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Abstract

:

Adult Renal Stem/Progenitor Cells (ARPCs) have been recently identified in the human kidney and several studies show their active role in kidney repair processes during acute or chronic injury. However, little is known about their immunomodulatory properties and their capacity to regulate specific T cell subpopulations. We co-cultured ARPCs activated by triggering Toll-Like Receptor 2 (TLR2) with human peripheral blood mononuclear cells for 5 days and 15 days and studied their immunomodulatory capacity on T cell subpopulations. We found that activated-ARPCs were able to decrease T cell proliferation but did not affect CD8+ and CD4+ T cells. Instead, Tregs and CD3+ CD4- CD8- double-negative (DN) T cells decreased after 5 days and increased after 15 days of co-culture. In addition, we found that PAI1, MCP1, GM-CSF, and CXCL1 were significantly expressed by TLR2-activated ARPCs alone and were up-regulated in T cells co-cultured with activated ARPCs. The exogenous cocktail of cytokines was able to reproduce the immunomodulatory effects of the co-culture with activated ARPCs. These data showed that ARPCs can regulate immune response by inducing Tregs and DN T cells cell modulation, which are involved in the balance between immune tolerance and autoimmunity.
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1. Introduction


Adult Renal stem/progenitor cells (ARPCs) can contribute to the kidney regeneration both directly differentiating and by paracrine secretion. They are able to differentiate toward epithelial-, endothelial-, osteogenic-, and adipogenic-like cells [1,2,3] Some studies showed that ARPCs can regenerate long portions of renal tubules and can regenerate lost podocytes in cortical nephrons [4]. Moreover, these CD133+ renal progenitors are activated by Toll-Like Receptor 2 (TLR2) ligands and can secrete reparative factors able to repair renal tubular cells damaged by chemical agents such as the cisplatin [5]. The TLR2 can function as a sensor of the damage, and its activation can produce different effects such as stem cell proliferation and differentiation. Following appropriate TLR2 stimulation, there is a release of cytokines and inflammatory chemokines such as Complement component C3 and MCP-1, IL-6, and IL-8 ([1,6,7,8].



Renal progenitors can repair both a physical damage, such as a wound in the epithelial tissue, and damage produced by a chemical agent such as cisplatin, a widely used chemotherapeutic agent that can have nephrotoxicity side effects. ARPCs include secreted inhibin-A and decorin following renal tubular cell damage, and these secreted factors are directly involved in the cell regeneration process [1]. ARPCs also have the capacity to prevent the endothelial dysfunction and to protect the endothelial compartment following lipopolysaccharide (LPS) exposure, thereby promoting kidney repair. The antifibrotic effect of ARPCs is exercised by the secretion of CXCL6, SAA4, and BPIFA2 antiseptic molecules [9].



Generally, several kind of stem/progenitor cells can also repair tissues by modulating inflammation and regulating the immune response in reaction to an injury [10,11].



Numerous studies showed that mesenchymal stem cells (MSCs) secrete an abundant quantity of immunoregulatory factors and of growth factors facilitating the tissue repair by using resident tissutal cells [12,13].



MSC immunosuppressive capacity is not constitutive but it is prompted by other inflammatory cytokines, such as those in the inflammatory microenvironment [14].



It is commonly believed that the beneficial effect of MSCs is principally a result of immunomodulation, which in turn engages other cells to accelerate tissue repair, and that this function is triggered by inflammation [15]. Accordingly, in response to inflammatory molecules, MSCs produce a large quantity of immunoregulatory factors, cell-mobilization factors, and growth factors and thereby facilitate tissue repair by tissue-resident stem cells [12,15]. The MSCs suppress immunoreactions by a concerted action of Nitric oxide (NO) and some specific chemokines [14]. These include interleukin 6 (IL-6), transforming growth factor-B (TGF-B), prostaglandin E2, HGF, an epidermal growth factor, and a fibroblast growth factor [16,17]. The involvement of NO and inducible nitric oxide synthases (iNOS) in MSCs seems to be necessary to obtain the MSC-mediated immunosuppression [18]. NO also plays a central role in the regulation of homeostasis and functions of different adult/progenitor stem cells [19]. In renal injury, ARPCs differentiation toward a myofibroblast-like phenotype is mediated by oxidative stress and by NOX4, a NADPH oxidase renal isoform overexpressed in the presence of reactive oxygen species (ROS) and NO [20,21]



However, the immunomodulatory potential of ARPCs is not known. Here we studied the ARPCs’ capacity to regulate specific T cell subpopulations with the aim to understand whether they have immunomodulatory properties on human T cells.




2. Results


2.1. ARPCs Decrease PBMC Proliferation through TLR2 Triggering


To study the immunomodulatory capacity of ARPCs, we set up a co-culture system in which ARPCs were cultured together with PBMCs but separated from a porous set. PBMCs were activated by concanavalin-A (Con-A) and ARPCs were activated with lipoteichoic acid (LTA), a TLR2 agonist, as previously showed. Cells were co-cultured for 5 or 15 days. We found that renal progenitors were able to significantly decrease the proliferation of activated PBMC both at 5 days of co-culture and at 15 days of co-culture (Figure 1A), those this only applied when they were stimulated by the LTA.



After 5 days of co-culture with activated ARPCs, PBMCs’ proliferation rate significantly decreased (Figure 1A,B) This was also made evident by the morphological observation of Con-A activated PBMCs (Figure 1C). We also studied whether the decreased proliferation could be due to an apoptotic process. We found that no apoptotic cells were present in Con-A activated PBMC cultures after 5 days. In co-culture with ARPCs and activated ARPCs, Co-A activated PBMCs showed no significant increase of apoptotic cells. After 15 days of co-culture with ARPCs and activated ARPCs, PBMCs showed a slight but still not significant increase of early apoptotic cells.




2.2. ARPCs Have Immunomodulatory Effects on Treg and Double Negative T Cells


We then studied whether the ARPCs immunomodulatory effect was the same for all the T cell subpopulations (Figure 2). T cells subsets (Total T cells, CD4+ T cells, CD8+ cells, Tregs, and DN T cells) were analyzed by flow cytometry and the gating strategy is shown in Figure 2.



We found that the renal progenitors did not influence the cell proliferation neither of the CD4+ nor of the CD8+ subset and neither after 5 days nor after 15 days of co-culture, even when we stimulated the ARPCs with LTA (Figure 3A, B). However, ARPCs had a strong immunomodulation effect on Treg subsets, both at 5 days (Figure 3C) and at 15 days (Figure 3D) of co-culture and particularly when activated by LTA. Moreover, we found that activated ARPCs induced a significant decrease of DN T cells (CD3+ CD4− CD8− T cells; Figure 3C) at 5 days of co-culture and instead an increase of the same cells after 15 days of co-culture (Figure 3D). The DN T cell modulation was induced only when ARPCs were activated and not without LTA stimulation. Numerical data and Fold Changes are summarized in Supplementary Tables S1 and S2.



The immunomodulatory effect was specific of the ARPCs since, in the same experimental conditions, the RPTEC in place of ARPCs did not produce any effect (Figure 4 and Supplementary Tables S3 and S4).




2.3. ARPC Communicate with T Cell by Means of Specific Chemokines


To study the mechanisms by which ARPCs induced the immunomodulatory effect, we performed a proteome profile, taking advantage of our in vitro model of co-culture. In particular, we studied the parallel expression of 36 selected human cytokines and chemokines in the supernatants of each of the co-culture conditions: CD3+ T cells alone, CD3+ T cells in co-culture with ARPCs, and CD3+ T cells in co-culture with ARPCs previously stimulated with LTA. The list of screened proteins is reported in Supplementary Table S1. We focused principally on chemokines that were expressed in activated ARPCs and/or in co-culture conditions but that were not expressed, or little expressed in supernatants of T cells alone. We found that Plasminogen Activator Inhibitor 1(PAI1; Serpin E1), C-X-C Motif Chemokine Ligand 1(CXCL1; GRO-α), Colony Stimulating Factor 2 (CSF2; GM-CSF), C-C Motif Chemokine Ligand 2 (CCL2; MCP1), Interleukin 6 (IL-6), Interleukin 8 (IL-8), Macrophage Migration Inhibitory Factor (MIF), and Intercellular Adhesion Molecule 1 (ICAM1) proteins were expressed in these conditions (Figure 5).



PAI1 and IL-6 were not highly expressed in CD3 T cells alone, but they increased in supernatants of activated ARPCs and increased to a greater extent in co-culture supernatants. CXCL1 and IL-8 were expressed at the same level in both activated ARPCs and in the co-culture but they were not expressed in the T cells alone. GM-CSF and MCP1 were expressed in activated ARPCs and, to a lesser extent, in co-culture conditions. ICAM 1 was expressed only in activated renal progenitors but not in co-culture nor in T cells alone. Finally, MIF was expressed in all the three conditions but at higher levels in the presence of renal progenitors.




2.4. Chemokines Validation


We then further validated secreted proteins and studied whether PAI1, CXCL1, GM-CSF, or MCP1, alone or in combination, were able to modulate the Tregs and the DN T cells. We exogenously stimulated PBMCs with these proteins for 5 days. We used three different chemokines concentration: 3 nM, 6 nM, and 12 nM for PAI1; 1.25 ng/mL, 2.5 ng/mL, and 5 ng/mL for CXCL1; 12.5 ng/mL, 25 ng/mL, and 50 ng/mL for GM-CSF and MCP1. PAI1 decreased Tregs both at 6 nM and at 12 nM but increased DN T cells at 6 nM (Figure 6A). The CXCL1, GM-CSF, and MCP1 proteins (at 5 ng/mL and 50 ng/mL, respectively) did not give any significant modulation either on Treg cells or on DN T cells (Figure 6). We then tried to stimulate activated PBMCs by means of a cocktail of the four chemokines (6nM PAI1, CXCL1 5 ng/mL, GM-CSF 50 ng/mL, MCP1 50 ng/mL). Following the 5 days of stimulation, the Treg cells tended to increase whereas the DN T cells significantly decreased, as in co-culture experiments (Figure 6B and Supplementary Table S5).



In addition, we stimulated PBMCs with the single chemokines at the same concentrations or with their mix for 15 days. PAI1, CXCL1, and GM-CSF tended to decrease, whereas MCP1 tended to increase Tregs. However, all chemokines tended to increase DN T cells. Anyway, none of the chemokines induced a significant modulation of Tregs or DN T cells (Figure 7A). On the contrary, the stimulation with the chemokine mix for 15 days induced a decrease of Tregs and an increase of DN T cells as T cells in co-culture for 15 days with activated ARPCs (Figure 7B and Supplementary Table S6).





3. Discussion


Some types of stem cells, as MSCs, can also repair the tissues by modulating inflammation and regulating the immune response in reaction to an injury [11,22].



In this study, we show for the first time that ARPCs also have an immunomodulatory capacity and in particular that they can modulate Tregs and DN T cells proliferation. We also show that renal progenitors need to be activated first to actuate these functions. As previously demonstrated [5,16], ARPCs can be triggered by TLR2 agonists such as LTA that are a major constituent of the cell wall of gram-positive bacteria and are important for stimulating innate immune responses to gram-positive bacteria [23]. This is something similar to what happens with the MSC, whose immunosuppressive capacity is not constitutive but regulated by inflammatory microenvironment: the quantities and types of inflammatory chemokines differ considerably throughout the beginning and progression of inflammatory diseases and therefore critically affect the triggering of immunoregulation by MSCs, thus controlling ultimately the immunoregulatory effects of these cells [13,14].



We found that activated ARPCs can inhibit the PBMC proliferation in general, but when we analyzed PBMC subpopulations, only Tregs and DN T cells were significantly modulated (Figure 3). If ARPCs perceived the inflammation by means of the LTA binding on TLR2 [1,5], then the Tregs generation was inhibited both in the short term (5 days) and the long term (15 days).



Considering that both the Tregs and the DN T cells compose 1–5% of all T-cells in healthy mice and human subjects [24,25], the shifts in the percentage of Tregs and DN Ts are significant. The LTA-stimulated ARPCs induced a mean Treg decrease from 5.39 cell % of the basal condition to 2.92% in the co-culture at 5 days and from 6.8 to 4.5 cell % at 15 days (Fold changes of 0.55 and 0.67, respectively). Moreover, TLR2 activated ARPCs induced a mean DN T cells decrease from 7.97 cell % of the basal condition to 5.94% in the co-culture at 5 days and an increase from 6.25 to 9.13 DN T cell % at 15 days (Fold changes of 0.74 and 1.24, respectively).



Instead, if ARPCs were not activated by LTA, they can inhibit Tregs anyway, even if to a lesser extent, in the short term; in contrast, they increased Tregs generation in the long term. This type of trend is typical of the physiological response to tissue damage. It can be divided into three stages: inflammatory, reparative, and remodeling. Throughout this process, inflammatory status (expressed as the kinds and quantity of cytokines and cells of the immune system present) varies considerably: the intensity of inflammation is high in the infection-fighting stage and decreases in the subsequent reparative and remodeling stages that allow wound healing [15]. Accordingly, ARPCs cause Tregs and DN T cells to decrease at the initial phase, promoting inflammation and DN T cell increases in the late inflammation stages, favoring the inflammation quenching (Figure 8). However, if the trigger of inflammation persists, ARPCs cause a further decrease of Tregs, contributing to developing a detrimental inflammatory state. The capacity to regulate the Tregs is not new for stem cells: MSC can modulate these kinds of T cells too [26,27]. Instead, to our knowledge, what is new is the capacity of stem/progenitor cells to modulate the recently discovered population of DN T cells. These are highly potent suppressor cells both in mice and in humans. DN T cells can act as regulatory T cells and are able to avoid allograft rejection, graft-versus-host disease, and auto- immune diabetes [28]. They have a homeostatic role in suppressing undue immune responses that are deleterious to the host [29,30]. Moreover, recent studies indicate that DN T cells are also potent regulators of B cells, DCs, and NK cells [28]. DN Tregs are also antigen-specific suppressor cells. Specifically, they use trogocytosis to regulate T cells with the same antigen specificity and this is a unique feature that makes them appealing for a possible cellular therapy, for transplantation, and for autoimmunity [24,28,31]. Recently, the massive presence of this unconventional subset of T cells in normal and ischemic kidneys has been observed both in humans and in mice [32]. Although their role remains partially unknown, in mice models of acute kidney injury (AKI), these cells act as early responders of injury. They significantly expanded within 3 h from injury and decreased after 72 h from injury [33]. Proliferative DN T cells expressed potent anti-inflammatory cytokines in order to modulate tissue immune response [33]. Our data showed that ARPCs activated with LTA decreased the DN T cells at 5 days, favoring the initial inflammation in some way but then in the long term (15 days) renal progenitors increased the DN T cell formation (Figure 3), plausibly to locally avoid or limit prolonged immune response and autoimmunity.



We also tried to understand what soluble factors, secreted by ARPCs, were involved in the T cell modulation. By using a proteome array of 36 chemokines, we found PAI1, CXCL1/GRO-α, GM-CSF, MCP1, IL-6, IL-8, and MIF that were expressed in the co-culture condition and not by the T cells alone (Figure 5). MCP1, IL-6 and IL-8 had been found modulated by LTA in ARPCs in our previous study [1] and here we also confirmed their upregulation in co-culture with T cells. The IL-8 and MCP1 act as T-lymphocyte chemoattractant [34,35,36,37] and IL-6 is involved in T cell proliferation and differentiation [38,39].



Interestingly, GMCSF has an immunomodulatory effect on Tregs regulating their homeostasis and expansion [40,41]. It was completely absent in T cells alone but secreted in large quantity by ARPCs. MIF is an immunomodulatory protein capable to stimulate the TNF-α release and inducing leukocyte recruitment [42,43]. It was expressed at high levels in activated ARPCs. Moreover, several studies showed that in murine models, CXCL1 have a crucial role in the response to infections by migrating neutrophils [44] and to inflammatory response in AKI [45]. Recent studies associated CXCL1 with the balance of Tregs in lungs [46,47]. Finally, PAI1, which is also called Serpin E1, functions as a chemotactic factor of mast cells and upregulating intercellular adhesion molecule type 1 (ICAM1) expression during inflammation [48]. In a mouse model of sepsis, PAI1 acts directly on CD25 levels, modulating the Tregs recruitment in lungs [49]. Remarkably, MIF and PAI1 are expressed by DN T cells, together with RANTES, promoting a T-cell cytokine-enhancing effects that is involved in processes like autoimmune disease and aging, mediated by CD4+ and CD8+ T cells [50]. We showed that PAI1 and MIF are expressed by T cells alone, even if at low levels compared to ARPCs alone. In co-cultures of T cells and activated ARPCs, PAI1 and MIF levels significantly increased.



In addition, we show that stimulating PBMC with the combination of 4 chemokines, PAI1, CXCL1, MCP1, and GMCSF, had an immunomodulatory effect on Tregs and DN T cells. This effect is very similar to the effect that we observed in co-culture both at 5 and 15 days, suggesting that ARPCs secreted these chemokines as a specific pattern for immunomodulation (Figure 6, Figure 7). As one of the limits of proteome array is the lack of information about the concentration of chemokine in the supernatants of cell cultures, we used a concentration of chemokines similar to those measured in human sera during the inflammatory process, and this could explain the increased levels of Tregs observed after 5 days of stimulation with the mix of chemokines.




4. Materials and Methods


4.1. Co-Culture Experiments


Human ARPCs were isolated from portions of normal-appearing cortex of patients who underwent radical or partial nephrectomy for renal clear-cell carcinoma, and were characterized as previously described [1,5,51]. The study was conducted in accordance with the Declaration of Helsinki, and the protocol was approved by the Independent Ethics Committee of the Azienda Ospedaliero Universitaria Policlinico Consorziale of Bari (Italy), Protocol number: 0049338/07/06/2019 issued on 7 June 2019. Informed consent was obtained from all participants included in the study. hTERT immortalized human renal proximal tubular epithelial cell line, was purchased from EverCyte (EverCyte GmbH, Vienna, Austria). Peripheral blood mononuclear cells (PBMCs) that were isolated by gradient centrifugation with the Ficoll-Hypaque method from buffy coats of healthy donors, were selected from our research repository. ARPCs, RPTECs, CD3+ T cells, and PBMCs were maintained in their recommended media: endothelial cell growth medium (Lonza, Basel, Switzerland) supplemented with 20% fetal bovine serum (FBS), Prox-Up (EverCyte GmbH) without FBS, and RPMI1640 (



Merck Life Science S.r.l., Milano, Italy) supplemented with 10% FBS, 100 U/mL penicillin, and 100 U/mL streptomycin, 4 mM L-glutamine, 0.1 mM non-essential amino-acids, 10 mM HEPES, 1 mM sodium pyruvate, and 50 U/mL rhIL-2, respectively.



All PBMC and ARPCs or RPTECs co-cultures were performed in PBMC media. Before co-culture, PBMC were activated through incubation with 5 ng/mL Concanavalin A (Con-A, Sigma Aldrich) for 24 h and ARPCs were activated by triggering TLR2 for 24 h with 30 ug/mL of Lipoteichoic acid (LTA, Sigma Aldrich).



For in vitro experiments, PBMC were plated at a density of at 1 * 106 cells/cm2, and were incubated in medium alone or in the presence of: 5 ng/mL Concanavalin A (Con-A, Sigma Aldrich) for 24 h; 3 nM, 6 nM, or 12 nM of PAI1 (Sigma Aldrich); 1.25 ng/mL, 2.5 ng/mL or 5 ng/mL of CXCL1 (Novus); 12.5 ng/mL, 25 ng/mL or 50 ng/mL of GMCSF (Millipore); or 12.5 ng/mL, 25 ng/mL, or 50 ng/mL of MCP1 (Sigma Aldrich) for 5 or 15 days.



For co-culture experiments, ARPCs were seeded on top of 0.4-mm-thick polycarbonate inserts (Costar Corning, Life Sciences, Acton, MA, USA) at 8000 cells/cm2 in PBMC medium, and were incubated in medium alone or activated by triggering TLR2 for 24 h with 30 µg/mL of Lipoteichoic acid (LTA, Sigma Aldrich). After 24 h of incubation alone, PBMC and ARPCs were used for co-cultures in PBMC medium for 5 days or 15 days and viable cells were counted by trypan blue dye exclusion (Sigma-Aldrich S.r.l., Milan, Italy) on a Burker chamber.




4.2. Proliferation Assay


Cell proliferation was measured by bromodeoxyuridine (BrdU) incorporation during the last 6 h of 5 and 15 days of culture by a colorimetric immunoassay, according to the manufacturer’s guidelines (Roche Diagnostics, Mannheim, Germany). Untreated cells were used as controls. BrdU incorporated into the DNA was detected using an anti-BrdU peroxidase-conjugated antibody and visualized with a soluble chromogenic substrate. Values were acquired as absorbance at 450 nm—absorbance also occurred at 690 nm.




4.3. Flow Cytometry Analysis


Apoptosis of PBMCs in different conditions after 5 and 15 of co-culture was measured using Annexin-V and 7AAD staining (Beckman coulter, Milan, Italy). PBMC were stained with the following monoclonal antibodies (mAbs) for flow cytometry analysis (FACS): PEVio615-conjugated anti-CD3 (clone REA613), PeVio770-conjugated anti-CD4 (clone REA623), FITC-conjugated anti-CD8 (clone REA734), PE-conjugated anti-CD25 (clone 3G10), and APC-conjugated anti-CD127 (clone REA614) (or their corresponding isotype controls). PBMC were incubated for 20 min with the antibody mixes in the dark at room temperature, washed twice, and resuspended in FACS buffer. All mAbs and their respective isotypes were purchased from Miltenyi Biotec (Bologna, Italy). The anti-CD3 antibody was used to identify total T cells (CD3+ cells), then the anti-CD8, anti-CD4, anti-CD-25 and anti-CD127 were used to distinguish T cells subsets: CD4 T cells (CD3+ CD4+ CD8− T cells), CD8 T cells (CD3+ CD4− CD8+ T cells) CD4 Treg cells (CD3+ CD4+ CD25+ CD127low/− T cells) [52], and Double Negative (DN) T cells (CD3+ CD4− CD8− T cells). Stained cells were then acquired on a Navios cytometer (Beckman Coulter SRL, Cassina de´Pecchi, Milan, Italy) and analyzed using the Flowjo software (BD Biosciences, San Jose, California).




4.4. Proteome Array


Levels of 36 cytokines from cell supernatant of PBMC, LTA activated-ARPCs and 24 h PBMC- LTA activated-ARPCs co-culture were detected using the Proteome Profiler Human Cytokine Array kit (Cat. No.: ARY005B—R & D System, Minneapolis, MN, USA). The assay was conducted following the manufacturer’s instructions. Dot Blots were quantified using Image J 1.34 Software.




4.5. Statistical Analysis


Statistical analysis was performed using the Student’s t test or ANOVA, as appropriate. A value of p > 0.05 was considered significant. Data are expressed as means ± SEM.





5. Conclusions


In summary, we demonstrated for the first time that ARPCs have immunomodulatory properties in response to an inflammatory environment, leading to regulation of Tregs and DN T cells, which are involved in the balance between immune tolerance and autoimmunity. Considering that many renal diseases are characterized by inflammatory infiltrating T cells, which are mostly DN T cells, further investigations would be useful to more extensively study the contribution of ARPCs in modulating immune system during acute and chronic kidney injury.








Supplementary Materials


The following are available online at https://www.mdpi.com/1422-0067/22/1/274/s1, Table S1: Numerical data and Fold Changes for Figure 3A, Table S2: Numerical data and Fold Changes for Figure 3B, Table S3: Numerical data and Fold Changes for Figure 4A, Table S4: Numerical data and Fold Changes for Figure 4B, Table S5: Fold Changes for Figure 6, Table S6: Fold Changes for Figure 7.





Author Contributions


C.C. and A.P. planned the research, coordinated the study, designed and performed most experiments, analyzed the respective data, and drafted the manuscript; N.C. carried out the FACS experiments and assisted in manuscript preparation; A.S., R.F., P.P., G.C., and F.S. participated in the design of the study and assisted with in vitro experiments; G.D.P. and V.F.D.L. performed isolation and characterization of ARPCs from human renal tissue; G.B.P., L.M., A.G., and C.S. participated in the coordination of the study and assisted in manuscript preparation, L.G., A.G., and F.S. designed and supervised the research and drafted the manuscript; all authors read and approved the final manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


Supported by University of Bari ‘Aldo Moro’and the Ministry of Education, University and Research (European Union—European Social Fund, PON R&I 2014–2020, Azione I.2 “Attrazione e Mobilità Internazionale dei Ricercatori”-AIM 1810057-activity 2 granted to A.S.). We thank PersonGene for the support.




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki, and the protocol was approved by the Independent Ethics Committee of the Azienda Ospedaliero Universitaria Policlinico Consorziale of Bari (Italy), Protocol number: 0049338/07/06/2019 issued on 7 June 2019.




Informed Consent Statement


Informed consent was obtained from all participants included in the study.




Data Availability Statement


The data presented in this study are available in article and supplementary material.




Conflicts of Interest


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




References


	



Sallustio, F.; De Benedictis, L.; Castellano, G.; Zaza, G.; Loverre, A.; Costantino, V.; Grandaliano, G.; Schena, F.P. TLR2 plays a role in the activation of human resident renal stem/progenitor cells. FASEB J. 2010, 24, 514–525. [Google Scholar] [CrossRef] [PubMed]

	



Sallustio, F.; Serino, G.; Costantino, V.; Curci, C.; Cox, S.N.; De Palma, G.; Schena, F.P. miR-1915 and miR-1225-5p Regulate the Expression of CD133, PAX2 and TLR2 in Adult Renal Progenitor Cells. PLoS ONE 2013, 8, e68296. [Google Scholar] [CrossRef] [PubMed]

	



Sallustio, F.; Gesualdo, L.; Pisignano, D. The Heterogeneity of Renal Stem Cells and Their Interaction with Bio- and Nano-materials. Adv. Exp. Med. Biol. 2019, 1123, 195–216. [Google Scholar] [PubMed]

	



Romoli, S.; Angelotti, M.L.; Antonelli, G.; Kumar VR, S.; Mulay, S.R.; Desai, J.; Anguiano Gomez, L.; Thomasova, D.; Eulberg, D.; Klussmann, S.; et al. CXCL12 blockade preferentially regenerates lost podocytes in cortical nephrons by targeting an intrinsic podocyte-progenitor feedback mechanism. Kidney Int. 2018, 94, 1111–1126. [Google Scholar] [CrossRef] [PubMed]

	



Sallustio, F.; Curci, C.; Aloisi, A.; Toma, C.C.; Marulli, E.; Serino, G.; Cox, S.N.; De Palma, G.; Stasi, A.; Divella, C.; et al. Inhibin-A and Decorin Secreted by Human Adult Renal Stem/Progenitor Cells Through the TLR2 Engagement Induce Renal Tubular Cell Regeneration. Sci. Rep. 2017, 7, 8225. [Google Scholar] [CrossRef]

	



Gramignoli, R.; Sallustio, F.; Widera, D.; Raschzok, N. Editorial: Tissue Repair and Regenerative Mechanisms by Stem/Progenitor Cells and Their Secretome. Front. Med. 2019, 6, 11. [Google Scholar] [CrossRef]

	



Sallustio, F.; Curci, C.; Stasi, A.; De Palma, G.; Divella, C.; Gramignoli, R.; Castellano, G.; Gallone, A.; Gesualdo, L. Role of Toll-Like Receptors in Actuating Stem/Progenitor Cell Repair Mechanisms: Different Functions in Different Cells. Stem Cells Int. 2019, 2019, 1–12. [Google Scholar] [CrossRef]

	



Sallustio, F.; Serino, G.; Schena, F.P. Potential Reparative Role of Resident Adult Renal Stem/Progenitor Cells in Acute Kidney Injury. Biores. Open Access 2015, 4, 326–333. [Google Scholar] [CrossRef]

	



Sallustio, F.; Stasi, A.; Curci, C.; Divella, C.; Picerno, A.; Franzin, R.; De Palma, G.; Rutigliano, M.; Lucarelli, G.; Battaglia, M.; et al. Renal progenitor cells revert LPS-induced endothelial-to-mesenchymal transition by secreting CXCL6, SAA4, and BPIFA2 antiseptic peptides. FASEB J. 2019, 33, 10753–10766. [Google Scholar] [CrossRef]

	



Caprnda, M.; Kubatka, P.; Gazdikova, K.; Gasparova, I.; Valentova, V.; Stollarova, N.; La Rocca, G.; Kobyliak, N.; Dragasek, J.; Mozos, I.; et al. Immunomodulatory effects of stem cells: Therapeutic option for neurodegenerative disorders. Biomed. Pharmacother. 2017, 91, 60–69. [Google Scholar] [CrossRef]

	



Kode, J.A.; Mukherjee, S.; Joglekar, M.V.; Hardikar, A.A. Mesenchymal stem cells: Immunobiology and role in immunomodulation and tissue regeneration. Cytotherapy 2009, 11, 377–391. [Google Scholar] [CrossRef] [PubMed]

	



Prockop, D.J.; Oh, J.Y. Mesenchymal stem/stromal cells (MSCs): Role as guardians of inflammation. Mol. Ther. 2012, 20, 14–20. [Google Scholar] [CrossRef] [PubMed]

	



Uccelli, A.; Moretta, L.; Pistoia, V. Mesenchymal stem cells in health and disease. Nat. Rev. Immunol. 2008, 8, 726–736. [Google Scholar] [CrossRef] [PubMed]

	



Ren, G.; Zhang, L.; Zhao, X.; Xu, G.; Zhang, Y.; Roberts, A.I.; Zhao, R.C.; Shi, Y. Mesenchymal Stem Cell-Mediated Immunosuppression Occurs via Concerted Action of Chemokines and Nitric Oxide. Cell Stem Cell 2008, 2, 141–150. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Chen, X.; Cao, W.; Shi, Y. Plasticity of mesenchymal stem cells in immunomodulation: Pathological and therapeutic implications. Nat. Immunol. 2014, 15, 1009–1016. [Google Scholar] [CrossRef]

	



Ranganath, S.H.; Levy, O.; Inamdar, M.S.; Karp, J.M. Harnessing the mesenchymal stem cell secretome for the treatment of cardiovascular disease. Cell Stem Cell 2012, 10, 244–258. [Google Scholar] [CrossRef]

	



Ma, S.; Xie, N.; Li, W.; Yuan, B.; Shi, Y.; Wang, Y. Immunobiology of mesenchymal stem cells. Cell Death Differ. 2014, 21, 216–225. [Google Scholar] [CrossRef]

	



Sato, K.; Ozaki, K.; Oh, I.; Meguro, A.; Hatanaka, K.; Nagai, T.; Muroi, K.; Ozawa, K. Nitric oxide plays a critical role in suppression of T-cell proliferation by mesenchymal stem cells. Blood 2007, 109, 228–234. [Google Scholar] [CrossRef]

	



Bonafè, F.; Guarnieri, C.; Muscari, C. Nitric oxide regulates multiple functions and fate of adult progenitor and stem cells. J. Physiol. Biochem. 2015, 71, 141–153. [Google Scholar] [CrossRef]

	



Simone, S.; Cosola, C.; Loverre, A.; Cariello, M.; Sallustio, F.; Rascio, F.; Gesualdo, L.; Schena, F.P.; Grandaliano, G.; Pertosa, G. BMP-2 induces a profibrotic phenotype in adult renal progenitor cells through Nox4 activation. Am. J. Physiol. Ren. Physiol. 2012, 303. [Google Scholar] [CrossRef]

	



Schröder, K.; Zhang, M.; Benkhoff, S.; Mieth, A.; Pliquett, R.; Kosowski, J.; Kruse, C.; Luedike, P.; Michaelis, U.R.; Weissmann, N.; et al. Nox4 Is a protective reactive oxygen species generating vascular NADPH oxidase. Circ. Res. 2012, 110, 1217–1225. [Google Scholar] [CrossRef] [PubMed]

	



Tena, A.; Sachs, D.H. Stem cells: Immunology and immunomodulation. Cell-Based Ther. Retin. Degener. Dis. 2014, 53, 122–132. [Google Scholar] [CrossRef]

	



Seo, H.S.; Michalek, S.M.; Nahm, M.H. Lipoteichoic acid is important in innate immune responses to gram-positive bacteria. Infect. Immun. 2008, 76, 206–213. [Google Scholar] [CrossRef] [PubMed]

	



Haug, T.; Aigner, M.; Peuser, M.M.; Strobl, C.D.; Hildner, K.; Mougiakakos, D.; Bruns, H.; Mackensen, A.; Völkl, S. Human double-negative regulatory T-cells induce a metabolic and functional switch in effector T-cells by suppressing mTOR activity. Front. Immunol. 2019. [Google Scholar] [CrossRef]

	



Apoil, P.A.; Puissant-Lubrano, B.; Congy-Jolivet, N.; Peres, M.; Tkaczuk, J.; Roubinet, F.; Blancher, A. Reference values for T, B and NK human lymphocyte subpopulations in adults. Data Br. 2017. [Google Scholar] [CrossRef]

	



Deng, Y.; Zhang, Y.; Ye, L.; Zhang, T.; Cheng, J.; Chen, G.; Zhang, Q.; Yang, Y. Umbilical Cord-derived Mesenchymal Stem Cells Instruct Monocytes Towards an IL10-producing Phenotype by Secreting IL6 and HGF. Sci. Rep. 2016, 6. [Google Scholar] [CrossRef]

	



Luz-Crawford, P.; Kurte, M.; Bravo-Alegría, J.; Contreras, R.; Nova-Lamperti, E.; Tejedor, G.; Noël, D.; Jorgensen, C.; Figueroa, F.; Djouad, F.; et al. Mesenchymal stem cells generate a CD4+CD25+Foxp3+ regulatory T cell population during the differentiation process of Th1 and Th17 cells. Stem Cell Res. Ther. 2013, 4, 65. [Google Scholar] [CrossRef]

	



Juvet, S.C.; Zhang, L. Double negative regulatory T cells in transplantation and autoimmunity: Recent progress and future directions. J. Mol. Cell Biol. 2012, 4, 48–58. [Google Scholar] [CrossRef]

	



D’Acquisto, F.; Crompton, T. CD3+CD4−CD8− (double negative) T cells: Saviours or villains of the immune response? Biochem. Pharmacol. 2011, 82, 333–340. [Google Scholar] [CrossRef]

	



Chen, W.; Ford, M.S.; Young, K.J.; Zhang, L. The role and mechanisms of double negative regulatory T cells in the suppression of immune responses. Cell. Mol. Immunol. 2004, 1, 328–335. [Google Scholar]

	



Zhang, Z.-X.; Yang, L.; Young, K.J.; DuTemple, B.; Zhang, L. Identification of a previously unknown antigen-specific regulatory T cell and its mechanism of suppression. Nat. Med. 2000, 6, 782–789. [Google Scholar] [CrossRef] [PubMed]

	



Ascon, D.B.; Ascon, M.; Satpute, S.; Lopez-Briones, S.; Racusen, L.; Colvin, R.B.; Soloski, M.J.; Rabb, H. Normal mouse kidneys contain activated and CD3 + CD4 − CD8 − double-negative T lymphocytes with a distinct TCR repertoire. J. Leukoc. Biol. 2008, 84, 1400–1409. [Google Scholar] [CrossRef] [PubMed]

	



Martina, M.N.; Noel, S.; Saxena, A.; Bandapalle, S.; Majithia, R.; Jie, C.; Arend, L.J.; Allaf, M.E.; Rabb, H.; Hamad, A.R.A. Double-negative αβ T cells are early responders to AKI and are found in human kidney. J. Am. Soc. Nephrol. 2016, 27, 1113–1123. [Google Scholar] [CrossRef] [PubMed]

	



Taub, D.D.; Anver, M.; Oppenheim, J.J.; Longo, D.L.; Murphy, W.J. T lymphocyte recruitment by interleukin-8 (IL-8). IL-8-induced degranulation of neutrophils releases potent chemoattractants for human T lymphocytes both in vitro and in vivo. J. Clin. Investig. 1996, 97, 1931–1941. [Google Scholar] [CrossRef] [PubMed]

	



Gesser, B.; Lund, M.; Lohse, N.; Vestergaard, C.; Matsushima, K.; Sindet-Pedersen, S.; Jensen, S.L.; Thestrup-Pedersen, K.; Larsen, C.G. IL-8 induces T cell Chemotaxis, suppresses IL-4, and up-regulates IL-8 production by CD4 + T cells. J. Leukoc. Biol. 1996, 59, 407–411. [Google Scholar] [CrossRef]

	



Kunstfeld, R.; Lechleitner, S.; Wolff, K.; Petzelbauer, P. MCP-1 and MIP-1α are Most Efficient in Recruiting T Cells into the SkinIn Vivo. J. Investig. Dermatol. 1998, 111, 1040–1044. [Google Scholar] [CrossRef]

	



Taub, D.D.; Van Damme, J.; Oppenheim, J.J.; Taub, D.D.; Proost, P.; Murphy, W.J.; Anver, M.; Longo, D.L.; Van Damme, J.; Oppenheimil, J.J. Monocyte chemotactic protein-1 (MCP-1),-2, and-3 are chemotactic for human T lymphocytes. Rapid Publication Monocyte Chemotactic Protein-1 (MCP-1),-2, and-3 Are Chemotactic for Human T Lymphocytes. J. Clin. Investig. 1995, 95, 1370. [Google Scholar] [CrossRef]

	



Nish, S.A.; Schenten, D.; Wunderlich, F.T.; Pope, S.D.; Gao, Y.; Hoshi, N.; Yu, S.; Yan, X.; Lee, H.K.; Pasman, L.; et al. T cell-intrinsic role of IL-6 signaling in primary and memory responses. eLife 2014, 3. [Google Scholar] [CrossRef]

	



Li, B.; Jones, L.L.; Geiger, T.L. IL-6 Promotes T Cell Proliferation and Expansion under Inflammatory Conditions in Association with Low-Level RORγt Expression. J. Immunol. 2018, 201, 2934–2946. [Google Scholar] [CrossRef]

	



Lee, S.J.; Song, L.; Yang, M.C.; Mao, C.P.; Yang, B.; Yang, A.; Jeang, J.; Peng, S.; Wu, T.C.; Hung, C.F. Local administration of granulocyte macrophage colony-stimulating factor induces local accumulation of dendritic cells and antigen-specific CD8+ T cells and enhances dendritic cell cross-presentation. Vaccine 2015. [Google Scholar] [CrossRef]

	



Zou, T.; Satake, A.; Ojha, P.; Kambayashi, T. Cellular therapies supplement: The role of granulocyte macrophage colony-stimulating factor and dendritic cells in regulatory T-cell homeostasis and expansion. Transfusion 2011. [Google Scholar] [CrossRef] [PubMed]

	



Bernhagen, J.; Krohn, R.; Lue, H.; Gregory, J.L.; Zernecke, A.; Koenen, R.R.; Dewor, M.; Georgiev, I.; Schober, A.; Leng, L.; et al. MIF is a noncognate ligand of CXC chemokine receptors in inflammatory and atherogenic cell recruitment. Nat. Med. 2007. [Google Scholar] [CrossRef] [PubMed]

	



Kudrin, A.; Scott, M.; Martin, S.; Chung, C.W.; Donn, R.; McMaster, A.; Ellison, S.; Ray, D.; Ray, K.; Binks, M. Human macrophage migration inhibitory factor: A proven immunomodulatory cytokine? J. Biol. Chem. 2006. [Google Scholar] [CrossRef] [PubMed]

	



Liliang, J.; Batra, S.; Nobuhiro Douda, D.; Palaniyar, N.; Jeyaseelan, S. CXCL1 Contributes to Host Defense in Polymicrobial Sepsis via Modulating T cell and Neutrophil Functions NIH Public Access. J. Immunol. 2014, 193, 3549–3558. [Google Scholar] [CrossRef]

	



Liu, P.; Li, X.; Lv, W.; Xu, Z. Inhibition of CXCL1-CXCR2 axis ameliorates cisplatin-induced acute kidney injury by mediating inflammatory response. Biomed. Pharmacother. 2020, 122, 109693. [Google Scholar] [CrossRef]

	



Lv, M.; Xu, Y.; Tang, R.; Ren, J.; Shen, S.; Chen, Y.; Liu, B.; Hou, Y.; Wang, T. MiR141-CXCL1-CXCR2 signaling-induced treg recruitment regulates metastases and survival of non-small cell lung cancer. Mol. Cancer Ther. 2014, 13, 3152–3162. [Google Scholar] [CrossRef]

	



Cervilha, D.A.B.; Ito, J.T.; Lourenço, J.D.; Olivo, C.R.; Saraiva-Romanholo, B.M.; Volpini, R.A.; Oliveira-Junior, M.C.; Mauad, T.; Martins, M.A.; Tibério, I.F.L.C.; et al. The Th17/Treg Cytokine Imbalance in Chronic Obstructive Pulmonary Disease Exacerbation in an Animal Model of Cigarette Smoke Exposure and Lipopolysaccharide Challenge Association. Sci. Rep. 2019, 9. [Google Scholar] [CrossRef]

	



Pincha, N.; Hajam, E.Y.; Badarinath, K.; Batta, S.P.R.; Masudi, T.; Dey, R.; Andreasen, P.; Kawakami, T.; Samuel, R.; George, R.; et al. PAI1 mediates fibroblast-mast cell interactions in skin fibrosis. J. Clin. Investig. 2018, 128, 1807–1819. [Google Scholar] [CrossRef]

	



Poggi, M.; Paulmyer-Lacroix, O.; Verdier, M.; Peiretti, F.; Bastelica, D.; Boucraut, J.; Lijnen, H.R.; Juhan-Vague, I.; Alessi, M.C. Chronic plasminogen activator inhibitor-1 (PAI-1) overexpression dampens CD25+ lymphocyte recruitment after lipopolysaccharide endotoxemia in mouse lung. J. Thromb. Haemost. 2007, 5, 2467–2475. [Google Scholar] [CrossRef]

	



Huang, M.-C.; Patel, K.; Taub, D.D.; Longo, D.L.; Goetzl, E.J. Human CD4−8−T cells are a distinctive immunoregulatory subset. FASEB J. 2010, 24, 2558–2566. [Google Scholar] [CrossRef]

	



Angelotti, M.L.; Lazzeri, E.; Lasagni, L.; Romagnani, P. Only anti-CD133 antibodies recognizing the CD133/1 or the CD133/2 epitopes can identify human renal progenitors. Kidney Int. 2010, 78, 620–621. [Google Scholar] [CrossRef] [PubMed]

	



Yu, N.; Li, X.; Song, W.; Li, D.; Yu, D.; Zeng, X.; Li, M.; Leng, X.; Li, X. CD4+CD25+CD127low/- T cells: A more specific treg population in human peripheral blood. Inflammation 2012, 35, 1773–1780. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 22 00274 g001 550] 





Figure 1. TLR2-activated- Adult Renal Stem/Progenitor Cells (ARPCs) were able to decrease Peripheral blood mononuclear cell (PBMC) proliferation. (A) TLR2-activated-ARPCs were able to decrease the viable count of Con-A activated PBMCs in an independent set of 3 experiments with 3 ARPC clones and PBMC from 3 different healthy donors after both 5 days and 15 days of co-culture. Data from 15 days of co-culture were normalized to 5 days of co-culture in order to compare differences in viable counts. (B) BrdU assays showed that LTA-stimulated ARPCs decreased PBMCs’ proliferation rate both after the 5th and 15th day of co-culture. The histograms represent the mean ± SEM. (C) PBMCs’ morphology was examined under a light-inverted microscope. Con-A activated PBMCs’ morphology was observed after 5 and 15 days of culture in different conditions. Con-A activated PBMCs formed rounded cellular aggregate after 5 and 15 days of culture in response to the Con-A mitogen effect. When Con-A activated PBMC were co-cultured with ARPCs or LTA-activated ARPCs, a lower number of cellular aggregates was observed both after 5 and 15 days. PBMC images were acquired by an upright microscope with a 10× objective. (D) Comparative analysis of apoptosis in Con-A activated PBMCs revealed no significant increase in early and late apoptosis or necrosis when cells were co-cultured with ARPCs and LTA-activated ARPCs after 5 days of co-culture. After 15 days of co-culture, early and late apoptosis increased slightly. Results are representative of 3 independent experiments on 3 different cell lines. 
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Figure 2. Gating strategy for T cell analysis. PBMC isolated from the peripheral blood of healthy donors, were activated for 24 h with Concanavalin and were cultured alone (A) or co-cultured with ARPCs (B) or with LTA-activated ARPCs (C) for 5 or 15 days and analyzed by flow cytometry. The figure is representative of one experiment showing the gating strategy used to identify lymphocytes (left panel), CD3+ T cells and T cells subsets: CD4+ T cells, CD8+ T cells, DN T cells and Tregs. 
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Figure 3. ARPCs are able to modulate Tregs and DN T cells. After 5 and 15 days of co-culture with ARPC or LTA-activated ARPCs, no changes were observed in both CD4+ T cells and CD8+ T cell subsets. After 5 days of co-culture, LTA acti-vated-ARPCs were able to significantly decrease the % of Tregs and DN T cells in Con-A activated PBMC (A). After 15 days of co-culture, LTA activated-ARPCs significantly decreased the % of Tregs and increased the % of DN T cells in Con-A activated PBMC (B). Data represent the fold change of the PBMC percentage respect to PBMC Con-A (basal). Data are representative of four independent experiments (means ± SEM). 
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Figure 4. The immunomodulation effect was specific for ARPCs. No significant changes in the % of T cell subsets were observed when ConA activated PBMC were co-cultured with RPTECs for 5 (A) or 15 days (B). Data represent the fold change of the PBMC percentage with respect to PBMC Con-A. Data are representative of three independent experiments (means ± SEM). 
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Figure 5. Activated ARPCs secreted a specific pattern of cytokines. The Human Cytokine Array detects 36 human cytokines in cell culture supernatants. The arrows and numbers indicate the cytokine array dot blots. (A) Dot blot pixel intensity is graphed. (B) Data are representative of three independent experiments (means ± SEM). 
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Figure 6. A cocktail of cytokines mediated the immunomodulatory effect of ARPCs after 5 days. (A) Con-A activated PBMC were exposed to different crescent concentrations of PAI1, CXCL1, GM-CSF, and MCP1 for 5 days. Percentages of Tregs and DN T cells were analyzed using flow cytometry. PAI1 was able to significantly decrease the % of Tregs at 6 nM and 12 nM but significantly increased DN T cells at 6 nM. None of CXCL1, GM-CSF, and MCP1 were able to significantly modulate T cell subsets alone. (B) When Con-A activated PBMC were exposed to the 4 cytokines in mix for 5 days, an immunomodulatory effect was observed on Tregs and DN subsets, similar to the ARPCs co-culture effect. Data represent the fold change of PBMC percentage respect to PBMC Con-A (Basal). Data are representative of six independent experiments (means ± SEM). 
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Figure 7. A cocktail of cytokines mediated the immunomodulatory effect of ARPCs after 15 days. (A) Con-A activated PBMC were exposed to different crescent concentration of PAI1, CXCL1, GM-CSF and MCP1 for 15 days. None of PAI1, CXCL1, GM-CSF, and MCP1 alone were able to significantly modulate T cell subsets. (B) When Con-A activated PBMC were exposed to the 4 cytokines in a mix for 15 days, an immunomodulatory effect was observed on Treg and DN subsets, perfectly comparable to the ARPCs’ co-culture effect. Data represent the fold change of PBMC percentage respect to PBMC Con-A (Basal). Data are representative of six independent experiments (means ± SEM). 
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Figure 8. ARPCs can mediate immunomodulation and affect inflammatory state. “The physiological response to tissue damage can be divided into three phases: inflammatory, reparative, and remodeling. During this process, inflammatory status (defined as the types and concentrations of cytokines and cells of the immune system present) changes considerably: proinflammatory influences (red dashed line) are dominant in the inflammatory, infection-fighting phase and diminish in the reparative and remodeling phases that follow, which allows wound healing. In the context of the intensity of the immune response (right vertical axis), the inflammatory response (red dashed line) fluctuates during the wound-healing process. Such changes in inflammation substantially alter the effects of mesenchymal stem cells (MSC)-meditated immunomodulation, which results in a variable correlation between the intensity of inflammation and efficacy of MSC treatment (solid black line)”. Such changes in inflammation are also affected by ARPC-meditated immunomodulation. ARPCs cause DN T cell decrease at the initial phase, promoting inflammation, and DN T cell increase in the late inflammation stages, favoring the inflammation quenching. Adapted by permission from Springer Nature: Springer Nature, NATURE IMMUNOLOGY, Plasticity of mesenchymal stem cells in immunomodulation: pathological and therapeutic implications, Ying Wang, Xiaodong Chen, Wei Cao, and Yufang Shi, COPYRIGHT 2014. 
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