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Abstract

Uncontrolled T cell responses cause harm in various diseases, which lead 
to cell-based therapeutic approaches to dampen T cell activation, including 
mesenchymal stromal cells (MSCs), regulatory T cells (Tregs) and myeloid-
derived suppressor cells (MDSCs). One major application is graft-versus-host 
disease (GvHD), a severe complication caused by alloreactive T cells in patients 
undergoing allogenic stem cell transplantation (alloSCT). Human MSCs are 
already used for the treatment of GvHD, however, MSCs have to be expanded 
and their clinical benefit still remains unclear. Therefore, we systematically 
compared the functional capacity of Tregs, polymorphonuclear myeloid-derived 
suppressor cells (PMN-MDSCs) and MSCs to suppress alloreactive T cell 
responses. Freshly isolated PMN-MDSCs showed the strongest inhibition of T 
cell proliferation compared to MSCs and Tregs, but the available cell number 
was limited. Thus, we generated cytokine-induced PMN-MDSCs from peripheral 
blood mononuclear cells (PBMCs) and from bone marrow mononuclear cells 
(BMMCs) in vitro. BMMC-derived PMN-MDSCs effectively suppressed T cell 
proliferation and dampened secretion of Interferon-γ, while PMN-MDSCs 
generated from PBMCs showed weaker inhibition. The effects of BMMC-derived 
PMN-MDSCs were partially dependent on cell contact similar to freshly isolated 
PMN-MDSCs. In conclusion, generated PMN-MDSCs from bone marrow might 
represent a novel cellular therapeutic to dampen excessive T cell responses for 
the management of GvHD.
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Introduction
Unbalanced T cell responses drive a variety of disease 

pathologies, ranging from autoimmune diseases to graft-versus-host 
disease (GvHD) [1,2]. Beyond immunosuppressants, several cell 
types with T cell suppressive effects have been investigated for cell-
based therapeutic applications, such as mesenchymal stromal cells 
(MSCs), myeloid-derived suppressor cells (MDSCs) and regulatory 
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T cells (Tregs). But so far, the T cell suppressive capacity of these 
cell types has not been systematically compared side-by-side. For 
many hematological diseases, such as leukemia, allogenic stem 
cell transplantation (alloSCT) is a potentially curative approach, 
however, limited by the life-threatening complication of GvHD [1]. 
Transplant conditioning increases danger signals and inflammatory 
cytokines, followed by activation of alloreactive T cells, leading to 
tissue damage and further boosting the disease [1,3]. In first clinical 
trials for the treatment of GvHD patients, cell-based therapies with 
MSCs [4,5] as well as freshly isolated or in vitro expanded Tregs [6,7] 
showed feasibility, safety and encouraging outcomes. Furthermore, 
either BM-derived or in vitro generated MDSCs were found to inhibit 
GvHD in mice [8,9]. 

MSCs are multipotent cells that can differentiate into 
mesenchymal cell lineages. MSCs are found in several human 
tissues, such as bone marrow (BM), umbilical cord blood or adipose 
tissue [10]. During in vitro expansion, MSCs are plastic adherent 
and have a fibroblastic appearance. Human MSCs express CD73, 
CD90, and CD105 as surface molecules, but not CD34, CD45 and 
human leucocyte antigen D- related (HLA-DR). MSCs can modulate 
immune function of various cells, for example T cells, B cells, and 
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natural killer cells [4,11,12].

MDSCs represent a heterogeneous population of immature cells 
from myeloid cell lineage [13]. MDCSs are functionally defined by 
their T cell suppressive capacity and are further sub-divided into two 
subsets. In humans, polymorphonuclear (PMN-) MDSCs express 
CD11b+, CD66b+, CD14-, and monocytic MDSCs are CD14+, and 
CD15-[14]. Several groups presented different methods to generate 
MDSCs in vitro from murine BM cells as well as human peripheral 
blood mononuclear cells (PBMCs) and BM cells [8,9,15,16].

Tregs are a subset of T lymphocytes and play a central role 
for the immunological self-tolerance as well as for the control 
of undesired immune reactions [17]. Tregs are characterized as 
CD4+CD25highFoxP3+[17]. In contrast to activated effector T cells, 
no exclusive Treg-specific cell marker is available so far and hence, 
the isolation of Tregs is still problematic [17,18].

In order to investigate which human cell type, MSCs, PMN-
MDSCs or Tregs, displays the greatest potential for T cell suppressive 
therapies, we systematically compared their immunomodulatory 
effects towards T cells side-by-side. We analyzed the capacity of each 
cell type to suppress T cell proliferation and the release of Interferon-γ 
(IFNγ). Furthermore, we analyzed if cell contact is required for the 
inhibitory effect and if the number of available cells is sufficient for a 
potential clinical application.

Materials and Methods
Isolation and expansion of human MSCs

Human MSCs were derived from excessive material of standard 
bone marrow biopsies. Excess material was used after informed 
consent in accordance with the Declaration of Helsinki and approval 
by the University Children’s Hospital Tübingen’s IRB (Institutional 
Review Board [IRB] approval 338/2013 B02). MSCs were cultured 
in the GMP facility at the Department of General Paediatrics, 
Haematology/Oncology in Tübingen using animal serum-free 
medium as described previously [5,19]. In brief, 10-15 ml bone 
marrow (BM) aspirates of healthy donors were resuspended in DMEM 
medium (1 g/l glucose, Lonza, Basel, Switzerland) supplemented with 
80 IU/ml heparin sulfate, 1 mM L-glutamine (both from Biochrom, 
Berlin, Germany) and 108/ml irradiated human platelets (University 
of Tübingen, blood donor center). After 2-3 days of incubation at 
37°C and 10 % CO2, non-adherent cells were removed. MSCs were 
expanded over a period of 3-4 weeks and harvested using TrypLE 
Select (Life Technologies, Thermo Fisher Scientific, Waltham, MA, 
USA). Microbial analyses was performed regularly and the purity 
(>95%) of MSCs was defined by flow cytometry on the basis of 
CD73, CD105, CD45, and CD3 as well as CD14 (to exclude T cells 
and monocytes, respectively) (all antibodies from BD Biosciences, 
San Jose, CA, USA). A characterization of MSCs is shown in the 
supplement (Supplementary Figures S1,S2).

Isolation of PMN-MDSCs and CD4+CD25+ Tregs
PBMCs were prepared from heparinized peripheral blood of 

healthy volunteers or buffy coats (Blood bank Tuebingen, Germany) 
by density gradient	centrifugation with Biocoll separating solution 
(Biochrom) and washed twice with RPMI-1640 medium (Biochrom). 
Cell viability was checked by dye exclusion of Trypan blue staining 

solution (Sigma-Aldrich, St. Louis, MO, USA).

PMN-MDSCs were isolated based on previously established 
methods [20,21]. Briefly, PMN-MDSCs were obtained from the PBMC 
fraction by labelling with anti-CD66b fluorescein isothiocyanate 
(FITC) antibodies and two sequential positive selections with anti-
FITC MicroBeads (all Miltenyi Biotec, Bergisch Gladbach, Germany), 
according to the manufacturer’s protocol. CD4+CD25+ Tregs were 
isolated from the PBMC fraction by using CD4+CD25+ Regulatory T 
Cell Isolation Kit (Miltenyi Biotec), according to the manufacturer’s 
protocol. The purity of all isolated cells was >95% as confirmed by 
flow cytometry. A characterization of PMN-MDSCs and Tregs is 
shown in the supplement (Supplementary Figures S3,S4).

In vitro generation of cytokine-induced MDSCs
PBMCs or bone marrow mononuclear cells (BMMCs) were 

isolated by density gradient centrifugation and cultured at 37°C, 
5% CO2 with RPMI-1640 (Biochrom) supplemented with 10% 
FCS (Gibco, Thermo Fi Scientific), 2 mM L-glutamine, 100 U/ml 
penicillin and 100 µg/ml streptomycin (Biochrom). Cell density was 
5x105 PBMC or 3x105 BMMCs/ml. Cells were stimulated with 10 
ng/ml granulocyte-macrophage colony-stimulating factor (GM-CSF; 
Genzyme, Cambridge, MA, USA) or in combination of 10 ng/ml GM-
CSF with 10 ng/ml Interleukin-6 (IL-6; Miltenyi Biotec). Medium and 
supplements were refreshed every 3-4 days. After incubation for 7 
days, adherent cells were removed by Detachin (Genlantis, San Diego, 
CA, USA). For functional assays, cytokine-induced MDSCs were 
isolated with CD33 MicroBeads, human (Miltenyi Biotec), according 
to the manufacturer’s protocol. The purity of isolated cells was >90%, 
as assessed by flow cytometry. A characterization of the cytokine- 
induced MDSCs is shown in the supplement (Supplementary Figures 
S5,S6).

Characterization by flow cytometry
First, cells were isolated and if required, cultured as described 

above. Cells were washed with phosphate- buffered saline (Sigma-
Aldrich), incubated with antibodies for 15 min at room temperature, 
again washed and analyzed by flow cytometry with FACSCaliburTM 
(BD Biosciences). MSCs were stained with anti- human CD34-FITC, 
CD90-Phycoerythrin (PE), CD105-FITC, CD45-FITC (Miltenyi 
Biotec), CD73-PE, CD271-PE and HLA-ABC-PE (BD Biosciences). 
PMN-MDSCs were stained with anti-human CD66b-PE, CD11b-
Allophycocyanin	 (APC),CD33-PE, CD14-APC, CXCR4-APC, 
HLA-DR-Peridinin chlorophyll (PerCP) (Miltenyi Biotec) and 
CD16-PerCP (BioLegend, San Diego, CA, USA). CD4+CD25+Tregs 
were stained with anti-human CD45RA-FITC, CD3-PerCP, CD4-
APC, CD25-PE, CD127-FITC and FoxP3-APC (Miltenyi Biotec). 
Cytokine-stimulated CD33+ MDSCs from PBMCs and from BMMCs 
were stained with anti-human CD14-FITC, CD66b-FITC, CD56-
FITC (BD Biosciences), CD33-PE, HLA-DR-PerCP, CD11b-APC, 
CD3-PerCP, CXCR4-APC (Miltenyi Biotec), CD16-PerCP, CD19-
PE, CCR5-PE, and CCR2-APC (BioLegend). Mouse immunoglobulin 
(Ig) M-FITC, Mouse IgG2a-FITC, Mouse IgG2b-FITC, Mouse IgG1-
PE, REA Control (S)-PE, Rat IgG2b-APC, Mouse IgG1-APC, Mouse 
IgG2a-APC, Mouse IgG2a-PerCP (Miltenyi Biotec), Mouse IgG1-
FITC, Mouse IgG2a-PE, Mouse IgG1-PerCP (BD Biosciences) were 
used as isotype controls. All experiments were at least performed 
three times in independent experiments.
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T cell suppression assay
Responder PBMCs were obtained from healthy volunteers 

and stained with Vybrant CFDA SE Cell Tracer Kit (CFSE: 
carboxyfluorescein succinimidyl (diacetate) ester) according 
to manufacturer’s protocol (Life Technologies). PBMCs were 
stimulated with 100 IU/ml Interleukin-2 and 1 mg/ml muromonab-
CD3 (OKT3) (Janssen-Cilag, Neuss, Germany). In standardized 
way, 60,000 responder PBMCs per well in a 96-well microtiter plate 
were co-cultured with 10.000 (ratio 1:0.16), 15.000 (ratio 1:0.25), 
or 30.000 (ratio 1:0.5) immunomodulatory cells at 37°C and 5% 
CO2. As a positive control, stimulated responder PBMCs without 

immunomodulatory cells were used, and as a negative control, 
unstimulated PBMCs were analyzed. In case of co-culture with 
MSCs, seeding of MSCs was performed the day before responder 
PBMCs were added. Except of supplementary figure S7 and S8, all 
experiments were performed in an allogenic setting. The cell culture 
media was RPMI-1640 containing 10% donor- specific human serum, 
2 mM L-glutamine, 100 U/ml penicillin and 100 µg/ml streptomycin 
(Biochrom).

After co-culture for 4-5 days, supernatants were collected and 
frozen at -80°C for cytokine analysis. Cells were harvested and stained 
with anti-CD4 PE and anti-CD8a APC (BioLegend). Only propidium 
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Figure 1: Suppressive effects on T cell proliferation and secretion of Interferon-γ by MSCs, polymorphonuclear MDSCs and Tregs. (A) Responder PBMCs were 
labeled with CFSE, stimulated with OKT3 and IL-2 to polyclonal T cell proliferation and cultured in different ratios of 1:0.16, 1:0.25 or 1:0.5 with the indicated 
immunomodulatory cells. After 4 days of incubation, the proliferation of T cells was analyzed by flow cytometry. Each donor of responder PBMCs is presented by ● 
for CD4+ and by □  for CD8+ T cells. MSCs of 9 different donors, PMN-MDSCs of 7 donors and CD4+CD25+ Tregs of 6 donors were examined. (B) After co-culture 
the supernatants were collected and determined by IFNγ ELISA. Each ▲ indicates the level of IFNγ from a single donor of responder PBMCs after co-culture with 
the indicated cell type from the same assays as in 1A. (C) PBMCs and immunomodulatory cells were used in ratios of 1:0.16 and 1:0.5 and the cells were separated 
by a semipermeable membrane in a transwell system during T cell suppression assay. Each donor of responder PBMCs is presented by ● for CD4+ and by □  for 
CD8+ T cells. MSCs of 4 different donors, PMN-MDSCs of 5 donors and CD4+CD25+ Tregs of 4 donors were examined. (D) The supernatants of the stimulated 
PBMCs were collected after 4 days incubation in a transwell system and analyzed by IFNγ ELISA. All measurements were normalized to the control of untreated 
PBMCs as 100%. Each ▲ indicates the level of IFNγ from a single donor of responder PBMCs after co-culture with the indicated cell type.
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iodide (BD Biosciences)-negative cells were considered for analysis. 
To determine polyclonal T cell proliferation, the fluorescence 
intensity of CFSE from gated CD4+ and CD8+ T cells was analyzed 
by flow cytometry. Polyclonal T cell proliferation was normalized to 
responder PBMC without any immunomodulatory cells as 100%. 
Where indicated, responder PBMCs and immunosuppressive cells 
were separated by a semipermeable membrane with 0.4 µm pores in 
a transwell plate (Corning, New York, USA) in order to investigate if 
cell-to-cell contact is required. In transwell experiments, responder 
PBMCs and immunomodulatory cells were seeded in two ratios 
(1:0.16 and 1:0.5) without cell-to-cell contact. All experiments were 
at least performed three times in independent experiments.

Cytokine analysis
Supernatants from T cell suppression assays were taken on day 

4 or 5 and analyzed by using IFN-γ DuoSet ELISA (R&D systems, 
Abingdon, United Kingdom), according to manufacturer’s protocol.

Statistical analysis
Data are reported as means ± standard derivations (SD). 

Statistical analysis was performed by using GraphPad Prism 6.0 
(GraphPad Software, La Jolla, CA, USA). Differences between the 
groups were determined by a Mann-Whitney test regarding non-
Gaussian distribution. In all tests, a P value ≤0.05 was considered to 
be significant (*P ≤ 0.05, **P ≤0.01, ***P ≤0.001).

Results
PMN-MDSCs show stronger suppression of T cell proliferation 

than MSCs and CD4+CD25+ Tregs To investigate the suppressive 
potential of different immunomodulatory cells, we systematically 
performed CFSE assays to analyze polyclonal T cell proliferation and 
checked release of IFNγ by enzyme-linked immunosorbent assay 
(ELISA). Beforehand, we characterized all immunomodulatory cells 
by flow cytometry (Supplementary Figures S2-S6). MSCs, PMN-
MDSCs and CD4+CD25+ Tregs strongly decreased proliferation 
of T cells in a dose-dependent manner (Figure 1A). PMN-MDSCs 
suppressed both CD4+ and CD8+ T cell proliferation significantly 
stronger than MSCs (P=0.009 and P=0.002, respectively) and freshly 
isolated CD4+CD25+ Tregs (P=0.008 and P=0.04, respectively). At a 
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Figure 2: Suppressive effects on T cell proliferation and secretion of Interferon-γ by PBMC-derived cytokine-induced CD33+ MDSCs. (A) PBMCs were isolated 
and cultured with GM-CSF alone or in Combination with IL-6 for 7 days followed by CD33+ magnetic selection of cytokine-induced CD33+ MDSCs. On day 7, 
responder PBMCs from another healthy donor were isolated, labeled with CFSE and stimulated with OKT3 and IL-2. These PBMCs were co-cultured with cytokine-
induced CD33+ MDSCs from PBMCs in different ratios of 1:0.16, 1:0.25 or 1:0.5. After 4 days of incubation, the T cell proliferation was assessed by flow cytometry. 
Each donor of responder PBMCs is presented by ● Each donor of responder PBMCs is presented by ● for CD4+ and by □ for CD8+ T cells.. CD33+ MDSCs of 
10 different PBMC donors stimulated with GM-CSF alone and CD33+ MDSCs of 4 PBMC donors stimulated with GM-CSF and IL-6 were examined. (B) After co-
culture, the supernatants were collected and analyzed by IFNγ ELISA. Each ▲ indicates the level of IFNγ from a single donor of responder PBMCs after co-culture 
with the indicated cell type. (C,D) Same procedures as in A and B beside cells were cultured in a transwell system without cell-to-cell contact in ratio 1:0.16 or 1:0.5. 
All measurements were normalized to the control of untreated PBMCs as 100 %. Each donor of responder PBMCs is presented by ● for CD4+ and by □  for CD8+ 
T cells or Each donor of responder PBMCs is presented by ● for CD4+ and by □ for CD8+ T cells or by ▲ for the level of IFNγ. CD33+ MDSCs of 6 different PBMC 
donors stimulated with GM-CSF alone and CD33+MDSCs of 3 PBMC donors stimulated with GM-CSF and IL-6 were examined. 
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ratio of 1:0.5, 96.3% of CD4+ and 94.3% of CD8+ T cell proliferation 
was inhibited by PMN-MDSCs, 85.8% of CD4+ and 83.9% of CD8+ 
T cell proliferation by MSCs and 91.5% of CD4+ and 88.8% of 
CD8+ T cell proliferation by Tregs, respectively. In an autologous 
experimental setting, the inhibitory effect of PMN-MDSCs was 
decreased compared to the allogenic setting, but in the same range 
as MSCs and Tregs (Supplementary Figure S7). Surprisingly, MSCs 
showed a significantly greater inhibition of IFNγ release than PMN-
MDSCs (P=0.01) and CD4+CD25+ Tregs (P=0.05) implying that 
different mechanisms for immunomodulation are utilized (Figure 
1B). Furthermore, we analyzed the inhibitory effect of MSCs and 
PMN-MDSCs from the same donors with similar results compared 
to different donors of the cell types (Supplementary Figure S8).

Cell contact is required for effective suppression of T cells
In order to analyze if cell-to-cell contact is required 

for the inhibitory effect, stimulated responder PBMCs and 
immunomodulatory cells were separated by a semipermeable 
membrane in a transwell system (Figure 1C). MSCs only slightly 
suppressed T cell proliferation showing that cell-to-cell contact is 

required for effective immunosuppression. At the same time, the level 
of secreted IFNγ clearly decreased in the transwell system (Figure 
1D). PMN-MDSCs inhibited both T cell proliferation and release of 
IFNγ in this experimental setting, where the higher cell number had 
a much stronger effect than the lower. Furthermore, we detected in 
the transwell system a suppression of T cell proliferation and IFNγ 
release by CD4+CD25+ Tregs.

In vitro generated PMN-MDSCs derived from PBMCs
For treatment of patients, the amount of immunoregulatory cells 

is crucial. Both CD4+CD25+ Tregs and PMN-MDSCs are rare in 
the peripheral blood of healthy humans. We isolated these cells by 
magnetic separation from PBMCs with a percentage of 0.46±0.23% 
and 0.37±0.16%, respectively (Table 1). These cell numbers are too 
low for clinical applications. Therefore, we tried to generate MDSCs 
out of PBMCs by cytokine stimulation to increase the cell numbers. 
Based on the protocols from Lechner, et al. [15], we stimulated PBMCs 
with 10 ng/ml granulocyte-macrophage colony-stimulating factor 
(GM-CSF) alone or in combination with 10 ng/ml IL-6 for 7 days and 
afterwards selected CD33+ MDSCs. Both types of stimulated CD33+ 
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Figure 3: Suppressive effects on T cell proliferation and secretion of Interferon-γ by BMMC-derived cytokine-induced CD33+ MDSCs. (A) BMMCs were isolated 
and cultured for 7 days with either GM-CSF or GM-CSF and IL-6 followed by CD33+ selection of cytokine-induced MDSCs. On day 7, responder PBMCs from 
another healthy donor were isolated, labeled with CFSE and stimulated with OKT3 and IL-2. These PBMCs and CD33+ MDSCs from BMMCs were co-cultured in 
different ratios of 1:0.16, 1:0.25 or 1:0.5. After 4 days of incubation the T cell proliferation was determined by flow cytometry. Each donor of responder PBMCs is 
presented by ● for CD4+ and by □  for CD8+ T cells. CD33+MDSCs of 6 different BMMC donors stimulated with GM-CSF alone and CD33+ MDSCs of 5 BMMC 
donors stimulated with GM-CSF and IL-6 were examined. (B) After co-culture, the supernatants were collected and analyzed by IFNγ ELISA. Each ▲ indicates 
the level of IFNγ from a single donor of responder PBMCs after co-culture with the indicated cell type. (C,D) Same procedures as in A and B, however, cells were 
cultured in a transwell system without cell-to-cell contact in ratio 1:0.16 or 1:0.5. All measurements were normalized to the control of untreated PBMCs as 100%. 
Each donor of responder PBMCs is presented by ● for CD4+ and by □ for CD8+ T cells or Each donor of responder PBMCs is presented by ● for CD4+ and by □ 
for CD8+ T cells or by ▲ for the level of IFNγ. CD33+MDSCs of 5 different BMMC donors stimulated with GM-CSF alone and CD33+ MDSCs of 5 BMMC donors 
stimulated with GM-CSF and IL-6 were examined.
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PMN-MDSCs derived from PBMCs suppressed proliferation of 
allogenic CD4+ and CD8+ T cells in a dose-dependent manner, but to 
a lesser extent than detected by Lechner, et al. [15] in the autologous 
T cell setting (Figure 2A). This shows that in vitro generated CD33+ 
MDSCs have lower T cell suppressive effects than the isolated PMN-
MDSCs from fresh blood. Furthermore, we observed a concentration-
dependent decrease of secreted IFNγ in the supernatants (Figure 2B) 
and an inhibition of T cell proliferation and secretion of IFNγ in the 
transwell system (Figure 2C,D). No difference was found between 
GM-CSF and GM-CSF with IL-6 stimulated CD33+ MDSCs. Taken 
together, the reduced immunosuppressive effect as well as the low cell 
number of CD33+ MDSCs from PBMCs (Table 1) limits any clinical 
application at the moment.

In vitro generated PMN-MDSCs derived from BMMCs
Next, we isolated BMMCs and stimulated again with either GM-

CSF alone or GM-CSF and IL-6 to generate more immature CD33+ 
MDSCs. These cells showed significantly greater inhibition of T 
cell proliferation (P=0.0006 at CD4+ T cells and P=0.0008 at CD8+ 
T cells) and IFNγ release (P=0.006) compared to CD33+ MDSCs 
from cytokine-stimulated PBMCs (Figure 3A,B). The inhibitory 
effect of BMMCs stimulated with GM-CSF and IL-6 in combination 
was slightly smaller compared to cells with GM-CSF alone. In the 
transwell system, CD33+MDSCs from BMMCs also suppressed T 
cell proliferation and secretion of IFNγ in a dose-dependent manner 
(Figure 3C,D).

Besides the suppressive effect, the amount of immunoregulatory 
cells represents a key issue for potential later clinical application. 
After cell culture and magnetic isolation, the available cell number 
of CD33+ MDSCs out of PBMCs is around 0.4%, which is in the 
same range as directly isolated PMN-MDSCs (Table 1). The amount 
of CD33+ MDSCs out of BMMCs reaches 1.0% (Table 1), which 
indicates a higher amount of MDSCs and their precursors in the bone 
marrow than in the peripheral blood.

Discussion
Uncontrolled T cell responses cause harm in a variety of diseases, 

such as GvHD, providing the rationale to develop cell-based 
therapeutic approaches to control overshooting T cell activation, 
including Tregs, MSCs and MDSCs. Previous studies showed 
promising results of different cell types in vitro and in vivo for the 
treatment of GvHD [5, 7-9].

Here, we systematically and comprehensively compared the 
immunomodulatory effects of human MSCs, PMN-MDSCs and 
CD4+CD25+ Tregs. Various mechanisms how MSCs can interact 
with immune cells have been reported, such as transforming 

growth factor-ß (TGF-ß), hepatocytce growth factor, prostaglandin 
E2, indoleamine-2,3-dioxygenase, interleukin-10, galectin-1, 
programmed death-ligand 1 pathway, Notch pathway as well as 
expression of adhesion molecules [22-24]. The immunosuppressive 
function of MDSCs includes for example depletion of L-arginine, 
cysteine and tryptophane, production of nitric oxide, reactive oxygen 
species as well as peroxynitrite and release of anti-inflammatory 
cytokines [13,25]. Tregs also use several mechanisms to suppress 
immune cells, such as galectin-1, TGF-ß, IL-10, IL-35, cytolytic 
molecules as Granzyme B and F as and via cytotoxic T lymphocyte 
antigen 4 [17,26,27]. We detected the highest suppression of 
allogenic T cell proliferation by freshly isolated PMN-MDSCs and 
by bone marrow-derived CD33+ cells after GM-CSF stimulation. 
Interestingly, however, MSCs suppressed the secretion of IFNγ 
during co-culture more potent than PMN-MDSCs and Tregs did. 
Even without cell-cell contact, all three cell types inhibited T cell 
proliferation and release of IFNγ. The inhibition mediated by 
CD4+CD25+ Tregs in the transwell system was unexpectedly strong 
since it has been reported that Tregs require direct cell contact [28, 29]. 
Based on previous publications, we speculate that infectious tolerance 
took place in the lower compartment of the transwell containing 
allogenic stimulated PBMCs mediated by cytokines from Tregs in 
the upper transwell [30,31]. One alternative explanation could be that 
during magnetic separation of CD4+CD25+ Tregs, it isn’t possible 
to differentiate between cells with high or intermediate expression of 
CD25; therefore isolated cells consist of a heterogeneous population 
of CD4+ T cells, including type 1 Tregs and Th3. These cells display 
immunosuppressive effects towards T cells by soluble factors, such 
as IL-10 and TGF-ß [32]. The particularly high immunosuppressive 
capacity of PMN-MDSCs increased our interest, but we detected only 
0.5% of these cells in peripheral blood of healthy humans, which is 
similar to other groups [13]. Subsequently, the cytokine-induced 
CD33+ MDSCs generated from PBMCs showed a lower suppression 
of T cell proliferation and IFNγ-secretion compared to the results 
of Lechner, et al. [15]. In addition, we noticed a suppressive effect 
generated by CD33+ MDSCs by direct cell contact as well as in the 
transwell system without cell contact. The main reason for these 
discrepancies could be due to the fact that we used allogenic PBMCs 
and stimulated them for T cell proliferation, whereas Lechner, et al. 
[15] used autologous T cells, an issue requiring further investigations. 
Moreover, the moderate inhibition of T cell proliferation could be 
due to the already matured state of the CD33+ MDSCs derived from 
PBMCs. Taken together, the immunosuppressive capacity of PBMC-
derived CD33+ MDSCs was moderate in our allogenic setting and 
the available cell numbers were too low for clinical applicability. 
Further cytokines or chemokines need to be tested for their potential 
to generate MDSCs in vitro, for example, cytokines from the IL-1 
family [20]. Combinations of several factors could also increase the 
induction of MDSCs, such as GM-CSF with IL-6 and Finasteride [33]. 

The generated CD33+ MDSCs from human BMMCs suppressed 
T cell proliferation and secretion of IFNγ more efficiently than CD33+ 
MDSCs generated from PBMCs, both with cell-to-cell contact as well 
as without direct contact. The inhibition of T cell proliferation by 
BMMC-derived CD33+ MDSCs was more prominent in our settings 
than previously demonstrated by Marigo, et al. [16]. However, we had 
a lower cellular yield after incubation and CD33+ MDSCs isolation 

Table 1: Percentage of isolated cells.

Isolated cell numbers (in percent of PBMCs or BMMCs) Mean ± SD

PMN-MDSCs 0.37 ± 0.16

CD4+CD25+ Tregs 0.46 ± 0.23

GM-CSF stimulated PMN-MDSCs derived from PBMCs 0.40 ± 0.16

GM-CSF and IL-6 stimulated PMN-MDSCs derived from PBMCs 0.37 ± 0.28

GM-CSF stimulated PMN-MDSC derived from BMMCs 1.01 ± 0.48

GM-CSF and IL-6 stimulated PMN-MDSC derived from BMMCs 0.96 ± 0.33
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with around only 1% of the initial BMMCs compared to their 70-
80% recovery without any selection. We used the same concentration 
of cytokines (10 ng/ml GM-CSF± IL-6) for the induction of MDSCs 
from PBMCs or BMMCs and incubated cells for 7 days according 
to Lechner, et al. [15]. However, these concentrations were distinctly 
lower as the concentration used by Marigo, et al. [16] (each 40 ng/ml) 
as well as the incubation time was longer and we selected the CD33+ 
MDSCs from stimulated BMMCs by magnetic separation, providing 
a potential explanation for these discrepant findings. Overall, BMMC-
derived CD33+ MDSCs showed robust immunosuppressive capacity 
encouraging to search for further factors to increase their cellular 
yield. Furthermore, a combination of several immunosuppressive 
cell types, such as MSCs and CD33+ MDSCs could represent a 
promising therapeutic approach, similar as shown previously for 
MSCs combined with Tregs in mice [34].

In summary, we systematically compared the immunosuppressive 
capacity of several human immune cell types. Freshly isolated PMN-
MDSCs as well as in vitro generated CD33+ MDSCs derived from 
bone marrow showed the strongest inhibition of T cell proliferation. 
After further optimizations, particularly regarding cellular yield, 
these studies may pave the way towards new cellular therapies for the 
treatment of T cell mediated diseases, such as GvHD.
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