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Abstract. Dendritic cells (DCs) and myeloid-derived 
suppressor cells (MDSCs) perform a number of functions in 
different immunological settings. In standard in vitro experi-
ments, DCs are produced from mouse bone marrow (BM) 
cells in the presence of granulocyte-macrophage colony-
stimulating factor (GM-CSF) and IL-4. Our previous study 
demonstrated that BM precursor cells could differentiate 
into MDSCs when co-cultured with poly (I:C). In the present 
study, BM precursor cells cultured in GM-CSF and IL-4 were 
treated with CpG oligodeoxynucleotide (CpG  ODN). We 
observed that Gr1+CD11b+ cells exhibiting MDSC functions 
accumulated in the co-culture system. A similar phenomenon 
was also observed in Listeria monocytogenes-infected mice. 
In conclusion, we demonstrated that prolonged CpG ODN 
stimulation could inhibit the development of DCs and induce 
the differentiation of BM precursor cells into MDSCs.

Introduction

Common myeloid progenitors (CMPs), which derive from 
hematopoietic stem cells, are capable of differentiating into 
immature myeloid cells (IMCs). In pathological conditions, 
including cancer, various infectious diseases, sepsis, trauma, 
bone marrow (BM) transplantation and some autoimmune 
disorders, a partial inhibition of the differentiation of IMCs 
into mature myeloid cells results in the expansion of this 
population. Importantly, the activation of these cells in a 

pathological context results in the upregulated expression 
of several immune suppressive factors, including arginase, 
inducible nitric oxide synthase (iNOS), nitric oxide (NO) and 
reactive oxygen species (ROS). Together, these factors lead to 
the expansion of the IMC population which possesses immu-
nosuppressive activity. These cells are collectively known as 
myeloid-derived suppressor cells (MDSCs) (1). 

Dendritic cells (DCs) and MDSCs perform different func-
tions in the immune response. DCs are important in initiating 
the innate and adaptive immune responses (2,3). DCs are also 
capable of inducing a T-cell immune response by presenting 
the foreign antigen, upregulating costimulatory molecules 
and releasing proinflammatory cytokines following microbial 
or inflammatory activation (4,5). The immune response is 
regulated by various cell types, including Foxp3+ and IL-10-
producing regulatory T cells (6), regulatory DCs (7,8) and 
MDSCs. MDSCs have been demonstrated to regulate the 
immune response through arginase, iNOS (9,10), ROS (11) and 
the induction of Foxp3+ regulatory cells (12,13). The develop-
ment and expansion of MDSCs is associated with cancer, 
infection and autoimmunity (1).

Lipopolysaccharide (LPS), the ligand of Toll-like 
receptor 4, is able to either induce the maturation of DCs (4) 
or expand the Gr1+CD11b+ cell population in the spleen during 
polymicrobial sepsis (14). Also, our previous study demon-
strated that BM precursor cells are capable of differentiating 
into MDSCs when co-cultured with poly (I:C) (15).

However, whether other conserved structural patterns of 
microbial components, including CpG oligodeoxynucleotide 
(CpG ODN) possess a similar ability to induce MDSCs has 
yet to be reported. In the present study, we used CpG ODN to 
investigate the balance between the development of MDSCs 
and DCs from the same BM precursor cells. We observed that 
sustained stimulation with CpG ODN leads to the development 
and expansion of MDSCs and inhibition of DC development.

Materials and methods

Mice. Male and female wild-type C57BL/6 mice, 5-6 weeks 
of age, were purchased from the Chinese Academy of 
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Sciences (Shanghai, China). DO11.10 OVA323-339-specific 
TCR-transgenic mice with a C57BL/6 background were 
obtained from The Jackson Laboratory (Bar Harbor, ME, 
USA). Mice were housed in a specific pathogen-free facility 
for all experiments. All animal experiments were undertaken 
in accordance with the National Institutes of Health ‘Guide for 
the Care and Use of Laboratory Animals’ (NIH Publication 
no. 85-23, National Academy Press, Washington, DC, revised 
1996), with approval by the Laboratory Animal Center and 
Ethics Committee of the Second Military Medical University 
(Shanghai, China).

Reagents. Recombinant mouse granulocyte-monocyte colony-
stimulating factor (GM-CSF), interleukin 4 (IL-4) and ELISA 
kits for murine interleukin 1 (IL-1), interleukin 6 (IL-6), 
interleukin 12p40 (IL-12p40), matrix metalloproteinase 9 
(MMP-9), tumor necrosis factor α (TNF-α), IFN-γ and trans-
forming growth factor β (TGF-β) were purchased from R&D 
Systems (Minneapolis, MN, USA). Fluorescein-conjugated 
monoclonal antibodies (mAbs) to CD4, CD11b, Iab, CD40, 
CD80, CD86 and isotype control were purchased from Santa 
Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). Fluorescein-
conjugated mAbs to Gr1 were obtained from eBioscience (San 
Diego, CA, USA). 7-Aminoactinomycin D (7-AAD), LPS and 
BSA were purchased from Sigma-Aldrich (St. Louis, MO, 
USA). CpG-A DNA (ODN 2216) was purchased from HyCult 
Biotech (Uden, The Netherlands).

Preparation of DCs from mouse BM precursor cells and 
pre-treated DCs. BM mononuclear cells were prepared from 
mouse (5-6  weeks old) femur BM suspensions by deple-
tion of red blood cells. The cells were cultured at a density 
of 2x106  cells/ml in 6-well plates in RPMI-1640 medium 
supplemented with 10% fetal calf serum (FCS), 10 ng/ml of 
recombinant mouse GM-CSF and 1 ng/ml of recombinant 
mouse IL-4. Nonadherent cells were gently washed out on 
day 4 of culture. On day 5, the dendritic-proliferating clusters 
were collected and purified by anti-CD11c microbeads as 
immature DCs (imDCs). ImDCs were stimulated with LPS 
(100 ng/ml) for a further 2 days and then collected as mature 
DCs (mDCs). CpG ODN (6 µg/ml) was added to the BM-DC 
culture system (1x106) on day 0 (long stimulation) or on day 5 
(short stimulation) (16).

Analysis of phagocytic ability. Cells from different groups 
were incubated at 37˚C for 4 h with FITC-conjugated OVA 
to a final concentration of 100 µg/ml in RMPI-1640 medium 
containing 10% FCS, and were washed twice with ice-cold 
PBS (pH 7.2) containing 0.1% NaN3 and 0.5% BSA. The cells 
were resuspended in chilled PBS for immediate analysis by 
flow cytometry. 

Assay for cytokines and NO. The aforementioned cytokines 
in the supernatant of the DC system were assayed with the 
corresponding ELISA kits. NO production was assayed by 
measurement of the nitrite concentration using the Griess 
assay.

Assay for antigen (Ag)-specific CD4+ T-cell response. In order 
to assay the Ag-specific CD4+ T-cell response, splenic CD4+ 

T  cells from DO11.10 OVA323-339-specific TCR-transgenic 
mice were obtained. Cells were positively selected with anti-
CD4-coated microbeads (Miltenyi Biotech, Minneapolis, MN, 
USA) by magnetic-activated cell sorting (MACS) and then 
co-cultured with treated DCs as indicated in the presence of 
OVA323-339 peptide at a ratio of 1:10 (DC:T) in round-bottom 
96-well plates (1x105  T  cells/200µl/well) for 5  days. The 
proliferation of T cells was analyzed by double staining with 
anti-CD4+ and 7-AAD cells were counted by fluorescence-
activated cell sorting (FACS).

Listeria monocytogenes (L.  monocytogenes) and experi-
mental infection of mice. L. monocytogenes strain 10403s was 
purchased from American Type Culture Collection (Manassas, 
VA, USA) and the bacterial stocks were stored in aliquots that 
were maintained at -70˚C. The titers were checked for each 
experiment to confirm the number of viable injected bacteria. 
The level of infection in the various experimental groups was 
determined by enumerating the L. monocytogenes CFU in 
the liver and spleen as described previously (17). In order to 
confirm whether sustained L. monocytogenes infection was 
capable of causing the accumulation of MDSCs, 10 wild-type 
C57BL/6 mice were challenged i.v. with a dose of 103 CFU 
of L. monocytogenes strain 10403s. Mice were monitored 
daily and euthanized 1 or 5 days later. Following isolation of 
the spleen and depletion of red blood cells, cells were labeled 
with anti-CD11c, anti-CD11b and anti-Gr1 mAbs for flow 
cytometry analysis.

Statistical analysis. Comparisons between the experimental 
groups and relevant control were performed by ANOVA. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

BM precursor cells demonstrate a distinct phenotype and 
cytokine profile following long stimulation with CpG ODN. 
Mouse BM-derived DCs were generated by culturing cells 
in GM-CSF and IL-4 (7,18-20). In the standard DC-induced 
protocol, on day 0, BM precursor cells were washed from the 
femurs of mice and then were co-cultured with GM-CSF and 
IL-4 for 5 days. On day 5, the dendritic-proliferating clusters 
were collected and purified by anti-CD11c microbeads as 
imDCs. In this study, CpG ODN was added to the BM-DC 
culture system on day 0 (long stimulation) or on day 5 (short 
stimulation). On day 6, the phenotype and function of cells 
were analyzed. We observed that cells in the long stimula-
tion group (L-group) demonstrated a distinct morphology 
with fewer cell colonies (Fig. 1A). We additionally observed 
that cells in the L-group exhibited a distinct phenotype with 
lower expression levels of Iab, CD40, CD80 and CD86, and 
cells in the short stimulation group (S-group) exhibited higher 
expression levels of these costimulated molecules (Fig. 1B). 
We then harvested the day 6 cells from each group separately. 
Cells were washed in PBS 3 times and were then seeded in 
a 24-well plate. Supernatants from each well were collected 
for cytokine and NO analysis 24 h later (day 7). Compared 
with the cytokine profile of the S-group and control, cells in 
the L-group secreted lower levels of IL-1β, IL-6, IL-12p40, 
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Figure 1. CpG ODN induced the differentiation of bone marrow precursor cells into a number of different cell types. (A) Distinct morphology of cells from each 
group. Bone marrow mononuclear cells were prepared from mouse (5-6 weeks old) femur bone marrow suspensions by depletion of red blood cells, and cells 
from the same mouse were then divided equally into 3 groups for further treatment. The long stimulation group was cultured with GM-CSF, IL-4 and CpG ODN 
(6 µg/ml) on day 0; the short stimulation group was cultured with GM-CSF and IL-4 on day 0, and CpG ODN (6 µg/ml) was added on day 5; the control group 
was cultured with GM-CSF and IL-4 on day 0, without CpG ODN. The cells were then observed under a microscope (magnification x100 or x400) on day 6. 
Following long stimulation, the cells demonstrated a distinct morphology with fewer cell colonies. (B) The phenotype of cells from each group. Cells from the 
control, short stimulation and long stimulation groups were labeled with Ab to Iab, CD40, CD80 and CD86 for phenotypic analysis by flow cytometry. Numbers 
in histograms indicate the geometric mean fluorescence intensity. (C) Different cytokine profiles and NO expression levels of each group. On day 6, cells from 
each group were collected and washed in PBS 3 times, and then were seeded in a 24-well plate at a density of 1.0x106 ml/well. Supernatants from each well 
were collected 24 h later (day 7) for analysis of cytokine and NO production. IL-1β, IL-6, IL-12p40, MMP-9, TNF-α, INF-γ, IL-10, TGF-β and NO produced by 
cells from each group were measured by ELISA or Griess assay for 24 h. Results are presented as the mean ± SD of triplicate wells. *P<0.05. CpG ODN, CpG 
oligodeoxynucleotide; GM-CSF, granulocyte-macrophage colony-stimulating factor; NO, nitric oxide; MMP, matrix metalloproteinase.
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MMP-9 and TNF-α, and higher levels of IFN-γ, IL-10, TGF-β 
and NO (Fig. 1C). Altogether, these data demonstrate that long 
stimulation with CpG ODN may exert a strong effect on the 
development of DCs from BM cells. 

Phagocytic ability and stimulation of T-cell proliferation. 
Since cells in the CpG ODN L-group demonstrated higher 
expression levels of CD11b, and secreted higher levels of 
IL-10, TGF-β and NO (Fig.  1C), the phenotypes of cells 
from all groups were analyzed. An increase in the number 
of Gr1+CD11b+ cells in the CpG ODN L-group was observed 
(Fig. 2A). Therefore, we hypothesize that cells in the L-group 
may have transformed into MDSCs as a result of interac-
tion with CpG ODN. The phagocytic ability of cells in each 
group was additionally analyzed and it was observed that 
cells in the L-group exhibited an enhanced phagocytic ability 
(Fig. 2B). The ability of DCs to stimulate an antigen-specific 
T-cell response was also examined. Cells in the L-group 
demonstrated a reduced ability to stimulate the proliferation 

of OVA-specific CD4+ T cells compared with the S-group and 
control. Significantly, when cells of the L-group were added 
to the mDCs/CD4+ T-cell co-culture system, in vitro T-cell 
proliferation was partially suppressed (Fig. 2C). As the long 
stimulation cells exhibited a Gr1+CD11b+ phenotype and the 
ability to suppress the proliferation of T cells, we hypothesize 
that the Gr1+CD11b+ cells that accumulate in the L-group may 
be MDSCs. 

Sustained L. monocytogenes infection causes the accumula-
tion of MDSCs. CpG ODN is a short single-stranded synthetic 
DNA and CpG motif present in bacterial DNA and an example 
of a pathogen-associated molecular pattern (PAMP) (21-24). 
We examined whether sustained bacterial infection in vivo is 
capable of leading to the accumulation of MDSCs. Previous 
studies revealed that Listeria infection elicits a similar spec-
trum of cytokine production to CpG ODN (25,26). Thus, we 
infected C57BL/6 mice with L. monocytogenes for 1 or 5 days. 
We observed that L. monocytogenes (Listeria) infection may 

Figure 2. Cells in the long stimulation group demonstrated an enhanced phagocytic ability and inhibited CD4+ T-cell proliferation. (A) On day 6, the per-
centage of Gr1+CD11b+ cells in different groups was analyzed by flow cytometry. The percentage of Gr1+CD11b+ double-positive cells in the long stimulation 
group was 64.43% compared with 40.21% (control) and 9.89% (short stimulation group). (B) Phagocytic ability was assessed for OVA-FITC phagocytosis by 
flow cytometry. Numbers in histograms indicate the geometric mean fluorescence of test samples. (C) CD4+ T cells from DO11.10 OVA323-339-specific (TCR-
transgenic xC57BL/6) F1 hybrid mice were co-cultured with cells from each group. Five days later, the total number of viable CD4+ T cells (CD4+ 7AAD-) 
in each well were measured by flow cytometry. Results are presented as the mean ± SD of triplicate wells. *P<0.05. 7-AAD, 7-aminoactinomycin D; mDCs, 
mature dendritic cells.
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upregulate the percentage of DCs and downregulate the 
percentage of MDSCs in the spleen due to a 1-day infection, 
and may downregulate the percentage of DCs and upregulate 
the percentage of MDSCs in the spleen due to a 5-day infection 
(Fig. 3). These results indicate that a prolonged infection may 
lead to an increase in the number of MDSCs and a decrease 
in the number of DCs, which is similar to the result induced 
by CpG ODN.

Discussion

The accumulation of MDSCs is observed in numerous patho-
logical conditions, including cancer, bacterial infection, acute 
and chronic inflammation, traumatic stress, surgical sepsis 
and transplantation (1). In these diverse types of pathological 
conditions, various factors are involved, including cyclo-
oxygenase-2 (COX2), prostaglandins (27-29), stem-cell factor 
(SCF) (27), macrophage colony-stimulating factor (M-CSF), 
IL-6  (30), GM-CSF  (29) and vascular endothelial growth 
factor (VEGF) (31). 

In our previous study, we added poly (I:C) into the stan-
dard DC-generated system whereby DCs were generated by 
co-culturing with GM-CSF and IL-4  (7,18-20). Following 
5  days of stimulation, we observed the accumulation of 
MDSCs  (15). In the present study, we observed similar 
phenomena following long stimulation with CpG  ODN. 
Previous studies (14) and our data (not shown) also indicated 
that LPS is capable of expanding the Gr1+CD11b+ cell popula-
tion and inhibiting DC development. It is useful to compare 
each of these three PAMPs, as these three TLR ligands are 
capable of expanding the Gr1+CD11b+ cell population and 
inhibiting DC development. Treatment of myeloid precursor 
cells with LPS led to a partial activation as indicated by NO 
release that allows a transient suppressive activity. It has been 

demonstrated that combined LPS/IFN-γ signaling, as opposed 
to its components alone, is capable of activating myeloid 
precursor cells to differentiate into functionally suppressive 
MDSCs, which impairs their developmental potential into 
DCs (32). Our data suggests that poly (I:C) and CpG ODN 
induce myeloid precursor cells to differentiate into MDSCs, 
and the difference between poly (I:C) and CpG ODN is that a 
short and long stimulation of CpG ODN induces the produc-
tion of high levels of IFN-γ. In the present study, CpG ODN 
class A was used, which exhibits potent immunostimulatory 
effects on plasmacytoid DCs (pDCs), and IFN-γ is its key 
cytokine. In adult mice, pDCs are produced constantly in the 
BM and migrate from the BM to lymph nodes, mucosal-asso-
ciated lymphoid tissues and spleen in steady-state conditions. 
Furthermore, CMPs are capable of differentiating into mDCs 
and pDCs in culture and in vivo (33,34). Based on the evidence 
above, we hypothesize that some pDCs may have mixed 
differentiation; however, further investigation is required. 

There are at least three factors in our culture system: IL-4, 
GM-CSF and CpG ODN. GM-CSF is an essential growth 
factor in the maturation of DCs. GM-CSF is important in the 
negative regulation of the immune response through the induc-
tion of myeloid suppressor Gr1+CD11b+ cells (29,35). Although 
the exact role of GM-CSF has yet to be identified, the system 
with or without CpG ODN may lead to different scenarios 
following long stimulation with CpG ODN, which stimulates 
the development and expansion of MDSCs. 

A systemic expansion of MDSCs was observed in 
infection-like polymicrobial sepsis in mice (14), infection 
with helminths (36-38) and Candida albicans (39). We also 
observed the accumulation of MDSCs and decreased levels of 
DCs in the spleen following sustained infection with L. mono-
cytogenes. It has been reported that CpG ODN may also 
induce resistance to L. monocytogenes infection following a 

Figure 3. Sustained L. monocytogenes infection induced the proliferation of MDSCs and inhibited the expansion of DCs in vivo. Ten C57BL/6 mice, 8-10 weeks 
of age, were challenged i.v. with a dose of 103 CFU of L. monocytogenes strain 10403s. Mice were monitored daily. After 1 or 5 days, the spleen was isolated 
for DC and MDSC phenotype analysis. Following isolation of the spleen and depletion of red blood cells, cells were labeled with anti-CD11c, anti-CD11b and 
anti-Gr1 mAbs for flow cytometry analysis. CD11c-positive cells were counted as DCs; Gr1 and CD11b double-positive cells were counted as MDSCs. The per-
centage of DCs and MDSCs were calculated by FACS software. (A) Percentage of DCs in the spleen on day 1 and 5. (B) Percentage of MDSCs in the spleen on 
day 1 and 5. Results were presented as the mean ± SD of 10 mice. *P<0.05. MDSCs, myeloid-derived suppressor cells; DCs, dendritic cells; L. monocytogenes, 
Listeria monocytogenes; mAbs, monoclonal antibodies; FACS, fluorescence-activated cell sorting; VSV, vesicular stomatitis virus.
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single injection of CpG ODN (26), which is consistent with 
our data.

In conclusion, we demonstrated that BM precursor cells 
differentiate into MDSCs and not DCs following long stimula-
tion with CpG ODN and sustained L. monocytogenes infection. 
Our data may provide novel insights into the mechanism of 
MDSC development during infection.
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