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Mesenchymal stromal cells (MSCs) are known to have immunosuppressive ability and have been used in clinical treatment of acute graft-versus-host disease, one of severe complications of the hematopoietic stem cell transplantation. However, MSCs are activated to suppress the immune system only after encountering an inflammatory stimulation. Thus, it will be ideal if MSCs are primed to be activated and ready to suppress the immune reaction before being administered. Triptolide (TPL) is a diterpene triepoxide purified from a Chinese herb-Tripterygium wilfordii Hook.f. It has been shown to possess anti-inflammatory and immunosuppressive properties in vitro. In this study, we aimed to use TPL to prime umbilical cord-derived MSCs (TPL-primed UC-MSCs) to enter a stronger immunosuppressive status. UC-MSCs were primed with TPL, which was washed out thoroughly, and the TPL-primed UC-MSCs were resuspended in fresh medium. Although TPL inhibited the proliferation of UC-MSCs, 0.01 μM TPL for 24 h was tolerable. The surface markers of TPL-primed UC-MSCs were identical to those of non-primed UC-MSCs. TPL-primed UC-MSCs exhibited stronger anti-proliferative effect for activated CD4+ and CD8+ T cells in the allogeneic mixed lymphocyte reaction assay than the non-primed UC-MSCs. TPL-primed UC-MSCs promoted the expression of IDO-1 in the presence of IFN-γ, but TPL alone was not sufficient. Furthermore, TPL-primed UC-MSCs showed increased expression of PD-L1. Conclusively, upregulation of IDO-1 in the presence of IFN-γ and induction of PD-L1 enhances the immunosuppressive potency of TPL-primed UC-MSCs on the proliferation of activated T cells. Thus, TPL- primed MSCs may provide a novel immunosuppressive cell therapy.
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Impact Statement (85 words)

The study focuses on the immunosuppressive properties of the mesenchymal stromal cells (MSCs) which has already found application in clinical settings for the treatment of acute graft-versus-host disease (GVHD), a severe complication of the hematopoietic stem cell transplantation (HSCT). The disadvantage though, is that MSCs get activated only after encountering an inflammatory stimulation. The authors provide evidence that pre-treatment of UC-MSCs with TPL, the active component of a Chinese herb, primes MSCs to be activated and ready to suppress the immune reaction before being administered.



Introduction

Mesenchymal stromal cells (MSCs) are known to have immunosuppressive abilities and have been used clinically to treat the acute graft-versus-host disease (GVHD), which accounts as one of the most severe complications after hematopoietic stem cell transplantation (HSCT) (1). However, MSCs are activated to suppress the immune system only upon their stimulation by inflammatory cytokines, while the clinical results of MSC-based therapies for acute GVHD are diverse (2, 3). Those MSCs are not active forms and expected to be active after the administration.

We previously reported that UC-MSCs secreted indoleamine 2,3-dioxygenase-1 (IDO-1), a key soluble factor to inhibit the activated T-cell proliferation, only upon the IFN-γ stimulation or allogenic mixed lymphocyte reaction (MLR), while no IDO-1 expressed without inflammations (4). Several trials have been reported to prime MSCs. Kim et al. reported that IFN-γ primed MSCs significantly reduced the symptoms of GVHD in NOD-SCID mice and prolonged survival rate compared to those with naïve MSCs (5). Wobma et al. also demonstrated that IFN-γ induced IDO-1, programmed cell death-ligand 1 (PD-L1), and human leukocyte antigen G (HLA-G) in MSCs, and it associated with stronger immunosuppression on the activated CD4- and CD8-positive T cells in MLR (6). Combining the hypoxia with IFN-γ priming showed additive effect of IFN-γ alone on T-cell proliferations in MLR, although gene expression of IDO-1 and PD-L1 was slightly suppressed by hypoxia.

Cassano et al. reported that MSC exposure to LPS or TLR3 stimulation resulted in more suppressive effects on activated T-cell proliferation (7). Transforming growth factor beta (TGF-β) is constitutively expressed in MSCs, when the lymphocytes are co-cultured with MSCs (8), whereas IFN-γ induces MSCs to have more immunosuppression, possibly by upregulating TGF-β in addition to IDO-1 (4). Superoxide dismutase (SOD) is also secreted by MSCs (9). Elderly MSCs exhibited the downregulation of SOD1 and SOD3, resulting in the elevation of reactive oxygen species (ROS) (10). Jeong et al. reported that ethanol extracts of U. pinnatifida primed BM-MSCs against oxidative injury and upregulated the expression of SOD1 and SOD2. It proved that MSCs expressed factors that could be primed by other irritants (11).

MSCs could, directly and indirectly, change the production of pro-inflammatory cytokines. TNF-α is one of these important cytokines. Beldi et al. reported that TNF/TNFR signaling pathway plays a dual role: interaction between TNF-α and TNF receptor 1 (TNFR1) induces inflammation resulting in cell death, and its interaction with the TNF receptor 2 (TNFR2) induces an anti-inflammatory effect (12). In addition, the TNFR2 axis is an important factor of MSC immunological and regenerative functions. Blocking TNFR2 signaling resulted in diminished expression of MSC surface characteristic markers, reduced MSC colony-forming units, and many other biological functions (13). However, these priming reagents themselves are immune activators. Thus, it will be ideal if MSCs are primed to be activated and ready to suppress the immune system reaction before their in vivo administrations by new reagents, not immune activator in itself.

Triptolide (TPL) is a diterpenoid triepoxide purified from the Chinese herb Tripterygium wilfordii Hook.f. (TWHF), and its chemical structure is C20H24O6 (14). The root of the TWHF plant, which is known in China as Lei-Gong-Teng, has been used in traditional Chinese medicine for more than 2000 years because of its medicinal properties (15). Its potential therapeutic value was recognized by western medicine only after investigators observed the effectiveness of TWHF in the treatment of leprosy and rheumatoid arthritis (16, 17). TWHF has been shown to possess potent anti-inflammatory and immunosuppressive properties in vitro (18). It is also effective in the treatment of a variety of autoimmune diseases and in prevention of allograft rejection and GVHD in both animals and humans (14) and has antitumor effects (19). Although the precise immunological mechanisms of TPL remain unknown. Liu et al. reported that TPL decreased the percentages of CD8+, CD4+/CD8+, Th1/Th2 on pristane treatment of peripheral blood of systemic lupus erythematosus (SLE) BALB/c-nude mice (20). Huang et al. reported that T-cell proliferation was reduced in TPL-treated nonobese diabetic (NOD) mice. TPL treatment increased the apoptosis of T cells in the spleen of recipients and prolongs the survival of islet grafts against autoimmune attack or allograft rejection (21). So, we anticipated that the combination of TPL and MSCs could enhance their immunosuppressive reaction. In previous reports, TPL sometimes revealed severe side effects including cardiac, hematopoietic, and renal dysfunctions in the clinical setting. Therefore, we aimed to use TPL as a priming reagent for UC-MSCs to enter a stronger immunosuppressive status. This study is the first to report on the immunosuppressive effects of TPL-primed UC-MSCs in vitro.



Materials and Methods


Isolation and Culture of UC-MSCs

This study was carried out in accordance with the Ethics Committee of the Institute of Medical Science, the University of Tokyo, and the NTT Medical Center Hospital and Yamaguchi Hospital, Japan with written informed consent from all subjects. UC-MSCs were provided by cord blood and umbilical cord bank, Research hospital, the Institute of Medical Science, The University of Tokyo (IMSUT CORD), Japan. UC-MSCs were isolated from three individual donors regardless of gender using previously reported methods (22, 23). Briefly, frozen-thawed UC tissues were minced into 2-mm fragments and underwent the improved explant culture procedure. The fragments were aligned at regular intervals in 10-cm culture dishes and covered with Cellamigo (Tsubakimoto Chin Co., Japan) defined as the improved explant method culture procedure as per a previously described method (24). Tissue fragments were cultured in culture medium consisting of α-minimal essential medium (αMEM; Wako Pure Chemical Industries, Ltd., Japan) supplemented with 10% fetal bovine serum (FBS: Cell Culture Bioscience, USA) and antibiotics-antimycotics (Antibiotic-Antimycotic, 100X; Life Technologies, USA) (complete medium) at 37°C with 5% CO2. Migrating cells from the UC tissue fragments were harvested using the TrypLE Select (Life Technologies) and were defined as passage 1 (P1) UC-MSCs. The P1 cells were once frozen in Stemcell Banker (Zenoaq, Japan). Frozen-thawed cells (2.5×105) suspended in culture medium were seeded in 10 cm culture dish and further expanded until 80–90% confluency and passaged every 5 days with every 2 days refreshing the medium. P4 cells were used for the following experiments. UC-MSCs were preserved in cryoprotectant, Cellbanker 1 plus (Zenoaq Resource CO., LTD., Japan), and thawed before use.



Cell Proliferation Assay

To determine the priming condition of TPL, we studied proliferation experiment of UC-MSCs in the presence of various dose of TPL. TPL was dissolved in dimethylsulfoxide (DMSO) at concentration of 1 mM and further diluted with αMEM. DMSO diluted with αMEM at the same concentration was added as control. Cell proliferation was assessed using the Cell Counting Kit-8 (CCK-8) (Dojin Molecular Technologies, Inc., Japan). In brief, cells were suspended in complete medium at a density of 5.0 × 104/ml and seeded (100 μl/well) in a 96-well plate. When cells attached to the bottom of the wells after 3 h, TPL was added at a final concentration of 0.01, 0.1, or 1 μM. Cells were cultured for 24, 48, 72, or 96 h, and the water-soluble tetrazolium salt (WST-8) reagent was added into each well followed by 2 h of incubation in CO2 incubator. The optical density of the cells was detected at a wavelength of 450 nm using a microplate reader.



TPL-Primed UC-MSCs

After determining condition of TPL priming on UC-MSCs, we primed UC-MSCs with TPL as follows. UC-MSCs were cultured for 24 h without TPL, followed by the priming with TPL (Chemscene, NJ) at 0.01 μM for 24 h. Then, the TPL-primed UC-MSCs were washed twice to wash out the TPL containing medium, and resuspended in fresh medium, cultured for 48 h followed by harvesting cells by Trypsin. The harvested cells were used for the following experiments.



Flow Cytometry Analysis of Surface Markers

Standard flow cytometry (FCM) was used to determine the typical cell surface markers of non-primed UC-MSCs and TPL-primed UC-MSCs. UC-MSCs at P3 were cultured at 0.01 μM of TPL for 24 h and washed and cultured as described above (=P4 UC-MSCs). The cells were stained with the following mouse monoclonal antibodies (mAbs): Phycoerythrin (PE)-conjugated anti-human CD73 (#550257, BD, CA, USA), CD11b (#561001, BD), CD19 (#561741, BD, CA, USA), and HLA-DR (#556644, BD); FITC-conjugated anti-human CD90 (#555595, BD), CD34 (#348053, BD), HLA-ABC [IM1838U, Beckman coulter (BC), CA, USA], and CD44 (#347943, BD); APC-conjugated anti-human CD105 (#562408, BD) and CD45 (#IM2475, BC). FITC (#A07795, BC)-, PE (#A07796, BC)-, and APC (#555751, BD)-IgG were used as isotypic controls. Cell suspensions were stained with the fluorochrome-conjugated antibodies at 4°C for 20 min and washed prior to analysis. Dead cells were identified by staining with 7-Amino-Actinomycin D (7AAD) at room temperature for 15 min. Stained cells were collected with a FACS Canto II (BD) and analyzed with FlowJo Software (Tomy Digital Biology, Co. Ltd., Japan).



MLR Assay

Cells of the leukemic plasmacytoid dendritic cell line, named PMDC05, which was established by Dr. Narita M and obtained by materials transfer agreement from School of Health Sciences, Faculty of Medicine, Niigata University, were used as the stimulator cells　 (25, 26). MLR assay was described previously (4). Briefly, frozen–thawed human cord blood derived mononuclear cells (CB-MNCs) were used as the responder cells, followed by staining with 5-(and -6)-Carboxyfluorescein diacetate succinimidyl ester (Vybrant CFDA SE Cell Tracer Kit; Invitrogen). On the day of MLR, frozen-thawed PMDC05 were adjusted to 2 × 105 cells/ml, suspended in RPMI 1640 medium supplemented with 10% FBS, irradiated at 50 Gy, not to be proliferated, and kept on ice for use. CFSE-labeled CB-MNC were adjusted to 2 × 106 cells/ml, irradiated PMDC05, and UC-MSCs, or TPL-primed UC-MSCs were mixed at a R:S:MSCs = 10:1:1 ratio in the presence of 1 ng/ml anti-human CD3 antibody. After 4 days of culture, the cells were harvested and stained with PE-Cy7-anti-CD4 (#557852, BD) or APC-anti-CD8 antibodies and 7AAD. The CFSE fluorescence intensities of responder T cells were measured separately for CD4+ and CD8+ responder cells. The responder cells were also treated with phytohemagglutinin-L (PHA-L; Sigma-Aldrich). In the CFSE histograms, when the cell divides, the fluorescence should be apportioned equally to the daughter cells to make sub-peaks, with roughly half the parental intensity. Parental intensity was the standard line, and the immunosuppressive effects of TPL-primed UC-MSCs and non-primed UC-MSCs were compared by the blockade of the daughter cells peaks. Gating strategies are shown in Supplementary Figure S1. Briefly, we gated lymphocyte population, 7AAD negative fraction (alive cells), and CD8-single positive and CD4-single positive fractions and analyzed CFSE intensities.



RNA Isolation and RT-PCR Analysis

We compared the induction of anti-inflammatory cytokines and molecules in TPL-primed UC-MSCs with that in the non-primed UC-MSCs in response to IFN-γ and/or TNF-α. Briefly, UC-MSCs were cultured for 24 h in the culture medium and exposed to TPL with the addition of 0.01 μM for the next 24 h. The medium was then replaced with fresh culture medium containing 10 ng/ml IFN-γ and/or 15 ng/ml TNF-α. After 48 h of culture, RT-PCR was used to evaluate indoleamine 2,3-dioxygenase-1 (IDO-1) (4), superoxide dismutase 1 (SOD1), superoxide dismutase 2 (SOD2), and Tgf-β gene expressions. Total RNA was extracted from non-primed UC-MSCs, TPL-primed UC-MSCs, IFN-γ induced UC-MSCs, and IFN-γ induced TPL-primed UC-MSCs using Nucleospin RNA (Invitrogen Corp, Carlsbad, CA, USA). RT-PCR was performed using PrimeScript™ RT reagent Kit (Takara, Shiga, Japan) according to manufacturer’s instructions. The IDO-1, TGF-β, SOD1, and the control gene glyceraldehyde-3-phosphate dehydrogenase (Gapdh) were amplified from the synthesized cDNAs by PCR with the primer pairs. The following human-specific primer sequences were used: IDO, forward 5’-GGGACACTTTGCTAAAGGCG-3’, reverse 5’-GTCTGATAGCTGGGGGTTGC-3’; SOD1, forward 5’ -CTCTC AGGAGACCATTGCATCA -3’, reverse 5’- CCTGTCTTTGTA CTTTCTTCATTTCCA -3’; SOD2, forward 5’- GCAAC TCCCCTTTGGGTTCT -3’, 5’-TATACAAGGTCCATT CCCCCG-3’; TGF-β, forward 5’- GCGGC AGCTGTACATTG ACT-3’, reverse 5’- CCACGTAGTACACGATGGG-3’; Gapdh, forward 5’-AGCCTCAAGATCATCAGCAATG-3’, reverse 5’-ATGGACTGTGGTCATGAGTCCTT-3’. The amplification conditions included a denaturation step at 95°C for 10 min, followed by 35 cycles of denaturation at 94°C for 30 s, primer annealing at 56°C for 30 s, and primer extension at 72°C for 1 min. The data were analyzed in the Thermo Scientific PikoReal Real Time PCR System (Thermo pikoreal 96).



West Blotting Analysis

We compared the induction of anti-inflammatory cytokines and molecules in TPL-primed UC-MSCs with that in the non-TPL-primed UC-MSCs in response to IFN-γ and/or TNF-α. UC-MSCs were cultured for 24 h in the culture medium and exposed to TPL with the addition of 0.01 μM for the next 24 h. The medium was then replaced with fresh culture medium containing 10 ng/ml IFN-γ and/or 15 ng/ml TNF-α. After 48 h of culture, the proteins were extracted according to the general procedure and the concentration was measured using BCA protein concentration assay kit (Beyotime biotechnology; China);. Protein samples (50 μg) were loaded on the 10% polyacrylamide gel. After electrophoresis, the proteins were transferred to PVDF membrane pretreated with formaldehyde (transfer condition was 4°C, 90 mA, 1.5 h). Skim milk powder (5%) was sealed for 1 h, and diluted primary antibody IDO was added (Invitrogen; USA), TGF-β (Abcam; USA), SOD1 (Abcam; USA), and SOD2 (Abcam; USA), incubated at room temperature for 2 h, and HRP-labeled secondary antibody against sheep and rabbits (Abcam; USA) and incubated at room temperature for 1 h. The signal was visualized using enhanced chemiluminescence reagent(Biosharp; USA) according to the manufacturer’s protocol. Densitometric analysis was performed using ImageJ software. The expression levels of protein in each sample were normalized to GAPDH (Abcam; USA).



ELISA Analysis

R, R+S, R+S+MSC, R+S+TPL-primed MSC were harvested on the 4th day of MLR. The supernatant of different group was extracted, and the ELISA kit (Beyotime; China) was used to detect the IL10 cytokines according to the manufacturer’s instructions. The reagents and the test samples were melted at room temperature. The different standards were diluted according to the manufacturer’s instructions, and a blank hole was set up. Standard wells, sample wells to be tested, add 40 μl of sample diluent and 10 μl of sample to be tested to the wells to be tested and mix well; seal the plate with tin foil and incubate at 37°C for 30 min; gently open the sealing membrane and wash the solution. Wash five times and blot the filter paper dry; except for blank wells, add 50 μl of enzyme-labeled reagent to each well; seal the plate with tin foil and incubate at 37°C for 30 min. Wash five times and blot the filter paper; follow the instructions of the kit. Add the color reagent and mix well, keep the color from light at 37°C for 10 min, and add 50 μl reaction stop solution to each well. Within 15 min, zero the blank holes and measure the absorbance (OD value) of each hole at the specified wavelength in sequence.



PD-L1, PD-L2 Expression Analysis

We evaluated the PD-L1 and PD-L2 expression in TPL-primed UC-MSCs and non-primed UC-MSCs in response to IFN-γ and/or TNF-α. Cells were cultured for 24 h in the culture medium, exposed to 0.01 μM of TPL for 24 h, and the medium was then replaced with fresh medium containing 10 ng/ml IFN-γ and/or 15 ng/ml TNF-α. After 48 h, UC-MSCs and IFN-γ induced UC-MSCs with or without TNF-α were stained with the following mouse monoclonal antibodies (mAbs): PE-conjugated anti-human PD-L1 (#557924, BD) and APC-conjugated anti-human PD-L2 (#APC-PD-L2, BD); PE- and APC-IgG (Beckman) were used as isotypic controls. Dead cells were identified by staining with 7-Amino-Actinomycin D (7AAD). The stained cells were collected with a FACS Canto II (BD) and analyzed with the FlowJo Software (Tomy Digital Biology, Co. Ltd., Japan).



Statistical Analysis

The Shapiro-Wilk test was used to test the normality of the data, and the data were analyzed using the one-way ANOVA followed by the Tukey’s multiple comparisons test for normally distributed data and the Dunn’s multiple comparisons test for not-normally distributed data. The GraphPad Prism 8 software was used for all statistical analyses. Data have been presented as mean ± SD, and p < 0.05 was considered statistically significant.




Results


Effect of TPL on UC-MSC Proliferation

To decide the appropriate dose and duration for TPL priming, UC-MSCs were treated with 0, 0.01, 0.1, and 1 μM of TPL and measured with the CCK-8 viability assay at 24, 48, 72, and 96 h after the TPL treatment (Figure 1). Cell proliferation was suppressed significantly by the addition of TPL at a concentration of 0.1 and 1 μM at 96 h. Only 0.01 μM of TPL-primed UC-MSCs showed relatively lower proliferation without significant differences up to 48 h of incubation. Therefore, we decided to perform all subsequent experiments with UC-MSCs primed with 0.01 μM TPL for 24 h (referred as TPL-primed UC-MSCs).




Figure 1 | Effect of TPL on the UC-MSC proliferation. CCK8 cell viability assay performed 24, 48, 72, and 96 h after treatment with 1, 0.1, and 0.01 μM TPL; non-primed UC-MSCs were used as the control group. Quantitative data have been presented as the mean value of three different samples ± SD with **p < 0.01, compared to the UC-MSC control group. MSC, UC-MSCs; TPL, Triptolide.





Expression of Surface Markers of TPL-Primed UC-MSCs

We compared the surface makers between non-primed UC-MSCs and TPL-primed UC-MSCs by flow cytometry. Similar to the UC-MSCs, TPL-primed UC-MSCs were positive (>95%) for CD105, CD73, CD44, CD90, and HLA-ABC, and negative (<5%) for CD45, CD34, CD11b, CD19, and HLA-DR (n = 3) (Figure 2A). No significant influences on the mean fluorescence intensity (MFI) of these surface molecules by TPL-priming were observed (Supplementary Table S1). We also investigated the HLA-ABC expression in TPL-primed UC-MSCs treated with IFN-γ. IFN-γ increased the fluorescent strength of HLA-ABC expression significantly in non-primed UC-MSCs and TPL-primed UC-MSCs, while TPL did not affect this expression (Figures 2B, C). These data were also supported by gene expression analysis by microarray (Supplementary Table S2).




Figure 2 | The surface markers of TPL-primed UC-MSCs. (A) TPL-primed UC-MSCs express the same surface markers as the UC-MSCs which are positive for CD90, CD73, CD105, CD44, and HLA-ABC, and negative for CD34, CD45, CD11b, and HLA-DR. Mean fluorescent intensity (MFI) of surface marker on MSCs and TPL-primed MSC is shown. There are no significant differences of MFI between TPL-primed UC-MSC (+) and non-primed UC-MSC (-). (B) Surface markers of HLA-ABC and HLA-DR in TPL-primed UC-MSCs and UC-MSCs with or without IFN-γ. (C) Quantitative analysis of mean fluorescent intensity HLA-ABC in TPL-primed UC-MSCs and UC-MSCs with or without IFN-γ. Quantitative data have been presented as the mean value of three different samples ± SD with *p < 0.05.





The Immunosuppressive Effect of TPL-Primed UC-MSCs

The immunosuppressive effect of TPL-primed UC-MSCs was compared with that of non-primed UC-MSCs using MLR assays in which PMDC05 and PHA-L were used as stimulators. TPL-primed UC-MSCs exerted significantly stronger anti-proliferative effect on activated CD4+ and CD8+ T cells than the UC-MSCs alone (n = 3, Figure 3A). The proliferations of activated CD4+ and CD8+ T cells stimulated by the allogeneic PMDC05 in the co-culture with non-primed UC-MSCs were suppressed to 14.49% ± 3.11% and 17.64% ± 7.69%, respectively, and in the R+S+TPL-primed MSCs were suppressed to 6.88% ± 3.01% and 7.26% ± 3.03%, respectively. The proliferations of activated CD4+ and CD8+ T cells stimulated by PHA-L in the co-culture with non-primed UC-MSCs were suppressed to 48.07% ± 9.88% and 61.52% ± 4.95%, respectively, and in R+S+TPL-primed MSCs were suppressed to 33.72% ± 4.27% and 34.86% ± 3.41%, respectively (n = 3, Figure 3B).




Figure 3 | The immunosuppression effect of TPL-primed UC-MSCs. (A) TPL-primed UC-MSCs show stronger anti-proliferative effect for activated CD4+ and CD8+ T cells in allogeneic MLR compared with the non-primed UC-MSCs. TPL-primed UC-MSCs exhibit stronger anti-proliferative effect for activated CD4+ and CD8+ T cells on PHA-L stimulated responder cells. (B) Comparison of the (%) inhibition of TPL-primed UC-MSCs and UC-MSCs in allogeneic MLR. There are significant differences of inhibitory effect by UC-MSC with or without TPL priming. Quantitative data have been presented as the mean value of three different samples ± SD with *p < 0.05, **p < 0.01.





Gene Expression in TPL-Primed UC-MSCs in the Presence of IFN-γ/TNF-α

Next, we evaluated the IDO-1, SOD1, SOD2, and TGF-β gene expressions in TPL-primed UC-MSCs with IFN-γ/TNF-α in comparison with that in the non-primed UC-MSCs (Figures 4A–D). We found that TPL-primed UC-MSCs promoted the expression of IDO-1 when stimulated by IFN-γ regardless of TNF-α, while TPL alone did not induce the IDO-1 expression. SOD1 was expressed constitutively in non-primed UC-MSCs, and TPL had a tendency to further induce its expression, but that was not statistically significant. SOD2 in non-primed UC-MSCs was induced in the presence of IFN-γ, and IFN-γ and TNF-α synergistically induced SOD2 significantly. Non-primed UC-MSCs expressed TGF-β constitutively, and its expression was further induced by TPL priming, whereas the addition of IFN-γ and/or TNF-α suppressed this induction.




Figure 4 | Gene expression of suppressive molecules in TPL-primed or non-primed UC-MSCs in the presence of IFN-γ and/or TNF-α. The expression levels of IDO-1, TGF-β, SOD1, and SOD2 (A-D) in TPL-primed UC-MSCs with IFN-γ/TNF-α were examined by RT-PCR. Quantitative data have been presented as the mean value of three different samples ± SD with *p < 0.05, **p < 0.01.





Protein Expression Levels in TPL-Primed UC-MSCs in the Presence of IFN-γ/TNF-α

We evaluated the protein expression levels of IDO-1, SOD1, SOD2, and TGF-β in TPL-primed UC-MSCs with IFN-γ/TNF-α in comparison with those in the non-primed UC-MSCs (Figures 5A, B). Significant values are shown in Supplementary Figure S2. TPL priming alone did not induce the IDO-1 at all, while IFN-γ is the strong inducer of IDO-1. We observed the tendency of IDO-1 protein expression induced by TPL priming in the presence of IFN-γ, although there were no significant differences. TGF-β in TPL-primed UC-MSCs expressed significantly more than that in non-primed UC-MSCs. On the other hand, IFN-γ suppressed the TGF-β protein, while TPL priming ameliorated the TGF-β in the presence of IFN-γ. CD4+FOXP3+ regulatory T (Treg) cells were induced in the peripheral blood MNCs (PBMCs), when PBMCs were co-cultured with UC-MSCs for 10 days in RPMI medium supplemented with 10% FBS (Supplementary Figures S3A, B). SOD1 was also expressed constitutively in non-primed UC-MSCs, and TPL priming induced more expression of SOD1, significantly. But IFN-γ and TNF-α did not induce SOD1, instead diminished the expression. On the other hand, SOD2 levels were low in UC-MSCs and TPL-primed MSCs. SOD2 was induced significantly by IFN-γ, but no additional effect of SOD2 induction by TPL priming. These protein expression data showed the same tendency corresponding to the results of gene expressions in Figure 4.




Figure 5 | Protein expression in TPL-primed or non-primed UC-MSCs in the presence of IFN-γ and/or TNF-α. (A) The protein expression of IDO-1, TGF-β, SOD1, and SOD2 in TPL-primed UC-MSCs and non-primed UC-MSCs in response to IFN-γ and TNF-α by western blotting. The representative data of three independent experiments are shown. (B) Quantitative data corresponding to GAPDH expression are presented as the mean value of three different samples ± SD with the P value tables (Supplementary Figure S2).





IL10 Expression in TPL-Primed UC-MSCs

We checked IL-10 in the MLR experiment by ELISA method. It was observed that as compared with the R+S+MSC group, TPL acted in conjunction with the R+S+MSC group to significantly upregulate IL10 levels (Supplementary Figure S4).



PD-L1, PD-L2 Expression in TPL-Primed UC-MSCs in the Presence of IFN-γ/TNF-α

Finally, we investigated the protein expression of PD-L1 and PD-L2 in TPL-primed UC-MSCs compared to that in non-primed UC-MSCs in response to IFN-γ and TNF-α by flow cytometry. PD-L1 and PD-L2 were induced by both IFN-γ and TNF-α. Interestingly, we found that TPL alone could also enhance significantly the expression of PD-L1 and PD-L2, similar to IFN-γ and TNF-α (Figures 6A, B).




Figure 6 | PD-L1 and PD-L2 expression in TPL-primed or non-primed UC-MSCs in the presence of IFN-γ and/or TNF-α. PD-L1 and PD-L2 expression in TPL-primed UC-MSCs and non-primed UC-MSCs in response to IFN-γ and TNF-α. (A) FACS analysis of PD-L1 and PD-L2 expression. The representative data of three independent experiments are shown. (B) Quantitative analysis. Quantitative data have been presented as the mean value of three different samples ± SD with *p < 0.05, **p < 0.01. MSC, UC-MSCs.






Discussion

The immunosuppressive potency of MSCs depends on the inflammatory factors, including those responsible for allogeneic reactions in acute GVHD and autologous diseases. Inflammatory factors such as IFN-γ can induce MSCs to exert their immunosuppressive potency.

TPL itself possesses immunosuppressive properties and has anti-tumor effects (27). TPL was reported to prevent GVHD in vivo (28) and to induce allogeneic tolerance in bone marrow transplantation setting (29). Moreover, TPL can enhance apoptosis in tumor cells by blocking p21-mediated growth arrest (19). Although TPL was a likely candidate for clinical use, severe adverse events including myocardial damage, renal failure, and hypovolemic shock secondary to severe intestinal tract disturbances (27) resulted in the limitation of TPL on clinical applications. It has been reported the genotoxic effects of TPL. TPL shows cytotoxicity through inducing DNA damage, increasing sensitivity to DNA-damage based chemotherapy (30)or radiotherapy (31) in different types of cells. Cai et al. demonstrated that treating cells with TPL induced genomic instability when they used human fibroblast cell line, HCA2-hTERT cells. TPL impairs DNA repair and destabilizes genomes more by directly targeting the critical NHEJ factor DNA-PKcs compared with those in control cells at 24 h post ionizing radiation (32). Although the administered MSCs were considered to be eliminated in the patients without engraft, the caution must be paid to clinical applications using TPL (23). In the clinical setting, it may better to check the chromosomal analysis, and other genomic instability tests for the final products of TPL-primed UC-MSCs.

As TPL has both immunosuppressive activity and antiproliferative effect, we first studied the influence of TPL on the proliferation of UC-MSCs. TPL suppressed UC-MSC proliferation even at a low dose of 0.01 μM, but it was tolerable for the first 24–48 h of exposure. Therefore, we decided to prime UC-MSCs with TPL at a dose of 0.01 μM for 24 h. TPL priming did not affect the expression of the defined surface markers for MSCs. The mean intensity of HLA-ABC expression by flowcytometry was upregulated by the addition of IFN-γ, but not by TPL priming. It was reported that the donor cell-mediated anti-leukemic effect on HSCT, donor cell plays a part in antitumor responses by cytotoxic T lymphocytes (CTL) (33). Previously, Huang et al. demonstrated that increase of HLA-class I intensity is related to the antigen presentation ability, resulting in CTL responses (34). It might be better not to enhance the HLA antigen in the GVHD setting, although co-stimulatory factors such as CD80 and CD86 are negative in MSCs. And the most important point is that the negativity of HLA-DR was not influenced by the addition of neither IFN-γ nor TPL priming in UC-MSCs.

Interestingly, we found that TPL-primed UC-MSCs showed stronger antiproliferative effect for activated CD4+ and CD8+ T cells in allogeneic MLR and PHA-L than the non-primed UC-MSCs. To exclude the possibility that TPL directly suppressed the activated T cells by allogeneic dendritic cells (DC) or PHA-L, we thoroughly washed out the TPL after priming and confirmed that the residual TPL alone after the priming and washing had no influence on the additional inhibitory effect observed with the MLR assay (data not shown). Several mechanisms may account for the additional inhibitory effect of TPL-primed UC-MSCs. First, this may be due to the additional induction of IDO-1 secretion. IDO-1 is one of the critical functional factors that inhibit the proliferation of activated T cells and its expression is induced by IFN-γ and other molecules. Its inhibitory effect on the UC-MSCs was partially reversed by the addition of 1-methyl-DL-tryptophan (1-MT), an inhibitor of IDO-1, in a dose-dependent manner (4). TPL priming exaggerated IDO-1 gene expression in UC-MSCs in response to IFN-γ compared with that in non-primed UC-MSCs, although TPL alone did not induce IDO-1. TNF-α did not induce the expression of IDO-1; however, it had a synergistic effect with IFN-γ on IDO-1 induction, which was further enhanced by TPL.

SOD1 and SOD2 are also critical enzymes, that decompose superoxide radicals generated at the site of inflammation (35). SOD1, located in the cytoplasm (36), was expressed constitutively in non-primed UC-MSCs, and TPL induced SOD1 significantly in protein level. SOD2 is expressed in the mitochondria (37) and was induced in non-TPL primed UC-MSCs in the presence of IFN-γ. Importantly, IFN-γ and TNF-α synergistically induced SOD2 in the UC-MSCs, and this was significantly augmented by TPL priming. Non-TPL-primed UC-MSCs expressed and secreted TGF-β constitutively, which is considered to induce the regulatory T (Treg) cells in the presence of IL-2 (38). In this study, we found that TPL induced significantly the expression of TGF-β and expected more Treg induction. However, we did not observe any additional expansion of the Treg cells in TPL-primed UC-MSCs than those in the non-primed UC-MSCs co-cultured with PBMCs. The reason for TPL-primed UC-MSCs not inducing the regulatory T cells despite their higher amount of TGF-β may be the inhibition of IL-2 transcription by TPL (39). IL-10 is an important cytokine that secreted from MSCs, and it is considered an anti-inflammatory molecule. IL-10 can induce macrophage from M1 to M2, which lead to the suppression of pro-inflammatory cytokines (40). We found IL-10 level was upregulated in the MLR cocultured with UC-MSC, and more in TPL-primed UC-MSC, although we need to study the influence of IL-10 secreted from TPL-primed UC-MSC on the polarization of macrophage and MLR suppression.

MSCs have been reported to secrete PD-L1 and PD-L2 which suppress the activation of T cells and downregulate the IL-2 secretion resulting in cell death (41). Both PD-L1 and PD-L2 are reported to be upregulated in response to proinflammatory cytokines such as IFN-γ (42). Witte et al. demonstrated that IFN-γ, TGF-β, and retinoic acid upregulated the expression of immunomodulatory factor PD-L1 and IDO-1 activity (41, 42). UC-MSCs inhibited the differentiation of PBMCs into dendritic cells and induced Tregs through PD-1/PD-L1 pathway (43). Davies et al. have reported that MSCs express and secrete PD-L1 and PD-L2 and that this is regulated by exposure to IFN-γ and TNFα (41). In our experiment, PD-L1 was expressed only at low levels and was induced by TPL priming in UC-MSCs. There were several reports that TPL suppressed the PD-L1 expression in cancer cells by inhibiting IFN-γ secretion (44–46). They suggested the relation between PD-L1 and IFN-γ secretion. However, as far as we know, PDL-1 induction by TPL alone in MSCs has not been reported yet and this is the first report, although the mechanism remained to be elucidated.

In this study, we started the experiments, based on the fact that the proliferation of CD4+ and CD8+ T cells in allogeneic MLR was inhibited more by TPL-primed UC-MSCs effect rather than those by non-primed UC-MSCs. So we have focused T cells and related molecules in the study. But as well known, not only CD4+ and CD8+ T cells, but also M1/M2 monocytes and NK cells play an important role in the pathogenesis of acute GVHD, while the immune system dysregulation is different and complex by the type of acute GVHD (47). Further studies are necessary to elucidate the mechanisms of the influence of TPL-derived UC-MSCs on immune system network.

The results presented in this study suggest that TPL-primed UC-MSCs exert increased immunosuppressive potency on the proliferation of activated T cells, by upregulating IDO-1 in the presence of IFN-γ and by inducing the PD-L1 and TGF-β expressions. Thus, TPL-primed UC-MSCs may have become ready to exert their function. This is the first report of TPL affecting the function of MSCs. The activation or pre-activation mechanism of TPL on MSCs seems to be different from that by IFN-γ.

Different from proinflammatory molecules, IFN-γ, TPL itself is an anti-inflammatory molecule, which could inhibit the infiltration of lymphocytes and the expression of inflammatory factors through JAK/STAT pathway and NF-κB pathway (48). Even if the residual reagent is contaminated in the final product, TPL might be safer than IFN-γ. Thus, TPL could be alternative priming reagent to IFN-γ. The exact molecular details of the TPL-induced activation of UC-MSCs needs to be investigated further.

Conclusively, TPL- primed UC-MSCs may provide the means for a novel immunosuppressive cell therapy.
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Supplementary Table 1 | Mean fluorescent intensity of surface marker on UC-MSCs and TPL-primed UC-MSCs.

Supplementary Table 2 | The gene expressions of HLA-A, HLA-B, and HLA-C in UC-MSCs by microarray analysis. Microarray analysis of the gene expressions of HLA-A, HLA-B, and HLA-C in TPL-primed UC-MSCs, IFNγ+ UC-MSCs, and IFN-γ+ TPL-primed UC-MSCs versus UC-MSCs as control. The values are shown by log2 ratio.



References

1. Naserian, S, Leclerc, M, Shamdani, S, and Uzan, G. Current Preventions and Treatments of aGVHD: From Pharmacological Prophylaxis to Innovative Therapies. Front Immunol (2020) 11:607030. doi: 10.3389/fimmu.2020.607030

2. Hashmi, S, Ahmed, M, Murad, MH, Litzow, MR, Adams, RH, Ball, LM, et al. Survival After Mesenchymal Stromal Cell Therapy in Steroid-Refractory Acute Graft-Versus-Host Disease: Systematic Review and Meta-Analysis. Lancet Haematol (2016) 3:e45–52. doi: 10.1016/S2352-3026(15)00224-0

3. Schule, S, and Berger, A. Mesenchymal Stromal Cells in the Treatment of Graft-Versus-Host Disease: Where Do We Stand? Bundesgesundheitsblatt Gesundheitsforschung Gesundheitsschutz (2015) 58:1265–73. doi: 10.1007/s00103-015-2244-0

4. He, H, Nagamura-Inoue, T, Takahashi, A, Mori, Y, Yamamoto, Y, Shimazu, T, et al. Immunosuppressive Properties of Wharton’s Jelly-Derived Mesenchymal Stromal Cells In Vitro. Int J Hematol (2015) 102:368–78. doi: 10.1007/s12185-015-1844-7

5. Kim, DS, Jang, IK, Lee, MW, Ko, YJ, Lee, DH, Lee, JW, et al. Enhanced Immunosuppressive Properties of Human Mesenchymal Stem Cells Primed by Interferon-Gamma. EBioMedicine (2018) 28:261–73. doi: 10.1016/j.ebiom.2018.01.002

6. Wobma, HM, Kanai, M, Ma, SP, Shih, Y, Li, HW, Duran-Struuck, R, et al. Dual IFN-Gamma/Hypoxia Priming Enhances Immunosuppression of Mesenchymal Stromal Cells Through Regulatory Proteins and Metabolic Mechanisms. J Immunol Regener Med (2018) 1:45–56. doi: 10.1016/j.regen.2018.01.001

7. Cassano, JM, Schnabel, LV, Goodale, MB, and Fortier, LA. The Immunomodulatory Function of Equine MSCs is Enhanced by Priming Through an Inflammatory Microenvironment or TLR3 Ligand. Veterinary Immunol Immunopathol (2018) 195:33–9. doi: 10.1016/j.vetimm.2017.10.003

8. Azevedo, RI, Minskaia, E, Fernandes-Platzgummer, A, Vieira, AIS, da Silva, CL, Cabral, JMS, et al. Mesenchymal Stromal Cells Induce Regulatory T Cells via Epigenetic Conversion of Human Conventional CD4 T Cells In Vitro. Stem Cells (2020) 38:1007–19. doi: 10.1002/stem.3185

9. Brennan, MA, Layrolle, P, and Mooney, DJ. Biomaterials Functionalized With MSC Secreted Extracellular Vesicles and Soluble Factors for Tissue Regeneration. Adv Funct Mater (2020) 30(37):1909125. doi: 10.1002/adfm.201909125

10. Khanh, VC, Yamashita, T, Ohneda, K, Tokunaga, C, Kato, H, Osaka, M, et al. Rejuvenation of Mesenchymal Stem Cells by Extracellular Vesicles Inhibits the Elevation of Reactive Oxygen Species. Sci Rep (2020) 10:17315. doi: 10.1038/s41598-020-74444-8

11. Jeong, SG, Oh, YS, Joe, IS, Jeong, SY, Cho, HM, Lee, JS, et al. Functional Restoration of Replicative Senescent Mesenchymal Stem Cells by the Brown Alga Undaria Pinnatifida. Anim Cells Syst (Seoul) (2017) 21:108–14. doi: 10.1080/19768354.2017.1292951

12. Beldi, G, Khosravi, M, Abdelgawad, ME, Salomon, BL, Uzan, G, Haouas, H, et al. TNFalpha/TNFR2 Signaling Pathway: An Active Immune Checkpoint for Mesenchymal Stem Cell Immunoregulatory Function. Stem Cell Res Ther (2020) 11:281. doi: 10.1186/s13287-020-01740-5

13. Beldi, G, Bahiraii, S, Lezin, C, Nouri Barkestani, M, Abdelgawad, ME, Uzan, G, et al. TNFR2 Is a Crucial Hub Controlling Mesenchymal Stem Cell Biological and Functional Properties. Front Cell Dev Biol (2020) 8:596831. doi: 10.3389/fcell.2020.596831

14. Wong, KF, Chan, JK, Chan, KL, Tam, P, Yang, D, Fan, ST, et al. Immunochemical Characterization of the Functional Constituents of Tripterygium Wilfordii Contributing to Its Anti-Inflammatory Property. Clin Exp Pharmacol Physiol (2008) 35:55–9. doi: 10.1111/j.1440-1681.2007.04740.x

15. Li, J, and Hao, J. Treatment of Neurodegenerative Diseases With Bioactive Components of Tripterygium Wilfordii. Am J Chin Med (2019) 47:769–85. doi: 10.1142/S0192415X1950040X

16. Liu, Y, Jin, J, Xu, H, Wang, C, Yang, Y, Zhao, Y, et al. Construction of a pH-Responsive, Ultralow-Dose Triptolide Nanomedicine for Safe Rheumatoid Arthritis Therapy. Acta Biomater (2021) 121:541–53. doi: 10.1016/j.actbio.2020.11.027

17. Zhang, Y, Mao, X, Li, W, Chen, W, Wang, X, Ma, Z, et al. Tripterygium Wilfordii: An Inspiring Resource for Rheumatoid Arthritis Treatment. Med Res Rev (2021) 41:1337–74. doi: 10.1002/med.21762

18. Yuan, K, Li, X, Lu, Q, Zhu, Q, Jiang, H, Wang, T, et al. Application and Mechanisms of Triptolide in the Treatment of Inflammatory Diseases-A Review. Front Pharmacol (2019) 10:1469. doi: 10.3389/fphar.2019.01469

19. Chang, WT, Kang, JJ, Lee, KY, Wei, K, Anderson, E, Gotmare, S, et al. Triptolide and Chemotherapy Cooperate in Tumor Cell Apoptosis. A Role for the P53 Pathway. J Biol Chem (2001) 276:2221–7. doi: 10.1074/jbc.M009713200

20. Liu, YF, He, HQ, Ding, YL, Wu, SY, Chen, DS, and XXXC, LE. Effects of Triptolide on Tc and Th Cell Excursion in Peripheral Blood of Nude Mice With Systemic Lupus Erythematosus BALB/c-Un. Zhongguo Shi Yan Xue Ye Xue Za Zhi (2019) 27:1691–5. doi: 10.19746/j.cnki.issn.1009-2137.2019.05.051

21. Huang, SH, Lin, GJ, Chu, CH, Yu, JC, Chen, TW, Chen, YW, et al. Triptolide Ameliorates Autoimmune Diabetes and Prolongs Islet Graft Survival in Nonobese Diabetic Mice. Pancreas (2013) 42:442–51. doi: 10.1097/MPA.0b013e318269d076

22. Mukai, T, Nagamura-Inoue, T, Shimazu, T, Mori, Y, Takahashi, A, Tsunoda, H, et al. Neurosphere Formation Enhances the Neurogenic Differentiation Potential and Migratory Ability of Umbilical Cord-Mesenchymal Stromal Cells. Cytotherapy (2016) 18:229–41. doi: 10.1016/j.jcyt.2015.10.012

23. Mukai, T, Mori, Y, Shimazu, T, Takahashi, A, Tsunoda, H, Yamaguchi, S, et al. Intravenous Injection of Umbilical Cord-Derived Mesenchymal Stromal Cells Attenuates Reactive Gliosis and Hypomyelination in a Neonatal Intraventricular Hemorrhage Model. Neuroscience (2017) 355:175–87. doi: 10.1016/j.neuroscience.2017.05.006

24. Mori, Y, Ohshimo, J, Shimazu, T, He, H, Takahashi, A, Yamamoto, Y, et al. Improved Explant Method to Isolate Umbilical Cord-Derived Mesenchymal Stem Cells and Their Immunosuppressive Properties. Tissue Engineering. Part C Methods (2015) 21:367–72. doi: 10.1089/ten.tec.2014.0385

25. Narita, M, Kuroha, T, Watanabe, N, Hashimoto, S, Tsuchiyama, J, Tochiki, N, et al. Plasmacytoid Dendritic Cell Leukemia With Potent Antigen-Presenting Ability. Acta Haematol (2008) 120:91–9. doi: 10.1159/000165510

26. Narita, M, Watanabe, N, Yamahira, A, Hashimoto, S, Tochiki, N, Saitoh, A, et al. A Leukemic Plasmacytoid Dendritic Cell Line, PMDC05, With the Ability to Secrete IFN-Alpha by Stimulation via Toll-Like Receptors and Present Antigens to Naive T Cells. Leukemia Res (2009) 33:1224–32. doi: 10.1016/j.leukres.2009.03.047

27. Li, XJ, Jiang, ZZ, and Zhang, LY. Triptolide: Progress on Research in Pharmacodynamics and Toxicology. J Ethnopharmacol (2014) 155:67–79. doi: 10.1016/j.jep.2014.06.006

28. Ziaei, S, and Halaby, R. Immunosuppressive, Anti-Inflammatory and Anti-Cancer Properties of Triptolide: A Mini Review. Avicenna J Phytomed (2016) 6(2):149–64.

29. Chen, BJ, Chen, Y, Cui, X, Fidler, JM, and Chao, NJ. Mechanisms of Tolerance Induced by PG490-88 in a Bone Marrow Transplantation Model. Transplantation (2002) 73:115–21. doi: 10.1097/00007890-200201150-00022

30. Deng, Y, Li, F, He, P, Yang, Y, Yang, J, Zhang, Y, et al. Triptolide Sensitizes Breast Cancer Cells to Doxorubicin Through the DNA Damage Response Inhibition. Mol Carcinog (2018) 57:807–14. doi: 10.1002/mc.22795

31. Wang, W, Yang, S, Su, Y, Xiao, Z, Wang, C, Li, X, et al. Enhanced Antitumor Effect of Combined Triptolide and Ionizing Radiation. Clin Cancer Res: An Off J Am Assoc Cancer Res (2007) 13:4891–9. doi: 10.1158/1078-0432.CCR-07-0416

32. Cai, B, Hu, Z, Tang, H, Hu, Z, Mao, Z, Liu, B, et al. Triptolide Impairs Genome Integrity by Directly Blocking the Enzymatic Activity of DNA-PKcs in Human Cells. BioMed Pharmacother (2020) 129:110427. doi: 10.1016/j.biopha.2020.110427

33. Davids, MS, Kim, HT, Bachireddy, P, Costello, C, Liguori, R, Savell, A, et al. Lymphoma Society Blood Cancer Research, Ipilimumab for Patients With Relapse After Allogeneic Transplantation. N Engl J Med (2016) 375:143–53. doi: 10.1056/NEJMoa1601202

34. Huang, M, Zhang, W, Guo, J, Wei, X, Phiwpan, K, Zhang, J, et al. Improved Transgenic Mouse Model for Studying HLA Class I Antigen Presentation. Sci Rep (2016) 6:33612. doi: 10.1038/srep33612

35. Borchelt, DR, Lee, MK, Slunt, HS, Guarnieri, M, Xu, ZS, Wong, PC, et al. Superoxide Dismutase 1 With Mutations Linked to Familial Amyotrophic Lateral Sclerosis Possesses Significant Activity. Proc Natl Acad Sci USA (1994) 91:8292–6. doi: 10.1073/pnas.91.17.8292

36. Beckman, G, Lundgren, E, and Tarnvik, A. Superoxide Dismutase Isozymes in Different Human Tissues, Their Genetic Control and Intracellular Localization. Hum Hered (1973) 23:338–45. doi: 10.1159/000152594

37. Weisiger, RA, and Fridovich, I. Mitochondrial Superoxide Simutase. Site of Synthesis and Intramitochondrial Localization. J Biol Chem (1973) 248:4793–6. doi: 10.1016/S0021-9258(19)43735-6

38. Arenas-Ramirez, N, Woytschak, J, and Boyman, O. Interleukin-2: Biology, Design and Application. Trends Immunol (2015) 36:763–77. doi: 10.1016/j.it.2015.10.003

39. Chang, DM, Chang, WY, Kuo, SY, and Chang, ML. The Effects of Traditional Antirheumatic Herbal Medicines on Immune Response Cells. J Rheumatol (1997) 24:436–41.

40. Arabpour, M, Saghazadeh, A, and Rezaei, N. Anti-Inflammatory and M2 Macrophage Polarization-Promoting Effect of Mesenchymal Stem Cell-Derived Exosomes. Int Immunopharmacol (2021) 97:107823. doi: 10.1016/j.intimp.2021.107823

41. Davies, LC, Heldring, N, Kadri, N, and Le Blanc, K. Mesenchymal Stromal Cell Secretion of Programmed Death-1 Ligands Regulates T Cell Mediated Immunosuppression. Stem Cells (2017) 35:766–76. doi: 10.1002/stem.2509

42. de Witte, SFH, Merino, AM, Franquesa, M, Strini, T, van Zoggel, JAA, Korevaar, SS, et al. Cytokine Treatment Optimises the Immunotherapeutic Effects of Umbilical Cord-Derived MSC for Treatment of Inflammatory Liver Disease. Stem Cell Res Ther (2017) 8:140. doi: 10.1186/s13287-017-0590-6

43. Sheng, H, Wang, Y, Jin, Y, Zhang, Q, Zhang, Y, Wang, L, et al. A Critical Role of IFNgamma in Priming MSC-Mediated Suppression of T Cell Proliferation Through Up-Regulation of B7-H1. Cell Res (2008) 18:846–57. doi: 10.1038/cr.2008.80

44. Liang, M, and Fu, J. Triptolide Inhibits Interferon-Gamma-Induced Programmed Death-1-Ligand 1 Surface Expression in Breast Cancer Cells. Cancer Lett (2008) 270:337–41. doi: 10.1016/j.canlet.2008.05.025

45. Kuo, CS, Yang, CY, Lin, CK, Lin, GJ, Sytwu, HK, and Chen, YW. Triptolide Suppresses Oral Cancer Cell PD-L1 Expression in the Interferon-Gamma-Modulated Microenvironment In Vitro, In Vivo, and in Clinical Patients. BioMed Pharmacother (2021) 133:111057. doi: 10.1016/j.biopha.2020.111057

46. Zhang, L, and Yu, JS. Triptolide Reverses Helper T Cell Inhibition and Down-Regulates IFN-Gamma Induced PD-L1 Expression in Glioma Cell Lines. J Neurooncol (2019) 143:429–36. doi: 10.1007/s11060-019-03193-0

47. Cheung, TS, Bertolino, GM, Giacomini, C, Bornhauser, M, Dazzi, F, and Galleu, A. Mesenchymal Stromal Cells for Graft Versus Host Disease: Mechanism-Based Biomarkers. Front Immunol (2020) 11:1338. doi: 10.3389/fimmu.2020.01338

48. Guo, Y, Ji, W, Lu, Y, and Wang, Y. Triptolide Reduces Salivary Gland Damage in a Non-Obese Diabetic Mice Model of Sjogren’s Syndrome via JAK/STAT and NF-KappaB Signaling Pathways. J Clin Biochem Nutr (2021) 68:131–8. doi: 10.3164/jcbn.20-15




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 He, Takahashi, Mukai, Hori, Narita, Tojo, Yang and Nagamura-Inoue. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-12-686356-g006.jpg





OEBPS/Images/fimmu-12-686356-g003.jpg
€Da* cells CD8* cells

S " NI

Resmsc

Rese I -
TPLprimed MSC T

RePHAL

RIPHA-LIMSC

RPHALS

oo 8| e ng;:

D4 B DS





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        The Immunomodulatory Effect of Triptolide on Mesenchymal Stromal Cells

      

        		

          Impact Statement (85 words)

        



        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Isolation and Culture of UC-MSCs

          



          		

            Cell Proliferation Assay

          



          		

            TPL-Primed UC-MSCs

          



          		

            Flow Cytometry Analysis of Surface Markers

          



          		

            MLR Assay

          



          		

            RNA Isolation and RT-PCR Analysis

          



          		

            West Blotting Analysis

          



          		

            ELISA Analysis

          



          		

            PD-L1, PD-L2 Expression Analysis

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Effect of TPL on UC-MSC Proliferation

          



          		

            Expression of Surface Markers of TPL-Primed UC-MSCs

          



          		

            The Immunosuppressive Effect of TPL-Primed UC-MSCs

          



          		

            Gene Expression in TPL-Primed UC-MSCs in the Presence of IFN-γ/TNF-α

          



          		

            Protein Expression Levels in TPL-Primed UC-MSCs in the Presence of IFN-γ/TNF-α

          



          		

            IL10 Expression in TPL-Primed UC-MSCs

          



          		

            PD-L1, PD-L2 Expression in TPL-Primed UC-MSCs in the Presence of IFN-γ/TNF-α

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu.2021.686356_cover.jpg
, frontiers
In Immunology

The Immunomodulatory Effect
of Triptolide on Mesenchymal
Stromal Cells





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-12-686356-g001.jpg
CCK-8 (OD as0nm)

16

14

12

08

06

04

02

——w
~m-MSC-+TPLO.01 UM
—4-MSC+TPLO.L M
SMSCHTPL pM

24 48 72 96 Hours

* p<0.05 compared to MSC
**1<0.01 compared to MSC





OEBPS/Images/fimmu-12-686356-g005.jpg
SoD1 SOD2






OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu-12-686356-g004.jpg
100-1






OEBPS/Images/fimmu-12-686356-g002.jpg





