta
(TGF-f3) in preventing EAE [25-32]. A recent study found
that TGF-3 signaling in DCs is a prerequisite for the control of
autoimmune encephalomyelitis [33]. Although these observa-
tions demonstrate a critical protective function for TGF-f3 in
EAE, the targets of TGF-{3 activity remain undefined.

Recent data from in vitro and in vivo experiments point to a
critical role for 3-catenin signaling in the regulation of DC
[34] and Treg cell function [35]. [3-Catenin is involved in
many complex interactions and has many functions [36]. 3-
Catenin is an essential component of the Wnt signaling (Wnts)
pathway, which controls a number of processes linked to
embryonic and organ development [37]. The absence of Wnts
facilitates the phosphorylation of (3-catenin protein by glyco-
gen synthase kinase-3 beta (GSK-3f3), leading to [3-catenin
ubiquitination and degradation [38], whereas Wnts can induce
the phosphorylation and inactivation of GSK-33 and promote
the subsequent stabilization of 3-catenin protein [39]. More-
over, TGF-{3 suppresses the [3-catenin-dependent tolerogenic
activation program in DCs [40]. DCs induce tolerance in vivo,
and more importantly, immunization with DCs can provide
complete protection against autoimmune diseases such as
EAE.

A number of immunomodulatory drugs, including f3-
interferon (Avonex, Betaseron, and Rebif), glatiramer acetate
(Copaxone), mitoxantrone (Novantrone), natalizumab
(Tysabri), and fingolimod (Gilenya), have been introduced
as a treatment for MS. There are several drugs undergoing
phase II and III trials. However, current drugs have been
proven unsatisfactory because of their toxicity in a number
of patients [41]. Therefore, the improvement of MS therapy
through the development of new drugs is necessary.

In this study, we investigated whether EB affects DC
differentiation and activation by monitoring DC cytokine
production and mature DC (mDC) allostimulatory activity
during the T cell proliferation process that ameliorates EAE.
In conclusion, EB significantly increased TGF-{3/[3-catenin
signaling and decreased STAT3 phosphorylation in DCs, by
reducing the levels of various pro-inflammatory factors. This



Mol Neurobiol (2014) 49:1087-1101

1089

led to a reduction of EAE clinical score and CNS inflamma-
tion and demyelination. This study also provided further in-
sights into the biological functions and clinical applications of
EB and demonstrated the need for further investigation of EB
as a potential therapeutic drug for MS and other autoimmune
inflammatory diseases.

Materials and Methods
Animals

Female C57BL/6 mice aged 6—8 weeks were purchased from
the Academy of Military Medical Science (Beijing, China).
The animals were housed and fed in a specific pathogen-free
animal facility at the Experimental Animal Center of Tianjin
Medical University (Tianjin, China). The experiments were
performed in accordance with the guidelines for animal care
and were approved by the Animal Ethics Committee of Tian-
jin Medical University (Tianjin, China).

CD14" Cell Purification and DC Differentiation
and Maturation

Fresh human buffy coats were obtained from the Tianjin
Blood Center (Tianjin, China). Peripheral blood mononuclear
cells (PBMCs) were isolated by centrifugation through Ficoll-
Paque PLUS (Amersham Biosciences, Uppsala, Sweden) at
400xg for 30 min, and the upper layer (plasma) was drawn off
using a sterile Pasteur pipette, leaving the lymphocyte layer
undisturbed at the interface. Using a clean sterile Pasteur
pipette, the lymphocyte layer was transferred to a clean cen-
trifuge tube and then washed three times with phosphate-
buffered saline (PBS). The CD14" monocytes were separated
from the PBMCs using a magnetic separation column in
accordance with the manufacturer’s instructions (Miltenyi
Biotech, Auburn, CA, USA) and were washed thoroughly to
eliminate the unspecific binding of cells to the beads. The
purified CD14" monocytes were analyzed on a FACSCalibur
instrument (Becton Dickinson, San Jose, CA, USA) to con-
firm the purity of the CD14" cells (>95 %). Complete Roswell
Park Memorial Institute (RPMI) 1640 culture medium con-
taining 100 mM sodium pyruvate, 200 mM L-glutamine,
100 mg/ml kanamycin, and 10 % fetal bovine serum (FBS)
(Gibco, Invitrogen Auckland, New Zealand) was used for the
routine culture of the primary cells. For DC differentiation, the
purified CD14" cells were cultured for 5 days in the presence
of 1,000 U/ml recombinant human granulocyte—macrophage
colony-stimulating factor (GM-CSF) and 1,000 U/ml
interleukin-4 (IL-4) (Peprotech, Rocky Hill, NJ, USA) and
were simultaneously treated either with or without 10, 30, or
60 uM EB (Haoyuan Chemexpress Co., Ltd., Shanghai, Chi-
na). To induce DC maturation, the immature DCs (iDCs) with

or without EB treatment were treated with 1 pg/ml lipopoly-
saccharide (LPS; Sigma, St. Louis, MO, USA) on day 5 and
were incubated for an additional 2 days in complete RPMI
1640 medium.

Flow Cytometry Analysis

Cells were harvested on day 5 for the analysis of human
CD14" monocyte-derived DC differentiation or on day 7 for
the analysis of maturation. The DCs were stained for the
surface markers CD80, CD83, CD86, and HLA-DR using
antihuman, fluorescence-conjugated antibodies and were
stained simultaneously with phycoerythrin (PE)-conjugated
CDl1c antibody (BD Biosciences, San Jose, CA, USA). A
fluorescence-activated cell sorter (FACS) was used for the
analysis. The FACS data were analyzed using FlowJo soft-
ware (Tree Star, Ashland, OR, USA).

Endocytosis Analysis of iDCs

Endocytosis was quantified as the cellular uptake of fluores-
cein isothiocyanate (FITC)—dextran (MW, 40,000; Sigma, St.
Louis, MO, USA). iDCs were incubated in medium contain-
ing FITC—dextran (0.1 mg/ml) and were treated with or with-
out EB at either 4 °C as the negative control or at 37 °C as the
positive control for 30 min. The cells were washed and were
analyzed on a FACSCalibur as described previously.

Mixed Lymphocyte Reaction (MLR) Assay

The CD4" T cells were positively selected from fresh PBMCs
using antihuman CD4-conjugated microbeads (Miltenyi
Biotec, Auburn, CA, USA). The purified CD4" T cells were
resuspended in PBS (107 cells/ml) and treated with 2 uM
carboxyfluorescein succinimidyl ester (CFSE; marker for cell
proliferation; Invitrogen, Eugene, OR, USA) for 30 min at
37 °C. The cells were then washed twice with complete RPMI
1640 medium to terminate the staining process. The LPS-
activated mDCs with or without EB treatment were pretreated
using mitomycin C (proliferation blocker, 25 pg/ml) before
being cocultured with the CD4" T cells. The CFSE-labeled
CD4" cells and the pretreated DCs were added to each well of
a U-bottom microtiter plate (2x10° cells/well). The mDCs
were cocultured with the allogeneic CD4" T cells at ratios of
1:10, 1:20, and 1:40 for 4 days. The cells were acquired using
a FACSCalibur instrument (Becton Dickinson, San Jose, CA,
USA), and the data were analyzed using the FlowJo software.
The results, represented by the proliferation index (PI), were
calculated by ModFit. The PI is the sum of the cells in all
generations divided by the calculated number of original
parent cells.
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Quantitative Real-Time Polymerase Chain Reaction (PCR)

RNA was extracted using TRIzol reagent (Invitrogen, Carls-
bad, CA, USA) in accordance with the manufacturer’s instruc-
tions. After RNA purification, the samples were treated with
DNase to remove the contaminating genomic DNA. Reverse
transcription was performed using random hexamers and M-
MLYV reverse transcriptase (Promega, Madison, WI, USA).
All other reverse transcription reagents were supplied by
Takara (Takara, Japan). The gene-specific primers were syn-
thesized at BGI (Beijing, China). For relative quantitative real-
time PCR, SYBR Green mix (Takara, Japan) was used in
accordance with the manufacturer’s instructions. The reac-
tions were performed in triplicate on an ABI PRISM 7500
Fast Real-Time PCR System (Applied Biosystems Inc., Foster
City, CA, USA), and the generated products were analyzed
using ABI 7500 software (version 2.0.5; Applied Biosystems
Inc., Foster City, CA, USA). The primer pairs are listed as
follows:

Human gene  Sense (5'-3") Antisense (5'-3")
primers

1L-23p19 GGACAACAGTCAGT CACAGGGCTATCAG
TCTGCTT GGAGC

IL-12p40 ACAAAGGAGGCGAG CCCTTGGGGGTCAG
GTTCTAA AAGAG

IL-12p35 CCTTGCACTTCTGAAG ACAGGGCCATCATA
AGATTGA AAAGAGGT

IL-6 AAATTCGGTACATCCT GGAAGGTTCAGGTT
CGACGG GTTTTCTGC

TNF-a GAGGCCAAGCCCTG  CGGGCCGATTGATCTC
GTATG AGC

IFN-y CTCTTGGCTGTTACTG CTCCACACTCTTTTGG
CCAGG ATGCT

GAPDH ACCACAGTCCATGC TCCACCACCCTGTTGC
CATCAC TGTA

Gene expression values were normalized based on the
GAPDH mRNA levels. GAPDH mRNA remains at constant
levels in the experimental conditions and additional house-
keeping genes 18S were tested, the results are unanimous
(data not shown). Data are presented as the 2742 valyes
and are representative of at least three independent
experiments.

Western Blot Analysis

DCs were lysed in buffer containing 10 mM Tris buffer (pH
7.6), 1 % Triton X-100, 1 % phosphatase inhibitor cocktail,
and 1 mM PMSF. The lysates were boiled in sodium dodecyl
sulfate (SDS) sample buffer and were subjected to SDS-
PAGE. Rabbit monoclonal antibodies against GAPDH,
TGF-3, phosphorylated STAT3 (phosphorylated on residue
Tyr705), and phosphorylated glycogen synthase kinase-3 beta
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(p-GSK-3f3, phosphorylated residue Ser-9) were purchased
from Cell Signaling Technology (Beverly, MA, USA) and
were diluted 1:1,000. Rabbit monoclonal antibodies against
[3-catenin were purchased from Abcam (Eugene, OR, USA)
and were diluted 1:1,000. Horseradish peroxidase-conjugated
goat anti-rabbit immunoglobulin G (Santa Cruz Biotechnolo-
gy, Santa Cruz, CA, USA) was used as the secondary anti-
body. Immunoreactive bands were identified using the ECL
Western Blotting Detection System (Millipore Corporation,
Billerica, MA, USA).

Induction and Treatment of EAE

For EAE induction, the C57BL/6 mice (aged 6—8 weeks) were
immunized (s.c.) with 150 mg of myelin oligodendrocyte
glycoprotein (MOG residues 35-55). The peptide sequence
was Met-Glu-Val-Gly-Trp-Tyr-Arg-Ser-Pro-Phe-Ser-Arg-
Val-Val-His-Leu-Tyr-Arg-Asn-Gly-Lys and the purity was
>95 % (CL Bio-Scientific Co., Ltd., Xi’an, China). The im-
munization was performed by mixing the MOGss_s5 peptide
with complete Freund’s adjuvant containing 5 mg/ml of heat-
killed H37Ra, a Mycobacterium tuberculosis strain (Difco
Laboratories, Detroit, MI, USA). Pertussis toxin (400 ng) (List
Biological Laboratories, Campbell, CA, USA) in PBS and
50 mM NaCl was administered i.p. on the day of immuniza-
tion and again after 24 h. For the treatment of EAE, EB (25
and 50 mg/kg) or PBS (vehicle control) was administered p.o.
daily started at days of immunization. The mice were weighed
and examined daily for disease symptoms, which were
assessed using the following standard score system: 0, no
obvious changes in motor functions; 1.0, limp tail; 2.0, limp
tail and wobbly gait; 3.0, bilateral hind limb paralysis; 4.0,
complete hind limb and partial forelimb paralysis; and 5.0,
death [42].

DC Response Ex Vivo

For the ex vivo study, samples of splenocytes isolated from
EAE mice on day 7 were cultured in triplicate at a density of
5x10° cells/well in 96-well plates containing complete RPMI
1640 medium and the MOG peptide (20 pg/ml). EB at the
indicated concentrations or the PBS vehicle was added to the
culture as appropriate. The cultures were maintained at 37 °C
in 5 % CO, for 72 h. For surface staining, the splenocytes
from either EB-treated or PBS-treated mice were restimulated
with the MOG peptide (20 pg/ml) for 48 h. The expression of
CDl1c, CD80, CD86, and MHC-II (Sungene, Tianjin, China)
were analyzed by staining the cells (0.5-1x10°) with
fluorochrome-conjugated specific mAbs or isotype controls
(BD Pharmingen, Franklin Lakes, NJ, USA) diluted in PBS
containing 1 % BSA in accordance with the manufacturer’s
protocol.
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Histopathology and Immunohistochemistry

The spinal cords from mice transcardially perfused with 4 %
paraformaldehyde were dissected and postfixed overnight.
The paraffin-embedded 5-10 um spinal cord sections were
stained with hematoxylin and eosin (H&E) for routine histo-
logical analysis of inflammatory infiltration and with Luxol
fast blue (Alfa Aesar, Ward Hill, MA, USA) for the evaluation
of demyelination. For immunohistochemical evaluation, the
paraffin sections were immunostained with anti-F4/80 (AbD
Serotec, Oxford, UK) to evaluate macrophage infiltration
according to the IHC WORLD Protocol Database.

Intracellular Cytokine Staining

A single cell suspension was isolated from the spleens of PBS-
treated or EB-treated EAE mice on day 14 by mashing the
tissue and passing it through a 40-pm nylon cell strainer (BD
Biosciences, San Jose, CA, USA). Next, the cells were restim-
ulated with 1 pg/ml brefeldin A (Sigma, St. Louis, MO,
USA), 600 ng/ml phorbol 12-myristate 13-acetate (PMA;
Enzo Life Sciences, Farmingdale, NY, USA) and 1 pg/ml
ionomycin (Enzo Life Sciences, Farmingdale, NY, USA) for
5 h in complete RPMI 1640 culture medium containing
100 mM sodium pyruvate, 200 mM L-glutamine, 100 mg/ml
kanamycin, and 10 % FBS and were collected and washed
with PBS. To stain for a cell surface marker, the APC-
conjugated rat anti-mouse CD4 antibody (eBioscience, San
Diego, CA, USA) was used. The cells were fixed and perme-
abilized and then stained for intracellular cytokines using PE-
conjugated rat anti-mouse 1L-17 or FITC-conjugated rat anti-
mouse interferon-y (IFN-y; eBioscience, San Diego, CA,
USA). Nonspecific staining was monitored using isotype
antibody controls. The cells were analyzed by FACSCalibur,
and the acquired data were analyzed using the FlowJo soft-
ware and WinMDI 2.9 software.

Isolation of Mononuclear Cells that Infiltrate the CNS
during EAE

Mice were anesthetized and perfused through the left ventricle
with ice-cold 1x Hank’s balanced salt solution (HBSS). The
dissected brain and spinal cord were maintained in RPMI
without phenol red until all of the mice are sacrificed. The
tissues were placed in a Dounce homogenizer containing
RPMI, and a pestle was used to gently dissociate the tissues
and make a cell suspension. The cell suspensions were sepa-
rated over discontinuous 70 %/30 % Percoll gradients and
centrifuged for 30 min at 500xg and 18 °C. Using a transfer
pipette, the layer of debris was gently removed from the top of
the tube, and 2.0-3.0 ml of the 70 %/30 % interphase was
transferred to a clean conical tube containing 1x HBSS.
Percoll containing the interphase was diluted approximately

threefold, mixed repeatedly by inversion, and centrifuged for
7 min at 500xg and 18 °C. The pellet was then resuspended in
1 ml PBS buffer for subsequent analysis.

Statistical Analysis

The experiments were performed in triplicate on three separate
occasions. One-way analysis of variance, where applicable,
was performed to determine whether an overall statistically
significant change existed before the Student’s ¢ test was used
to analyze the difference between any two groups. p <0.05
was considered statistically significant. In addition, the stan-
dard deviations (SDs) from the mean, expressed as the SD
values or as equivalent error bars, were calculated.

Results

EB Inhibits the Differentiation and Endocytosis of Human
Monocyte-Derived DCs

To determine the effects of EB on the differentiation of
monocyte-derived DCs, purified CD14" monocytes were
allowed to differentiate into iDCs in the presence of various
concentrations of EB (10, 30, and 60 uM), GM-CSF, and IL-
4. After 5 days of culture, changes in the expression level of
the co-stimulatory molecules CD80, CD86, CD83, and HLA-
DR were assessed using flow cytometry. Compared with the
day 5 untreated iDCs, a significant dose-dependent reduction
in cell surface marker expression was observed in EB-treated
cells, as was demonstrated by the mean fluorescence intensity
(MF]I) histograms (Fig. 1a) and the relative MFI levels in EB-
treated cells and PBS-treated controls (Fig. 1b). These results
indicate that EB inhibited the differentiation of human CD14"
monocytes into DCs in a dose-dependent manner.

To further investigate whether EB affected the antigen
uptake capacity of iDCs, we examined the endocytosis func-
tion of iDCs by estimating the uptake of FITC—dextran. As
shown in Fig. 1¢, FITC—dextran uptake decreased gradually in
EB-treated iDCs in a dose-dependent manner compared with
the PBS-treated iDC. The maximum inhibition of FITC—dex-
tran uptake in iDCs was observed following treatment with
30 uM EB, and this was similar to the uptake observed in the
negative control (iDCs at 4 °C). These data suggest that EB
impaired the endocytosis function of iDCs.

EB Suppresses Both the Maturation of iDCs
and mDC-Induced Allogeneic T Cell Proliferation

mDCs functionally present antigens to T cells and initiate
immune responses. Therefore, it was critical to determine
the effect of EB on the phenotypic maturation of DCs. iDCs,
with or without EB treatment, were activated by the addition

@ Springer
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Fig. 1 EB inhibited the differentiation and endocytosis of monocyte-
derived DCs. The indicated doses of EB were added on day 0 and were
replenished on day 3 during the differentiation of the CD14" monocytes
to DCs by GM-CSF an IL-4. The cell surface markers CD80, CD83,
CD86, and HLA-DR were examined on day 5 by FACS analysis. FITC-
conjugated antibodies against these marker molecules were used for
staining. a Histograms of the cell surface marker staining from one of
three independent experiments. The numbers indicate the MFI of the
stained cells. b Relative levels of cell markers compared with the EB-
untreated controls (100 %) from three independent experiments with
means+SD. NS>0.05, *p<0.05, **p<0.01 determined by Student’s ¢

of 1 pg/ml LPS for 2 days, and the expression of the mDC
surface markers CD80, CD83, CD86, and HLA-DR was
determined using flow cytometry. As shown in Fig. 2a, control
mDCs demonstrated a significant increase in CD80, CD83,
CD86, and HLA-DR expression following LPS activation.
However, mDCs treated with EB (10, 30, and 60 uM) dem-
onstrated a gradual reduction in the expression levels of
CD80, CD83, and CD86 compared with control mDCs
(Fig. 2b). These results indicated that EB inhibited LPS-
induced DC maturation.

To investigate whether EB impaired mDC-mediated allo-
geneic T cell activation and proliferation, allogeneic T cell
proliferation stimulated by mDCs either treated or untreated
with EB was assessed using MLR. As shown in Fig. 2c,
untreated mDCs demonstrated the highest allogeneic T cell
proliferation activity. However, the mDCs treated with EB
demonstrated significantly lower dose-dependent levels of
allogeneic T cell proliferation at the different DC to T cell
ratios tested, suggesting that EB impaired the allogeneic T cell
activating functions of mDCs and consequently suppressed
the related immune responses.
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test. ¢ The FITC—dextran uptake by iDCs was evaluated by flow cytom-
etry after 30 min of incubation with FITC—dextran at either 37 or 4 °C. a
Control: EB-untreated iDCs incubated with FITC—dextran at 4 °C for
30 min (negative control). b, ¢, and d iDCs treated with 60, 30, and
10 uM EB, respectively, and incubated with FITC—dextran at 37 °C for
30 min. e 37 °C control: EB-untreated iDCs incubated with FITC—
dextran at 37 °C for 30 min (positive control). x-axis represents the
FITC-labeled dextran antigen, y-axis represents the endocytosis cell
counts. The data are representative of three independent experiments
using different blood donors

EB Blocks the DC-Derived Th1-Polarizing
and Th17-Polarizing Cytokines

DC-derived cytokines are required for the polarization of the
adaptive immune response. Therefore, we investigated the
potential effects of EB on the regulation of the expression of
Th cell-polarizing cytokines. The DCs were pretreated with
EB for 1 h and stimulated with LPS, and the steady-state
levels of cytokine mRNAs were analyzed using quantitative
PCR. As shown in Fig. 3, EB substantially inhibited the
production of the inflammatory cytokine tumor necrosis
factor-alpha (TNF-«), the Thl cytokine IFN-y, the Thl cell-
polarizing cytokine IL-12p35, and the Th17 cell-polarizing
cytokines IL-6 and IL-12/23p40. However, IL-12p19 did not
change significantly. We deduced that EB may have not
influenced the subunit. These data suggest that EB suppressed
the DC-mediated polarization of Th1 and Th17 cells and that
it may be useful for the treatment of autoimmune inflamma-
tory diseases that are mediated by Th1 and Th17 cells.
Overall, these in vitro studies demonstrated that EB signif-
icantly inhibited human CD14" monocyte-derived DC
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Fig. 2 EB suppressed iDCs maturation and mDC-induced allogeneic T
cell proliferation. CD14" monocytes were cultured in GM-CSF and IL-4
with or without different concentrations of EB. LPS (1 pg/ml) was added
on day 5 in the presence of different doses of EB and cultured 2 days for
DC maturation. Maturation of iDCs without the addition of EB and LPS
was performed as a negative control. The FITC-conjugated DC surface
markers CD80, CD83, CD86, and HLA-DR were used for staining. Flow
cytometry analysis was performed on day 7. a Histograms of the cell
surface marker staining from one of three independent experiments. The
numbers indicate the MFI of the stained cells. b Relative levels of the
markers compared to EB-untreated controls (100 %) from three

differentiation and maturation, iDC antigen uptake ability, and
antigen-presenting ability of mDCs. Specifically, EB sup-
pressed the expression of co-stimulatory molecules, inflam-
matory cytokines, and Thl-polarizing and Thl7-polarizing
cytokines from DCs. These results suggest that EB exhibits
anti-inflammatory and immunosuppressive properties.

EB Ameliorates the Clinical Severity of EAE in Mice

To investigate the functional anti-inflammatory and immuno-
suppressive roles of EB in vivo, the Th1/Th17 cell-mediated
autoimmune inflammatory disease EAE was induced in
C57BL/6 mice using the MOGg;s_s5 peptide. EB was admin-
istered intragastrically daily, and the mice were sacrificed on
day 25 postimmunization. Compared with PBS-treated mice,
the incidence of clinical symptoms in the 25 and 50 mg/kg/
day EB-treated mice was reduced (Fig. 4a, b). In addition,

independent experiments with means+SD. NS>0.05, *p<0.05 deter-
mined by Student’s 7 test. ¢ iDCs were treated with LPS on day 5 and
were then treated with different concentrations of EB (10, 30, and 60 pM)
for two more days. All mDCs were treated with mitomycin C, and all of
the allogeneic CD4" T cells were treated with CFSE. The mDCs were
cocultured with the allogeneic CD4" T cells at ratios of 1:10, 1:20, and
1:40 for 4 days. Flow cytometry analysis was performed to detect allo-
geneic T cell proliferation. The y-axis represents the PI. These data are
representative of three independent experiments using different blood
donors

disease severity, assessed by the maximal and cumulative
clinical scores, was significantly lower in EB-treated mice
(Fig. 4c, d). These data suggest that EB significantly amelio-
rates the clinical outcome of EAE.

EB Limits CNS Inflammation and Demyelination

To characterize disease progression at the level of CNS injury,
we performed a histological analysis of the lumbar spinal cord
on day 15 postimmunization. At the peak of the acute phase of
the disease, H&E staining demonstrated that the lumbar spinal
cords from EB-treated mice exhibited smaller numbers of
inflammatory cells in the white matter (Fig. 5a). The sections
stained with Luxol fast blue revealed that PBS-treated mice
exhibited large areas of demyelination; however, demyelin-
ation was markedly attenuated in EB-treated mice (Fig. 5b).
Representative sections of lumbar spinal cords from PBS-

@ Springer



1094 Mol Neurobiol (2014) 49:1087-1101

Fig. 3 EB affected the levels of 307 2000 -e- PBS
Thl-inducing and Th17-inducing IL-12p35 ks IL-12/23p40 « % Embelin
cytokine mRNA in DCs. iDCs at 1500+
20
day 5 of culture were pretreated -
for 1 h with 30 uM EB and then 1000 *
stimulated with LPS. DCs were 10
collected at 0, 1, 2,4, 8, and 16 h, i 500
and the levels of the specified
cytokine mRNAs were evaluated oL T T T T T 0l—= » % . . ’
itati . = Q N " ™ ® © N N 1Y ) o
by quantitative PCR Gene Q 25- N 1500- v K
expression was routinely 2
normalized based on GAPDH Y ,04I-12p19 IL-6
content. The data are s 1000 -
representative of at least three % 1.51
independent experiments T
E 1.0
Y 500
Q o5
[
=
@ 0.0 T T T T T T 0 bl T T T T
= N N 2 ™ > 0 N N 9 - LY
300+ 100
*k IF *k
TNF-a - 804 Ny
200 ks
60
40
100
204
o T T L} T 0 ; T T T T
° N a2 ™ LY N N v 3 > 0

treated and EB-treated mice were immunostained using F4/80  inflammatory cells in the CNS (Fig. 5c¢). In summary, EB
(to stain macrophages and microglia), and the lumbar spinal ~ inhibited CNS inflammation and demyelination in EAE, sug-
cords from the EB-treated mice exhibited smaller numbers of ~ gesting that EB improved the pathological symptoms of EAE.
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Fig. 5 Histopathological analysis of spinal cord sections from represen-
tative PBS-treated and EB-treated EAE mice. Serial sections of the spinal
cord were obtained on day 17 after immunization. a H&E-stained section
shows the infiltration of inflammatory cells in the white matter. The
arrows indicate the inflammatory cells. b Luxol fast blue staining shows
the areas of intact myelin (blue) and demyelination (pink). The arrows
indicate the demyelination in the spinal cord, which includes sites asso-
ciated with the infiltration of inflammatory cells, and indicate positive
immunostaining. ¢ Representative sections of lumbar spinal cords from
PBS-treated and EB-treated mice immunostained for F4/80 (to stain
macrophages and microglia). The arrows indicate positive
immunostaining
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EB Suppresses Th Cell Differentiation In Vivo

Because inflammatory Th1 and Th17 cells mediated autoim-
mune CNS inflammation and demyelination, we further in-
vestigated the impact of EB on the development of pathogenic
Thl and Th17 cell subsets in vitro and in vivo. In the ex vivo
experiments, we examined the Th1l and Th17 cell subsets in
splenocytes and the CNS through intracellular staining of
IFN-y and IL-17 cytokines. The data demonstrate that the
percentage of IFN-y-producing and IL-17-producing CD4"
lymphocyte cells was lower in EB-treated mice compared
with PBS-treated mice. These results indicate that EB sup-
pression of EAE was concomitant with a reduction in the
number of IFN-y-producing Thl cells and IL-17-producing
Th17 cells (Fig. 6a, b). To examine inflammatory cytokine
gene expression by infiltrating cells in the CNS during EAE,
we analyzed the gene expression of IFN-y, IL-17A, IL-4, IL-
6, TNF-o, and TGF-f3 using quantitative real-time RT-PCR.
The data reveal that IFN-y and IL-17A expression was down-
regulated significantly, while I1L-4 expression was significant
upregulated. The expression of the cytokines 1L-6, TNF-c,
and TGF-f did not change significantly in EB-treated EAE
mice (Fig. 7). These results indicate that inflammatory Thl
and Th17 cells were reduced in number, while Th2 cell
numbers were increased by EB treatment.

EB Suppresses DCs in EAE Mice

In addition to the effects of EB on T cells, we investigated
whether the regulatory effects of EB on the MOG-reactive T
cell responses were attributable at least in part to the ability of
the protein to alter the function of DCs. Splenocytes were
obtained from EB-treated and PBS-treated EAE mice and
were analyzed ex vivo for the expression of CD80, CD86,
and MHC-II. As shown in Fig. 8, the surface expression of
CD80, CD86, and MHC-II was reduced significantly in
CDl11c" cell populations from the EB-treated EAE mice com-
pared with the PBS-treated mice. These data indicated that EB
suppressed DCs in EAE mice in vivo.

Promotion of TGF-3/@-catenin and Inhibition of STAT3
Signaling in mDCs by EB

DCs were treated with LPS (1 pg/ml) overnight, and then
treated with EB (30 uM) and lithium chloride (LiCl; 20 mM)
for 30 min or 24 h. The treatment resulted in an increase in the
levels of both TGF-f3 and 3-catenin and a reduction in the
levels of p-GSK-3(3 (Ser-9) and p-STAT3 (Tyr705) (Fig. 9a,
b). The DCs were treated with 10, 30, and 60 uM of EB to
detect the effect of EB on p-STAT3, 3-catenin, TGF-{3, and p-
GSK-3f3 signaling by immunoblotting. Treatment with differ-
ent doses of EB decreased the levels of the p-GSK-33 and p-
STAT3 proteins and increased the levels of (3-catenin and
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Fig. 6 EB restricted T cell a Spleen
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CNS
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responses ex vivo. a Flow
cytometry analysis of activation
markers (IFN-y and IL-17) on
gated CD4" isolated from the
spleens and CNS of PBS-treated
and EB-treated EAE mice (n=3
mice per group) assessed on day
15 after the induction of EAE.
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representative plot (a) and
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cytometry Th1 and Th17 profile
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17. Data are shown as the mean+
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TGF-f in a dose-dependent manner after LPS stimulation
(Fig. 9c, d).
Discussion
Although various molecular mechanisms have been described

for the potent antitumor activities of EB, its potential effect on
inflammatory and immune-mediated diseases such as MS and
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its animal model EAE remain unclear. In this study, we
demonstrated that EB exhibits unique anti-inflammatory prop-
erties and has therapeutic potential for autoimmune inflam-
matory conditions. Our results demonstrate that EB can sup-
press human CD14" monocyte-derived DC differentiation and
activation by decreasing the expression levels of several key
DC surface markers, thereby inhibiting endocytosis in the
cells and inhibiting the activation of mDCs and allogeneic T
cell proliferation. Based on these studies, we further
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Fig. 7 EB inhibited inflammatory cytokine gene expression in infiltrat-
ing cells in the CNS during EAE. Mononuclear cells were separated from
the brain and spinal cord of 50 mg/kg/day of EB-treated mice on day 15
using discontinuous 70 %/30 % Percoll gradients. The expression levels

investigated the effect of EB in vivo. Our results demonstrate
the efficacy of EB in ameliorating MS in the EAE animal
model. Therefore, our results demonstrate that EB can affect
human DC development, suggesting that EB could provide a
therapeutic intervention for immune inflammatory diseases.
More importantly, the aim of this study was to elucidate the
novel regulatory mechanism of EB and to probe the specific
interactions of EB with molecular targets that are responsible
for the effects of EB treatment on EAE. We reveal here the
first major insight into the mechanism of EB, namely, that this
compound inhibits DC function via TGF-/3-catenin and
STAT3 signaling, which leads to a reduction in the EAE
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of IFN-y, IL-17A, IL-4, IL-6, TNF-«, and TGF-3 were evaluated using
quantitative PCR. Gene expression was normalized to GAPDH expres-
sion levels. Data are shown as the mean+SD from at least three indepen-
dent experiments

clinical score and in CNS inflammation and demyelination.
The novel finding of this study is that the anti-inflammatory
effect of EB appears to require the presence of functional
TGF-f/pB-catenin and the absence of activated STAT3 in
DCs. Consistent with previous studies by others [34, 35,
43], [-catenin signaling was found to program DCs into a
tolerogenic state and limit the inflammatory response. TGF-f3
signaling in DCs is a prerequisite for the control of autoim-
mune encephalomyelitis.

We found that EB-induced inhibition of the differentiation
of Th1 and Th17 cells was associated with a downregulation
of the production of Thl-polarizing and Thl7-polarizing
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Fig. 8 EB suppressed CDI11c¢”
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DCs in vivo in EAE mice. a The
splenocytes from 30 uM EB-
treated or PBS-treated mice (n=3
mice per group) were stimulated
with MOGj3s_ss peptide and then
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MHCHII (solid line) or isotype
control (dashed line) examination
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cytokines such as IL-12, IFN-y, IL-6, and 11-23 in DCs. This
is consistent with other studies that found that DCs with
constitutively active [3-catenin exhibited a diminished IL-12
response [34]. We also found that the expression of EB-
induced cytokines, including IFN-y (Thl), IL-17A (Th17),
and IL-4 (Th2), changed significantly in cells infiltrating the
CNS during EAE, but TGF-f3 cytokines did not change sig-
nificantly. Treg cells secretion of cytokines including TGF-f3,
which may induce cell cycle arrest or apoptosis in effector T
cells, and blocking co-stimulation and maturation of DCs
[44-46].We infer that maybe only the Thl, Th2, and Th17
subsets were affected, not the Treg subsets. Similarly,
Manicassamy et al. found that CD4" T cells isolated from [3-
catenin®“" mice showed elevated expression of the Th17
cell-associated mRNAs IL-17, IL-21, and RORyt and the Thl
cell-associated mRNA IFN-y when compared with CD4" T
cells isolated from B-catenin™™ mice [43].

Importantly, our results reveal, for the first time, that the
anti-inflammatory effects of EB appear to be associated with
increased [3-catenin expression. Based on the important role
of 3-catenin in gut autoimmune disease [43], these findings

@ Springer

prompted us to investigate whether the anti-inflammatory
effect of EB might be mediated by the activation of [3-
catenin. Treatment of DCs with LiCl, a potent inhibitor of
GSK-3f and inducer of 3-catenin signaling [47], resulted in a
reduced level of GSK-33 and a corresponding increase in the
[3-catenin level (Fig. 9a). However, the level of TGF-f3 did not
change in LiCl-treated DCs. LiCl suppresses astrogliogenesis
from neural stem and progenitor cells by inhibiting the STAT3
pathway independently of GSK-3[3 [48]. We, therefore, rea-
soned that EB might suppress TGF-3 and STAT3 indepen-
dently, as was observed with LiCl. This was consistent with
previous studies that found that EB is a potent inhibitor of
STAT3 [29]. LiCl has been found to inhibit EAE development
inrats [49]. The STAT3 signaling pathway regulates (3-catenin
and GSK-3f3 protein expression in hepatocellular carcinoma
[50]. Our results indicated that EB might prevent the devel-
opment of EAE through TGF-[3/3-catenin and STAT3 signal-
ing collectively (Fig. 8a). We also found that the GSK-3f3
level was reduced in DCs. Our conclusion was further sup-
ported by the finding that the level of GSK-3(3 was highly
upregulated during Th17 polarization, which is particularly
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Fig. 9 EB promotes TGF-3/(3-catenin and inhibits STAT3 signaling in
mDCs. a DCs were treated with LPS (1 pg/ml) overnight, and then
treated with EB (30 pM) and LiCl (20 mM) for either 30 min or 24 h
to investigate the effect on p-STAT3, TGF-f3, 3-catenin, and p-GSK-3f3
signaling (diluted 1:1,000). ¢ DCs were treated with 10, 30, and 60 uM
EB to investigate its effect on p-STAT3, TGF-f3, 3-catenin, and p-GSK-

notable considering that GSK-3(3 levels are generally very
stable in numerous cell types and conditions [51].

With regard to the regulatory mechanism and molecular
targets of EB, we presented evidence showing that the effect
of EB treatment was associated primarily with the selective
inhibition of DC functions through the TGF-[3/3-catenin and
STAT3 pathway. Mechanistically, EB acted through the
TGF-f/B-catenin and STAT3 pathway, which was activated
independently of externally introduced cytokines. In this
study, we demonstrated that EB affected LPS-induced DC
maturation and induced a general inhibition of cytokine pro-
duction, suggesting that EB could serve as a potent anti-
inflammatory drug in a number of inflammatory diseases.

In summary, we demonstrated that EB, a novel XIAP
inhibitor, significantly increased TGF-[3/3-catenin signaling
and decreased STAT3 phosphorylation in DCs. These condi-
tions are critical for maintaining DCs in their tolerogenic state
via a reduction in the expression of pro-inflammatory factors
such as IFN~y, IL-12, IL-6, and IL-23. EB treatment of DCs
inhibited their production of Thl-polarizing and Th17-
polarizing cytokines, maybe indirectly influencing Th cell
differentiation. In vivo, EB treatment inhibited mDC and Th

33 signaling (diluted 1:1,000). The experiment was performed indepen-
dently in triplicate and one representative image is shown. The protein
bands were quantified using ImageJ and are presented as a fold of the
control (b, d). Data are shown as the mean+SD based on three indepen-
dent experiments. NS>0.05, *p<0.05, **p<0.01 determined by Stu-
dent’s 7 test

cell differentiation, which further led to a reduction in the EAE
clinical score and in CNS inflammation and demyelination.
Therefore, these data suggest that EB inhibition can be
exploited as a therapeutic strategy to control pathological
conditions, such as autoimmune diseases, that are induced
by the functional expansion of Thl and Th17 cells.
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