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Abstract
Dendritic cells (DCs) regulate immunity and immune tolerance in vivo. However, the mechanisms
of DC-mediated tolerance have not been fully elucidated. Here we demonstrate that intravenous
(i.v.) transfer of bone marrow-derived DCs pulsed with MOG peptide blocks the development of
experimental autoimmune encephalomyelitis (EAE) in C57BL/6J mice. i.v. transfer of MOG-
pulsed DCs leads to down-regulation of production of IL-17A and IFN-γ and up-regulation of
IL-10 secretion. The development of regulatory T cells (Tregs) is facilitated via up-regulation of
FoxP3 expression and production of IL-10. The number of suppressive CD4+ IL-10+ IFN-γ+ T
cells is also improved. The expression of OX40, CD154 and CD28 is down-regulated, but the
expression of CD152, CD80, PD-1, ICOS and BTLA is up-regulated on CD4+ T cells after i.v.
transfer of immature DCs. The expression of CCR4, CCR5 and CCR7 on CD4+T cells is also
improved. Our results suggest that immature DCs may induce tolerance via facilitating
development of CD4+ FoxP3+ regulatory T cells and suppressive CD4+ IL-10+ IFN-γ+ T cells in
vivo.
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Introduction
Dendritic cells (DCs) play an important role in both autoimmunity and immune tolerance.
Although DC-based immunotherapy has been used to treat cancer and to target autoimmune
diseases, the regulatory mechanisms controlling DC-mediated immune responses have not
been fully elucidated [1, 2]. Understanding these regulatory mechanisms could facilitate the
development of immunotherapy for use in autoimmune clinical trials.

DCs modulate the activity of T cells through three pathways. Signal 1: peptide/MHC
complexes presented on DCs bind to T cell receptor (TCR) so that T cells can recognize
target cells. Signal 2: multiple co-stimulatory molecules expressed on DCs bind to the
ligands expressed on T cells and then initiate or inhibit T cell activity. For example, CD80
and CD86 expressed on DCs interact with CD28 or CD152 expressed on T cells to lead to
autoimmunity or tolerance. B7H-1, B7-H-2 expressed on DCs bind to programmed death-1
(PD-1) or CD80 expressed on T cells to inhibit T cell activation. Signal 3: DCs secrete
cytokines such as IL-12, IL-23 and IL-27 to modulate T cell activity [3].
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Experimental autoimmune encephalomyelitis (EAE) is an animal model of multiple
sclerosis (MS) [4, 5]. It has been reported that Th17 cells are major pathogenic cells in EAE/
MS development [4]. DCs play an important role in induction of immune tolerance during
EAE [6]. However, the molecular mechanisms of DC-mediated immune tolerance have not
been fully elucidated. An animal model of immune tolerance in EAE mice induced by i.v.
transfer of immature bone marrow-derived DCs has been established in this experiment. It
will be investigated how DCs modulate the activity of CD4+ T cells in vivo.

The trafficking of regulatory CD4+ T cells from peripheral lymph organs into the central
nervous system (CNS) is necessary for inhibition of EAE. C-C chemokine receptor 4
(CCR4), CCR5, CCR6 and CCR7 expressed on regulatory CD4+ T cells play an important
role in regulatory CD4+ T cell trafficking to local environment and inhibition of peripheral
inflammation [7–12]. In the present study, we will investigate whether MOG-pulsed DCs
can modulate the protein expression of CCR4, CCR5, CCR6 and CCR7 on CD4+ T cells.
This may affect regulatory CD4+ T cell trafficking to CNS and then lead to inhibition of
EAE development.

Materials and Methods
Mice

C57BL/6J female mice (8–12 weeks) were ordered from The Jackson Laboratory (Bar
Harbor, ME, USA). All mice were bred in the Thomas Jefferson Animal Care facilities. All
experimental procedures were approved by the Institutional Animal Care and Use
Committee of Thomas Jefferson University.

Immunogen and Peptide
Mouse MOG35–55 peptide(MEVGWYRSPFSRVVHLYRNGK) is part of myelin
oligodendrocyte glycoprotein (MOG) and was purchased from Invitrogen (Invitrogen,
Carlsbad, California, USA).

Generation of bone marrow-derived dendritic Cells
As described preciously [13, 14], femurs and tibiae of mice were isolated from muscle tissue
by rubbing with Kleenex tissues. The intact bones were then put into 70% ethanol for 5 min
for disinfection and washed with phosphate-buffered saline (PBS). Both ends of the bones
were cut with scissors and the marrow was flushed with PBS by using a syringe with 0.45
mm diameter needle. Clusters within the marrow suspension were disintegrated by vigorous
pipetting and then washed with PBS.

As described previously [13, 14], the leucocytes from bone marrow were fed in
bacteriological 100 mm Petri dishes (Falcon, Becton Dickinson, Heidelberg, Germany) at
2×106 cells per dish. The cells were cultured in RPMI1640 complete medium (Gibco-BRL,
Regenstein, Germany) including penicillin (100 U/ml, Sigma, St. Louis, MO, USA),
streptomycin (100 U/ml, Sigma), L-glutamine (2 mM, Sigma), 2-mercaptoethanol (2-ME,
50 μM, Sigma), 10% heated inactivated and filtered (0.22 μm, Milipore, Inc., Bedford, MA,
USA) Fetal Calf Serum (FCS, Sigma) and granulocyte-macrophage colony-stimulating
factor (GM-CSF, PetroTech, Rocky Hill, NJ, USA) at 20 ng/ml at day 0 (10 ml medium per
dish).

At day 3, 10 ml fresh medium with GM-CSF at 20 ng/ml was added to each dish, and at day
6, half of the medium (about 10 ml supernatant) was collected and centrifuged at 300 g for 5
min. Subsequently, the cells were resuspended in 10 ml fresh medium with GM-CSF (20 ng/
ml) and were then re-fed in the original dish.
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The DCs were collected by gentle pipetting and washed with PBS at 300 g for 5 min before
conducting intravenous (i.v.) transfer at day 8.

EAE induction and DC treatment
C57BL/6J mice (female, 8–12 week) were immunized with MOG peptide/Complete
Freund’s adjuvant (CFA, Sigma) at 200 μg/200 μl/per mouse (subcutaneous injection).
Pertussis toxin (Sigma) was simultaneously injected at 200 ng/per mouse (intraperitoneal
injection) and a second injection was administered after 48 hrs (post immunization p.i.).
EAE disease was evaluated as following standard clinical score: 0.5: half of tail paralysis, 1:
whole tail paralysis, 2: tail and one leg paralysis, 3: tail and two legs paralysis, 4: moribund,
5: death.

DCs (5 × 105 cells/per mouse/per time) were pulsed with MOG peptide (0.1 μM) for 6 hours
and washed twice at 300 g ×5 min. DCs were i.v. injected into EAE mice on days 11, 14 and
17 p.i..

Generation of MOG-primed T lymphocytes
C57 BL/6J mice were immunized with MOG/CFA to induce EAE. Spleen cells were
isolated from mice with EAE or tolerance at day 30 (p.i.). Splenocytes had been cultured in
Click’s medium (Gibco) with mouse IL-2 (1ng/ml) and restimulated with MOG peptide
(0.1μM) for5 days. Cells were then collected for flow cytometry and supernatant was
harvested for ELISA.

Flow Cytometry
MOG-primed T lymphocytes were isolated from EAE mice and incubated with anti-mouse
OX40, CD152 (CTLA-4), CD80, CD154 (CD40L), PD-1, CD28, inducible co-stimulator
(ICOS), B and T lymphocyte attenuator (BTLA), IFN-γ, IL-10, FOXP3 and anti-CD4
antibodies (Biolegend, San Diego, CA, USA) at 4 °C for 1 hr. Cells were then washed twice
with 5% FCS in PBS at 300 g for 5 min. and were fixed with 5% formalin in PBS. Fixed
cells were run on a FACS Aria (BD Biosciences, San Jose, CA, USA) and data were
analyzed with Flow Jo software (Treestar, Ashland, OR, USA).

For intracellular cytokine staining, MOG-primed T lymphocytes derived from spleen were
treated with leukocyte activation cocktail with BD GolgiPlug™ (BD Pharmingen) including
the phorbol ester, Phorbol 12-Myristate 13-Acetate (PMA), a calcium ionophore
(Ionomycin) and protein transport inhibitor BD GolgiPlug™ (Brefeldin A) for 5 hrs. Cell
surface staining described as above was firstly performed and cells were then fixed with 5%
paraformaldehyde and permeabilized in PBS containing 0.1% saponin (Biolegend) for 20
min at room temperature. MOG-primed T lymphocytes were stained with anti-mouse
FoxP3, IL-10 and IFN-γ antibodies (Biolegend) at 4 °C for 24 hrs before conducting flow
cytometry.

ELISA
Anti-mouse ELISA kits including IFN-γ, IL-10 and IL-17A were purchased from R&D
Systems (Minneapolis, MN, USA). Assays were conducted according to the manufacturer’s
instructions. Plates were read out in Labsystems Multiskan MCC/340 (Fisher Scientific,
Suwannee, GA, USA) and data were analyzed with DSJV ELISA software (Fisher
Scientific).
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Statistical Analysis
Experimental data were analysed using Prism software (GraphPad, La Jolla, CA, USA). A t
test was conducted. Data represent the mean and SD. Results were regarded as showing a
significant difference if the P value was less than 0.05.

Results
1. i.v. transfer of immature DCs pulsed with MOG peptide blocks EAE development in vivo

To investigate whether i.v. transfer of DCs can affect EAE development, PBS and DCs
pulsed with MOG peptide or without loading MOG peptide were i.v. injected into C57 BL/
6J mice immunized with MOG/CFA. Our results showed that i.v. transfer of MOG-pulsed
DCs significantly suppressed EAE development (Fig. 1). The production of inflammatory
cytokines including IL-17A and IFN-γ was down-regulated (Figs. 1B and C) while the
production of anti-inflammatory cytokine IL-10 was elevated after i.v. transfer of MOG-
pulsed DCs (Fig. 1D). By contrast, DCs without loading MOG peptide cannot affect EAE
development and cytokine production by DCs. It can be concluded that i.v. transfer of bone
marrow-derived immature dendritic cells pulsed with MOG peptide is able to induce
tolerance in C57 BL/6J mice with EAE.

2. i.v. transfer of bone marrow-derived immature DCs facilitates the development of Tregs
and suppressive CD4+ IFN-γ+ IL-10+ T cells in mice with EAE

To test whether i.v. transfer of bone marrow-derived DCs can affect Treg development, the
number of CD4+IL-10+ cells in mice with EAE or tolerance was detected using flow
cytometry. Our results demonstrated that i.v. transfer of bone marrow-derived DCs pulsed
with MOG peptide causes improvement of numbers of CD4+ IL10+ T cells and CD4+ IFN-
γ+ IL-10+ T cells in mice with tolerance comparing with those in mice with EAE (Figs. 2A
and B). Moreover, the expression of FoxP3 is up-regulated after i.v. transfer of DCs pulsed
with MOG peptide (Fig. 2C). However, i.v. transfer of DCs without loading MOG peptide
cannot affect development of CD4+ IL-10+ cells and CD4+ IFN-γ+ IL-10+ T cells in mice
with EAE. The expression of FoxP3 also cannot be improved after i.v. transfer of DCs
without loading MOG peptide (Fig. 2). These results imply that bone marrow-derived
immature DCs pulsed with MOG peptide may induce tolerance through enhancement
development of Treg and CD4+ IFN-γ+ IL-10+ suppressive T cells.

3. i.v. transfer of bone marrow-derived immature DCs pulsed with MOG peptide modulates
protein expression of co-stimulatory molecule receptors on CD4+ T cells

Since co-stimulatory molecule receptors expressed on CD4+ T cells play an important role
in modulation of autoimmunity and tolerance in vivo, a systemic investigation was carried
out to detect whether bone marrow-derived immature DCs can affect expression of co-
stimulatory receptors on CD4+ T cells. Our results demonstrated that the expression of
OX40, CD154 and CD28 is down-regulated. However, the expression of CD152, CD80,
PD-1, BTLA and ICOS is up-regulated after i.v. transfer of bone marrow-derived DCs
pulsed with MOG peptide (Fig. 3). By contrast, i.v. DCs without loading MOG peptide
cannot affect expression of any co-stimulatory molecule ligands on CD4+ T cells (Fig. 3).
These results showed that bone marrow-derived DCs pulsed with MOG peptide affect
expression of co-stimulatory ligands with different effects.

4. i.v. transfer of bone marrow-derived immature DCs pulsed with MOG peptide regulates
the expression of CCR4, CCR5 and CCR7 on CD4+ T cells

Since chemokine receptors expressed on CD4+ T cells can affect migration of effector CD4+

T cells to local environment such as CNS and affect EAE development, we tested whether
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i.v. transfer of bone marrow-derived immature DCs pulsed with MOG peptide or without
loading MOG peptide can affect expression of CCR4, CCR5, CCR6 and CCR7 on CD4+ T
cells or not. Our results indicated that the expression of CCR4, CCR5 and CCR7 on CD4+ T
cells is increased after i.v. transfer of bone marrow-derived DCs pulsed with MOG peptide.
However, MOG-pulsed DCs do not affect expression of CCR6 on CD4+ T cells. i.v. transfer
of DCs without loading MOG peptide cannot affect expression of CCR4, CCR5, CCR6 and
CCR7 on CD4+ T cells(Fig. 4). Our results suggest that bone-marrow-derived immature
DCs pulsed with MOG peptide may affect migration of CD4+ T cells and EAE development
through modulating expression of chemokine receptors such as CCR4, CCR5, and CCR7 on
CD4+ T cells.

Discussion
DCs are professional antigen presenting cells (APCs) that play an important role in both
autoimmunity and immune tolerance [15, 16]. However, it has not been fully elucidated how
DCs modulate the balance between autoimmunity and tolerance in vivo. In general,
immature DCs modulate tolerance and mature DCs stimulated by inflammatory signals
facilitate the activity of T cells and lead to inflammation [15, 16]. Here an experimental
model of tolerance induced by bone marrow-derived immature DCs was established. EAE
induction is dependent on the activity of Th1 cells which are IFN-γ producing CD4+ T cells,
and Th17 cells which are IL-17A producing CD4+ T cells [17]. Since the production of both
IL-17A and IFN-γ was decreased after i.v. transfer of MOG peptide-pulsed immature DCs,
our results suggest that MOG peptide–pulsed immature DCs may block the activity of Th17
and Th1 cells and then lead to immune tolerance in vivo.

Regulatory T cells are IL-10 producing CD4+ FOXP3+ T cells and can inhibit inflammation
in vivo [18]. Since i.v. transfer of immature DCs leads to increase the production of IL-10
and the expression of FoxP3, it suggests that immature DCs may facilitate the development
of regulatory T cells so that there is higher amount of anti-inflammatory cytokines such as
IL-10 to be synthesized to inhibit inflammatory responses in EAE.

In addition, another important type of suppressive CD4+ T cells that can produce both IL-10
and IFN-γ was found in the 1990s [19]. CD4+ IL-10+ IFN-γ+ T cells are different from
conventional Treg cells in that they are FoxP3− and T-bet+[20]. Even though CD4+ IL-10+

IFN-γ+ T cells are T-bet and produce IFN-γ, they are not Th1 cells, given that they inhibit
inflammatory responses while Th1 cells, on the contrary, facilitate immune responses. It is
unclear whether CD4+ IL-10+ IFN-γ+ suppressive T cells can inhibit EAE development.
Our results demonstrate that the numbers of CD4+ IL-10+ IFN-γ+ are increased in mice with
tolerance induced by i.v. transfer of MOG-pulsed immature DCs, suggesting that these DCs
may block EAE development through up-regulation of numbers of CD4+ IL-10+ IFN-γ+

suppressive T cells.

DCs interact with T cells through peptide /MHC complexes binding to T cell receptor (TCR)
on T cells (Signal 1) and co-stimulatory molecule-mediated signal transduction pathways
(Signal 2) [3]. There are at least 8 ligands of co-stimulatory molecules expressed on T cells
including OX40, CD154, CD80, CD28, CD152, PD-1, BTLA and ICOS [21]. Among them,
OX40, CD154, and CD28 are ligands of positive co-stimulatory molecules which facilitate
T-cell-mediated immunity in EAE [22–24]. In contrast, CD80, CD152, PD-1, BTLA and
ICOS-mediated signal transduction pathways play an important role in induction of immune
tolerance in EAE [25–29]. Our results indicate that i.v. transfer of immature DCs pulsed
with MOG peptide down-regulates expression of CD154, CD28, and OX40, which are
necessary for T cell activation on CD4+ T cells. However, expression of CD80, CD152,
PD-1, BTLA and ICOS, which can inhibit T cell activity on CD4+ T cells, is up-regulated
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after i.v. transfer of DCs. These results suggest that immature DCs may inhibit the activity
of auto-reactive CD4+ T cells by modulating expression of ligands of co-stimulatory
molecules on auto-reactive CD4+ T cells and then block EAE development.

For EAE inhibition, it is necessary that regulatory T cells are recruited to the target tissue,
the CNS. It is known that CCR4, CCR5, CCR6 and CCR7 expressed on regulatory CD4+ T
cells play an important role in regulatory T cell trafficking to the peripheral environment [7–
12]. However, it is not yet known whether immature DCs suppress EAE by regulating these
molecules. Our study demonstrates that i.v. transfer of immature DCs pulsed with MOG
peptide up--regulates the expression of CCR4, CCR5 and CCR7 on CD4+ T cells. This
implies that immature DCs may affect trafficking of regulatory CD4+ T cells by up-
regulating protein expression of CCR4, CCR5, and CCR7 in vivo, and then facilitate the
migration of regulatory CD4+ T cells into the CNS to inhibit EAE.

It has been known that CCR7 is necessary for expression of FoxP3 in regulatory T cells
[28]. i.v. transfer of MOG-pulsed immature DCs improves expression of FoxP3 and CCR7
in CD4+ T cells. This implies that immature DCs may facilitate expression of FoxP3 in
regulatory T cells through enhance expression of CCR7 on CD4+ T cells.

In summary, our results show that immature DCs may induce tolerance and block EAE
development via multiple pathways such as inducing CD4+ FoxP3+ IL-10+ Tregs,
modulating expression of ligands of co-stimulatory molecules and chemokines on CD4+ T
cells. Our research reveals a potential mechanism of immature DC-mediated immune
tolerance and may be applied for immunotherapy to target MS and other auto immune
diseases in clinical trials.
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Abbreviations

APC Antigen presenting cell

BTLA B and T lymphocyte attenuator

CTLA-4 Cytotoxic T lymphocyte antigen-4

DC Dendritic cell

EAE Experimental autoimmune encephalomyelitis

FCS Fetal Calf Serum

GM-CSF Granulocyte-macrophage colony-stimulating factor

ICOS Inducible co-stimulator

i.v Intravenous

MOG myelin oligodendrocyte glycoprotein

MS Multiple sclerosis

PD-1 Programmed death-1

TCR T cell receptor
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Tregs Regulatory T cells

2-ME 2-mercaptoethanol
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Figure 1.
Intravenous (i.v.) transfer of bone marrow-derived DCs inhibits EAE development. EAE
was induced in mice via immunization with MOG/CFA. PBS and DC pulsed with MOG
(0.1μM) (DC-MOG) or not(DC) were i.v. injected into EAE mice at days 11, 14 and 17 p.i
(3×105 cells/ mouse/injection). EAE development with clinical score (A) from day 0 to day
30 p.i is shown. This experiment was repeated three times with similar results. Data
represent the mean and SEM of EAE clinical score (n=3, t test, * P<0.05) in one experiment.
Spleen cells were isolated from mice treated with DC-MOG, DC or PBS at day 30 and re-
stimulated with MOG peptide (0.1 μM) and mouse IL-2 (1 ng/ml) for 5 days. The
supernatant was collected to detect IFN-γ(B) and IL-10 (C) and IL-17A (D) by ELISA. The
error bars shown in B, C and D represent mean and SD of the cytokine concentration in
three independent experiments (n=3, t test, *P<0.05).
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Figure 2.
Intravenous transfer of bone marrow-derived DCs up-regulates the numbers of IL-10
producing CD4+ T cells, suppressive CD4+ IL-10+ IFN-γ+ T cells and FoxP3+ expression in
CD4+ T cells. EAE mice were treated with i.v. PBS and DCs pulsed with MOG peptide at
0.1 μM (DC-MOG) or not (DC). Splenocytes were isolated from mice and stained. CD4+ T
cells were gated. The production of IL-10 in CD4+ T cells (A), CD4+ IL-10+ IFN-γ+ (B)
and expression of FoxP3 (C) in CD4+ T cells were determined by flow cytometry. (C)
Expression of FoxP3 in CD4+ T cells is improved after i.v. transfer of DC-pulsed with MOG
peptide. Expression of FoxP3 was detected in CD4+ T cells which were isolated from mice
with EAE treated with MOG-pulsed DCs (green), DCs without loading MOG peptide (DC)
(blue) or PBS (black) as described in Fig. 1. Isotype control is also shown (shade). Error
bars shown in this figure represent the mean and SD of triplicate determinations of the
percentage of CD4+ T cells (A and B) or mean fluorescence of intensity (MFI) (C) in three
independent experiments (n=3, t test, * P<0.05).
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Figure 3.
Intravenous transfer of bone-marrow-derived DCs modulates protein expression of ligands
of co-stimulatory molecules on MOG-primed CD4+ T cells. Splenocytes were isolated from
EAE mice treated with i.v. PBS, DCs pulsed with MOG peptide (0.1 μM) (DC-MOG) or not
(DC).Cells were stained and CD4+ T cells were gated. Protein expression of OX40, CD152,
CD80, CD154, PD-1, CD28, ICOS and BTLA on MOG-stimulated CD4+ T cells derived
from mice treated with DC-MOG (thin line), DC without MOG peptide treatment (DC, dot
line) and PBS (thick line) is shown. Isotype controls (shade) are also indicated. The error
bars shown in this figure represent the mean and SD of triplicate determinations of mean
fluorescence intensity (MFI) of co-stimulatory molecule ligands expressed on CD4+ T cells
in three independent experiments (n=3, t test, * P<0.05).
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Figure 4.
Intravenous transfer of bone marrow-derived DCs pulsed with MOG peptide up-regulates
protein expression of CCR4, CCR5 and CCR7 on CD4+ T cells. Splenocytes were isolated
from mice treated with PBS (thin line), DC spulsed with MOG peptide (thick line) or DCs
without loading MOG peptide (dash line). The isotype (shade) controls are also shown.
CD4+ T cells were gated and their expression of CCR4, CCR5, CCR6 and CCR7 was
determined by flow cytometry. Error bars shown in this figure represent mean and SD of
mean of fluorescence intensity (MFI) of CCR4, CCR5, CCR6 and CCR7 expression on
CD4+ T cells in three independent experiments ( n=3,t test, *P<0.05).
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