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The possibility to expand ex vivo high numbers of clinical-grade MSCs from bone marrow (BM-MSCs) or adipose tissue (ASCs) has paved the way for their therapeutic use. In agreement, more than 500 clinical trials evaluating MSC therapy in multiple clinical settings are registered (http://www.clinicaltrials.gov) and encouraging results have been reported in phase I/II trials [1,2]. Interestingly, the efficacy of transplanted MSCs mainly relies on their paracrine ability to produce trophic factors, reduce inflammation, and dampen innate and adaptive immune response [3,[START_REF] Menard | Clinical-grade mesenchymal stromal cells produced under various good manufacturing practice processes differ in their immunomodulatory properties: standardization of immune quality controls[END_REF]. The increasing use of MSCs and their classification by the Regulatory Authorities as strictly-controlled cell-based medicinal products has led to the development of largescale standardized production processes [START_REF] Sensebe | Good manufacturing practices production of mesenchymal stem/stromal cells[END_REF][START_REF] Salmikangas | Manufacturing, characterization and control of cell-based medicinal products: challenging paradigms toward commercial use[END_REF]. Understanding the main determinants that affect their immunomodulatory activity is crucial for the development of effective MSC strategies. For that purpose, the use of completely defined in vitro immunological assays is a pre-requisite to limit uncontrolled technical variability [START_REF] Menard | Clinical-grade mesenchymal stromal cells produced under various good manufacturing practice processes differ in their immunomodulatory properties: standardization of immune quality controls[END_REF][START_REF] Menard | Immunoregulatory properties of clinical grade mesenchymal stromal cells: evidence, uncertainties, and clinical application[END_REF][START_REF] Krampera | Immunological characterization of multipotent mesenchymal stromal cells--The International Society for Cellular Therapy (ISCT) working proposal[END_REF].

Besides inter-individual variability, the scale of culture expansion and the related gradual entry into replicative senescence emerge as critical culture-related parameters that could influence clinical-grade MSC safety and clinical efficacy [START_REF] Galipeau | The mesenchymal stromal cells dilemma--does a negative phase III trial of random donor mesenchymal stromal cells in steroid-resistant graftversus-host disease represent a death knell or a bump in the road?[END_REF][START_REF] Tarte | Clinical-grade production of human mesenchymal stromal cells: occurrence of aneuploidy without transformation[END_REF].

In particular, late-passage MSCs were shown to be less effective than early-passage MSCs to control acute graft-versus-host disease [START_REF] Von Bahr | Long-term complications, immunologic effects, and role of passage for outcome in mesenchymal stromal cell therapy[END_REF]. More generally, while academic groups essentially use a one-donor to one-recipient strategy with a minimal requirement for in vitro amplification, industry-driven trials are based on a one-donor to multiple-recipient strategy and involve MSCs with a high number of cumulative A c c e p t e d m a n u s c r i p t population doublings (PD) [START_REF] Galipeau | The mesenchymal stromal cells dilemma--does a negative phase III trial of random donor mesenchymal stromal cells in steroid-resistant graftversus-host disease represent a death knell or a bump in the road?[END_REF]. As senescence is observed in expanding human MSCs [START_REF] Tarte | Clinical-grade production of human mesenchymal stromal cells: occurrence of aneuploidy without transformation[END_REF], it can be hypothesized that long-term culture affects MSC clinical efficacy due to replicative senescence.

Previous analyses of the impact of senescence on MSC immunological properties led to opposite results in relation with the use of unstandardized MSC production processes, senescence induction, and immunological assays [12,13]. In addition, whereas MSC priming by inflammatory stimuli is a pre-requisite to trigger their suppressive function [14], previous studies regarding MSC senescence only focused on resting MSCs. We investigate here the impact of replicative senescence, induced by long-term culture, on the ability of clinical grade BM-MSCs and ASCs to inhibit immune response. We highlight that senescent MSCs are less efficient than their non-senescent counterpart to inhibit T-cell proliferation and identify the proteasomal degradation of indoleamine 2,3-dioxygenase (IDO) immunosuppressive enzyme as a supportive mechanism.

MATERIALS AND METHODS

Complete Materials and Methods are available in the Supporting Information.

RESULTS AND DISCUSSION

Senescent MSCs display reduced capacity to inhibit T-cell proliferation

To analyze the impact of replicative senescence on immunological properties of MSCs, we maintained clinical-grade MSC batches in culture until senescence and compared paired senescent (SEN+) and non-senescent (SEN-) cells from the same donors.

A c c e p t e d m a n u s c r i p t including increased cell size, β-galactosidase (β-gal) staining, and expression of p16INK4 as previously described [START_REF] Tarte | Clinical-grade production of human mesenchymal stromal cells: occurrence of aneuploidy without transformation[END_REF] (Figure S1A-C). To ensure data homogeneity, SEN+ and SEN-MSC batches were defined by a combination of high cumulative PD/β-gal staining >25% versus low cumulative PD/β-gal staining <5% (Figure S1D) rather than by the passage number, a highly variable parameter in culture. We then compared the effect of SEN+ and SEN-MSCs on activated purified immune effector cells instead of unfractionated peripheral blood mononuclear cells using robust and validated assays as proposed by the International Society for Cellular Therapy [START_REF] Krampera | Immunological characterization of multipotent mesenchymal stromal cells--The International Society for Cellular Therapy (ISCT) working proposal[END_REF]15]. Interestingly, SEN+ BM-MSCs and ASCs displayed a significantly decreased capacity to inhibit T-cell proliferation compared to their SEN-counterpart regardless of the MSC-to-immune cell ratio although they retained their NK-cell inhibitory function (Figure 1A-B and Figure S2A). SEN-MSCs inhibited T-cell proliferation at a similar level upon transwell coculture (Figure S2B), showing that the mechanism involved was contact-independent. HGF and TGF-β were significantly upregulated at the mRNA level in ASCs and BM-MSCs during senescence in both resting and inflammatory context, ruling out that the loss of T-cell inhibitory properties of SEN+ MSCs was related to a decreased production of HGF and TGF-β1 soluble immunosuppressive molecules (Figure S2C). The capacity of human MSCs to inhibit T-cell, unlike NK-cell, proliferation in vitro was proposed to be dependent on their capacity to express functional IDO [START_REF] Menard | Clinical-grade mesenchymal stromal cells produced under various good manufacturing practice processes differ in their immunomodulatory properties: standardization of immune quality controls[END_REF]16]. We thus assessed IDO activity of SEN+ versus SEN-MSCs after licensing by weak (20 IU/ml interferon (IFN)-γ; Low IFN) versus strong (100 IU/ml IFN-γ +1.5 ng/ml tumor necrosis factor (TNF)-α; Hi IFN +TNF) inflammatory stimuli, as selected by the quantification of IDO mRNA (Figure Overall these data provide evidences that senescent MSCs are specifically less suppressive towards T-cell immunity than non-senescent MSCs, in association with a reduced IDO activity. Importantly, full senescence was obtained after only 4-9 passages for BM-MSCs versus 10-14 passages for ASCs (Figure S1A), indicating that senescence evaluation could be a valuable quality control, in particular for clinical-grade BM-MSCs. In addition, these data strengthen the potential interest of the priming of MSCs with inflammatory stimuli before their clinical use [17].

IDO activity is reduced in senescent MSCs through a proteasome-dependent degradation pathway

Given the discrepancy between IFN-γ-dependent IDO transcription versus activity in SEN+ MSCs, we further explored the molecular mechanisms underlying IDO regulation during senescence. We first underlined, through inhibition by validated siRNA (Figure S3) that STAT1 but not STAT3 was required for the induction of IDO transcription by IFN-γ in MSCs (Figure 2A), as described in other cell subsets [18, A c c e p t e d m a n u s c r i p t 19]. STAT1 signaling was retained during MSC senescence (Figure 2B), in agreement with the induction of similar levels of IDO mRNA by IFN-γ in SEN+ versus SEN-cells (Figure 1C). We next hypothesized that the decrease of IDO activity during MSC senescence could be due to a decrease of IDO protein stability. In fact, SEN+ MSCs contained less IDO protein than SEN-MSCs after stimulation with weak inflammatory stimuli, a defect corrected by the use of a strong inflammatory priming (Figure 2C). Proteasome has been proposed to regulate IDO protein stability in various cell models [20,21]. In addition, the proteasome is involved in the regulation of senescence that, in turn, alters the expression of proteasome pathway components [22][23][24]. We thus tested the MG132 reversible proteasome inhibitor on the inflammation-dependent expression of IDO in MSCs. Interestingly, MG132 specifically increased the amount of IDO protein and activity in SEN+ MSCs (Figure 2D-E), suggesting a crucial role for proteasome degradation pathway in the decrease of IDO activity, and subsequent reduction of immunosuppressive MSC properties during senescence. Identification of IDO-degrading factors and their inducers could provide new quality controls for clinical-grade MSC production as well as new potential targets to maintain IDO-dependent suppressive phenotype.

CONCLUSIONS

Our findings support the emerging idea that senescence modifies MSC immunosuppressive properties. Indeed, our results demonstrate a deleterious effect of senescence on MSC capacity to inhibit T-cell mediated immune response, in link with a proteasome-dependent degradation of IDO. Of note, although resting SEN+ MSCs maintain their ability to sustain B-cell proliferation as previously described for SEN-MSCs [START_REF] Menard | Clinical-grade mesenchymal stromal cells produced under various good manufacturing practice processes differ in their immunomodulatory properties: standardization of immune quality controls[END_REF], priming by weak inflammatory stimuli was sufficient to convert them 

GMP-grade mesenchymal stromal cells production

Healthy donor recruitment followed institutional review board approval and written informed content process according to the Declaration of Helsinki. Mesenchymal stromal cells (MSCs) were cultured according to GMP principles and following the same process as in our GMP-licensed facility. Briefly, adipose-derived stromal cells (ASCs) were obtained from lipoaspirates after digestion with 0.4 U/mL NB6 collagenase (Roche Diagnostics) for 45 min at 37°C, filtration, and centrifugation to obtain the stromal vascular fraction (SVF) [1]. Cells from the SVF were seeded at 1,000 cells/cm 2 in αMEM supplemented with human platelet lysate (2%), heparin (1 U/ml), penicillin (100 U/ml) and streptomycin (100 µg/ml; Life Technologies). The entire medium was renewed every 3 days until the cells reached near confluence (the end of P0). Cells were then further expanded in the same culture medium at 2,000 cells/cm 2 until senescence. Bone marrow-derived MSCs (BM-MSCs) were obtained as previously reported [2] from unprocessed BM seeded at 5 x 10 4 cells/cm 2 onto CellSTACK in αMEM supplemented with 10% screened FCS (Hyclone), 1 ng/mL FGF-2 (R&D Systems), and 10 µg/mL ciprofloxacin. The entire medium was renewed every 3 days until the cells reached near confluence (the end of P0). Cells were then further expanded in the same culture medium at 1,000 cells/cm 2 until senescence.

Phenotypic criteria for MSC definition were validated according to ISCT standards [3] including the expression of CD73, CD105, and CD90 (>90%) and the lack of CD45 (<1%).

When indicated, MSCs were primed (pMSCs) with either 20 IU/ml INF-γ (Low IFN) or with 100 IU/ml IFN-γ and 1.5 ng/ml TNF-α (Hi IFN + TNF; R&D Systems). 

Indoleamine 2,3-Dioxygenase activity

Kynurenine was measured in MSC supernatants by high-performance liquid chromatography (HPLC) using added 3-nitro-L-tyrosine as an internal standard, as previously described [START_REF] Sensebe | Good manufacturing practices production of mesenchymal stem/stromal cells[END_REF].

RNA interference experiments

Cells were seeded the day before transfection with control or STAT1 or STAT3 specific siRNAs (Life Technologies) using hiPerfect (QIAGEN) following manufacturer's instruction. Culture medium was changed 5 hours later and IFN-γ (20 IU/ml) was added or not to stimulate MSCs.

Western blot

Senescent (SEN+) and non-senescent (SEN-) MSCs were stimulated or not with 20 IU/ml IFN-γ and cell lysates were analyzed by Western blot. Briefly, proteins separated by SDS-PAGE and transferred onto nitrocellulose membranes that were probed with specific antibodies against IDO (Abcam), STAT1, phosphoSTAT1, and β- 

INTRODUCTION

  Mesenchymal stromal cells (MSCs) are considered a promising tool for cell-based therapeutic strategies in the context of immune disorders and tissue regeneration[1].

  note, T cells produced similar to higher amounts of IFN-γ and TNF-α when cocultured with SEN+ MSCs compared to SEN-MSCs in agreement with the decreased T-cell suppressive activity of SEN+ MSCs, confirming that the lack of Tcell inhibition by SEN+ MSCs could not be attributed to a weaker inflammatory context (FigureS2D). Interestingly, whereas SEN+ and SEN-MSCs responded to inflammatory cytokines by producing similar amount of IDO mRNA, SEN+ MSCs required a stronger priming than SEN-to trigger a full IDO activity (Figure1D). In agreement, priming of SEN+ MSCs by a strong inflammatory stimulus restored their capacity to inhibit T-cell proliferation (Figure1E), even upon cell separation by a transwell (FigureS2B).
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  At the end of the coculture, cells were detached by trypsin, stained with PC7conjugated anti-CD45 antibody (Beckman-Coulter) and DAPI (Sigma-Aldrich) and the proliferation was assessed on viable DAPI neg CD45 pos cells using ModFit LT 3.0 software (Verity Software) as the percentage of cells having undergone more than one cell division. The percentage of inhibition of proliferation was defined as follows:(percentage of CD45 pos cell proliferation without MSCs -percentage of CD45 pos cell proliferation with MSCs) / (percentage of CD45 pos cell proliferation without MSCs)*100.

Growth kinetic

The growth kinetic was assessed by the number of population doublings (PD). At the end of each passage, PD was calculated as follow: PD = log (number of cells at the end of passage / number of seeded cells) / log2. Since during P 0 MSCs derived from colony-forming unit-fibroblasts (CFU-F), the number of seeded cells corresponded to the number of CFU-F, determined at day 10 of culture as the number of colonies with more than 50 cells. The cumulative PD corresponded to the sum of PD for all passages.

Senescence quantification by detection of β-Galactosidase activity

Senescence of cultivated MSCs was studied by β-Gal staining using the Senescence Detection Kit (BioVision) according to manufacturer's instruction. Total and β-Gal positive cells were enumerated under the microscope.

Real time quantitative PCR (RQ-PCR) analysis

RNA was extracted from MSCs using the RNeasy Micro kit (Qiagen) and cDNA was generated using Superscript II reverse-transcriptase (Invitrogen). For quantitative PCR, assay-on-demand primers and probes, Taqman Universal MasterMix, and ABI Prism 7000 apparatus were used (Applied Biosystems). Gene expression of IDO, STAT1, STAT3, P16, HGF, and TGFB1 was quantified based on the ∆∆C T calculation method. As previously described, we used PUM1, CDKN1B and EIF2B1 as appropriate housekeeping genes [START_REF] Menard | Clinical-grade mesenchymal stromal cells produced under various good manufacturing practice processes differ in their immunomodulatory properties: standardization of immune quality controls[END_REF]. PCR data were normalized to the geometric mean of these three housekeeping genes. Results were then standardized by comparison to gene expression in a pool of 5 peripheral blood mononuclear cells.

Evaluation of immunosuppressive properties of mesenchymal stromal cells

T-, NK, and B-cells were purified by negative selection from peripheral blood using appropriate Pan T cell (# 130-096-535), NK cell (# 130-092-657), and B cell isolation kits (# 130-091-151; Miltenyi Biotec); respectively. Cell purity was at least 95% as evaluated by flow cytometry. Each immune cell batch was initially validated for its capacity to strongly proliferate without cell death induction in response to their specific stimuli: for T cells, proliferation > 70% and DAPI neg > 60%; for NK cells, proliferation > 70% and DAPI neg > 50%, and for B cells, proliferation > 50% and DAPI neg > 80%. The same controls were repeated in all individual experiments [START_REF] Menard | Clinical-grade mesenchymal stromal cells produced under various good manufacturing practice processes differ in their immunomodulatory properties: standardization of immune quality controls[END_REF].

Each experiment was performed with senescent (SEN+) and non-senescent (SEN-) MSCs from the same donors.

MSCs were seeded at 6 x 10 5 cells/cm 2 corresponding to a confluent monolayer before adding T (ratio of 10T / 1MSC or 25T / 1 MSC), NK (ratio of 1NK / 1MSC or 2.5 NK / 1 MSC), or B cells (ratio of 1B / 1MSC) previously stained with 0.2 µM carboxyfluorescein succinimidyl ester (CFSE) to determine the proportion of CFSE lo dividing cells. T cells were activated for 5 days with 0.5 µg/ml crosslinking anti-CD3 and anti-CD28 antibodies (Sanquin) in RPMI supplemented with 10% screened human AB serum (Eurobio). NK cells were activated for 6 days by 100 IU/ml rhIL-2 (Proleukin, Novartis) in IMDM-10% human AB serum. B cells were activated for 4 days by 50 ng/ml polyhistidine-tagged CD40 ligand and 5 µg/mL anti-polyhistidine antibody (R&D Systems), 1 µg/mL CpG B (ODN 2006, Invivogen), with 5 µg/mL F(ab')2 anti-human IgM/IgA/IgG (Jackson Immunoresearch) in RPMI supplemented with 10% FCS. Alternatively, when indicated, MSCs were seeded on 0.4 µm Transwell insert placed into a microplate well containing activated T cells. actin (Cell Signaling). Proteins of interest were detected and quantified on a G:BOX device (Syngene) with appropriate HRP-conjugated secondary antibodies (Cell Signaling) and visualized with the Pierce ECL Western blotting substrate (Thermo Scientific). In some experiments, 10µM MG132 (Sigma) were added to inhibit proteasome activity 6 hours before performing cell extracts for Western blotting.

Enzyme-linked immunosorbent assay

The production of tumor necrosis factor (TNF)-α and interferon (IFN)-γ in coculture supernatants was measured with enzyme-linked immunosorbent assay (ELISA) kits (R&D, Minneapolis, MN, USA), according to the manufacturer's instructions.

Statistical analysis

Statistical analyses were performed with GraphPad Prism 6.0 software. Comparisons were performed using Wilcoxon test for matched-pairs. 

Supplementary Method