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Abstract

The immune system is responsible for defending an organism against the myriad of microbial 

invaders it constantly confronts. It has become increasingly clear that the immune system has a 

second major function: the maintenance of organismal homeostasis. Foxp3+CD4+ regulatory T 

cells (Tregs) are important contributors to both of these critical activities, defense being the 

primary purview of Tregs circulating through lymphoid organs, and homeostasis ensured mainly 

by their counterparts residing in parenchymal tissues. This review focuses on so-called tissue 

Tregs. We first survey existing information on the phenotype, function, sustaining factors, and 

human equivalents of the three best-characterized tissue-Treg populations—those operating in 

visceral adipose tissue, skeletal muscle, and the colonic lamina propria. We then attempt to distill 

general principles from this body of work—as concerns the provenance, local adaptation, 

molecular sustenance, and targets of action of tissue Tregs, in particular.
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 INTRODUCTION

Essentially all immunology textbooks contain a statement to the effect that the major 

function of the immune system is to fend off microbial challenges. And this declaration is 

certainly true. But it has become increasingly clear that the immune system has a second 

critical function: safeguarding organismal homeostasis. That is, immunological cells and 

molecules contribute to maintaining the activities of diverse organ systems within an 

optimum range when they are confronted with a genetic or environmental stressor (1). Our 

initial and continuing appreciation for this second role derives from studies on macrophages 

(reviewed in 2, 3). It is now well accepted that distinct populations of tissue-resident 

macrophages are established perinatally; that they are maintained in adults; and that they 

make specialized responses to local cues, thereby promoting tissue differentiation, function, 

and homeostasis.
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This review highlights the roles of Foxp3+CD4+ regulatory T cells (Tregs) in promoting 

organismal homeostasis. Tregs are important regulators of most types of immune responses

—including allergy, autoimmunity, inflammation, and reactions to microbes and tumors. As 

such, they can control the activities of most cell types of the adaptive and innate immune 

systems (reviewed in 4). But do distinct populations of Tregs reside in nonlymphoid tissues? 

Do they have tissue-specific phenotypes? And do they regulate the physiology of their home 

tissue? We first summarize data on the best-characterized nonlymphoid-tissue Foxp3+CD4+ 

(hereafter referred to as tissue Treg) populations: those residing in visceral adipose tissue 

(VAT), skeletal muscle, and colonic lamina propria. We then attempt to integrate this body of 

work to distill some general principles.

 VISCERAL ADIPOSE TISSUE TREGS: REGULATORS OF ORGANISMAL 

METABOLISM

Adipose tissue is a loose connective tissue composed of adipocytes and a stromal vascular 

fraction, consisting of preadipocytes, fibroblasts, fibro/adipogenic progenitors (FAPs), 

vascular endothelial cells, and a panoply of immune system cell types (Figure 1) (reviewed 

in 5). Adipose tissue depots can be found throughout the body: beneath the skin 

[subcutaneous adipose tissue (SAT)], surrounding various internal organs (VAT), and in bone 

marrow and marbling skeletal muscle, etc. White, brown, and beige adipose tissues have 

different developmental origins, distributions, and activities. The main function of white 

adipose tissue is to store lipids, although it has additional roles in cushioning and insulating 

the body and as an endocrine organ, secreting a variety of adipokines, cytokines, and other 

mediators. The primary function of brown adipose tissue, located mainly around the neck 

and large blood vessels of the thorax, particularly in neonates, is to dissipate chemical 

energy in the form of heat. Beige adipocytes are brown-like cells induced in white adipose 

tissue by a variety of activators.

Now-classic studies established that VAT is a site of extensive cellular and molecular cross 

talk between the metabolic and immune systems (reviewed in 6). In 1993 Hotamisligil et al. 

demonstrated that synthesis of tumor necrosis factor (TNF)-α is induced in the epididymal 

fat pad of obese rodents and that neutralization of this cytokine improves their systemic 

insulin resistance (7). Later, other proinflammatory cytokines, notably IL-6 and IL-1β, were 

implicated in obesity-induced metabolic dysregulation (8, 9). In 2003, two groups reported a 

striking accumulation of macrophage-associated gene transcripts and of cells expressing the 

F4/80 or CD68 marker, presumably macrophages, with increasing adiposity in mice and 

humans (10, 11). The increase in macrophage representation was accompanied by an altered 

localization within the adipose tissue, into so-called crown-like structures, and a population 

drift to a more proinflammatory phenotype (12–14). The functional relevance of 

macrophages and of their phenotypic changes was established through loss- and gain-of-

function experiments (e.g., 15–18). Based on these findings, macrophages emerged as the 

central players in obesity-associated inflammation, and little thought was given to other 

types of immunocytes (19, 20).
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More recently, there has been growing interest in the roles of additional members of the 

innate and adaptive arms of the immune system in regulating organismal metabolism, 

spawning the field of immunometabolism (21). Besides macrophages, several other types of 

immunocytes have been implicated: mast cells, eosinophils, neutrophils, dendritic cells 

(DCs), natural killer (NK) cells, type 2 innate lymphoid cells (ILC2s), CD4−8− γδ T cells, 

NK T cells, CD4+ and CD8+ T cells, Foxp3+CD4+ Tregs, classical B cells, and regulatory B 

cells (Bregs) (22–26). This complex set of players can be difficult for one to assimilate; 

however, such complexity is to be expected. Inflammation is a complicated, highly 

orchestrated process wherein tissue-resident macrophages and mast cells; recruited 

neutrophils, monocytes, eosinophils and/or NK cells; and multiple lymphoid cell types have 

stereotypical functions to perform. In addition, the inflammatory process, especially if it 

becomes chronic, is kept in check by regulatory cells of diverse types (e.g., M2-type 

macrophages, Tregs, NKT cells, Bregs).

A unique population of Foxp3+CD4+ Tregs was discovered in VAT of lean mice (27) and 

serves as a paradigm for the tissue-Treg concept. Below we explore their distinct phenotype, 

their function in maintaining organismal homeostasis, factors that promote their activities, 

and their human counterparts.

 Phenotype

Murine VAT Tregs—more specifically, those residing in the epididymal fat depot—are 

distinct by a number of criteria. First, Foxp3+CD4+ T cells are unusually highly enriched 

within the VAT CD4+ T cell compartment of lean mice, in comparison with the 5–15% Treg 

representation typical of lymphoid organs such as the spleen and lymph nodes (27). This 

augmentation is first evident at 10–15 weeks of age in C57BL/6 (B6) mice, and a peak of 

40–80% of CD4+ T cells is reached by 20–25 weeks. At even later ages, e.g., ~40 weeks, 

VAT Treg levels unaccountably drop (28). Although these trends in VAT Treg representation 

occur in multiple mouse colonies, the precise fractions and ages can differ in different 

colonies, suggesting influences of husbandry and/or the microbiota (D. Kolodin, C. Benoist, 

and D. Mathis, unpublished data). Histologically, Foxp3+CD4+ T cells are found in the 

spaces between adipocytes, often in the crown-like structures containing macrophage 

conglomerates (27). Whether or not Tregs accumulate in fat depots surrounding the 

reproductive organs of female mice as they age has not yet been reported, although it has 

been suggested that male and female gonadal-fat Tregs respond differently to diet changes 

(29). Age-dependent accumulation of Foxp3+CD4+ cells does not occur in other white 

adipose tissue depots—notably SAT, of interest because obesity-induced inflammation and 

metabolic perturbations have not generally been associated with these sites (30).

Second, VAT Tregs display a distinct repertoire of antigen-specific receptors [T cell 

receptors (TCRs)]. Unlike what is seen in the corresponding lymphoid organs, the VAT 

Foxp3+CD4+ population of individual lean B6 mice exhibits clonal microexpansions (31). In 

addition, in VAT, but not in lymphoid organs, of mice engineered to express a restricted set 

of TCRs (a single β chain, and limited α-chain diversity) there are frequent examples of α 

chains with the same complementarity-determining region 3 (CDR3) protein sequence 

specified by different nucleotide sequences (27). These two features suggest that VAT Tregs 
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might be responding to a specific antigen or antigens in situ. The TCR repertoire of VAT 

conventional T cells (Tconvs) is much more diverse, akin to that of lymphoid-tissue Tregs or 

Tconvs.

Third, Tregs in VAT have a transcriptome distinct from that of lymphoid organ Tregs. 

Whole-genome expression profiling reveals thousands of transcripts significantly up- or 

downregulated in VAT Foxp3+CD4+ T cells vis-à-vis their spleen or lymph node 

counterparts, which differ from each other by only a few hundred transcripts (27, 28). VAT 

Tregs are clearly Tregs, as they express diagnostic molecules like Foxp3, CD25, and GITR; 

but all in all, they transcribe only about 65% of the canonical Treg signature. Multiple 

classes of genes are differentially regulated in VAT, versus lymphoid organ, Tregs, including 

those encoding transcription factors (e.g., PPARγ); chemokines and their receptors (e.g., 

CCR2); cytokines and their receptors (e.g., IL-10, St2); and, most interestingly, a set of 

molecules implicated in lipid metabolism (e.g., LDLR, Dgat). The VAT Treg “flavor” of the 

transcriptome can be distinguished already at 5 weeks of age, well before age-dependent 

expansion of the Treg population in epididymal fat (28). PPARγ, the master regulator of 

adipocyte differentiation (32), is the major driver of the VAT Treg phenotype (33): 

Cotransduction of Pparg and Foxp3 cDNAs into Foxp3−CD4+ splenic T cells ex vivo yields 

VAT-like Tregs; mice harboring a Treg-specific knockout of Pparg have a substantially 

reduced VAT Treg population; and treatment of mice with a PPARγ agonist specifically 

induces VAT Tregs. Indeed, Foxp3 and PPARγ interact, either directly or as part of a 

complex. More recent data revealed that the transcriptional regulators IRF4 and BATF are 

required for the induction of key components of the VAT Treg differentiative and functional 

programs—upregulating, in particular, PPARγ and the IL-33 receptor, St2 (further discussed 

below) (34).

It was reported that brown adipose tissue from female B6 mice hosts Tregs with a 

transcriptome different from that of their splenic counterparts and that a small number of 

transcriptional changes occur upon cold stress in vivo (35). However, comparison of the 

transcriptomes of Tregs from brown versus visceral white adipose tissue is complicated by 

the fact that data on the former came from females and the latter from males.

 Function

VAT Tregs function indistinguishably from typical lymphoid-organ Tregs in standard in vitro 

suppression assays (27). However, their in vivo activities render them distinct. The initial 

suggestion that VAT Tregs might play a role in metabolic homeostasis came from correlative 

studies: demonstration that Foxp3+CD4+ T cell representation in VAT of male mice, but not 

in their lymphoid organs, has an inverse correlation with insulin sensitivity in genetically 

and nutritionally induced models of obesity (27, 36). More directly, punctual ablation of 

Tregs by injection of diphtheria toxin into mice expressing the diphtheria toxin receptor 

(DTR) under the dictates of Foxp3 promoter/enhancer elements or by administration of an 

anti-CD25 monoclonal antibody to standard mice provokes VAT tissue inflammation and 

metabolic abnormalities (27, 37). Altered metabolic indices have included insulin-induced 

phosphorylation of the insulin receptor, fasting-glucose and -insulin levels, the homeostatic 

model assessment of insulin resistance (HOMA-IR) value, the glucose-tolerance test (GTT), 
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and/or the insulin-tolerance test (ITT). In addition, and applying similar metabolic read-outs, 

in vivo expansion of Tregs by injection of IL-2/anti-IL-2 complexes or anti-CD3 improves 

VAT inflammatory tenor and metabolic health (27, 38, 39).

Ablation of Tregs using a Foxp3-DTR system reduced whole-mouse oxygen consumption 

and heat generation under 4° cold stress, but not at room temperature (35). This finding 

suggests that Tregs in brown adipose tissue might regulate the metabolic response to cold 

stimulation, a notion supported by changes in expression of genes in the thermogenic 

program at that site.

All of the above-mentioned studies entailed manipulation of Tregs systemically, so it was 

not possible to attribute the observed effects to adipose-tissue Tregs in particular. Generation 

of a mouse line with Treg-specific ablation of PPARγ expression solved this problem for 

VAT Tregs (33). In the lean state, these mice have a striking reduction in VAT, but not 

lymphoid-organ, Tregs. As a consequence, VAT inflammation worsens and metabolic 

indices degrade. In addition, injection of PPARγ agonists, such as the thiazolidinedione 

drug, pioglitazone, into mice fed a high-fat diet expands the VAT Treg population and 

improves the local inflammatory tenor, as well as local and organismal metabolic health. 

Mice lacking PPARγ only within Tregs show a substantially muted metabolic response to 

pioglitazone treatment, arguing that an important component of the insulin-sensitizing effect 

of thiazolidinedione drugs, employed for many years as first-line agents in the treatment of 

type 2 diabetes, operates via VAT Tregs.

Some of the effects of VAT (and brown adipose tissue) Tregs are likely to be on local 

macrophages and other immunocytes. Indeed, culturing Tregs isolated from VAT of lean 

mice with perinatal macrophages provokes the expression of anti-inflammatory markers in 

the latter (23). Yet, almost certainly, VAT Tregs also have direct influences on their 

adipocyte neighbors. For example, these Tregs express exceptionally high levels of IL-10; 

adipocytes display the corresponding receptor; and culture of fully differentiated 3T3-L1 

cells, a preadipocyte cell line, with IL-10 (a) restrains its ability to synthesize IL-6, 

RANTES, and other inflammatory mediators in response to TNF-α; (b) down-modulates 

insulin-dependent tyrosine phosphorylation of insulin receptor substrate-1; and (c) inhibits 

glucose uptake via the glucose transporter, Glut4 (12, 27).

 Factors

Much effort is now being devoted to identifying factors that drive the specific accumulation 

and functions of VAT Tregs. Several such factors have already been identified. The 

importance of local TCR:MHC-II interactions for the buildup of VAT Tregs was initially 

suggested, as mentioned above, by the ready detection of clonal microexpansions, coupled 

with the observation of TCRs with the same CDR3 protein sequence specified by different 

nucleotide sequences (27, 31). Indeed, Tregs and MHC-II-expressing antigen-presenting 

cells (APCs) (both CD11b+c+ macrophages and CD11b−c+ DCs) are found in close 

proximity in VAT, and this colocalization can be extinguished by treating mice with anti-

MHC-II monoclonal antibodies (31). Foxp3+CD4+ T cells do not accumulate in VAT of 

mice genetically lacking MHC-II molecules (31, 40), further indicating that TCR:MHC-II 

interactions are needed for their differentiation and/or accumulation. The relative importance 
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of MHC-II expression on APCs versus adipocytes for CD4+ T cell activities, whether in the 

lean or obese state, remains the subject of active debate (31, 40–42).

The critical contribution of PPARγ to VAT Treg accumulation and function has already been 

highlighted. This transcription factor, a member of the nuclear receptor family, imposes 

much of what is unique about the phenotype of VAT Tregs from lean mice (33). In obese 

animals, VAT Tregs not only die or evacuate but also lose their characteristic transcriptional 

signature, while gaining an additional set of over- or underrepresented transcripts (compared 

with lean VAT Treg transcripts) (28). This new signature depends on phosphorylation of the 

serine residue at position 273 of PPARγ, parallel to a pathway recently elucidated in 

adipocytes (43–45). Nutritionally induced obesity activates cyclin-dependent kinase 5 

(Cdk5) and Erks in adipocytes, leading to phosphorylation of PPARγ’s Ser273 residue, 

which in turn results in dysregulation of a set of genes abnormally expressed in the obese 

state. Certain PPARγ ligands, e.g., rosiglitazone, are antidiabetic because they block Cdk5-

induced phosphorylation of PPARγ. The ligands that naturally trigger PPARγ in VAT (and 

elsewhere) have not been identified.

Several studies have highlighted the role of IL-33 and its receptor, St2, in VAT Treg biology 

(31, 34, 46, 47). IL-33, made mostly by nonhematopoietic cells, is a member of the IL-1 

family of cytokines; St2, encoded by Il1rl1, is expressed primarily on various types of 

hematopoietic-lineage cells. It associates with IL-1RAcP to signal through MyD88, IRAK-4, 

and TRAF6; the MAP kinases Erk1/2, p38, and JNK; and the AP-1 and NF-κB transcription 

factors (reviewed in 48). IL-33 is best known for promoting type-2 immunity by acting on 

ILC2s, T helper 2 (Th2) cells and anti-inflammatory macrophages. It can also serve as an 

alarmin, released by necrotic or struggling cells to signal recent or impending tissue damage 

(e.g., from hypoxia or mechanical stress). Its release mechanisms are rather obscure. But it is 

now clear that IL-33 can also affect certain Treg populations, promoting their impact on 

populations of Tregs, revealing their expansion in lymphoid organs and in the colonic lamina 

propria, for example (49, 50). Il1rl1 transcripts are overrepresented in the VAT, versus 

lymphoid-organ, Treg transcriptome, and St2 is expressed on an unusually large fraction of 

VAT Tregs, more than 80% in lean mice at 20–25 weeks of age (31, 34). St2- or IL-33-

deficient mice kept on a diet of normal chow show a substantial reduction in the VAT Treg 

population, with only a minor or no effect on Tregs circulating through lymphoid organs of 

the same animals (31, 34, 46). Injection of exogenous IL-33 into lean or obese mice can 

expand VAT Tregs by at least an order of magnitude, while lymphoid-organ Tregs increase 

by less than a few fold; as a consequence, VAT inflammation is reduced and metabolic 

indices improve (31, 34, 46, 47, 51).

The identity of the major IL-33-expressing cell types in VAT, and their response to 

physiologic and environmental changes, is controversial. One group has highlighted 

expression by fibroblastic cells in lean mice, especially those associated with the capsule 

encasing VAT lobules (31), whereas another has emphasized endothelial cell expression 

(46). It is possible that the different impressions reflect the fat depot areas that were 

examined—i.e., whether or not they included the capsular regions—or, alternatively, the 

different methods of IL-33 detection employed (an antibody versus a transgenic reporter). It 

may be relevant that constitutive endothelial cell expression of IL-33 has been thought to be 
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a feature of human but not mouse tissues (52). It will be important to obtain a more global 

and quantitative view through development of a cytofluorometric method of IL-33 detection.

Also controversial is the extent to which IL-33 directly affects VAT Tregs. Molofsky et al. 

(46) have argued that this cytokine’s major influence on Tregs in VAT is through an ICOS/

ICOSL-mediated interaction with ILC2s in the vicinity. Their evidence is, first, that ablation 

of IL-5-expressing cells, taken to be ILC2s, leads to a substantial reduction in expansion of 

the VAT Treg compartment with age or after IL-33 injection; and, second, that Treg-specific 

deletion of MyD88 (through which St2 signals) has little effect on VAT Treg induction in 

response to IL-33. In contrast, several groups have shown direct influences of IL-33 on 

Tregs in vitro, whether taken from VAT or other tissues (34, 49, 50, 53). And Vasanthakumar 

et al. have used an elegant mixed–bone marrow chimera approach to evidence substantial 

VAT-Treg-intrinsic effects of ablating St2 or MyD88, as well as the putatively upstream 

transcription factors, IRF4 and BATF (34). In considering these results, it might be worth 

keeping in mind that directed gene knockouts can be less specific than originally anticipated. 

For example, VAT Tregs express readily detectible levels of Il5 transcripts, especially in 

young mice (28, 33; Figure 2)—the level need not be very high to affect their ablation in an 

Il5-cre-driven system, especially given the highly restrained turnover of the VAT Treg 

compartment (31). On the other hand, silencing of MyD88 in Tregs could influence signals 

other than those mediated by IL-33. Recent studies on the lung suggest that an IL-33/mast 

cell/Treg axis might also be worth exploring (54).

Other factors reported to influence VAT Treg accumulation include IL-21 (55) and Stat3 

(56), both as negative regulators. Interestingly, Helicobacter pylori colonization of lean mice 

augments the VAT Treg population, diminishes the VAT inflammatory macrophage 

population, and improves systemic metabolic indices, via a PPARγ-dependent mechanism 

(57).

 Humans

Most of the findings mentioned above pertain to mice, raising the obvious question of how 

they translate to humans. Certainly, similar associations between VAT—in this case omental 

fat—inflammation and metabolic indices in lean and obese humans have been documented 

(58). Concerning the role of VAT Tregs, in particular, it has been reported that human 

omental fat has measurable levels of Foxp3 (normalized to Cd3) transcripts, which have an 

inverse correlation with body mass index, as well as demonstrable Foxp3+CD4+ T cells (27, 

34, 36, 37). Il33 and Il1rl1 transcripts have also been detected in human omentum (59), and 

a high fraction of Tregs at that site display St2 (34).

 SKELETAL MUSCLE TREGS: FACILITATORS OF REPAIR

The basic unit of skeletal muscle is a long cylindrical cell with multiple acentric nuclei 

called the myofiber, which is formed during development by the fusion of immature 

myocytes, termed myoblasts (Figure 3). Under the myofibers’ basal lamina are muscle 

progenitor cells (MPCs), often called satellite cells, and coursing between the fibers are 

nerves and blood vessels. Myofibers are bundled together and surrounded by connective 

tissue, which is attached to bone by tendons.
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Regeneration of injured skeletal muscle follows the same orchestrated plan no matter what 

insult occasioned the damage. It is driven largely by the quiescent pool of satellite cells 

located in close apposition to the fibers (60). In response to injury, these cells become 

activated, proliferate, differentiate, migrate, and fuse to form new myofibers. This series of 

events is controlled by the sequential activation and repression of specific transcription 

factors—for example, Pax7, MyoD, MyoG, and MEF2 (61). With muscular dystrophies, 

wherein chronic myofiber loss is due to a genetic defect, the satellite cell pool is called on 

repeatedly, resulting in its exhaustion or loss of function over time, thereby dampening the 

repair process (62).

Skeletal muscle regeneration is influenced by inflammatory events that accompany repair 

(63–67). Following an early, transient recruitment of neutrophils, myeloid-lineage 

mononuclear cells, mainly derived from a pool of circulating monocytes, infiltrate acutely 

injured muscle. Within days, the myeloid infiltrate transitions from a pro- to an anti-

inflammatory phenotype, a shift that is critical for proper repair. An initial population of 

proinflammatory, or M1-type, macrophages is required for clearance of apoptotic or necrotic 

cells and derivative debris; a subsequent population of anti-inflammatory, or M2-type, 

macrophages has various proregenerative functions, such as matrix remodeling and 

promotion of angiogenesis. Ablation or impaired recruitment of macrophages severely 

compromises muscle repair. Chronic muscle injury entails analogous shifts in innate 

immune system cell populations (68–70).

Though far less markedly, lymphocytes also accumulate in skeletal muscle after acute injury, 

as well as in the dystrophin-deficient muscles of mice harboring the mdx mutation or 

humans with Duchenne’s muscular dystrophy (DMD) (63, 68, 71). Their function has not 

been well studied, although both CD4+ and CD8+ T cells seem to promote the mdx 

pathology, and blocking their activities with immunosuppressants can ameliorate disease 

(72). For example, local or systemic treatment with rapamycin improves the mdx phenotype, 

with concomitant decreases in infiltrating CD4+ and CD8+ effector T cell populations, while 

Tregs remain stable (73). Even less is known about the composition and function of 

infiltrating T cell populations in models of acute muscle injury. Interestingly, male nu/nu 

mice were reported to have considerably smaller limb muscles with a far higher proportion 

of collagen compared with their wild-type counterparts, but only before 12 weeks of age 

(74). This observation was taken as evidence that T lymphocytes somehow promote skeletal 

muscle development, but this hypothesis needs to be tested in mice more specifically 

deficient in T cells.

A distinct population of Foxp3+CD4+ Tregs residing in acutely and chronically injured 

skeletal muscle was uncovered in 2013 (75), serving to extend the concept of tissue Tregs. 

Again, we explore this population’s distinct phenotype, unique functions, sustaining factors, 

and human equivalent.

 Phenotype

Skeletal muscle Tregs can be distinguished from their lymphoid-organ counterparts by the 

same three criteria that set VAT Tregs apart from classical Tregs: their representation, TCR 

repertoire, and transcriptome (75). A small population of Foxp3+CD4+ T cells resides in 
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normal muscle, and it rapidly expands after mild cryoinjury or subsequent to the more severe 

damage induced by injecting cardiotoxin (ctx), reaching levels as high as 60% of the CD4+ 

T cell compartment. This rise coincides with the switch in macrophage phenotype from pro- 

to anti-inflammatory. An elevated muscle Treg fraction and number can be detected at least a 

month after acute injury. Tregs are located both within the inflammatory infiltrate of injured 

muscle and between remote myofibers. The Foxp3+CD4+ population is also enriched in 

mice with chronic muscle injury, i.e., the mdx or Dysf knockout models (75, 76).

Aging of skeletal muscle, like that of most mammalian tissues, is associated with a steady 

decline in bulk, function, and regenerative capacity (60). Given the increasing representation 

of older adults in the populations of many modern societies, propensities toward muscle 

wasting and musculoskeletal injury are substantial public health problems. The defect in 

regeneration is due at least in part to an age-associated decrease in satellite cell frequency 

and function (77). The molecular mechanisms underlying reduction of the satellite pool are 

the focus of ongoing investigation, with studies on heterochronic parabiotic mice suggesting 

an important contribution of circulating factors and/or migratory immune system cells (78–

81). The representation of Foxp3+CD4+ T cells in lymphoid organs increases with age, in 

both humans and mice (82); however, they are strikingly impoverished in injured skeletal 

muscle of aged mice (53). The reduction reflects age-dependent effects on Treg recruitment 

to muscle, their proliferation, and their retention within muscle.

Clonal expansions of skeletal muscle Tregs occur in response to both acute and chronic 

injury and can be even more pronounced than those typical of VAT Tregs (compare 31, 75). 

Interestingly, one clone (with identical TCR-α and -β chains) was found in 9 of 11 mice 

examined 2 or 4 days after ctx injury; in the other 2 animals, a clone with a conservative 

valine-lysine substitution for alanine-valine in the CDR3α emerged. These features again 

argue that such tissue Tregs may be responding to a local antigen. Tconvs in injured muscle 

can also exhibit clonal repetition, but with some delay in comparison with the Treg 

expansions.

The transcriptome of skeletal muscle Tregs is readily distinguishable from that of lymphoid-

organ Tregs, although it is perhaps less distinct than that of VAT Tregs (compare 28, 75). 

Again, genes encoding transcription factors, chemokines and their receptors, and cytokines 

and their receptors stand out as differential, certain of the same ones as seen for VAT versus 

lymphoid-organ Tregs, e.g., Ccr2, Il10, and Il1rl1. Yet, the transcriptomes of VAT and 

muscle Foxp3+CD4+ T cells are also dissimilar, significantly different for hundreds of 

transcripts (further discussed below).

 Function

Diphtheria-toxin-induced ablation of Tregs in mice carrying a Foxp3-DTR allele 

compromises muscle regeneration by a number of criteria (53, 75). The pro- to anti-

inflammatory shift in infiltrating myeloid cells is muted; histological markers of healthy 

regeneration, notably centrally nucleated myofibers and increased fiber width, are less 

evident; fibrosis is exacerbated; and the usual succession of whole-muscle transcriptomic 

changes is disturbed, notably signatures associated with homeostasis/function and repair/

regeneration. There are also clear effects on MPCs, including a more sparse representation 
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and lower clonal efficiency (53, 83). It has been reported that in vitro differentiated Tregs 

(iTregs) can improve the ability of satellite cells to proliferate in culture, while inhibiting 

their differentiation (83), but the relevance of this observation is not clear because true 

skeletal muscle Tregs are not iTregs and have a very different phenotype. At least part of the 

influence on MPCs is mediated by amphiregulin (Areg), a member of the epidermal growth 

factor family whose receptor (epidermal growth factor receptor, Egfr) is expressed on 

satellite cells. Muscle Foxp3+CD4+ T cells overexpress Areg; injection of this growth factor 

into Treg-deficient or -sufficient mice improves muscle repair; and addition of Areg to MPC 

cultures increases their capacity to differentiate. Yet, it is not known to what extent the Areg 

produced specifically by Tregs is required or contributory. A potential role for IL-10 has also 

been highlighted (76), largely because of this cytokine’s high-level expression by muscle 

Tregs and known effects on myeloid-lineage cells in regenerating muscle (69, 70, 75).

The case for Tregs playing an important role in maintaining skeletal muscle homeostasis is 

strengthened by data on dystrophic and geriatric muscle. As mentioned above, the 

Foxp3+CD4+ T cell populations in muscles, but not in the lymphoid organs, of mdx or Dysf 

knockout mice are elevated (75, 76). Systemic augmentation of Tregs in mdx mice by 

injection of IL-2/anti-IL-2 complexes dampens muscle damage in short-term experiments, 

whereas their systemic reduction (or inhibition) by administration of anti-CD25 monoclonal 

antibodies or via genetically enabled ablation heightens the damage (75, 76). Also 

mentioned above was that skeletal muscle from aged mice shows an impoverishment of the 

Foxp3+CD4+ population, accompanying its reduced regenerative capacity (53). As detailed 

below, experimental augmentation of aged muscle Tregs by injection of recombinant IL-33 

improves regeneration subsequent to acute injury according to multiple criteria (53).

 Factors

The IL-33:St2 axis is as key to the accumulation of Tregs in skeletal muscle as it is to their 

enrichment in VAT (53). A high proportion of muscle Foxp3+, but not Foxp3−, CD4+ T cells 

is St2+; this fraction mounts in the first few days after muscle injury and persists at ~30% for 

weeks thereafter. Mice with Treg-specific ablation of St2 have a substantially smaller 

population of muscle, but not lymphoid-organ, Tregs after acute injury, along with poorer 

muscle regeneration. Injection of recombinant IL-33 into old mice at the time of injury 

boosts the Treg representation almost an order of magnitude and promotes robust 

regeneration. Analogous to the situation with VAT, these effects likely reflect combined 

influences of IL-33 on Tregs and ILC2s cooperating within the muscle.

In skeletal muscle, the major cells producing high levels of IL-33 are a subset of FAPs (53). 

Il33 transcript levels spike within hours of muscle injury, and there is a higher representation 

of IL-33+ FAPs in damaged muscle; injured muscle of old mice shows a reduction in Il33 

transcripts and Il-33+ FAPs. Interestingly, some of the IL-33-producing cells in skeletal 

muscle are closely associated with neural structures: nerve fiber perineurium, nerve bundles, 

and muscle spindles, which are stretch-sensitive structures implicated in proprioception (84). 

This observation begs direct experimental assessment of a role for IL-33 in linking nerve 

and immunocyte activities within muscle.
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 Humans

Foxp3+CD4+ T cells have been shown to reside in human skeletal muscle, with an increased 

representation in muscle lesions of patients with DMD (76). Skewing of the TCR repertoire 

in patients with DMD has also been reported (85), but it is not known whether Treg TCRs 

are involved. Normal human muscle also hosts readily detectable IL-33-producing cells, 

certain of them associated with structures resembling nerve fibers. A higher fraction of 

IL-33 producers than is typically seen with mice colocalizes with endothelial structures (53).

 COLONIC TREGS: OVERSEERS OF INTESTINAL EQUIPOISE

The major functions of the large intestine, or colon, are to extract water and salts from solid 

wastes before their excretion and to host microbial fermentation of as-yet unabsorbed 

material, generating vitamins K and B12, thiamine, riboflavin, etc. Indeed, the colon 

contains by far the largest and most diverse microbiota in the digestive tract. For optimum 

execution of these tasks, the large intestine is layered into distinct regions (Figure 4): the 

lumen, where the bulk of colon-associated microbes reside; the mucosa, wherein most local 

immune responses take place; the submucosa, a dense layer of connective tissue that hosts 

immunologically active colonic patches and is riddled with parasympathetic nerves; a layer 

of smooth muscle important for colonic contractions; and the serosa, a thick fibrous covering 

that segregates the intestine within the peritoneum.

The colonic mucosa can be divided into an epithelial layer; the lamina propria; and a thin 

muscular layer, the muscularis mucosa (reviewed in 86). The epithelial layer provides an 

immediate physical and chemical barrier against microbial invasion: Its very rare Paneth 

cells (most of them reside in the small intestine) secrete antimicrobial peptides; its abundant 

goblet cells produce a shielding layer of mucus; and most of its cells are decorated with a 

variety of pattern-recognition receptors, such as Toll-like, NOD, and NOD-like receptors. 

Both the epithelial layer and the lamina propria host specialized populations of innate and 

adaptive immune cells: several subsets of mononuclear phagocytes, including distinct types 

that sample microbes in the lumen and that ferry antigens to colon-draining lymph nodes; 

ILCs, in particular the IFN-γ secreting ILC1 type; plasma cells, mainly producing the IgA2 

isotype; rare CD8αα+ intraepithelial lymphocytes; conventional CD8αβ+ T cells and CD4+ 

T cells of diverse helper classes (especially Th1 and Th17 cells). It was recently reported 

that many of these cell types are quite mobile, migrating to and from the colon with 

measurable frequencies (87). This finding highlights the possibility that mucosal immune 

responses are transduced systemically, as has been documented (88).

The enormity and diversity of the mucosal immune system reflect its gargantuan task: It is 

charged with protecting the organism from a constellation of potentially pathogenic 

microbes and ingested substances while promoting colonization with mutualistic microbes 

and uptake of beneficial nutrients. Of necessity, the intestinal microbiota and immune 

system have evolved in concert, each influencing the other’s constitution and activities (89). 

Local Tregs are critical enforcers of colonic balance, which is reflected in their distinct 

phenotypes, nurturing factors, unique factor dependencies and presence in humans.
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 Phenotype

Mice housed in clean, but not germfree, conditions host an abundant population of 

Foxp3+CD4+ T cells in their colonic lamina propria (90, 91). The precise fraction of the 

local CD4+ T lymphocyte compartment they represent, ranging from about 15% to 40%, 

differs according to housing conditions, notably diet and microbial exposure. The colonic 

Treg population includes two distinct components (Table 1): one becomes a Treg in the 

thymus (tTregs) and is characterized by expression of the transcription factors Gata3 and 

Helios; the other differentiates from Foxp3−CD4+ cells in the periphery (pTregs) and 

expresses the nuclear hormone receptor, RORγt, but little or no Helios (reviewed in 92). 

Despite their different phenotypes, dependencies, and origins—as detailed below—the two 

subpopulations have usually been lumped together as a single entity, an unfortunate 

oversimplification brought to light in a set of recent studies (50, 93–95).

The transcriptomes of RORγt+ and RORγt− Tregs residing in the large intestine differ by 

hundreds of transcripts (94). Interestingly, the RORγt imprint on Th17 cells, representing 

this transcription factor’s more traditional function, is only partially recapitulated in colonic 

RORγt+ Tregs. Although they do transcribe the gene encoding IL-17A, this signature 

cytokine and its relatives are not actually produced. Within the RORγt− colonic 

subpopulation, Gata3 exerts its influence in part by enhancing Foxp3 expression and in part 

by promoting display of St2 and, thereby, transcription of IL-33-dependent genes such as 

Areg, Klrg1, and Il1rl1 (encoding St2, itself) (50).

The TCRs expressed by colonic Foxp3+CD4+ T cells show specific reactivity against fecal 

or cecal bacterial extracts or against individual microbial isolates (96, 97). The extent to 

which the colonic Treg TCR repertoire overlaps with that of Tregs generated in the thymus 

or reflects peripheral induction events has been debated (96, 97). Divergent results are likely 

to reflect aspects of the experimental setups, such as the mouse strains used, their housing 

conditions, the precise Treg population highlighted, and/or analysis procedures.

 Factors

The intestinal microbiota exerts a major influence on the population of Foxp3+CD4+ T cells 

residing in the large intestine. Colonic Treg TCRs recognize antigens derived from enteric 

microbes (96, 97), and colonic Treg numbers are reduced in conditions of low bacterial load, 

e.g., after broad-spectrum antibiotic treatment or under germfree housing conditions (90, 

91). It is primarily the Helioslo/−—more specifically, the RORγt+Helioslo/−—subpopulation 

that responds to intestinal microbes (90, 91, 93–95). Whereas early studies highlighted the 

importance of a consortium of Clostridium species derived from either the mouse or human 

intestine (91, 98), it is now clear that many bacterial species can individually induce a robust 

Helioslo/− colonic Treg population, as many as one-third of the microbes examined in one 

report (94, 99). Several groups have proposed a role for short-chain fatty acids (SCFAs) such 

as butyrate, propionate, or acetate in microbial induction of intestinal Tregs, channeled 

through changes in the acetylation status of Foxp3 and/or of histones coating the Foxp3 

locus (93, 98, 100–102). But different SCFAs were implicated in the different studies, and 

not all of them could evidence a role for SCFAs in colonic Treg induction by microbes (94). 

The divergent results likely reflect differences in the baseline microbiotas, diets, 
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experimental approaches and/or SCFA assays involved. Other factors implicated in induction 

of Helioslo/− colonic Tregs have included transforming growth factor (TGF)-β (91, 98); 

IL-6; IL-23; and the vitamin A derivative retinoic acid (93), although contradictory results 

concerning IL-23 have been reported (94).

The colonic Treg population does not completely disappear in antibiotic-treated or germfree 

mice. The Helios+, more specifically the Gata3+Helios+, subpopulation is notably less 

sensitive to the composition of the intestinal microbiota. Instead, accumulation of these cells 

is promoted by IL-33 (50). A high percentage (~50–70%) of colonic Tregs display St2, and 

essentially all of these coexpress Gata3. In vivo injection of IL-33 leads to a more robust 

Treg population, likely—in analogy to in vitro studies—by inducing serine phosphorylation 

of Gata3, as well as its recruitment to the Foxp3 promotor and St2 enhancer, followed by 

binding of RNA polymerase II to the two gene promoters. In chimeric mice with a mixture 

of St2+ and St2− bone marrow–derived hematopoietic cells, there is a dearth of St2− Tregs in 

the spleen after IL-33 stimulation or in the colon subsequent to Helicobacter infection, 

arguing for a cell-intrinsic dependence on this cytokine. IL-23 appears to inhibit IL-33 

responsiveness in colonic Tregs.

 Function

The intestinal immune system has the difficult tasks of defending the body against 

pathogenic microbes while permitting—even facilitating—the installation of a beneficial 

local microbiota, and of disarming ingested substances that are potentially noxious while 

allowing uptake of those that are nutritive. Intestinal Tregs regulate these processes, being 

critical for oral tolerance, for tolerance to microbial mutualists, and for controlling immune 

responses against enteric pathogens. Given the inverse gradients of digestive enzymes 

(high→low) and colonizing microbes (low→high) moving proximally to distally along the 

digestive tract, colonic Tregs are likely to be least involved in oral tolerance.

Locally, colonic Tregs affect the activities of the diverse set of immunocytes in the lamina 

propria, whether they are long-term residents or just passing through. APCs are one target 

(e.g., 93); another is likely to be local B or plasma cells and their production of IgAs (103, 

104). And, of course, Tregs in the large intestine regulate the activities of CD4+ and CD8+ 

effector T cells in the lamina propria. Recent data that Tregs emanating from the distal colon 

can be found circulating through the peripheral lymphoid system (87) raise the possibility 

that they can exert extraintestinal effects as well, as has been suggested (91, 105).

Given their clearly distinguishable transcriptomes, the RORγt+Helioslo/−, and 

Gata3+Helios+ Treg subpopulations residing in the large intestine may have distinct 

functions. It has been hypothesized that the former controls local inflammatory responses 

whereas the latter participates in repair processes (92). RORγt+Helioslo/− colonic Tregs do 

seem to control inflammatory responses, but there is debate over whether they are focused 

on type 2 (e.g., proallergic and -fibrotic) reactions (93) or have a more general purview (94, 

95). Relatedly, mice lacking pTregs because of a mutation in the conserved CNS1 stretch of 

the Foxp3 locus spontaneously develop type 2 pathologies at mucosal sites, including the 

colon (106). However, this large intestinal Treg subpopulation has also been reported to 

dampen pathology in multiple models of colitis, which depend on diverse immunological 
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cells and molecules (e.g., 91, 93, 94, 98, 101). The divergent findings might issue from 

different microbiotas hosted by mice at the various sites, or they might simply reflect the 

assays highlighted. Gata3+Helios+ colonic Tregs, on the other hand, appear well equipped to 

participate in local repair responses, given their induction by the alarmin IL-33 and 

expression of the tissue-repair factor Areg (50). Tregs lacking Gata3 or St2 have a reduced 

ability to control enteric inflammation after transfer of Foxp3−CD4+ T cells into 

lymphopenic mice, but it is not clear at what point inside or outside the colon the defect 

manifests (50, 107).

 Humans

Exploration of these issues in humans is only beginning. Gata3+ Tregs have been observed 

in human blood (107), and, more relevantly, RORγt+ Tregs can be found in human colonic 

lamina propria from both healthy controls and patients with Crohn disease (94). It is not 

clear to what extent these phenotypes parallel the mouse subsets mentioned above.

 OTHER TISSUES

While populations of Foxp3+CD4+ T cells located in VAT, skeletal muscle, and colonic 

lamina propria are the best characterized tissue-Treg communities, several other tissues host 

Foxp3+CD4+ populations meriting more profound phenotypic and functional exploration. 

An obvious one is cardiac muscle, which reacts to injury in a manner quite similar to the 

response of skeletal muscle to damage (108). For example, acute myocardial infarction 

provokes sterile inflammation entailing recruitment and/or activation of multiple innate and 

adaptive immune system cell types. As in skeletal muscle, macrophages are important 

throughout the inflammatory process in the heart, evolving from a pro- to an anti-

inflammatory phenotype, a shift that is required for effective tissue repair (109). Tregs begin 

to accumulate in the infarcted region at the time of this phenotypic shift (109), and systemic 

depletion or reduction of Foxp3+ cells exacerbates heart inflammation and compromises its 

repair, leading to a decline in diverse clinical indices (110, 111). Transfer of Tregs inhibited 

fibrosis in an aortic constriction model of heart injury (112), and coculture of Tregs and 

cardiac fibroblasts had direct effects on the latter’s phenotype and activities, e.g., on 

expression of extracellular matrix proteins (111). Unfortunately, however, lymphoid-organ 

rather than cardiac Tregs were used in these two studies, so the relevance of these findings is 

not clear. Interestingly, biomechanical stress induces cardiomyocytes to produce soluble 

IL-33, loss of St2 exacerbates the clinical abnormalities provoked by aortic constriction, and 

injection of IL-33 is cardioprotective (113–115). These results are highly reminiscent of 

those obtained with skeletal muscle (discussed above).

Another Foxp3+CD4+ population warranting additional attention is that found in the skin 

(reviewed in 116). This barrier tissue has an unusually high Treg representation at steady 

state that increases in inflammatory settings (117). Cutaneous Tregs express a distinct 

constellation of homing receptors, which has been exploited to preferentially deplete them 

(117, 118). But, beyond that, there exists little information on the phenotypic particularities 

of Tregs residing in the skin. The development of skin lesions in mice and humans that 

genetically lack Foxp3+ T cells argues for the functional importance of skin-localized Tregs 

Panduro et al. Page 14

Annu Rev Immunol. Author manuscript; available in PMC 2016 November 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



at steady state. They have also been implicated in controlling contact hypersensitivity and 

atopic dermatitis, as well as in the immunosuppression associated with exposure to 

ultraviolet light, via the intermediary of epidermal Langerhans cells (116).

Another, fascinating, population of Foxp3+CD4+ T cells is the one that accumulates in the 

placental decidua of mice bearing embryos that express allogeneic antigens derived from the 

father (119). This Treg population, which responds to paternal alloantigens, is peripherally 

induced in a CNS-1-dependent manner. Female mice lacking Tregs (119–123), or, more 

specifically, missing the CNS-1 stretch of the Foxp3 gene (119), show increased fetal 

resorption and immune cell infiltration of the placenta when carrying offspring of allogeneic, 

but not syngeneic, males. Hence, the major function of placental Tregs is to enforce 

maternal-fetal tolerance (119); a likely trade-off is greater susceptibility to infection by 

prenatal pathogens (123). While the placental Treg population has some of the features of 

tissue Tregs, no information has been provided on whether they are truly a distinct 

population, i.e., whether they have a tissue-specialized transcriptome and/or TCR repertoire.

 GENERALITIES

Given the continually growing body of work on distinct populations of Tregs operating 

within a diversity of tissues, it seems a propitious time to attempt to distill some general 

principles. To that end, we pose a set of questions—some largely answered, others with 

partial responses, and still others that have not yet been seriously addressed.

 What Is the Provenance of Tissue Tregs?

One element of this question is whether tissue Tregs arise as Foxp3+CD4+ T cells in the 

thymus (i.e., are tTregs) or are induced in the periphery through conversion of Foxp3−CD4+ 

T cells (i.e., are pTregs). Different tissue-Treg populations seem to vary in this regard. VAT 

Tregs are clearly tTregs, as argued by their TCR repertoire (27); their high expression of 

Helios and Nrp-1 (31) (markers of thymically differentiated Tregs) (124, 125); the lack of 

any transcriptomic sign of Tconv→Treg cell conversion (31); and the failure of transfer 

experiments to evidence them (31). According to some of these same criteria, skeletal 

muscle Tregs are also likely to be tTregs (53, 75). It is generally thought that RORγt+ and 

Gata3+ colonic Foxp3+CD4+ T cells are pTregs and tTregs, respectively, given their 

reciprocal expression of Helios (and of Nrp-1) (50, 93, 94), and the former but not the latter 

subpopulation’s absence in mice lacking CNS-1 (106), but this notion has not yet been 

definitively tested.

Another aspect of the question is to what extent tissue Tregs communicate with the pool of 

circulating T cells. Here, again, the answer seems to vary according to the tissue queried. For 

example, there is little contribution of circulating T cells to the VAT Treg population of lean 

mice, as indicated by data from transfer, parabiosis, and lymph node photoconversion 

experiments (31), whereas extensive recruitment of Tregs from lymph nodes to injured 

skeletal muscle can be demonstrated (53). Analogously, there is little exodus of Tregs from 

VAT into the general circulation, but readily measurable egress from injured muscle. 

Extensive migration of Tregs into and out of the colon from and to peripheral lymphoid 
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organs has been reported (87), although the behaviors of RORγt+Helioslo/− and 

Gata3+Helios+ Tregs were not evaluated separately.

A related issue is when during ontogeny tissue Tregs are generated. Results from 

thymectomy and punctual Treg ablation experiments performed at progressively later ages 

argue that VAT Tregs are seeded in the first week or two of life, which fits well with the lack 

of N-region diversity in their TCR-β but not -α chains (31). Although a substantial 

population of Foxp3+CD4+ T cells can already be found in colonic lamina propria at one 

week of age, the RORγt+ subpopulation begins to accumulate only a week later, coincident 

with changes in the intestinal microbiota that accompany the transition to solid food (94). 

This issue is of interest because of the recent identification and characterization of a distinct 

neonatally generated Treg compartment (126). These newly appreciated Tregs overexpress 

several transcripts reminiscent of tissue Tregs, e.g., Pparg, Il9r, Il1rl1, Icos, and Gpr15.

In short, tissue Tregs appear to have a variety of origins, depending on the particular tissue 

examined. In most, though not all, cases they are already Foxp3+CD4+ T cells when they 

arrive in the periphery.

 Where and How Do Tissue Tregs Take On Their Distinctive Phenotypes?

It is not known to what extent precursor tissue Tregs emerging from the thymus have already 

acquired their distinctive phenotypes. First, it may be worth emphasizing that the various 

tissue-localized Treg populations truly have distinct transcriptomes. Unsupervised 

hierarchical clustering of the totality of differentially expressed transcripts in highly purified 

Tregs from VAT, skeletal muscle, colonic lamina propria, and the pancreas, compared with 

control lymphoid-organ Tregs, revealed sets of transcripts shared by all of the tissue-Treg 

populations, common to Tregs from a few of the tissues, or unique to a single tissue’s Treg 

population (75) (see Figure 5 for differentially expressed transcription factors). These 

observations counter the notion that tissue-localized and lymphoid-organ Tregs differ simply 

because the former represents a more activated, effector (127) or memory (128) or reparative 

(129) state. Single-cell transcriptomics should resolve this issue, addressing the intratissue 

heterogeneity of tissue-Treg populations, transcriptional module sharing between Treg 

populations from diverse tissues, and the extent to which tissue Tregs are found in lymphoid 

organs and vice-versa.

Three scenarios seem possible: that the distinct tissue-Treg phenotypes are imprinted in the 

thymus as Foxp3+CD4+ T cells differentiate; that they appear after the Tregs are installed in 

their home tissues, in response to local cues; or, in an intermediate version, that a rough 

phenotype is imparted in the thymus, which is consummated after Treg arrival in the home 

tissue. The second possibility seems logical and simple, and it coincides with emerging 

notions concerning the establishment of tissue-specific macrophage phenotypes (130, 131). 

However, today there exist no convincing data in support of (or against) this option. It has 

proven possible to turn on expression of certain diagnostic tissue-Treg transcription factors 

[e.g., PPARγ (34) or Gata-3 (107)] in lymphoid-organ Foxp3+CD4+ T cells by cross-linking 

their TCRs in the presence of particular mixes of cytokines. Unfortunately, the extent to 

which these cells truly acquire the corresponding tissue-Treg phenotype has not been 

addressed. Pinpointing where and when tissue Tregs take on their distinctive phenotypes will 
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require well-designed lineage-tracing experiments, employing either inducible fluorescent-

reporter lines or tissue-Treg TCR transgenic mice.

The molecular mechanism by which tissue Tregs acquire their distinct transcriptomes is a 

fascinating problem at the crossroads of developmental and molecular biology. Multiple 

inputs seem to come into play. First, all of the tissue-Treg populations have a readily 

discernable Treg signature, although it may not be entirely intact (e.g., 27, 75). The 

significance of less than perfect “Treg-ness” is not obvious given that the classical Treg 

signature was defined on data derived solely from populations of classical lymphoid-tissue 

Tregs. Second, there are likely to be developmental imprints reflecting, for example, the 

thymic versus peripheral origin of the Treg population, or their perinatal versus adult 

generation (further discussed below). Third, there are critical local cues that drive 

accumulation of the different tissue-Treg populations, promote their survival, and incite 

them to arm appropriately to effectively accomplish the specific task(s) required. A cardinal 

example of this type of input is the dominance of PPARγ in imposing VAT Treg phenotype 

and functionality—this transcription factor turns on transcriptional programs that enable 

Tregs to survive in a lipid-laden environment and also to regulate local and systemic 

metabolic indices. Systems-level analyses of chromatin architecture and transcriptional 

programs will be required to decipher this complex and variable set of inputs, as has proven 

so illuminating in the case of tissue-resident macrophages (130, 131).

 How Are Tregs Attracted to the Relevant Tissue and Sustained Therein?

Regardless of their provenance, tissue Tregs must arrive at and survive within the 

appropriate target tissue. Existing data argue for the importance of TCR:MHCII-peptide, 

chemokine:chemokine receptor and cytokine-cytokine receptor interactions in these 

processes. As detailed above, several features of the TCR repertoires of the VAT and skeletal 

muscle Foxp3+CD4+ populations suggest that these cells are responding to local antigens: 

microclonal expansions, TCR α chains with the same protein sequence specified by different 

nucleotide sequences, and emergence of one of the TCRs in most mice examined. Presented 

by tissular APCs, these antigens serve to retain meandering Tregs within the relevant tissue. 

It will be interesting to see whether the local antigens are akin to those recognized by CD4+ 

Tconvs at the same site, or whether they represent a new class of tissue-stress signals. The 

RORγt+Helioslo/− subpopulation of colonic Foxp3+CD4+ T cells is a special case, as these 

cells are clearly responding to locally encountered microbial (and likely dietary) antigens. 

Again, it will be interesting to explore the nature of these antigens—whether they are 

microbe specific like those that trigger Tconvs in antimicrobe responses or whether they are 

more general signals of microbial invasion.

In addition, recruitment of Foxp3+CD4+ T cells to parenchymal tissues almost certainly 

reflects their response to chemokine gradients. Transcripts encoding many chemokine 

receptors are differentially expressed in tissue Tregs vis-à-vis their lymphoid-organ 

counterparts. Some—like Ccr8, Ccr5, CCrl2, and Ccr2—are upregulated in all tissues; the 

induction of others, e.g., Ccr9, is more specific. Tissue-specific homing receptors also come 

into play, one example being GPR15, which was found to direct Tregs to the colonic lamina 

propria (132).
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There are certainly examples of cytokine dependencies being limited to Treg populations 

localized in particular parenchymal tissues. For example, VAT Tregs produce large amounts 

of IL-10, and this cytokine has a strong in situ impact on their profile of gene expression 

(27), whereas colonic RORγt+Helioslo/− and pancreas Tregs display little if any IL-10 

receptor (75). Different tissue-Treg populations also show variable reliance on IL-23 and 

IL-1 (discussed above). Potentially more interesting is the case of IL-33 [and perhaps IL-18 

(129)]. For all tissue-localized tTreg populations examined to date (VAT, skeletal muscle, 

colon), IL-33 seems to be a critical factor for local expansion and stability. This cytokine has 

markedly less of an effect on classical lymphoid-organ Treg populations, largely reflecting 

these cells’ low-level display of St2. This differential reliance makes sense given IL-33’s 

alarmin function and the potent tissue-repair programs downstream of St2 engagement. 

Investigators should keep their eyes open for other pairings of tissular alarmins with 

particular Treg effector programs. It is also important to explore how these tissue-localized 

programs are extinguished once the inciting challenge has been resolved.

 What Processes Are Tregs Targeting Within Parenchymal Tissues?

Certainly, some of the activities of tissue Tregs are directed at controlling inflammatory cells 

in the vicinity. Indeed, the accumulation of Foxp3+CD4+ T cells in both VAT and skeletal 

muscle accompanies a sterile inflammatory response, whereas their counterparts in the 

colonic lamina propria are confronted with incipient immune reactions to a myriad of 

microbial and dietary antigens. It may not be a coincidence that VAT and muscle Tregs 

increase in representation just as anti-inflammatory macrophages do—perhaps they foster 

M1 to M2 phenotypic shifts. Tissue Tregs seem well equipped to perform such anti-

inflammatory activities: They are at least as effective as lymphoid-organ Tregs in standard in 

vitro suppression assays (e.g., 27); and they have transcriptomes exhibiting many of the 

elements characteristic of mature, effector Tregs (127).

But tissue Tregs also have the capacity to directly influence surrounding parenchymal cells: 

VAT Tregs make high levels of IL-10; adipocytes display the IL-10 receptor; and this 

cytokine blocks the synthesis of inflammatory mediators by cultured adipocytes (27 and 

references therein). Skeletal muscle Tregs produce abundant Areg; muscle satellite cells 

express this mediator’s receptor, Egfr; and Areg can improve satellite cell function in culture 

and after injection in vivo (75). The Gata3+Helios+ subpopulation of colonic Tregs also 

makes substantial amounts of Areg (50), a growth factor recently proposed to be an 

important element of a Treg mucosal barrier repair program, one employed by lung Tregs as 

well (129). Thus, it seems that a component of the distinct transcriptomes of tissue Tregs is 

dedicated to controlling potentially pathological processes unleashed within 

nonimmunological cells in the home tissue. This notion was recently extended by the 

demonstration of inflammatory (and anti-inflammatory) cross talk between VAT and the 

intestine, encompassing local Tregs (133).

Clearly, then, tissue Tregs and their impact on organismal homeostasis are a new world for 

immunologists to explore. We might expect an onslaught of studies in this realm, likely 

yielding new immunological principles.
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Figure 1. 
Visceral adipose tissue. Schematic representation of a transverse section of epididymal fat 

from a lean adult B6 mouse. Abbreviations: DC, dendritic cell; ILC2, type 2 innate 

lymphoid cell; MF, macrophage; Teff, effector T cell (either Foxp3−CD4+ or CD8+); Treg, 

regulatory T cell.
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Figure 2. 
Cytokines differentially expressed in tissue Tregs. K-means clustering (K = 4) of cytokine 

transcripts more than twofold upregulated in Tregs from at least one of the indicated 

parenchymal tissues vis-à-vis their lymphoid-organ Treg counterparts. Abbreviations: V, 

VAT (epididymal fat) from 20- to 25-week-old B6 mice; M, skeletal muscle 2 weeks after 

cardiotoxin-induced injury of young adult B6 mice; CR+ and CR−, RORγt+ and RORγt− 

Treg subpopulations from colonic lamina propria of young adult B6 mice; P, pancreas from 

10-week-old NOD mice. Bar refers to fold-change differences on a log2 scale.
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Figure 3. 
Schematic representation of bundles of skeletal muscle fibers (a) and of a transverse section 

of one bundle (b). Representative of uninjured gastrocnemius muscle from a young adult 

mouse. Abbreviations: DC, dendritic cell; MF, macrophage; Teff, effector T cell (either 

Foxp3−CD4+ or CD8+); Treg, regulatory T cell.
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Figure 4. 
Schematic representation of a transverse section of the colon of a young adult mouse. The 

DC projection is sampling microbes. Abbreviations: DC, dendritic cell; IEL, intraepithelial 

lymphocyte; ILC, innate lymphoid cell; MF, macrophage; Teff, effector T cell (either 

Foxp3−CD4+ or CD8+); Treg, regulatory T cell.
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Figure 5. 
Transcription factors differentially expressed in tissue Tregs. K-means unsupervised 

clustering (K = 5) of transcription factor gene transcripts more than twofold upregulated in 

Tregs from at least one of the indicated parenchymal tissues vis-à-vis their lymphoid-organ 

Treg counterparts. Abbreviations: V, VAT (epididymal fat) from 20- to 25-week-old B6 

mice; M, skeletal muscle 2 weeks after cardiotoxin-induced injury of young adult B6 mice; 

CR+ and CR−, RORγt+ and RORγt− Treg subpopulations from colonic lamina propria of 
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young adult B6 mice; P, pancreas from 10-week-old NOD mice. Bar refers to fold-change 

differences on a log2 scale.
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TABLE 1

TWO COLONIC Treg SUBPOPULATIONS

RORγt+ Gata3+

Became a Treg in the: periphery thymus

Microbe dependence ++ +/−

IL-33 dependence +/− ++

Repair program − +
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