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Abstract
The central role of T cells in the induction of immunological tolerance against i.v. Ags has been well
documented. However, the role of dendritic cells (DCs), the most potent APCs, in this process is not
clear. In the present study, we addressed this issue by examining the involvement of two different
DC subsets, CD11c+ CD11b+ and CD11c+ CD8+ DCs, in the induction of i.v. tolerance. We found
that mice injected i.v. with an autoantigen peptide of myelin oligodendrocyte glycoprotein (MOG)
developed less severe experimental autoimmune encephalomyelitis (EAE) following immunization
with MOG peptide but presented with more CD11c+ CD11b+ DCs in the CNS and spleen. Upon
coculturing with T cells or LPS, these DCs exhibited immunoregulatory characteristics, including
increased production of IL-10 and TGF-β but reduced IL-12 and NO; they were also capable of
inhibiting the proliferation of MOG-specific T cells and enhancing the generation of Th2 cells and
CD4+ CD25+ Foxp3+ regulatory T cells. Furthermore, these DCs significantly suppressed ongoing
EAE upon adoptive transfer. These results indicate that CD11c+ CD11b+ DCs, which are abundant
in the CNS of tolerized animals, play a crucial role in i.v. tolerance and EAE and may be a candidate
cell population for immunotherapy of autoimmune diseases.

Intravenous injection of soluble proteins can induce Ag-specific tolerance or deviation to
helper/inflammatory T cell immunity (1). In animal models, it has been shown that i.v.
tolerance effectively ameliorates experimental autoimmune diseases (2–4), experimental
autoimmune encephalomyelitis (EAE),3 an animal model of multiple sclerosis, is a T cell-
mediated auto-immune disease of the CNS. Autoreactive T cells directed against myelin Ags
produce high levels of proinflammatory cytokines (2,3,5), whereas resistance to, or recovery
from the disease can be mediated through Th2 and regulatory T (Treg) cell responses (3,6,7).
Induction of i.v. tolerance with specific autoantigen can be accomplished by administration of
the Ag in a variety of tolerogenic forms, including soluble protein/peptide and Ag-coupled
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splenocytes. Clonal deletion, anergy of Ag-specific T cells and induction of Th2/Treg cells are
the main mechanisms known to be involved in the induction of i.v. tolerance (8,9).

Dendritic cells (DCs) are professional APCs that play an important role in Th differentiation
and thus are involved in the induction of both autoimmunity and tolerance (10,11). DCs provide
Th cells not only with Ag (signal 1) and costimulation (signal 2), but also with a polarizing
signal (signal 3), such as IL-10 and IL-12 (11) DCs are heterogeneous in their phenotype and
their localization in the spleen (12). There are two distinct subsets of DCs in murine spleen
(13): ~25% of DCs are of the CD8+ CD11b− phenotype, whereas the majority of DCs in the
spleen are CD8− CD11b+ DCs (~70%). CD8+ CD11b− DCs are of lymphoid lineage and mainly
reside in T cell-rich periarteriolar lymphatic sheaths. In contrast, CD8− CD11b+ DCs are of
myeloid lineage, and reside in spleen marginal zones (14). Myeloid and lymphoid subsets of
murine DCs are able to shift cytokine responses of T cells toward Th2 and Th1 profiles,
respectively (10,15,16).

DCs can activate T cells and trigger their differentiation into regulatory T cells following
exposure to Ag. Once activated, regulatory T cells can engage in bystander suppression,
whereby they suppress immune responses in an Ag-independent manner via cell-cell contact
or by the secretion of inhibitory cytokines such as IL-10 and TGF-α (17). However little is
known about the efficiency of DC subsets administered via i.v. routes to induce peripheral
tolerance in experimental autoimmune diseases, and the mechanisms by which DC subsets
induce i.v. tolerance have not yet been elucidated. Following i.v. injection, DCs mainly
accumulate in the spleen where they can influence T cell mediated immune responses (12). It
has been reported that the ratio of specific DC subsets changes during the induction of i.v. and
oral tolerance in various autoimmune diseases, such as experimental collagen-induced arthritis
and NOD mice (18,19).

In the present study, we identify a tolerogenic DC subset in the CNS and spleen of EAE mice
that plays an important role in the induction of T regulatory cells in i.v. tolerance. To elucidate
the role of different DC subsets in i.v. tolerance, we characterized DCs from the CNS and
spleen of C57BL/6 mice after induction of i.v. tolerance against EAE. The biological and
molecular characteristics of CD11c+ CD11b+ DCs and CD11c+ CD8α+ DCs were investigated
both in vitro and in vivo. Our results demonstrate that the CD11c+ CD11b+ subset has
tolerogenic characteristics. The increase in the proportion of this subset closely correlates with
the induction of i.v. tolerance, and effectively suppresses EAE. These results suggest that the
CD11c+ CD11b+ subset could be exploited for immunotherapy of autoimmune diseases.

Materials and Methods
Mice and Ag

Female C57BL/6 mice, 8–10 wk of age, were purchased from The Jackson Laboratory. All
mice were housed in Thomas Jefferson University animal care facilities. All work was
performed in accordance with the Thomas Jefferson University guidelines for animal use and
care. Mouse MOG35–55 peptide (MEVGWYRSPFSRVVHLYRNGK) was purchased from
Invitrogen.

Induction of EAE and i.v. tolerance
Mice were injected s.c. with 200 μg of MOG35–55 in CFA containing 5 mg/ml Mycobacterium
tuberculosis H37Ra (Difco) over two sites on the back. All mice received 200 ng of pertussis
toxin (List Biological Laboratories) i.p. on days 0 and 2 postimmunization (p.i.). To induce
i.v. tolerance, MOG35–55 (200 μg/mouse) was i.v. injected on days 3, 5, and 7 p.i., and mice
that received the same volume (100 μl) of PBS i.v. in parallel served as controls. EAE was
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scored according to the following clinical scoring system (5): 1, limp tail or waddling gait with
tail tonicity; 2, waddling gait with limp tail (ataxia); 2.5, ataxia with partial limb paralysis; 3,
full paralysis of one limb; 3.5, full paralysis of one limb with partial paralysis of second limb;
4, full paralysis of 2 limbs; 4.5, moribund; and 5, death. Mice were examined daily in a blind
fashion for signs of EAE.

Histopathology
On weeks 3 p.i., mice were extensively perfused with ice-cold PBS with 2 U/ml heparin
(Sigma-Aldrich), and spinal cords were harvested. Sections (5 μm) were stained with H&E or
Luxol fast blue (myelin stain). Slides were assessed in a blind fashion for inflammation and
demyelination as documented previously (5). Briefly inflammation: 0, none; 1, a few
inflammatory cells; 2, organization of perivascular infiltrates; and 3, increasing severity of
perivascular cuffing with extension into the adjacent tissue. For demyelination: 0, none; 1, rare
foci; 2, a few areas of demyelination; 3, large (confluent) areas of demyelination.

Isolation of mononuclear cells (MNCs), flow cytometry, and measurement of proliferative
responses

MNCs from spleen of MOG-i.v. and PBS-i.v. EAE mice were isolated on day 21 p.i.
Erythrocytes in the cell pellets from spleen were hemolyzed by adding NH4Cl-Tris buffer for
5 min at room temperature followed by washing. For flow cytometry, these cells were incubated
with Abs to murine CD11b, CD11c, CD8α, I-A, CD40, CD80, CD86, CD4, and CD25 (all
obtained from BD Pharmingen). For proliferative response, these cells were suspended in
complete RPMI 1640 with 10% FCS at a density of 2.5 × 106/ml. Triplicate aliquots (200 μl)
of MNC suspensions were added to 96-well round-bottom microtiter plates (Nunc) and cultured
in the presence or absence of MOG35–55 (10 μg/ml). After 60 h of incubation, cells were pulsed
for 12 h with 1 μCi of [3H]methylthymidine (specific activity 42 Ci/mmol). Cells were
harvested on fiberglass filters, and thymidine incorporation was measured using a scintillation
counter. Results were expressed as cpm from culture in the presence of Ag and without Ag.

Isolation of CNS cells and flow cytometry
MNCs from the CNS of MOG35–55-immunized mice were isolated by Percoll gradient
centrifugation as previously described (20) at the peak of clinical disease (day 21 p.i.). In brief,
mice were sacrificed and transcardially perfused with ice-cold GKN solution with 2 U/ml
heparin (Sigma-Aldrich). Spinal cords were removed into GKN/0.02% BSA (w/v),
mechanically dissociated through a 100-μm cell strainer, and enzymatically digested by
incubation with 250 μg/ml collagenase/dispase and 250 μg/ml DNase I (Roche) at 37°C for
20–30 min. The digested CNS preparation was washed with GKN/BSA, and the pellet was
fractionated on a 70/37/30% Percoll gradient. MNCs were recovered from the 37/70 interface,
washed, and resuspended in RPMI 1640 with 10% FCS. Pooled cells were washed in FACS
buffer. After blocking with anti-CD16/32 Abs, cells were incubated with Abs to murine CD11b,
CD11c, CD8α, I-A, CD40, CD80, CD86, CD4, and CD25 (all obtained from BD Pharmingen).

Intracellular cytokine staining
Splenocytes and CNS cells were isolated and suspended in complete RPMI 1640 with 10%
FCS at a density of 2.5 × 106/ml. The MNC suspensions were restimulated with PMA (50 ng/
ml), ionomycin (500 ng/ml) (Sigma-Aldrich) and treated with GolgiStop (1 μg/106 cells) (BD
Pharmingen) for 4 h. Cells were harvested, washed in staining buffer containing 1% FCS, 0.1%
NaN3 in PBS and blocked with anti-CD16/CD32 Abs. Following another wash step, cells were
stained with fluorescently labeled Abs to CD11b, CD11c, and CD8α for 30 min in the dark at
4°C. Cells were washed, fixed, and permeabilized using Fix and Perm cell permeabilization
reagents (Caltag Laboratories). Cells were stained for intracellular cytokines with PE-
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conjugated rat anti-mouse IL-10 and IL-12 Abs. Intracellular Foxp3 (eBioscience) was
determined according to the manufacturer’s instruction. All flow cytometric analyses were
performed using appropriate isotype controls. All Abs except Foxp3 Ab were purchased from
BD Pharmingen. Data were acquired on a FACSAria (BD Biosciences) and analyzed using
FlowJo software.

Purification of DC subsets, RT-PCR, and coculture with MOG-reactive T cells
DCs from spleen were prepared as previously described (21). In brief, MNCs from spleen of
tolerized mice were incubated with anti-mouse CD11c-coated magnetic beads (Miltenyi
Biotec) and then subjected to positive selection through MACS separation columns. Cells
selected on the basis of CD11c expression routinely consisted of >90% viable DCs. Cells that
were positive for either lineage marker were sorted with a FACSAria (BD Biosciences) into
CD8α− CD11b+ and CD8α+ CD11b− DC fractions. DCs (1.25 × 105) were cultured in 96-well
plates for 24 h in the presence of LPS (1 μg/ml) (Sigma-Aldrich). Culture supernatants from
each well were harvested and concentrations of IL-10, IL-12p70 and TGF-α1 were measured
by sandwich ELISA (BD Pharmingen). NO production was measured as nitrite concentration
using the Griess assay (22).

To determine IL-27 mRNA expression of CD11c+ CD11b+ and CD11c+ CD8α+ DCs, these
DC subsets from spleen of tolerized mice were assayed using real-time PCR, and β-actin
expression served as control. Relative expression was calculated following the previously
described protocol (6,23).

To determine the in vitro functions of these DC subsets, cells were cultured for 3 days with
MOG-reactive CD4+ T cells (1 × 105) at a ratio of 1:100, 1:20, 1:10 in the presence of MOG
(10 μg/ml). To determine the role of IL-10 in CD11c+ CD11b+ DC-induced suppression, anti-
IL-10 neutralizing mAb at 5 μg/ml was added in separate wells in parallel. Before the final 18
h of culture, 0.5 μCi of [3H]thymidine (New England Nuclear) was added to each well. Cells
were harvested and incorporated radioactivity was measured in a scintillation counter. Data
were presented as the mean cpm of triplicate cultures. In separate plates, DC:CD4+ T cells
were cocultured at a ratio of 1:20 in the presence of MOG (10 μg/ml) for 3 days, supernatants
were harvested for cytokine production by ELISA and NO by Griess assay.

TGF-β bioassay
TGF-β activity in the supernatants from coculture was assayed using the Mv-1-Lu mink lung
cell line (CCL-64; American Type Culture Collection) as described (24) with minor
modifications. Briefly, the cells were maintained in EMEM containing 1.0 mM sodium
pyruvate and 0.1 mM non-essential amino acids and supplemented with 10% FCS. Cells were
cultured 1 day before use to ensure that they were in exponential growth at the outset of the
assay, which was conducted in 96-well V-bottom plates (Nunc). Ten-microliter supernatants
of CD11c+ CD11b+ DCs were added to wells containing 2 × 104 Mv-1-Lu cells in 90 μl of
RPMI 1640 medium and cultured for 24 h, followed by 4-h [3H]thymidine incorporation.
Recombinant human TGF-β1 (BD Biosciences) was used to generate a standard curve. In
parallel, neutralizing anti-TGF-β1, -β2, and -β3 mAbs (R&D Systems) were added (5 μg/ml
each) in the indicated wells at the beginning of culture.

DC-induced CD4+ CD25+ T cells in vitro
CD4+ T cells were isolated from the spleen of tolerized or control EAE mice on day 21 p.i.
using anti-CD4 mAb-conjugated MACS beads. Cells (1 × 105) were then incubated in 96-well
culture plates, with or without of MOG (10 μg/ml), and with CD11c+ CD11b+ or CD11c+

CD8α+ DCs (1 × 104 cells) that had been purified from the spleen of tolerized mice. After 3
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days of culture, the proportion of CD4+ CD25+ T cells was analyzed using PE-labeled anti-
CD25 and FITC-labeled anti-CD4 mAbs (BD Pharmingen) on a FACSAria.

Adoptive transfer of DC subsets in EAE mice
CD11c+ DCs were isolated from the spleen of MOG-i.v tolerance mice on day 21 p.i. and
separated into CD11b+ and CD8α+ cells with a FACSAria, using PE-conjugated anti-mouse
CD11b and PerCP-conjugated anti-mouse CD8α mAbs. CD11c+ CD11b+ and CD11c+

CD8α+ DCs (5 × 105 cells/mouse; purity >97%) were then i.v. transferred into MOG-induced
EAE mice on day 19 p.i., when the mean clinical score was 3 ± 0.5 (n = 5 per group). Five
weeks after primary immunization, MNCs prepared from spleens of PBS- or DC-transferred
mice (2 × 105 cells) were stimulated with MOG (10 μg/ml) or ConA (5 μg/ml) for 3 days.
Proliferative responses to MOG or ConA were measured based on [3H]thymidine
incorporation. Then, MNCs from spinal cords of PBS- or DC-transferred mice were isolated,
stimulated with MOG35–55 (10 μg/ml) for 4 h, and stained with anti-CD4, CD25, and
intracellular Foxp3 mAbs. Foxp3 expression on gated CD4+ CD25+ T cells was determined
by flow cytometry. Splenocytes from each group were cultured in the presence of MOG (10
μg/ml) for 3 days, and supernatants were assayed by ELISA for cytokine profile.

Statistical analysis
Clinical scores were analyzed using Mann-Whitney U test and all other experiments were tested
for statistical differences using unpaired, two-tailed, Student’s t tests. Differences were
considered significant if p < 0.05.

Results
Induction of immune tolerance and inhibition of EAE by i.v administration of MOG

We i.v. administered MOG35–55 peptide to mice after induction of EAE. Mice that received
i.v. PBS in parallel served as controls. All mice in the control group developed chronic-
progressive EAE. In contrast, when MOG was administered i.v. on days 3, 5, and 7 p.i., the
disease was markedly suppressed (Fig. 1A; p < 0.01). Consistent with this clinical finding,
histological examination of CNS tissues revealed a dramatic pathological difference between
MOG-i.v. and PBS-i.v. mice. In PBS-i.v. mice, multiple inflammatory foci were observed in
the white matter of the spinal cord and the inflammation score was 2.7 ± 0.2, with extensive
demyelination (Fig. 1, B and C). In contrast, few inflammatory cells and little or no
demyelination were detected in MOG-i.v. groups (Fig. 1, D and E). The difference between
the pathological scores of PBS-i.v. and MOG-i.v. groups of mice was highly significant (Fig.
1F; p < 0.001).

Increased proportions of CD11c+ CD11b+ DCs and CD4+ CD25+ T cells in the CNS and spleen
of tolerized mice

To determine which DC subset is more abundant during induction of i.v. tolerance, we
examined the relative populations of CD11c+ CD11b+ and CD11c+ CD8α+ DCs in the CNS
and spleen after MOG 35–55-i.v. administration MOG35–55. The relative proportions of
CD11c+ CD11b+ and CD11c+ CD8α+ DCs were measured in MNCs that had been isolated
from the CNS and spleen 21 days p.i. A higher proportion of CD11c+ CD11b+ DCs was seen
in tolerized mice than in non-tolerized EAE mice (spinal cord: 10.4 ± 0.4% vs 6.0 ± 0.5%; p
< 0.01, spleen 13.1 ± 0.5% vs 5.6 ± 0.6%; p < 0.001), while a higher proportion of CD11c+

CD8α+ DCs was seen in mice with EAE than in tolerized mice (spinal cord: 9.7 ± 1.2% vs 5.2
± 1.0%; p < 0.05) (Fig. 2A). To further elucidate the process of i.v. tolerance induction, we
sought to determine the proportion of CD4+ CD25+ T cells among MNCs isolated from the
CNS. Three weeks p.i., the proportion of CD4+ CD25+ T cells in the CNS was higher in
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tolerized mice than nontolerized mice (3.8 ± 0.2% vs 1.7 ± 0.3% of total cells; p < 0.01) (Fig.
2B). When splenocytes were cultured for 3 days in the presence of MOG, the proportion of
CD4+ CD25+ T cells markedly increased in cells from tolerized mice compared with non-
tolerized EAE mice (12.0 ± 0.6% vs 1.8 ± 0.1% of total cells; p < 0.001) (Fig. 2B).

Decreased expression of I-A and costimulatory molecules on CD11c+ CD11b+ DCs after i.v.
tolerance

To investigate the Ag-presenting capability of CD11c+ CD11b+ and CD11c+ CD8α+ DCs, the
kinetics of I-A and costimulatory molecule expression on these DC subsets was examined by
flow cytometry. Freshly isolated CD11c+ CD11b+ DCs from spleen of EAE and MOG tolerized
mice were phenotypically immature, as determined by their expression of moderate levels of
I-A, together with low to moderate expression of costimulatory molecules CD40, CD80, and
CD86 (Fig. 3A). This immature or Ag-processing phenotype is consistent with previous reports
regarding DCs freshly isolated from both lymphoid and nonlymphoid tissues (25,26).
Expression of I-A, CD80, CD86, and CD40 on CD11c+ CD11b+ DCs from spleen was down-
regulated in MOG i.v. treated mice compared with PBS-treated EAE mice (Fig. 3A). However,
CD11c+ CD8α+ DC subsets from spinal cords of MOG i.v. treated mice expressed higher levels
of I-A, CD80, CD86, and CD40 than CD11c+ CD11b+ DCs (p < 0.05 to 0.001; Fig. 3B).

High levels of intracellular IL-10, but low level of IL-12 in CD11c+ CD11b+ DCs
DCs can drive either immunity or immune tolerance, and the cytokines they secrete upon Ag
stimulation can provide clues as to which of the two immunologic roles a given DC subset will
exert. IL-12-producing DCs tend to drive the Th1 response, whereas IL-10-producing DCs are
known to drive the Th2 response and to play an important role in induction of T regulatory
cells and systemic immune tolerance (5,18). To characterize the cytokine profile of each DC
subset, we isolated MNCs from spleen and spinal cords of EAE and MOG i.v. mice, and
analyzed intracellular IL-10 and IL-12 in CD11c+ CD11b+ and CD11c+ CD8α+ DCs by flow
cytometry. Induction of tolerance resulted in greater IL-10 expression and less IL-12
expression by CD11c+ CD11b+ DCs in spinal cords when compared with EAE mice (IL-10:
40.7 vs 30.2%, IL-12: 20 vs 24.4%). Opposite profile was observed in CD11c+ CD8α+ DCs:
in tolerized mice, IL-10 expression was decreased while IL-12 expression was increased in
CD11c+ CD8α+ DCs in comparison with the spinal cords from EAE mice (IL-10: 17.8% vs
22.6%, IL-12: 24.9 vs 31.3%) (Fig. 4A). Similar results for IL-12 were observed in splenocytes
(Fig. 4B).

CD11c+CD11b+ DCs produced high levels of IL-10, TGF-β, IL-27 but low levels of IL-12 and
NO upon LPS stimulation

To further study the cytokine profiles of these two distinct DC subsets, freshly prepared
CD11c+CD11b+ or CD11c+CD8α+ DCs from spleen of tolerized mice were stimulated with
or without LPS. Supernatants were harvested at 24 h after stimulation and analyzed for the
production of IL-10, TGF-β, IL-12, and NO. As shown in Fig. 5A, IL-10 concentration was
significantly higher in CD11c+CD11b+ DCs than in CD11c+CD8α+ DCs (p < 0.001). In
contrast, IL-12 concentration was higher in CD11c+CD8α+ DCs than in CD11c+CD11b+ DCs
(p < 0.01). NO production was also significantly higher in CD11c+CD8α+ DCs than in
CD11c+CD11b+ DCs (p < 0.05). IL-27p28 mRNA expression in freshly purified
CD11c+CD11b+ DCs exhibited a 47.5-fold increase compared with the level of
CD11c+CD8α+ DCs (Fig. 5B). Bioactivity of TGF-β produced by CD11c+CD11b+ DCs was
confirmed by bioassay and neutralizing Ab blocking experiment (Fig. 5C).
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Immunosuppressive characteristics of CD11c+CD11b+ DCs
To analyze the functional properties of each DC subset, freshly prepared CD11c+CD11b+ or
CD11c+CD8α+ DCs from spleen of tolerized mice were cocultured with MOG-reactive
CD4+ T cells and irradiated APCs and were exposed to MOG35–55,. Production of IL-10, TGF-
β, IL-12, NO, IL-4, IL-5, and IL-13 in coculture supernatants was measured. Concentrations
of IL-10 and TGF-β were higher in the culture supernatants of CD11c+CD11b+ DCs than in
those of CD11c+CD8α+ DCs (both p < 0.001). In contrast, concentrations of IL-12 and NO
were higher in culture supernatants of CD11c+CD8α+ DCs than in those of CD11c+CD11b+

DCs (p < 0.01–0.001); Fig. 5D). Further, CD11c+CD11b+ DCs induced significantly higher
levels of Th2 cytokines (IL-4, -5, and -13) than CD11c+CD11b+ DCs (Fig. 5D) (all p < 0.01
or 0.001). At various DC:CD4+ T cell ratios, the number of CD11c+CD11b+ DCs increased
and the proliferative response of CD4+ T cells to MOG protein declined; however, no such
effect was exerted by CD11c+CD8α+ DCs (Fig. 5E). CD11c+CD11b+ DC-induced suppression
of T cell response was partially blocked by neutralizing IL-10 mAb (Fig. 5E). These findings
suggest that IL-10 is involved in CD11c+CD11b+ DC-induced suppression of T cell
proliferation in a dose-dependent manner, and that this DC subset induces the activation of
helper T cells secreting Th2 cytokines.

Generation of CD4+CD25+ Treg cells by CD11c+CD11b+ DCs in vitro
To determine which subset of DCs is capable of triggering differentiation of CD4+ T cells with
a regulatory phenotype, CD11c+CD11b+ or CD11c+CD8α+ DCs from spleens of tolerized mice
were cultured with CD4+ T cells obtained from spleens of tolerized mice or non-tolerized mice
for 3 days, with or without MOG35–55. When CD11c+ CD11b+ DCs were cultured with
CD4+ T cells from tolerized mice in the presence of MOG35–55, the proportion of
CD4+CD25+ T cells increased from 1.9% to 27.4% after 3 days of culture; no such increase
was seen in cultures with CD11c+CD8α+ DCs (Fig. 6). In addition, the generation of
CD4+CD25+ T cells was more prominent in CD4+ T cells from tolerized mice than in those
from control EAE mice. These findings clearly show the ability of CD11c+CD11b+ DCs to
induce CD4+CD25+ Tregs.

Suppression of EAE by adoptive transfer of MOG-pulsed CD11c+CD11b+ DCs
To determine whether CD11c+CD11b+ DCs have suppressive effects in vivo, DCs were
separated from spleens of MOG-i.v. mice, sorted into CD11c+CD11b+ and CD11c+CD8α+

subpopulations, then transferred into recipient mice immunized to develop EAE. One week
after cell transfer, mean clinical EAE scores were significantly lower in CD11c+CD11b+ DC-
transferred mice than in CD11c+CD8α+ DC-transferred or non-transferred mice (Fig. 7A).
Proliferative responses to MOG35–55 stimulation were significantly lower in splenocytes of
mice that received CD11c+CD11b+ DCs than those received CD11c+CD8α+ DCs or PBS only
(Fig. 7B). No difference was observed in proliferative responses to ConA among the three
groups of splenocytes (Fig. 7B), suggesting that adoptive transfer of MOG-pulsed
CD11c+CD11b+ DCs induced MOG-specific immune tolerance.

Based on our assumption that i.v. tolerance may induce Tregs, we compared the proportion of
CD4+CD25+Foxp3+ T cells among MNCs from spinal cords of mice that received
CD11c+CD11b+ or CD11c+CD8α+ DCs. Significantly increased proportion of
CD4+CD25+Foxp3+ T cells was observed in CD11c+CD11b+ DC-transferred mice (43.3%)
in comparison with CD11c+CD8α+ DC-transferred (3.9%) or non-transferred mice (1.3%)
(Fig. 7C).

We next analyzed the cytokines released by splenocytes from mice injected with either subset
in vivo. Data in Fig. 7D showed that splenocytes from CD11c+CD11b+ DC-transferred mice
produced significantly higher levels of Th2 cytokines (IL-4, IL-5, IL-13, and IL-10) but lower
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levels of Th1 cytokines (IL-2 and IFN-γ) upon MOG stimulation in comparison with those
from CD11c+CD8α+ DC-transferred or non-transferred mice (Fig. 7D; all p < 0.05 to 0.001).

Discussion
DCs are professional APCs that play a decisive role in determining whether immunity or
immune tolerance is induced in response to Ag (26). Because the spleen is an essential site for
the induction of CNS immune responses and i.v. tolerance to soluble Ag, CNS and spleen DCs
have been thought to play an important part in EAE (27–29). Each spleen DC subset appears
to have a distinct lineage and set of functional characteristics (15,29,30). Lymphoid-like
CD11c+ CD8α+ DCs that are IL-10lowIL-12high induce Th1 cytokines IFN-γ and IL-2 whereas
myeloid-like CD11c+CD11b+ DCs IL-10highIL-12low induce Th2 cytokines IL-4 and IL-10 in
vivo (15,16,30). To determine which DC subset is involved in the induction of i.v. tolerance
in EAE, we first examined the change in proportions of CD11c+CD11b+ DCs and
CD11c+CD8α+ DCs in CNS and spleen after i.v. administration of MOG and subsequent
induction of EAE. It is of interest that the proportion of CD11c+CD11b+ DCs was higher in
the CNS and spleen of tolerized mice, whereas CD11c+CD8α+ DCs were relatively abundant
in the CNS and spleen of non-tolerized mice. IL-10 has been reported to have a major part in
immune tolerance, and its production by DCs is critical for the differentiation of Treg cell, in
this study, increased levels of IL-10-positive cells were seen in CD11c+CD11b+ DCs from
tolerized mice. These results suggest that i.v. autoantigen induces CD11c+CD11b+ tolerogenic
DCs population.

Although splenic stromal cells support DC development, these cells do not express Flt3L
transcripts and produce only immature myeloid-like DCs (26,31) This raises the possibility
that a more committed progenitor of myeloid DC is maintained in spleen. Consistent with this
hypothesis is the evidence that the majority of endogenous DCs in spleen are immature DCs,
which are thought to be involved in the induction and maintenance of peripheral tolerance
(32,33). Recently, Zhang et al. demonstrate that endothelial splenic stroma induce
hematopoietic stem cells to differentiate into regulatory DCs, with high expression of CD11b
but low expression of Ia. CD11bhighIalow DCs secreting high levels of TGF-β and IL-10 can
suppress T cell proliferation both in vitro and in vivo (22). Furthermore, after Ag uptake,
inflammatory stimulation and migration to spleen, mature DCs can be promoted by spleen
stromal cells, to differentiate into a new regulatory DC subset
(CD11clowCD11bhighMHClowCD40high). These cells secreted more IL-10 and less IL-12
(34–36). Svensson et al. also proved that spleen derived stromal cells promote selective
development of CD11clowCD11bhighCD45+ IL-10-producing regulatory DCs from lineage-
negative c-kit+ progenitor cells (37). These DC have the capacity to suppress T cell responses
and induce IL-10 producing Treg in vitro and to induce Ag-specific tolerance in vivo (22,37).
However, most regulatory DCs are prepared in vitro using immunosuppressive cytokines, such
as IL-10 and TGF-β (38–40) and may not reflect the real in vivo differentiation of regulatory
DCs in the immune microenvironment. Intravenous tolerance, thus, provides a useful means
to induce regulatory DCs in vivo.

The function of each distinct DC subset is determined by its anatomic microenvironment in
combination with its surface phenotype (41). For example, it has been found that DC production
is dependent on cells comprising an endothelial niche in the spleen (31) and their ability to
support myeloid DC development from bone marrow correlates with endothelial maturity
(42). Therefore, it is possible that self-renewing progenitors in spleen give rise to a large
fraction of DCs with tolerogenic or regulatory, rather than immunostimulatory function (31).
In the current study, we first showed that CD11c+CD11b+ DCs derived from fresh splenocytes
in MOG i.v. tolerized mice, which have the profile of regulatory DCs, secreted significantly
more IL-10, TGF-β and IL-27p28, but low levels of IL-12 and NO upon LPS stimulation.
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Coculture with MOG-reactive CD4+ T cells in the presence of MOG, CD11c+CD11b+ DCs
obtained from spleen of tolerized mice produced high levels of TGF-β, IL-10, and induced Th2
cytokines (IL-4, IL-5, IL-13). Furthermore, CD11c+CD11b+ DCs, but not CD11c+CD8α+

DCs, inhibited MOG-induced proliferative responses in a dose-dependent manner, and IL-10
was involved in the process. These findings suggest that CD11c+CD11b+ DCs may be a unique
DC subset that mediates T cell tolerance in EAE in vivo.

It has been reported that DC deficiency in costimulatory molecules can induce T cell anergy,
generate Treg cells, and promote alloantigen-specific tolerance. Several types of DCs with
negative regulatory functions have been reported (43,44). Mature DCs are also characterized
by tight control over the formation of MHC/peptide complexes and their expression on the cell
surface along with costimulatory molecules (45). In our study, the expression of I-A, CD86,
and CD40 was up-regulated in the CD11c+CD11b+ DC subsets of EAE mice and down-
regulated in MOG i.v. treated mice, indicating that CD11c+CD11b+ DC subsets in EAE mice
are more mature than in i.v. tolerized mice. Furthermore, in the CNS of tolerized mice,
CD11c+CD11b+ DCs appeared to have an immature phenotype compared with
CD11c+CD8α+ DCs. Recently, it was reported that Tregs develop in response to chronic
antigenic stimulation and act directly on APCs, rendering them tolerogenic and capable of
eliciting the differentiation of CD4+ T cells with suppressive activity (42). This implies that
interaction between DCs and T cells could play an important role in the proportional and
functional change in populations of DC subsets. However, a link between the change in DC
subset proportions and the induction of i.v. tolerance has yet to be definitively demonstrated,
and the underlying mechanism remains to be elucidated.

Although expression of CD25 can be up-regulated in both activated CD4+ T cells as well as
Tregs, the CD4+CD25+ T cells expanded by exposure to CD11c+CD11b+ DCs in our study
are thought to be Tregs, because they inhibited the proliferation of MOG-reactive CD4+ T cells
in a dose-dependent manner, whereas CD11c+CD8a+ DC did not. These findings suggest that
CD11c+CD11b+ DCs may play a crucial role in i.v tolerance to MOG in the murine EAE model.
In the resting state, autoreactive T cells residing in the periphery are effectively suppressed by
Tregs, which are thought to prevent the development of autoimmune diseases (34,46). Three
types of regulatory T cells have been reported: CD4+CD25+Foxp3+ Tregs, IL-10-producing
Tr1 cells, and TGF-β-producing Th3 cells (47). We demonstrated that, after i.v. administration
of MOG and subsequent EAE induction, the proportion of CD4+CD25+ T cells increased more
in the CNS and spleen than in those of non-tolerized mice. Based on those findings, we sought
to determine which subset of DCs in CNS and spleen was involved in generating and increasing
the proportion of Tregs, Our results provide evidence that CD11c+CD11b+ DCs induced the
differentiation of CD4 T cells into CD4+CD25+ Tregs in the presence of autoantigen. In
addition, the production of IL-10 by CD11c+CD11b+ DCs from CNS and spleen of tolerized
mice may play a role in inducing the differentiation of Tregs.

We further confirmed that CD11c+CD11b+ DCs are tolerogenic by showing their capacity to
suppress EAE in vivo. Adoptive transfer of CD11c+CD11b+ DCs induced MOG-specific
immune tolerance, a significant increase in the number of spinal cord CD4+CD25+Foxp3+ T
cells in vivo and a significant increase in Th2 cytokines after CD11c+CD11b+ DC injection.
DCs are currently the subject of active investigation for their immunoregulatory properties in
experimental autoimmune diseases (48,49). In those studies, DCs were modulated with TNF
or were genetically modified to express IL-4 and Fas ligand. However, we have shown that
tolerogenic DCs can be generated in vivo during i.v tolerance, without in vitro manipulation
or artificial genetic modification.

Induction of tolerogenic DCs in vivo has been considered an important mechanism underlying
current immunotherapies in multiple sclerosis (MS). Among them, glatiramer acetate (GA;

Li et al. Page 9

J Immunol. Author manuscript; available in PMC 2009 August 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



copolymer-1, Copaxone), an analog of myelin basic protein, has been widely used to reduce
relapse frequency in relapsing-remitting MS (50). Although a Th2 shift of T cells has been
documented, this effect is probably secondary to the effect on APC (50). Indeed, a novel
selective inhibitory effect of GA has been found on the production of DC-derived inflammatory
mediators without affecting DC maturation or DC immunostimulatory potential (51). These
GA-exposed IL-10highIL-12low DCs induce IL-4-secreting Th2 cells and IL-10 production
(51). A similar effect has also been observed in monocytes that have been named as Type II
monocytes (52–54). However, there is no specific marker for these tolerogenic DC/monocytes.
Whether GA induces CD11b+CD11c+ tolerogenic DCs is currently under investigation.

Taken together, these findings suggest that immune tolerance induced by i.v. MOG35–55 is
initiated by an increase in tolerogenic CD11c+CD11b+ DCs. These DCs in the CNS and spleen
interact with and differentiate Ag-reactive CD4+ T cells into Ag-induced Th2 and
CD4+CD25+ Tregs, which are involved in the induction of systemic tolerance. Our findings
provide evidence of a new cellular mechanism underlying i.v. tolerance. In addition, the
CD11c+CD11b+ DCs generated as a part of this i.v. tolerance dramatically suppress the
development of EAE both directly in the host and therapeutically when transferred to recipient
mice with the disease. Thus, this population of cells should be further investigated for their
potential as a novel therapeutic approach in MS and other autoimmune disorders.
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FIGURE 1.
Intravenous injection of MOG35–55 prevents EAE. C57BL/6 mice were immunized with
MOG35–55 + CFA. Pertussis toxin was injected on days 0 and 2 p.i. Two hundred micrograms
of MOG35–55 was injected i.v. on days 3, 5, and 7 p.i. Mice that received i.v. PBS in parallel
served as controls. Clinical EAE was scored according to 0–5 scale (A) (n = 5 in each group).
The differences between PBS-i.v. mice and all MOG-i.v. groups were significant (p < 0.01).
On day 21 p.i., spinal cords were harvested after extensive perfusion, and 5-μm sections were
stained with H&E and Luxol fast blue. Shown are examples of Luxol fast blue staining for
mice that received i.v. PBS (B and C) and i.v. MOG (D and E). B and D, Magnifications, ×10.
C and E, Magnifications, ×20. The difference between PBS-i.v. and MOG-i.v. mice was
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significant (p < 0.01). F, Mean scores of inflammation and demyelination ± SD in MOG-i.v.
and PBS-i.v. mice (n = 5 each group). ***, p < 0.001. One representative experiment of three
is shown (total n = 15 in each group).
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FIGURE 2.
Increased proportion of CD11c+ CD11b+ DCs and CD4+ CD25+ T cells in tolerized mice. A,
MNCs were isolated from spleen and the CNS of MOG-i.v. tolerance and PBS-i.v. EAE mice
on day 21 p.i. The proportions of CD11c+ CD11b+ DCs and CD11c+ CD8α+ DCs were
determined using flow cytometry. B, MNCs (2.5 × 105) were isolated from spinal cords and
spleen and the CNS on day 21 p.i, and the proportions of CD4+ CD25+ cells in freshly isolated
CNS cells were determined using flow cytometry. Splenocytes were cultured for 3 days in the
presence or absence (nil) of MOG35–55 (10 μg/ml), and the proportion of CD4+ CD25+ T cells
was determined using flow cytometry.*, p < 0.05;**, p < 0.01;***, p < 0.001. One
representative experiment of three is shown.
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FIGURE 3.
Expression of I-A and costimulatory molecules on CD11b+CD11c+ DC, CD8α+CD11c+ DC
subsets of EAE and i.v. tolerized mice. A, Flow cytometric analysis of cell surface markers on
freshly isolated MNCs. Splenocytes of EAE mice or MOG35–55 i.v. tolerized mice were
isolated on day 21 p.i. and stained for the expression of I-A, CD86, CD80 and CD40 on
CD11c+CD11b+ DCs and CD11c+CD8α+ DCs.*, p < 0.05;**, p < 0.01;***, p < 0.001. B, Flow
cytometric analysis of surface markers on freshly isolated CNS cells from PBS i.v. EAE mice
or MOG35–55 i.v. tolerized mice. Cells were stained for expression of I-A, CD86, CD80, and
CD40 on CD11c+CD11b+ and CD11c+CD8α+ DC subsets. Blue histogram lines represent
specific fluorescence for indicated cell surface markers and red histogram lines represent cells
stained with isotype-matched control mAbs.*, p < 0.05;**, p < 0.01;***, p < 0.001. One
representative experiment of three is shown.
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FIGURE 4.
Intracellular IL-10 and IL-12 expression in CD11c+CD11b+ and CD11c+CD8α+ DCs. MNCs
were separated from spinal cords (A) and spleen (B) of tolerized and non-tolerized EAE mice,
and intracellular IL-10, IL-12 expression in CD11c+CD11b+ and CD11c+CD8α+ DCs was
examined by flow cytometry. One representative experiment of three is shown.
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FIGURE 5.
Characteristics of CD11c+CD11b+ and CD11c+CD8α+ DC subsets. A, Freshly prepared
CD11c+CD11b+ or CD11c+CD8α+ DCs from splenocytes of tolerized mice were stimulated
with 1 μg/ml LPS for 24 h. Supernatants were assayed for IL-10, TGF-β, IL-12p70 by ELISA,
and NO by Griess assay. B, CD11c+CD11b+ and CD11c+CD8α+ DCs were purified from
splenocytes of tolerized mice and IL-27 mRNA expression was determined using real-time
PCR. The y-axis represents the fold increase in IL-27p28 mRNA expression in
CD11c+CD11b+ when compared with CD11c+CD8α+ DCs. C, TGF-β bioactivity in the
CD11c+CD11b+ cell culture supernatants was determined as described in Materials and
Methods. Neutralizing Abs against TGF-β1, β2, and β3 (5 ng/ml each) were added in parallel.
D, MOG-reactive CD4+ T cells (1 × 105) from mice with EAE were cocultured with 1 × 104

CD11c+CD11b+ DCs or CD11c+CD8α+ DCs from tolerized mice for 3 days in the presence
of MOG35–55 (10 μg/ml). Concentrations of IL-10, IL-12, TGF-β1, IL-4, IL-5, and IL-13 in
the culture supernatants were determined by sandwich ELISA and NO by Griess assay.*, p <
0.05;**, p < 0.01;***, p < 0.001. One representative of three experiments is shown. E, Freshly
prepared CD11c+CD11b+ or CD11c+CD8α+ DCs were cocultured with MOG-reactive
CD4+ T cells (1 × 105) and irradiated APCs (Irrad. APC; 1 × 105) obtained from the spleen of
mice with EAE, for 3 days at various DC:CD4+T cell ratios in the presence of MOG35–55 (10
μg/ml). Proliferative responses of CD4+ T cells were determined. Neutralizing anti-IL-10 mAb
(5 μg/ml) was added in parallel in indicated wells. Values are the mean and SD from 3
independent experiments.
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FIGURE 6.
In vitro induction of CD4+CD25+ T cells by CD11c+CD11b+ DCs. CD11c+CD11b+ DCs and
CD11c+CD8α+ DCs were purified by FACS from spleens of tolerized mice on day 21 p.i.
These cells (1 × 104) were cococultured with CD4+ T cells (1 × 105) of tolerized (Tol) or EAE
mice (EAE) in the presence or absence of MOG35–55 (10 μg/ml). Seventy-two hrs after culture,
the proportion of CD4+CD25+ T cells was examined by flow cytometry.**, p < 0.01. Values
are the mean from 3 independent experiments.
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FIGURE 7.
Suppression of EAE by transfer of MOG-pulsed CD11c+CD11b+ DCs. A, Mice were sacrificed
3 wk after MOG35–55 i.v. tolerization. DCs were isolated from splenocytes using magnetic
beads and separated into CD11c+CD11b+ and CD11c+CD8α+ DC subsets using a FACSAria.
Sorted CD11c+CD11b+ and CD11c+CD8α+ DCs were i.v. transferred into EAE mice (5 ×
105/mouse; n = 5 per group). Mice that received PBS-i.v. served as controls. Mean clinical
EAE scores were determined on a daily basis. B, Seven days after transfer, splenocytes of DC-
transferred or EAE control mice were isolated and cultured for 3 days with MOG35–55 (10
μg/ml), ConA (5 μg/ml) or without Ag/mitogen. Proliferative responses were measured by
[3H]thymidine incorporation.**, p < 0.01. C, Cells isolated from spinal cords of mice described
in A were stimulated with MOG35–55 (10 μg/ml) for 4 h, stained with Abs to CD4, CD25, and
intracellularly Foxp3. CD4+CD25+ T cells were gated and Foxp3 expression of these cells was
analyzed by flow cytometry. One representative experiment of three is shown. D, Seven days
after transfer, splenocytes of DC- or PBS-transferred mice were isolated and cultured with
MOG35–55 (10 μg/ml) for 3 days. Supernatants were harvested and cytokine production was
assayed by ELISA. p values refer to comparisons between DC- or PBS-transferred mice.*, p
< 0.05, ***, p < 0.01, ***, p < 0.001.
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