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GM-CSF Promotes the Expansion and Differentiation of Cord Blood Myeloid-Derived Suppressor Cells, Which Attenuate Xenogeneic Graft-vs.-Host Disease
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Myeloid-derived suppressor cells (MDSCs) are increased in tumor patients. Studies have shown generation of MDSCs from human peripheral blood mononuclear cells (PBMCs) by various cytokine combinations. However, large scale expansion of human MDSCs has not been demonstrated or applied in clinic settings. We investigated which cytokine combinations among GM-CSF/SCF, G-CSF/SCF, or M-CSF/SCF efficiently expand and differentiate human MDSCs following culture CD34+ cells of umbilical cord blood (CB). GM-CSF/SCF showed the greatest expansion of MDSCs. Up to 108 MDSCs (HLA-DRlowCD11b+CD33+) could be produced from 1 unit of CB following 6 weeks of continuous culture. MDSCs produced from culture of CD34+ cells with GM-CSF/SCF for 6 weeks had the greatest suppressive function of T cell proliferation and had the highest expression of immunosuppressive molecules including iNOS, arginase 1 and IDO compared to those differentiated with G-CSF/SCF or M-CSF/SCF. MDSCs secreted IL-10, TGB-β, and VEGF. The infusion of expanded MDSCs significantly prolonged the survival and decreased the GVHD score in a NSG xenogeneic model of GVHD. Injected MDSCs increased IL-10 and TGF-β but decreased the level of TNF-α and IL-6 in the serum of treated mice. Notably, FoxP3 expressing regulatory T (Treg) cells were increased while IFN-γ (Th1) and IL-17 (Th17) producing T cells were decreased in the spleen of MDSC treated mice compared to untreated GVHD mice. Our results demonstrate that human MDSCs are generated from CB CD34+ cells using GM-CSF/SCF. These MDSCs exhibited potent immunosuppressive function, suggesting that they are useable as a treatment for inflammatory diseases such as GVHD.
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INTRODUCTION

Allogeneic hematopoietic stem cell transplantation (allo-HSCT) is a potentially curative procedure for a variety of malignancies and benign hematological disorders (1). The therapeutic benefit of allo-HSC is mediated by T cells of donor origin in blood that kill the leukemia, known as graft vs. leukemia response (2). However, the widespread use of allo-HSCT is limited by risks such as graft rejection and graft-vs.-host disease (3, 4). GVHD remains the major cause of mortality and morbidity after the allo-HSCT and is caused by a reaction of allo-reactive donor T cells to incompatible human leukocyte antigens (HLA) of the recipient. The ensuing proliferation/activation of other immune cells lead to a variety of injuries to host tissues caused by the release of inflammatory cytokines. The immunosuppressing drugs (ISDs) such as cyclosporine, tacrolimus, and steroids are used to modulate the adaptive immune system through blocking T cell activation or depletion of T cells. Further, all ISDs carry the risk of serious infections. Depletion of T cells from donor allograft can improve the survival rates for patients and decrease the incidence of acute GVHD. However, this comes at the risk of graft failure, reduced GVL activity, and increased incidence of leukemic relapse. Therefore, a new therapeutic approach is needed to optimize GVL and minimize GVHD. Recent strategies have introduced the infusion of newly identified immune suppressor cells such as mesenchymal stromal cells (MSCs) (5–7), regulatory T (Treg) cells (8–10), and myeloid-derived suppressor cells (MDSCs) (11–13) to take advantage of their immunoregulatory properties in order to prevent GVHD.

Umbilical cord blood (CB) is considered the most plentiful reservoir of regenerative cells for a large number of clinical applications (14, 15). CB has been used as a source to generate regulatory immune cells. Use of CB-derived MSCs had been investigated in vitro, in animal models, and in early stage clinical trials for cardiovascular diseases (16), as well as liver diseases, neurological deficits, immune system diseases, lung, and kidney injury (17). The use of CB-derived, ex vivo-expanded Treg or MSCs is currently being evaluated as one strategy to prevent GVHD. Their adoptive transfer has been associated with improved survival in mice (5, 8). Recently, others have reported that the fibrocytic MDSCs from CB expressed indoleamine dioxygenase (IDO), and promoted tolerance via Treg-cell expansion (18).

MDSCs are known to accumulate in the peripheral blood, lymphoid organ, spleen, and tumor sites in cancer, infection, chronic inflammation, transplantation, and autoimmunity (19, 20). These cells inhibit T cell proliferation following stimulation with allo-antigens. Importantly, MDSCs mediate the chemotaxis and activation of Treg cells in vivo (21, 22). The CD14+HLA-DRlow/neg monocytic MDSCs are significantly expanded in the peripheral blood of acute GVHD patients who received allo-HSCT, resulting in T cells dysfunction and GVHD inhibition (23, 24). The factors triggering MDSC expansion and activation are well-studied in tumor models, including cytokines such as IL-1β, IL-6, IL-10, and IL-13, growth factor such as SCF, VEGF, GM-CSF, G-CSF, and M-CSF, as well as calcium binding pro-inflammatory proteins such as S100A8, S100A9, cyclooxygenase-2, and prostaglandin E2 (25, 26). However, it is not known how to expand human MDSCs to a large scale enough to make their use feasible for clinical applications.

Here, we demonstrate that the combination of GM-CSF/SCF is the most potent enhancer to expand and differentiate functional MDSCs from human cord blood compared to G-CSF/SCF or M-CSF/SCF. We further show that adoptive transfer of CB-derived MDSCs ameliorate GVHD in a xenogeneic NSG mouse model.

MATERIALS AND METHODS

Subjects and Isolation of Cells With the MACS System

The use of human peripheral blood mononuclear cells (PBMCs) and human umbilical cord blood (CB) were approved by the institutional review board of the College of Medicine, Catholic University of Korea, Seoul, Republic of Korea, respectively (permit No. MC16SNSI0001, MC15TISE0023, MC17TNSI0002). Human peripheral blood samples were obtained from healthy donors, and mononuclear cells were isolated by Ficoll-Hypaque (Amersham Pharmacia Biotech Inc., Piscataway, NJ, USA) density gradient centrifugation. After density separation, CD14+ monocytes and CD4+ T cells were isolated with the magnetic cell-sorting (MACS) system (Miltenyi Biotec, Bergisch Gladbach, Germany), using anti-CD14 and anti-CD4 antibodies, respectively, conjugated to magnetic MicroBeads (Miltenyi Biotec) according to the manufacturer's instructions.

Generation of Human MDSCs

Human CB was provided from the Catholic Hematopoietic Stem Cell Bank after written informed consent given by normal full-term pregnant women. For MDSCs generation, isolated CD34+ cells (Miltenyi Biotec, Bergisch Gladbach, Germany) were cultured in a 48-well plate (BD Falcon, Bedford, MA) at 1 × 105 cells/ well with 1 ml of IMDM containing 10% FBS (Gibco, Grand Island, NY, United States), 10% penicillin–streptomycin (100 U/ml; Lonza Walkersville, MD, United States), 2 mM L-glutamine (Lonza Walkersville) (10% complete medium), 100 ng/ml human GM-CSF (300–03, PeproTech, Rocky Hill, NJ, United States), 100 ng/ml human G-CSF (300–23, PeproTech), or 100 ng/ml human M-CSF (300–25, PeproTech) and 50 ng/ml human SCF (300–07, PeproTech). After incubation for 7 days, the cells were removed from the 48 well plate and centrifuged at 1,300 rpm for 5 min. After one wash with serum free IMDM, the cells were cultured for 2 weeks and media was changed every 7 days. From weeks 4–6, the cells were cultured at a higher density (5 × 105 cells/well). Media was changed every 7 days throughout 6 weeks of the culture.

Production of HCMV pp65 mRNA by in vitro Transcription

The sequences encoding full-length pp65 were cloned into the pcDNA3 vector (Invitrogen, Grand Island, NY, United States). The pcDNA3-pp65 were linearized with Sma I restriction enzyme and purified using phenol/chloroform extraction and ethanol precipitation. In vitro transcription of recombinant pp65 from the linearized plasmids was conducted by using T7 RNA polymerase of Ambion mRNA T7 Ultra Kit (Life Technologies) according to the manufacturer's instructions.

Generation of Monocyte Derived DCs and pp65 mRNA Electroporation

Immature DCs (iDCs) were generated from CD14+ monocytes of human PBMCs by culturing them with the CD14+ cells were cultured with human GM-CSF (100 ng/ml; PeproTech) and IL-4 (100 ng/ml; PeproTech) in 10% complete RPMI 1640 medium (Lonza Walkersville) for 6 days. Media was changed every 2 days. On day 6, 5 × 106 iDCs were resuspended with 200 μl OptiMEM without phenol red (Invitrogen Life Technologies, Grand Island, NY). The cells were transfected with 20 μg pp65 mRNA to a 2 mm cuvette with a single wave pulse (300 V and 500 μs) by using a Gene pulser (BTX, San Diego, CA). The electroporated iDCs were matured at 1 × 106 cells/ml in 37°C, 5% CO2 for 24 h using a maturation cocktail containing 100 ng/mL IL-4, 100 ng/mL GM-CSF, 10 ng/mL TNF-α (PeproTech), 10 ng/mL IL-6 (PeproTech), and 10 ng/mL IL-1β (PeproTech).

Flow Cytometric Analysis

All samples were incubated with anti-CD16/CD32 to block Fc receptor binding on ice for 20 min and then stained with the indicated anti-human antibodies. The expression of MDSCs was assessed by staining with monoclonal antibodies specific for surface markers including CD33, CD11b, HLA-DR, CD14, CD15, CD11c, CD13, HLA-ABC, CD45, CD40, CD80, CD86, CD83, PDL-1, CCR2, CCR5, CCR7, CD62L, E-Cadherin, CXCR4, and ICAM-1 (Supplemental Table 1)

For intracellular staining of pStat, pAkt and pmTOR, the MDSCs were lysed and fixed using BD Phosflow Lyse/Fix buffer for 10 min at 37°C. Cells were then permeabilized in BD Phosflow Perm Buffer III on ice for 30 min. For intracellular staining of iNOS, IDO, arginase 1, MPO, and FoxP3 (For Treg analysis, anti-human CD4 PerCP-Cy5.5 and anti-human CD25 APC were already stained), the MDSCs were fixed in BD Cytofix buffer and then permeabilized in BD Cytoperm buffer. Cells were then washed twice in the stain buffer and stained on ice for 30 min with monoclonal antibodies specific for pStat1, pStat3, pStat6, pAkt, pmTOR, iNOS, IDO, arginase 1, MPO, FoxP3 (Supplemental Table 1). The compensation bead (UltraComp eBeads Catalog No. 01-2222, Invitrogen) were used to avoid the spillover of fluorescence conjugated antibodies. All samples were acquired on a BD LSR Fortessa and then analyzed using FlowJo 9.2.1.

Cell Sorting

Cells cultured with GM-CSF/SCF were harvested at 3 weeks post culture and stained with anti-human CD33-FITC antibody and anti-human CD11b-PE antibody. CD33+ CD11b+ and CD33+ CD11b− were sorted by a FACS Aria sorter (BD Biosciences).

Suppression Assay

To evaluate suppressive activity of MDSCs, PBMCs were labeled with 5 μmol/ml CFSE (Invitrogen, Cat.No.C34554) and activated with Dynabead Human T-Activator anti-CD3 and anti-CD28 (0.5 μg/mL, Gibco, Cat.No.11131D) microbeads. MDSCs were added to parallel cultures at ratio of 1:1, 1:0.5, and 1:0.25 (PBMCs: MDSCs) ratio. After 6 days of co-culture, cells were harvested and stained with anti-human CD3 PE-Cy7, CD4 APC, and CD8 efluor450 antibodies. The cells were analyzed on a FACSCanto II flow cytometer (BD Biosciences, San Jose, CA). Data were analyzed using ModFit LT software (Verity Software House Inc., Topsham, ME, United States).

Treg Induction by MDSCs

The CD4+ T cells were isolated from healthy adult PBMCs. 1 × 106 CD4+ T cells were stimulated with Dynabead Human T-Activator anti-CD3 and anti-CD28 (0.5 μg/mL) microbeads in the presence or absence of 2 × 106 MDSCs at a 1:2 (CD4+ T cells: MDSCs) ratio in 12 well plates for 3 days. After 3 days of co-culture, the cells were harvested and Treg induction was determined by flow cytometric analysis.

3H-Thymidine Mixed Lymphocytes Reaction (MLR) Assay

Mature DCs (1 × 104) were mixed with responder CD4+ T cells (1 × 105) in 96 well plates with or without MDSCs (1 × 104). After 5 days culture, cell were pulsed with 1 μCi [3H]thymidine/well for 18 hrs and harvested using a Packard filtermate cell harvester (Packard Instruments, Meriden, CT). Specific [3H]thymidine incorporation into genomic DNA was determined using a Packard TopCount NXT.

ELISPOT Assay

To measure the effect of MDSCs on antigen-specific T cell responses, ELISPOT assay was performed using DCs electroporated with mRNA encoding human cytomegalovirus (HCMV) pp65 antigen according to the manufacturer's instructions (BD ELISPOT assay kit; BD Biosciences) as described previously (27). Because HCMV infects between 60 and 90% of adults and then it remains latent under control of immune system, T cells specific for various HCMV antigens are present in a high frquency, mainly in response to the HCMV pp65 antigen. Therefore, we used mononuclear cells from a healthy volunteer donor that has been shown to have a high T cell immune response to the HCMV pp65 antigen. It has been established in our previous study that DCs electroporated with mRNA encoding HCMV pp65 antigens present antigen to T cells through HLA class I and class II molecules after antigens processing, so T cell responses to whole antigens are measured rather than specific HLA-restricted antigen epitopes (28).

Briefly, anti-human IFN-γ antibody was pre-coated in a 96 well-microplates for 24 h at 37°C. pp65 RNA-electroporated mature DCs were added to a 96-well-microplates at a concentration of 1 × 104 cells/well in 10% complete RPMI 1640. 1 × 105 autologuous CD4+ T cells were then added to the well as a stimulator in the presence or absence MDSCs (1 × 104). After incubation for 24 h, the cells were removed and the plates were washed three times with the wash buffer and the PBS-Tween buffer, respectively. The wells were added with the biotinylated antibody for human IFN-γ and incubated for 2 h at room temperature. The plates were washed with PBS-Tween buffer, and then incubated with streptavidin-HRP for 1 h at room temperature. The washing of well was repeated, and then the 100 μl AEC substrate and H2O2 were added to the well. After development of the spots, the reaction was stopped with addition of distilled water. Plates were dried for overnight. The spots number of IFN-γ-secreting cells was quantitated with an automatic an AID-ELISPOT reader (AID Diagnostika GmbH, Strassberg, Germany).

Assessment of Pro-inflammatory Cytokine and Anti-inflammatory Cytokine by ELISA

ELISA was performed according to the manufacturer's instructions (R&D Systems). Human IL-17, IFN-γ, transforming growth factor (TGF)-β, IL-10, and vascular endothelial growth factor (VEGF) were measured in the cell culture supernatant. Whole blood collected from mouse was centrifuged at 400 × g for 10 min, and the serum was analyzed for the levels of human IL-10, TGF-β, tumor necrosis factor (TNF)-α, and IL-6. The plates were then read using an ELISA microtiter plate autoreader at 450 nm (Molecular Devices, Sunnyvale, CA, United States).

Xenogeneic GVHD Mouse Model

NSG (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ, 6 weeks old) male mice were purchased from the Jackson Laboratory (Bar Harbor, ME, USA) and acclimated in pathogen-free animal facilities for 2 weeks before the experiments. All animal work was approved in advance by the Institutional Animal Care and Use Committee, College of Medicine, Catholic University of Korea. Recipient (8 weeks old) mice were irradiated with 200 cGy by Mevatron MXE-2 instrument (Siemens, New York, NY, United States) at day −1 and received 1 × 106 human PBMCs intravenously (IV) at day 0 to induce xenogeneic GVHD mouse models. The control did not receive human PBMCs or irradiation. To examine the effect of MDSCs in a xenogenic GVHD model, MDSCs (1, 2.5 and 5 × 106 cells) were infused into the tail vein on days 21 and 24. Survival after PBMCs transplantation was observed daily, and the grade of clinical GVHD was recorded every other day using a scoring system on the basis of weight loss, posture, physical activity, fur texture, and skin integrity. We evaluated GVHD according to overall survival rate until day 200. Each group was consisted of total eight mice and three mice were sacrificed at day 60 for FACS analysis and ELISA, respectively.

Multi-Cytokine Membrane Array

Serum collected from GVHD mice or MDSCs mice was analyzed using the human cytokine array (Proteome Profiler Array Human Cytokine, R&D Systems, ARY005). The array analysis was performed according to the manufacturer's instructions. Those cytokine levels were captured by exposure to the X-ray films and quantified by densitometry using Image J software.

Statistical Analysis

Data were analyzed for statistical significance using Prism version 6.0 (GraphPad, San Diego, CA). Student's t-test or ANOVA was used to calculate the significance between groups. Differences in animal survival (Kaplan Meier curves) were analyzed by log-rank test. Results were considered statistically significant if p ≤ 0.05.

RESULTS

Expansion of Cord Blood CD34+ Cells and Differentiation Into MDSCs

To generate MDSCs from cord blood, 1 × 105 CD34+ umbilical cord blood cells were plated in 48 well plates. Recombinant human cytokines such as GM-CSF/SCF, G-CSF/ SCF or M-CSF/SCF were added weekly and cultured for an additional 3 weeks. After 3 weeks, the 5 × 105 cells per well were plated in 48 well plates for 3 weeks (Figure 1A). The cells were most effectively expanded by the combination of GM-CSF/SCF (MDSCs). Up to 108 MDSCs could be generated from 1 unit of cord blood. This is more than a thousand folds (1,104 ± 70.30) increase. The expansion of cells cultured with G-CSF/SCF or M-CSF/SCF were 500 (514 ± 42.62) and 300 (317 ± 39.27) fold, respectively (Figure 1B). After 3 weeks of culture, expansion of CD34+ cells reached stagnation in the three different groups. CD34+ cells were continuously differentiated until 6 weeks (Figure 1D). MDSCs from GM-CSF/SCF or M-CSF/SCF expressed CD11b+CD33+ (90% of cells positive for these markers) at 6 weeks. Only 10% of cells from G-CSF/SCF cultures expressed CD11b+CD33+ at 3 weeks. The CD11b+CD33+ almost disappeared by 6weeks following G-CSF/SCF cultures (Table 1).
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FIGURE 1. Expansion of CB CD34+ cells according to cytokine combinations and differentiation into MDSCs. (A) The scheme of cell expansion or differentiation from CB CD34+ cells. (B) Fold expansion by different cytokine combinations. The culture medium was replaced with each cytokine combinations every week. (C) The FITC conjugated anti-human CD33 were compensated with compensation bead to avoid spillover with PE conjugated anti-human CD11b. (D) Expression of CD11b+CD33 +. The cells were stained with fluorochrome conjugated anti-human CD33 (FITC) and aniti-human CD11b (PE) every week. (E) The CD34+ cells were cultured with human GM-CSF (100 ng/ml) and human SCF (50 ng/ml) for 3 weeks and the cells were stained like (D). The stained cells were sorted by FACS Aria and the sorted cells (CD11b+CD33b+ vs. CD11b−CD33+) were cultured with human GM-CSF (100ng/ml) and human SCF (50ng/ml) for a further 1 week. After one week, the sorted cells were stained like (D) and analyzed by flow cytometry. (F) Expression of HLA-DR, CD14 and CD15. The cells were stained with efluor450-conjugated anti-human HLA-DR, PE-Cy7 anti-human CD14 and APC anti-human CD15 from 3 to 6 weeks, respectively and analyzed by flow cytometry. These experiments were reproduced in 10 individuals (from B to D and F) and 6 individuals (E).




Table 1. Characterization of cultured cells for 6 weeks.
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To further define the differentiation of MDSCs from GM-CSF/SCF, CD11b+CD33+ and CD11b−CD33+ cells at 3 weeks were sorted via FACS, and then cultured with GM-CSF/SCF for a further 1 week (Figure 1E). The sorted CD11b−CD33+ cells changed to a phenotype that expressed more than 69.92 (69.92 ± 0.92)% of CD11b+ CD33+ and the phenotype of the sorted CD11b+ CD33+ cells remained unchanged. Therefore, this result demonstrates that GM-CSF/SCF induces differentiation from the CD11b−CD33+ cells to the CD11b+CD33+ cells. Next, we evaluated the expression of HLA-DR, CD14, and CD15 in cells cultured with GM-CSF/SCF, G-CSF/SCF, or M-CSF/SCF at 3 weeks and 6 weeks (Figure 1F). The expression of HLA-DR in the cells cultured with GM-CSF/SCF or G-CSF/SCF was gradually decreased and became low, whereas cells cultured with M-CSF/SCF highly expressed HLA-DR at 3 and 6 weeks, respectively. From 3 to 6 weeks, the expression of CD14 were increased in the cells cultured with GM-CSF/SCF or M-CSF/SCF whereas that of CD15 were decreased (Figure 1F, Table 1). At 6 weeks of culture, cells cultured with GM-CSF/SCF showed the phenotypic markers of monocytic MDSCs; HLA-DRlow, CD11b+CD33+, CD14+, CD15−. These results suggest that GM-CSF/SCF among cytokine combinations most efficiently induces the cell expansion during 3 weeks of culturing with at low cell concentration, and the differentiation to MDSC progresses during the remaining 3 weeks of culturing at 5 fold higher cell concentration.

Lineage Markers and Immunophenotypes of MDSCs

We performed immunophenotypic characterization of MDSCs following 6 weeks of GM-CSF/SCF, G-CSF/SCF, and M-CSF/SCF culture. Expression of surface markers was examined using flow cytometry and adult monocyte derived mature DCs (mature DCs) were compared using as controls, since a variety of immune molecules are strongly expressed. The lineage and differentiation markers showed that the cells were lineage-negative for CD3, CD19, and CD56 but were uniformly positive for myeloid associate marker for CD11b (Figure 1C), CD11c, and CD13 (Figure 2A).
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FIGURE 2. Characterization of cultured MDSCs. (A) FACS profiles of cells cultured with human GM-CSF, G-CSF, or M-CSF (100 ng/ml) and human SCF (50 ng/ml) for 6 weeks. Blue histogram lines represent the GM-CSCF/SCF (MDSCs), light green histogram lines the cells cultured G-CSF/SCF, orange histogram lines the cells cultured M-CSF/SCF and pink histogram lines represent the adult mature DCs. (B) The cells were intracellular stained with anti-human MPO antibody and analyzed by flow cytometry. (C) The cells were lysed and fixed in a single step using Phosflow Lyse/Fix buffer for 10 min at 37°C. Cells were then permeabilized in Phosflow Perm Buffer for 30 min on ice. Cells were then washed twice in the stain Buffer and stained with fluorochrome conjugated anti-Stat (AF647), anti-Stat3 (PE), anti-Stat6 (PerCP-Cy5.5), anti-Akt (PE) and anti-mTOR (PerCP-efluor718) antibodies for 30 min on ice. Cells were washed twice in the stain buffer. All samples were acquired on a BD LSR Fortessa and then analyzed using FlowJo 9.2.1. Data are mean ± S.E.M. of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.



Cell surface markers associated with immune functions are shown in Figure 2A (Table 2). The expression of HLA-ABC was positive in all cells cultured with the three different cytokine combinations. In contrast, the expression of HLA-DR was negative in G-CSF/SCF, expressed as low level in GM-CSF/SCF and high in M-CSF/SCF cultured cells (Table 1). The expression of costimulatory molecules CD86 and CD40 were low and CD80 and CD83 were negative in GM-CSF/SCF cultured cells. The chemokine receptors CCR2, CCR5, CD62L, and CXCR4 were expressed at low levels in both GM-CSF/SCF and G-CSF/SCF cultured cells. However, the M-CSF/SCF cultured cells showed the high expression of chemokine receptors. The cells cultured with M-CSF/SCF expressed E-cadherin (mediated cell–cell adhesion) at high levels, but the expression on cells cultured with GM-CSF/SCF and G-CSF/SCF were negative. ICAM-1 was not expressed in G-CSF/SCF cultured cells. The GM-CSF/SCF and M-CSF/SCF cultured cells showed the high expression for PDL-1. PDL-1 expression on G-CSF/SCF cultured cells were low. Myeloperoxidase (MPO) is a heme protein synthesized during myeloid differentiation. GM-CSF/SCF cultured cells showed a significantly higher level of MPO activity than G-CSF/SCF and M-CSF/SCF (Figure 2B).


Table 2. Immunophenotypes of cultured cells for 6 weeks (MFI).
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Signal Molecules of MDSCs

We next tested for expression of molecules (phosphorylated-(p) Stat1, pStat3, pStat6, pmTOR, and pAkt) related to MDSCs signaling pathways (Figure 2C). The GM-CSF/SCF cultured cells showed the highest expression levels of pStat1, pStat3, pStat6, pmTOR, and pAkt protein. The G-CSF/SCF showed the lowest expression in these signaling except pStat1 which showed similar expression level compared with M-CSF/SCF. These results demonstrate that cells cultured with GM-CSF/SCF expressed signaling molecules associated with MDSCs. Taken together, our phenotypic data suggests that CB CD34+ cells cultured with GM-CSF/SCF or G-CSF/SCF were consistent with MDSCs. Cells cultured with M-CSF/SCF were consistent with monocytes.

Immune Suppressive Molecules in MDSCs

Expression of inhibitory molecules such as Arginase, IDO, and inducible nitric oxide synthase (iNOS) in MDSCs was investigated by intracellular stain. Expression of arginase 1 and IDO was significantly higher in MDSCs generated by GM-CSF/SCF culture compared to those from M-CSF/SCF culture (Table 1). The expression of iNOS in GM-CSF/SCF culture was significantly lower following culture with M-CSF/SCF. The expression of these inhibitory molecules was lowest in G-CSF/SCF culture. In addition, the expression of arginase 1 and IDO was negative in the mature DCs but iNOS were intermediately expressed in the mature DCs (Figure 3A). The results showed that the level of arginase 1, iNOS, and IDO gradually increased from 4 to 6 weeks of culture with GM-CSF/SCF (Figure 3B).
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FIGURE 3. MDSCs express immune suppressive molecules. (A) The cells cultured with each cytokine combinations for 6 weeks or (B) The cells cultured with each cytokine combinations from 4 to 6 weeks were fixed in Cytofix buffer for 10 min at 37°C and then permeabilized in Cytoperm buffer for 30 min on ice. Cells were then washed twice in the stain buffer and stained with FITC anti-iNOS antibody, PE anti-IDO antibody, and PerCP-Cy5.5 anti-arginase 1 antibody 30 min on ice. Cells were washed twice in the stain buffer and acquired on a BD LSR Fortessa. (C) The cells cultured with GM-CSF/SCF were stimulated with or without anti-CD40 antibody for 48 h and human VEGF, TGF-β and IL-10 were compared in culture supernatants between 3 and 6weeks. Data are mean ± S.E.M. of three independent experiments, each performed in triplicate. ***p < 0.001, ****p < 0.0001.



The sustained and induced secretion of immunosuppressive cytokines such as human VEGF, TGF-β and IL-10 was measured in culture supernatants (3 weeks through 6 weeks) of CB CD34+ cells differentiated with GM-CSF/SCF to become MDSCs (Figure 3C). Stimulation of GM-CSF/SCF derived MDSCs (GM-CSF/SCF MDSCs) with anti-CD40 antibody resulted in markedly elevated secretions of IL-10 and VEGF. The TGF-β was produced to high levels regardless of stimulation. The expressions of these inhibitory molecules were indicative of the immunosuppressive functions of GM-CSF/SCF derived MDSCs.

Immune Suppressive Functions on T Cells of MDSCs in vitro

To define whether the MDSCs exert suppressive function on T cells in vitro, adult human PBMCs were labeled with CFSE and then stimulated with anti-CD3 and anti-CD28 microbeads in the presence or absence of MDSCs. After 6 days of co-culture, T-cell proliferation was assessed by measuring CFSE intensity within CD4+ and CD8+ subsets (Figure 4A). GM-CSF/SCF MDSCs showed the strongest suppressive effect on both CD4+ T cells (6.3% [range, 3.3–9.2%]), and CD8+ T cells (15.3% [range, 9.4–20.0%]) at 1:1 (PBMC: MDSC) ratio (Table 1). M-CSF/SCF generated cells exhibited the weakest suppressive ability.
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FIGURE 4. MDSCs have suppressive effect for T cells and induce a polarization of helper T cells. (A) Healthy adult PBMCs were labeled with CFSE and stimulated with Dynabead Human T-Activator CD3 and CD28 in the presence of MDSCs at a 1:1, 1:0.5, and 1:0.25 (PBMCs: MDSCs) ratio. After 6 days, cells were then harvested, stained with anti-human CD3 (PE-Cy7), anti-human CD4 (APC) and anti-human CD8 (efluor450) antibodies. The cells were analyzed by FACSCanto II device. (B) CD4+ T cells were isolated from healthy adult PBMCs and 1 × 106 CD4+ T cells were stimulated with 0.5 μg/mL Dynabead Human T-Activator CD3 and CD28 in the presence or absence of 2 × 106 MDSCs at a 1:2 (CD4+ T cells: MDSCs) ratio in 12 well plates for 3 days. After 3 days, the cells were stained with fluorochrome-conjugated anti-human CD3 (PE-Cy7), anti-human CD4 (FITC), anti-human CD25 (APC), anti-human IL-17 (PerCP-Cy5.5) and anti-human FoxP3 (PE) antibodies. (C) Human IL-17 and IFN-γ was measured in the culture supernatants of (B). Data are mean ± S.E.M. of three independent experiments, each performed in triplicate. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.



To determine if cytokine generated MDSCs could alter the polarization of helper T cells, the cells were co-cultured with adult naïve CD4+ T cells for 3 days. We then measured the expression of FoxP3 (Figure 4B) in CD4+ gated Treg cells. We also measured the expression of IL-17 and IFN-γ (Figure 4C) in culture supernatants. The GM-CSF/SCF MDSCs resulted in a highest frequency of FoxP3+ Treg cells (58.5 ± 3.3 %) compared with G-CSF/SCF (39.4 ± 5.2 %) and M-CSF/SCF (45.7 ± 2.1 %) (Table 1). By contrast, MDSCs from all groups did not secrete the IL-17 (Figure 4B). The GM-CSF/SCF MDSCs mediated the most potent suppression of human IL-17 and IFN-γ production. The G-CSF/SCF exhibited decreased production of human IFN-γ but human IL-17 was not significant between G-CSF/SCF and M-CSF/SCF (Figure 4C). The GM-CSF/SCF MDSCs most effectively inhibited T cell proliferation and production of inflammatory cytokines and led to the greatest production of FoxP3+ Treg cells.

Inhibition of T Cells Proliferation and Antigen-Specific T Cell Responses by MDSCs

GM-CSF/SCF derived MDSCs was chosen for further study because they exhibited the greatest expression of immune suppressive molecules (Figures 3A,C) and greatest immune suppressive function (Figure 4A). To address the suppressive capacity of T cells proliferation by MDSCs in vitro, the mature DCs were co-cultured with adult naïve CD4+ T cells in the presence or absence GM-CSF/SCF MDSCs. The reactivity of T cells was assessed based on the incorporation of [3H]thymidine. GM-CSF/SCF MDSCs profoundly reduced the ability to prime responses of T cells (Figure 5A). To examine the inhibition of antigen-specific T cell responses by MDSCs, the pp65 mRNA were electroporated into adult monocyte derived immature DCs. The DCs were matured and co-cultured with adult naïve CD4+ T cells in the presence or absence GM-CSF/SCF MDSCs. The MDSCs markedly inhibited (7-fold decreases) the number of pp65 specific IFN-γ secreting cells (Figure 5B).


[image: image]

FIGURE 5. MDSCs effectively suppress the proliferation of CD4+ T cells and antigen-specific CD4+ T cells responses. (A) CD4+ T cells isolated from healthy adult PBMCs were used as stimulators from three different donors. Adult monocyte derived mature DCs (1 × 104 cells) were mixed with the autologous CD4+ T cells (1 × 105 cells) in the presence or absence 1 × 104 MDSCs. The cells were cultured for 5 days and 1 μCi [3H]thymidine was added to the wells for 18 hr before harvesting. The incorporation of [3H]thymidine was determined using a liquid β-scintillation counter. (B) The HCMV pp65 RNA-electroporated mature DCs were added to a 96-well microplate at a concentration of 1 x 104 cells/well in 10% complete RPMI 1640. 1 × 105 autologous CD4+ T cells were then added to the well as a stimulator in the presence or absence MDSCs (1 × 104). An ELISPOT assay for human IFN-γ was conducted according to the manufacturer's protocol. Data are mean ± S.E.M. of three independent experiments, each performed in triplicate. ****p < 0.0001.



Inhibition of GVHD by MDSCs in the Xenogeneic Mouse Model

Lethal irradiated NSG mice were given human PBMCs to induce the fatal GVHD. In some mice, three doses of GM-CSF/SCF MDSCs were injected intravenously on days 21 and 24 (Figure 6A). The GVHD mice not given MDSCs showed hunched back on day 35 and loss of fur on day 70 (Figure 6B). Infusion of MDSCs significantly decreased GVHD scores in a dose dependent manner (Figure 6D) and inhibited the rapid decrease in body weight (Figure 6E) in comparison to control GVHD mice. The MDSCs significantly prolonged survival compared to control GVHD mice (GVHD vs. MDSCs 1 × 106 = 0.0070, GVHD vs. MDSCs 2.5 × 106 = 0.0156, GVHD vs. MDSCs 5 × 106 = 0.0059) (Figure 6C). On day 100, all GVHD control mice died, but more than 50 % of the mice given MDSCs survived. Increased MDSCs mediated survival was not cell dose dependent. These results show that CB GM-CSF/SCF derived MDSCs can ameliorate fatal GVHD in the xenogeneic mouse model.
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FIGURE 6. MDSCs infusion ameliorates xenogeneic GVHD. (A) Experimetnal scheme. NSG mice were administered with/without sublethal irradiation (200 cGy) at day−1 and 1 × 106 human PBMCs were infused at day 0. The NSG mice were administered either 1 × 106, 2.5 × 106, 5 × 106 MDSCs (MDSCs mice) or PBMCs only (GVHD mice) at day 21 and 24. (B) Condition of fur: MDSCs mice vs. GVHD mice at day 35 and 70. (C) Overall survival. At a median of 100 days after PBMCs infusion, MDSCs mice were > 60% as compared with <0% for GVHD mice (GVHD vs. MDSCs 1 × 106 = 0.0070, GVHD vs. MDSCs 2.5 × 106 = 0.0156, GVHD vs. MDSCs 5 × 106 = 0.0059; log-rank test; n = 5 mice/group). Data represent one experiment of two independent experiments (MDSCs vs. GVHD **p < 0.01; log-rank test; n = 5 mice/group). (D) The degree of GVHD was recorded daily using a scoring system that summed changes in five clinical parameters: weight loss, posture, physical activity, fur texture, and skin integrity. The MDSCs mice showed lower GVHD score (MDSCs vs. GVHD ***p < 0.001). (E) The weight was measured every other day and the MDSCs treatment attenuates a weight loss (MDSCs vs. GVHD ***p < 0.001). Data are mean ± S.E.M. of two independent experiments.



Change in Anti-inflammatory and Pro-inflammatory Cytokines and Induction of FoxP3+ Treg Cells via MDSCs Infusion in the Xenogeneic Mouse Model

Mice were bled at 60 days post human PBMCs transplantation. Cytokine levels in the serum were measured by ELISA (Figure 7A). Serum levels of IL-6 and TNF-α were significantly increased in control GVHD mice, whereas IL-10 and TGF-β were similarly low in control GVHD mice compared to normal NSG mice. In contrast, serum levels of IL-10 and TGF-β in mice given 1 × 106 GM-CSF/SCF MDSCs were significantly increased compared to those in normal NSG or control GVHD mice. IL-6 and TNF-α were reduced in mice given 1 × 106 MDSCs compared to control GVHD mice but similar to normal NSG mice. Cytokine levels were further estimated semi-quantitatively via a multi-cytokine membrane array (Figure 7F). Mice given 1 × 106 MDSCs showed lower serum levels of C reactive protein (CRP), IL-1β, IL-6, TNF-α, IL-17, macrophage inflammatory protein-3β (MIP-3β), matrix metallopeptidase 9 (MMP9), Regulated on Activation, Normal T Cell Expressed and Secreted (RANTES) and stromal cell-derived factor-1α (SDF-1α) compared to control GVHD mice.
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FIGURE 7. MDSCs infusion increases induction of FoxP3+ Treg cells and anti-inflammatory cytokine and decreases pro-inflammatory cytokine production in xenogeneic GVHD model. The mice were bled and sacrificed at day 60 post human PBMCs infusion and (A) the human cytokine levels in the serum were measured by ELISA kits. (B-C) Splenocytes were stained with fluorochrome-conjugated anti-human CD3 (PE-Cy7), anti-human CD4 (FITC) and anti-human CD25 (APC) and then intracellular stained with anti-human Foxp3 (PE), anti-human IL-17 (PerCP-Cy5.5), anti-human IFN-γ (Pacific Blue) and anti-human IL-4 (APC-Cy7) antibodies using fixation and permeabilization buffer. CD3+CD4+ T cells gated contour plots were presented. (D) The ratio of Th1/Th2 on CD3+CD4+ T cells. The ratio was calculated as the ratio of IL-4+ CD3+CD4+ T cells divided by the percentage of IFN-γ+ CD3+CD4+ T cells. (E) The ratio of Treg/Th17 on CD3+CD4+ T cells. The ratio was calculated as the ratio of IL-17+ CD3+CD4+ T cells divided by the percentage of CD25+FoxP3+CD3+CD4+ T cells. (F) Serum cytokine levels were estimated semi-quantitatively with a multi-cytokine (human) membrane array. The data were presented a decrease in the pro-inflammatory cytokine levels, including C reactive protein (CRP), IL-1β, IL-6, TNF-α, IL-17, macrophage inflammatory protein-3β (MIP-3β), matrix metallopeptidase 9 (MMP9), Regulated on Activation Normal T cell Expressed and Secreted (RANTES) and stromal cell-derived factor-1α (SDF-1α) in the MDSCs mice compared with GVHD mice (n = 3 mice/group). Data are mean ± S.E.M. of three independent experiments, each performed in triplicate. *p < 0.05, ***p < 0.001, ****p < 0.0001.



To explore the mechanism of reduction of GVHD severity caused by Th subsets, the expression of FoxP3 and CD25 for Treg cells (Figure 7B), IFN-γ for Th1 cells, IL-4 for Th2 cells and IL-17 for Th17 cells were measured by intracellular staining assay (Figure 7C). Splenocytes from mice given 1 × 106 MDSCs showed increased frequencies (11.8 % ± 0.44 %) of human FoxP3+ Treg cells and decreased frequencies of IL-17 (0.88 % ± 0.075 %) and IFN-γ (0.58 % ± 0.061 %) producing cells compared with those of control GVHD mice. The frequencies of CD4+ T cells expressing human IL-4 were very low and there was no difference between control GVHD mice and mice given 1 × 106 MDSCs. The Treg/Th17 ratio (Figure 7E) was significantly higher and Th1/Th2 ratio (Figure 7D) was significantly lower in mice given 1 × 106 MDSCs compared to control GVHD mice. There was no significant difference in anti-inflammatory and pro-inflammatory cytokines observed between the cell number of MDSCs administered (Figures 7A–C; data not shown).

These results show that MDSCs had a protective effect against GVHD by increasing FoxP3+ Treg cells in vivo, altering the balance among Th1, Th2, and Th17 cells and inhibiting the inflammatory responses.

DISCUSSION

Although efforts have been undertaken to expand MDSCs, the number of cells were limited to 3 × 107 in mice (29–33). MDSCs are not typically present in healthy individuals but soluble immune modulatory factors induce the expansion of MDSCs from normal human peripheral blood mononuclear cells (34). Others have shown that CD33+ MDSCs with potent suppressive capacity can be generated in vitro by GM-CSF and IL-6, and secondarily by GM-CSF + IL-1β, PGE2, TNF-α, or VEGF. CB CD34+ cells cultured with GM-CSF and G-CSF for 4 days were differentiated into fibrocytic MDSCs. The cells expressed the phenotypic markers of MDSCs, DCs, and fibrocyte, and induced Treg cells by increasing of IDO expression (18). In this study, MDSCs cultured with GM-CSF/SCF expanded up to 108 cells/ 1 unit of cord blood (CB) and revealed the most potent influence of expansion among three different cytokine combinations. It has been reported that the concentration of GM-CSF was related to regulation between immune suppression of MDSCs and immune stimulation of mature DCs (35). SCF plays an important role in MDSCs expansion of tumor bearing mice and suppression of tumor-infiltrating T cells. In addition, SCF receptor (ckit)–SCF interaction promoted a development of tumor and Treg (32).

Here, we characterized human MDSCs generated over 6 weeks from CB CD34+ cells using GM-CSF/SCF. The MDSCs showed phenotypic markers of human monocytic MDSCs; HLA-DRlow, CD11b+ CD33+, CD14+. CD80, CD83, and CD86 were not expressed in GM-CSF/SCF MDSCs or cells cultured with G-CSF/SCF (G-CSF/SCF). It has been reported that low levels of GM-CSF promote myeloid cell viability in culture and expanded CD33+ cells (34, 36). GM-CSF/SCF have been used for generation of tolerogenic dendritic cells from CD34+ cells of cord blood which were expanded up to 108 that expressed CD11C+ CD11b+ CD13+, CD80low CD86low, and CD83 low (37). In our study, culture of CB CD34 cells with G-CSF/SCF led to expansion of cells by low expression of HLA-DR, small increase (10%) of CD11b+ CD33+. GM-CSF/SCF differentiated cells expressed MPO. These results corroborate that MDSCs were successfully generated by coculture of CB CD34+ cells with GM-CSF/SCF (38).

GM-CSF/SCF MDSCs had the strongest suppressive capacity to inhibit proliferation of T cells. The MDSCs increased the frequencies of FoxP3+ Treg cells and remarkably inhibited the generation of Th1 and Th17 cells compared with myeloid cells from G-CSF/SCF or M-CSF/SCF cultures. Furthermore, GM-CSF/SCF MDSCs inhibited the proliferation of CD4+ T cells and the secretion of IFN-γ by antigen-specific T cells. Bone marrow MDSCs prevent GVHD in an arginase 1–dependent manner that is up-regulated by addition of interleukin-13 (11). Under GVHD inflammatory condition, MDSCs rapidly lose their suppressive function and their potential to inhibit GVHD lethality (12). Indeed, the infusion of GM-CSF/SCF MDSCs augmented the survival and reduced GVHD lethality such as recovery of weight and GVHD score. In the mice given MDSCs, serum concentrations of most inflammatory cytokines were decreased, while IL-10 and TGF-β were increased. GM-CSF/SCF MDSCs showed an inhibitory effect on Th1 and Th17 polarization and led to increase human Foxp3+ Treg cells. These in vitro and in vivo results demonstrate the mechanism by which MDSCs are immunosuppressive. Consistent with these immunosuppressive functions, the expression of immunosuppressive molecules such as arginase 1, IDO, and iNOS and the secretion of immunosuppressive cytokines such as TGF-β, IL-10, and VEGF were increased in GM-CSF/SCF MDSCs in our studies. However, the pathophysiological and migration mechanisms of human MDSCs need to be further clarified to use a new therapeutic strategy for immune regulation.

Cells cultured at high cell concentration from 3 to 6 weeks stopped proliferating and progressed to differentiation instead. The level of arginase 1 and IDO were significantly higher in 6 weeks cultured cells with GM-CSF/SCF compared to those of 4 weeks. At a high cell concentration, low oxygen tensions may induce striking increase in iNOS and arginase 1 enzyme levels, suggesting a role of HIF-1a-dependent hypoxic regulation in myeloid cell-mediated T cell suppression and the differentiation of MDSCs (39). Autophagy induced by starvation or various stresses may affect the differentiation of myeloid cells (40, 41). Future studies should further investigate factors that influence this in vitro differentiation in order to increase understanding on the generation of MDSC in various disease status.

Preclinical studies using adoptive transfer of MDSCs have been conducted in various experimental animal models in order to treat autoimmune diseases and to inhibit the graft rejection or GVHD in organ and hematopoietic stem cell transplantation, and successful treatment effects and mechanism of action have been reported (11–13). However, clinical applications have been difficult due to the numerical limitations of MDSC. Therefore, MDSCs expanded from CB provides the possibility of being used in clinical studies to investigate the safety and therapeutic effects of adoptive transfer in these diseases.

In conclusion, the three different cytokine combinations had an obviously different influence on the differentiation and immunosuppressive functions of human MDSCs. Moreover, the GM-CSF/SCF combinations revealed to be most efficient for the generation of functionally MDSCs from CD34+ cells of cord blood. The human MDSCs could provide a useful strategy for the treatment of inflammatory diseases such as GVHD in the clinics.
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