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Abstract

:

Mesenchymal stem/stromal cells (MSCs) are stem cells of the connective tissue, possess a plastic phenotype, and are able to differentiate into various tissues. Besides their role in tissue regeneration, MSCs perform additional functions as a modulator or inhibitor of immune responses. Due to their pleiotropic function, MSCs have also gained therapeutic importance for the treatment of autoimmune diseases and for improving fracture healing and cartilage regeneration. However, the therapeutic/immunomodulatory mode of action of MSCs is largely unknown. Here, we describe that MSCs express the inhibitory receptor CTLA-4 (cytotoxic T lymphocyte antigen 4). We show that depending on the environmental conditions, MSCs express different isoforms of CTLA-4 with the secreted isoform (sCTLA-4) being the most abundant under hypoxic conditions. Furthermore, we demonstrate that the immunosuppressive function of MSCs is mediated mainly by the secretion of CTLA-4. These findings open new ways for treatment when tissue regeneration/fracture healing is difficult.
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1. Introduction


The importance of tight control of the immune system is illustrated most impressively in cases when the immune system is out of control, as can be seen in cases of autoimmune diseases. In these circumstances, the untimely and almost unlimited activation of immune cells can lead to severe tissue damage that could even culminate in life-threatening conditions [1,2,3]. For keeping the immune system in check, nature has invented a variety of mechanisms that control the immune system on various levels. On the cellular level, several types of regulatory (i.e., inhibitory) cells exist, such as regulatory T (Treg) and B cells, which are able to dampen/modify or even inhibit immune responses [4,5,6]. Furthermore, several modulatory or even inhibitory mediators regulate immune responses. Prostaglandin E2 (PGE2) is able to induce the anti-inflammatory interleukin 10 (IL-10) in macrophages [7]. M2-polarized macrophages also express IL-10 but additionally express transforming growth factor β (TGFβ) and IL-10-R-antagonist [8]. CTLA-4 binding to B7.1/7.2 induces retrograde signaling within the antigen presenting cell (APC), leading to enhanced indoleamine 2,3-dioxygenase (IDO) expression [9].



Mesenchymal stem/stromal cells (MSCs) also exhibit immune modulatory functions and have been largely overseen as regulators. They are stem cells of the connective tissue and are most abundant in the bone marrow but can also be found (among others) in cartilage, fat tissue, blood, muscles, and liver [10,11,12,13,14]. MSCs possess a plastic phenotype and can differentiate in vitro and in vivo into different cell types, such as adipocytes and osteocytes [15,16]. Besides serving as a reservoir for new cells of mesenchymal origin, MSCs have the potential to suppress immune responses [17,18,19]. MSC-mediated immunosuppression has been addressed through several soluble mediators (such as indoleamine 2,3-dioxygenase (IDO), Haem oxygenase I, nitric oxide, IL-10, transforming growth factor β1, and prostaglandin E2 (PGE2)) but also through surface molecules (such as inhibitory molecules B7H1 and B7DC/programmed death receptor 1 (PD1) pathways) as essential effectors in blocking T cell function and inducing regulatory T cells [20,21,22].



The property of MSCs to differentiate into osteocytes and the competence of MSCs to regulate ongoing immune responses are also relevant in cases of fracture healing. Under these circumstances, MSCs are attracted to fracture hematomas where they serve as a reservoir for new osteocytes and could be responsible for down-regulation of the ongoing inflammatory phase, which is important for proper fracture healing [23,24,25,26,27,28,29]. This anti-inflammatory property of MSCs has also been exploited therapeutically by treating inflammatory diseases—such as Crohn’s disease, ulcerative colitis, and systemic lupus erythematosus—with the adoptive transfer of MSCs to patients [30,31]. However, the mechanism of action of this treatment has not been fully elucidated to date.



On the molecular level of immune regulation, cytotoxic T lymphocyte antigen 4 (CTLA-4, or CD152), a member of the CD28 family of T cell co-receptors, is an important regulator of T cell activation [32,33]. Although initially identified as a T cell-specific protein, CTLA-4 is now known to also be expressed in B cells and dendritic cells (DC) [34,35]. CTLA-4 inhibits T cell responses by several means. Having a higher affinity to bind the receptors B7.1 and B7.2, CTLA-4 out-competes the activating receptor CD28. In addition, CTLA-4 can induce DCs to switch to an inhibitory phenotype by retrograde signaling via B7.1/B7.2 on DCs. Lastly, CTLA-4 inhibits T cell activation by eliciting direct signal transduction resulting, e.g., in the activation of PI3K or the ubiquitin ligase switch [36,37,38]. The complexity of CTLA-4 function is further increased by the presence of several splice variants. Besides the full-length version of CTLA-4 (flCTLA-4) comprising the ligand-binding extracellular domain, a transmembrane domain, and an intracellular signaling domain, there is also a variant lacking the ligand-binding domain (ligand-independent CTLA-4 or liCTLA-4), another variant lacking the transmembrane domain that is secreted to the extracellular space (soluble CTLA-4 or sCTLA-4), and a short variant that lacks both the ligand-binding domain and the transmembrane domain (1/4 CTLA-4) [39]. Altered regulation of the amount of the different splice variants produced due to single nucleotide polymorphisms in the CTLA-4 gene has been found to increase the susceptibility to several autoimmune diseases [39].



In this study, we have analyzed the mechanism of action of MSCs to inhibit immune responses. We demonstrate that MSCs express CTLA-4 and that CTLA-4 represents the mediator of immune cell inhibition by MSCs. These findings shed new light on the possible role of sCTLA-4 for the treatment of autoimmune diseases by transfer of MSCs and open up new ways for treatment options in regeneration processes.




2. Results


2.1. MSCs Express Different Splice Variants of CTLA-4


As described above, CTLA-4 can exist in one of four splice variants: flCTLA-4, liCTLA-4, sCTLA-4, and 1/4 CTLA-4 (Figure 1A). Therefore, we analyzed the expression of total CTLA-4 comprising all isoforms as well as the expression of flCTLA-4 and sCTLA-4 individually on a transcriptional level by reverse-transcription PCR (RT-PCR). Since MSCs face bioenergetically adverse conditions, such as low oxygen levels (hypoxia) in infiltrated fracture hematomas [23], we cultivated MSCs for 72 h under either normoxic conditions (Nox, i.e., 18% O2) or hypoxic conditions (Hox, i.e., 1% O2). Most importantly, the end-point analysis of the RT-PCR showed that MSCs do express CTLA-4 on the RNA level (Figure 1B). In addition, we were able to detect the expression of both flCTLA-4 and sCTLA-4, and it appeared that sCTLA-4 is the predominant form of CTLA-4 expressed in MSCs compared to flCTLA-4. Moreover, the amount of oxygen present during cultivation of MSCs did affect the pattern of CTLA-4 splice variant expression with hypoxic conditions leading to an increase in the expression of sCTLA-4. The quantification of the CTLA-4 expression by quantitative RT-PCR (qPCR) confirmed the results of the end-point analysis and further demonstrated a generally low expression pattern as compared to the reference gene ACTB encoding for β-actin (Figure 1C). The qPCR revealed a higher expression of sCTLA-4 compared to flCTLA-4 and confirmed an increase in the expression of sCTLA-4 under hypoxic conditions.




2.2. CTLA-4 is Expressed on the Cell Surface of MSCs


Next, we analyzed the protein expression of CTLA-4 by staining the surface of MSCs with anti-CTLA-4 antibody (Figure 2A). As a result, we observed clear CTLA-4 expression on the surface of MSCs. In addition, the cultivation of MSCs under hypoxic conditions led to a significant increase in CTLA-4 surface expression (Figure 2B).




2.3. MSCs are Able to Secrete CTLA-4


The analysis of surface CTLA-4 was only able to detect flCTLA-4. To investigate whether sCTLA-4 is also expressed, we conducted native PAGE followed by immunoblots to detect intracellular CTLA-4 expression using MSC lysates. Here, we observed the expression of intracellular CTLA-4 (flCTLA-4 and sCTLA-4) being significantly induced by the reduction in oxygen levels (Figure 2C). To verify the secretion of sCTLA-4 by MSCs, we analyzed, by ELISA, the presence of CTLA-4 in the supernatants of MSCs. As shown in Figure 2D, the secreted form of CTLA-4 could be detected in the supernatants of MSCs. Additionally, cultivation of MSCs under hypoxic conditions led to a significant increase in the secretion of CTLA-4.




2.4. flCTLA-4 and sCTLA-4 Mediate the Inhibitory Effect of MSCs


To recapitulate the inhibitory effect of MSCs on the activation of T cells, we established an in vitro model in which tumor necrosis factor alpha (TNFα)secretion by phytohaemagglutinin (PHA)-activated peripheral blood mononuclear cells (PBMCs) is suppressed by the addition of MSCs. While PHA-activation of PBMCs led to high amounts of TNFα secretion under both normoxic and hypoxic conditions (Figure 3A), the co-cultivation of PHA-activated PBMCs with MSCs led to a significant reduction in TNFα secretion (Figure 3B,C). Interestingly, the addition of CTLA4-Ig, which blocks B7.1/B7.2, was able to mimic the inhibitory effect of MSCs on PHA-mediated PBMC activation (Figure 3B,C). A synergistic effect of MSCs and CTLA4-Ig could only be detected under hypoxic conditions (Figure 3C). Most importantly, the addition of CTLA-4 blocking antibodies to PHA-activated PBMCs and MSCs was able to abolish completely the inhibitory effect of MSCs, indicating the importance of CTLA-4 and especially sCTLA-4 for the inhibitory function of MSCs.





3. Discussion


In our study, we have analyzed the potential importance of CTLA-4 for the anti-inflammatory property of MSCs. To our knowledge, we are the first to provide evidence for the expression of CTLA-4 in MSCs on both an RNA and protein level and for the presence of several different splice variants in MSCs.



The reasons for the immune privileged status of MSCs are not completely understood yet. However, several different mechanisms are currently discussed including the secretion of soluble factors and cell contact-dependent effects. Previous work suggested the expression of Fas ligand (FasL or CD95L) and IL-10 to be involved in the mechanisms by which MSCs inhibit T cell proliferation in rats [40,41]. An additional mechanism described involves the expression of indoleamine 2,3-dioxygenase (IDO) in MSCs; however, the relevance of IDO for the inhibitory effect on T cells is still under discussion [42,43]. Nevertheless, of importance is that unknown secreted factors were postulated 11 years ago [44]. Our work now adds CTLA-4 as an important cell-bound and soluble mediator of inhibitory effects to the factors already discussed (Figure 4A). We assume that MSCs not only use one mechanism of action but rather they are capable of employing different mechanisms, depending on varying environmental factors.



Indeed, we were able to show that the expression pattern of CTLA-4 splice variants differs depending on the amount of oxygen present. This indicates that MSCs are able to adapt to different environments probably resulting in the usage of different inhibitory mechanisms. Here, we describe a scenario in which MSCs switch from a cell-contact-dependent mechanism based on flCTLA-4 under normoxic conditions to a contact-independent mechanism mediated by the secretion of sCTLA-4 under hypoxic conditions (Figure 4B,C). Our results show that both microenvironmental and bioenergetic conditions modify the behavior of MSCs. This hypothesis is summarized in Figure 4.



The transplantation of MSCs is used therapeutically to improve regenerative processes such as fracture healing and cartilage regeneration [45,46,47,48]. It has been shown that the provision of progenitor cells that differentiate into new tissues represents one mechanism by which the transplantation of MSCs positively affects regeneration [46,47,48,49,50]. Additionally, it could also be possible that it is the anti-inflammatory property of MSCs rather than the differentiation potential that positively affects at least fracture healing [24,27,28,29]. Our study shows that MSCs are able to secrete sCTLA-4 and that CTLA4-Ig is able to mimic the effect of sCTLA-4. In this regard, treatment with CTLA4-Ig could serve as an easy and cost-effective alternative to the complex and expensive cellular therapy with MSCs.



In summary, we have shown that MSCs are able to express CTLA-4, that the microenvironment of MSCs shapes the pattern of CTLA-4 expression with hypoxia resulting in the preferential expression of sCTLA-4, and that sCTLA-4 expression by MSCs can be mimicked by the addition of CTLA4-Ig. Hence, we propose that CTLA-4 is an important mediator of the anti-inflammatory effect of MSCs and that treatment of fractures with CTLA4-Ig could potentially improve fracture healing.




4. Material and Methods


4.1. Antibodies


Antibodies used for immunophenotyping of MSCs by flow cytometry were purchased from Immunotools (CD13, clone WM15, mouse IgG1, κ; CD34, clone 4H11(APG), mouse IgG1; CD45, clone MEM-28, mouse IgG1; all APC labeled), eBioscience (CD44, clone MEM-263, mouse IgG1; CD90, clone 5E10, mouse IgG1; CD105, clone SN6, mouse IgG1, κ; all APC labeled), and BD Biosciences, Heidelberg, Germany (CD73, clone AD2, mouse IgG1, κ; labeled at DRFZ using Cy5). CD14 (clone TM1, mouse IgG1) and CD19 (clone BU12, mouse IgG1), both Cy5 labeled, were obtained from the DRFZ (Berlin, Germany). Surface CTLA-4 was detected using mouse anti-human CTLA-4 (clone BNI3, mouse IgG2a, κ), purchased from BD Biosciences (Heidelberg, Germany) and labeled at DRFZ using Cy5.



For immunoblot, mouse anti-human CTLA-4 antibody (clone BNI3, mouse IgG2a, κ) and mouse anti-human β-actin antibody (clone AC-74, mouse IgG2a) were obtained from BD Biosciences (Heidelberg, Germany) and Sigma-Aldrich Chemie GmbH, respectively.



For in vitro assays, mouse anti-human CTLA-4 (clone BNI3, mouse IgG2a, κ) and mouse isotype control IgG2a, κ were purchased from BD Biosciences, CTLA-4-Ig was obtained from Bristol-Myers Squibb GmbH & Co. KGaA (München, Germany) and corresponding control human IgG1 (FlebogammaTM) was obtained from Grifols (Frankfurt, Germany).




4.2. Isolation and Expansion and Characterization of MSCs


Human MSCs were isolated from bone marrow samples obtained from patients undergoing total hip replacement at the Center for Musculoskeletal Surgery, Charité-Universitätsmedizin Berlin. Bone marrow samples were provided by the “Tissue Harvesting” Core Facility of the BCRT ensuring the written informed consent of all human donors. All experimental protocols were approved by the ethics committee (Ethikkommission, Ethikausschuss I am Campus Charité—Mitte) of the Charité-Universitätsmedizin Berlin (EA1/012/13 from 31.01.2013) following the recommendations of the Helsinki Declaration. Human MSCs were enriched from bone marrow specimens by density gradient centrifugation and isolated via plastic adherence for 3 days whereas non-adherent cells were removed. Isolated MScs were kept under normal cultivation conditions (18% O2, 37 °C) in standard expansion medium (DMEM, 10% FCS, 1% Penicillin/Streptomycin) and used between passage 3 and 9. Isolation, cultivation, and characterization (surface markers CD13, CD44, CD73, CD90, CD105, CD14, CD19, CD34, and CD45 assessed by flow cytometry, Supplementary Materials Figure S1A [51], differentiation capacity described in Supplementary Materials Figure S1B) were performed according to our established standard operating procedures (SOPs).




4.3. Induction of Hypoxia


Human MSCs were incubated in a hypoxic chamber (Binder) at 5% CO2 and 1% O2 balanced with N2. Normoxic controls were incubated at 5% CO2 in a humidified atmosphere with room air oxygen content reduced by water and CO2 content (18% O2).




4.4. Induction of Osteogenic and Adipogenic Differentiation of MSCs


For osteogenic and adipogenic differentiation, 10,000 cells/cm2 were seeded in a 6-well plate and supplied with the respective conditioned medium (CM) after 24 h. Incubation was performed under standard cell culture conditions (18% O2, 37 °C). The medium was changed once a week and staining was performed after 28 days. Osteogenic CM included expansion medium supplemented with 10 mM β-glycerophosphate, 10 nM dexamethasone, and 0.1 mM l-ascorbic acid-2-phosphate. The adipogenic CM was supplemented with 10 µg/mL insulin, 0.2 mM indomethacin, 1 µM dexamethasone, and 0.5 mM 3-isobutyl-1-methylxanthine.




4.5. Oil Red O Staining of Adipogenic Differentiated MSCs


Adipogenic differentiation is characterized by the formation of droplet accumulation that can be visualized via Oil Red O staining. Therefore, cells were fixed with 4% paraformaldehyde for 20 min at room temperature and then washed with distilled water and 60% isopropanol. Oil Red O stock solution (0.5 g Oil Red O in 100 mL 100% isopropanol) was diluted and filtered through a 0.25 µm syringe filter after 10 min incubation. The 60% working solution was applied to the cells and incubated for 15 min. After washing (60% isopropanol, distilled water), imaging was performed by light microscopy.




4.6. Alizarin S Red Staining of Osteogenic Differentiated MSCs


Cells undergoing osteogenic differentiation were stained with Alizarin S Red dye (Sigma Aldrich, Hamburg, Germany) to visualize calcium deposits. To this end, the medium was removed and the cells were fixed with 4% paraformaldehyde (20 min) and stained with Alizarin S Red (Sigma Aldrich) (10 min). Imaging was performed at room temperature by microscopy.




4.7. RNA Isolation and Quantitative PCR (qPCR) of CTLA-4 Genes of MSCs


Total RNA was extracted using Arcturus™ PicoPure™ RNA Isolation Kit (Applied Biosystems, Darmstadt, Germany) according to the manufacturer’s instructions and the RNA concentration was determined using Nanodrop ND-1000 (Peqlab Biotechnologie, Erlangen, Germany). RNA was stored at −80 °C until further processing. The cDNA was synthesized by reverse transcription using TaqMan® Reverse Transcription Reagents (Applied Biosystems) for RNA concentrations >50 ng/µL or Sensiscript® Reverse Transcription Kit (QIAGEN GmbH, Hilden, Germany) for RNA concentrations ≤50 ng/µL. cDNA was stored at −20 °C until further processing. qPCR was carried out using the LightCycler® Fast Start DNA Master SYBR® Green I Kit (ROCHE Diagnostics-Applied Science, Mannheim, Germany) according to the following cycle program: Initial denaturation was for 10 min at 95 °C followed by 50 cycles with 5 s at 98 °C, 7 s at 64 °C, and 9 s at 72 °C. Finally, the melting curve was analyzed by increasing the temperature stepwise from 60 °C to 95 °C every 30 s. Data were acquired using the Stratagene Mx3000P (Agilent Technologies, Santa Clara, CA, USA) and normalized to the expression of β-actin (ACTB) using the ΔCt method. All primers used were obtained from TIB Molbiol (Berlin, Germany) and are summarized in Table 1.




4.8. Immunoblot of CTLA-4 and β-Actin


For analyzing CTLA-4 expression in MSC, 106 cells were seeded and harvested after 72 h of incubation under either normoxia or hypoxia. Cell lysis was performed in 20 μL ddH2O after repetitive freeze-thaw cycles (four times) using liquid nitrogen. Whole protein extracts were separated by native PAGE and blotted onto PVDF membranes (Millipore, Billerica, MA, USA). Blotted proteins were analyzed as indicated and visualized by enzymatic chemiluminescence (Amersham Biosciences, Freiburg, Germany). Image analysis was performed using ImageJ v.1.52a (http://imagej.nih.gov/ij, Wayne Rasband, National Institutes of Health, USA).




4.9. Quantification of Secreted CTLA-4


For quantifying secreted CTLA-4, cell culture supernatants from MSC (106 cells seeded on a 6-well in 3 mL fully supplemented DMEM) were incubated for 72 h under either normoxic or hypoxic conditions, harvested, and stored at −70 °C. Secreted CTLA-4 was quantified by LEGEND MAX™ Human Soluble CTLA-4 ELISA Kit with pre-coated plates according to the manufacturer’s instructions (BioLegend®, San Diego, CA, USA). The OD was measured at 450 nm. A standard curve was generated by four-parametric logistic curve fit.




4.10. Quantification of Secreted TNFα


For determining the impact of CTLA-4 on TNFα secretion, pre-activated human PBMCs were co-cultured with pre-treated MSC for 48 h. To this end, human PBMCs were isolated by density gradient centrifugation using Ficoll-Paque™ PLUS (GE Healthcare, München, Germany). PBMCs (0.5 × 106/mL) were stimulated for 48 h using PHA-L (5 µg/mL) whereas MSCs (0.5 × 106/mL) were pre-treated with either 2 µg/mL control mouse IgG or 2 µg/mL mouse anti-CTLA4-IgG (both BD Biosciences). Pre-stimulated PBMCs were treated with either 2 µg/mL control human IgG (Grifols) indicated as MSC or 2 µg/mL humanized CTLA4-Ig (Bristol-Myers Squibb) and added in a 2 to 1 ratio to the pre-treated MSCs (indicated as MSC or MSC + CTLA4-Ig and MSC + anti-CTLA-4) or to the pre-treatment conditions without MSC (indicated as CTRL or CTLA4-Ig).



Cell culture supernatants were harvested for quantification of TNF secretion and stored at −70 °C until analysis. TNFα DuoSet® ELISA was performed according to the manufacturer’s instructions (R&D Systems, Wiesbaden, Germany). The OD was measured at 450 nm and 540 nm. A standard curve was generated with a four-parametric logistic curve fit.




4.11. Statistical Analysis


Data shown are reported as the mean ± SEM of at least three independently performed experiments. Differences between normally distributed groups were compared using the student′s t test. Multiple comparisons were analyzed by two-way ANOVA as indicated with Bonferroni's multiple comparison post hoc test. Statistical significance was considered when p < 0.05.









Supplementary Materials


Supplementary materials can be found at http://www.mdpi.com/1422-0067/19/8/2312/s1.





Author Contributions


Study design: P.H., T.G., K.S.; Drafting manuscript: P.H., H.H., T.G., E.R., G.M.; A.L., M.P.; Data collection, analysis, and interpretation: P.H., T.G., K.S., C.L.T., C.S., S.O., A.L., M.P.; Revising manuscript: P.H., T.G., H.H., A.L., F.B., G.R.B.




Funding


This project was supported by an unrestricted grant provided by Bristol-Myers Squibb (IM101-501_Hoff).




Acknowledgments


The authors thank Manuela Jakstadt for excellent technical assistance. FACS analyses were performed together with the Core Facility at the German Rheumatism Research Centre. Bone marrow was provided from the “Tissue Harvesting” Core Facility of the BCRT. We acknowledge support from the German Research Foundation (DFG) and the Open Access Publication Fund of Charité—Universitätsmedizin Berlin.




Conflicts of Interest


The authors declare that they have no conflict of interest.




References


	



Alexander, T.; Arnold, R.; Hiepe, F.; Radbruch, A. Resetting the immune system with immunoablation and autologous haematopoietic stem cell transplantation in autoimmune diseases. Clin. Exp. Rheumatol. 2016, 34, 53–57. [Google Scholar] [PubMed]

	



Freitag, J.; Berod, L.; Kamradt, T.; Sparwasser, T. Immunometabolism and autoimmunity. Immunol. Cell Biol. 2016, 94, 925–934. [Google Scholar] [CrossRef] [PubMed]

	



Schett, G. Autoimmunity as a trigger for structural bone damage in rheumatoid arthritis. Mod. Rheumatol. 2017, 27, 193–197. [Google Scholar] [CrossRef] [PubMed]

	



Mauri, C.; Blair, P.A. Regulatory B cells in autoimmunity: Developments and controversies. Nat. Rev. Rheumatol. 2010, 6, 636–643. [Google Scholar] [CrossRef] [PubMed]

	



Sakaguchi, S.; Miyara, M.; Costantino, C.M.; Hafler, D.A. FOXP3+ regulatory T cells in the human immune system. Nat. Rev. Immunol. 2010, 10, 490–500. [Google Scholar] [CrossRef] [PubMed]

	



Wehrens, E.J.; Prakken, B.J.; van Wijk, F. T cells out of control—Impaired immune regulation in the inflamed joint. Nat. Rev. Rheumatol. 2013, 9, 34–42. [Google Scholar] [CrossRef] [PubMed]

	



MacKenzie, K.F.; Clark, K.; Naqvi, S.; McGuire, V.A.; Noehren, G.; Kristariyanto, Y.; van den Bosch, M.; Mudaliar, M.; McCarthy, P.C.; Pattison, M.J.; et al. PGE(2) induces macrophage IL-10 production and a regulatory-like phenotype via a protein kinase A-SIK-CRTC3 pathway. J. Immunol. 2013, 190, 565–577. [Google Scholar] [CrossRef] [PubMed]

	



Allavena, P.; Sica, A.; Solinas, G.; Porta, C.; Mantovani, A. The inflammatory micro-environment in tumor progression: The role of tumor-associated macrophages. Crit. Rev. Oncol. Hematol. 2008, 66, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



Lippens, C.; Duraes, F.V.; Dubrot, J.; Brighouse, D.; Lacroix, M.; Irla, M.; Aubry-Lachainaye, J.P.; Reith, W.; Mandl, J.N.; Hugues, S. IDO-orchestrated crosstalk between pDCs and Tregs inhibits autoimmunity. J. Autoimmun. 2016, 75, 39–49. [Google Scholar] [CrossRef] [PubMed]

	



Chaudhary, D.; Trivedi, R.N.; Kathuria, A.; Khandia, R.; Goswami, T.K.; Munjal, A.K. In vitro and In vivo Immunomodulating Properties of Mesenchymal Stem Cells. Recent Pat. Inflamm. Allergy Drug Discov. 2018. [Google Scholar] [CrossRef] [PubMed]

	



Da Silva Lima, F.; da Rocha Romero, A.B.; Hastreiter, A.; Nogueira-Pedro, A.; Makiyama, E.; Colli, C.; Fock, R.A. An insight into the role of magnesium in the immunomodulatory properties of mesenchymal stem cells. J. Nutr. Biochem. 2018, 55, 200–208. [Google Scholar] [CrossRef] [PubMed]

	



De Ugarte, D.A.; Morizono, K.; Elbarbary, A.; Alfonso, Z.; Zuk, P.A.; Zhu, M.; Dragoo, J.L.; Ashjian, P.; Thomas, B.; Benhaim, P.; et al. Comparison of multi-lineage cells from human adipose tissue and bone marrow. Cells Tissues Organs 2003, 174, 101–109. [Google Scholar] [CrossRef] [PubMed]

	



Kadle, R.L.; Abdou, S.A.; Villarreal-Ponce, A.P.; Soares, M.A.; Sultan, D.L.; David, J.A.; Massie, J.; Rifkin, W.J.; Rabbani, P.; Ceradini, D.J. Microenvironmental cues enhance mesenchymal stem cell-mediated immunomodulation and regulatory T-cell expansion. PLoS ONE 2018, 13, e0193178. [Google Scholar] [CrossRef] [PubMed]

	



O'Driscoll, S.W.; Saris, D.B.; Ito, Y.; Fitzimmons, J.S. The chondrogenic potential of periosteum decreases with age. J. Orthop. Res. 2001, 19, 95–103. [Google Scholar] [CrossRef][Green Version]

	



Sandrasaigaran, P.; Algraittee, S.J.R.; Ahmad, A.R.; Vidyadaran, S.; Ramasamy, R. Characterisation and immunosuppressive activity of human cartilage-derived mesenchymal stem cells. Cytotechnology 2018, 70, 1037–1050. [Google Scholar] [CrossRef] [PubMed]

	



Wagegg, M.; Gaber, T.; Lohanatha, F.L.; Hahne, M.; Strehl, C.; Fangradt, M.; Tran, C.L.; Schonbeck, K.; Hoff, P.; Ode, A.; et al. Hypoxia promotes osteogenesis but suppresses adipogenesis of human mesenchymal stromal cells in a hypoxia-inducible factor-1 dependent manner. PLoS ONE 2012, 7, e46483. [Google Scholar] [CrossRef] [PubMed]

	



Bartholomew, A.; Sturgeon, C.; Siatskas, M.; Ferrer, K.; McIntosh, K.; Patil, S.; Hardy, W.; Devine, S.; Ucker, D.; Deans, R.; et al. Mesenchymal stem cells suppress lymphocyte proliferation in vitro and prolong skin graft survival in vivo. Exp. Hematol. 2002, 30, 42–48. [Google Scholar] [CrossRef]

	



Di Nicola, M.; Carlo-Stella, C.; Magni, M.; Milanesi, M.; Longoni, P.D.; Matteucci, P.; Grisanti, S.; Gianni, A.M. Human bone marrow stromal cells suppress T-lymphocyte proliferation induced by cellular or nonspecific mitogenic stimuli. Blood 2002, 99, 3838–3843. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Stagg, J. Immune regulation by mesenchymal stem cells: Two sides to the coin. Tissue Antigens 2007, 69, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



Lohan, P.; Treacy, O.; Griffin, M.D.; Ritter, T.; Ryan, A.E. Anti-Donor Immune Responses Elicited by Allogeneic Mesenchymal Stem Cells and Their Extracellular Vesicles: Are We Still Learning? Front. Immunol. 2017, 8, 1626. [Google Scholar] [CrossRef] [PubMed]

	



Faiella, W.; Atoui, R. Immunotolerant Properties of Mesenchymal Stem Cells: Updated Review. Stem Cells Int. 2016, 2016, 1859567. [Google Scholar] [CrossRef] [PubMed]

	



Burr, S.P.; Dazzi, F.; Garden, O.A. Mesenchymal stromal cells and regulatory T cells: The Yin and Yang of peripheral tolerance? Immunol. Cell Biol. 2013, 91, 12–18. [Google Scholar] [CrossRef] [PubMed]

	



Hoff, P.; Gaber, T.; Schmidt-Bleek, K.; Senturk, U.; Tran, C.L.; Blankenstein, K.; Lutkecosmann, S.; Bredahl, J.; Schuler, H.J.; Simon, P.; et al. Immunologically restricted patients exhibit a pronounced inflammation and inadequate response to hypoxia in fracture hematomas. Immunol. Res. 2011, 51, 116–122. [Google Scholar] [CrossRef] [PubMed]

	



Hoff, P.; Gaber, T.; Strehl, C.; Schmidt-Bleek, K.; Lang, A.; Huscher, D.; Burmester, G.R.; Schmidmaier, G.; Perka, C.; Duda, G.N.; et al. Immunological characterization of the early human fracture hematoma. Immunol. Res. 2016, 64, 1195–1206. [Google Scholar] [CrossRef] [PubMed]

	



Hoff, P.; Maschmeyer, P.; Gaber, T.; Schutze, T.; Raue, T.; Schmidt-Bleek, K.; Dziurla, R.; Schellmann, S.; Lohanatha, F.L.; Rohner, E.; et al. Human immune cells’ behavior and survival under bioenergetically restricted conditions in an in vitro fracture hematoma model. Cell Mol. Immunol. 2013, 10, 151–158. [Google Scholar] [CrossRef] [PubMed]

	



Hoff, P.; Rakow, A.; Gaber, T.; Hahne, M.; Senturk, U.; Strehl, C.; Fangradt, M.; Schmidt-Bleek, K.; Huscher, D.; Winkler, T.; et al. Preoperative irradiation for the prevention of heterotopic ossification induces local inflammation in humans. Bone 2013, 55, 93–101. [Google Scholar] [CrossRef] [PubMed]

	



Kolar, P.; Gaber, T.; Perka, C.; Duda, G.N.; Buttgereit, F. Human early fracture hematoma is characterized by inflammation and hypoxia. Clin. Orthop. Relat. Res. 2011, 469, 3118–3126. [Google Scholar] [CrossRef] [PubMed]

	



Kolar, P.; Schmidt-Bleek, K.; Schell, H.; Gaber, T.; Toben, D.; Schmidmaier, G.; Perka, C.; Buttgereit, F.; Duda, G.N. The Early Fracture Hematoma and Its Potential Role in Fracture Healing. Tissue Eng. Part. B Rev. 2010, 16, 427–434. [Google Scholar] [CrossRef] [PubMed]

	



Hoff, P.; Gaber, T.; Strehl, C.; Jakstadt, M.; Hoff, H.; Schmidt-Bleek, K.; Lang, A.; Rohner, E.; Huscher, D.; Matziolis, G.; et al. A Pronounced Inflammatory Activity Characterizes the Early Fracture Healing Phase in Immunologically Restricted Patients. Int. J. Mol. Sci. 2017, 18, 583. [Google Scholar] [CrossRef] [PubMed]

	



Barry, F.; Murphy, M. Mesenchymal stem cells in joint disease and repair. Nat. Rev. Rheumatol. 2013, 9, 584–594. [Google Scholar] [CrossRef] [PubMed]

	



Gao, F.; Chiu, S.M.; Motan, D.A.; Zhang, Z.; Chen, L.; Ji, H.L.; Tse, H.F.; Fu, Q.L.; Lian, Q. Mesenchymal stem cells and immunomodulation: Current status and future prospects. Cell Death Dis. 2016, 7, e2062. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Brunet, J.F.; Denizot, F.; Luciani, M.F.; Roux-Dosseto, M.; Suzan, M.; Mattei, M.G.; Golstein, P. A new member of the immunoglobulin superfamily–CTLA-4. Nature 1987, 328, 267–270. [Google Scholar] [CrossRef] [PubMed]

	



Brunner-Weinzierl, M.C.; Hoff, H.; Burmester, G.R. Multiple functions for CD28 and cytotoxic T lymphocyte antigen-4 during different phases of T cell responses: Implications for arthritis and autoimmune diseases. Arthritis Res. Ther. 2004, 6, 45–54. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Halpert, M.M.; Konduri, V.; Liang, D.; Chen, Y.; Wing, J.B.; Paust, S.; Levitt, J.M.; Decker, W.K. Dendritic Cell-Secreted Cytotoxic T-Lymphocyte-Associated Protein-4 Regulates the T-cell Response by Downmodulating Bystander Surface B7. Stem Cells Dev. 2016, 25, 774–787. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Quandt, D.; Hoff, H.; Rudolph, M.; Fillatreau, S.; Brunner-Weinzierl, M.C. A new role of CTLA-4 on B cells in thymus-dependent immune responses in vivo. J. Immunol. 2007, 179, 7316–7324. [Google Scholar] [CrossRef] [PubMed]

	



Grohmann, U.; Orabona, C.; Fallarino, F.; Vacca, C.; Calcinaro, F.; Falorni, A.; Candeloro, P.; Belladonna, M.L.; Bianchi, R.; Fioretti, M.C.; et al. CTLA-4-Ig regulates tryptophan catabolism in vivo. Nat. Immunol. 2002, 3, 1097–1101. [Google Scholar] [CrossRef] [PubMed]

	



Hoff, H.; Knieke, K.; Cabail, Z.; Hirseland, H.; Vratsanos, G.; Burmester, G.R.; Jorch, G.; Nadler, S.G.; Broker, B.; Hebel, K.; et al. Surface CD152 (CTLA-4) expression and signaling dictates longevity of CD28null T cells. J. Immunol. 2009, 182, 5342–5351. [Google Scholar] [CrossRef] [PubMed]

	



Hoff, H.; Kolar, P.; Ambach, A.; Radbruch, A.; Brunner-Weinzierl, M.C. CTLA-4 (CD152) inhibits T cell function by activating the ubiquitin ligase Itch. Mol. Immunol. 2010, 47, 1875–1881. [Google Scholar] [CrossRef] [PubMed]

	



Ueda, H.; Howson, J.M.; Esposito, L.; Heward, J.; Snook, H.; Chamberlain, G.; Rainbow, D.B.; Hunter, K.M.; Smith, A.N.; Di Genova, G.; et al. Association of the T-cell regulatory gene CTLA4 with susceptibility to autoimmune disease. Nature 2003, 423, 506–511. [Google Scholar] [CrossRef] [PubMed]

	



Gao, K.; Chen, Y.; Wei, L.; Li, S.; Jin, X.; Cong, C.; Yuan, Y.; Long, D.; Li, Y.; Cheng, J.; et al. Inhibitory effect of mesenchymal stem cells on lymphocyte proliferation. Cell Biochem. Funct. 2008, 26, 900–907. [Google Scholar] [CrossRef] [PubMed]

	



Rasmusson, I.; Ringden, O.; Sundberg, B.; Le Blanc, K. Mesenchymal stem cells inhibit lymphocyte proliferation by mitogens and alloantigens by different mechanisms. Exp. Cell Res. 2005, 305, 33–41. [Google Scholar] [CrossRef] [PubMed]

	



Chinnadurai, R.; Copland, I.B.; Patel, S.R.; Galipeau, J. IDO-independent suppression of T cell effector function by IFN-gamma-licensed human mesenchymal stromal cells. J. Immunol. 2014, 192, 1491–1501. [Google Scholar] [CrossRef] [PubMed]

	



Mancheno-Corvo, P.; Menta, R.; del Rio, B.; Franquesa, M.; Ramirez, C.; Hoogduijn, M.J.; DelaRosa, O.; Dalemans, W.; Lombardo, E. T Lymphocyte Prestimulation Impairs in a Time-Dependent Manner the Capacity of Adipose Mesenchymal Stem Cells to Inhibit Proliferation: Role of Interferon gamma, Poly I:C, and Tryptophan Metabolism in Restoring Adipose Mesenchymal Stem Cell Inhibitory Effect. Stem Cells Dev. 2015, 24, 2158–2170. [Google Scholar] [PubMed]

	



Jones, S.; Horwood, N.; Cope, A.; Dazzi, F. The antiproliferative effect of mesenchymal stem cells is a fundamental property shared by all stromal cells. J. Immunol. 2007, 179, 2824–2831. [Google Scholar] [CrossRef] [PubMed]

	



Zomorodian, E.; Baghaban Eslaminejad, M. Mesenchymal stem cells as a potent cell source for bone regeneration. Stem Cells Int. 2012, 2012, 980353. [Google Scholar] [CrossRef] [PubMed]

	



Chang, Y.H.; Wu, K.C.; Liu, H.W.; Chu, T.Y.; Ding, D.C. Human umbilical cord-derived mesenchymal stem cells reduce monosodium iodoacetate-induced apoptosis in cartilage. Ci Ji Yi Xue Za Zhi 2018, 30, 71–80. [Google Scholar] [PubMed]

	



Gugjoo, M.B.; Amarpal, G.T.; Aithal, H.P.; Kinjavdekar, P. Cartilage tissue engineering: Role of mesenchymal stem cells along with growth factors & scaffolds. Indian J. Med. Res. 2016, 144, 339–347. [Google Scholar] [PubMed]

	



Hermeto, L.C.; DeRossi, R.; Oliveira, R.J.; Pesarini, J.R.; Antoniolli-Silva, A.C.; Jardim, P.H.; Santana, A.E.; Deffune, E.; Rinaldi, J.C.; Justulin, L.A. Effects of intra-articular injection of mesenchymal stem cells associated with platelet-rich plasma in a rabbit model of osteoarthritis. Genet. Mol. Res. 2016, 15. [Google Scholar] [CrossRef] [PubMed]

	



Granero-Molto, F.; Weis, J.A.; Miga, M.I.; Landis, B.; Myers, T.J.; O’Rear, L.; Longobardi, L.; Jansen, E.D.; Mortlock, D.P.; Spagnoli, A. Regenerative effects of transplanted mesenchymal stem cells in fracture healing. Stem Cells 2009, 27, 1887–1898. [Google Scholar] [CrossRef] [PubMed]

	



Lamo-Espinosa, J.M.; Mora, G.; Blanco, J.F.; Granero-Molto, F.; Nunez-Cordoba, J.M.; Sanchez-Echenique, C.; Bondia, J.M.; Aquerreta, J.D.; Andreu, E.J.; Ornilla, E.; et al. Intra-articular injection of two different doses of autologous bone marrow mesenchymal stem cells versus hyaluronic acid in the treatment of knee osteoarthritis: Multicenter randomized controlled clinical trial (phase I/II). J. Transl. Med. 2016, 14, 246. [Google Scholar] [CrossRef] [PubMed]

	



Dominici, M.; Le Blanc, K.; Mueller, I.; Slaper-Cortenbach, I.; Marini, F.; Krause, D.; Deans, R.; Keating, A.; Prockop, D.; Horwitz, E. Minimal criteria for defining multipotent mesenchymal stromal cells. The International Society for Cellular Therapy position statement. Cytotherapy 2006, 8, 315–317. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 19 02312 g001 550] 





Figure 1. Mesenchymal stem/stromal cells (MSCs) differentially express distinct splice variants of cytotoxic T lymphocyte antigen 4 (CTLA-4) with regard to oxygen availability. (A) Scheme of the documented splice variants of total CTLA-4 (totCTLA-4)—full length CTLA-4 (flCTLA-4), ligand-independent CTLA-4, soluble CTLA-4 (sCTLA-4), and 1/4 CTLA-4—which were detectable in (B) conventional RT-PCR and (C) quantitative RT-PCR under normoxia (Nox; 18% O2) and hypoxia (Hox; 1% O2). Data in (C) are given as the mean ± SEM (statistical analysis: two-way ANOVA with Bonferroni’s post hoc test: * p < 0.05, *** p < 0.001). 
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Figure 2. MSCs differentially express CTLA-4 protein with regard to oxygen availability. (A) Representative histogram of CTLA-4 surface expression on human bone marrow-derived MSCs and surface CTLA-4 staining of human MSCs as analyzed by flow cytometry. (B) Fluorescence intensities are depicted as box plots of delta of geometric means normalized to an antibody block (n = 5; * p < 0.05; paired t-test). (C,D) Intracellular CTLA-4 expression and secretion by human MSCs was confirmed by immunoblotting after native PAGE and ELISA. (C) Intracellular fl/sCTLA-4 (n = 4; * p < 0.05; paired t-test) and (D) secreted sCTLA-4 was enhanced in MSCs cultured under hypoxic conditions (Hox; 1% O2) as compared to normoxic conditions (Nox; 18% O2) (n = 6; * p < 0.05; paired t-test). 
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Figure 3. Human MSCs reduce tumor necrosis factor alpha (TNFα) secretion of mitogen-stimulated peripheral blood leukocytes in a CTLA-4-dependent manner. (A) Phytohaemagglutinin (PHA)-induced TNFα secretion of peripheral blood mononuclear cells (PBMCs) (n = 4; * p < 0.05; *** p < 0.001; two-way ANOVA with Bonferroni’s post hoc test). (B,C) PHA-induced TNFα secretion by PBMCs was significantly reduced by CTLA4-Ig (Abatacept), by human bone marrow-derived MSCs, and their combination (n = 4; * p < 0.05; ** p < 0.01; one-sample t-test). MSC-mediated reduction of PHA-induced TNFα secretion was blocked by anti-CTLA-4 antibody under both (A) normoxic (18% O2) and (B) hypoxic (1% O2) conditions. 
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Figure 4. Schematic representation of the mode of action of CTLA-4 mediated inhibition of, e.g., T cell activation. (A) MSCs are able to express two different isoforms of CTLA-4. The flCTLA-4 is a membrane-bound dimer while sCTLA-4 is a secreted monomeric isoform of CTLA-4. (B) Under normoxic conditions, flCTLA-4 may mediate cell contact-dependent inhibition of T cell responses by direct interaction with B7.1/B7.2 on the surface of APCs. (C) Under hypoxic conditions, MSC may switch to a cell contact-independent mechanism where sCTLA-4 is able to bind B7.1/B7.2 on APCs, thereby blocking CD28 mediated co-stimulation of T cells. 
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Table 1. qPCR primer sets.
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	Symbol
	Gene Name
	Accession Number
	Forward Primer
	Reverse Primer
	Remarks





	flCTLA4
	Homo sapiens cytotoxic T-lymphocyte associated protein 4 (CTLA4), transcript variant 1, mRNA
	NM_005214
	ACC CAG ATT TAT GTA ATT GAT CCA GAA
	CCG AAC TAA CTG CAA GGA
	Primer combination detects transcript variant 1, which represents the longer transcript and encodes the longer membrane-bound isoform CTLA4-TM (also known as full-length (fl)CTLA4)



	sCTLA4
	Homo sapiens cytotoxic T-lymphocyte associated protein 4 (CTLA4), transcript variant 2, mRNA
	NM_001037631
	ATG TAA TTG CTA AAG AAA AGA AGC CCT C
	GCCTCAGCTCTTGGAAATTGAAAT
	Primer combination detects the encoded isoform CTLA-4delTM (also known as sCTLA4) which is soluble and lacks the transmembrane domain, compared to isoform



	totCTLA4
	Homo sapiens cytotoxic T-lymphocyte associated protein 4 (CTLA4), transcript variant 1 and 2, mRNA
	NM_005214 and NM_001037631
	TGT TGA CAT GTG CTT TGG GG
	GCT GCC TTC TGT CCA TG
	Primer combination detects all transcript variants of CTLA4 including flCTLA-4 and sCTLA-4 but also the ligand independent CTLA-4 and the 1/4 CTLA-4 that lacks both the ligand-binding domain and the transmembrane domain



	ACTB
	Homo sapiens actin beta (ACTB), mRNA
	NM_001101
	GAC AGG ATG CAG AAG GAG ATC ACT
	TGA TCC ACA TCT GCT GGA AGG T
	Primer combination detects full length ACTB
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