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Abstract

Regulatory T (Treg) cells expressing the X chromosome-encoded transcription factor Foxp3 

represent a specialized immunosuppressive lineage with a well-recognized, essential function in 

preventing fatal autoimmunity and inflammation. Recent studies revealed that Treg cells can also 

exert systemic effects on metabolism and partake in tissue repair, suggesting a dual role for these 

cells in serving and protecting tissues. Here we review multiple means by which Treg cells support 

tissue function and organismal homeostasis.

eTOC blurb:

Campbell and Rudensky review the roles of regulatory T cells in organismal homeostasis and 

metabolic health, with a focus on the major immunological and non-immunological mechanisms 

by which these specialized suppressive cells of the adaptive immune system support the function 

of various tissues and organs.

Introduction

Cellular differentiation and tissue organization are defining features of metazoans. Unlike 

unicellular entities, multicellular organisms carry out physiologic functions through the 

concerted action of specialized cells assembled in discrete units; therefore, safeguarding the 

function of these units or tissues is of paramount importance to organismal homeostasis. 

Besides stromal and parenchymal cells, tissues harbor a significant population of 

recirculating and resident immune cells that include phagocytes, specialized antigen-

presenting cells (APC) and innate and adaptive lymphocytes. Regulatory T (Treg) cells, a 

specialized immunosuppressive lineage of the latter, have been shown to exert systemic 

effects on metabolism and to partake in tissue repair, suggesting a dual role for adaptive 
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lymphocytes in serving and protecting tissues. This review highlights the main mechanisms 

by which Treg cells support tissue function.

Immunity related roles of Treg cells in preserving tissue function

First law of adaptive immunity: do no harm—The adaptive immune system of higher 

vertebrates has a remarkable ability for mounting protective responses against a plethora of 

pathogens. Somatic rearrangement of gene segments through RAG recombinase activity 

produces a vast repertoire of antigen receptor specificities, with a theoretical diversity 

estimated in the order of 1014 unique T cell receptors (TCR) (Murugan et al., 2012). 

However, being stochastic, the assembly of antigen receptors does not preclude the 

generation of self-reactive cells, making regulatory mechanisms a necessity by design in 

order to prevent autoimmunity and consequent impairment in vital tissue functions.

Higher vertebrates employ two major, non-redundant strategies to deal with self-reactivity. 

These mechanisms, dubbed central and peripheral tolerance, aim to delete or inactivate 

developing self-reactive lymphocytes and to suppress the activation and potentially 

destructive activity of escapees, respectively. The presentation of tissue-restricted antigens in 

the thymus is critical for both processes (Anderson et al., 2002, Aschenbrenner et al., 2007). 

Thymocytes bearing strongly self-reactive TCRs are largely eliminated in a process known 

as negative selection (Kisielow et al., 1988, Kappler et al., 1987), while developing CD4+ T 

cells recognizing self-antigens with moderate to high affinity can be induced to express the 

transcription factor Foxp3 and differentiate into Treg cells (Lee et al., 2012). Treg cells play 

an essential role in enforcing peripheral tolerance. Congenital loss-of-function mutations in 

the Foxp3 gene cause Immunodysregulation, Polyendocrinopathy, Enteropathy, X-linked 
(IPEX) syndrome, a fatal systemic auto-immune disease targeting endocrine and barrier 

organs (Bennett et al., 2001). Additionally, ablation of Foxp3-expressing cells in 

experimental settings leads to widespread immune cell activation, lymphadenopathy and 

splenomegaly amounting to extensive tissue pathology (Kim et al., 2007, Sugimoto et al., 

2017, Kim et al., 2009), indicating a continuous need for Treg cell-mediated suppression 

throughout the lifespan of animals.

Loss of tissue-specific immune tolerance can have profound effects on organismal 

physiology. Hashimoto thyroiditis and Grave’s disease are manifestations of autoimmune 

responses against thyroid antigens including thyroglobulin (Tg), thyroid peroxidase (TPO) 

and the thyrotropin receptor (TSH-R) (Pearce et al., 2003). Basal metabolic rate, adaptive 

thermogenesis and energy storage, which are systemically affected by thyroid hormones 

(Mullur et al., 2014), become severely dysregulated when thyroid function is compromised. 

Inadequate suppression of auto-reactive lymphocytes is also central to the pathogenesis of 

type 1 diabetes (T1D), associated with the destruction of pancreatic β-cells by islet-reactive 

T cells (Pugliese, 2017). T1D and autoimmune thyroid diseases have been linked to 

polymorphisms in CD25 and CTLA-4, molecules involved in Treg cell differentiation and 

function (Tomer et al., 2001, Ueda et al., 2003, Chistiakov et al., 2011, Chinen et al., 2016, 

Wing et al., 2008). Thus, besides being a common feature of IPEX resulting from a severe or 

complete loss of Treg cell function, autoimmune endocrinopathies may also ensue from 

milder functional defects in Treg cells.
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The critical role of Treg cells in preventing tissue damage arising from immune activation is 

particularly prominent at organs interfacing with the environment. Barrier sites are 

continuously exposed to microbial and non-microbial ligands recognized by innate immune 

sensors and antigen receptors. Treg cell-specific deletion of the anti-inflammatory cytokine 

IL-10 leads to spontaneous colitis and exacerbated skin and lungs immunoreactivity 

(Rubtsov et al., 2008), which are reminiscent of the severe enteritis and dermatitis typically 

observed in IPEX patients. Examination of histopathological sequelae of chronic Treg cell 

ablation in Specific Pathogen-Free (SPF) or germ-free (GF) animals indicate that, while 

most organs become equally compromised in the absence of Treg cells, enteric inflammation 

is remarkably worsened by commensal colonization (Chinen et al., 2010), pointing to a 

requirement for Treg cells in maintaining diplomatic interactions between host and 

commensals.

Treg cells and the complexity of the extended “self”—Although the presence of 

microorganisms at mucosal and epithelial surfaces may seem like an unavoidable 

consequence of living in a microbial world, the composition of the microbiota is far from 

being a consequence of a random sampling of the environment. Co-speciation of gut bacteria 

and hominids indicates that the indigenous microbiota is a product of extensive co-evolution 

(Moeller et al., 2016). Notably, adaptive lymphocytes were shown to affect the pace and 

directionality of genetic adaptation in intestinal bacteria (Barroso-Batista et al., 2015), 

suggesting that these cells may have shaped the evolution of host-commensal interactions in 

higher vertebrates.

As a complex ensemble of foreign genomes, the gut microbiota represents a unique 

challenge to the adaptive immune system. Microbial antigens represent a missing page in the 

syllabus of thymic education, meaning that the deletion of potentially pathogenic 

commensal-reactive effector T cells and the generation of commensal-specific Treg cells, as 

a rule, do not take place during T cell differentiation in the thymus. A solution may have 

emerged during the radiation of placental mammals, when a cis-regulatory element first 

appeared in the Foxp3 locus of eutherian species, likely due to retrotransposon activity 

(Samstein et al., 2012). The Conserved Non-Coding Sequence 1 (CNS1) facilitates the 

differentiation of peripherally-induced or extrathymically generated Treg (pTreg) cells from 

naïve CD4+ T cells without affecting thymic Treg cell ontogeny (Zheng et al., 2010). 

Teleologically, inducing Treg cell differentiation in the periphery serves two partially 

overlapping goals: it diverts commensal (and dietary) antigen-specific T cells away from the 

effector T cell pool while also bridging a gap in the TCR repertoire of Treg cells (Zhou et 

al., 2008; Josefowicz et al., 2012; Kim et al., 2016; see(Ai et al., 2014) for review). It was 

recently demonstrated that the same commensal-specific TCR can support the differentiation 

of both effector and pTreg cells in a context-dependent manner (Xu et al., 2018b, 

Wegorzewska et al., 2019), denoting that these two cell fates are indeed related and may be 

reciprocally regulated by environmental cues. Moreover, in light of the importance of TCR 

signaling in Treg cell function (Levine et al., 2014, Schmidt et al., 2015, Feng et al., 2015, 

Levine et al., 2017) and the deleterious effects of reduced Treg cell TCR diversity (Feng et 

al., 2015; Levine et al., 2017) it seems intuitive that the ability to expand the TCR repertoire 

of Treg cells via extrathymic generation is likely advantageous.
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Considering that the composition of the microbiota may vary across species and even 

between individuals, it is not surprising that the immune system interprets contextual cues 

and not specific bacterial antigens as tolerogenic signals. Nevertheless, the nature and 

mechanism of action of the tolerogenic cues deployed by microbes remain poorly 

characterized and have become the target of intense research in the past decade. Common 

products of microbial fermentation such as short-chain fatty acids (SCFA) were shown to 

facilitate the differentiation of pTreg cells (Smith et al., 2013, Arpaia et al., 2013, Furusawa 

et al., 2013), providing a molecular basis for the enhanced capacity of bacteria such as 

Clostridia cluster IV and XIV to promote Treg cell accumulation in the gut (Atarashi et al., 

2013, Atarashi et al., 2011). Besides degradation of dietary fiber, the microbiota contributes 

to other important physiological functions including detoxification of xenobiotics, synthesis 

of vitamins and resistance to colonization by pathogens (Maurice et al., 2013, Buffie et al., 

2015, Magnusdottir et al., 2015). It is tempting to speculate that microbial metabolites 

involved in these processes would also be interpreted by the host as tolerogenic signals and 

perhaps regulate other essential aspects of host-microbial interactions. This scenario would 

suggest that the establishment of immunological tolerance follows a “utilitarian” criterion 

and that monitoring the metabolic output of the microbiota is a viable strategy to 

accommodate various configurations of microbial communities with similar functions.

Despite constituting a numerically small subset, pTreg cells are essential for organismal 

health, possibly due to their superior capacity to control effector T cells sharing the same 

microbial antigen specificity (Xu et al., 2018b). RORγt-expressing Treg cells, which by-

and-large represent pTreg cells induced by the intestinal microbiota (Sefik et al., 2015, 

Ohnmacht et al., 2015), prevent pathological imprinting of the immune system early in life 

(Al Nabhani et al., 2019). Moreover, impaired pTreg cell generation associated with loss of 

the CNS1 enhancer results in age-dependent pathology at mucosal sites and profound 

perturbations in the intestinal microbiota (Josefowicz et al., 2012, Campbell et al., 2018). 

Specifically, pTreg cells were shown to promote metabolic diversity within gut bacteria and 

to significantly shape the luminal metabolome. pTreg cell-deficient animals mount 

heightened type 2 immune responses during colonization, thus compromising a niche for 

bacteria closely interacting with the intestinal epithelium. The increased activation of innate 

lymphoid cells (ILC) in this setting, i.e. genetic pTreg deficiency, suggests that, in addition 

to restraining commensal-specific T cells, pTreg cells may further support the microbiota by 

suppressing innate immune cell types during community assembly. Animals with impaired 

pTreg cell generation show reduced body weight and aberrant gene expression in the 

intestinal epithelium exclusively in the presence of commensal bacteria, further highlighting 

the non-redundant role of this Treg cell subset in shaping and abetting the function of this 

hybrid “superorgan”.

Additional functions of Treg cells in tissue physiology

Two tales of tolerance—With the remarkable exception of commensal microbes, 

encounters with viruses and bacteria often pose a threat to the health of animals. The host-

pathogen interaction strategies can be principally divided into tolerance or resistance. In this 

setting, tolerance is often stated as a defense strategy that minimizes tissue damage or its 

consequences to the health status of an organism without reducing pathogen burden, while 
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resistance would entail achieving a higher degree of health by curtailing microbial burden 

(Ayres and Schneider, 2012, Martins et al., 2019).

Beyond limiting collateral tissue damage due to uncontrolled immune responses, Treg cells 

can directly contribute to tissue repair during infection through the secretion of growth 

factors. Selective Treg cell deficiency in an epithelial growth factor family member 

amphiregulin (Areg) imparts severe lung damage during influenza virus infection with 

concomitant reduction in blood oxygen saturation (Arpaia et al., 2015). The positive effects 

of Treg cells were observed in the absence of measureable alterations in antiviral immune 

responses or pathogen load, which are indicative of host defense through tolerance. 

Similarly, Treg cells were shown to limit liver pathology during murine cytomegalovirus 

(MCMV) infection without affecting viral titers (Popovic et al., 2017). Thus, in addition to 

their classical role enforcing immunological tolerance, Treg cells are also instrumental for 

tolerance as a host defense strategy during infection.

An essential role of Treg cells in Tissue Regeneration—Another important aspect 

of Treg cell involvement in tissue maintenance is their contribution to stem cell (SC) niches 

in various organs in physiologic and pathologic settings. In the bone marrow, Treg cells were 

found to enforce hematopoietic SC (HSC) quiescence, a state necessary for their longevity 

(Hirata et al., 2018, Fujisaki et al., 2011). Disrupting Treg cell entry into the bone marrow 

via CXCR4 deletion increased HSC proliferation, which could be recapitulated by Treg cell-

specific ablation of the exonucleotidase CD39. Although degradation of extracellular ATP 

via CD39/CD73 is a known contributor to Treg cell-mediated suppression (Borsellino et al., 

2007), signaling through the adenosine receptor may represent novel mechanism affecting 

the maintenance of the HSC pool.

A role for Treg cells in supporting the niche of intestinal stem cells (ISC) was also recently 

suggested (Biton et al., 2018). The differentiation of ISCs into specialized subsets such as 

Paneth cells or goblet cells allows for tailored responses to various challenges via alterations 

in the cellular makeup of the tissue, enabling changes in organ physiology in response to 

functional demands. Treg cell ablation leads to the depletion of the Lgr5+ISC pool and 

aberrant enterocyte differentiation as a result of both direct and indirect effects of Treg cells 

on the ISC niche. While the regulatory cytokine IL-10 was shown to directly boost the 

frequency of ISC in organoid cultures, effector T cell cytokines including IFNγ and IL-13 

induced precursor cell pool skewing towards committed lineages with a concomitant 

reduction in the ISCs. Being the predominant source of IL-10 in the gut, Treg cells are 

capable of controlling epithelial differentiation by simultaneously restraining effector T cells 

and promoting ISC self-renewal. Hence, regulation of tissue composition represents a 

mechanism by which Treg cells affect intestinal physiology and such a mechanism may be at 

play in other tissues with high turnover rates.

Treg cells also associate with SC in the skin, another major barrier organ. Body hair not only 

reinforces the physical resistance of the skin but also contributes to thermoregulation 

indispensable for homeotherms. Skin-resident Treg cells preferentially localize to hair 

follicles (HF) and display population dynamics highly correlated with hair growth cycles 

(Ali et al., 2017). Remarkably, HFs failed to transition into anagen in animals subjected to 
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Treg cell depletion. Expression of the Notch ligand Jagged-1 on Treg cells was suggested to 

facilitate SC proliferation in HFs, indicating that, in addition to soluble factors, Treg cells 

may also support the SC niche via direct cell-cell communication. Besides their role in 

supporting hair growth, Treg cells have been shown to promote the barrier function of the 

skin by partaking in wound healing (Nosbaum et al., 2016). In the event of a breach, Treg 

cells are recruited from secondary lymphoid organs (SLO) and acquire an activated 

phenotype characterized by high expression of CD25, CTLA-4 and ICOS. Treg cell ablation 

early after injury increased the presence of pro-inflammatory immune cell types - 

prominently of myeloid origin – and delayed wound closure. In addition to epidermal SC, 

HF SC also contribute to skin regeneration by giving rise to epithelial cell precursors. 

Increased neutrophil influx upon Treg cell ablation reduced the migration of HF SC into 

sites of injury and impaired their differentiation towards keratinocytes (Mathur et al., 2019). 

Thus, regulation of local inflammatory responses by Treg cells is an important contributor to 

the maintenance of epidermal barrier function.

The skeletal muscle has a remarkable capacity to grow in response to hypertrophic stimuli 

and to repair itself after injury. Immune cells are recruited to injured muscle fibers and 

undergo a switch from an early pro-inflammatory phenotype, to a late, anti-inflammatory 

infiltrate where Treg cells can make up to 50% of lymphocytes (Burzyn et al., 2013). These 

Treg cells exhibit expanded TCR clonotypes and distinct transcriptional signatures when 

compared to their splenic counterparts, including higher expression of IL-10, Areg and the 

ligand binding subunit of the IL-33 receptor, ST2. Depletion of Treg cells at the onset of 

tissue damage augmented inflammation and compromised muscle fiber regeneration, leading 

to a reduction in the myogenic capacity of satellite cells and increased fibrosis. The 

accruement of Treg cells in injured muscle was shown to be dependent on their influx from 

SLO and expression of ST2. Of note, the number of IL-33+ PDGFRα+ cells increased 

quickly after injury, suggesting that stromal cells may be directly involved in driving local 

expansion or supporting survival and accumulation of Treg cells (Kuswanto et al., 2016). 

These findings are consistent with a model where sensing of tissue damage through ST2 

promotes the accumulation and activity of Treg cells at sites of injury to facilitate tissue 

repair.

Treg cells can also contribute to the repair of tissues with limited regenerative potential, such 

as in the central nervous system. Ablation of Treg cells early after brain ischemia increases 

microglial activation and immune cell infiltration, which promote the enlargement of the 

infarcted area (Liesz et al., 2009). The protective effects of Treg cells during brain ischemia 

were dependent on IL-10 expression, furthering the notion that immunoregulatory 

mechanisms are essential to limit secondary tissue damage driven by inflammation. Brain 

Treg cells are recruited from the periphery and display evidence of clonal expansion (Ito et 

al., 2019), which is reminiscent of their features observed during repair processes in other 

tissues. Additionally, IL-33 production by stromal cells and ST2 expression on Treg cells 

were also required for Treg cell accumulation after neuronal damage, further supporting the 

IL-33/ST2 axis as a mechanism promoting an increase in Treg cell numbers in injured 

tissues. Notably, brain Treg cells were also found to express the serotonin receptor HT7 and 

respond to this neurotransmitter with increased proliferation and upregulation of suppressive 

molecules. Pharmacologically enhancing serotonin levels increased Treg cells in the 
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damaged brain, leading to improved neurological function. Mechanistically, Treg cells 

prevented astrogliosis and the ensuing neuronal apoptosis via Areg secretion. Although 

astrocytes usually play a beneficial role by providing trophic support to neurons, ischemia or 

injury can turn these helpful “accessory cells” into neurotoxic agents (Sofroniew, 2014, 

Okabe and Medzhitov, 2016). The effect of Areg in averting this phenotypic switch expands 

the known functions of this molecule and suggests an additional role for Treg cells during 

tissue repair via modulation of accessory cells. In line with this notion, Treg cells were 

found to promote neuronal remyelination via secretion of CCN3, a factor that induces 

oligodendrocyte differentiation (Dombrowski et al., 2017). It will be of relevance to 

investigate whether Treg cells support differentiation and function of other accessory cells at 

the steady state and in diverse pathological settings such as cancer, where this could 

potentially be exploited for therapeutic purposes.

The distinct, non-immune function of Treg cells in tissue regeneration appears to be 

evolutionarily conserved. In agreement with observations in experimental mouse models, 

Foxp3+ cells were shown to be recruited to sites of injury in zebra fish and to support organ 

regeneration through the production of tissue-specific repair factors rather than via secretion 

of the immunomodulatory cytokine IL-10. Acute ablation of Foxp3-expressing cells in zebra 

fish led to impaired retinal, cardiac and spinal cord regeneration after injury-induced issue 

damage (Sugimoto et al., 2017; Hui et al., 2017;), supporting an ancestral role for Treg cells 

in promoting tissue homeostasis.

Treg cells in metabolic homeostasis

The term “homeostasis” is commonly used to refer to the maintenance of physiological 

variables around a predefined set point (Kotas and Medzhitov, 2015). Within these 

definitions, the adipose tissue is a central hub for metabolic homeostasis, regulating insulin-

dependent glucose uptake and long-term regulation of body weight via leptin secretion. At 

the steady state, Treg cells support adipose tissue function by keeping local and systemic 

inflammation in check. Circulating levels of TNFα, a cytokine known to antagonize insulin 

signaling in adipocytes (Hotamisligil et al., 1994), begin to rise as early as 24 hours after 

experimental Treg cell depletion (Nystrom et al., 2014). Impaired insulin receptor activity in 

the epididymal white adipose tissue (eWAT) manifests within days of Treg cell ablation, 

with local production of inflammatory mediators and compensatory increases in insulin 

secretion following suit (Feuerer et al., 2009). These observations indicate that the systemic 

immunomodulatory function of Treg cells is essential to maintain insulin sensitivity and 

metabolic homeostasis even in the absence of environmental stressors.

Although operational in a wide range of conditions, the adipose tissue becomes 

dysfunctional during prolonged overnutrition, leading to metabolic diseases. Foxp3+ cells 

are enriched in the eWAT of lean, but not obese mice, and show distinct a TCR repertoire 

and transcriptome compared to Treg cells from SLO (Feuerer et al., 2009, Kolodin et al., 

2015). Fat Treg cells express high levels of the transcriptional factor PPARγ, the master 

regulator of adipocyte differentiation. In addition to TCR specificity, PPARγ along with 

BATF and IRF-4, are major drivers for Treg cell accumulation in the eWAT (Cipolletta et al., 

2012, Li et al., 2018). eWAT-resident Treg cells can expand robustly in the presence IL-33, 
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consistent with their abundant expression of ST2 (Kolodin et al., 2015). Notably, the basally 

high levels of IL-33 in the eWAT undergo further increase during diet-induced obesity 

(DIO). Adipose progenitor stem cells (APSC) and mesenchymal stromal cells (mSC) are the 

predominant sources of IL-33 in this adipose depot, with the latter being significantly 

expanded during nutritional overload (Mahlakoiv et al., 2019, Spallanzani et al., 2019). 

Thus, the decrease in fat Treg cells is likely not caused by paucity of IL-33 but rather due to 

other factors that may counteract IL-33 activity. Indeed, elevated levels of IFNγ in the 

adipose tissue block IL-33-dependent Treg cell accumulation (Molofsky et al., 2015), posing 

a possibility that supraphysiological levels of this alarmin are required to overcome its 

inhibition. Abrogating IFNγ production or signaling alleviates metabolic dysfunction in 

DIO (Stolarczyk et al., 2013), further suggesting a detrimental role for type 1 immunity in 

this context. Interestingly, while boosting the number of fat-resident Treg cells improves 

metabolic parameters in obesity, the natural increase in Foxp3+ cells associated with aging 

was shown to contribute to the development of age-dependent insulin resistance (Bapat et 

al., 2015). These findings indicate that pathologies in the diabetic spectrum may arise from 

distinct perturbations in the adipose tissue that are directly or indirectly related to the local 

abundance and functionality of Treg cells, and highlight the importance of an adequate 

immunological tone in promoting metabolic homeostasis.

Treg cells also affect organismal metabolism by supporting hepatic tissue function. Similar 

to their eWAT counterparts, liver Treg cells express high levels of ST2 and expand 

vigorously in response to IL-33 (Xu et al., 2018a). Depletion of Treg cells early in life 

resulted in autoimmune hepatitis and metabolic disorders, denoting that the establishment of 

immunological tolerance is essential to preserve liver function (Li et al., 2019). Moreover, 

ablation of Treg cells altered hepatic metabolism and aggravated hyperlipidemia and 

atherosclerosis in genetically susceptible animals (Klingenberg et al., 2013). These changes 

were associated with increases in hepatic IFNγ and TNFα levels, reinforcing the notion that 

regulation of type 1 inflammation by Treg cells is required for tissue homeostasis and 

optimal metabolic tenor.

Conclusions

The ability to adjust tissue function in response to environmental cues is essential to the 

fitness of metazoans. Treg cells constitute an additional regulatory layer embedded within 

tissue-intrinsic homeostatic mechanisms, expanding the range of environmental inputs that 

can be detected and integrated into physiological responses. Besides contributing to the 

preservation of tissue function and to the overall organismal integrity of vertebrates upon 

encounter with invading pathogens, these cells enabled the co-evolution of complex 

microbial communities that provide essential services, which include, but are not limited to, 

nutrient utilization, synthesis of essential metabolites and detoxification. The restricted TCR 

repertoire of Foxp3-expressing cells in various organs implies that signaling through their 

antigen receptor is not only important for Treg cell ontogeny but may also determine their 

ability to localize to tissues and support their homeostatic functions. Bony fish have 

functional FOXP3 orthologs and rely on Foxp3-expressing lymphocytes to suppress 

autoimmunity and to support tissue repair upon injury (Hui et al., 2017, Sugimoto et al., 

2017). Like mammalian Treg cells, zebrafish Treg cells are quickly recruited to injured sites 
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where they produce organ-specific growth factors, suggesting that their tissue repair 

“program” is flexible and may be instructed by the environment. While current studies of 

mammalian Treg cells support the existence of invariant features of their tissue repair 

program, the extent to which this program can be further shaped by environmental cues 

remains undetermined. Investigating Treg cells in different modalities of tissue injury within 

the same organ will be instrumental to determine which context-specific modules can be 

appended or whether additional functions must be gained by sub-specialization.
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Figure 1: Roles of regulatory T (Treg) cells in tissue pathophysiology and metabolism in 
vertebrates.
Conserved functions of Treg cells across vertebrate species (top blue box). Specific 

functions of Treg cells in various tissues are summarized in bottom panels with molecules 

implicated in corresponding Treg cell functions highlighted in white boxes. Secreted 

molecules depicted in blue; surface or intracellular molecules depicted in black. Asterisks 

(*) denote functions ascribed to extrathymically generated Treg cells. From top left to right: 

Treg cells in the central nervous system (CNS) limit secondary tissue damage and contribute 

to tissue repair during ischemia and spinal cord injury. Treg cell production of adenosine via 

ectonucleotidases CD39 and CD73 has been suggested to support the quiescence of 

hematopoietic stem cells (HSC) in the bone marrow. Skin Treg cells expressing a Notch 

receptor ligand Jagged-1 promote wound closure through a contact-dependent Notch 

signaling in stem cells to promote anagen. Treg cells infiltrate the muscle upon injury and 

suppress inflammation, facilitating tissue repair and regeneration. Intestinal Treg cells shape 

the composition and function of the microbiota and affect the make-up of the gut epithelium 

via direct and indirect effects on intestinal stem cells (ISC). Dual role of Treg cells in 

visceral adipose tissue (VAT) function: in young animals, Treg cells promote insulin 

sensitivity in both lean and obese tissue, while a buildup of fat Treg cells in older animals 

contributes to insulin resistance. In the lung, Treg cells support tissue homeostasis by 

preventing exacerbated immune responses to innocuous environmental antigens at the steady 

state and by partaking in tissue repair during injury.
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