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Abstract
BACKGROUND
Mesenchymal stem cells (MSCs) are an attractive tool to treat graft-versus-host disease because of their unique immunoregulatory properties. Although human bone marrow-derived MSCs (BM-MSCs) were the most widely used MSCs in cell therapy until recently, MSCs derived from human umbilical cords (UC-MSCs) have gained popularity as cell therapy material for their ethical and noninvasive collection.

AIM
To investigate the difference in mechanisms of the immunosuppressive effects of UC-MSCs and BM-MSCs.

METHODS
To analyze soluble factors expressed by MSCs, such as indolamine 2,3-dioxygenase, cyclooxygenase-2, prostaglandin E2 and interleukin (IL)-6, inflammatory environments in vitro were reconstituted with combinations of interferon-gamma (IFN-γ), tumor necrosis factor alpha and IL-1β or with IFN-γ alone. Activated T cells were cocultured with MSCs treated with indomethacin and/or anti-IL-10. To assess the ability of MSCs to inhibit T helper 17 cells and induce regulatory T cells, induced T helper 17 cells were cocultured with MSCs treated with indomethacin or anti-IL-10. Xenogeneic graft-versus-host disease was induced in NOG mice (NOD/Shi-scid/IL-2Rγnull) and UC-MSCs or BM-MSCs were treated as cell therapies.

RESULTS
Our data demonstrated that BM-MSCs and UC-MSCs shared similar phenotypic characteristics and immunomodulation abilities. BM-MSCs expressed more indolamine 2,3-dioxygenase after cytokine stimulation with different combinations of IFN-γ, tumor necrosis factor alpha-α and IL-1β or IFN-γ alone. UC-MSCs expressed more prostaglandin E2, IL-6, programmed death-ligand 1 and 2 in the in vitro inflammatory environment. Cyclooxygenase-2 and IL-10 were key factors in the immunomodulatory mechanisms of both MSCs. In addition, UC-MSCs inhibited more T helper 17 cells and induced more regulatory T cells than BM-MSCs. UC-MSCs and BM-MSCs exhibited similar effects on attenuating graft-versus-host disease.

CONCLUSION
UC-MSCs and BM-MSCs exert similar immunosuppressive effects with different mechanisms involved. These findings suggest that UC-MSCs have distinct immunoregulatory functions and may substitute BM-MBSCs in the field of cell therapy.
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Core tip: Mesenchymal stem cells (MSCs) are a therapeutic approach to treat graft-versus-host disease because of their unique immunomodulatory abilities. Here, we compared and analyzed the differences and similarities between umbilical cord-derived MSCs and bone marrow-derived MSCs due to the growing needs for new sources of MSCs. We suggest that umbilical cord-derived MSCs and bone marrow-derived MSCs exhibit similar immunosuppression by different mechanisms, and umbilical cord-derived MSCs have the potentials to substitute bone marrow-derived MSCs as cell therapy products.

INTRODUCTION
[bookmark: _Hlk43290042]Allogeneic hematopoietic cell transplantation (HSCT) is one of the most curative treatments for patients with hematological disorders, hematopoietic malignancies and immune diseases. Through HSCT, healthy hematopoietic donor cells can reconstruct the hematopoietic system of recipients. Despite the benefits of HSCT, there are risks of graft rejection, tissue toxicity, organ injury and leukemia relapse; among these risks, graft-versus-host disease (GVHD) is the major cause of death after transplantation[1]. In GVHD, alloreactive donor T cells recognize histocompatibility antigens in host cells as foreign and activate to produce inflammatory cytokines, such as tumor necrosis factor alpha (TNF-α), interleukin (IL)-1, IL-2 and interferon-gamma (IFN-γ)[2]. Although immunosuppressive drugs such as tacrolimus, cyclosporine and steroids are used in clinical therapy to lower GVHD mortality, a new therapeutic approach for GVHD following HSCT is needed.
Mesenchymal stem cells (MSCs) are multipotent stromal cells that have the ability to differentiate into different cell types, such as osteoblasts, chondrocytes and adipocytes[3]. Recently, MSCs have been studied for cell therapy in the field of transplantation. A major characteristic of MSCs is that they express low major histocompatibility complex II, suppressing T cells independent from the major histocompatibility complex identity between the donor and recipient[4]. Their immunosuppressive effects mainly occur through the production of soluble factors such as indolamine 2,3-dioxygenase (IDO), transforming growth factor-β, human leukocyte antigen (HLA)-G and hepatocyte growth factor[5-8]. While soluble factors are the primary mechanism by which MSCs exert immunosuppressive effects, direct cell-to-cell contact is also a contributing factor[9]. Cell-to-cell contact between CD3+ T cells and MSCs can induce CD4+CD25+ regulatory T cells[10].
Traditionally, MSCs have been isolated from bone marrow, and bone marrow-derived MSCs (BM-MSCs) have been identified as a key candidate for cell therapy[11]. However, their clinical application is restricted by the invasive procedures by which they are obtained, their decrease in proliferation and differentiation capacity with age and the difficulty of using them to treat patients with hereditary diseases[12,13]. As a result, other adult and fetal tissues have been studied as alternative sources of stem cells, including adipose tissue, umbilical cord blood, umbilical cords, amniotic fluid and placental tissue[14,15]. Although the major source of MSCs in clinical trials is bone marrow, recent studies have suggested that the allogenicity of MSCs has no significant adverse impact on the engraftment of MSCs in wound healing[16]. It is better to use freshly isolated MSCs because the five major histocompatibility complex II molecules may increase during in vitro expansion[17,18]. Additionally, the proliferative capacity of umbilical cord-derived MSCs (UC-MSCs) is higher than that of BM-MSCs. Several studies have emphasized the potential of UC-MSCs as an alternative to BM-MSCs; however, detailed comparisons of UC-MSCs and BM-MSCs are lacking.
Therefore, we compared the similarities and differences between UC-MSCs and BM-MSCs. In particular, we (1) investigated the in vitro immunoregulatory properties of UC-MSCs; (2) explored the mechanisms of immunosuppressive effects; and (3) analyzed the efficacy of UC-MSC and BM-MSC therapies to treat xenogeneic GVHD induced in severely immunodeficient NOG mice.

MATERIALS AND METHODS
Mice
Eight- to ten-week-old female NOG mice (NOD/Shi-scid/IL-2Rγnull) were purchased from the Central Institute for Experimental Animals (Kanagawa, Japan). Mice were maintained under pathogen-free conditions in an animal facility with controlled daylength (12L:12D), humidity (55% ± 5%) and temperature (22 ± 1 °C). The air in the facility passed through a HEPA filter system designed to exclude bacteria and viruses. Animals were fed mouse chow and tap water ad libitum.

Isolation and culturing of human MSCs
UCs were collected aseptically from full-term cesarean-section patients with informed consent. The UCs were transferred after collection, and the process was initiated within 24 h of delivery. The UC surface was rinsed with phosphate-buffered saline (Gibco–BRL) containing antibiotics and antifungal reagents (Antibiotic–Antimycotic, 100 ; Gibco–BRL). In the explant method, the minced fragments were aligned and attached at regular intervals in 10-cm culture dishes. After the fragments were semi-dried and firmly attached to the bottom, culture medium was gently poured into the dishes. The cells were then washed with Alpha Minimum Essential Medium (Gibco) supplemented with 10% fetal bovine serum and seeded in 10-cm tissue culture dishes with culture medium as described above. The culture medium was refreshed once a week for 3-4 wk until fibroblast-like adherent cells reached 80%-90% confluence. The first-harvested master cells were defined as passage 0[19]. BM-MSCs (passage 2–3) were purchased from Catholic MASTER Cells (Seoul, South Korea) and maintained in Dulbecco’s modified Eagle’s medium (Gibco) supplemented with 20% fetal bovine serum and 1% penicillin/streptomycin solution (Gibco).

Characterization of MSCs
Fluorescence-activated cell sorting flow cytometry analysis was performed using CD29 (TS2/16; eBioscience, San Diego, CA, United States), CD44 (IM7; eBioscience), CD105 (SN6; eBioscience), CD90 (5E10, eBioscience), CD73 (AD2, eBioscience), CD45 (2D1; eBioscience), CD31 (WM-59; eBioscience), CD34 (4H11; eBioscience), HLA-ABC (W6/32; eBioscience), HLA-DR (L243; eBioscience), C-C chemokine receptor type 1 (CCR1; 5F10B29; BioLegend, San Diego, CA, United States), CCR2 (K036C2; BioLegend), CCR7 (3D12; eBioscience), C-X-C chemokine receptor type 4 (CXCR4; 12G5; eBioscience) and CXCR5 (MU5UBEE; eBioscience) antibodies to confirm that the MSC phenotype was maintained after expansion in the culture. The samples were incubated with antibodies against each surface marker for 30 min, and this treatment was followed by fluorescence-activated cell sorting. Flow cytometry analysis was performed on a LSRFortessa (BD Pharmingen, San Diego, CA, United States).

Differentiation assay
One function of MSCs is to differentiate into osteoblasts, chondrocytes or adipocytes[20]. For adipogenic differentiation assays, MSCs were seeded into 24-well plates at a density of 1 × 104 per well and induced to differentiate into adipocytes using the Human MSC Functional Identification Kit (R and D Systems, Minneapolis, MN, United States) following the manufacturer’s protocol. The medium was changed three times a week for 14-21 d. Adipocytes were detected using goat anti-mouse FABP4 polyclonal antibody.
For osteogenic and chondrogenic differentiation assays, MSCs were seeded into 12-well plates at the manufacturer-recommended density and induced to differentiate into osteoblasts or chondrocytes using StemPro Chondrogenesis/Osteogenesis Differentiation Kits (Gibco, United States) following the manufacturer’s protocols. The medium was changed three times a week for 21 d. Osteoblasts and chondrocytes were stained using Alizarin Red S and Alcian Blue, respectively.

Real-time reverse-transcription polymerase chain reaction
[bookmark: OLE_LINK10][bookmark: OLE_LINK11][bookmark: OLE_LINK12][bookmark: OLE_LINK13]Total RNA was extracted using TRIzol LS reagent (Invitrogen). Isolated total RNA (2 µg) was reverse transcribed into complementary DNA at 50 °C for 2 min, followed by 60 °C for 30 min. Quantitative polymerase chain reaction was performed using the FastStart DNA Master SYBR Green I kit and a LightCycler 480 Detection system (Bio-Rad, CA, United States), as specified by the manufacturer. The crossing point was defined as the maximum of the second derivative from the fluorescence curve. Negative controls were included and contained all elements of the reaction mixture, except for template DNA. For quantification, we report relative mRNA expression levels of specific genes obtained using the 2-ΔCt method. For normalization, GAPDH, a housekeeping gene, was used. The following gene-specific primers were used: Klf4 (forward: 5'-CGAACCCACACAGGTGAGAA-3'; reverse: 5'-GAGCGGGCGAATTTCCAT-3'), OCT4 (forward: 5'-GGAGGAAGCTGACAACAATGAAA-3'; reverse: 5'-GGCCTGCACGAGGGTTT-3'), Nanog (forward: 5'-ACAACTGGCCGAAGAATAGCA-3'; reverse: 5'-GGTTCCCAGTCGGGTTCAC-3'), and GAPDH (forward: 5'-TGCCAAATATGATGACATCA-3'; reverse: 5'-GGAGTGGGTGTCGCTGTTG-3').

Luminex multiplex cytokine assay
Different cytokines (IDO, IL-6) in human cell culture supernatants were assessed with a Luminex MAGPIX instrument (Luminex, Austin, TX, United States) using the ProcartaPlex Human 4-plex immunoassay kit (Affymetrix, Santa Clara, CA, United States) according to the manufacturer’s instructions as described below. Briefly, samples were mixed with antibody-linked polystyrene beads in 96-well filter-bottom plates and incubated at room temperature for 2 h on an orbital shaker at 500-600 rpm. The plate was inserted into a magnetic plate washer and washed twice, then incubated with biotinylated detection antibody for 30 min at room temperature. Samples were washed twice as above and resuspended in streptavidin-PE. Two additional washes were performed as before with 30 min incubation at room temperature. After wash step, Reading Buffer was added to the sample. Each sample was measured in duplicate. Plates were read using a MAGPIX instrument with xPONENT 4.2 software (Luminex). Cytokine concentrations were calculated using ProcartaPlex Analyst 1.0 software (Affymetrix).

Western blot analysis
MSCs protein extractions were prepared from 1 × 105 cells by homogenization in lysis buffer with a protease/phosphatase inhibitor cocktail (Cell Signaling, Danvers, MA, United States) and centrifuged for 15 min at 14000 rpm. The protein concentration in the supernatant was measured following the Bradford method (Bio-Rad). Protein samples were separated using sodium dodecyl sulfate gel electrophoresis and transferred onto a nitrocellulose membrane (Amersham Pharmacia Biotech, Buckinghamshire, United Kingdom). Membranes were stained with primary antibodies specific to IDO, COX2, β-actin (Cell Signaling) or iNOS (R and D Systems). Then, horseradish peroxidase-conjugated secondary antibodies were added. Membranes were washed with Tris-buffered saline and Tween 20 solution, and the hybridized protein bands were detected using an enhanced chemiluminescence detection kit and Hyperfilm enhanced chemiluminescence reagents (Amersham Pharmacia Biotech).

Induction and treatment of xenogenic GVHD
Human peripheral blood was obtained from healthy volunteers with their consent, and peripheral blood mononuclear cells (PBMCs) were isolated with Ficoll-Hypaque (GE Healthcare +UK Ltd., United Kingdom) density centrifugation and washed in phosphate-buffered saline. Cells were resuspended in phosphate-buffered saline and injected through the tail vein into irradiated mice. The mice received a single dose of 200 cGy gamma irradiation from a linear accelerator before injection of human PBMCs on the same day. These animals were divided into three groups (n = 12 mice/group): GVHD, UC-MSC and BM-MSC. All animals were randomly allocated and coded. All animals were monitored for clinical symptoms of GVHD (weight loss, hunched posture, fur loss, reduced mobility, skin integrity) and mean serial weight measurements. The mice that showed severe inflammation in unintended body parts causing blindness and bowel obstruction, 20% weight loss compared to mice of same age, anorexia, quadriplegia and gait impairment were administered euthanasia by CO2 exposure.

In vitro growth assay
MSCs at each passage were seeded at a density of 1 × 105 in 100 mm culture dishes. Culture dishes were incubated in 37 °C with 5% CO2 until reaching 90% confluence and then counted.

In vitro proliferation assay
[bookmark: OLE_LINK14][bookmark: OLE_LINK15]Human PBMCs (1 × 105/well) from healthy adult donors were plated in 96-well flat-bottomed plates (200 μL/well). Cells were then stimulated with 5 μg/mL phytohemagglutinin (Sigma-Aldrich) and/or MSCs (5 × 103, 1 × 104, 5 × 104, 1 × 105) for 72 h, followed by the incorporation of 1 μCi/mL [3H]-thymidine (GE Healthcare, Piscataway, NJ, United States) for the last 18 h of the indicated culture period. Radioactivity was measured using a Micro Beta instrument (Pharmacia Biotech, Piscataway, NJ, United States).
[bookmark: OLE_LINK1]In other experiments, neutralizing antibodies for human IL-10 or transforming growth factor-β mAb (10 μg/mL; R and D Systems) and chemical antagonists for COX2 (indomethacin, 20 μM; Sigma-Aldrich), iNOS [N-nitro-L-arginine methyl ester (L-NAME), 1 mM; Sigma-Aldrich], heme oxygenase 1 inducer (hemin, 50 ng/mL; Sigma-Aldrich), selective A2B adenosine receptor (alloxazine, 10 μM; Sigma-Aldrich), and CD73 (α,β-methylene ADP [APCP], 100 µM; Sigma-Aldrich) were added into the coculture. All experiments were performed in quadruple and were repeated at least twice.

Flow cytometry analysis
PBMCs were immunostained using various combinations of the following fluorescence-conjugated antibodies: CD4 (RPA-T4; BioLegend), CD25 (BC96; eBioscience), Foxp3 (PCH101; eBioscience), IL-17 (eBio64DEC17; eBioscience) and IFN-γ (4S.B3; eBioscience). The cells were also intracellularly stained with the following antibodies: IL-17, IFN- γ and Foxp3. Before intracellular staining, cells were stimulated in culture medium containing 25 ng/mL phorbol myristate acetate (Sigma-Aldrich), 250 ng/mL ionomycin (Sigma-Aldrich) and 1 μL/mL GolgiSTOP (BD Pharmingen) in an incubator with 5% CO2 at 37 °C for 4 h. Intracellular staining was conducted using an intracellular staining kit (eBioscience) according to the manufacturer’s protocol. Flow cytometric analysis was performed on a LSRFortessa (BD Pharmingen).

Statistical analysis
Statistical significance was determined using Student’s two-tailed t-test. In all analyses, P values less than 0.05 were considered to indicate statistical significance.

Ethics
All procedures involving animals were performed in accordance with the Laboratory Animals Welfare Act, the Guide for the Care and Use of Laboratory Animals and the Guidelines and Policies for Rodent Experimentation provided by the Institutional Animal Care and Use Committee of the School of Medicine of the Catholic University of Korea (Seoul, South Korea). The protocols used in this study were approved by the institutional review board of The Catholic University of Korea (CUMC-2018-0270-01).

RESULTS
Characteristics of MSCs
We analyzed the expression of surface proteins for immunophenotypic characterization of culture-expanded UC-MSCs and BM-MSCs. All culture-expanded MSCs showed similar spindle-shaped morphologies (data not shown) and were uniformly positive for CD29, CD44, CD105, CD73, CD90 and HLA-ABC but negative for CD45, CD31, CD34 and HLA-DR (Figure 1A).
We used flow cytometry to examine the cell surface expression of chemokine receptors. Neither UC-MSCs nor BM-MSCs expressed CCR2. Both MSC types expressed CCR1, CCR7, CXCR4 and CXCR5 (Figure 1B).
For adipogenic induction, BM-MSCs formed lipid vacuoles after 7 d and UC-MSCs after 14 d. After they changed morphology, adipocytes were detected by goat anti-mouse FABP4 polyclonal antibody under a fluorescence microscope. For osteogenic induction, both MSCs lost their spindle shape and became irregularly shaped. After 21 d, differentiated osteocytes were stained using Alizarin Red S. Chondrocytes were induced in the micromass cultures with chondrocyte differentiation medium for 21 d. Chondrogenic-induced cells were stained with Alcian Blue. These data showed that both UC-MSCs and BM-MSCs have the potential to differentiate into adipocytes, osteocytes and chondrocytes (Figure 1C). Previous reports have suggested that donor age affects the proliferation rate of bone marrow-derived MSCs; as donors get older, the proliferation rate tends to decline[21]. We found that this trend also occurred with UC-MSCs (data not shown).
To compare the growth rates of each passage in UC-MSCs and BM-MSCs, we seeded 1 × 105 cells in 100-mm culture dishes and cultured until reaching 90% confluence. We compared the number of cells detached from the dish. The growth rate increased with passage number; however, UC-MSC growth increased more rapidly than that of BM-MSC (Figure 1D).
We then compared the expression levels of pluripotency transcription factors by quantitative real-time polymerase chain reaction. The expression levels of Klf4 and OCT4 were similar. The expression levels of Nanog in UC-MSCs and BM-MSCs were not statistically different (Figure 1E).

Immunomodulatory effects of MSCs with IFN-γ stimulation
The immunosuppressive effects of MSCs are enhanced when stimulated by pro-inflammatory cytokine IFN-γ[5]. Therefore, we created inflammatory conditions using different concentrations of IFN-γ and examined the expression levels of soluble factors representing the immunosuppressive capacity of MSCs. Stimulated MSCs were detached and lysed to analyze IDO by western blot. The IDO levels of both UC-MSCs and BM-MSCs increased in a dose-dependent manner with IFN-γ. However, BM-MSCs expressed more IDO than UC-MSCs (Figure 2A). We collected cultured medium to assess the IDO concentrations. The concentration of IFN-γ was positively correlated with IDO levels produced by both UC-MSCs and BM-MSCs; however, IDO in BM-MSC culture supernatant was significantly higher than that of UC-MSCs (Figure 2B).
Next, UC-MSCs and BM-MSCs were assessed for their expression of inflammatory mediators. When stimulated with IFN-γ, COX2 in UC-MSCs decreased in a dose-dependent manner, although BM-MSCs did not express COX2 with or without IFN-γ (Figure 2C). Also, IFN-γ stimulation did not affect expression of iNOS in both UC-MSCs and BM-MSCs (Figure 2C). According to recent studies, prostaglandin E2 (PGE2) is considered a major immunomodulatory factor of MSCs[22]. Therefore, we measured the concentrations of PGE2 and IL-6, which is increased by PGE2 in cultured medium[23]. PGE2 was notably secreted in UC-MSCs (Figure 2D). Interestingly, IL-6 levels were significantly high in UC-MSCs, and IFN-γ stimulation did not affect IL-6 levels (Figure 2E).
PD-L1 is known to maintain cancer cells as an immunosuppressive factor, which is necessary for cancer to evade the immune system[24]. In contrast, PD-L1 may act as an immunomodulatory factor for MSCs, which are expected to suppress the immune system. PD-L1 is also needed for cell-to-cell contact between MSCs and T cells. We analyzed the expression of PD-L1 and PD-L2 in UC-MSCs and BM-MSCs with or without IFN-γ stimulation. Overall, UC-MSCs expressed higher levels of PD-L1 (Figure 2F) and PD-L2 (Figure 2G). We also found that PD-L2 expression increased upon IFN-γ treatment in UC-MSCs but was consistent in BM-MSCs (Figure 2G).

Immunomodulatory effects of MSCs with combinations of diverse cytokines
To enhance their immunomodulatory capacity, we stimulated MSCs with multiple combinations of IFN-γ, TNF-α and IL-1β. We found that UC-MSCs and BM-MSCs responded differently to the combinations. Western blot revealed that combinations of IFN-γ, TNF-α and IL-1β elevated the expression level of both IDOs. IFN-γ treatment alone did not increase IDO and COX2, but stimulation with TNF-α and IL-1β did (Figure 3A). Conversely, the protein levels in UC-MSCs were not significantly affected by stimulation (Figure 3A). Next, we analyzed PGE2 and IL-6 in cultured medium with combination stimulations. Interestingly, BM-MSCs, which did not secrete detectable amounts of PGE2 with IFN-γ, secreted high levels of PGE2 and IL-6 with combinations of IFN-γ and TNF-α. Moreover, combinations of cytokines enhanced the secreted levels of PGE2 and IL-6 (Figure 3B and 3C).

T cell inhibition
To test the immunosuppressive effects of the MSCs in vitro, we cultured phytohemagglutinin stimulated-human PBMCs in the presence of either UC-MSCs or BM-MSCs. When activated T cells were cocultured with MSCs, there was a decrease in T cell proliferation. Also, the immunosuppressive effects of UC-MSCs increased as the MSC-to-T cell ratio increased (Figure 4A). In the case of BM-MSCs, the immunosuppressive effects also tended to increase as MSC-to-T cell ratio increased; however, suppression effects of 20:1 and 10:1 were not significantly different (Figure 4A). Next, we inhibited various soluble factors with the respective inhibitors and assessed the effects on immunosuppressive activity. In both MSCs, the proliferation of T cells was recovered when cells were treated with indomethacin, which inhibits the COX2 pathway. This indicated that COX2 plays a critical role in the immunomodulation of MSCs. Another factor that restored T cell proliferation was anti-IL-10 (inhibitor of IL-10) in UC-MSCs and L-NAME (inhibitor of iNOS) in BM-MSCs. These findings suggested that UC-MSCs and BM-MSCs may regulate T cells through different pathways (Figure 4B).
Because IL-10 and PGE2 play important roles in the immunomodulatory effects of MSCs, we evaluated the effects of inhibiting PGE2 and/or IL-10 on the immunomodulatory functions of MSCs. Because PGE2 is produced via the COX2 pathway, we inhibited COX2 or/and IL-10 with indomethacin and anti-IL-10, respectively. In GVHD, the balance between T cell subpopulations, especially T helper cell 17 (Th17), Th1 and regulatory T cell (Treg) populations, is very important. Therefore, we investigated how the inhibition of these two factors affected MSCs to modulate Th17, Th1 and Treg populations. First, we cocultured phytohemagglutinin-activated T cells with MSCs and treated them with indomethacin and/or anti-IL-10 to assess the effects on IFN-γ-producing CD4+ T cells. Next, we induced Th17 and cocultured them with MSCs in the presence of each inhibitor to identify changes in Th17 and Treg populations. In UC-MSCs, COX2 suppression increased the population of IFN-γ-producing CD4+ T cells and decreased the population of Treg cells. COX2 inhibition did not affect the population of IL-17-producing CD4+ T cells. In BM-MSCs, COX2 suppression increased the population of IFN-γ-producing and IL-17-producing CD4+ T cells. However, Treg cells were not affected. Through IL-10 inhibition, we concluded that IL-10 was more critical for UC-MSCs than BM-MSCs to suppress Th1 cells (Figure 5A and 5B).

MSC therapy in a humanized GVHD mouse model
To assess the immunosuppressive activity of MSCs in vivo, we established a humanized GVHD mouse model in NOG mice that were exposed to a 200-cGy dose of radiation, and human PBMCs (2 × 107) were transferred intravenously to induce GVHD. At days 0, 7 and 14 after GVHD induction, mice were administered with UC-MSCs or BM-MSCs (1 × 105) for cell therapy. Mice were monitored at different time points after GVHD induction for survival, body weight and clinical GVHD scores. Figure 6 presents the combined results of two independent experiments under the same conditions. Most untreated GVHD-induced mice died between days 20 and 32. At 1 wk after the final death of untreated mice, survivors were treated with UC-MSCs (6/12) and BM-MSCs (8/12). MSC therapy significantly increased the survival rate (Figure 6A). Mice treated with MSCs also had less severe GVHD symptoms, such as declines in weight, activity, posture, fur texture and skin integrity (Figure 6B and 6C).

DISCUSSION
[bookmark: OLE_LINK25][bookmark: OLE_LINK26]The use of MSCs to treat various diseases has been gaining popularity due to their immunosuppression abilities. Studies have shown that MSCs play a critical role in injury healing[16,25], Crohn’s disease[26], systemic lupus erythematosus[27] and rheumatoid arthritis[28]. MSC therapy has been applied for many years to treat GVHD, which is a lethal disease occurring after allogeneic hematopoietic stem cell or organ transplantation. Several treatments, such as steroids with or without calcineurin inhibitors, are used to treat GVHD, but newer therapies are needed due to the poor prognosis of current methods. Since Le Blanc et al[11] first reported that adult BM-MSCs were effective in treating severe treatment-resistant grade IV acute GVHD, many clinical trials have confirmed the potential of MSC therapy for GVHD. Given these promising results, MSCs have been derived from various sources, such as adipose tissue, molar cells, amniotic fluid and umbilical cords. However, it remains unclear which source is best, or how MSCs of different sources regulate other cells[29]. Recently, UC-MSCs have gained attention for their ease of collection from a young source.
In this study, we compared UC-MSCs and BM-MSCs not only to find the difference in degree of immunoregulation but also to discover the difference in factors affecting immunoregulation. Specifically, we compared the phenotypic and functional features of human UC-MSCs and human BM-MSCs. Our findings demonstrated that UC-MSCs and BM-MSCs share similar phenotypic characteristics and immunomodulation capacities. Furthermore, we suggest that UC-MSCs and BM-MSCs may suppress activated immune systems via different pathways.
Early studies emphasized the critical roles of chemokines and their receptors in the migration of MSCs to sites of injury. For example, interactions between stromal cell-derived factor-1 and CXCR4 and between monocyte chemoattractant protein-1 and CCR2 regulate the migration of MSCs in vitro[30,31]. In this study, our data showed that UC-MSCs and BM-MSCs share similar immunophenotypic characteristics and chemokine receptors. In addition, they possess similar abilities to differentiate into adipocytes, osteocytes and chondrocytes. Moreover, the expression levels of pluripotency transcription factors such as Klf4, OCT4 and Nanog are similar between UC-MSCs and BM-MSCs. Our results provide evidence that UC-MSCs and BM-MSCs share similar phenotypic characteristics.
MSCs have enhanced immunosuppressive effects under acute inflammatory conditions, especially in the presence of the pro-inflammatory cytokine IFN-γ[5]. As expected, exposure to IFN-γ increased the expressions of IDO in both UC-MSCs and BM-MSCs. However, BM-MSCs produced more IDO than UC-MSCs with stimulation by IFN-γ.
Previous studies have claimed that combinations of cytokines upregulate IDO and COX2 levels in MSCs. For instance, upregulated IDO activity of TNF-α- and IFN-γ-activated MSCs differentiated monocytes into IL-10-secreting M2 immunosuppressive macrophages, which suppress T cell proliferation[32]. Another study observed that the induction of IDO in MSCs was regulated by IFN-β and IFN-γ[33]. Finally, IL-1β has also been shown to induce COX2[34]. In this study, we treated MSCs with diverse combinations of cytokines and assessed factors representing the immunosuppressive activity of MSCs. BM-MSCs expressed more upregulated IDO and COX2. However, UC-MSCs secreted high levels of IL-6 compared to BM-MSCs. UC-MSCs expressed low levels of IL-6 even without stimulation and high levels with cytokine stimulation. Paradoxically, while IL-6 is mostly known as a pro-inflammatory cytokine, it is also an anti-inflammatory cytokine in terms of maintaining the immunosuppressive capacity of MSCs[35]. When MSCs are differentiated, IL-6 is downregulated, which leads to loss of immune privilege in MSCs[36]. At the same time, IL-6 is claimed as a critical factor for maintaining the stemness of MSCs. Thus, the role of IL-6 in MSCs is to enhance MSC proliferation, protect MSCs from apoptosis and inhibit differentiation[37]. Based on our findings, we speculate that high levels of IL-6 in UC-MSCs are involved in suppressive effects.
Li et al[38] suggested that overexpression of IL-6 in tumor tissue enhanced PD-L1 expression, suggesting that the high levels of IL-6 in UC-MSCs might be related to the higher levels of PD-L1 and PD-L2 in UC-MSCs than BM-MSCs. In tumor tissue, PD-L1 acts as a ligand of PD-1 expressed in T cells, inhibiting anti-tumor effects[39]. Therefore, much like PD-L1 in tumor tissue suppresses T cells via PD-1, UC-MSCs may inhibit T cell proliferation through the PD-1/PD-L1 pathway.
Although the Th1-mediated response is considered a main contributor to the induction of GVHD, Th17 cells are also capable of developing lethal GVHD[40]. Also, it is well known that imbalances between Th17 and Treg cells affect the severity of GVHD[41]. In this study, we demonstrated that UC-MSCs and BM-MSCs effectively suppressed Th1 and Th17 cells and induced Treg cells.
In conclusion, we have demonstrated that UC-MSCs and BM-MSCs share similar phenotypic characteristics and immunomodulation abilities. Moreover, cytokine stimulation enhances the immunomodulation of both MSCs, although UC-MSCs and BM-MSCs exhibit different tendencies toward expression of IDO, COX2, PGE2, IL-6, PD-L1 and PD-L2. These findings suggested that UC-MSCs and BM-MSCs may induce immunosuppression via different pathways. High expression of IDO and COX2 in BM-MSCs suggests that these two factors are involved in T cell suppression. Meanwhile, high expression of IL-6, PD-L1 and PD-L2 in UC-MSCs suggests that UC-MSCs inhibited T cell proliferation through cell-to-cell contact via the PD-1/PD-L1 pathway. Finally, we demonstrated that treating a GVHD mouse model with MSCs improved the clinical score, survival and weight loss of irradiated mice. Interestingly, the mechanisms by which UC-MSCs and BM-MSCs alleviated GVHD seemed to differ, but their ability to attenuate GVHD in a mouse model was overall similar. Taken together, these findings underscore the need for future studies to identify the mechanisms of immunosuppression of different types of MSCs and further studies in mechanisms of MSCs may allow advanced MSC therapy in clinical use.

ARTICLE HIGHLIGHTS
Research background
Mesenchymal stem cells (MSCs) are a promising therapeutic approach to treat graft-versus-host disease (GVHD) because of their immunoregulatory properties. Until recently, human bone marrow-derived MSCs (BM-MSCs) were used widely as cell therapy sources. However, the needs for new source of MSCs are growing due to the invasive collection method and decrease in donors. Among many other adult and fetal tissues, human umbilical cord has emerged as a promising source of MSCs because of their ethical and noninvasive collection.

Research motivation
Although several studies have pointed out the potential of human umbilical cord-derived MSCs (UC-MSCs), the difference in immunomodulatory effects and mechanisms of BM-MSCs and UC-MSCs should be examined in greater detail.

Research objectives
In this study, we aim to investigate the difference in mechanisms of the immunosuppressive effects of UC-MSCs and BM-MSCs.

Research methods
Western blot, quantitative real-time polymerase chain reaction and luminex multiplex cytokine assay were employed to examine the expression of soluble factors after MSCs were primed with different combinations of interferon-gamma, tumor necrosis factor alpha and interleukin (IL)-1β, or interferon-gamma alone. Human peripheral blood mononuclear cells stimulated with phytohemagglutinin were cocultured with MSCs to examine the immunosuppressive effects of the MSCs in vitro. Several inhibitors of soluble factors were used to identify which soluble factors played critical roles in the immunomodulation of MSCs. Lastly, xenogeneic GVHD was induced in NOG mice (NOD/Shi-scid/IL-2Rγnull) and UC-MSCs or BM-MSCs were used as cell therapies.

Research results
BM-MSCs and UC-MSCs shared similar phenotypic characteristics and immunosuppressive effects. COX2 and IL-10 were key factors in the immunomodulatory mechanisms of both MSCs. However, upon in vitro cytokine stimulation, BM-MSCs expressed more indolamine 2,3-dioxygenase, and UC-MSCs expressed more prostaglandin E2, IL-6, PD-L1 and PD-L2. UC-MSCs and BM-MSCs established different T cell subpopulations when cultured with stimulated T cells. UC-MSCs inhibited more T helper 17 cells and induced more regulatory T cells than BM-MSCs. In a humanized GVHD mouse model, UC-MSCs and BM-MSCs showed comparable effects in attenuating GVHD.

Research conclusions
Our data provides a deeper understanding in similarities and differences between UC-MSCs and BM-MSCs. This study demonstrated that UC-MSCs and BM-MSCs exhibited similar immunosuppression in different mechanisms. Also, this study introduced that UC-MSCs have the potential to substitute for BM-MSCs as cell therapy products.

Research perspectives
In summary, we have demonstrated that UC-MSCs and BM-MSCs exhibit different tendencies toward expression of proteins known to contribute to immunosuppression although they share similar phenotypic characteristics and immunomodulation abilities. Our data also suggest that UC-MSCs and BM-MSCs induced immunosuppression through different pathways underscoring the need for future studies to identify detailed mechanisms of MSCs derived from different sources.
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Figure Legends
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Figure 1 Characterization of umbilical cord-derived mesenchymal stem cells and bone marrow-derived mesenchymal stem cells. A: Surface protein expression was analyzed using flow cytometry. Mesenchymal stem cells (MSCs) were assessed at the fourth passage; B: Chemokine receptor expression was analyzed at passages 3–7 by flow cytometry; C: Representative images of umbilical cord-derived MSCs and bone marrow-derived MSCs differentiation into adipocytes (bone marrow-derived MSCs: day 7; umbilical cord-derived MSCs: day 21), chondrocytes (day 21) and osteocytes (day 14). Scale bars: 200 μm. Adipocytes were detected by goat anti-mouse FABP4 polyclonal antibody under a fluorescence microscope. Osteoblasts and chondrocytes were stained with Alizarin Red S and Alcian Blue, respectively and observed under a light microscope; D: Growth rate of MSCs at different passages; and E: Pluripotency transcription factor expression levels of cultured MSCs measured by quantitative real-time polymerase chain reaction (target, GAPDH), D and E: Bone marrow-derived MSCs. Statistical analysis was performed by Student’s t-tests, aP < 0.05 vs indicated group. iso: Isotype; Klf4: Kruppel‐like factor 4; Nanog: Nanog homeobox; NS: No significance; OCT4: Octamer-binding transcription factor 4; UC-MSC: Umbilical cord-derived mesenchymal stem cells; BM-MSCs: Bone marrow-derived mesenchymal stem cells.
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[bookmark: _Hlk43474999]Figure 2 Immunomodulatory effects of interferon-gamma-stimulated mesenchymal stem cells. Umbilical cord-derived mesenchymal stem cells and bone marrow-derived mesenchymal stem cells were stimulated with 0, 1, 5 or 10 ng/mL of interferon-gamma in culture for 72 h. A and C: Expression of indoleamine 2,3-dioxygenase (A) and cyclooxygenase-2 (C) of interferon-gamma-stimulated mesenchymal stem cells measured by western blotting; B, D and E: Expression of indoleamine 2,3-dioxygenase (B), prostaglandin E2 (D), and interleukin-6 (E) in cultured medium measured by ELISA; F and G: Expression of PD-L1 (F) and PD-L2 (G) after interferon-gamma stimulation analyzed by flow cytometry. Statistical analysis was performed by Student’s t-tests, aP < 0.05; bP < 0.01; cP < 0.0001 vs indicated group. B, D and E: aP < 0.05; bP < 0.01; cP < 0.0001 vs first bar of each group (F and G). BM-MSC: Bone marrow-derived mesenchymal stem cells; IDO: Indoleamine 2,3-dioxygenase; IFN-γ: Interferon-gamma; IL-6: Interleukin 6; iNOS: Inducible nitric oxide synthase; MFI: Mean fluorescence intensity; ND: Not detected; PGE2: Prostaglandin E2; UC-MSC: Umbilical cord-derived mesenchymal stem cells.

[bookmark: _Hlk43475062][image: ]Figure 3 Immunomodulatory effects of mesenchymal stem cells treated with combinations of cytokines. Umbilical cord-derived mesenchymal stem cells and bone marrow-derived mesenchymal stem cells were stimulated with different combinations of interferon-gamma (5 ng/mL), tumor necrosis factor alpha (5 ng/mL), and/or IL-1β (5 ng/mL) for 72 h. A: Expression levels of indoleamine 2,3-dioxygenase and cyclooxygenase-2 of cytokine-stimulated mesenchymal stem cells measured by western blotting; B and C: Expression levels of prostaglandin E2 (B) and interleukin-6 (C) in culture medium measured by ELISA. Statistical analysis was performed by Student’s t-tests, aP < 0.05; bP < 0.01; cP < 0.0001 vs first bar of each group. (B and C) BM-MSC: Bone marrow-derived mesenchymal stem cells; IDO: Indoleamine 2,3-dioxygenase; IFN-γ: Interferon-gamma; IL-1β: Interleukin 1 beta; IL-6: Interleukin 6; ND: Not detected; PGE2: Prostaglandin E2; TNF-α: Tumor necrosis factor alpha; UC-MSC: Umbilical cord-derived mesenchymal stem cells.
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Figure 4 T cell inhibition by mesenchymal stem cells. T cell proliferation was inhibited by either umbilical cord-derived mesenchymal stem cells (MSCs) or bone marrow-derived MSCs in coculture. A: Human peripheral blood mononuclear cells (1 × 105/well) from heathy adult donors were stimulated with phytohemagglutinin (5 μg/mL) with or without MSCs (5 × 103, 1 × 104, 5 × 104, 1 × 105) for 72 h. In the final 18 h, 3H-thymidine was added to the cultures, aP < 0.05; bP < 0.01; cP <0.0001 vs control of each group, eP < 0.01; fP < 0.0001 vs control; and B: Human peripheral blood mononuclear cells were treated with L-NAME (iNOS inhibitor), indomethacin (cyclooxygenase-2 inhibitor), anti-IL-10, anti-transforming growth factor-β, hemin (heme oxygenase inducer), alloxazine (selective A2B adenosine receptor antagonist), or adenosine 5'-(α,β-methylene)diphosphate (CD73 inhibitor) with or without MSCs for 72 h. In the final 18 h, 3H-thymidine was added to the cultures. Statistical analysis was performed by Student’s t-tests aP < 0.05; bP < 0.01; cP < 0.0001 vs control. Anti-IL-10: Anti-interleukin 10 antibody; Anti-TGF-β: Anti-transforming growth factor β antibody; APCP: Adenosine 5'-(α,β-methylene)diphosphate; BM-MSC: Bone marrow-derived mesenchymal stem cells; cpm: Count per minute; L-NAME: N-nitro-L-arginine methyl ester; UC-MSC: Umbilical cord-derived mesenchymal stem cells.


[image: ]Figure 5 Roles of prostaglandin E2 and interleukin-10 in the immunomodulatory functions of mesenchymal stem cells. A: Human peripheral blood mononuclear cells were stimulated with phytohemagglutinin (10 μg/mL) and cocultured with mesenchymal stem cells treated with indomethacin (20 μM) and/or anti- interleukin (IL)-10 (5 μg/mL). Then, interferon-gamma-producing CD4+ T cells were analyzed by flow cytometry, aP < 0.05; bP < 0.01 vs first bar; B: Human peripheral blood mononuclear cells were treated with anti-interferon-gamma (10 μg/mL), anti-IL-4 (10 μg/mL), IL-6 (10 ng/mL), IL-23 (5 ng/mL), IL-1β (10 ng/mL), tumor necrosis factor alpha-α (5 ng/mL) and transforming growth factor-β (2 ng/mL) to induce T helper 17 cells. Induced T helper 17 cells were cocultured with mesenchymal stem cells treated with indomethacin (20 μM) and/or anti-IL-10 (5 μg/mL). Populations of CD4+Foxp3+ T cells and CD4+IL-17+ T cells were analyzed by flow cytometry. Statistical analysis was performed by Student’s t-tests, aP < 0.05; bP < 0.01; cP < 0.0001 vs indicated group, dP < 0.05; fP < 0.0001 vs phytohemagglutinin control. Anti-IL-10: Anti-interleukin 10 antibody; BM-MSC: Bone marrow-derived mesenchymal stem cells; IFN-γ: Interferon-gamma; IL-17: Interleukin 17; MSC: Mesenchymal stem cells; PHA: Phytohemagglutinin; Th17: T helper 17; UC-MSC: Umbilical cord-derived mesenchymal stem cells.
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Figure 6 Inhibitory effects of mesenchymal stem cells therapy on graft-versus-host disease severity. A-C: NOG mice were administered 200 cGy of total body irradiation before transplantation of human peripheral blood mononuclear cells (2 × 107). At days 0, 7 and 14 after transplantation, mice were administered with umbilical cord-derived mesenchymal stem cells or bone marrow-derived mesenchymal stem cells (1 × 105). All NOG mice were monitored for survival (A), clinical signs of graft-versus-host disease (B) and weight (C). BM-MSC: Bone marrow-derived mesenchymal stem cells; GVHD: Graft-versus-host disease; UC-MSC: Umbilical cord-derived mesenchymal stem cells.
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