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Stepwise acquisition of unique
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Regulatory T cells in non-lymphoid tissues are not only critical for maintaining

self-tolerance, but are also important for promoting organ homeostasis and

tissue repair. It is proposed that the generation of tissue Treg cells is a stepwise,

multi-site process, accompanied by extensive epigenome remodeling, finally

leading to the acquisition of unique tissue-specific epigenetic signatures. This

process is initiated in the thymus, where Treg cells acquire core phenotypic and

functional properties, followed by a priming step in secondary lymphoid organs

that permits Treg cells to exit the lymphoid organs and seed into non-lymphoid

tissues. There, a final specialization process takes place in response to unique

microenvironmental cues in the respective tissue. In this review, we will

summarize recent findings on this multi-site tissue Treg cell differentiation

and highlight the importance of epigenetic remodeling during these

stepwise events.
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Treg cells prevent autoimmunity and promote
tissue regeneration

Regulatory T (Treg) cells are an anti-inflammatory, immunoregulatory subtype of

CD4+ T cells and are of crucial importance for the maintenance of self-tolerance. At the

molecular level, this cell type is characterized by the expression of Foxp3, which endows

these immunoregulatory cells with suppressive activity (1, 2). Accordingly, mutations or

deletion of Foxp3 can cause catastrophic autoimmune events leading to the so-called

“Scurfy” phenotype in mice or the IPEX (immune dysregulation, polyendocrinopathy,

enteropathy, X-linked) syndrome in humans (3–6). Although stable Foxp3 expression is

of utmost importance for lineage identity and functionality of Treg cells (7–9), mere

Foxp3 expression is not sufficient to ensure complete Treg cell phenotypic and functional
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properties (10, 11). Instead, accumulating evidence suggests that

in addition to Foxp3 expression the DNA demethylation at a set

of Treg cell-specific epigenetic signature genes is necessary for

complete Treg cell functionality and long-term lineage stability

(8, 12–14).

Due to the fatal systemic consequences with autoimmune

events and multi-organ immune invasion and destruction upon

mutation or deletion of Foxp3, Treg cells are usually described as

“guardians of peripheral immune tolerance”. In recent years,

however, it has become evident that Treg cells can also be found

in non-lymphoid tissues (NLTs), where they perform important

homeostatic and regenerative functions (15, 16). One prime

example of a non-classical function of tissue Treg cells is from

the visceral adipose tissue (VAT): In the murine system, local

and systemic metabolic homeostasis has been linked to the

presence and proper function of VAT-resident Treg cells,

dependent on the interleukin (IL)-33 - ST2 axis, and tissue

Treg cells expressing ST2 have also been found in the human

system (17–19). In murine skin tissue, Treg cells have been

shown to home to hair follicles, thus promoting hair follicle

regeneration (20), and human autoimmune hair loss has been

linked to impaired Treg cell function (21, 22). Treg cells further

play a major role in wound healing and skin barrier regeneration

upon UVB damage, in an Amphiregulin (Areg)- and

Proenkephalin (PENK)-dependent manner in mice (23–25).

Another example is from the lung tissue, where a specific

population of Treg cells resides in situ and promotes tissue

repair in an IL-33-dependent fashion. This population is

required for preventing severe acute lung damage in an

influenza A virus (IAV) infection model (26, 27), and

promotes tissue repair after acute lung injury in mice (28–30),

supporting lung epithelial proliferation (31) and reducing

fibroproliferation (32). This cell type is also found in humans

with acute lung injury, and upon stimulation has been reported

to express keratinocyte growth factor (KGF), analogous to the

murine system (28, 29). Treg cell-specific deletion of Areg,

encoding for a key effector molecule of murine tissue repair-

promoting Treg cells, leads to severe lung damage and decreased

blood oxygen concentration during IAV infection (33). Both

murine and human tissue Treg cells have further been shown to

suppress the response to environmental allergens in the lungs

(34). In the murine liver, tissue-resident Treg cells play a

homeostatic role, regulating bile acid synthesis and protecting

from cholestatic liver injury, dependent on Areg (35). Also, in an

experimental mouse model of crescentic glomerulonephritis,

Treg-derived Areg mediates tissue repair (36). In contrast to

the abovementioned tissues, Treg cells can hardly be detected in

healthy murine muscle. Upon muscle damage, however, repair-

type Treg cells rapidly accumulate and secrete Areg to boost

satellite cell function (37). Selective removal of Treg cells during

muscle healing impairs muscle repair, while an increased influx

of Treg cells enhances this process. In addition, Treg cells can be

found in the muscle of genetically dystrophic mice, probably as a
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means of the body to regenerate ongoing muscular damage (38,

39). Tissue-resident Treg cells have also been reported in the

heart, where they promote tissue regeneration after myocardial

infarction. In murine ischemia/reperfusion injury and

cryoinjury models, Treg cell-derived secreted protein acidic

and rich in cysteine (SPARC) was identified as an important

factor to protect the heart against myocardial infarction (40).

Resident Treg cells further improve regeneration after infarction

by modulating monocyte/macrophage differentiation (41). In

the central nervous system (CNS), the deletion of Treg cells

increases brain damage and augments post-ischemic activation

of inflammatory cells in a model of experimental brain ischemia.

In this model, the immune modulatory cytokine IL-10 was

shown to be key in preventing secondary infarct growth, and

IL-10-deficient Treg cells were ineffective (42). Indeed, the

accumulation of brain Treg cells potentiates neurological

recovery during the chronic phase of ischemic brain injury

(43, 44). Interestingly, they also secrete increased amounts of

Areg to suppress neurotoxic astrogliosis (43). Another study

investigated the importance of CNS-resident Treg cells in

experimental autoimmune encephalomyelitis (EAE), an animal

model of multiple sclerosis, and reported a rapid accumulation

of Treg cells in the CNS (45). There, Treg cells promote myelin

regeneration and oligodendrocyte differentiation, thus

contributing to brain regeneration in situ (46). In addition,

Treg cells can limit neuroinflammation in this model, in an

ST2-dependent manner (47). The importance of Treg cells has

further been shown in the context of post-ischemic re-

vascularization in mice, promoting endothelial cell

proliferation and function (48), and in blood clot resolution,

dependent on SPARC (49). In summary, these studies

demonstrate that Treg cells have, beyond the ability to regulate

immune responses, a multitude of non-canonical features that

promote tissue regeneration and repair in many different

organs (Figure 1).
Treg cell development in the thymus

It is assumed that the majority of the Treg cell population

originates from the thymus, termed thymus-derived Treg

(tTreg) cells (50). Similar to the clonal deletion of self-reactive

thymocytes, the development of tTreg cells is driven by the

intrathymic encounter of agonist self-antigens, and expression of

tissue-restricted antigens (TRAs) in medullary thymic epithelial

cells (mTECs) plays a critical role in this process (50). tTreg cell

generation occurs in two distinct developmental steps, identified

by different expression levels of CD25 and Foxp3. The first

developmental step is instructed by concurrent T cell receptor

(TCR) signaling and co-stimulation, whereas the second step

was shown to depend on signals derived from common gamma

chain (gc) cytokines, particularly IL-2 (51–56). Although both

CD25+Foxp3- and CD25-Foxp3lo Treg precursor cells contribute
frontiersin.org

https://doi.org/10.3389/fimmu.2022.1082055
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Braband et al. 10.3389/fimmu.2022.1082055
almost equally to the generation of mature tTreg cells, it was

recently reported that they show distinct maturation kinetics

and cytokine responsiveness, differ in their transcriptomes and

TCR repertoire, and only Treg cells derived from CD25+Foxp3-

progenitors protect against experimental autoimmune

encephalitis (57). Yet, whether CD25+Foxp3- Treg precursor

cells preferentially give rise to tissue-resident Treg cells, is

still unknown.

Accumulating evidence suggests that the establishment of

the core Treg cell-specific epigenetic signature, consisting of

Foxp3, Tnfrsf18, Ctla4, Ikfz4 and Il2ra, occurs during tTreg cell

development and maturation in a dynamic and progressive

manner (13, 14, 58, 59). The two Treg cell precursors display

distinct dynamics for the imprinting of the Treg cell-specific

epigenetic signature genes, with CD25-Foxp3lo Treg precursor

cells already showing a partially established Treg cell-specific

hypomethylation pattern (58, 60). This strongly suggests that at

least a part of the Treg cell-specific epigenetic signature is

already engraved into developing tTreg cells before they have

entered the very transient CD25-Foxp3lo Treg precursor cell

stage. This assumption is in line with the finding that this unique

hypomethylation pattern can be fully established even in the

absence of Foxp3 expression (13). Furthermore, IL-2 signals

mainly impact the demethylation of Foxp3 with a more

pronounced effect on CD25-Foxp3lo when compared to
Frontiers in Immunology 03
CD25+Foxp3- Treg precursor cells (58, 60). Thus, the two

thymic Treg cell precursors differ substantially in the

establishment of the Treg cell-specific hypomethylation pattern.

The shaping of the Treg cell-specific epigenetic signature

during tTreg cell development relies on the interaction of the

developing tTreg cells with thymic antigen-presenting cells,

including thymic dendritic cells (DCs) and medullary thymic

epithelial cells (mTECs). These cells display unique properties

and were reported to induce more pronounced demethylation of

the Treg cell-specific epigenetic signature genes in developing

Treg cells when compared to splenic DCs (61). Mechanistically,

the imprinting of the epigenetic signature occurs through an

active process involving enzymes of the Ten-eleven-

translocation (Tet) family, which act by iterative oxidation of

5mC to 5hmC, finally resulting in the demethylation of the CpG

motif (14, 60, 62). In this regard, IL-2 was shown to maintain

Tet2 expression at high levels during tTreg development, thereby

protecting the Treg-specific demethylated region (TSDR) within

Foxp3 from re-methylation and fostering stable Foxp3

expression (62, 63). Furthermore, IL-2 can also directly

modulate the epigenetic landscape of tTreg cells by regulating

the positioning of the pioneer factor Satb1 in CD4 single-positive

(SP) thymocytes and controlling genome-wide chromatin

accessibility (64). Satb1 is crucial for Treg cell super-enhancer

establishment and thus for the induction of Treg cell signature
FIGURE 1

Overview of non-classical Treg cell functions in different tissues. Effector molecules mediating homeostatic or tissue-regenerative functions are
marked in orange. CNS, central nervous system; VAT, visceral adipose tissue. Created with BioRender.com.
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genes, and developmental stage-specific deletion of Satb1 leads

to autoimmunity due to Treg cell deficiency (65).

In addition to the newly generated tTreg cells, the thymus

also harbors recirculating Treg cells entering the thymus from

the periphery. It was shown that these recirculating Treg cells

exert a regulatory function by competing for IL-2 and thereby

limiting the generation of new tTreg cells under steady-state

conditions (66). More recently, we could demonstrate that a

subset of recirculating IL-1R2+ Treg cells can quench IL-1

signaling to maintain tTreg cell development even under

inflammatory conditions (67). It is important to note that the

population of recirculating Treg cells is composed of multiple

subsets and displays the most diverse TCR repertoire of all CD4

SP thymocytes (68). Yet, to the best of our knowledge, it has not

been studied whether recirculating Treg cells also contribute to a

tissue-specific negative feedback mechanism controlling the

development of designated tissue Treg precursor cells by

competing for specific TRAs on mTECs.
Tissue Treg precursor cells in
secondary lymphoid organs

The next step of tissue Treg cell generation, the priming in

secondary lymphoid organs (SLOs), is less completely

understood. We had previously demonstrated the existence of

naive-l ike , recirculat ing and effector/memory-l ike ,

inflammation-seeking Treg cells in SLOs (69), and could show
Frontiers in Immunology 04
that Treg cells acquire the expression of tissue-specific homing

molecules when getting primed by DCs in tissue-draining lymph

nodes (70). First experimental proof that such priming events

lead to the generation of tissue Treg cells came from a more

recent study, in which a TCR-transgenic system was used to

describe in detail the generation of the paradigmatic tissue Treg

cell population, the VAT-Treg cells (71). Here, the authors could

show that a part of the VAT-Treg cell signature was already

induced in a fraction of splenic Treg cells marked by low

expression levels of the transcription factor PPARg
(peroxisome proliferator-activated receptor gamma) and that

these PPARglow Treg cells displayed a high VAT-seeding

potential. In a follow-up study, the tissue Treg precursor cell

concept could be further generalized by demonstrating that the

splenic PPARglow Treg cell population is transcriptionally highly

heterogeneous and engenders Treg cells in multiple NLTs

beyond VAT, such as skin, colon and liver. These tissue Treg

cell precursors express genes encoding for migration-related

surface molecules such as Itgb1, Cxcr3, Ccr9, Itga4 and

activation/differentiation associated proteins such as Klrg1,

Pdcd1 and Rora (72, 73). These findings are in accordance

with our own observations using a novel Nfil3 (nuclear factor,

interleukin-3 regulated) reporter mouse line to track tissue Treg

cell development (Figure 2). We could identify early (Nfil3GFP

+Klrg1-) and late (Nfil3GFP+Klrg1+) tissue Treg precursor cells in

SLOs, and global profiling studies revealed a stepwise acquisition

of the mature tissue Treg cell phenotype (74). However, a

detailed view of the DNA methylation profile of Treg cell
FIGURE 2

Overview of tissue Treg cell epigenetics in SLOs. Priming by DCs in SLOs leads to the stepwise development of tissue Treg cell precursors from
Klrg1-Nfil3- over Klrg1-Nfil3+ to Klrg1+Nfil3+. Klrg1+Nfil3+ Treg cell precursors additionally express low levels of PPARg, tissue-specific genes like
Itgb1, Cxcr3, Ccr9, Itga4, and activation/differentiation related genes such as Klrg1, Pdcd1 and Rora. Klrg1+Nfil3+ Treg cell precursors migrate to
NLTs like VAT, skin, lungs, liver and colon. SLOs, secondary lymphoid organs; DCs, dendritic cells; Treg, regulatory T cell; NLTs, non-lymphoid
tissues; VAT, visceral adipose tissue. Created with BioRender.com.
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precursors in SLOs is still missing, which could provide further

insights into the epigenetic preparation of designated tissue Treg

cells during their priming in the spleen and lymph nodes.
Tissue Treg cells acquire unique
epigenetic signatures within tissues

Recent single-cell profiling studies suggested that tissue Treg

cells display tissue-specific signatures dependent on the unique

tissue environment that are distinct from those of lymphoid organ

Treg cells. A common core-signature could further be identified

between mouse and human (73, 75). Analysis of the VAT suggests

that the extravasation and accumulation of tissue Treg cells relies

on the TCR-dependent recognition of TRAs and on unique

cytokine signals (71). However, studies from other tissues are

lacking so far. Tissue-specific functional adaptations come along
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with additional epigenetic alterations as demonstrated in a whole-

genome bisulfite sequencing (WGBS) study of murine lymph

node-derived Treg and conventional T (Tconv) cells, as well as

fat- and skin-derived Treg cells (76). In this study, we could

identify 339 differentially-methylated regions (DMRs) between

Treg and Tconv cells, which constitute the abovementioned core

Treg cell-specific epigenetic signature with Ctla4, Il2ra, Il2rb, Ikzf2

and Ikzf4, and Foxp3 as its most prominent members. Strikingly,

about five times more DMRs describe the difference between Treg

cells derived from lymph node and skin (1645 regions) and lymph

node and fat (1593 regions), with Pparg, Klrg1 and Tigit as well-

known examples of hypomethylated regions, and Bcl2 and Tcf7 of

hypermethylated regions in tissue- vs lymphoid organ Treg cells

(Figure 3). Thus, the epigenetic signature of Treg cells in their

tissue-specific microenvironment comprises severalfold more

DMRs than the core Treg cell-specific epigenetic signature itself.

Although tissue Treg cells have an activated phenotype, scATAC-
FIGURE 3

Overview of tissue Treg cell epigenetics in tissues. Tissue Treg precursors leave SLOs already expressing low levels of PPARg and are recruited to
the tissues (here exemplified by VAT) via soluble factors like IL-33 and via TRA recognition. In the tissue, the tissue Treg-specific methylation
pattern is completed. The grey box shows DMRs of Treg cells from VAT and skin versus lymph node-derived Treg cells. The green box shows
DMRs between VAT and skin Treg cells. Treg, regulatory T cell; SLOs, secondary lymphoid organs; VAT, visceral adipose tissue; LN, lymph node;
TRA, tissue-restricted antigen; DMRs, differentially-methylated regions. Created with BioRender.com.
frontiersin.org
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sequencing of naïve and activated lymphoid Treg cells and also

Treg cells from murine skin, VAT and colon revealed clear

differences in the epigenetic profiles of activated lymphoid- and

tissue Treg cells. This indicates a major impact of the tissue

signature on the latter (74). In addition, we could define both

tissue-specific signatures and a global ‘tissular’ epigenetic

framework with a key role for the transcription factor Basic

leucine zipper transcription factor, ATF-like (Batf). The

correlation between gene expression and negative mean

methylation values confirms the dogma of epigenetics: specific

demethylation in the gene body corresponds to the expression of

the associated gene, and vice versa. In addition, we identified

tissue-specific methylation patterns, such as demethylated regions

in Ahr, Icos, Itgae and Gpr55 in skin Treg cells. In this context,

although it is widely believed that the definitive tissue Treg cell

phenotype is not installed until the cells have settled down in the

respective tissues and have progressively adapted to the tissue

microenvironment, it is unknown so far which parts of the tissue-

specific DNA methylation patterns are already induced in early

(Nfil3+Klrg1-) and late (Nfil3+Klrg1+) tissue Treg precursor cells

within SLOs, and how these programs influence the extravasation

into the target tissue. Furthermore, although the impact of

inflammatory conditions on the functional properties and

epigenetic signature of tissue Treg cells has been intensively

studied (77–79), the underlying molecular mechanisms are

largely unknown. Further missing puzzle pieces will help to

clarify whether the heterogeneous transcriptome of tissue Treg

cells is also based on a heterogeneous methylome, and which

molecular mechanisms are involved in modulating epigenetic

signatures and functional properties in recently described

inflammatory models.

The knowledge about the human Treg cell methylome is even

more limited. To date, only few studies investigated the global CpG

methylation landscape in human Treg and Tconv cell populations

from peripheral blood (80, 81). Recently, we have generated single-

cell chromatin accessibility profiles of human tissue Treg cells from

healthy skin and subcutaneous fat, and identified a tissue-repair

Treg cell signature with a prevailing footprint of the transcription

factor BATF (82). This signature, combined with gene expression

profiling and TCR fate mapping, allowed for the discovery of the

human counterpart of murine tissue-repair Treg cells as a T

follicular helper cell (TFH)-polarized CCR8+BATF+ subset of Treg

cells, and also identified its circulating blood precursor cell in

human blood (82). BATF has further been reported as an

important transcription factor for Treg cell differentiation and

activation not only in healthy tissue, but also in the tumor

microenvironment (83). To which extend healthy tissue and

tumor Treg cells share transcriptional and epigenetic programmes

remains to be investigated in detail on a grand scale for different

tissues and tumor entities.
Frontiers in Immunology 06
Outlook

The generation of tissue Treg cells is a stepwise, multi-site

process, yet the precise dynamics and underlying molecular

mechanisms contributing to the acquisition of the highly

specialized epigenetic profiles and the unique functional

properties of tissue Treg cells are only incompletely

understood. Tissue Treg cells originate from the thymus,

where they progressively develop into mature Treg cells.

During this process, progressive demethylation of Treg-cell

specific epigenetic signature genes takes place, and mature

Treg cells leave the thymus with a specific DNA methylation

pattern in combination with classical Treg cell properties

mediated by actions of the Foxp3 transcription factor

complex (84). In SLOs, Treg cells are primed by DCs, and

tissue Treg precursor cells acquire the expression of tissue-

specific homing molecules. They develop from Nfil3-Klrg1- via

Nfil3+Klrg1- to Nfil3+Klrg1+ tissue Treg cell precursors,

paralleled by the stepwise acquisition of a partial tissue-

specific chromatin accessibility signature, potentially priming

them to migrate from SLOs into NLTs. In the tissue,

microenvironmental cues lead to the completion of the tissue

Treg cell-specific epigenetic signature. Currently, it is still

unknown at which stage the priming in the SLOs starts the

“pre-tissue” program, which target genes are differentially

methylated during this step, and how important these

programs are for the designated tissue Treg cells to

extravasate and survive in their cognate tissue. Furthermore,

the exact timing of these events is unknown as it has been

reported that the postnatal period is critical for the generation

of the first wave of tissue Treg cells, which after seeding into

tissues can stably persist until adulthood (85, 86).

Since most of our knowledge of tissue-resident Treg cells and

their development comes from mouse studies, we can further

explore the precise DNA methylation characteristics of tissue

Treg cell development in SLOs in future studies. In a translational

study, an analogous cell type tomurine tissue Treg cells was recently

proposed for the human system (82), and further investigations

regarding the development and epigenetic programming are

necessary to fully understand this cell type and also understand

their future therapeutic potential. Owing to their special tissue-

regenerative properties on top of classical Treg cell functions, tissue

Treg cells make an attractive candidate for adoptive T cell transfer

therapies in autoimmune settings like graft-versus-host disease

(GvHD) or solid organ transplantation (87, 88). A major

limitation here is the small number of tissue Treg cells that can

be isolated from biopsies or even re-circulating tissue Treg cells

from the peripheral blood of the patient. We have shown that a

tissue-repair phenotype with a tissue Treg cell-specific DNA

methylation pattern can be induced in human naïve Treg cells by
frontiersin.org
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TFH-polarizing cytokines (82). It might therefore be possible to

isolate classical Treg cells from the peripheral blood of patients,

expand them in vitro, and induce the tissue Treg-specific repair

phenotype. This would allow for the adoptive transfer of sufficient

numbers of autologous Treg cells that have the potential not only to

dampen auto-immune destruction but also to mediate regeneration

of the damaged tissue. However, it is not known whether inducing a

tissue-like program is enough to also promote extravasation into the

target tissues and to promote tissue homeostasis and even organ

regeneration in situwhile promoting immune tolerance to the graft,

a highly desirable feature both in bone marrow transfusion and

transplantation medicine.
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