
Cell Physiol Biochem 2017;43:2155-2169
DOI: 10.1159/000484295
Published online: October 25, 2017 2155

Cellular Physiology 

and Biochemistry

Cellular Physiology 

and Biochemistry
© 2017 The Author(s). Published by S. Karger AG, Basel

www.karger.com/cpb

Zhang et al.: Tregs in Tissue Injury

Review

Accepted: September 21, 2017 

This article is licensed under the Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 Interna-
tional License (CC BY-NC-ND) (http://www.karger.com/Services/OpenAccessLicense). Usage and distribution 
for commercial purposes as well as any distribution of modified material requires written permission.

DOI: 10.1159/000484295

Published online: October 25, 2017
© 2017 The Author(s) 
Published by S. Karger AG, Basel
www.karger.com/cpb

© 2017 The Author(s)
Published by S. Karger AG, Basel

‘Repair’ Treg Cells in Tissue Injury

Chaoqi Zhanga,b  Lifeng Lia,b,c  Kexin Fengc   Daoyang Fand   Wenhua Xuec   Jingli Luc

aBiotherapy Center, The First Affiliated Hospital of Zhengzhou University, Zhengzhou, bDepartment of 

Oncology, The First Affiliated Hospital of Zhengzhou University, Zhengzhou, cDepartment of Pharmacy, 

The First Affiliated Hospital of Zhengzhou University, Zhengzhou dDepartment of Orthopedics, Peking 

University Third Hospital, Beijing, China

Key Words
Treg cells • Tissue injury • Repair

Abstract
Studies in mice and humans have elucidated an important role for Tregs in promoting tissue 
repair and restoring tissue integrity. Emerging evidence has revealed that Tregs promoted 
wound healing and repair processes at multiple tissue sites, such as the heart, liver, kidney, 
muscle, lung, bone and central nervous system. The localization of repair Tregs in the lung, 
muscle and liver exhibited unique phenotypes and functions. Epidermal growth factor receptor, 
amphiregulin, CD73/CD39 and keratinocyte growth factor are important repair factors that are 
produced or expressed by repair Tregs; these factors coordinate with parenchymal cells to 
limit injury and promote repair. In addition, repair Tregs can be modulated by IL-33/ST2, TCR 
signals and other cytokines in the context of injured microenvironment cues. In this review, 
we provide an overview of the emerging knowledge about Treg-mediated repair in damaged 
tissues and organs.

Introduction

Tissues and organs have remarkable capacities to adapt to injury through tissue repairs. When damage occurs, inflammatory responses are triggered, which subsequently recruit and 
activate haematopoietic and non-haematopoietic cells that together orchestrate a cellular 
response to promote tissue repair [1]. Among the immune cells involved in the response to tissue injury, recent findings have expanded our understanding of repair mechanisms by demonstrating new and unexpected roles for some immune cells in repairing damaged tissue according to organ-specific cues [2-5]. Forkhead box P3‑expressing (Foxp3+) regulatory T (Treg) cells are a heterogeneous population that are specializes in antagonizing overexuberant immune responses and restoring immune homeostasis [6]. Recent studies using transgenic mice specifically ablated Tregs have highlighted their nontraditional function in modulating nonimmunological processes through acting on nonimmune targets [7, 8]. The nontraditional role of Tregs in injured tissues has been accepted as a facet of 
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Tregs, which has been shown to be of import in the pro-repair and pro-regenerative process [9]. Of note, although functionally important associations between Tregs and tissue repair after injury have been studied for decades, the cellular mechanisms underlying this process have only recently been revealed by studies examining tissue-resident Tregs [10]. Here, we summarize recent findings that converge on Treg-mediated repair in the context of both acute and chronic tissue injury. We focus in detail on the identification of a distinct phenotype of repair Tregs in local settings and discuss Treg-producing or expressing pro-repair factors that directly function on nonimmune targets in response to organ-specific cues. Lastly, we highlight factors that promote the development and function of repair Tregs 
in injured tissues.

Treg-mediated repair at multiple tissuesEmerging studies have demonstrated that Tregs contribute to the maintenance of tissue homeostasis by promoting wound healing and repair processes at multiple tissue sites  (Fig. 1).In the context of myocardial infarction (MI), Tregs limit tissue injury and promote regeneration. For example, Tregs improved scar tissue formation and survival and protected against adverse ventricular remodelling; furthermore, genetic ablation of Foxp3+ Tregs resulted in aggravated cardiac inflammation, a more pronounced left-ventricular dilation and impaired cardiac function [11, 12]. Therapeutic Treg activation increased expression of tissue inhibitors of matrix metalloproteinases (TIMPs), preventing extracellular collagen matrix degradation in mice [12]. In vitro, Tregs produced TGF-β1, IL-13 and IL-10, which synergized to induce M2-like differentiation and subsequently promote osteopontin release from monocytes/macrophages [12]. In addition, Tregs reduced the expression of α-smooth muscle actin and attenuated the contraction of fibroblast-populated collagen pads, which suggests that Tregs modulate the cardiac fibroblast phenotype [13].Similar associations between Tregs and the repair process are also evident in the injured kidney and liver. Tregs were observed to infiltrate in ischaemic-reperfused kidneys, which modulated pro-inflammatory cytokines production by other immune cells [14-17]. IL-10-producing Tregs were involved because the adoptive transfer of IL-10-deficient Tregs into Rag-1 knockout mice failed to recover renal function [15]. Tregs were also involved in the liver repair and fibrosis process. In a bile duct ligation rat model, Treg depletion exacerbated hepatic fibrosis and cholestasis, which was related to significant changes in IL-6 and IL-10 production [18]. In chronic hepatitis C virus infection, Tregs were enriched in areas of fibrosis [19], and IL-8-producing Treg acted on hepatic stellate cells and functioned as a pro-fibrogenic factor [20]. Mechanistically, Tregs up regulated the expression of TIMP1, MMP2, TGF-β1, α-SMA, collagen and CCL2 in primary human hepatic stellate cells (HSC) [20]. Of note, Tregs-induced HSC activation could be blocked by the addition of neutralizing IL-8 antibody [20].The importance of Tregs in tissue repair was exemplified when a distinct population of resident Tregs was identified in skeletal muscle that contributed to repair and regeneration following acute injury. Muscle-Tregs rapidly accumulated in the injured skeletal muscle of mice and influenced a series of events that accompanied repair: Tregs promoted a pro- to anti-inflammatory shift in myeloid populations, Tregs regulated coinfiltrating conventional T cell populations and Tregs interacted with satellite cells that were directly responsible for the repair of injured muscle [21, 22]. Notably, injury-induced accumulation and proliferation of muscle Tregs were reduced in aged mice [23], which was consistent with age-dependent deterioration of muscle function and muscle dystrophic disease [24]. Further evidence to support the importance of Treg in muscle repair stems from research on muscular dystrophy. Depletion of Tregs exacerbated muscle injury and the severity of muscle inflammation in the mouse model of Duchenne muscular dystrophy [25]. However, paradoxical pathogenic roles for Tregs were reported in chronic muscle injury infected with Toxoplasma gondii.  
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Fig. 1. Tregs promote wound 
healing and repair processes 

in multiple injured tissues. The number of Tregs is in-creased in a variety of injured tissues, and the factors de-rived from Tregs can mediate 
repair through immune-relat-

ed and nonimmune-related mechanisms. The examples of Treg-mediated repair given here include repair of skeletal muscle and neurons; wound 
healing and mucosa protec-tion; and recovery of liver, heart and kidney function. Abbreviations are as follows: 
Areg, amphiregulin; Tregs, regulatory T cells; KGF, kera-tinocyte growth factor; EGFR, epidermal growth factor re-ceptor; CNS, central nervous system; MI, myocardial infarc-

tion.

Jin et al. showed that prolonged tissue damage was associated with persistent pro-inflammatory macrophage accumulation, whereas Treg ablation during this process rescued macrophage homeostasis and skeletal muscle fibre regeneration [26]. Thus, the key to interpreting the role of Tregs in muscle damage is the tissue environment established by the injury signal. Further studies are needed to understand the role of Tregs in muscle repair by integrating signals from injury and local cues.Other tissue repair functions of Tregs include wound healing and mucosa protection. The skin, lung and intestine are barrier surfaces that are constantly exposed to environmental stimuli and lead to inflammation and tissue damage [27]. Tregs have been implicated in the repair of damaged skin by attenuating IFN-γ production and pro-inflammatory macrophage accumulation [28]. Treg-driven wound repair was associated with EGFR expression in Tregs, while specific deletion of EGFR in Tregs resulted in delayed skin wound closure [28]. In lung tissues, Tregs also protect against tissue damage and maintain barrier integrity [29]. For example, Tregs produced amphiregulin for lung tissue protective function following virus-induced inflammation [30]. CCR7 deficiency contributed to Treg homeostasis and trafficking within the lungs, which further modulated wound repair in pulmonary fibrosis [31]. CD73-dependent adenosine generation in Tregs also promoted acute lung injury resolution [32]. Tregs limited injury by decreasing allergic airway inflammation and epithelial barrier disruption in house dust mite-derived protease induced-allergic disorders [33]. In addition, Tregs participate in the maintenance of intestinal homeostasis following damage or inflammation or infection [34-36], which has been well reviewed [37].The influence of Tregs on spinal cord injury provides another example of repair 
process regulated by Tregs. Treg recruitment to the spinal cord parenchyma occurred at the subacute/chronic phase in the context of a spinal cord injury model, indicating that Tregs participate in the central nervous system (CNS) for neural maintenance and repair [38]. In line with this notion, Tregs were found to recruit protectors of the CNS against autoimmune neuroinflammation [39]. The important Treg-mediated repair tissue that has also been partially addressed is the delineation of bone regeneration in rheumatoid arthritis. 
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It has been reported that the amount of Foxp3+T cells was inversely correlated with blood markers of osteoclastogenesis in patients with rheumatoid arthritis and normal controls [40]. Consistently, therapeutic increased Treg numbers improved clinical signs of arthritis and suppressed local and systemic bone destruction in animal models [40]. In vitro, Tregs suppressed osteoclast differentiation, which was essentially dependent on direct cell–cell contact via CTLA-4 [41] and required the cytokines TGF-β and IL-4 [42].
Together, these studies suggest that Tregs contribute to diverse repair processes at damaged sites, which is consistent with their anti-inflammatory and tissue repair functions. Beyond the examples given here, the differential repair roles of Tregs in other organs remain 

unclear.

‘Repair’ Tregs residing in local tissuesTreg can be categorized as thymus-derived Tregs (tTregs) and peripherally induced Tregs (pTregs) that develop in peripheral tissues, but specific markers to delineate these two populations are still lacking. The Treg compartment is made of heterogeneous cells of various origins and functions, which is critical for the maintenance of immune-tolerance as well as modulation of nonimmunological processes [7]. Treg subsets exhibit phenotypic and functional diversity in terms of expression of activation or function markers, homing receptors or transcription factors. In the context of tissue injury, although effector-associated markers, such as Foxp3, CTLA4 and IL-10, are still considered essential for the tissue-repair function, Treg subsets and their subphenotypes have been less well characterized. Recently, it has shown that tissue-resident Tregs can exhibit tissue-specific and microenvironment-specific functions by integrating local cues. Thus, the simplistic prospect of modulating systemic Tregs to improve repair processes will be tempered by new insights into ‘repair’ Treg in local tissues. In this section, we describe the current knowledge about phenotypic diversity of ‘repair’ Treg populations in local tissues.One of the best-characterized examples of ‘repair’ Tregs is the population found in skeletal muscle. Tregs began to accumulate in the injured muscle after intramuscular administration of cardiotoxin, with their numbers peaking at day 4 and their frequency among CD4+ T cells gradually increasing to ~50% by 14 days and remaining at this frequency for weeks. A similar accumulation pattern of Tregs was also observed in a cryoinjury model and muscular dystrophy, suggesting that site-specific repair mechanisms might exist in the setting of muscle injury. The transcriptome of muscle Tregs was most similar to that of fat Tregs, exhibiting 91% of the canonical Treg signature. However, the gene expression profile of muscle Treg was distinguishable from those of lymphoid-organ Tregs and Tregs at several inflamed sites. Muscle Tregs also displayed a distinct T cell receptor (TCR), which 
again suggested that such tissue Tregs may be responding to local signals. Genes encoding the anti-inflammatory cytokine IL-10, chemokine receptor CCR1, cytokine receptor ST2 and growth factors amphiregulin and platelet-derived growth factor were un regulated, whereas genes encoding chemokine receptors (CXCR5 and CCR7) and several proteins implicated in the Wnt signalling pathway (TCF7, LEF1, SATB1) were down regulated in muscle Tregs. Although it has yet to be determined whether these proteins encoding dysregulated genes function in the development and maintenance of muscle Tregs, it should be noted that some of them, such as ST2 and amphiregulin, have been described to play a vital role in Treg-mediated repair, which we will discuss later.Another ‘repair’ Treg of great interest is lung-Treg that accumulates in the damaged lung during influenza virus infection. The major contributor of repair function is amphiregulin-producing Tregs expressing IL-18R, which are mostly CD44hiCD62Llo and exhibit elevated expression of CD103, PD-1, GITR, CTLA-4 and KLRG1. Microarray-based gene expression profiling revealed that IL-10+IL-18R- ‘effector’ Tregs and IL-10-IL-18R+ ‘repair’ Tregs exhibited a similar activation phenotype, with >90% of shared differentially expressed genes. The most pronounced overlapping genes were related to Treg suppressive function: Lag3, 
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Gzmb, Tnfrsf8, CD30 and CD39. However, analysis of transcripts selectively up regulated in ‘repair’ Tregs showed that these cells were proficient in extracellular matrix remodelling 
and tissue repair.Tregs have also been shown to accumulate in the HCV-infected liver. Intrahepatic Tregs express high levels of HLA-DR, CTLA-4, CD45RO and CCR7, as opposed to their counterparts in peripheral blood, indicating that liver Treg were more differentiated and highly activated [19]. In parallel to the increased expression of functional makers, the ratio of Treg to leukocytes in non-fibrotic livers was higher than those in livers with fibrosis, which suggested that intrahepatic Tregs limit fibrosis in HCV-infected livers [19]. These results were recently extended to show that liver Tregs responding to infection-induced injury showed a high expression of ST2, and ST2+ Tregs exhibited elevated expression of CD103, KLRG1, CTLA-4, GITR and PD-1 in mice infected with murine cytomegalovirus [43]. Depending on the infection, liver Tregs produce LAP/TGFβ, GARP and granzyme B [43].Thus, our present knowledge indicates that repair Tregs exhibit a particular subphenotype compared to their counterparts in peripheral blood, as well as resident-suppressive Tregs tissues. The localization of Tregs in the target tissues seems to be important for repair function. Further research is needed to refine the specialized type of 
Tregs dedicated to promoting repair in each tissue.

Functional molecules expressed or produced by ‘repair’ Tregs to mediate the repair 
processThe underlying mechanisms by which Tregs contribute to tissue repair focus on two main aspects (Fig. 2). First, Tregs regulate tissue repair in an immune-mediated manner. In the context of tissue injury, Tregs restrict the infiltration of inflammatory cells through secretion of immunosuppressive cytokines, which has been well reviewed elsewhere [9]. For example, Tregs directly induce anti-inflammatory macrophages, which contribute to tissue repair during the initiation, maintenance and resolution phases [12, 44-46]. Tregs produce high levels of IL-10, which act directly on fibroblasts [47]. Tregs decrease CXCL12 expression, which affects fibrocyte recruitment [48]. Tregs suppress neutrophil-driven cytokine release in a CD86-dependent manner [49]. And TGF-β1 produced by Tregs promotes their differentiation [50] and enhances formation of tough fibrous tissues at the healing sites [51]. Second, Tregs also make substantial contributions to controlling potentially 

tissue injury processes in a nonimmunological manner, directly acting on parenchymal cells. For example, Tregs express amphiregulin, a growth factor that plays an important role in healing and regeneration in the intestinal mucosa, lung epithelium and skeletal muscle [52]. Tregs directly interact with osteoblasts and their progenitor, which participate in the bone forming process [53]. Thus, the impact of Tregs on tissue repair and regeneration reflects its traditional (immune) and nontraditional (nonimmune) functions. Here, we discuss the repair factors produced or expressed by ‘repair’ Tregs, which function on nonimmune targets and coordinate the parenchymal cells to promote tissue repair following injury.
Epidermal growth factor receptor (EGFR)The EGFR pathway plays an essential role in normal skin integrity and wound healing through stimulating epidermal and dermal regeneration [54]. Interestingly, EGFR is expressed by Tregs under inflammatory conditions [55]. In vivo, the expression of EGFR was not detected in CD4+Foxp3+ T cells isolated from skin or draining lymph nodes prior to wounding. After injury, a marked induction of EGFR expression was detected in skin Treg, but not in Tregs from draining lymph nodes [28]. The results suggest that the induction of EGFR occurs preferentially on Tregs in inflamed environments. It has consistently been reported that almost all EGFR+ Tregs were Foxp3High and CD45RA- (termed activated Tregs); these Tregs gained EGFR expression upon stimulation [55]. Additionally, IL-10 signals that are required for EGFR induction has also been reported. Of note, IL-10-induced EGFR 
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expression requires activation and recruitment of Src to IL-10 receptor subunit α, which increases JAK1/STAT3 signalling activity and results in the expression of EGFR [56].The EGFR pathway in Tregs also augments their suppressive capacity [55, 57]. Compared with EGFR- Tregs, EGFR+ Tregs significantly inhibited IFN-γ, TNF-α, perforin and granzyme B production and robustly inhibited CD8+ T cell proliferation [57]. Similarly, mice with a conditional deletion of EGFR in Tregs have reduced expression of CD25 and CTLA-4 [28]. EGFR on Tregs might also enhance Treg survival in inflamed tissues [28]. These data are in line with findings that the deletion of EGFR in Tregs reduced percentages and absolute numbers of Tregs in skin early after wounding, and kinetics of wound closure were significantly delayed [28]. These data suggest that EGFR+ Tregs with access to inflamed sites promote wound closure in skin; however, EGFR function in Tregs has not been measured in 
other injured tissues.

AmphiregulinAmphiregulin, a ligand of EGFR, has emerged as an important component of Treg-
mediated tissue repair and regeneration. Both muscle and lung Tregs produce amphiregulin following injury. Pioneering work established that loss of Treg in acutely injured muscle abrogates tissue repair, which could be ameliorated by the administration of recombinant amphiregulin protein. Delving into the mechanism underlying this effect showed that amphiregulin significantly augments the colony-forming efficiency of satellite cells and enhances myogenic differentiation in bulk cultures of satellite cells [58]. However, amphiregulin is widely produced by many epithelial and mesenchymal cell types during 

Fig. 2. Characteristics of ‘repair’ 
Tregs in local tissues and their functions in the repair process. 
Some tissue-resident Tregs, 

such as lung, liver and muscle-Tregs, support tissue repair with 
distinct properties depending on 

local tissue microenvironment clues. These ‘repair’ Tregs exhibit phenotypic and functional diversity in terms of expression of activation or function markers, 
homing receptors or transcription factors. Areg released by Tregs and KGF, CD39 and CD73 expressed by Tregs directly act on 
parenchymal cells to contribute 

to tissue repair and regeneration. 

In addition, suppressive activity of Tregs promotes phenotypic and functional switching of 
other immune cells; these 

immune cells produce pro-repair factors to facilitate tissue repair by promoting proliferation, differentiation and activation of parenchymal cells. Those effects are further enhanced by several molecules, such as IL-33/ST2, IL-18/IL-18R and the EGFR/Areg axis, which have been characterized with regard to their importance for proliferation, survival and recruitment of ‘repair’ Tregs. Abbreviations are as follows: Areg, amphiregulin; Tregs, regulatory T cells; KGF, keratinocyte growth factor; EGFR, epidermal growth factor receptor.
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development and homeostasis, which has been implicated in tissue repair [59, 60]. Exactly how Tregs-derived amphiregulin exhibits a distinct role for tissue repair has only recently emerged. Selective loss of amphiregulin in Tregs did not disrupt the suppressive function 
in vitro; mice with a Treg-specific amphiregulin deletion showed a normal anti-viral T cell response, but a rapid decline in lung function was observed [30]. These results account for the direct role for Treg-derived amphiregulin in tissue repair.The function of amphiregulin on Tregs has also been described in colitis and tumour models. Zaiss et al. reported that mice lacking amphiregulin had insufficient numbers of Tregs to the site of inflammation, which displayed immune regulatory dysfunction [55]. The presence of amphiregulin enhanced the suppressive capacity of Tregs, but had no influence on the overall proliferation or survival of Tregs [55, 57]. Further evidence to support this result demonstrated that amphiregulin affected posttranslational regulation of Foxp3 expression through EGFR/GSK-3β signalling, which could lead to Foxp3 protein degradation in Tregs [61]. These observations support a positive feedback loop, whereby amphiregulin 
produced by Tregs promote tissue repair, and autocrine or paracrine amphiregulin signals activate Treg function by the EGFR pathway.

Keratinocyte growth factorRecently, keratinocyte growth factor (KGF) has been shown to have crucial roles for Treg mediated lung repair. KGF modulates several mechanisms that are important in alveolar epithelial repair [62, 63]. For example, KGF increases surfactant protein D, a marker of type II alveolar epithelial cell proliferation, and increases alveolar concentrations of mediators that drive epithelial repair (MMP-9), anti-inflammatory cytokine IL-1Rα and GM-CSF [62]. In addition, KGF inhibits apoptosis, maintains sodium channel expression after epithelial injury and promotes migration and wound repair [62].It has been reported that KGF expression on Tregs can be induced by LPS, which suggests that Tregs have the ability to express KGF under stimulated conditions [64]. Lung Tregs express higher levels of KGF than those from the spleen, which could be stimulated by TCR stimulation, and they failed to further augment expression by addition of IL-18 or IL-33 [65]. In addition, Treg can be regulated by KGF. KGF administration enhanced the number and frequency of Tregs by the selective peripheral expansion of CD4+Foxp3+  Tregs and thereafter by enhanced thymic output of newly developed Tregs [66].Data have demonstrated that transfer of KGF- Tregs failed to augment epithelial proliferation after acute lung injury in Treg-depleted mice [64]. KGF+ Tregs promoted alveolar epithelial proliferation both during the resolution phase in an experimental model of lung injury and during regenerative alveologenesis following pneumonectomy [65]. Type II alveolar epithelial cells (AT2) co-cultured with KGF- Tregs proliferated less than AT2 cells co-cultured with wild-type Tregs [65]. As such, KGF is thought to augment epithelial repair and therefore might improve pulmonary dysfunction in acute respiratory distress syndrome. However, a randomized, placebo-controlled phase 2 trial demonstrated that KGF was not beneficial in the treatment of acute respiratory distress syndrome and might even make clinical outcomes worse [67]. A possible explanation for the low efficacy of KGF in this study is the systemic administration regimen, which cannot directly target the injured lung epithelium. Nevertheless, KGF produced by lung Tregs stands out as potentially important for coordinating repair mechanisms in injured lung tissues. Furthermore, whether KGF+ Tregs are responsible for the difference in repair mechanism that are available in the lung but not in other injured tissues, or whether it reflects shared repair mechanism, is unknown.
CD73/CD39The ectoenzyme CD39 is an ATP-degrading enzyme that converts both ATP and NAD to AMP, the immediate precursor of adenosine [68, 69]. CD73 further hydrolyses AMP to adenosine, which subsequently activates the G protein-coupled adenosine receptor and results in immune-inflammatory effects [70, 71]. It has been described that CD39/CD73 
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expression contributes to their suppressive function following interaction with adenosine receptors expressed on target cells [72]. Furthermore, CD73-expressing exosomes produced by Tregs can also facilitate suppressive function through the production of adenosine. CD73 might promote mesenchymal stromal cell migration, which is essential for their regeneration functions [73].The role of CD39 on Tregs in limiting tissue injury has been studied in myocardial infarction (MI) [74]. Elevated levels of CD39 can be observed in Treg populations in MI patients after primary percutaneous coronary intervention (PCI). In myocardial ischaemia/reperfusion injury (MIRI) models, selective depletion of Tregs results in aggravated MIRI, which are suppressed by adoptive transfer of in vitro-activated Tregs. Treg-mediated repair was associated with attenuating cardiomyocyte apoptosis, activating AKT/ERK-mediated pro-survival pathway and inhibiting neutrophil infiltration, which was compromised by CD39 deficiency. Conversely, gain-of-function experiments that genetically deleted CD39 resulted in impairment of Treg-mediated protection against MIRI. These data suggest that CD39 participates in Treg-dependent amelioration of MI. As with CD39, there is evidence that CD73 on T cells can affect cardiac wound healing after MI. In mouse models with CD73 deficiency on T cells, enhanced tissue fibrosis and worse myocardial function were observed after MI, which was associated with accelerated production of pro-inflammatory and profibrotic cytokines (IL-2, INF-γ, IL-17) [75]. Similarly, genetic deletion of CD73 increased mortality and failure to resolve acute lung injury; however, transfer of wild type Tregs was associated with acute lung injury resolution in Rag-/- mice, which was not observed in mice with adoptive transfer of CD73-deficient Tregs [32]. Thus, evidence suggests that CD39/CD73 is emerging as an important factor to control Treg-mediated repair, particularly in myocardial infarction.
Factors that promote the development and function of ‘repair’ Tregs in injured 
tissuesSeveral studies are now devoted to identifying the mechanisms through which tissue-Tregs accumulate in nonlymphoid tissues. However, the cellular and molecular mechanisms underlying the development and function of Tregs that are suitable for injured tissues remain poorly defined. Notably, although there is compelling evidence for heterogeneity among repair Tregs, common factors that regulate ‘repair’ Treg have been observed. Here, we discuss the emerging understanding of novel factors that guide development, accumulation and differentiation of Tregs in the context of injury microenvironment cues.
IL-33/ST2 signalsA common factor in the mechanism that mediates repair Treg accumulation and function in injured tissues is IL-33/ST2. IL-33, a member of the IL-1 family of cytokines, is normally released by damaged or necrotic barrier cells (endothelial and epithelial cells); ST2, also known as IL-1RL1, is expressed by many immune cells [76, 77]. Several current works have generated interest in their roles in the activation and expansion of Treg populations, particularly linking IL33/ST2 to controlling Tregs homeostasis in the nonlymphoid tissues [23, 78]. IL-33/ST2 drives positive feedback loops in Treg activation: IL-33 either directly or indirectly enhances expression and function of the transcription factors Foxp3, GATA3 and STAT5, which in turn promote the expression of ST2 in Tregs [79].In the context of injury, the contribution of IL-33 and its receptor ST2 to lung, muscle and liver Treg accumulation following injury has already been highlighted. In muscle tissue, IL-33 is produced mainly by fibro/adipogenic progenitors (FAPs). FAPs can engender both fibroblasts and adipocytes, which have been assigned a substantial role in the regeneration of myofibres within aged skeletal muscle [80, 81]. ST2 is constitutively expressed on muscle Tregs, mice specifically ablated ST2 in Tregs showed impaired Treg accumulation in injured muscle. Muscle-Tregs were expanded by IL-33, which exhibited a typical muscle Treg profile 
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after injury, but IL-33 did not enhance the recruitment of circulating Tregs to the muscle. These results suggest that the IL-33 effect in muscle injury seems to primarily be local.As mentioned above, liver Tregs constitutively express high levels of ST2, and ST2+ Treg exhibit a high proliferative capacity [43], which has also been observed in lung Tregs [30]. Unlike muscle tissues, IL-33 is mainly produced by endothelial cells in the livers of uninfected mice and is produced by macrophages in infected livers [43]. The function of IL-33/ST2 signals on liver Tregs was demonstrated by the finding that the accumulation of Treg was impaired in the livers of ST2-/- mice during the peak of the Treg response [43]. In line with this data, liver pathology of ST2-/- mice was characterized by hepatocellular necrosis, mononuclear infiltrates and extravasation of erythrocytes [43]. Consistently, IL-33/ST2 has been reported to suppress the activation of caspase 3 and prevent concanavalin A-induced liver injury [82].Collectively, these data indicate that IL-33/ST2 signals control the expansion and function of repair Tregs in the target lung, liver and muscle tissues. The factors that determine why repair Tregs in local tissues express higher levels of ST2 compared with their counterparts in other sites remain unclear, and the factors that control ST2 expression in the context of injury are still unknown.
TCR signalsTCR signals play a crucial role in regulating Treg differentiation, homeostasis and function [83]. Recent studies have demonstrated that TCR sequences of tissue-Tregs have little overlap with Tregs found in lymphoid tissues. In lung and muscle tissues, repair Tregs display a distinct, clonally expanded TCR repertoire, which also shows signs of antigenic selection for repair Tregs following injury. In line with a crucial role of TCR-controlled suppressive function in Treg, TCR stimulation in the presence of IL-2 induces proliferation and production of IL-10; in the absence of TCR, IL-10 levels are below the limit of detection [30]. Evidence for TCR in recruiting Tregs to the site of injury was provided by the fact that the small subset of amphiregulin+ Treg in spleen shared TCR sequences with amphiregulin+ 

or amphiregulin- Treg in muscle [30].Notably, TCR signals are not required for amphiregulin production in repair Tregs. Reports have shown that TCR stimulation fails to induce amphiregulin production on a per cell basis and also led to a reduction in cell-associated amphiregulin levels [30]. A similar effect was observed in vivo, demonstrating that amphiregulin is efficiently produced by ex vivo-isolated TCR-deficient Tregs after influenza virus infection [30]. Thus, these data 
suggest that alternative mechanisms likely operate to regulate amphiregulin production in repair Tregs, although TCR signals can effectively elicit suppressor functions.

Other factorsOther factors have been associated with the development and function of Tregs in the repair process. For example, IL-18 has an important role in the generation of Tregs [84]. Studies have suggested that IL-18/IL-18R signals also influence the repair function of Treg. Repair Treg in the injured lung coexpress high levels of IL-18R; consistently, IL-18 is highly produced in bronchoalveolar lavage fluid after infection [30]. IL-18 leads to increased amphiregulin production by Treg independent of TCR engagement [30]. It has also been demonstrated that CCR5 is responsible for the accumulation of Tregs in damaged sites. CCR5 promotes recruitment of Tregs in infarcted myocardium, and its deficiency has been shown to deteriorate matrix degradation and cardiac remodelling [85]. In addition, research on tissue-Tregs has recently found that TGF-β in Tregs is an upstream factor controlling Treg activity in specific tissue environments [86]. The discovery of new tissue-specific regulation of Treg functions might contribute to uncovering molecular mechanisms underlying Treg-
mediated repair in local tissues.
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ConclusionThe identification of distinct populations of Tregs and the subsequent recognition of mechanisms that drive those Tregs to exhibit tissue repair activity have provided new insights into how Tregs respond through nonimmune-mediated mechanisms. Despite advances in the field studying the crosstalk between Tregs and tissue repair, many questions 
have not yet been addressed.Similar to the detailed characterization of macrophages in tissue repair, a thorough and careful mapping of Tregs in different tissues is needed, including surface markers and transcriptional and epigenetic profiles [87, 88]. The importance here is to sort out tissue-specific repair factors, such as amphiregulin for muscle, which are unknown for many tissues. A limitation of most repair Treg-related studies has been the inability to discriminate tissue-resident Tregs and natural or induced Tregs, which are recruited to injured tissues. Therefore, it remains unknown where repair-associated Tregs come from, how they develop and when they recruit and differentiate to sites of tissue injury. The issues of Treg lineage stability and phenotypic plasticity have added an additional layer of complexity [89]. Addressing these issues undoubtedly will be of use in understanding the complexity of Tregs in maintaining 
tissue homeostasis.Functionally, how Tregs influence regulatory networks in local tissue damage remains unclear, which should be integrated with site-specific repair mechanisms. It also remains unknown which other immune cells and supportive tissue cells might contact these cells and which mechanisms are involved. Thus, the issue is not whether Tregs are central to tissue repair but how Treg exert regulatory effects within different local microenvironments. For example, there is a tightly regulated immune cell network encompassing Tregs and macrophages that promotes repair by a cytokine-mediated pathway [46, 90]. A better understanding of the intimate relationship among Tregs, other immune cells and relevant tissue cells will provide clues to the pathology involved in tissue damage and repair.In addition, it is unclear how Tregs finely tune anti-inflammatory and pro-inflammatory responses and how they terminate over-repair, which signals control in this process. It is also important to explore how Tregs function once injurious trigger is eliminated. This issue is of interest because aberrant repair can contribute to persistent injury and pathological fibrosis [91, 92]. The activity of Tregs needs to strike the balance between restraining deleterious inflammatory and exuberant fibrosis and facilitating regenerative responses.

Despite all this, several approaches targeting Tregs have been used to promote repair in animal injury models. Indeed, the efficacy of adoptive transfer of Tregs has been observed in repairing the infarcted heart [93]. Strategies that expand Tregs by receptors on Tregs also hold great promise. For example, IL-2 was described to attenuate adverse remodelling after myocardial infarction by specifically expanding Tregs [94]. In fact, the ability of IL-2 to activate Tregs has proved beneficial in the treatment of autoimmune and inflammatory diseases [95]. Although pro-repair capacities of Tregs has not been brought to the clinic, the ultimate goal of understanding how Tregs function in injury drives the development of 
repair mechanisms and provides a novel therapeutic strategy that can enhance recovery in patients with tissue injury.
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