

  ijms-22-02472




ijms-22-02472







Int. J. Mol. Sci. 2021, 22(5), 2472; doi:10.3390/ijms22052472




Review



The Cross-Talk between Mesenchymal Stem Cells and Immune Cells in Tissue Repair and Regeneration



Carl Randall Harrell 1, Valentin Djonov 2 and Vladislav Volarevic 3,*[image: Orcid]





1



Regenerative Processing Plant, LLC, 34176 US Highway 19 N Palm Harbor, Palm Harbor, FL 34684, USA






2



Institute of Anatomy, University of Bern, Baltzerstrasse 2, 3012 Bern, Switzerland






3



Center for Molecular Medicine and Stem Cell Research, Department of Microbiology and Immunology, Faculty of Medical Sciences, University of Kragujevac, 69 Svetozar Markovic Street, 34000 Kragujevac, Serbia









*



Correspondence: drvolarevic@yahoo.com







Academic Editor: Kathy Lui



Received: 31 January 2021 / Accepted: 17 February 2021 / Published: 1 March 2021



Abstract

:

Mesenchymal stem cells (MSCs) are self-renewable, rapidly proliferating, multipotent stem cells which reside in almost all post-natal tissues. MSCs possess potent immunoregulatory properties and, in juxtacrine and paracrine manner, modulate phenotype and function of all immune cells that participate in tissue repair and regeneration. Additionally, MSCs produce various pro-angiogenic factors and promote neo-vascularization in healing tissues, contributing to their enhanced repair and regeneration. In this review article, we summarized current knowledge about molecular mechanisms that regulate the crosstalk between MSCs and immune cells in tissue repair and regeneration.
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1. Introduction


Tissue regeneration is a result of a healing process which completely restores the architecture and function of damaged tissue [1]. Some tissues are more capable of cellular proliferation and regeneration than others [2]. Epithelia and hematopoietic tissues, so-called continuously dividing tissues, contain rapidly proliferating stem cells which constantly proliferate in order to replace dead or sloughed-off cells [1,2]. Quiescent or stable tissues, including liver, kidney and pancreatic tissues, are composed of cells that normally exist in a non-dividing state but may enter the cell cycle in response to certain stimuli, such as cell injury [2]. In contrast to stable tissues, permanent tissues (cardiac and skeletal muscles) are composed of cells that have left the cell cycle permanently and are therefore unable to proliferate [2]. The severe damage of quiescent tissues and the injury of permanent tissues are usually repaired by the laying down of connective tissue (a process commonly referred to as scarring), which results in the structural and functional abnormalities of the affected organ [1,2].



The immune system regulates tissue healing and regeneration [1,2,3]. Danger-associated molecular patterns (DAMPs) and alarmins, released from damaged cells, attract circulating leucocytes to the site of injury [3]. Accordingly, circulating neutrophils, monocytes, dendritic cells (DCs), natural killer (NK) cells, innate lymphoid cells (ILC) and T lymphocytes, are mobilized by injured cells [1]. Immediately after injury, innate immune cells (pro-inflammatory DCs, N1 neutrophils, M1 macrophages, NK1 and NK17 cells) release various inflammatory cytokines (tumor necrosis factor alpha (TNF-α), interleukin (IL)-1β, IL-6, IL-8) and chemokines, which trigger an acute phase of inflammatory response [1,2,3]. After the successful elimination of pathogens, immune cells acquire an immunosuppressive phenotype [3]. Anti-inflammatory N2 neutrophils, M2 macrophages and tolerogenic DCs produce anti-inflammatory cytokines, trophic and growth factors that promote the generation and expansion of immunosuppressive cells (NK regulatory cells (NKregs) and T regulatory cells (Tregs)) which co-operate with immunosuppressive cells of innate immunity to attenuate on-going inflammation [1,2,3]. Since sustained inflammation impairs the healing process, its resolution is necessary for the restoration of tissue homeostasis [1,2,3]. Therefore, therapeutic agents which are used in regenerative medicine should efficiently inhibit detrimental immune response, promote the expansion of immunosuppressive immune cells and prevent the inflammation-induced death of parenchymal cells [4].



Mesenchymal stem cells (MSCs) are self-renewable, rapidly proliferating, multipotent stem cells which reside in almost all post-natal tissues, including quiescent and permanent tissues [5]. MSCs spontaneously differentiate into the cells of mesodermal origin (adipocytes, chondrocytes, and osteocytes) and, under specific conditions, are capable of generating cells of neuro-ectodermal (neurons, astrocytes, and oligodendrocytes) and endodermal origin (hepatocytes) [5]. In addition to their great differentiation potential, MSCs possess potent immunomodulatory and angiomodulatory characteristics [6]. In juxtracrine and paracrine manners, MSCs regulate the phenotype and function of all immune cells that participate in tissue repair and regeneration [5,6]. Under the influence of alarmins and inflammatory cytokines, released from injured cells, MSCs generate anti-inflammatory phenotype, induce the generation and expansion of immunosuppressive M2 macrophages, tolerogenic DCs, NKregs and Tregs, efficiently alleviating detrimental immune response and on-going inflammation [6]. By producing a large number of immunomodulatory molecules (transforming growth factor-β (TGF-β), hepatic growth factor (HGF), nitric oxide (NO), indolamine 2,3-dioxygenase (IDO), interleukin (IL)-10, IL-6, IL-1 receptor antagonist (IL-1Ra), hemeoxygenase-1 (HO-1), prostaglandin E2 (PGE2), TNF-α stimulated gene/protein 6 (TSG-6)) and pro-angiogenic factors (vascular endothelial growth factor (VEGF), angiopoietin-1, placental growth factor (PGF), HGF, basic fibroblast growth factor (bFGF), TGF-β, platelet-derived growth factor (PDGF), IL-6), MSCs regulate immune response and vasculogenesis, crucially contributing to the enhanced repair of injured tissues [7]. In this review article, we summarized current knowledge about molecular mechanisms that regulate the cross-talk between MSCs and immune cells in the process of tissue regeneration. An extensive literature review was carried out in January 2021 across several databases (MEDLINE, EMBASE, Google Scholar), from 1990 to present. Keywords used in the selection were: “mesenchymal stem cells”, “immune cells”, “neutrophils”, “monocytes”, “macrophages”, “dendritic cells”, “natural killer cells”, “innate lymphoid cells”, “T cells” “inflammation”, “tissue repair”, “regeneration”, “immunosuppression”. Studies that emphasized molecular and cellular mechanisms responsible for MSC-dependent immunomodulatory effects in the healing of injured tissues were analyzed in this review.




2. The Crosstalk between MSCs and Neutrophils in Tissue Repair and Regeneration


Neutrophils, in time-dependent manner, contribute to tissue repair via multiple mechanisms [8]. Within minutes after tissue damage, neutrophils migrate at the site of injury and, as professional phagocytes, clear necrotic tissue and cellular debris by phagocytosis [9]. After the elimination of microbial pathogens and cellular debris, neutrophils participate in the restoration of tissue homeostasis [9]. By removing cellular remnants, neutrophils prevent DAMPs-driven recruitment of inflammatory cells in healing tissues [8,9]. Additionally, neutrophils release neutrophil extracellular traps (NETs) that capture monocyte and lymphocyte-attracting chemokines and express chemokine receptors that can function as scavengers to reduce the availability of pro-inflammatory chemokines for the recruitment of additional circulating leucocytes [9]. Moreover, neutrophils produce matrix metalloproteinase (MMP)-9 which is capable of degrading DAMPs, particularly HMGB1 and HSP90, further dampening the recruitment of leucocytes into the site of injury [8,9,10].



A sub-population of CXCR4+VEGFR+CD49d+ neutrophils, which is abundantly present in the injured tissues, release large amounts of pro-angiogenic factors, including VEGF, TGF-β, IL-6, which stimulate neo-angiogenesis and promote tissue repair [8,11]. These pro-angiogenic neutrophils generate new blood vessels and enable the better delivery of oxygen, growth and trophic factors in ischemic regions, facilitating tissue regrowth and regeneration [10,11].



During the healing phase of tissue repair, the majority of neutrophils acquire the immunosuppressive N2 phenotype [1,3,8]. Anti-inflammatory N2 neutrophils produce immunosuppressive cytokines (IL-10 and TGF-β) and release microvesicles containing annexin A1 which induce macrophage phenotype switching toward an immunosuppressive and “pro-repair” M2 phenotype [8,9]. Additionally, after the removal of cellular remnants, neutrophils undergo apoptosis, expose phosphatidyl-serine on their surface and become phagocyted by resident macrophages [9]. The phagocytosis of apoptotic neutrophils further induces macrophage phenotype switching towards anti-inflammatory M2 phenotype [3,8]. M2 macrophages, in turn, release various pro-resolving mediators, crucially contributing to the enhanced repair of injured tissue [8,9].



MSCs modulate phenotype and function of neutrophils in all phases of tissue repair and regeneration [12]. During an initial phase of tissue healing, resident MSCs, in IL-8 and macrophage migration inhibitory factor (MIF)-dependent manner, enhance the phagocytic ability of neutrophils, contributing to the efficient removal of necrotic tissue and cellular debris (Figure 1) [13]. Additionally, MSCs, via up-regulation of the extracellular superoxide dismutase (SOD3), prevent neutrophil death and enhance neutrophil-dependent elimination of microbial pathogens and cellular remnants [13]. On the contrary, during the resolution phase of tissue repair, MSCs reduce the presence of pro-inflammatory N1 neutrophils and induce their conversion in anti-inflammatory N2 cells (Figure 2) [12,13]. Intercellular adhesion molecule 1 (ICAM-1)-dependent engulfment of neutrophils is mainly responsible for MSC-based elimination of N1 neutrophils [13]. Additionally, MSCs produce TSG-6, which reduces the production of reactive oxygen species (ROS) and induces enhanced expression of IL-10 in neutrophils, favoring their polarization in immunosuppressive N2 phenotype [14]. The inhibition of extracellular signal regulated kinase (ERK) pathway seems crucially responsible for the MSC-dependent generation of N2 phenotype in neutrophils [15]. By using dextran sodium sulphate (DSS)-induced colitis, a murine model of ulcerative colitis in which N1 neutrophils play important role in disease progression and N2 neutrophils in disease regression, Wang and colleagues demonstrated that MSCs, by modulating ERK phosphorylation, induced polarization of N1 neutrophils in N2 immunosuppressive cells, resulting in enhanced mucosal healing of DSS-injured colons [15]. Significantly reduced numbers of ICAM-1, FAS, and CCL3-expressing N1 neutrophils and increased numbers of CCL2, CXCR4-expressing N2 neutrophils were observed in colon tissue samples of DSS-treated mice that received MSCs [15]. Additionally, MSCs induce an increased production of VEGF in neutrophils, contributing to the better neovascularization of healing tissues [11]. Similarly, pro-angiogenic neutrophils promote the expression of PDGF, angiopoietin-1, IL-6 and HGF in MSCs, enhancing their pro-angiogenic properties [11,12]. Accordingly, crosstalk between pro-angiogenic neutrophils and MSCs results in the enhanced proliferation of endothelial cells and vascular regeneration in healing tissues [11,12].




3. An interplay between MSCs and Macrophages in Tissue Repair and Regeneration


Macrophages are critically involved in normal tissue homeostasis and exhibit an important regulatory activity at all stages of repair and regeneration of damaged tissues [16]. Immediately after injury, tissue resident macrophages act as scavenger cells which phagocyte cellular debris, pathogens, apoptotic neutrophils, and dying cells [16]. DAMPs and pathogen associated molecular patterns (PAMPs) activate toll-like receptors (TLRs) in macrophages which acquire pro-inflammatory M1 phenotype and orchestrate the initial cellular response following injury [17]. M1 macrophages secrete CCL2, MMP-12, nitric oxide (NO), inflammatory cytokines (TNF-α, IL-1β, IL-12) and various other inflammatory chemokines, enabling the increased recruitment of circulating leucocytes to the site of injury [17]. In the initial phase of tissue healing, macrophages act as phagocytes and clear apoptotic cells and cellular debris [17]. After the early inflammatory phase subsides, the predominant macrophage population assumes a wound healing M2 phenotype characterized by the low expression of Ly6C and CCR2 and high expression of CX3CR1, CD206 and CD163 [16,17]. M2 macrophages, through the production of numerous growth factors (PDGF, TGF-β1, insulin growth factor (IGF)-1, and VEGF-α), promote cellular proliferation, neo-angiogenesis and, in the case of severe injury, activation and differentiation of tissue resident stem and progenitor cells [16]. M2 macrophages also produce soluble mediators (IL-13, TGF-β1) that induce the differentiation of fibroblasts into myofibroblasts which, through the increased synthesis of extracellular matrix (ECM) components, enable wound contraction and closure [18]. In order to prevent the excessive deposition of collagen and ECM proteins, at the final phase of tissue healing, the majority of the M2 macrophages obtain anti-inflammatory phenotype, characterized by increased capacity for the production of immunosuppressive cytokine IL-10 [16,17]. Additionally, anti-inflammatory M2 macrophages secrete ECM-degrading MMPs (MMP-2, MMP-9, and MMP-13) and prevent fibrosis [18]. These anti-inflammatory macrophages express program death ligand (PD-L)1 and PD-L2, that play major roles in suppressing other pro-inflammatory and pro-fibrotic immune cells, enabling alleviation of on-going inflammation and fibrosis [16,17,18].



Since M1 and M2 macrophages play critical roles at different stages of tissue repair and regeneration, MSCs support the phagocytic properties of M1 macrophages in the initial phase of tissue healing, while, at the final stage of tissue repair, promote the generation and expansion of anti-inflammatory M2 macrophages [19].



At the initial stage of tissue injury, microbial invasion activates tissue resident MSCs [6]. After sensing pathogens in inflamed tissues, MSCs produce monocyte-attracting chemokines (CCL2, CCL3, CXCL2, CCL12), which promote the egression of monocytes from the bone marrow and enable their recruitment into the site of injury and inflammation [6,19,20]. After the phagocytosis of microbial pathogens and apoptotic cells, macrophages obtain pro-inflammatory M1 phenotype and produce MSC-attracting chemokines and cytokines CCL5, CCL2, CXCL12 and IL-8 [19,20]. These inflammatory mediators activate c-JunNH2-terminal kinase (JNK)-dependent signaling pathway in MSCs and induce their conversion in inflammatory, IFN-γ- and TNF-α-producing MSC1 cells, which, together with N1 neutrophils and M1 macrophages, participate in the elimination of microbial pathogens and cellular debris (Figure 1) [6,19].



During the healing phase of tissue repair, MSCs, in TSG-6, PGE2 and IDO-dependent manner, induce conversion of TNF-α and IL-1β producing inflammatory M1 macrophages into immunosuppressive, IL-10 producing M2 cells that attenuate on-going inflammation and promote tissue regeneration [6,7]. MSC-derived TSG-6 interact with CD44 on macrophages to decrease TLR2/NFκ-B signaling and consequently alleviate the secretion of inflammatory mediators, particularly NO, TNF-α and IL-1β [21,22]. M1 macrophage-sourced IL-1β, is considered as an important regulator of persistent inflammation and fibrosis [18]. Importantly, IL-1β, released from activated macrophages, induces the generation of the immunosuppressive phenotype in tissue resident MSCs [6,18,19]. IL-1β-primed MSCs increase the production of anti-inflammatory cytokines, IL-10 and IL-1Ra [18,19]. MSC-derived IL-1Ra, a naturally occurring inhibitor of IL-1β, has crucially important role in MSC-based suppression of M1 macrophages-driven inflammation [23]. When IL-1Ra binds to the IL-1 receptor (IL-1R), the interaction between inflammatory IL-1 and IL-1R is prevented [23]. The apoptosis of parenchymal cells, synthesis and release of matrix-degrading enzymes and chemokines, as well as other inflammatory events, initiated by IL-1:IL-1R interaction, are inhibited by MSC-sourced IL-1Ra [22,23].



In addition to TSG-6 and IL-1Ra, MSC-sourced IL-6 and PGE2 also showed the ability to transform inflammatory, TNF-α and IL-1β-producing M1 macrophages into IL-10-secreting, anti-inflammatory M2 cells (Figure 2) [21,22]. MSC-derived IL-6 and PGE2 binds to IL-6R and EP2 and EP4 receptors on macrophages and promotes production of immunosuppressive IL-10, which, in turn, in autocrine and paracrine manners, favors the generation of M2 macrophages which participate in tissue repair and regeneration [21,22].



The interplay between M2 macrophages and MSCs plays an essential role in the vascular regeneration of injured tissues [19]. Since MSCs represent a valuable source of pro-angiogenic VEGF and angiopoentin-1, the transplantation of autologous MSCs efficiently repaired corneal wounds by promoting local tissue neo-vascularization [19]. Interestingly, macrophage depletion completely abrogated MSC-based beneficial effects, while the administration of peritoneal macrophages restored MSC-driven neovascularization in macrophage-depleted animals, confirming that cooperation between MSCs and macrophages was required for successful vascular regeneration [19]. MSCs promote the growth of endothelial cells and induce vascular sprouting in a VEGF-dependent manner [24], while M2 macrophage-derived IL-8 induces the increased expression of VEGFR on endothelial cells, enhancing the pro-angiogenic effects elicited by MSC-sourced VEGF [19]. The generation of smooth muscle cells (SMCs) and pericytes and their recruitment in regenerative vessels are necessary for the development of the mature and functional vasculature [19]. The crosstalk between M2 macrophages and MSCs regulates the differentiation of MSCs in SMCs and pericytes [19,25]. M2 macrophage-sourced TGF-β and prostaglandin F2α are considered as essential paracrine signaling factors for the successful differentiation of MSCs in SMCs, while M2 macrophage-derived PDGF-β is necessary for the optimal differentiation of MSCs in functional pericytes [25].



Crosstalk between MSCs and macrophages is crucially important for the successful engraftment of transplanted MSCs [19]. The survival of exogenously injected MSCs is dependent on the phenotype and function of tissue resident macrophages [19,26,27]. As evidenced in murine models of myocardial infarction and spinal cord injury, anti-inflammatory M2 macrophages, provide a more favorable environment for the engraftment of MSCs than pro-inflammatory M1 macrophages [26,27]. The conversion of pro-inflammatory M1 macrophages to an anti-inflammatory M2 phenotype appears to be critical for the long-term survival of MSCs in healing tissues, suggesting that a mutually beneficial feed-back loop exists between M2 macrophages and MSCs and that the interplay between these cells is crucially important for efficient tissue regeneration [19].




4. MSC-Dependent Modulation of NK Cells, Innate Lymphoid Cells and DCs in Injured and Healing Tissues


NK cells are innate immune cells which, due to their potent cytotoxic properties, efficiently eliminate infected and stressed cells at the initial phase of tissue injury and inflammation [28]. However, at the healing phase of tissue repair, under the influence of M2 macrophage-derived immunosuppressive IL-10 and TGF-β, the majority of NK cells acquire anti-inflammatory, regulatory NKreg phenotype and participate in tissue repair and regeneration through the secretion of immunosuppressive IL-10 [28].



MSCs enhance NK cell cytotoxicity at the induction phase of tissue healing, while, at later time points, induce regulatory phenotype or senescence in inflammatory NK cells [29]. At early stage of tissue injury, upon activation of TLR-3, TLR-7 and TLR-9 by viral antigens, MSCs obtain pro-inflammatory (MSC1) phenotype and secrete anti-viral cytokines IFN-α and IFN-β that up-regulate the cytotoxic potential of NK cells (Figure 1) [6,29]. On the contrary, during the resolution phase of tissue injury and inflammation, MSCs in a PGE2- and IDO-dependent manner induce the polarization of inflammatory NK cells into IL-10-producing, anti-inflammatory NKregs (Figure 2) [6,22,29]. Additionally, MSCs produce TGF-β and IL-6, which act synergistically to induce senescence of inflammatory NK cells [29]. Importantly, MSC-generated senescent NK cells exert feedback on MSCs [29]. Senescent NK cells induce a highly significant increase in VEGF gene expression in MSCs which, in turn, in VEGF-dependent manner, promotes endothelial cell proliferation and improve vascular regeneration in healing tissues [29].



Innate lymphoid cells (ILCs), a recently discovered heterogeneous group of hematopoietic cells of the innate immune system, are abundant at the mucosal barriers, where they serve as the first responders to tissue injury [30]. GATA-3-expressing type 2 ILCs (ILC2) and RORγtT-expressing type 3 ILCs (ILC3) respond rapidly to alarmins (IL-25, IL-33) released from injured epithelial cells and participate in tissue repair at the barrier surfaces of the skin, airways, and intestine [30].



ILC2 produces Amphiregulin (AREG), a protein that promotes repair of injured lung epithelial cells [30,31,32]. By producing PDGF and IL-7, MSCs induce differentiation of common lymphoid progenitors (CLPs) into AREG-expressing ILC2 cells [33]. MSC-primed ILC2 cells in AREG-dependent manner maintain the integrity of epithelial barrier in the lungs and enhance repair and regeneration of injured lung epithelial cells [33].



RORγt+ ILC3 cells produce IL-22, which protects the integrity of the epithelial cell barrier in the lungs and the gut [30]. MSCs in juxtracrine manner (through the activation of aryl hydrocarbon receptor (AhR)) and in paracrine manner (through the secretion of IL-7) induce the proliferation and activation of AhR and IL-7R-expressing ILC3 [34]. MSC-primed ILC3 showed increased capacity for IL-22 secretion [34]. IL-22, derived from MSC-activated ILC3, increases the synthesis of anti-apoptotic proteins (Bcl-2, Bcl-xL) and proteins that regulate cell cycle (c-Myc, cyclin D1, CDK4) in epithelial cells [30,34]. Accordingly, MSC-primed ILC3, in an IL-22-dependent manner, contribute to wound healing and tissue homeostasis in lungs and intestines by enhancing the viability and proliferation of epithelial cells (Figure 2) [34].



At the healing phase of tissue repair, MSC-derived immunomodulatory factors (IL-6, PGE2, IL-10 and galectin-3), induce generation of tolerogenic phenotype in DCs [6,22]. Tolerogenic DCs are characterized by the reduced expression of co-stimulatory molecules (CD80, CD86 and CD40), down-regulated production of inflammatory cytokines (IL-1β, IL-12, and TNF-α) and increased expression of PDL-1 and PDL-2 [1,3]. Importantly, tolerogenic DCs produce anti-inflammatory cytokines IL-10 and IL-35 and, in an IDO-dependent manner, induce the differentiation of naïve CD4+T cells in immunosuppressive Tregs, which, importantly, contribute to tissue repair and regeneration (Figure 2) [1,3].




5. An Interplay between MSCs and Tregs in Tissue Repair and Regeneration


Cells of adaptive immunity, particularly Tregs, also participate in tissue healing [1,3]. CD3+CD4+CD127lowCD25highFoxp3+ Tregs, both thymus-derived (tTregs) and peripherally derived (pTregs), mediate tissue repair by dampening inflammation by modulating the phenotype and function of N1 neutrophils, M1 macrophages, cytotoxic NK cells and pro-inflammatory DCs [35,36]. Tregs, in TGF-β- and IL-10-dependent manners, induce the apoptosis of N1 neutrophils [35]. Additionally, Treg-sourced immunosuppressive IL-10, IL-35 and TGF-β modulate neutrophil and macrophage phenotype and function by promoting their polarization in IL-10, TGF-β, IDO-producing N2 and M2 anti-inflammatory cells [36]. In contact-dependent manner, through the expression of CTLA-4 and LAG-3, Tregs induce generation of tolerogenic phenotype in DCs which, in turn, in IDO-dependent manner, promote expansion of Tregs and create “positive healing loop” in injured tissues [3,35]. In addition to their immunosuppressive properties, Tregs mediate tissue repair by synthesizing “pro-repair” molecules, such as AREG and keratinocyte growth factor (KGF) that directly promote tissue regeneration [31,35,36]. KGF secreted by activated Tregs promotes alveolar epithelial repair, while Treg-derived AREG, an epidermal growth factor receptor (EGFR) ligand, induces mitogenic and cell differentiation signals, enabling reparation of injured muscles, lungs and colons by promoting differentiation of tissue resident stem cells and progenitor cells [31,35,36,37]. Additionally, Tregs may promote tissue regeneration by inducing the proliferation of endothelial and parenchymal cells [38,39]. Treg-sourced AREG, CCL24 and growth arrest specific 6 (GAS6) regulate neonatal heart regeneration by promoting the proliferation of neonatal cardiomyocytes [38] while Treg-derived AREG and IL-10 induce the proliferation of endothelial cells and are mainly responsible for Treg-mediated revascularization and the regeneration of ischemic tissues in diabetic patients [39].



Several lines of evidence demonstrated that efficient tissue repair and regeneration is dependent on the crosstalk between MSCs and Tregs [5,6,22,40,41]. MSCs, in an IDO-dependent manner, induce the degradation of tryptophan (TRP) and generation of immunosuppressive kynurenine (KYN) [22]. KYN promotes expression of Treg lineage-defining transcription factor (forkhead box P3-FoxP3) in CD4+T cells enabling the generation of immunosuppressive CD4+FoxP3+Tregs [22,40,41]. The IDO-mediated degradation of TRP yields a series of KYN catabolites that act as ligands for AhR [22]. The binding of KYN catabolites to AhR and induces conformational changes of AhR that promote its nuclear translocation [6,22]. In the nucleus, AhR induces the enhanced transcription of target genes, including FoxP3 [22]. Accordingly, MSC-sourced IDO, through the activation of KYN/AhR axis results in increased generation of FoxP3+Tregs contributing to the creation of immunosuppressive microenvironment, which will enable efficient tissue healing [22,40,41].



Additionally, during the resolution of tissue injury, MSC-derived IDO prevents the trans-differentiation of IL-10 and IL-35-producing immunosuppressive Tregs in IL-17-producing inflammatory Th17 cells [22]. During initial TCR-mediated activation of resting Tregs, signals via the protein kinase B (PKB/Akt) and mammalian target of rapamycin (mTOR) pathways destabilize the immunoregulatory phenotype of Tregs and cause their reprogramming into a pro-inflammatory helper-like phenotype (“ex-Tregs”), characterized by the enhanced production of inflammatory cytokine IL-17 [22]. Low levels of TRP in the local microenvironment activate stress-response pathways, including the activation of control nonderepressible 2 (GCN2) kinase, which suppresses Akt/mTOR2 signaling. [6,22]. MSC-sourced IDO induces low TRP levels, enabling the activation of GCN2 kinase, which inhibits Akt/mTORC2 signaling in Tregs, preventing their conversion in inflammatory IL-17-producing Th17 cells [22,40,41]. Additionally, MSC-derived IDO and TGF-β may act synergistically to induce conversion of inflammatory Th17 cell in immunosuppressive Tregs [6,22]. Since Th17 cells activate pro-fibrogenic hepatic stellate cells, the IDO-dependent suppression of liver Th17 cells significantly contribute to the attenuation of fibrosis in MSC-treated livers [22,42].



In addition to IDO, MSC-sourced IL-6, PGE2, NO, TGF-β and IL-10 are also responsible for MSC-dependent expansion of Tregs in healing tissues (Figure 2) [22,40,41]. MSCs-sourced NO and PGE2 significantly increase expression of CD62L and CCR7 in Tregs enabling their increased migration into injured tissues [22]. Additionally, MSCs, in IL-6, TGF-β and IL-10-dependent manner induce generation of M2 macrophages which, in turn, in IL-10 and CCL18-dependent manner, recruit Tregs in inflamed tissues, contributing to the creation of immunosuppressive and “pro-healing” microenvironment in injured tissues [3,40,41].



Tregs enhance survival and engraftment of MSCs in ischemic tissues, indicating that the crosstalk between MSCs and Tregs is bidirectional process that enables efficient tissue repair [43]. Tregs may improve pro-angionic properties of MSCs by increasing their capacity for VEGF production [40,41,43]. As recently reported by Zhou and colleagues [43], a significantly increased number of newly generated endothelial cells, associated with improved myocardial function, were noticed in ischemic hearts of Yorkshire pigs which received both Tregs and MSCs compared to experimental animals that were transplanted with MSCs only [43], suggesting that Tregs efficiently improved the pro-angiogenic properties and therapeutic potential of MSCs.




6. Concluding Remarks and Future Perspectives


MSCs efficiently enhanced tissue repair and regeneration by modulating the phenotype and function of immune cells (Table 1) [5,13,19,29,40,41]. Immediately after tissue injury, DAMPs and/or PAMPs-primed MSCs obtain pro-inflammatory phenotype and, through the secretion of inflammatory cytokines, increase the cytotoxicity of NK cells, enhance the capacity for antigen-presentation of DCs and improve the phagocytic properties of neutrophils and macrophages, contributing to the removal of microbial pathogens, necrotic tissue and cellular debris [5,13,19,29,40,41]. During the healing phase of tissue repair, MSCs acquire immunosuppressive phenotype and, through the release of immunomodulatory factors and immunoregulatory miRNAs, induce the generation of anti-inflammatory, regulatory and tolerogenic phenotype in neutrophils, macrophages, T cells and DCs, [5,13,19,29,40,41]. Additionally, MSCs produce various pro-angiogenic factors and promote neo-vascularization in healing tissues, contributing to their enhanced repair and regeneration [44].



Despite these promising results, it should be noted that several safety issues raised serious concerns about the clinical use of MSCs [45]. Encapsulated structures, that contained calcifications and ossifications, were observed in the MSC-treated tissues, suggesting that transplanted MSCs may differentiate in unwanted cells (osteocytes and chrondrocytes) under the influence of local tissue microenvironment [45]. In comparison with the MSCs of healthy donors, MSCs derived from patients with inflammatory or metabolic diseases showed significantly impaired proliferation and differentiation potential [46]. These findings should be taken into account whenever MSCs are considered for autologous transplantation in patients with chronic inflammatory and metabolic diseases [46]. Although the transplantation of allogeneic MSCs may circumvent these problems, the risk of possible immunological response against allogeneic MSCs exists [6]. MSCs lack the expression of major histocompatibility complex (MHC) class II and co-stimulatory molecules, but express MHC class I molecules and, therefore, may elicit strong allogeneic immune responses in MHC-class I-mismatched recipients, which may aggravate on-going tissue injury [6].



Importantly, the side effects related to the clinical application of MSCs were not observed in animals and patients that were treated with MSC-derived exosomes (MSC-Exos) [45,47]. Due to their nano-sized dimension and lipid envelope, MSC-Exos, penetrate through the tissue and easily reach the target cells [47]. Through the direct fusion with the plasma membrane of target cells, MSC-Exos deliver their content directly to the cytosol of target cells, without affecting the function of neighboring cells [47]. MSC-Exos contain all of the same immunoregulatory and pro-angiogenic factors as their parental cells and immunomodulation mediated by MSC-Exos was either similar or even better than immunomodulation accomplished by MSCs [47,48]. Accordingly, MSC-Exos represent potentially new immunomodulatory cell-free therapeutic agents in regenerative medicine, the efficacy of which should be explored in up-coming clinical trials.







Author Contributions


Conceptualization: C.R.H. and V.V.; methodology: V.D. and V.V.; writing—original draft preparation: C.R.H., V.D. and V.V.; writing—review and editing: C.R.H., V.D. and V.V.; supervision: V.D. and V.V.; funding acquisition: C.R.H., V.D., and V.V. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by European Crohn’s and Colitis Organization (ECCO) (grant “The role of galectin 3 in acute colitis”); Swiss National Science Foundation, grant number IZSEZ0 185546, Serbian Ministry of Science, grant number ON175069 and ON175103, Faculty of Medical Sciences University of Kragujevac, grant number MP01/18.




Data Availability Statement


Not applicable.




Acknowledgments


The authors are grateful to Nemanja Jovicic who created figures.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Julier, Z.; Park, A.J.; Briquez, P.S.; Martino, M.M. Promoting tissue regeneration by modulating the immune system. Acta Biomater. 2017, 53, 13–28. [Google Scholar] [CrossRef]

	



Krafts, K.P. Tissue repair: The hidden drama. Organogenesis 2010, 6, 225–233. [Google Scholar] [CrossRef]

	



Cooke, J.P. Inflammation and Its Role in Regeneration and Repair. Circ Res. 2019, 124, 1166–1168. [Google Scholar] [CrossRef]

	



Silini, A.R.; Magatti, M.; Cargnoni, A.; Parolini, O. Is Immune Modulation the Mechanism Underlying the Beneficial Effects of Amniotic Cells and Their Derivatives in Regenerative Medicine? Cell Transplant. 2017, 26, 531–539. [Google Scholar] [CrossRef]

	



Vasanthan, J.; Gurusamy, N.; Rajasingh, S.; Sigamani, V.; Kirankumar, S.; Thomas, E.L.; Rajasingh, J. Role of Human Mesenchymal Stem Cells in Regenerative Therapy. Cells 2020, 10, 54. [Google Scholar] [CrossRef]

	



Gazdic, M.; Volarevic, V.; Arsenijevic, N.; Stojkovic, M. Mesenchymal stem cells: A friend or foe in immune-mediated diseases. Stem Cell Rev. Rep. 2015, 11, 280–287. [Google Scholar] [CrossRef]

	



Harrell, C.R.; Fellabaum, C.; Jovicic, N.; Djonov, V.; Arsenijevic, N.; Volarevic, V. Molecular Mechanisms Responsible for Therapeutic Potential of Mesenchymal Stem Cell-Derived Secretome. Cells 2019, 8, 467. [Google Scholar] [CrossRef]

	



Peiseler, M.; Kubes, P. More friend than foe: The emerging role of neutrophils in tissue repair. J. Clin. Investig. 2019, 129, 2629–2639. [Google Scholar] [CrossRef]

	



Wang, J.; Arase, H. Regulation of immune responses by neutrophils. Ann. N. Y. Acad. Sci. 2014, 1319, 66–81. [Google Scholar] [CrossRef]

	



Wang, J. Neutrophils in tissue injury and repair. Cell Tissue Res. 2018, 371, 531–539. [Google Scholar] [CrossRef]

	



Seignez, C.; Phillipson, M. The multitasking neutrophils and their involvement in angiogenesis. Curr. Opin. Hematol. 2017, 24, 3–8. [Google Scholar] [CrossRef]

	



Joel, M.D.; Yuan, J.; Wang, J.; Yan, Y.; Qian, H.; Zhang, X.; Xu, W.; Mao, F. MSC: Immunoregulatory effects, roles on neutrophils and evolving clinical potentials. Am. J. Transl. Res. 2019, 11, 3890–3904. [Google Scholar]

	



Jiang, D.; Muschhammer, J.; Qi, Y.; Kügler, A.; de Vries, J.C.; Saffarzadeh, M.; Sindrilaru, A.; Beken, S.V.; Wlaschek, M.; Kluth, M.A.; et al. Suppression of Neutrophil-Mediated Tissue Damage-A Novel Skill of Mesenchymal Stem Cells. Stem Cells 2016, 34, 2393–2406. [Google Scholar] [CrossRef]

	



Magaña-Guerrero, F.S.; Domínguez-López, A.; Martínez-Aboytes, P.; Buentello-Volante, B.; Garfias, Y. Human Amniotic Membrane Mesenchymal Stem Cells inhibit Neutrophil Extracellular Traps through TSG-6. Sci. Rep. 2017, 7, 12426. [Google Scholar] [CrossRef]

	



Wang, G.; Joel, M.D.M.; Yuan, J.; Wang, J.; Cai, X.; Ocansey, D.K.W.; Yan, Y.; Qian, H.; Zhang, X.; Xu, W.; et al. Human umbilical cord mesenchymal stem cells alleviate inflammatory bowel disease by inhibiting ERK phosphorylation in neutrophils. Inflammopharmacology 2020, 28, 603–616. [Google Scholar] [CrossRef]

	



Wynn, T.A.; Vannella, K.M. Macrophages in Tissue Repair, Regeneration, and Fibrosis. Immunity 2016, 44, 450–462. [Google Scholar] [CrossRef]

	



Vannella, K.M.; Wynn, T.A. Mechanisms of Organ Injury and Repair by Macrophages. Annu. Rev. Physiol. 2017, 79, 593–617. [Google Scholar] [CrossRef]

	



Lech, M.; Anders, H.J. Macrophages and fibrosis: How resident and infiltrating mononuclear phagocytes orchestrate all phases of tissue injury and repair. Biochim. Biophys. Acta 2013, 1832, 989–997. [Google Scholar] [CrossRef]

	



Chung, E.; Son, Y. Crosstalk between mesenchymal stem cells and macrophages in tissue repair. Tissue Eng. Regen. Med. 2014, 11, 431–438. [Google Scholar] [CrossRef]

	



Carrero, R.; Cerrada, I.; Lledó, E.; Dopazo, J.; García-García, F.; Rubio, M.P.; Trigueros, C.; Dorronsoro, A.; Ruiz-Sauri, A.; Montero, J.A.; et al. IL1β induces mesenchymal stem cells migration and leucocyte chemotaxis through NF-κB. Stem Cell Rev. Rep. 2012, 8, 905–916. [Google Scholar] [CrossRef]

	



Harrell, C.R.; Jovicic, N.; Djonov, V.; Arsenijevic, N.; Volarevic, V. Mesenchymal Stem Cell-Derived Exosomes and Other Extracellular Vesicles as New Remedies in the Therapy of Inflammatory Diseases. Cells 2019, 8, 1605. [Google Scholar] [CrossRef]

	



Volarevic, V.; Gazdic, M.; Simovic Markovic, B.; Jovicic, N.; Djonov, V.; Arsenijevic, N. Mesenchymal stem cell-derived factors: Immuno-modulatory effects and therapeutic potential. Biofactors 2017, 43, 633–644. [Google Scholar] [CrossRef]

	



Harrell, C.R.; Markovic, B.S.; Fellabaum, C.; Arsenijevic, N.; Djonov, V.; Volarevic, V. The role of Interleukin 1 receptor antagonist in mesenchymal stem cell-based tissue repair and regeneration. Biofactors 2020, 46, 263–275. [Google Scholar] [CrossRef]

	



Maacha, S.; Sidahmed, H.; Jacob, S.; Gentilcore, G.; Calzone, R.; Grivel, J.C.; Cugno, C. Paracrine Mechanisms of Mesenchymal Stromal Cells in Angiogenesis. Stem Cells Int. 2020, 2020, 4356359. [Google Scholar] [CrossRef]

	



Spiller, K.L.; Anfang, R.R.; Spiller, K.J.; Ng, J.; Nakazawa, K.R.; Daulton, J.W.; Vunjak-Novakovic, G. The role of macrophage phenotype in vascularization of tissue engineering scaffolds. Biomaterials 2014, 35, 4477–4488. [Google Scholar] [CrossRef]

	



Lee, R.H.; Pulin, A.A.; Seo, M.J.; Kota, D.J.; Ylostalo, J.; Larson, B.L.; Semprun-Prieto, L.; Delafontaine, P.; Prockop, D.J. Intravenous hMSCs improve myocardial infarction in mice because cells embolized in lung are activated to secrete the anti-inflammatory protein TSG-6. Cell Stem Cell 2009, 5, 54–63. [Google Scholar] [CrossRef]

	



Nakajima, H.; Uchida, K.; Guerrero, A.R.; Watanabe, S.; Sugita, D.; Takeura, N.; Yoshida, A.; Long, G.; Wright, K.T.; Johnson, W.E.; et al. Transplantation of mesenchymal stem cells promotes an alternative pathway of macrophage activation and functional recovery after spinal cord injury. J. Neurotrauma 2012, 29, 1614–1625. [Google Scholar] [CrossRef]

	



Tosello-Trampont, A.; Surette, F.A.; Ewald, S.E.; Hahn, Y.S. Immunoregulatory Role of NK Cells in Tissue Inflammation and Regeneration. Front. Immunol. 2017, 8, 301. [Google Scholar] [CrossRef] [PubMed]

	



Petri, R.M.; Hackel, A.; Hahnel, K.; Dumitru, C.A.; Bruderek, K.; Flohe, S.B.; Paschen, A.; Lang, S.; Brandau, S. Activated Tissue-Resident Mesenchymal Stromal Cells Regulate Natural Killer Cell Immune and Tissue-Regenerative Function. Stem Cell Rep. 2017, 9, 985–998. [Google Scholar] [CrossRef] [PubMed]

	



Tait Wojno, E.D.; Artis, D. Innate lymphoid cells: Balancing immunity, inflammation, and tissue repair in the intestine. Cell Host Microbe 2012, 12, 445–457. [Google Scholar] [CrossRef] [PubMed]

	



Zaiss, D.M.W.; Gause, W.C.; Osborne, L.C.; Artis, D. Emerging functions of amphiregulin in orchestrating immunity, inflammation, and tissue repair. Immunity 2015, 42, 216–226. [Google Scholar] [CrossRef]

	



Monticelli, L.A.; Sonnenberg, G.F.; Abt, M.C.; Alenghat, T.; Ziegler, C.G.; Doering, T.A.; Angelosanto, J.M.; Laidlaw, B.J.; Yang, C.Y.; Sathaliyawala, T.; et al. Innate lymphoid cells promote lung-tissue homeostasis after infection with influenza virus. Nat. Immunol. 2011, 12, 1045–1054. [Google Scholar] [CrossRef] [PubMed]

	



Koga, S.; Hozumi, K.; Hirano, K.I.; Yazawa, M.; Terooatea, T.; Minoda, A.; Nagasawa, T.; Koyasu, S.; Moro, K. Peripheral PDGFRα+gp38+ mesenchymal cells support the differentiation of fetal liver-derived ILC2. J. Exp. Med. 2018, 215, 1609–1626. [Google Scholar] [CrossRef]

	



van Hoeven, V.; Munneke, J.M.; Cornelissen, A.S.; Omar, S.Z.; Spruit, M.J.; Kleijer, M.; Bernink, J.H.; Blom, B.; Voermans, C.; Hazenberg, M.D. Mesenchymal Stromal Cells Stimulate the Proliferation and IL-22 Production of Group 3 Innate Lymphoid Cells. J. Immunol. 2018, 201, 1165–1173. [Google Scholar] [CrossRef] [PubMed]

	



Li, J.; Tan, J.; Martino, M.M.; Lui, K.O. Regulatory T-Cells: Potential Regulator of Tissue Repair and Regeneration. Front. Immunol. 2018, 9, 585. [Google Scholar] [CrossRef] [PubMed]

	



D’Alessio, F.R.; Kurzhagen, J.T.; Rabb, H. Reparative T lymphocytes in organ injury. J. Clin. Investig. 2019, 129, 2608–2618. [Google Scholar] [CrossRef] [PubMed]

	



Fung, T.H.W.; Yang, K.Y.; Lui, K.O. An emerging role of regulatory T-cells in cardiovascular repair and regeneration. Theranostics 2020, 10, 8924–8938. [Google Scholar] [CrossRef]

	



Li, J.; Yang, K.Y.; Tam, R.C.Y.; Chan, V.W.; Lan, H.Y.; Hori, S.; Zhou, B.; Lui, K.O. Regulatory T-cells regulate neonatal heart regeneration by potentiating cardiomyocyte proliferation in a paracrine manner. Theranostics 2019, 9, 4324–4341. [Google Scholar] [CrossRef]

	



Leung, O.M.; Li, J.; Li, X.; Chan, V.W.; Yang, K.Y.; Ku, M.; Ji, L.; Sun, H.; Waldmann, H.; Tian, X.Y.; et al. Regulatory T Cells Promote Apelin-Mediated Sprouting Angiogenesis in Type 2 Diabetes. Cell Rep. 2018, 24, 1610–1626. [Google Scholar] [CrossRef]

	



Ayala-Cuellar, A.P.; Kang, J.H.; Jeung, E.B.; Choi, K.C. Roles of Mesenchymal Stem Cells in Tissue Regeneration and Immunomodulation. Biomol. Ther. 2019, 27, 25–33. [Google Scholar] [CrossRef]

	



Negi, N.; Griffin, M.D. Effects of mesenchymal stromal cells on regulatory T cells: Current understanding and clinical relevance. Stem Cells 2020, 38, 596–605. [Google Scholar] [CrossRef] [PubMed]

	



Gazdic, M.; Arsenijevic, A.; Markovic, B.S.; Volarevic, A.; Dimova, I.; Djonov, V.; Arsenijevic, N.; Stojkovic, M.; Volarevic, V. Mesenchymal Stem Cell-Dependent Modulation of Liver Diseases. Int. J. Biol. Sci. 2017, 13, 1109–1117. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, Y.; Singh, A.K.; Hoyt RFJr Wang, S.; Yu, Z.; Hunt, T.; Kindzelski, B.; Corcoran, P.C.; Mohiuddin, M.M.; Horvath, K.A. Regulatory T cells enhance mesenchymal stem cell survival and proliferation following autologous cotransplantation in ischemic myocardium. J. Thorac. Cardiovasc. Surg. 2014, 148, 1131–1137. [Google Scholar] [CrossRef] [PubMed]

	



Tao, H.; Han, Z.; Han, Z.C.; Li, Z. Proangiogenic Features of Mesenchymal Stem Cells and Their Therapeutic Applications. Stem Cells Int. 2016, 2016, 1314709. [Google Scholar] [CrossRef]

	



Volarevic, V.; Markovic, B.S.; Gazdic, M.; Volarevic, A.; Jovicic, N.; Arsenijevic, N.; Armstrong, L.; Djonov, V.; Lako, M.; Stojkovic, M. Ethical and Safety Issues of Stem Cell-Based Therapy. Int. J. Med. Sci. 2018, 15, 36–45. [Google Scholar] [CrossRef]

	



Lukomska, B.; Stanaszek, L.; Zuba-Surma, E.; Legosz, P.; Sarzynska, S.; Drela, K. Challenges and Controversies in Human Mesenchymal Stem Cell Therapy. Stem Cells Int. 2019, 2019, 9628536. [Google Scholar] [CrossRef]

	



Harrell, C.R.; Jovicic, N.; Djonov, V.; Volarevic, V. Therapeutic Use of Mesenchymal Stem Cell-Derived Exosomes: From Basic Science to Clinics. Pharmaceutics 2020, 12, 474. [Google Scholar] [CrossRef] [PubMed]

	



Ma, Z.J.; Yang, J.J.; Lu, Y.B.; Liu, Z.Y.; Wang, X.X. Mesenchymal stem cell-derived exosomes: Toward cell-free therapeutic strategies in regenerative medicine. World J. Stem Cells 2020, 12, 814–840. [Google Scholar] [CrossRef]








[image: Ijms 22 02472 g001 550] 





Figure 1. The crosstalk between MSCs and immune cells in the initial phase of tissue injury. Immediately upon tissue injury, resident MSCs become activated by microbial pathogens and/or by alarmins released from injured cells. Activated MSCs produce monocyte-attracting chemokines (CCL2, CCL3, CXCL2, CCL12) which recruit circulating monocytes to the site of injury and inflammation. Tissue resident macrophages and recruited monocytes obtain pro-inflammatory (M1) phenotype upon phagocytosis of microbial pathogens and apoptotic cells. M1 macrophages/monocytes produce CCL5, CCL2, CXCL12, IL-8 which activate JNK-dependent signaling pathway in resident MSCs, inducing their conversion in inflammatory (MSC1) cells. MSC1 secrete anti-viral cytokines (IFN-α and IFN-β) that up-regulate cytotoxicity of NK cells and enhance NK cell-dependent elimination of infected cells. Additionally, MSC1, in an IL-8- and MIF-dependent manner, enhance the phagocytic ability of neutrophils and macrophages, enabling the efficient removal of apoptotic cells, necrotic tissue and cellular debris. Abbreviations: mesenchymal stem cells (MSCs), C–C motif chemokine ligand (CCL), C-X-C motif chemokine ligand (CXC), c-JunNH2-terminal kinase (JNK), macrophage migration inhibitory factor (MIF), natural killer (NK) cells, interleukin-8 (IL-8), interferon alpha (IFN-α), interferon beta (IFN-β). 
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Figure 2. Molecular mechanisms responsible for MSC-dependent modulation of immune cells during the healing phase of tissue repair and regeneration. During the resolution phase of tissue repair, MSCs obtain anti-inflammatory and immunosuppressive (MSC2) phenotype. MSC2 secrete large amounts of immunosuppressive and angio-modulatory factors that promote tissue repair by alleviating ongoing inflammation and by promoting neo-vascularization in regenerated tissues. MSC2, in a juxtracrine manner (through the activation AhR) and in paracrine manner (through the secretion of IL-7) induce proliferation and activation of AREG-expressing ILC2 and IL-22-producing ILC3 which protect the integrity of epithelial cell barrier. MSC2 produce TSG-6 which reduces production of reactive oxygen species (ROS) and induces enhanced expression of IL-10 in neutrophils, favoring their polarization in immunosuppressive (N2) phenotype. MSCs, in TSG-6, IL-1Ra, PGE2 and IDO-dependent manner, induce conversion of TNF-α and IL-1β producing inflammatory (M1) macrophages into immunosuppressive, IL-10 producing (M2) cells. MSC-derived immunomodulatory factors (IL-6, PGE2, IL-10 and galectin-3) induce the generation of the tolerogenic phenotype in DCs. MSC2 and tolerogenic DCs, in an IDO-dependent manner, induce the generation and expansion of immunosuppressive Tregs. Similarly, MSC2, in a PGE2 and IDO-dependent manner, induce the polarization of inflammatory NK cells into IL-10-producing, anti-inflammatory NKregs. Tregs and NKregs produce immunosuppressive cytokines that attenuate on-going inflammation and enable more efficient tissue repair. Additionally, MSC2 induces increased production of VEGF in N2 neutrophils and M2 macrophages, contributing to the better neovascularization of healing tissues. Abbreviations: aryl hydrocarbon receptor (AhR), reactive oxygen species (ROS), interleukin (IL), Amphiregulin (AREG), innate lymphoid cells (ILC), interleukin 1 receptor antagonist (IL-1Ra), prostaglandin E2 (PGE2), TNF-α stimulated gene/protein 6 (TSG-6), indolamine 2,3-dioxygenase (IDO), T regulatory cells (Tregs), NK regulatory cells (NKregs), vascular endothelial growth factor (VEGF). 
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Table 1. The impact of mesenchymal stem cell-derived factors on phenotype and function of immune cells during tissue repair and regeneration.
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MSC-Derived Factor(s)

	
Target Cells

	
Altered Function of Immune Cells

	
Immunomodulatory and/

or Regenerative Effects

	
Ref.






	
Initial phase of tissue injury




	
IL-8; MIF

	
neutrophils

	
enhanced phagocytic ability

	
more efficient removal of necrotic tissue and cellular debris

	
[12,13]




	
CCL2; CCL3; CXCL2; CCL12

	
monocytes

	
increased chemotactic ability

	
better recruitment of inflammatory monocytes into the injured tissues

	
[19,20]




	
IFN-α; IFN-β

	
NK cells

	
increased cytotoxicity

	
more efficient removal of infected cells

	
[6,29]




	
Healing phase of tissue repair




	
TSG-6

	
neutrophils

	
reduced ROS production;

increased IL-10 secretion

	
creation of immunosuppressive microenvironment

	
[14]




	
TGF-β and IL-10

	
macrophages

	
generation of anti-inflammatory (M2) phenotype

	
creation of immunosuppressive microenvironment

	
[6,7]




	
TSG-6

	
macrophages

	
alleviated secretion of NO, TNF-α and IL-1β

	
attenuation of on-going inflammation

	
[21,22]




	
IL-6 and PGE2

	
macrophages

	
increased IL-10 secretion

	
creation of immunosuppressive microenvironment

	
[21]




	
IL-1Ra

	
macrophages

	
reduced synthesis of matrix degrading enzymes and inflammatory chemokines

	
inhibition of IL-1β-driven inflammation

	
[22,23]




	
VEGF

	
macrophages

	
increased production of IL-8

	
better neo-vascularization

	
[25]




	
PGE2; IDO

	
NK cells

	
generation of NKregs

	
creation of immunosuppressive microenvironment

	
[22,29]




	
TGF-β and IL-6

	
NK cells

	
induction of senescence

	
attenuation of on-going inflammation

	
[29]




	
PDGF and IL-7

	
ILC2

	
generation of AREG-expressing ILC2 cells

	
enhanced repair of injured epithelial cells

	
[33]




	
IL-7

	
ILC3

	
increased proliferation and activation of IL-22-producing ILC3

	
enhanced viability and proliferation of epithelial cells; improved wound healing

	
[34]




	
IL-6, PGE2, IL-10; galectin-3

	
DCs

	
generation of tolerogenic phenotype

	
attenuation of on-going inflammation

	
[6,22]




	
IDO

	
Tregs

	
generation and expansion of Tregs

	
creation of immunosuppressive microenvironment

	
[40,41,42]




	
NO and PGE2

	
Tregs

	
increased chemotactic ability

	
better recruitment of immunosuppressive Tregs into the injured tissues

	
[22,40,41]








Abbreviations: mesenchymal stem cells (MSCs), interleukin-8 (IL-8), macrophage migration inhibitory factor (MIF), C–C motif chemokine ligand (CCL), C-X-C motif chemokine ligand (CXC), natural killer (NK) cells, interferon alpha (IFN-α), interferon beta (IFN-β), reactive oxygen species (ROS), tumor necrosis factor alpha stimulated gene/protein 6 (TSG-6), interleukin 1 beta (IL-1β), interleukin-6 (IL-6), prostaglandin E2 (PGE2), interleukin-10 (IL-10), interleukin 1 receptor antagonist (IL-1Ra), vascular endothelial growth factor (VEGF), Amphiregulin (AREG), innate lymphoid cells (ILC), indolamine 2,3-dioxygenase (IDO), T regulatory cells (Tregs), NK regulatory cells (NKregs), Platelet-derived growth factor (PDGF), interleukin-7 (IL-7), transforming growth factor beta (TGF-β), innate lymphoid cells type 2 (ILC2); innate lymphoid cells type 3 (ILC3), nitric oxide (NO); dendritic cells (DCs).
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