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ABSTRACT

T helper 17 (Th17) cells play an important role in multiple sclerosis (MS) and its animal model exper-
imental autoimmune encephalomyelitis (EAE). Th17 cell differentiation from näıve T cells can be in-
duced in vitro by the cytokines transforming growth factorb1 and interleukin-6. However, it remains
unclearwhether other regulatory factors control the differentiation of Th17 cells.Mesenchymal stem
cells (MSCs) have emerged as a promising candidate for inhibiting Th17 cell differentiation and auto-
immunediseases.Despite the fact that severalmoleculeshavebeen linked to the immunomodulatory
function of MSCs, many other key MSC-secreted regulators that are involved in inhibiting Th17 cell
polarization are ill-defined. In this study, we demonstrated that the intraperitoneal administration
of skin-derived MSCs (S-MSCs) substantially ameliorated the development of EAE in mice. We found
that the proinflammatory cytokine tumor necrosis factor (TNF)-a, a key mediator in the pathophys-
iology of MS and EAE, was capable of promoting Th17 cell differentiation. Moreover, under inflam-
matory conditions, we demonstrated that S-MSCs produced high amounts of soluble TNF receptor 1
(sTNFR1),whichbindsTNF-aandantagonizes its function. Knockdownof sTNFR1 in S-MSCsdecreased
their inhibitory effect on Th17 cell differentiation ex vivo and in vivo. Thus, our data identified sTNFR1
and its target TNF-a as critical regulators for Th17 cell differentiation, suggesting a previously un-
recognized mechanism for MSC therapy in Th17-mediated autoimmune diseases. STEM CELLS
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SIGNIFICANCE

This study showed that administration of skin-derived mesenchymal stem cells (S-MSCs) was able to
alleviate the clinical score of experimental autoimmune encephalomyelitis by inhibiting the differen-
tiation of T helper 17 (Th17) cells. Tumor necrosis factor (TNF)-a is a critical cytokine for promoting
Th17 cell differentiation. It was discovered that activated S-MSCs produced high amount of soluble
TNF receptor 1 (sTNFR1), which neutralized TNF-a and inhibited Th17 cell polarization. The data iden-
tified S-MSC-secreted sTNFR1 and its target TNF-a as essential regulators for Th17 cell differentiation
and revealed a novel mechanism underlying MSC-mediated immunomodulatory function in
autoimmunity.

INTRODUCTION

Mesenchymal stem cells (MSCs), also known
as multipotent mesenchymal stromal cells,
are a heterogeneous population of cells with
fibroblast-like morphology originally observed
in bone marrow that proliferate in vitro as
plastic-adherent cells [1]. In addition tobonemar-
row, cells with the phenotypic and functional
characteristics of MSCs have been identified in
various connective tissues [2]. However, MSCs
isolated from these tissues are possibly limited
by availability, extractive invasiveness, or limited
proliferative capacity. Of particular significance,
skin, as the largest organ, provides an easily

accessible and ideal source of tissue for the isola-

tion of stem cells, including MSCs [3].
In addition to their multilineage differentia-

tion potential, MSCs exert a broad spectrum of

immunoregulatory effects on cells of both innate
andadaptive immunity [4].When interactingwith

T cells, MSCs suppress T-cell proliferation and
induce T-cell anergy in a non-major histocompat-

ibility complex-restricted and partially contact-
dependent manner [5, 6]. The inhibition of

T cell proliferation by MSCs is thought to be me-
diated through lymphocyte arrest in the G0/G1

phase of the cell cycle [7]. Furthermore, accu-
mulated evidence has demonstrated that the
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cytokine profile of T-cell subsets is influenced by MSCs, because
their addition to an in vitro activated T-cell culture results in a de-
creased release of proinflammatory cytokines, such as interferon
(IFN)-g, tumor necrosis factor (TNF)-a, and interleukin (IL)-6 and
IL-17, and increased levels of anti-inflammatory cytokines, suchas
IL-4 and IL-10 [8, 9]. Additionally,MSCs have been reported to en-
hance the proportion of regulatory T (Treg) cells in in vitro cocul-
ture [8] and to favor the induction of Th2 (T helper 2) cells [9].
Furthermore, MSCs are capable of regulating the function of
B cells, dendritic cells, natural killer cells, andmacrophages either
directly through cell-cell contact or indirectly via the production
of soluble mediators [8, 10–12].

Recurrent data suggest that various soluble factors secreted
fromMSCs play a critical role in the suppressive function ofMSCs.
For example, neutralization of either IL-10 or indoleamine 2,3-
dioxygenase, an enzyme catabolizing the essential amino acid
tryptophan to kynurenine, in a coculture of MSCs and activated
peripheral blood mononuclear cells resulted in abrogation of
the proliferation inhibitory effect exerted by theMSCs [13].Other
soluble factors that have been recently reported in the context of
MSC-mediated immunoregulation include hepatocyte growth
factor, transforming growth factor b1 (TGF-b1), prostaglandin
E2 (PGE2), inducible nitric-oxide synthase, soluble HLA-G5, and
galectin-3 [5, 8, 12, 14, 15].

T helper 17 (Th17) cells are a novel class of helper CD4+ T cells
described in 2005 that secrete IL-17A, IL-17F, IL-21, and IL-22
[16–18]. Th17 cells protect the host against extracellular patho-
gens encountered atmucosal surfaces andplay adetrimental role
in experimental murine models of autoimmune disease, such as
rheumatoid arthritis, psoriasis, andmultiple sclerosis [16, 19–21].
Experimental autoimmune encephalomyelitis (EAE) is an autoim-
mune disease with pathological and clinical similarities to the
major human demyelinating disease multiple sclerosis (MS).
Langrish et al. [17] have revealed that Th17 cells are critical for
the development of EAE, Consistently, therapeutic neutralization
of IL-17 could ameliorate clinical symptoms of EAE [22]. IL-17-
deficient mice exhibited delayed onset, reduced disease severity,
and early recovery in EAE [20]. Thus, Th17 cells are a major con-
tributor of EAE, and inhibiting the Th17 cell differentiationmaybe
a potential therapeutic strategy for treatment of EAE.

TNF-a is a crucial proinflammatory cytokine in the pathogen-
esis of both EAE and MS. TNF-a has been detected in inflam-
matory foci in both diseases [23–25]. In addition, increased pro-
duction of TNF-a by blood cells of MS patients has been shown
to occur and correlate with disease activity [26, 27]. Recently,
TNF-awas shown todrive the productionof IL-17with the ability
to differentiate T cells toward a Th17 phenotype [28, 29]. TNF-a
actionmay be limited during physiological processes by naturally
occurring TNF-a inhibitors comprised of extracellular domains of
the TNF-a cellular receptors whose ectodomains are released
from cell membranes by proteolysis [30–32]. Yagi et al. [33]
showed that soluble TNF receptor 1 (sTNFR1) derived from reac-
tive MSCs could attenuate systemic inflammation. However,
there is no evidence implicating the immunoregulatory role of
S-MSC-derived sTNFR1 on Th17 cell differentiation.

Here, we showed that administration of S-MSCs was able to
alleviate the clinical score of EAE by inhibiting the differentiation
of Th17 cells. TNF-a is a critical cytokine for promoting Th17
cell differentiation. We further discovered that activated S-MSCs
produced high amount of sTNFR1, which neutralized TNF-a
and inhibited Th17 cell polarization. Our data identified

S-MSC-secreted sTNFR1 and its target TNF-a as essential
regulators for Th17 cell differentiation and revealed a novel
mechanism underlying MSC-mediated immunomodulatory func-
tion in autoimmunity.

MATERIALS AND METHODS

Mice

C57BL/6J mice (stock number 000664) and B6.Cg-FoxP3tm2tch/J

mice (stock number 006772, designated as FoxP3EGFP) were pur-
chased from the Jackson Laboratory (Bar Harbor, ME, http://
www.jax.org). B6.129S6-Rag2tm1Fwa N12 (RAG22/2) mice were
purchased from Taconic Laboratories (Hudson, NY, http://www.
taconic.com). The mice were kept under specific pathogen-free
conditions in compliance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals with the ap-
proval (SYXK-2003-0026) of the Scientific Investigation Board of
Shanghai Jiao Tong University School of Medicine (Shanghai,
China). To ameliorate any suffering of mice observed throughout
these experimental studies, the mice were euthanized by CO2

inhalation.

Cells

S-MSCs were generated from skin of neonatal mice as previously
reported [3]. Briefly, thedermis fromneonatalmice (1–3daysold)
were digestedwith collagenase I (Gibco, Grand Island, NY, http://
www.invitrogen.com), and then cells were washed with Hanks’
balanced saline solution three times. Subsequently cellswere cul-
tured in Dulbecco’smodified Eagle’smedium supplementedwith
10% heat-inactivated fetal bovine serum (FBS; Gibco), 2 mM glu-
tamine, 100 U/ml penicillin, and 100 mg/ml streptomycin. Six
hours later, nonadherent cells were removed. After 2 days, the
cells were subcultured and reseeded. The cells were used for
the 4th to 10th passages. The supernatant was harvested at
48 hours from S-MSCs cultures at a cell density of 5 3 105

cells/ml. Splenocytes were cultured in RPMI 1640 medium
supplemented with 10% heat-inactivated FBS, 2 mM glutamine,
100 U/ml penicillin, 100 mg/ml streptomycin, and 50 mM
b-mercaptoethanol.

Flow Cytometry

To detect intracellular expression of IL-17A in CD4+ T cells,
splenocytes or Percoll-purified cell infiltrates of central nervous
system (CNS) were first treated with 1 mg/ml inomycine (Sigma-
Aldrich, St. Louis, MO, http://www.sigmaaldrich.com), 50 ng/ml
phorbol 12-myristate 13-acetate (Sigma-Aldrich) and GolgiPlug
(BD Biosciences, San Diego, CA, http://www.bdbiosciences.
com) for 4–6 hours at 37°C. The cells then were stained with cell
surface antigen antibodies. After fixation and permeabilization
(BD Biosciences), the cells were stained with anti-IL-17A, anti-
IFN-g, and anti-TNF-a mAb. Stained cells were assayed with a
FACSCanto II (BD Biosciences), and the data were analyzed with
FlowJo software. For flow cytometry, monoclonal antibodies
against CD4 (clone GK1.5), CD25 (clone PC61.5), CD62L (clone
MEL-14), IL-17A (cloneebio17b7), and IFN-g (cloneXMG1.2)were
purchased from eBioscience Inc. (San Diego, CA, http://www.
ebioscience.com). Anti-TNF-a (clone MP6-XT22) antibody was
purchased from BioLegend (San Diego, CA, http://www.
biolegend.com).
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T-Cell Subset Differentiation In Vitro

T cellswere obtained from spleen and lymph nodes of 6-week-old
mice. Näıve CD4+ T cells (CD4+CD252CD62Lhigh) were sorted by
FACSAria III (BD Biosciences) after enrichment of CD4+ T cells
by the mouse CD4+ T-cell isolation kit (Miltenyi Biotec, Bergisch
Gladbach,Germany, http://www.miltenyibiotec.com). Cell purity
was.94%asdeterminedby flowcytometry. T cellswere cultured
in RPMI 1640 medium (Gibco) supplemented with 10% heat-
inactivated FBS, 2 mM glutamine, 100 U/ml penicillin, 100 mg/ml
streptomycin, 10 mM HEPES, and 50 mM b-mercaptoethanol.
The näıve T cells were activated with 5 mg/ml plate-bound anti-
CD3 (1452C11; BD Biosciences) plus 2 mg/ml soluble anti-CD28
antibodies (37.51; BD Biosciences). The Th17 cell differentiation
conditions included 10 ng/ml recombinant murine (rm)IL-6 (R&D
Systems Inc., Minneapolis, MN, http://www.rndsystems.com),
2 ng/ml rmTGF-b1 (R&D Systems), 10 mg/ml anti-IL-4 (11B11;
Biolegend), and 10 mg/ml anti-IFN-g (XMG1.2; eBioscience). The
Th1 cell differentiation conditions included 10 ng/ml rmIL-12
(R&D Systems), 10 ng/ml rmIL-2 (R&D Systems), and 10 mg/ml
anti-IL-4 antibody (11B11; Biolegend). Splenocytes from RAG22/2

mice were regarded as antigen-presenting cells (APCs). APCs were
irradiated at 3,000 rad before TNF-a treatment or the coculture
using Th17 polarized cells.

Gene Expression Analysis

Total RNA was extracted from frozen tissue or cultured cells with
TRIzol reagent (Invitrogen, Carlsbad, CA, http://www.invitrogen.
com). Reverse transcriptionwas performed using the PrimeScript
RT reagent kit (Takara, Otsu, Japan, http://www.takara.co.jp).
Quantitative polymerase chain reaction (PCR) was carried out us-
ing the SYBRGreen PCRMasterMix (TaKaRa) in anABI Prism7500
thermal cycler (Applied Biosystems, Foster City, CA, http://www.
appliedbiosystems.com). All gene expression results were nor-
malized to the expression of housekeeping gene b-actin and de-
termined by the equation 22DCT. The primer sequences are listed
in supplemental online Table 1.

ELISA

Quantitative analysis of IL-17A, INF-g, TNF-a, and sTNFR1 protein
levels was performed by enzyme-linked immunosorbent assay
(ELISA), using commercially available kits (RayBiotech, Norcross,
GA, http://www.raybiotech.com). Serumwas obtained from EAE
mice transplanted with S-MSCs or phosphate-buffered saline (PBS).
In other experiments, supernatants from splenocytes were analyzed
after 48 hours of culturing. The supernatants were analyzed accord-
ing to the manufacturer’s instructions. Standard, control, and test
samples were added to each well and incubated for an appropri-
ate time with adequate primary antibody and conjugated. After
washing, substrate solution was added to each well for 30 minutes
at room temperature in the dark. Finally, the stop solution was
added, and the optical density of each well was determined within
30 minutes using a microplate reader (wavelength 450 nm).

Induction, Clinical Evaluation, and Treatment of EAE

EAE was induced in 6- to 8-week-old mice by subcutaneous im-
munizationwith 300mg of myelin oligodendrocyte glycoprotein
peptide35–55 (MOG35–55) in CFA (Sigma-Aldrich) comprising 500mg of
killed Mycobacterium tuberculosis (Sigma-Aldrich). Additionally,
200 ng of pertussis toxin (Sigma-Aldrich), dissolved in 200 ml of

PBS, was administrated intravenously at the day of immunization
and again 2 days thereafter. The clinical EAE score was evaluated
daily on a 0–5 scale (0, healthy; 1, limp tail; 2, ataxia; 3, paralysis
of hind limbs and/or paresis of fore limbs; 4, tetraparalysis; 5, mori-
bund or dead). The mice were observed for 30 days. For a preventive
protocol, 13 106 S-MSCs were administrated i.p. into C57BL/6J mice
3 days before immunization. For a therapeutic protocol, 1 3 106

S-MSCswere injected i.p. into EAEmice on day 8 postimmunization.

Histology and Immunofluorescence

The spinal cord was fixed in 4% paraformaldehyde and paraffin-
embedded. We stained 5-mm sections with Luxol fast blue or
H&E. For immunofluorescence staining, we stained spinal cord
frozen sectionswith rat antibody tomouse CD4 (H129.19; BDBio-
sciences), F4/80 (BM8; eBioscience), and Alexa 555-conjugated
donkey anti-rat IgG1 (705-166-147; Jackson Immunoresearch
Laboratories, West Grove, PA, http://www.jacksonimmuno.
com), Alexa 555-conjugated goat anti-rat IgG1, or IgG2as second-
ary antibodies. 49,6-Diamidino-2-phenylindole (Sigma-Aldrich)
was used for nuclear staining.

Transwell Experiments

Transwell experimentswere performed in 24-well plates. Spleno-
cytes (53 105) derived from EAEmice 18 days postimmunization
were placed in upper chamber (Corning Enterprises, Corning, NY,
http://www.corning.com) in the presence ofMOG35–55 (20mg/ml).
S-MSCs (5 3 104) were plated in the lower chamber. The sple-
nocytes were harvested after 24 hours.

Transfection of S-MSCs With siRNA

RNA interference technology was used to generate specific
knockdown of TNFR1-mRNA transcription in S-MSCs. Sense and
antisense oligonucleotides were synthesized by GenePharma
(Shanghai, China, http://www.genepharma.com). Nonspecific
small interfering RNA (siRNA), which has no target in the mouse
transcriptome, was used as a negative control and was also pur-
chased from GenePharma. The sequences were as follows:
TNFR1-si637 sense, 59-GGAGAUCUCUCCUUGCCAATT-39, and an-
tisense, 59-UUGGCAAGGAGAGAUCUCCTT-39; TNFR1-si894 sense,
59-CCGCUUGCAAAUGUCACAATT-39, and antisense, 59-UUGUGA-
CAUUUGCAAGCGGTT-39; TNFR1-si1024sense, 59-CCGAAGUCUA-
CUCCAUCAUTT-39, and antisense, 59-AUGAUGGAGUAGACU-
UCGGTT-39; and control siRNA sense, 59-UUCUCCGAACGUGU-
CACGUTT-39, and antisense, 59-ACGUGACACGUUCGGAGAATT-
39. S-MSCs were plated into 24-well plates 1 day before transfec-
tion and allowed to reach approximately 50% confluence after 24
hours of incubation. siRNA at a final concentration of 15 nM was
combined with 1.5 ml of Superfectin II in vitro siRNA transfection
reagent (Pufei Biotech, Shanghai, China, http://www.pufei.com)
in a total volume of 50 ml of transfection buffer and allowed to
incubate for 15 minutes at room temperature. The transfection
mixture was then applied to S-MSCs and incubated for 24 hours
at 37°C in a humidified atmosphere containing 5% CO2. Subse-
quently, S-MSCs were used in experiments.

Lentivirus Production andStable Transfectionof S-MSCs

A third-generation lentiviral vector pLVXshRNA2 was used to
express small hairpinRNAs (shRNAs) from theU6promoter. In ad-
dition to expressing shRNAs, pLVX-shRNA2 also expresses the
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fluorescent protein ZsGreen1, a human codon-optimized variant
of the reef coral Zoanthus sp green fluorescent protein (ZsGreen).
For knockdown of TNFR1 expression, four target sequences were
designed. The target sequences used were as follows: sh1, 59-
GGTTATCTTGCTAGGTCTTTG-39; sh2, 59-CCCGAAGTCTACTCCAT-
CATT-39; sh3, 59-CCTCGTGCTTTCCAAGATGAA-39; sh4, 59-CCTTAG-
GAAGAGGGACTTGAA-39; and scrambled control, 59-TGTTCGCAT-
TATCCGAACCAT-39. Briefly, the complementary DNA oligonu-
cleotides that consisted of a sequence-specific 21 nucleotide
followed by the loop sequence (CTCGAG) and finally the re-
verse complement of the targeting sequence were synthesized,
annealed, and inserted in pLVX-shRNA2 vector (Clontech, Mountain
View, CA, http://www.clontech.com) between BamHI and EcoRI
sites downstream of the U6 promoter.

For lentivirus generation, 43 106 293T cells were plated in a
100-mm dish 1 day before transfection. The shRNA-expressing
lentiviral plasmid was cotransfected with plasmids pMD2.G and
pSPAX2 into 293T cells by calcium phosphate precipitation.
Two days post-transfection, the purity of ZsGFP+ cells was above
99% as determined by FACS analysis. Viral containingmedia were
collected, filtered, and concentrated by ultracentrifugation. Viral
titers were measured by serial dilution on 293T cells followed by
flow cytometric analysis after 48 hours. For viral transduction,
lentiviral vectors at a multiplicity of infection of 20 were added
to cultured S-MSCs. The day after transduction, viral supernatant
was replaced with fresh medium. Clonal lines were screened for
TNFR1 by quantitative PCR. One stable transfected S-MSC line
showing 95% decreased TNFR1 at RNA levels was passaged and
used for experiments.

Statistical Analysis

The data are presented as the means 6 SEM and analyzed with
GraphPad Prism 5. For pairwise comparisons of parametric and
nonparametric data, the Student’s t test, and Mann-Whitney-
Wilcoxon rank-sum test were used, respectively. Probability
values of , .05 were considered significant, and tests were
performed two-sided.

RESULTS

S-MSCs Ameliorated Autoimmune Disease

Weinvestigated thepotential therapeutic effects of S-MSCs in au-
toimmunity using EAE, a mouse model for MS. S-MSCs were in-
jected i.p. into mice at day 8 postimmunization. Notably, the
administration of S-MSCs substantially delayed the onset of dis-
ease andmarkedly reduced EAE severity accompanied by a signif-
icant prevention of body weight loss in EAE mice compared with
PBS-treatedmicewith established EAE (Fig. 1A, 1B). In contrast to
PBS, the injection of S-MSCs resulted in decreased inflammatory
cell infiltrates anddemyelination in theaffected spinal cordof EAE
mice at day 18 after immunization (Fig. 1C–1E). Consistently,
S-MSC treatment reduced the numbers of CD4+ T cells (Fig. 1F,
1G). Thus, our results unequivocally demonstrate that S-MSCs de-
rived from skin are capable of ameliorating the development of
autoimmune disease.

S-MSCs Inhibited the Th17 Cell Differentiation In Vivo

It has been reported that Th17 cells are critical for the develop-
ment of EAE [17]. To elucidate the mechanism of therapeutic
properties of S-MSCs in EAE, we investigated the inhibitory

effect of S-MSCs on Th17 cell induction in vivo. We first induced
EAE and assessed the frequency of Th17 cells in inflamed spleen
and CNS derived fromuntreated controls and EAEmice at day 18
postimmunization. We found that the number of Th17 cells was
significantly higher in the spleens and CNSs of EAE mice com-
pared with healthy controls (Fig. 2A–2D). Therefore, these data
support the notion that Th17 cells are important for the devel-
opment of EAE. We next induced EAE and administrated i.p.
S-MSCs into mice at day 8 postimmunization. Splenocytes and CNS
infiltrates underwent flow cytometric analysis of Th17 cells
10 days after S-MSC treatment. We showed that intraperitoneal
injection of S-MSCs resulted in marked inhibition of Th17 cell in-
duction in both spleen and CNS (Fig. 2E–2H). Consistently, serum
levels of IL-17A were significantly decreased following S-MSC
treatment in EAE mice (Fig. 2I). In agreement with published
data [9], we also observed that S-MSC treatment was capable
of reducing the levels of IFN-g in serum (Fig. 2J). Moreover,
the expression levels of Th2- and Treg-associated genes in
splenocytes were remarkably increased (supplemental online Fig.
1A–1C). Consistently, numbers of FoxP3EGFP+ Treg cells were sig-
nificantly increased after S-MSC treatment (supplemental
online Fig. 1D–1G). Together, our data suggest that S-MSCs
are capable of inhibiting Th1 and Th17 cell differentiation and
inducing Th2 and Treg cell subsets in vivo. Given that the Th17
cell polarization is critical for the pathogenesis of EAE, our results
indicate that S-MSCs might ameliorate EAE, at least partially by
inhibiting Th17 cell differentiation.

Secreted Factors From S-MSCs Inhibited Th17 Cell
Differentiation Ex Vivo

Because S-MSCs clearly impact Th17 cell differentiation in EAE in
vivo, we sought to analyze cytokines, as well as T cell subset-
specific transcription factors expressed by Th17 cells in the co-
culture of MOG35–55-stimulated myelin-sensitized lymphocytes
with or without S-MSCs. We observed that the expression of
Th17 genes (IL-1, IL-17A, IL-22, and IL-23), particularly their tran-
scription factor retinoic acid receptor-related orphan receptor
(ROR)-gt, were significantly suppressed by S-MSCs compared
with the untreated controls (Fig. 3A). Correspondingly, a pro-
nounced decrease in IL-17A released to the supernatant was
noted in the presence of S-MSCs (Fig. 3B). We next compared
the inhibitory effect of S-MSCs supernatant with S-MSCs on
the induction of Th17 cells in splenocytes stimulated with
MOG35–55 ex vivo. The addition of S-MSC supernatant signifi-
cantly suppressed the induction of Th17 cells in a dose-dependent
manner, whereas the direct suppressive effect of S-MSCs was
more remarkable than the S-MSC supernatant (Fig. 3C, 3D). A Trans-
well experiment further confirmed that both cell-cell contact and
soluble factors released by S-MSCs collaborated in their immuno-
modulatory properties (Fig. 3E). These findings strongly support a
mechanism underlying S-MSC therapy that acts partially through se-
creted factor(s) to selectively inhibit excessive Th17 cell differentia-
tion, leading to delayed onset and reduced severity of clinical EAE.

High Levels of sTNFR1 Were Secreted by S-MSCs

We then focused on identifying the secreted factor(s) responsi-
ble for the observed effects of S-MSCs. We used protein array
technology and investigated 40 pro- and anti-inflammatory fac-
tors in the coculture of S-MSCs and myelin-sensitized spleno-
cytes stimulated with MOG35–55. Of significance, we detected
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Figure 1. Amelioration of experimental autoimmune encephalomyelitis (EAE) by S-MSCs. (A): Clinical scores (means 6 SEM) of mice with
established EAE treated with PBS or S-MSCs at indicated time points (n = 10 mice per group). (B): Body weight of mice treated with PBS
and S-MSCs or untreated control mice at day 30 after immunization (n = 7). (C): Spinal cord sections derived from PBS- or S-MSC-treated mice
at day 18 after immunization were examined by H&E staining for infiltrating lymphocytes. (D): Infiltrating lymphocytes in the spinal cord of EAE
mice treated with PBS or S-MSCs were counted. (E): Luxol fast blue staining of spinal cord sections from PBS- or S-MSC-treated mice at day 18
after immunization for visualizing demyelination. (F): Infiltrating CD4+ T cells of spinal cords fromPBS- or S-MSC-treated EAEmicewere analyzed
by immunofluorescence staining. (G): The positively stained CD4+ T cells. For all measurements, themedian of specifically stained cells counted
in 12 high power fields is presented, and three separate cryosections of eachmouse spinal cordwere examined (fourmice for each group).
pp,p, .01;ppp,p, .001. Representativedata are shown thathavebeen reproduced in twoor three independent experiments. Abbreviations:DAPI,
49,6-diamidino-2-phenylindole; PBS, phosphate-buffered saline; S-MSC, skin-derived mesenchymal stem cell.
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that sTNFR1 and sTNFR2 were remarkably increased in cocul-
tures (Fig. 4A). sTNFR1 was 3.8-fold higher, and sTNFR2 was
2.0-fold higher in the cocultures of S-MSCs than in splenocytes

only stimulated with MOG35–55 (data not show). Our observa-
tion is inconsistent with a previous report in which sTNFR1
was found to be produced by humanMSCs under inflammatory

Figure2. S-MSCs inhibited theTh17celldifferentiation invivo. (A–D):Flowcytometricanalysesof IL-17A+CD4+Tcellsderived fromthespleen (A,C)
andCNS (B,D)ofhealthycontrolsorEAEmice18dayspostimmunization(n=3micepergroup). (E–H): Intracellular stainingof IL-17A inCD4+Tcells for
splenocytes (E, G) andCNS (F, H)derived fromEAEmice treatedwith PBSor S-MSCs (n = 3mice per group, day 18 after immunization). (I, G): Protein
levels of IL-17Aand INF-g in serumderived fromEAEmice treatedwithPBSor S-MSCswere analyzedbyELISA (n =7). pp,p, .01; ppp,p, .001. The
dataare representativeof three independentexperiments.Abbreviations:CNS, centralnervoussystem;Ctr, control; EAE,experimental autoimmune
encephalomyelitis; IL, interleukin; PBS, phosphate-buffered saline; S-MSC, skin-derived mesenchymal stem cell; WT, wild type.
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stimulation [33]. Thus, we focused on the role of sTNFR1 re-
leased by activated S-MSCs in the Th17 cell polarization and au-
toimmune disease. We measured the expression levels of
sTNFR1 in the supernatant by ELISA. Our data revealed that
increased sTNFR1 was abundantly secreted from activated
S-MSCs but not splenocytes (Fig. 4B). Thus, these data suggest that
S-MSCs are capable of producing high amounts of sTNFR1 upon
their activation.

TNF-a Promoted Th17 Cell Differentiation

sTNFR1with highly specific neutralizing activity of TNF-a in vitro
and in vivo has been reported [30, 34, 35]. Thus, we investigated
the role of TNF-a in Th17 cell differentiation. We first measured
the expression levels of TNF-a in serum in EAE mice by ELISA. In
contrast with nonimmunized controls, TNF-a expression was
significantly increased in EAE mice (Fig. 5A).To date, the func-
tional analysis of TNF-a in CD4+ T cell lineage differentiation re-
mains unclear. We differentiated näıve T cells in vitro under
polarizing conditions for the generation of Th17 cells in the ab-
sence or presence of TNF-awith various concentrations. In this
setting, TNF-a improved the differentiation of Th17 cells in a
dose-dependentmanner (Fig. 5B) but did not significantly affect
the differentiation of Th1 cells (supplemental online Fig. 2A). On
the other hand, cytokines primarily produced by APCs are

involved in näıve CD4+ T cell differentiation into Th17 cells. It
is possible that TNF-a acts on APCs, which may release inflam-
matory factors that promote Th17 cell differentiation. To test
this hypothesis, we stimulated APCs derived fromRag22/2mice
with various concentrations of TNF-a. We found that TNF-a
strongly induces the production of IL-1b and IL-6 from APCs,
but not IL-23 (supplemental online Fig. 2B–2D). We next deter-
mined whether APCs after treatment with TNF-a could enhance
Th17 cell differentiation. As expected, the percentage of Th17
cells was significantly increased when APCs were treated with
TNF-a before the coculture (Fig. 5C, 5D). Taken together, our
data suggested that TNF-a promotes Th17 cell polarization both
directly and indirectly.

S-MSCs Inhibited Th17 Cell Polarization Through
Releasing sTNFR1

In order to directly identify the role of sTNFR1 in Th17 cell polar-
ization, we differentiated naı̈ve CD4+T cells in vitro under polar-
izing conditions for the generation of Th17 cells in presence of
sTNFR1. We found that the percentage of Th17 cells was signif-
icantly decreasedwhen sTNFR1 existed and rescuedwhen exog-
enous TNF-a were added (Fig. 6A, 6B). Therefore, we propose
that autocrine TNF-a derived from T cells may facilitate Th17
cell differentiation in vitro. To confirm this, we measured the

Figure 3. Secreted factors from S-MSCs inhibited Th17 cell differentiation ex vivo. Splenocytes (13 106) isolated from experimental autoim-
mune encephalomyelitis mice 18 days postimmunization were restimulated withMOG35–55 (20mg/ml) for 2 days in the presence or absence of
S-MSCs (23 105). (A):mRNA levels of Th17 cell factors (IL-1, IL-17A, IL-22, IL-23, and ROR-gt) were analyzed by quantitative polymerase chain
reaction (qPCR). (B): Protein levels of IL-17A in supernatant were detected by enzyme-linked immunosorbent assay. (C, D):mRNA levels of Th17
cell factors (IL-17A and ROR-gt) were analyzed by qPCR. (E): mRNA levels of IL-17A were analyzed by qPCR when S-MSCs cocultured with
splenocytes contact directly or separation by Transwell. p, p, .05; pp, p, .01; ppp, p, .001. The data are representative of at least three inde-
pendent experiments. Abbreviations: Control, restimulated splenocytes; IL, interleukin; NC, nonstimulated splenocytes; ROR-gt, retinoic acid
receptor-related orphan receptorgt; S-MSC, restimulated splenocytes coculturedwith skin-derivedmesenchymal stemcells; Sup, restimulated
splenocytes cultured in the presence of supernatant of S-MSCs at the indicated dilutions.

Ke, Zhang, Liu et al. 307

www.StemCellsTM.com ©AlphaMed Press 2016

http://stemcellstm.alphamedpress.org/lookup/suppl/doi:10.5966/sctm.2015-0179/-/DC1
http://stemcellstm.alphamedpress.org/lookup/suppl/doi:10.5966/sctm.2015-0179/-/DC1


time-dependent appearanceof IL-17 andTNF-a during theprocess of
Th17 cell differentiation. Our data showed that IL-17 abundance
was gradually increased during Th17 cell differentiation, and
correspondingly TNF-a levels were significantly induced
(supplemental online Fig. 3A, 3B). Collectively these results in-
dicate that autocrine TNF-a enhanced Th17 cell induction in
vitro. To directly investigate the role of sTNFR1 released by
S-MSCs on Th17 cell differentiation, we silenced the expression
of sTNFR1 with specific siRNAs in S-MSCs. We found that
siRNA-mediated knockdown resulted in greater than 74% inhi-
bition of sTNFR1 expression at protein levels (supplemental
online Fig. 3C). We next cultured inflamed splenocytes from
EAEmice together with S-MSCs and found that silencing sTNFR1
in S-MSCs led to an abrogated inhibition of IL-17 expression ex
vivo (Fig. 6C). Consistently, we demonstrated significant low

levels of sTNFR1 in the cocultures when sTNFR1 was silenced
in S-MSCs (Fig. 6D). To further investigate the role of sTNFR1
in the suppressive function of S-MSCs on the Th17 cell differen-
tiation in vivo system, we generated S-MSCs stably expressing
TNFR1-targeted shRNA. shRNA-mediated knockdown resulted
in approximately 95% inhibition of TNFR1 expression at RNA lev-
els (supplemental online Fig. 3D). We then injected i.p. S-MSCs
(shTNFR1) into EAE mice and found that the administration of
S-MSCs (shTNFR1) partially abrogates their inhibition (Fig. 6E),
suggesting that some other factors contribute to the inhibitory
effects mediated by S-MSCs. This phenomenonwas further sup-
ported by the fact that S-MSCs at a ratio of 1:4 led to 10-fold
reduction of Th17 cell differentiation (Fig. 6F, 6G). By contrast,
the addition of sTNFR1 only resulted in twofold reduction of
Th17 cell differentiation (Fig. 6A, 6B). Taken together, our data

Figure 4. High levels of sTNFR1were secreted by S-MSCs. (A):Mouse cytokine antibody array screening of supernatant derived from cultured
cells indicated on the top of the figure (six mice were used for each group). (B): Splenocytes restimulated with MOG35–55 in the presence of
S-MSCs for 24 hours and then splenocytes and S-MSCswere separated and subsequently cultured for another 24 hours. The supernatants were
harvested, and the expression of sTNFR1was examined by enzyme-linked immunosorbent assay (n = 4). The amounts of secreted sTNFR1were
listed. ppp, p, .001. The data in (B) are representative of at least two independent experiments. Abbreviations: MOG,myelin oligodendrocyte
glycoprotein; S-MSC, skin-derived mesenchymal stem cell; sTNFR1, soluble tumor necrosis factor receptor 1.
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indicate that S-MSCs inhibit Th17 cell differentiation, partially
via releasing sTNFR1.

DISCUSSION

One of the important characteristics ofMSCs is their immunoreg-
ulatory function,whichmakes these cells promising for treatment
of autoimmune diseases, but their mechanisms of action remain

incompletely understood. In the present study, we have
addressed such issues with a focus on the capacity of S-MSCs de-
rived from skin to inhibit the differentiation of Th17 cells, a pop-
ulation of CD4+ T cells that plays an important role in the
pathogenesis of autoimmune diseases [36, 37].

Several studies have shown thatMSCs can regulate the polar-
ization of Th17 cells. Rafei et al. [38] demonstrated that MSCs
could inhibit Th17 cells via MSCs-derived CCL2 secretion. Duffy

Figure 5. TNF-a promoted Th17 cell differentiation. (A): TNF-a expression in serum derived from healthy controls and EAEmice 18 days post-
immunizationwasdetected byenzyme-linked immunosorbent assay (n=4). (B):Representative flow cytometry of IL-17Aexpression in Th17 cell
differentiation in the presence of TNF-awith various concentrations for 3 days. (C, D): Flow cytometry of IL-17A expression in Th17 cell differ-
entiation, and APCs treated with or without TNF-a (10 ng/ml) before coculture with Th17 polarized cells. Numbers adjacent to outlined areas
indicate thepercentageof cells in each.p,p, .05;ppp,p, .001. Thedata are representativeof three independent experiments (means6 SEM).
Abbreviations: APC, antigen presenting cell; Ctr, control; EAE, experimental autoimmune encephalomyelitis; IFN, interferon; IL, interleukin;
TNF-a, tumor necrosis factor a.
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Figure 6. S-MSCs inhibited Th17 cell polarization through releasing sTNFR1. (A, B): Flow cytometry of IL-17A expression in Th17 cell differen-
tiation in theabsenceor presenceof sTNFR1 (100ng/ml) or TNF-a (10ng/ml) for 3days. (C,D):The levels of IL-17AandsTNFR1wereevaluatedby
enzyme-linked immunosorbent assay. The supernatant derived from splenocytes restimulatedwithMOG35–55 in the presence of S-MSCs trans-
fected with siNC or si894 (n = 4). (E): Experimental autoimmune encephalomyelitis clinical scores (means6 SEM) of mice treated with S-MSCs
(shTNFR1) or S-MSCs (shNC) or PBS (n = 6). (F, G): Flow cytometry of IL-17A expression in Th17 cell polarization in the absence or presence of
S-MSCs for 3 days. p, p, .05; pp, p, .01; ppp, p, .001. The data in (E) are representative of two independent experiments. Abbreviations:
IL, interleukin; ns, not significant; PBS, phosphate-buffered saline; sh, small hairpin; si, small interfering; S-MSC, skin-derivedmesenchymal stem
cell; sTNFR1, soluble tumor necrosis factor receptor 1; TNF-a, tumor necrosis factor a.
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et al. [39] showed that Th17cell differentiationwas suppressedby
PGE2 derived from MSCs. MSCs-derived IL-10 was also demon-
strated to inhibit Th17 cell differentiation [40]. On the contrary,
Guo et al. [41] showed that MSCs promoted the expansion of
Th17 cells via IL-6. Thus, there is a contradiction regarding to
the immunoregulatory role ofMSCs on Th17 cells, and the under-
lying mechanisms need further investigation. In our study, we
demonstrate that S-MSCsare capableof suppressingTh17 cell po-
larization through a mechanism that is mediated by sTNFR1 neu-
tralizing the activity of TNF-a.

MS is a devastating neurological disorder frequently af-
fecting young adults. The pathological changes within the
CNSs of MS patients combine demyelination and inflamma-
tory infiltrates. Although the precise mechanism leading to
myelin damage is not well-known, these pathological changes
are believed to be involving cytotoxic cytokine, TNF-a [42].
Multiple lines of evidence implicate the proinflammatory cy-
tokine TNF-a in the pathogenesis of both EAE and MS. TNF-a
has been detected in inflammatory foci in both diseases
[23–25]. In addition, increased production of TNF-a by blood
cells of MS patients has been shown to occur and correlate
with disease activity [26, 27]. In MS lesions, immunoreactivity
with TNF-a has been revealed in inflammatory cells, as well as
in astrocytes and microglia [23, 24]. Moreover, disease pro-
gression in MS patients has been correlated with high levels
of TNF-a in cerebrospinal fluid (CSF) [43]. Surprisingly, clinical
trials with nonselective TNF inhibitors in MS patients resulted
in disease exacerbation [44, 45]. Moreover, it was reported
that some patients with rheumatoid arthritis treated with
anti-TNF therapy developed neurological symptoms [46,
47]. TNF is expressed as a transmembrane protein (mTNF) that
can be processed into a soluble form (sTNF) and exerts their
functions via two receptors, TNFR1 and TNFR2 [48, 49]. TNFR1
is predominantly activated by sTNF [50] and has proinflamma-
tory effects [51]. In contrast, TNFR2 is preferentially activated
by mTNF [50] and implicated in neuroprotection and remyeli-
nation [52]. Thus, it is becoming clear that TNF mediates spe-
cific and often opposing effects via two different receptors.
The distinct roles of these receptors may provide a mechanis-
tic explanation for the failure of TNF-neutralizing therapy in
MS. The sTNFR1 secreted from S-MSCs could selectively neu-
tralize sTNF to inhibit the proinflammatory effects but retain
the neuroprotection and remyelination effects.

Recently, a high percentage of Th17 cells were also found in
the EAE mice [17]. Microarray analysis demonstrated that IL-17
transcript is upregulated in MS lesion [53]. IL-17 concentrations
in CSF are significantly higher in MS patients than healthy sub-
jects [54]. The expression levels of IL-23, a critical cytokine for
Th17 cells, in monocyte-derived dendritic cells are higher in
MS patients than those in healthy controls [55]. Furthermore,
memory T cells producing IL-17 and IL-22 infiltrate into MS le-
sions [56]. These results convincingly suggest that Th17 cells
may play important roles in the pathology of MS and that the
inhibition of Th17 cell differentiationmay be a therapeutic strat-
egy inMS. Despite the fact that both TNF-a and IL-17 play crucial
roles in the progression ofMS and EAE, to our knowledge little is
known about how TNF-a regulates Th17 cell differentiation in
autoimmune diseases. In our study, we showed that serum from
EAE mice contained abundant amounts of TNF-a, whereas se-
rum from control mice did not. We demonstrated that näıve
CD4+ T cells exposed to recombinant TNF-a promoted Th17 cell

differentiation in vitro but had a minor effect on Th1 cell differ-
entiation.Moreover,we found that TNF-aactivatedAPCs,which
were also able to produce IL-1b and IL-6, which are critical cyto-
kines involved in promoting Th17 cell differentiation. Thus, the
observed effect of TNF-a on Th17 cell differentiation is not only
directed toward Th17 cells but also indirectly mediated through
APCs. Our data indicate that inhibition of Th17 differentiation by
blocking TNF-aactivitymayprovide a new therapeutic approach
for MS and EAE, as well as other Th17-mediated autoimmune
diseases.

Here, we used MSCs derived from dermis and attempted to
uncover a mechanism through which S-MSCs affect autoim-
mune disease. We showed that S-MSCs improved the clinical
outcome of EAE partially by inhibiting differentiation of Th17
cells, as well as the expression of the transcription factors
ROR-gt. A cytokine protein array-based analysis helped us to
identify sTNFR1, which could block TNF-a signaling, as a critical
mediator released by S-MSCs when exposed to inflammatory
microenviroment. sTNFR1 (55 kDa) is one of the proteolytic
shedding soluble extracellular domains of the TNFR1 modulat-
ing the activity of TNF-a [57]. Administration of TNF-a or LPS
to human MSCs increases the concentration of soluble TNF re-
ceptors in the media, suggesting that soluble receptors may be
part of a negative feedback mechanism to inhibit the biological
effects of TNF-a [58].

sTNFR1 has been shown to inhibit the development of EAE in-
duced by adoptive transfer ofMBP-sensitized T lymphocytes [32].
sTNFR1 was reported to have highly specific TNF-a neutralizing
activity [30]. sTNFR1 has advantages over the use of anti-TNF-a
antibodies; for example, sTNFR1of autologous originmay lack im-
munogenicity, a serious problem in antibody-based immunother-
apy. Moreover, sTNFR1, being of low molecular mass, could
penetrate better through the blood-brain barrier to reach higher
concentration in the CNSs of MS patients [32]. We here present
several lines of evidence to support that sTNFR1 released from
S-MSCs is one of the primary mediators to inhibit Th17 cell differ-
entiation. First, combiningprotein array technology andELISA,we
identified that sTNFR1 released by S-MSCs was remarkably in-
creased in supernatants in coculture of S-MSCs and myelin-
sensitized splenocytes stimulated with MOG35–55. Second, we
demonstrated that Th17 cell differentiation was disrupted when
sTNFR1 is present in culture and that the addition of exogenous
TNF-a rescued Th17 cell differentiation. Third, administration of
S-MSCs (shTNFR1),which have reduced levels of sTNFR1, partially
abrogated their inhibition of clinical symptoms in mice with EAE.
MSCs secreted someother antioxidative growth factors, and neu-
trophic factors may in part involve in the improving effects of
S-MSCs on EAE [59–61].

CONCLUSION

Wehaveprovideddirect evidence that skin-derivedMSCspossess
great therapeutic potential in autoimmune disease. TNF-a not
only damages oligodendrocytes and myelin sheaths [62] but also
promotes Th17 cell differentiation in EAE. Our results reveal that
S-MSCs secret sTNFR1, which has highly specific neutralizing ac-
tivity of TNF-a, and silencing TNFR1 gene expression in S-MSCs
resulted in defective suppressive properties on the Th17 cell dif-
ferentiation in ex vivo and in vivo settings. Together, the present
study uncovers amechanism throughwhich S-MSCs improve clin-
ical outcomes in autoimmunediseases and lend strong support to
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the clinical utility of S-MSCs in the treatment of various autoim-
mune disorders.
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