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In Vivo Ablation of Plasmacytoid Dendritic Cells Inhibits
Autoimmunity through Expansion of Myeloid-Derived
Suppressor Cells

Marianna Ioannou,* Themis Alissafi,* Louis Boon,† Dimitrios Boumpas,*,‡ and

Panayotis Verginis*

Autoimmunity ensues upon breakdown of tolerance mechanism and priming of self-reactive T cells. Plasmacytoid dendritic cells

(pDCs) constitute a unique cell subset that participates in the activation of autoreactive T cells but also has been shown to be crit-

ically involved in the induction of self-tolerance. However, their functional importance during the priming phase of an organ-specific

autoimmune response remains unclear. In this study, we demonstrate that absence of pDCs during myelin antigenic challenge

resulted in amelioration of experimental autoimmune encephalomyelitis and reduced disease severity. This was accompanied

by significantly decreased frequency of myelin-specific T cells in the draining lymph nodes and inhibition of Th1 and Th17 immune

responses. Unexpectedly, in vivo ablation of pDCs increased myelopoiesis in the bone marrow and specifically induced the gener-

ation of CD11bhiGr1+ myeloid-derived suppressor cells (MDSCs). Furthermore, we demonstrate that pDC depletion enhanced the

mobilization of MDSCs in the spleen, and that sorted MDSCs could potently suppress CD4+ T cell responses in vitro. Importantly,

pDC-depleted mice showed increased levels of MCP-1 in the draining lymph nodes, and in vivo administration of MCP-1

increased the frequency and absolute numbers of MDSCs in the periphery of treated mice. Together, our results reveal that

absence of pDCs during the priming of an autoimmune response leads to increased mobilization of MDSCs in the periphery in an

MCP-1–dependent manner and subsequent amelioration of autoimmunity. The Journal of Immunology, 2013, 190: 2631–2640.

P
lasmacytoid dendritic cells (pDCs) constitute a unique
subset of bone marrow (BM)–derived leukocytes that
circulate in the blood in the steady-state and migrate to the

lymph node (LN) under inflammatory conditions (1, 2). Func-
tionally, pDCs possess a specialized ability to coordinate innate
and adaptive immune responses under several pathological con-
ditions (3). For example, virally infected pDCs secrete a large
amount of type I IFN that contributes to antiviral defense, indi-
cating an important role of this DC subset in innate immune
responses (2). Furthermore, pDCs could uptake, process, and
present Ags to T lymphocytes participating, therefore, in the ini-
tiation of an adaptive immune response (4–7). Finally, under
certain conditions, pDCs have been shown to regulate aberrant
immune responses in transplantation, asthma, and cancer mainly

through induction of regulatory T cells (Tregs) (8–13), indicating
a pivotal role of this cell subset in peripheral tolerance.
To date, increasing evidence implicates pDCs in the patho-

genesis of systemic autoimmune diseases such as systemic lupus
erythematosus and psoriasis (14–18). For example, infiltrating
type I IFN-secreting pDCs have been demonstrated in the skin
lesions of patients with systemic lupus erythematosus, where the
severity and disease activity correlated with presence of type I IFN
(18–20). In contrast, the role of pDCs in organ-specific autoim-
mune diseases remains controversial. First, in experimental au-
toimmune encephalomyelitis (EAE) and in a mouse model of
rheumatoid arthritis, Ab-mediated depletion of pDCs during the
acute phase significantly exacerbated the disease, indicating a
regulatory role of pDCs during the progression of the autoimmune
response (21, 22). In line with this, autoantigen presentation by
pDCs inhibited EAE through induction of Tregs, and selective
inhibition of MHC class II expression by pDCs exacerbated pa-
thology (23). In contrast, depletion of pDCs during the priming of
EAE significantly reduced disease onset and severity (24), sug-
gesting a pathogenic role of this DC subset in the initiation of the
autoimmune response. Overall, although pDCs have been shown
to play a crucial role in the host defense mechanisms during viral
infections, their precise role during the priming of an autoimmune
response in vivo is not fully understood.
Myeloid-derived suppressor cells (MDSCs) are a heterogeneous

population of cells that belong to the innate arm of the immune
system and have been shown to exert immunosuppressive prop-
erties during cancer, inflammation, and infections (25). In mice,
MDSCs are characterized by the coexpression of the myeloid-cell
lineage differentiation Ag Gr-1 and CD11b, and can be further
divided based on their morphology as monocytic or granulocytic
MDSCs (26). Recently, we demonstrated a potent role of granu-
locytic MDSCs in suppressing autoimmune brain inflammation in
mice and T cell responses in patients with multiple sclerosis
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in vitro (27). Specifically, MDSCs were significantly accumulated
in the peripheral lymphoid compartments of mice with EAE, and
they suppressed autoimmune responses in a PD-L1–dependent
manner. However, the mechanism that is involved in the rapid
accumulation and/or expansion of this suppressive cell population
during the course of the autoimmune response remains unknown.
In this study, we sought to investigate the role of pDCs during

the breakdown of self-tolerance in the EAE mouse model and
delineate the mechanism through which pDCs are involved in the
initiation of the autoimmune response. We demonstrate in this ar-
ticle that ablation of pDCs during the priming of EAE significantly
reduced the clinical onset of disease and suppressed autoreactive
T cell responses. Furthermore, pDC depletion was accompanied
by increased myelopoiesis and mobilization of MDSCs in the
peripheral lymphoid compartments that was driven by MCP-1.

Materials and Methods
Mice

Female C57BL/6 (B6) mice (6–10 wk old) were obtained from the specific
pathogen-free facility of the Institute of Molecular Biology and Biotech-
nology (Heraklion Crete, Greece). Foxp3-GFP mice bred on B6 back-
ground were provided by Prof. A. Rudensky (Memorial Sloan-Kettering
Cancer Center, New York, NY). CD11c-DTR/GFP mice were a kind gift of
Prof. B. Lambrect (Ghent University, Belgium). All procedures were in
accordance with institutional guidelines and were approved by the Greek
Federal Veterinary Office.

In vivo depletion of pDCs and conventional DCs

Depletion of pDCs was achieved by injecting (i.p.) 400 mg 120G8 (IgG2a
isotype) on days 21 and 1 (day 0: antigenic challenge) and 200 mg 120G8
on day 3. Efficient depletion was confirmed by FACS analysis of mPDCA-
1 expression on homogenized draining LN (dLN) and spleen suspension.
Depletion of conventional DCs (cDCs) was performed upon treatment of
CD11cDTR mice with 50 ng/mouse diphtheria toxin (Sigma), injected i.p.
at days 21 and 2 after myelin oligodendrocyte glycoprotein (MOG)/CFA
immunization.

Reagents

For flow cytometric analysis, the following fluorescent-conjugated mAbs
were used: anti–mPDCA-1 (JF05-1C2.4.1; Miltenyi Biotec); SiglecH (551)
and CD45 (30-F11; both from BioLegend); Gr-1 (RB6-8C5), F4-80
(BM8), and NK1.1 (PK136; all from eBioscience); and CD11b (M1/70),
CD3e (145-2C11), CD19 (1D3), CD45R/B220 (RA3-6B2), CD4 (RM4-5),
CD8a (53-6.7), and CD11c (HL3; all from BD Pharmingen). OVA-Alexa
Fluor 488 conjugate was obtained from Invitrogen and Molecular Probes.
PE-conjugated MOG38–49/IA

b (MHC class II)–specific tetramer was ob-
tained from the National Institutes of Heath tetramer facility.

Cell cultures were performed in DMEM, supplemented with 10% FBS,
penicillin (100 U/ml) and streptomycin (100 mg/ml), and 2-ME (5 3
1025 M; all from Life Technologies, Carlsbad, CA). MOG35–55 peptide
(MEVGWYRSPFSRVVHLYRNGK) was purchased from Genemed Bio-
technologies.

EAE induction and histological assessment

EAE was induced in mice by immunization with 100 mg MOG35–55 peptide
emulsified in CFA (Sigma) s.c. at the base of the tail and i.p. injections of
200 ng pertussis toxin (Sigma) at the time of immunization and 48 h later.
Mice were monitored daily for clinical signs of disease. Clinical scores of
EAE were assessed as follows: 0, no disease; 1, limp tail; 2, hind-limb
weakness; 3, hind-limb paralysis; 4, hind-limb and forelimb paralysis; 5,
moribund state. Histological analysis of spinal cords from EAE mice were
performed as described previously (27).

Flow cytometry and cell sorting

Cells were stained for extracellular markers for 20 min at 4˚C in PBS/5%
FBS. Dead cells were identified and excluded from all analyses by 7-
aminoactinomycin D (7AAD; BD Pharmingen). For tetramer staining, LN
cells (23 106 cells) were incubated for 5 min with 10% mouse and rat sera
(Jackson Immunoresearch Laboratories) followed by 45-min staining with
10 mg/ml tetramer at room temperature. mAbs and viability dyes were
added thereafter for 20 min on ice. Cells were acquired on a FACSCalibur

(BD Biosciences) and analyzed using the FlowJo software (Tree Star). Cell
sorting was performed using the high-speed cell sorter MoFlo (Dako).

T cell proliferation assays and cytokine assessment

Draining inguinal LNs were harvested 9–10 d after immunization and
were cultured (6 3 105 cells/200 ml/well) at the presence or absence of
MOG35–55 peptide for 72 h. Cells were then pulsed with 1 mCi [

3H]thymidine
(TRK120; Amersham Biosciences) for 18 h, and incorporated radioactivity
was measured using a Beckman beta counter. Results are expressed as
stimulation index (S.I.), which is defined as cpm in the presence of Ag/cpm
in the absence of Ag. Cytokines were assessed in culture supernatants
collected after 48 h of stimulation. Detection of IFN-g (BD OptEIA; BD
Biosciences) and IL-17 (R&D Systems) was performed by ELISA, fol-
lowing the manufacturer’s recommendations.

In vitro suppression assays

Naive CD4+CD252 T cells from the LNs of naive C57BL/6 mice were
stained with CFSE (1 mM) in labeling buffer (PBS, 0.1% BSA for 10 min
in 37˚C) and either cultured alone or cocultured with sorted splenic
CD11bhI Gr1+ MDSCs at a ratio of 1:1 in the presence of plate-bound anti-
CD3/anti-CD28 (10 and 1 mg/ml concentration, respectively). Proliferation
of T cells was determined based on CFSE dilution by flow cytometry.

Detection of chemokines in LN homogenates

LNs were collected at day 4 after immunization and homogenized in ho-
mogenization buffer (PBS with Protease Inhibitor mixture-Roche) by using
a glass homogenizer. Supernatants were collected by centrifugation, and
chemokine levels were assessed by ELISA (mouse MCP-1 ELISA kit
[eBioscience], mCCL19/CCL21 ELISA kit [R&D Systems]).

In vivo Ag uptake and BrdU incorporation

Alexa Fluor 488–conjugated OVA (100 mg/mouse) emulsified in CFA (1:1)
was injected s.c. in C57/BL6 mice. Nine days after immunization, draining
LN (dLN) cells were stained for specific markers and Ag uptake was
measured using flow cytometric analysis. MOG/CFA immunized mice
were i.p. administered with 1.5 mg BrdU/mouse at day 4 after immuni-
zation. Four hours after BrdU injection, spleens were harvested and ana-
lyzed by flow cytometry for BrdU incorporation, by using a BrdU flow kit
(BD Pharmingen) according to the manufacturer’s instructions.

Administration of rMCP-1 and rIFN-b

MOG/CFA immunized mice were injected i.p. with 1000 ng/mouse rMCP-1
(Peprotech) at days 3 and 4 after immunization; 4 h after the last injection,
peripheral blood and spleens were analyzed for the frequency of CD11bhI

Gr1+ MDSCs by flow cytometry. In other experiments, MOG/CFA im-
munized mice were treated daily with 1 mg/mouse IFN-b1a (Rebif-
Serono) from days 0–5. At day 6, spleens were dissected and analyzed
by flow cytometry for the frequency of CD11bhI Gr1+ MDSCs.

Enzymatic digestion of LNs for stromal cell isolation

Inguinal LNs from individual mice were dissected and placed in 2 ml
freshly made enzyme mix composed of RPMI 1640 containing 0.1 mg/ml
Dispase (Roche), 0.2 mg/ml collagenase P (Roche), and 0.1 mg/ml DNase I
(Invitrogen). Tubes were incubated at 37˚C in a waterbath for 30 min and
mixed using a 1-ml pipette every 5 min until, when held up to light, it was
clear that all remaining LN fragments were completely digested. Cells
were filtered through 80-mm nylon mesh, washed, and resuspended in
FACS buffer (5% FCS in PBS) for cell sorting.

RNA extraction and semiquantitative RT-PCR

RNA extraction and DNase I treatment were carried out with the RNeasy
mini kit (Qiagen, Hilden, Germany), according to the manufacturer’s
instructions. RNA obtained from samples was reverse transcribed by using
the Thermoscript RT-PCR system (Invitrogen). cDNA products were am-
plified by using Platinum Taq (Invitrogen) under the following conditions:
a first step of 5 min at 94˚C, followed for 40 s at 94˚C, 40 s at 55˚C, and 1
min at 72˚C for 35 cycles. The conditions were chosen so that none of the
cDNAs analyzed reached a plateau at the end of the amplification protocol.
The primers used for MCP-1 (forward, 59-TTAAAAACCTGGATCGGA-
ACCAA-39; reverse, 59-GCATTAGCTTCAGATTTACGGGT-39) and GAPDH
(forward, 59-CCAGTATGACTCCACTCACG-39; reverse, 59-CTCCTGGAA-
GATGGTGATGG-39) yielded an amplification product of 121 and 98 bp,
respectively. The PCR products were loaded onto ethidium bromide–
stained, 2% agarose gels in Tris borate EDTA, and quantification of the
band intensity was performed by ImageJ.
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Statistics

The p values were derived using two-tailed Student t tests. All analyses
were performed using Prism (GraphPad Software).

Results
Efficient and specific depletion of pDCs upon in vivo
administration of 120G8 mAb

The role of pDCs during the breakdown of self-tolerance and the
priming of the autoimmune response was investigated in the EAE
mouse model, upon selective elimination of pDCs in vivo. Spe-
cifically, mice were treated with 120G8 mAb 1 d before and
2 d after antigenic challenge (day 0), as shown in Fig. 1A. Injection
of 120G8 mAb efficiently depleted pDCs (gates were set on
7AAD2CD32CD192CD11b2) in spleen and LNs as compared
with untreated mice (Fig. 1B). The depletion efficiency in the
organs was tested, reached 95%, and persisted for 2–3 d after the
last injection. Because the 120G8 mAb recognizes the same epi-
tope with the PDCA-1 mAb, we assessed the efficiency of pDC
depletion in our system by using the SiglecH mAb that specifically
expressed on murine pDCs (28). Flow cytometry analysis of dLNs
revealed a distinct population of CD11c+SiglecH+ cells (gates

were set in total CD11c+ cells) in MOG/CFA-immunized animals
that was almost absent in pDC-depleted, MOG/CFA-immunized
animals (Fig. 1C). This finding indicates that administration of
120G8 mAb specifically eliminates pDCs in our system. Because
a proportion of pDCs has been reported to express CD19 (29), we
asked whether in vivo administration of 120G8 mAb differentially
depletes CD19-expressing pDCs. To this end, we analyzed the
LNs from pDC-depleted and control immunized mice for the
expression of SiglecH+PDCA1+CD19+ pDCs. As shown in Fig.
1D, both SiglecH+PDCA1+CD19+ and SiglecH+PDCA1+CD192

pDCs are proportionally depleted in 120G8-treated animals (gates
of SiglecH+PDCA1+ were set on whole LNs). Similar results
were obtained in spleen (data not shown).
It was previously reported that the 120G8 mAb specifically

depletes pDCs in naive mice, whereas under inflammatory sit-
uations, it could deplete a variety of immune cells (30, 31). We
sought, therefore, to assess how administration of 120G8 in an
autoimmune setting affected other cell types in the LNs, spleen,
and BM. Of note, we did not observe any significant differences in
the proportion of NK1.1+ NK cells and NK1.1+CD3+ NKT cells
(Fig. 1E, gates were set in total cells), CD19+B220+ B cells
(Fig. 1F, gates were set on CD32CD11b2 cell populations), and

FIGURE 1. In vivo administration of 120G8 mAb specifically eliminates pDCs from the peripheral lymphoid compartment of MOG/CFA immunized

animals. (A) Experimental protocol of pDC depletion in mice during EAE priming. C57/BL6 female mice were immunized with MOG/CFA at day 0 and

received i.p. injections of the 120G8 mAb at days 21, 1, and 3. (B) Spleens and LNs were collected from 120G8-treated or untreated nonimmunized C57/

BL6 mice 1 d after the last injection of pDC-depleting Ab and analyzed by flow cytometry for the presence of pDCs, based on the expression of PDCA-1

and CD11c markers (PDCA1+CD11clow). Percentages indicate frequency, and gates were set on 7AAD2CD32CD192CD11b2 cells. (C) LNs were col-

lected as indicated earlier and were analyzed by flow cytometry for SiglecH and CD11c (gates were set on total CD11c+ cells). (D) dLNs from pDC-

depleted and control immunized mice were assessed for the presence of CD19-expressing pDCs (gates on left panel were set on SiglecH+PDCA1+ cells).

Assessment of the frequency of (E) NK and NKT cells (gates were set in total LN and spleen cells), (F) CD19+B220+ B cells (gates were set on CD32

CD11b2 cell populations), and (G) CD11b+F4/80+ macrophages (gates were set on B2202CD11c2 cells) in the peripheral lymphoid organs of pDC-

depleted and control immunized mice 4 d after the antigenic challenge. (H) Flow cytometric analysis of BM cells from pDC-depleted and control im-

munized mice for the presence of CD19+ B cells and CD11c+ DCs (gates were set upon analysis of the entire BM). Mice (n = 3–4) were analyzed in-

dividually; data are representative of at least two independent experiments.
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CD11b+F4/80+ macrophages (Fig. 1G, gates were set on B2202

CD11c2 cells) in the spleen and LNs of pDC-depleted as com-

pared with control immunized mice, 4 d after the antigenic

challenge. In addition, flow cytometric analysis revealed a slight

decrease in the frequency of CD19+ cells, but not in CD11c+ DCs,

in the BM of pDC-depleted mice compared with control animals

(Fig. 1H, gates were set upon analysis of the entire BM). Col-

lectively, these findings indicate that administration of 120G8

mAb in MOG/CFA immunized animals specifically deplete pDCs

from the peripheral lymphoid compartments.

In vivo depletion of pDCs ameliorates the severity and onset of
EAE and impairs the priming of myelin-specific T cells in the
dLNs

We next addressed the effect of pDC depletion on the development
of EAE. To this end, depletion of pDCs during MOG/CFA im-
munization resulted in delayed onset (15 6 1.5 versus 10 6 1.9 d)
and less severe course of EAE (maximum severity: 1.07 6 0.6
versus 2.93 6 1.2; *p # 0.05, **p # 0.02) compared with MOG/
CFA immunized control mice (Fig. 2A). Histopathological anal-
ysis of spinal cords demonstrated markedly reduced inflammation

FIGURE 2. Depletion of pDCs ameliorates EAE and inhibits the priming of autoantigen-specific T cells. (A) Mean clinical score of EAE in pDC-

depleted MOG/CFA and MOG/CFA-immunized mice (controls). Numbers in parentheses represent affected/total mice (n = 15–16/group). Data are rep-

resentative of two independent experiments (*p # 0.05, **p # 0.02). (B) Ιmmunohistological analysis of spinal cords isolated from the indicated groups of

mice, 14 d after the antigenic challenge. Inflammatory cell infiltration is indicated by H&E staining (original magnification 3400). Results are repre-

sentative of two to three independent experiments. (C) Mice (n = 3–4) were sacrificed 9 d after immunization and dLNs were excised. Bars represent the

total lymph node cell (LNC) numbers in control and pDC-depleted MOG/CFA immunized mice group (***p = 0.0005). (D and E) Frequency and absolute

numbers of MOG-specific CD4+ T cells in pDC-depleted MOG/CFA and control immunized mice was determined upon staining of LNCs with

IAb-MOG38–49 tetramer. Dot plots (D) depict percentages and bars (E) represent absolute numbers of tetramer+7AAD2B2202CD82CD4+ T cells (**p =

0.0044). (F and G) LNCs cultured in the presence or absence of MOG35–55 peptide (15 or 45 mg/ml). Eighteen hours before harvesting, 1 mCi [3H] was

added, and incorporated radioactivity was measured. Results are expressed as S.I. (cpm in the presence of Ag/cpm in the absence of Ag); *p = 0.0149. (G)

Mice were analyzed individually; data are representative of at least two independent experiments. Culture supernatants were collected 48 h after culture and

assessed for the presence of IFN-g (*p = 0.024) and IL-17 (*p = 0.04) by ELISA.
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in pDC-depleted MOG/CFA-immunized mice compared with
control group (Fig. 2B). Together, these data indicate that deple-
tion of pDCs during the priming of the autoimmune response
results in significant alleviation of EAE.
Because T cells play an indispensable role in the initiation of

the autoimmune response during EAE, we examined how pDC ab-

lation affected the priming and expansion of autoreactive myelin-

specific T cells in the dLNs. To this end, depletion of pDCs sig-

nificantly reduced the total cell numbers of dLNs compared with

the untreated group (41.29 6 4.848 versus 71.61 6 4.118 3 106

cells; ***p = 0.0005; Fig. 2C) 9 d after the MOG immunization.

Furthermore, ex vivo staining of CD4+ T cells with MOG38–49/IA
b

tetramer revealed decreased frequency (Fig. 2D) as well as re-

duced absolute numbers (Fig. 2E) of MOG-specific T cells in

dLNs of pDC-depleted mice compared with control group (909 6
60.95 versus 1186 6 35.53/105 CD4+ T cells; **p = 0.0044).

Background tetramer staining was determined upon incubation of

inguinal LNs from naive mice with MOG38–49/IA
b tetramer and

flow cytometry analysis (Fig. 2D). Finally, in vitro antigenic

stimulation of dLNs from pDC-treated mice demonstrated an

impaired proliferation of MOG-specific T cells (S.I.: 20.28 6
2.116 versus 78.94 6 6.932; *p = 0.0149; Fig. 2F) and decreased

production of IFN-g and ΙL-17 compared with nontreated mice

(IFN-g: 895.5 6 104.5 versus 8333 6 1375, *p = 0.024; IL-17:

280.7 6 171 versus 882.6 6 105.4, *p = 0.04; Fig. 2G). Collec-

tively, depletion of pDCs in EAE mice during the initiation phase

inhibits the priming of autoreactive T cells in the dLNs.

Foxp3+ Treg homeostasis and cDC migration to peripheral
LNs are not affected by pDC depletion

It has been demonstrated that pDCs could facilitate the induction
and expansion of Tregs (3). To examine whether the impaired
priming of autoreactive T cells upon pDC depletion could be at-
tributed to alterations of Treg homeostasis, we assessed the fre-
quency of CD4+ Foxp3+ T cells in the peripheral lymphoid organs
of pDC-depleted Foxp3-GFP mice. As shown in Fig. 3A, no
significant differences in the frequency of CD4+Foxp3+ (7AAD2

CD192CD82) Treg cells were observed in the dLNs of the two
groups of mice, either at day 0, before the antigenic challenge, or
9 d after the pDC depletion and MOG immunization. Alterna-
tively, pDC depletion might affect the recruitment and/or Ag
presentation of cDCs in the dLNs. Thus, we assessed the fre-
quency of CD11c+ cDCs (7AAD2CD32CD192PDCA-12) in the
dLNs at the same time points as described earlier, and we ob-
served similar accumulation of cDCs between control and pDC-
depleted mice (Fig. 3B). Furthermore, immunization of pDC-
depleted and control mice with fluorochrome-conjugated OVA in
CFA demonstrated that absence of pDCs did not affect the ability
of cDCs to uptake Ag as indicated by the induction of the green
fluorescent label (Fig. 3C). Finally, we examined whether pDC
depletion affected the levels of CCL19 and CCL21 by stromal
cells. Both chemokines play an important role in the priming of
the immune response because they are involved in the trafficking
of T cells and DCs in the T cell areas of the LNs (32). LN
homogenates isolated from either pDC-depleted or control mice

FIGURE 3. Absence of pDCs does

not affect the frequency of Foxp3+

Tregs or cDCs in the dLNs. (A)

dLNs from MOG/CFA and pDC-

depleted MOG/CFA immunized

mice (Foxp3GFP-C57/BL6; n = 3),

were isolated at day 9 after immuni-

zation and analyzed for the frequency

of CD4+ Foxp3+(GFP+) T cells by

FACS analysis. Gates were set on

7AAD2CD192CD82CD4+ cells. (B)

dLNs were isolated from pDC-de-

pleted MOG/CFA and control mice

(n = 3–4), 9 d after antigenic chal-

lenge, and analyzed for the frequency

of cDCs based on the expression of

CD11c. Numbers indicate percentages,

and gates were set on 7AAD2CD192

CD32PDCA-12 cells. (C) Mice were

immunized with Alexa 488–conju-

gated OVA (100 mg/mouse; n = 3).

Nine days after immunization, dLN

cells fromOVA/CFA or pDC-depleted

OVA/CFA stained with DC-specific

markers and Ag uptake (Alexa 488–

conjugatedOVA)weremeasuredusing

flow cytometric analysis. Plots show

the frequency of cDCs that uptake

OVA, which are the CD11c+OVA+

cells. Gates were set on 7AAD2

CD192CD32PDCA-12 cells. (D)

Detection of CCL19/CCL21 levels

in dLN homogenates at day 4 after

immunization by sandwich ELISA.

Data are representative of three in-

dependent experiments. ns, Nonsig-

nificant.
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did not demonstrate any significant difference on CCL19 and
CCL21 protein levels (Fig. 3D). Collectively, these data suggest
that pDC depletion does not alter the Treg homeostasis or the
migration and functional properties of cDCs in the dLNs. Therefore,
other mechanisms should operate that contribute to the impaired
priming of autoreactive T cells and the subsequent amelioration of
the autoimmune response upon pDC depletion.

Increased myelopoiesis in the BM and release of CD11bhiGr1+

MDSCs in the periphery of pDC-depleted mice

It was previously demonstrated that lack of cDCs induces a mye-
loid-proliferative disorder characterized by increased generation of
myeloid cells in the BM (33). To investigate whether pDC de-
pletion affects myelopoiesis, we analyzed BM cells from pDC-
depleted control mice, as well as cDC-depleted mice, for the
frequency of myeloid cell populations. Interestingly, we found that
depletion of pDCs caused a slight but significant increase of the
frequency (Fig. 4A) and absolute numbers (Fig. 4B) of CD11bhi

Gr1hi/int cells in the BM as compared with control mice (301 3
103 6 4.163 versus 254.3 3 103 6 9.871; *p = 0.0121), whereas
the increase of CD11bhiGr1hi/int cells was more profound upon
cDC depletion (496 3 103 6 30.39 versus 254.3 3 103 6 9.871;
**p = 0.0016). These data suggest that pDC depletion, during an
inflammatory response, augments myelopoiesis in the BM and
more specifically the frequency of the CD11bhiGr1hi/int cell subset.
The phenotype of this cell subset is consistent with the MDSCs

that have demonstrated to potently suppress ongoing T cell
responses in cancer and autoimmunity (25, 27, 34). To further
assess whether increased CD11bhiGr1+ MDSCs could account for
the impaired priming of the autoimmune response, we examined
the presence of CD11bhiGr1+ MDSCs in the peripheral lymphoid
compartments. Analysis of the spleen from pDC-depleted MOG/
CFA immunized mice revealed a significant increase of CD11bhi

Gr1+ (7AAD2) MDSCs in frequency (Fig. 5A) and absolute
numbers (60,750 6 3511 versus 35,520 6 6883/106 splenocytes;
*p = 0.017; Fig. 5B) compared with control immunized mice ei-
ther 4 or 9 d after the immunization. We next examined the fre-
quency of MDSCs in the dLNs of pDC-depleted MOG/CFA-
immunized mice, and we observed an increased accumulation of
CD11bhiGr1+ cells as compared with the control group that was
more profound on day 9 after immunization (Fig. 5C). The in-
creased accumulation of CD11bhiGr1+ cells in the spleen of pDC-
depleted mice could be caused by continued release from the BM

or local expansion in the spleen. To address this, we injected pDC-
depleted MOG/CFA immunized and control mice with BrdU at
day 4 after immunization, and 4 h later, we determined BrdU
incorporation by MDSCs. As shown in Fig. 5D, no DNA synthesis
by CD11bhi Gr1+ cells was observed in the spleen of pDC-
depleted or control animals, whereas BrdU incorporation was
prominent in CD4+ thymocytes (positive control, data not shown).
These data indicate that the increased accumulation of MDSCs at
the peripheral lymphoid organs during pDC depletion is due to
their continuous egress from the BM rather than expansion in the
site of inflammation.

MDSCs from pDC-depleted mice potently suppress the
proliferation of naive CD4+ T cells in vitro

To investigate whether the suppressive function of MDSCs is af-
fected by pDC depletion, we activated naive CFSE-labeled CD4+

CD252 T cells in vitro with anti-CD3/anti-CD28 and cocultured
them in the presence of MDSCs sorted from the spleens of pDC-
depleted or control mice (purity . 95%). MDSCs isolated from
pDC-depleted mice suppressed the proliferation of T cells to the
same extent as MDSCs isolated from control-immunized mice
(Fig. 6), indicating that the suppressive potential of MDSCs is not
altered upon pDC depletion.

Type I IFNs do not affect the recruitment or expansion of
MDSCs during the priming of the autoimmune response

Under inflammatory situations, pDCs release large quantities of
type I IFN, which is a hallmark of pDC activation (35). To address
a potential role of type I IFNs in MDSC accumulation in the
spleen of MOG/CFA-immunized mice, we administered IFN-b
during the initiation of the autoimmune response (daily injections
from days 0–5). Flow-cytometric analysis at day 6 demonstrated
no difference in the frequency and absolute numbers of MDSCs in
IFN-b–treated mice as compared with untreated control group
(Fig. 7). Thus, reduced levels of type I IFN are unlikely to account
for the increased release of MDSCs in the periphery of pDC-
depleted mice.

MCP-1 induces accumulation of MDSCs in the peripheral
lymphoid organs

During inflammation, myeloid cells are constantly expanded and
released from the BM in the periphery, in response to various
signals. An important chemokine that has been shown to facilitate

FIGURE 4. pDC depletion promotes the expansion of CD11bhiGr1+ MDSCs in the BM and their release in the peripheral lymphoid organs. (A and B)

BM cells were collected from MOG/CFA, pDC-depleted, or CD11c-depleted MOG/CFA immunized mice (n = 4) 4 d after immunization and analyzed by

flow cytometry for the presence of CD11bhiGr1+ MDSCs. (A) Frequency and (B) absolute numbers of MDSCs in BM cells isolated from the aforementioned

groups. Gates were set on 7AAD2CD32CD192 cells. Mice were analyzed individually; data are representative of at least two independent experiments.

pDC depleted: *p = 0.0121, cDC depleted, and **p = 0.0016.
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the egress of myeloid cells from the BM is MCP-1 (MCP-1/CCL-
2) (36). Therefore, we hypothesized that pDC depletion increa-
ses the levels of MCP-1 in the periphery, and thus the emigration
of MDSCs in the spleen of immunized mice. To this end, we ex-
amined the levels of MCP-1 in LN homogenates isolated from
pDC-depleted MOG/CFA-immunized and control immunized
animals. Interestingly, MCP-1 levels were significantly increased
in pDC-depleted MOG/CFA-immunized mice compared with
control mice (446.3 6 48.6 versus 216.8 6 20.48 pg/ml; **p =
0.0024; Fig. 8A). To provide direct evidence for the role of MCP-1
in the emigration of MDSCs from the BM to the periphery, we
administered i.p. rMCP-1 in MOG/CFA immunized mice and
determined the MDSC frequency. As shown in Fig. 8B and 8C,
MCP-1–treated mice showed significantly increased recruitment

of MDSCs in the peripheral blood and spleen when compared
with the control group (blood: 31,530 6 4563 versus 13,310 6
2233/5 3 105 PBMCs, *p = 0.011; spleen: 49,310 6 2257 versus
38,760 6 2518/5 3 105 splenocytes, *p = 0.02).
This finding suggests that accumulation of MDSCs in the pe-

ripheral lymphoid organs of MOG/CFA-immunized mice is me-
diated by MCP-1. Whether other factors could also influence the
migration of MDSCs from the BM to the periphery of mice during
an autoimmune response needs to be further investigated.

Discussion
In this study, we demonstrate that elimination of pDCs during the
priming phase of EAE results in amelioration of disease pathology
and impaired priming of autoreactive T cells in the dLNs. The

FIGURE 5. pDC depletion leads to accumulation of MDSCs in the peripheral lymphoid organs. (A) Splenocytes and (C) dLNs from pDC-depleted and

control MOG/CFA immunized mice were analyzed for the presence of CD11bhiGr1+ (MDSCs) at different time points (days 4 and 9 after immunization,

respectively). Numbers show percentage of cells. (B) Absolute numbers of MDSCs in the spleens of control and pDC-depleted mice 9 d after immunization,

*p = 0.017. (D) BrdU incorporation by MDSCs in the spleen of MOF/CFA immunized mice 4 d after immunization. Representative flow cytometric

analysis indicates percentages of BrdU2 or BrdU+ cells in the corresponding gates. Gates were set as indicated. Results are representative of two inde-

pendent experiments with two mice per group.

FIGURE 6. MDSCs isolated from the spleen of pDC-depleted mice efficiently suppress the proliferation of naive CD4+ T cells. CD4+CD252 T cells

were sorted (purity . 99%) from spleens of naive mice, labeled with CFSE, and cultured (5 3 105/well) in the presence of plate-bound anti-CD3 (10 mg/

ml) and anti-CD28 (1 mg/ml). Sorted MDSCs (purity . 95%) from spleens of MOG/CFA or pDC-depleted MOG/CFA immunized mice (two mice/group)

were added in the cultures in 1:1 ratio. Proliferation of T cells was assessed based on CFSE dilution (gates were set on 7AAD2CD4+ cells). Values

represent the number of CD4+ T cells that have undergone division, in the absence of MDSCs (left panel) and in the presence of MDSCs isolated either

from MOG/CFA mice (middle panel) or pDC-depleted MOG/CFA mice (right panel). Data are representative of three independent experiments.
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findings presented in this article are in line with the observations
by Isaksson et al. (24) where treatment of mice with anti-PDCA1
during the induction of EAE inhibited disease development.
Moreover, our data describe a mechanism that links pDCs with
MDSCs and disease suppression. Our results support the notion of
distinct innate and adaptive functions of pDCs because in other
studies, depletion of pDCs during the onset of EAE or the acute
phase of experimental arthritis exacerbated disease (21, 22).
Collectively, based on the distinct roles of pDCs during the ini-
tiation, progression, and effector phase of EAE, we propose that
selective elimination of pDCs might be superior to a long-term
pDC ablation, to elucidate the role of this cell subset during au-
toreactive T cell priming.
Activation of myelin-specific Th1 and Th17 cells in the LNs is

the first step of the autoimmune cascade during EAE. We show in
this article that depletion of pDCs before the MOG/CFA priming
results in reduced frequency of MOG-specific T cells in dLNs and
significantly decreased levels of IFN-g and IL-17 in recall in vitro
assays. The inefficient priming of autoreactive myelin-specific
T cells in pDC-depleted mice could be explained by several mu-
tually nonexclusive hypotheses. First, soluble factors that are se-

creted by activated pDCs have been shown to “orchestrate” the
cDC-mediated T cell activation (37, 38). Therefore, pDC ablation
might inhibit the proper migration of cDCs in the dLNs and/or
their ability to present Ags. In our experimental system, we ruled
out this possibility because we demonstrated that the migration of
Ag-bearing cDCs to the dLNs is not affected by the absence of
pDCs. Second, pDCs have the capacity to uptake, process, and
present Ags to CD4+ T cells (4, 6); therefore, their absence could
affect T cell priming. Whether this mechanism is involved in the
amelioration of EAE upon pDC depletion in the initiation phase of
disease remains to be elucidated.
An indispensable role of pDCs in the induction of Tregs, and

thus in the maintenance of immune tolerance, has been established
in several experimental mouse models (8–11), as well as human
samples (13). In CNS autoimmunity, it has been demonstrated that
myelin-presenting pDCs promote the expansion of Foxp3+ Tregs,
and thus the induction of dominant tolerance and amelioration of
EAE (23). In contrast, it was recently reported that myelin Ag
targeting to pDCs via siglecH did not facilitate Treg induction
(neither natural Tregs nor T regulatory 1), but instead induced
a hyporesponsive state in CD4+ T cells and inhibition of EAE

FIGURE 7. Administration of IFN-b does not affect

the accumulation of MDSCs in the periphery of MOG/

CFA immunized mice. (A and B) MOG/CFA immu-

nized mice treated daily with 2 mg rIFN-b (Rebif)

from days 0–5. At day 6, mice sacrificed and analyzed

by flow cytometry for the frequency of MDSCs in the

periphery. (A) Frequency and (B) absolute numbers of

MDSCs in the spleen of control or IFN-b–treated

mice. Data are representative of two independent

experiments. Each mouse was analyzed individually

(n = 5/group). ns, Nonsignificant.

FIGURE 8. MCP-1 induces the accumulation of MDSCs in the peripheral lymphoid organs. (A) Control and pDC-depleted MOG/CFA immunized mice

(n = 3–4) sacrificed 4 d after immunization and dLN homogenates were analyzed for MCP-1 levels by ELISA. **p = 0.002. (B and C) MOG/CFA im-

munized mice were injected i.p. with rMCP-1 (1000 ng/mouse), and MDSC accumulation in peripheral blood and spleen was analyzed by flow cytometry.

Frequency (B) and absolute numbers (C) of MDSCs accumulated in the control or chemokine-treated mice in blood (upper panel) and spleen (lower panel).

Mice were analyzed individually; data are representative of at least two independent experiments. *p = 0.011 (left panel), *p = 0.02 (right panel).
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pathology (39). Our data demonstrated that depletion of pDCs
during the MOG/CFA immunization did not alter the frequency of
Foxp3-expressing Tregs in the dLNs, suggesting that other APCs
might be involved in the maintenance and/or expansion of Tregs
under the specific inflammatory milieu. In support of this notion, it
was shown that under steady-state, homeostatic proliferation of
Tregs was not solely dependent on pDCs (40). Moreover, cell
types other than pDCs have been shown to instruct the expansion
and induction of Foxp3+ Tregs in vivo (41–43).
The immunosuppressive properties of MDSCs have been well

characterized in the immune responses in cancer and in bacterial
or parasitic infections (44–49), and recently we reported their cru-
cial role in suppressing CNS autoimmune responses (27). MDSCs
are constantly released form the BM into the periphery under
inflammatory situations and, depending on the specific micro-
environment, could either exert inhibitory functions or could
differentiate into DCs, macrophages, and neutrophils (25, 50). The
molecules that mediate their egress from the BM, their migration
dynamics, as well as their differentiation properties remain to be
established. Our results demonstrate that depletion of pDCs sig-
nificantly increased myelopoiesis in the BM and the frequency of
CD11bhiGr1+ MDSCs in the spleen of MOG/CFA immunized
mice. In line with our findings, constitutive ablation of cDCs
results in a dramatic increase of myeloid cell generation in the BM
and the development of myeloid proliferative syndrome (33).
Taken together, we hypothesize that absence of pDCs induces
a compensatory mechanism that triggers myelopoiesis in the BM,
and thus increased generation of MDSCs. The increased accu-
mulation of MDSCs in the spleen of pDC-depleted mice could be
attributed to a cell proliferation in response to autoimmune
stimuli. Indeed, it has been reported that MDSCs are able to
proliferate in a tumor model (51). In contrast, our results show that
only a minor proportion of CD11bhiGr1+ MDSCs incorporate
BrdU during MOG/CFA immunization, indicating that MDSCs do
not proliferate in the periphery, under the specific autoimmune
environment. Therefore, the increased accumulation of MDSCs in
the spleen during EAE is mainly due to constant release of these
cells from the BM.
Inflammatory situations are characterized by increased traf-

ficking of myeloid cells into the peripheral blood and tissues, and
the precise mechanism involved in the mobilization of such cells is
ill-defined. Among the different mediators that have been involved
in such a process, chemokines have been shown to play a pre-
dominant role (52, 53). To delineate the mechanism involved in
the increased emigration of MDSCs in the spleen of pDC-depleted
mice, we focused on MCP-1 because: 1) it has been involved in
the recruitment of myeloid suppressor cells into tumors (54), and
2) it was demonstrated that chemokine receptor 2 (CCR2) ex-
pression (which specifically binds MCP-1) was required for the
migration of monocytic cells from the BM during L. mono-
cytogenes infection (36). Interestingly, we observed a significant
increase of MCP-1 secretion in the dLNs of pDC-depleted MOG/
CFA mice as compared with control immunized animals. Notably,
we were not able to detect increased levels of mcp-1 in spleen
homogenates of pDC-depleted and control immunized mice. This
could possibly be explained by the broad distribution of cell types,
as well as the abundance of variable soluble factors in the spleen.
Importantly, administration of rMCP-1 in immunized animals
caused increased mobilization of CD11bhiGr1+ MDSCs in the
blood and spleen compared with untreated animals. Taken to-
gether, these data provide an additional mechanism of regulation
of the autoimmune response through the increase of MCP-1 levels
in the periphery of MOG/CFA immunized mice. The mechanism
through which pDC depletion results in increased MCP-1 secre-

tion requires further investigation. One possible hypothesis could
be that upon activation, pDCs secrete soluble mediators that reg-
ulate MCP-1 secretion by stromal or other cells. Indeed, we iso-
lated by cell sorting several cell populations from the dLNs of
pDC-depleted and control immunized mice, and analyzed by PCR
for expression of MCP-1. We found increased expression of mcp-
1 in the CD452 cell population (which includes stromal cells),
but the differences did not reach statistical significance (data not
shown). Isolation of specific stromal cell populations (i.e., fibro-
blastic reticular cells or reticular endothelial cells) might provide
evidence for the cellular source of mcp-1 in pDC-depleted mice in
this autoimmune setting. Therefore, absence of pDCs results in
increased MCP-1 production, and this facilitates the mobilization
of MDSCs from the BM to the periphery. This increased mobi-
lization of MDSCs might account for the inhibition of the auto-
reactive immune response and subsequent amelioration of EAE.
A better understanding of the molecular mechanisms that govern

the expansion and mobilization of MDSCs in the periphery during
an autoimmune response would provide meaningful insights in the
functional properties of this powerful suppressor cell subset that
could be explored therapeutically.

Acknowledgments
We thank Z. Vlata and N. Gounalaki for technical assistance with cell sort-

ing and A. Agapaki (Biomedical Research Foundation of the Academy of

Athens) for histology preparations.

Disclosures
The authors have no financial conflicts of interest.

References
1. Shortman, K., and S. H. Naik. 2007. Steady-state and inflammatory dendritic-

cell development. Nat. Rev. Immunol. 7: 19–30.
2. Colonna, M., G. Trinchieri, and Y. J. Liu. 2004. Plasmacytoid dendritic cells in

immunity. Nat. Immunol. 5: 1219–1226.
3. Reizis, B., A. Bunin, H. S. Ghosh, K. L. Lewis, and V. Sisirak. 2011. Plasma-

cytoid dendritic cells: recent progress and open questions. Annu. Rev. Immunol.
29: 163–183.

4. Villadangos, J. A., and L. Young. 2008. Antigen-presentation properties of
plasmacytoid dendritic cells. Immunity 29: 352–361.

5. Hoeffel, G., A. C. Ripoche, D. Matheoud, M. Nascimbeni, N. Escriou, P. Lebon,
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