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Treg cells have been initially described as gatekeepers for the control of

autoimmunity, as they can actively suppress the activity of other immune

cells. However, their role goes beyond this as Treg cells further control

immune responses during infections and tumor development. Furthermore,

Treg cells can acquire additional properties for e.g., the control of tissue

homeostasis. This is instructed by a specific differentiation program and the

acquisition of effector properties unique to Treg cells in non-lymphoid tissues.

These tissue Treg cells can further adapt to their tissue environment and

acquire distinct functional properties through specific transcription factors

activated by a combination of tissue derived factors, including tissue-specific

antigens and cytokines. In this review, we will focus on recent findings

extending our current understanding of the role and differentiation of these

tissue Treg cells. As such we will highlight the importance of tissue Treg cells

for tissuemaintenance, regeneration, and repair in adipose tissue, muscle, CNS,

liver, kidney, reproductive organs, and the lung.

KEYWORDS

regulatory T cells, Treg cells, tissue homeostasis, FoxP3, tissue Treg cells,
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Introduction

Regulatory T cells (Treg cells) are a specialized subpopulation of the CD4+ T cell

lineage which play an indispensable role in maintaining immune homeostasis, inducing

peripheral tolerance, and controlling inflammation (1). While initial work focused on the

identification of general functional properties of Treg cells, in the past years, distinct

effector Treg cell populations within non-lymphoid organs have been described (2)

(Figure 1). Treg cells in the periphery can adopt specialized differentiation programs

resulting in the acquisition of tissue-specific phenotypes, propelling tissue-specific Treg
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cell functionality. This goes along with the development of a

transcriptional effector Treg cell program. As we describe below,

this program has commonalities across different tissues, but also

has peculiarities specific for each tissue. These tissue-specific

properties are often instructed by the respective tissue and as

such have been described as being hijacked by Treg cells to adapt

to the tissue microenvironment.

While we acknowledge the existence of CD8+ Treg cells in

mice and humans which might also be indispensable within

tissues (3–6), this review will focus on CD4+ Treg cells and

further elucidate the important role of Treg cells in non-

lymphoid tissue physiology and pathophysiology while largely

excluding their contribution to the control of autoimmunity,

infections, and tumorigenesis.
Development of Treg cells

T cell progenitors develop in the bone marrow from

multipotent hematopoietic stem cells and migrate to the

thymus where rearrangement of the T cell receptor (TCR)

genes occurs. Subsequently, thymic Treg cell development

takes place. The classical model for Treg cell development in

the thymus comprises two steps: intermediate-strength TCR

signaling that promotes surface expression of the interleukin

(IL)-2 receptor subunit CD25, followed by IL-2/IL-15 signaling

that induces expression of the lineage-defining transcription

factor forkhead box P3 (FoxP3) (7). FoxP3 subsequently

orchestrates the epigenetic and transcriptional landscape

required for the acquisition of the classical Treg cells
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phenotype. An alternative scenario involves the induction of

low expression of FoxP3 upon TCR stimulation, followed by

similar cytokine signaling to complete Treg cell differentiation

(7). Independent of the exact molecular pathway, thymus-

derived Treg cell development further depends on the avidity

and affinity of the molecular interactions of the TCR with

antigen within the major histocompatibility complex (MHC)

requiring a higher affinity to self-antigens then CD25-negative T

cells (8–11). Moreover, co-stimulation via the CD28 - CD80/

CD86 axis promotes the expression of appropriate FoxP3 levels,

necessary for the subsequent upregulation of the Treg cell-

associated gene expression program including upregulation of

cell-surface molecules like cytotoxic T lymphocyte antigen 4

(CTLA-4) and glucocorticoid-induced tumor necrosis factor

receptor family-related receptor (GITR) (12, 13).

Besides thymic Treg cells, a second population of Treg cells

with specific properties can be generated in the periphery. These

peripherally induced Treg cells develop from naïve CD4+ T cells

upon antigen stimulation in the presence of cytokines such as

transforming growth factor beta (TGF-b) and IL-2 but require

absence of pro-inflammatory cytokines (14–17). Particularly,

TGF-b promotes the transcription of FoxP3 (18, 19) with

factors such as retinoic acid further supporting the induction

of FoxP3 expression and its stabilization through demethylation

of enhancer elements at the FoxP3 locus. IL-2 facilitates this

TGF-b-mediated differentiation of Treg cells by directly

promoting Treg cell survival and expansion (20–22) and

inhibiting T helper (Th)17 cell development at the same time

(23, 24). While TGF-b-mediated T cell differentiation mainly

leads to Treg cell development under homeostatic conditions,
FIGURE 1

Overview of tissue-specific Treg cells throughout the body. Treg cells reside within different non-lymphoid tissues where they contribute to
tissue maintenance and repair.
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pro-inflammatory conditions characterized by the additional

presence of e.g., IL-6 favor Th17 over Treg cell differentiation

(17, 25, 26).
Naïve versus effector Treg cells

In analogy to conventional CD4+ T cells (Tconv cells), Treg

cells exiting the thymus display a naïve phenotype, expressing

lymphoid tissue-homing receptors such as L-selectin and C-C

chemokine receptor type 7 (CCR7). Upon encountering their

cognate (self-)antigen, TCR stimulation induces transcriptional

changes that drive naïve-like thymus-derived Treg cells

circulating in secondary lymphoid organs to differentiate into

effector Treg cells (eTreg cells) (27) (Figure 2). Such eTreg cells

possess high proliferation rates and superior suppressive

functions, manifested by increased expression of surface

markers such as Killer Cell Lectin Like Receptor G1 (KLRG1)

and CTLA-4, and enhanced release of IL-10 (27). Furthermore,

these eTreg cells gain the function to migrate into peripheral

tissues and locally control immune and tissue homeostasis.

Over the last years, increasing evidence supports a

hierarchical program of transcription factors governing this
Frontiers in Immunology 03
differentiation process. Besides FoxP3, expression of the

transcription factors PR domain zinc finger protein 1

(PRDM1, also known as Blimp-1) and interferon regulatory

factor 4 (IRF4) have been identified as key steps for the

differentiation, function, and homeostasis of eTreg cells (28).

Expression of both transcription factors results in high

expressions of CD103, CD44, inducible costimulator (ICOS),

GITR, CD38, and CD69, as well as IL-10 production consistent

with an eTreg cell phenotype (28). This more general eTreg cell

program is complemented through tissue specific adaptations as

outlined below.
Tissue Treg cell precursors in secondary
lymphoid organs

A critical question concerning eTreg cells in non-lymphoid

tissues involves their developmental origin. Specifically, studies

explored whether tissue Treg cell precursors egress from the

thymus in a state that enables them to directly home to their

tissue destination, or whether they undergo gradual maturation

in secondary lymphoid organs (SLOs) before completing their

adaptation in the tissue of residence.
FIGURE 2

Common transcriptional, phenotypic, and functional characteristics of tissue-specific Treg cells. Naive Treg cells in secondary lymphoid organs can
undergo T cell receptor (TCR)-dependent activation, which initiates a gradual transcriptional programming trajectory. Specifically, activated Treg cells
downregulate canonical markers of naive T cells, such as CD62L, and upregulate expression of genes related to T cell activation (e.g. CD69, CD44), self-
renewal (e.g. ID-3), as well as typical non-lymphoid tissue Treg cell marker (e.g. PPARg). Such Treg cell precursors possess the capacity to further
differentiate into tissue-specific Treg cells. These cells migrate into non-lymphoid tissues along chemokine gradients (e.g. CCL2/CCR2 for the VAT)
where they locally control immune and tissue homeostasis. Once in the tissue, Treg cells further undergo transcriptional as well as metabolic
adaptations to the assigned tissue microenvironment, resulting in a tissue-specific effector phenotype. The contribution of effector Treg (eTreg) cells to
tissue regeneration and repair has been identified as a common characteristic in various non-lymphoid tissues such as VAT, muscle, or the kidneys
where this effect is mainly dependent on IL-33 and amphiregulin. Furthermore, common eTreg cell modules (e.g. KLRG1, ICOS, or CTLA-4) are shared
between different tissues. Controlling inflammation is one of the main functions of Treg cells and has also been described in tissue-settings by
mechanisms such as the release of suppressive cytokine or metabolic disruption of the target cells. OXPHOS, oxidative phosphorylation; TCF7,
transcription factor 7.
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Under steady-state conditions, T cells do not exclusively

exhibit a naïve state; rather, antigen-experienced T cells are still

generated without overt perturbation of homeostasis (29).

Similarly, Treg cells in SLOs do not uniformly display a naïve

phenotype. Yang et al. (30) reported that Treg cells in spleen and

peripheral lymph nodes are classified into three subsets based on

the expression of CD62L and T cell factor-1 (TCF-1), which

promote the longevity and self-renewal of naïve and memory T

cells. The TCF-1+CD62L+ subset represented 45-60% of

lymphoid-tissue Treg cells, and expressed markers of naïve,

quiescent T cells (e.g., Myb, Satb1). Conversely, TCF-1-

CD62L- Treg cells, representing <20% of the lymphoid-tissue

Treg cell pool, were characterized by an eTreg cell phenotype,

with i.e., increased expression of Icos, Ctla4, Il10, among other

genes (30). These findings suggest that naïve Treg cells are

instructed in lymphoid tissues to gradually adopt an eTreg cell

program before their migration to non-lymphoid tissues.

Further supporting this notion is a study by Li et al.

identifying a small subset of splenic Treg cells expressing low

levels of Pparg (31). Indeed, Pparg encodes peroxisome

proliferator-activated receptor gamma (PPARg), a critical

transcription factor for adipocyte differentiation as well as for

the generation and function of Treg cells in visceral adipose

tissue (VAT) (32). This PPARg-low Treg cell subset displayed a

more activated phenotype compared to their PPARg-negative
counterparts in the spleen (31). Importantly, PPARg-low Treg

cells exhibited an enhanced capacity to give rise to mature tissue

Treg cells compared to splenic PPARg-negative Treg cells (31).

Further characterization of splenic PPARg-low Treg cell

precursors revealed that they comprise two subpopulations

with distinct transcriptional landscapes (33). Specifically, one

of the precursor subsets expressed higher amounts of transcripts

encoding chemokine receptors and integrins, whereas the

second precursor subset upregulated the expression of Treg

cell maturation and activation markers such as Klrg1 and

Pdcd1, among others. Moreover, clonal overlap between both

splenic PPARg-low Treg cells and Treg cells resident in adipose

tissue, skin, and liver, suggested that such splenic Treg cells give

rise to at least a fraction of the respective pools of tissue Treg

cells (33). In summary, these data support a model, where

PPARg-negative splenic Treg cells gradually develop into

PPARg-low tissue Treg cell precursors, which in turn

eventually differentiate into tissue Treg cells. (Figure 2).

Consistent with the notion of a common PPARg-expressing
precursor in the spleen, Delacher et al. found that chromatin at

the genomic Pparg locus remains accessible in several non-

lymphoid tissue Treg cells (34). Such observations of

chromatin accessibility at the genomic Pparg locus hinted at

shared epigenetic reprogramming events preceding the

specification of the different tissue Treg cells. Based on the

expression of KLRG1 and the transcription factor nuclear

factor interleukin 3 (NFIL3), the authors subdivided splenic

Treg cells into largely naïve KLRG1-NFIL3-Treg cells, and two
Frontiers in Immunology 04
subpopulations of Treg cell precursors. The population of

NFIL3+ KLRG1- splenic precursors first needed to upregulate

KLRG1 before subsequently giving rise to at least a fraction of

the non-lymphoid tissue Treg cells in a basic leucine zipper

transcription factor (BATF)-dependent fashion (34). In a follow-

up study the same group confirmed these findings using single-

cell chromatin accessibility data moreover showing a similar

Treg cell signature in humans (35). In addition to BATF, CCR8

was identified as a marker for tissue-like Treg cells in human

peripheral blood which, based on TCR-sequencing and

pseudotime-based developmental trajectory analyses, were

proposed as circulating Treg cell precursors for tissue-resident

Treg cells in human fat and skin (35).

In addition, Sullivan et al. demonstrated that low expression

of the transcription factor inhibitor of DNA binding (ID)-3

marks tissue Treg cell precursors in SLOs (36). Splenic Treg cells

progressively downregulated ID-3 and upregulated ID-2 as they

transitioned from a naïve state to an increasingly mature effector

phenotype. In line with this observation, tissue Treg cells were

found to express low levels of ID-3 (36).

Taken together, recent evidence supports that the transition

from a naive phenotype to the full tissue Treg cell program is

initiated already in SLOs, yet the differentiation and full

adaptation to the tissue microenvironment only occurs once

Treg cells have migrated into their assigned tissue (Figure 2).
Specific properties of tissue Treg
cells in adipose tissue

One of the best studied tissues to understand the events

necessary for this instruction of tissue properties in Treg cells

and their role for the maintenance of homeostasis in a non-

lymphoid tissue is the adipose tissue. The adipose tissue can be

classified into white adipose tissue (WAT), where fatty acids are

deposited, and brown adipose tissue, which is more prone to

thermogenesis (37). WAT is found either subcutaneously or in

the abdominal viscera (37). Apart from being an energy store,

VAT is characterized by a chronic, low-grade inflammation,

particularly in male mice (38). Such VAT inflammation is

exacerbated in the context of obesity, where it drives insulin

resistance and glucose intolerance (39). Indeed, an increased

VAT volume is a strong correlate of different parameters of

metabolic disorders (40). VAT inflammation itself is mediated

by different subsets of myeloid cells and Th1 effector T cells as

well as adipocytes, releasing an array of proinflammatory

cytokines and effector molecules (41, 42).

The physiologic mechanism through which mice limit

inflammation in the VAT is exerted by a special population of

tissue Treg cells residing in the VAT (39). Such VAT Treg cells

modulate the inflammatory milieu as well as insulin sensitivity

and, hence, glucose tolerance (38, 39). Over the last years, a large

number of studies investigating VAT Treg cells have uncovered
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phenotypic and transcriptional features that are peculiar to this

unique Treg cell population.

The fraction of eTreg cells among total CD4+ T cells in the

VAT is age-dependent and reaches a fraction of ~50% in 20-30

week-old male mice, substantially higher than in other lymphoid

and non-lymphoid tissues (43). In addition, the TCR repertoire

of VAT Treg cells exhibits a greater frequency of shared

clonotypes than Treg cells in lymphoid tissues, indicating that

the increase in Treg cells in VAT is caused by an antigen-driven

clonal expansion of Treg cells (39, 44). This supports the notion

that a specific population of Treg cells, most likely PPARg-low
splenic Treg cells, migrates into the VAT and occupies a specific

niche where Treg cells can reside over longer periods of time and

expand after antigenic stimulation.

By virtue of the proinflammatory environment in the VAT,

Treg cells are recruited to the VAT along chemokine gradients, e.g.,

the chemokine (C-C motif) ligand 2 (CCL2)/CCR2 axis as Treg

cells preferentially express CCR2 (38, 39). TCR signaling by

oligoclonal Treg cells in the VAT plays a crucial role in their

subsequent maturation and acquisition of the canonical VAT Treg

cell phenotype. Specifically, TCR signaling in the VAT induces the

expression of the transcription factors IRF4 and BATF, which, in

turn, elicit the IL-33 receptor, ST2 (45) and enforce expression of

the transcription factor PPARgwhich is critical for the development

and function of VATTreg cells (32). Meanwhile, stromal cells in the

VAT release IL-33, which acts on Treg cell-expressed ST2 to induce

VAT Treg cell expansion (38). Mature ST2+ VAT Treg cells exhibit

a Th2-like phenotype, expressing the prototypical Th2 cell

transcription factor GATA3, and releasing IL-13 and IL-5, in

addition to IL-10 (46). Together, the interplay of these factors

and the signals received by the surrounding microenvironment

result in the canonical VAT Treg cell signature comprising, among

others, ST2, CCR2, KLRG1, and IL-10 (38, 46). Further, VAT Treg

cells adapt to their tissue of residence by upregulating the expression

of genes encoding lipid-metabolizing enzymes, such as Pcyt1a

(encoding choline-phosphate cytidylyltransferase) and Dgat1

(encoding diacylglycerol O-acyltransferase 1) (32). Notably, ST2+

Treg cells do not constitute the entire VAT Treg cell compartment;

instead, 20% of the VAT Treg cell population comprises of an

interferon-gamma (IFNg)-dependent C-X-C chemokine receptor

type 3 (CXCR3)+ Treg cell subset (31, 47, 48). The exact molecular

determinants and the population dynamics of such CXCR3+ VAT

Treg cells remain to be elucidated.

These data, together with additional experimental evidence,

supported the idea that the IL-33/ST2 axis is responsible for the

recruitment and expansion of Treg cells in the VAT and the

development of the VAT Treg cell phenotype (45) and that VAT

Treg cells act upon their surroundings via secretion of IL-10 (46).

Two recent studies have now provided fresh perspectives

concerning VAT Treg cell biology, namely the necessity for Treg

cell-intrinsic ST2 signaling for VAT Treg cell development and/or

maintenance, and the impact of IL-10 released by VAT Treg cells

on organismal physiology. On the one hand, deletion of ST2
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selectively in Treg cells did not result in decreased numbers of

VAT Treg cells or altered expression of KLRG1 and GATA3 (46,

49). Instead, Treg cell-specific ST2 deficiency reduced the capacity

of VAT Treg cell to secrete IL-5 and IL-13 (49). Furthermore, ST2-

deficiency in Treg cells did not abrogate their expansion in response

to IL-33 administration, questioning the hypothesis that IL-33/ST2

is acting in a Treg-cell intrinsic fashion. However, the authors

compared mice lacking both Il1rl1 alleles to Il1rl1fl/+ heterozygous

mice and not wild-type animals, where IL-33-driven Treg cell

expansion might be greater than in Il1rl1 single-deficient mice

(49). On the other hand, Beppu et al. reported that Treg cell-derived

IL-10, whose expression is driven by the transcription factor Blimp-

1 (38), promotes high-fat diet-induced obesity (50). This was

explained by the finding that IL-10 suppresses the differentiation

of adipocyte precursors into beige adipocytes, impeding

thermogenesis and promoting obesity (50). This suggests that the

beneficial role that VAT Treg cells play in guarding against insulin

resistance is IL-10-independent. Taken together, these studies

highlight that the role and function of VAT Treg cells is still not

fully understood and warrants further investigations to unravel the

intricate dependencies between the local interplay of cells in the

given tissue microenvironment.

However, the vast majority of the aforementioned studies

were carried out in male mice. A recent study has now shown

that VAT Treg cells exhibit a substantial sexual dimorphism

(38). Treg cells were more abundant in VAT of male mice and

expressed larger amounts of ST2, KLRG1, CCR2, IL-10, as well

as Blimp-1 and PPARg. The distinct differentiation states of Treg

cells in VAT of male and female mice were shaped by sex

hormones in a Treg cell-extrinsic fashion (38). Specifically,

instead of acting directly on Treg cells, testosterone stimulated

the production of pro-inflammatory mediators, including CCL2,

and IL-33 by VAT stromal cells in male mice (38). Conversely,

estrogen limited the release of such mediators in VAT of female

mice. CCR2-expressing Treg cells were recruited to the CCL2-

rich male VAT, where they expanded in situ by virtue of locally-

produced IL-33 acting on Treg-expressed ST2 (38). Taken

together, the pronounced inflammatory state of the male VAT

facilitates Treg cell residence in VAT to mitigate inflammation

and insulin resistance.

In addition to the aforementioned transcriptional regulators

and surface receptors, recent studies have illuminated additional

signaling pathways that control VAT Treg cell abundance and

phenotype. Germline deletion of ICOS was associated with an

increased number of VAT Treg cells, which exhibited a more

pronounced effector phenotype (48) including higher expression

of CTLA-4 and KLRG1. Such accumulation of Treg cells was

mirrored by a reduced frequency of Th1 cells and a reciprocal

increase of Th2 cells. Remarkably, lack of ICOS signaling

resulted in an increased IL-10 production by effector CD4+ T

cells in the VAT (48). In addition, male mice deficient in ICOS

signaling and exposed to HFD exhibited a greater increase in

ST2 and KLRG1 expressing eTreg cells in the VAT compared to
frontiersin.org
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WT mice, along with an accumulation of Th2-polarized effector

CD4+ T cells and ameliorated insulin sensitivity (48).

Amplification of eTreg cells in the VAT in the absence of

ICOS was in disagreement with observations made for Treg

cells in lymphoid and other non-lymphoid tissues in the same

mice, where Treg cells were reduced in numbers and showed a

naive-like phenotype. Hence, one can conclude from this study

that ICOS signaling serves to limit eTreg expansion specifically

in VAT.

Functionally, recent work could identify VAT-specific

immunosuppressive programs. Hydroxyprostaglandin

dehydrogenase (HPGD) is an enzyme that mediates the

metabolism of prostaglandin E2 (PGE2) into 15-keto PGE2,

which mediates an immunosuppressive effect on Tconv cells

(51). Expression of HPGD is higher in Treg cells compared to

Tconv cells and is greater in VAT Treg cells compared to other

lymphoid and non-lymphoid tissue Treg cells. Notably, HPGD

expression is at least partially dependent on FoxP3 and PPARg.
Hpgd-deficient Treg cells retain the transcriptional and

phenotypic hallmarks of unperturbed Treg cells. However,

Treg-specific Hpgd deficiency in the context of aging or diet-

induced obesity resulted in a VAT-specific expansion of

functionally impaired Treg cells (51). Consequently, mice

harboring Hpgd-deficient Treg cells exhibited an increased

infiltration of natural killer (NK) cells and inflammatory

CD11c+ myeloid cells in the VAT, which culminated in VAT

inflammation and an impaired metabolic profile corresponding

to reduced insulin sensitivity. These data support that VAT Treg

cells not only are transcriptionally distinct but also can use

tissue- and context-specific means to exert their function within

a given non-lymphoid tissue.

A recent single-cell RNA-seq (scRNA-seq) study has further

extended our understanding of VAT Treg cell heterogeneity.

Employing a multimodal analysis of adipose tissue Treg cells

characterizing their transcriptome, chromatin accessibility, and

TCR repertoire, the authors could describe that VAT Treg cells

can be broadly classified into two main subsets based on the

expression of ST2 and the surface nucleotidase CD73 (44).

Notably, the CD73-expressing Treg cells were distinct from

the Th1-like CXCR3+ Treg cells described above. Rather, the

CD73-expressing Treg cell cluster was marked by a naïve

phenotype, a reduced expression of effector Treg cell

molecules, and a less diverse TCR repertoire compared to the

ST2-expressing Treg cell cluster. CD73-expressing Treg cells

represent a less differentiated state and trajectory analysis and

functional data support that the CD73-expressing Treg cells

convert into ST2-expressing Treg cells, a transition that is

dependent on insulin signaling. Indeed, insulin signaling

promoted the expression of PPARg , which, in turn,

downregulated CD73 and upregulated ST2 expression (44).

One potential reason as to why a CXCR3-expressing subset

was not identified in this study is the coarse clustering employed

by the authors, given that CXCR3+ Treg cells only represent a
Frontiers in Immunology 06
minority in the VAT, and thus would potentially require further

subclustering for its detection.

In summary, Treg cells in the VAT represent a vital tool in

controlling local and systemic inflammation and promoting

insulin sensitivity. They are recruited to the inflammatory

environment of the VAT and are then shaped by the tissue

microenvironment. VAT Treg cells possess peculiar features

compared to other tissue Treg cells with respect to the role of

ICOS signaling in their maintenance and sexual dimorphism. In

the future, the ongoing characterization of this unique Treg cell

population may allow for their precise targeting to prevent and

treat metabolic disorders.

Functions of tissue Treg cells for
muscle homeostasis and
tissue repair

In 2013 Burzyn et al. for the first time described a small

population of skeletal muscle-specific Treg cells. These cells

possess unique transcriptional features with genes upregulated

that are important for Treg cell-mediated suppressive functions,

such as Ctla4, Klrg1, Il10, Gzmb, Tim-3, Ccr2, Il1rl1, and Areg, as

well as genes related to mitotic cell cycle pathways (52–54).

Based on high expressions of Helios and Neuropilin-1 (Nrp-1), a

thymic origin of this muscle-specific Treg cell population was

suggested (53). In response to a cardiotoxin-induced skeletal

muscle injury, this Treg cell fraction in mice increased by clonal

expansion in the inflamed tissue (53, 55). DiSpirito et al.

furthermore confirmed that the Treg cell response after muscle

injury is a dynamic process which is marked by specific shifts in

the Treg cell transcriptome (54), highlighting the importance

and need of longitudinal studies throughout the course of

regeneration to better capture these dynamic changes and

learn about their importance for Treg cell function during

muscle repair.

Muscle injury in general starts with the destruction of muscle

fibers, cell death, and infiltration of pro-inflammatory immune cells

followed by the activation, proliferation, and differentiation of

myogenic stem cells, called satellite cells, promoting tissue repair

and regeneration (56). Thereby a shift from pro-inflammatory to

anti-inflammatory responses occurs. Interestingly, Treg cells

accumulation is most prominent during this shift and is induced

in a TCR-dependent manner (53, 57, 58). Similar to the recruitment

of Treg cells into VAT, IL-33-ST2 signaling has been proposed as a

key pathway necessary for the migration of Treg cells into skeletal

muscle. First evidence for this came from the observation of high

expression of ST2 on muscle Treg cells and impaired muscle

regeneration upon Treg cell-specific deletion of ST2 (55). In such

a scenario, the alarmin IL-33 is released by fibro/adipogenic

progenitor cells and local mesenchymal stromal cells which are

associated with neural structures proposing a crosstalk between the

immune and nervous system (55, 59). Furthermore, old mice were
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shown to secrete lower amounts of IL-33 uponmuscle injury, which

resulted in a diminished Treg cell fraction within skeletal muscle, as

well as impaired muscle repair. This age-dependent distortion of

tissue homeostasis could be restored by IL-33 supplementation,

further supporting the protective function of Treg cells within

skeletal muscle (55). Generally, Treg cell contribution to muscle

healing includes macrophage polarization into a pro-regenerative

phenotype and direct stimulation of satellite cell proliferation via

amphiregulin (53, 55, 57, 60). The importance of Treg cells for

muscle tissue homeostasis has been further highlighted by several

additional studies which showed that genetic deletion or

pharmacological abrogation of Treg cells in mice resulted in

delayed muscle healing, increased fibrosis, and prolonged

inflammation (53, 55, 57, 60)

One additional function of Treg cells in skeletal muscle has

been unraveled through studies in the mdx mouse model. This is

a murine model of the human disease Duchenne muscular

dystrophy characterized as a hallmark by chronic muscle

inflammation (61). Comparable to the acute muscle injury, an

increase in Treg cells was detected in necrotic lesions of mdx

mice. The Treg cells expressed higher levels of KLRG1, GITR,

programmed cell death protein 1 (PD-1), and IL-10, reflecting

an activated phenotype (53, 55, 57, 60), supporting the notion

that, also in chronic muscle damage and inflammation, tissue-

specific Treg cells are required to contain tissue inflammation.

Recently, the importance of PD-1 for muscle-Treg cell

expansion and function could be established using a skeletal

muscle contusion mouse model (62). Another factor shaping the

Treg cell population within the skeletal muscle is adenosine

triphosphate (ATP), which earlier had been shown to be

inhibitory to Treg cell stability and suppressive function (63).

During the course of muscle injury, necrotic muscle fibers and

immune cells release ATP activating the purinergic P2X

receptors on Treg cells leading to their inhibition. The

blockage of this pathway in mdx mice resulted in enriched

Treg cells within the skeletal muscle and attenuated injury

progression (64). As observed during acute muscle injury,

pharmacological Treg cell expansion in mdx mice reduced

muscle injury and severity of inflammation, while Treg cell

depletion exacerbated the damage (53, 55, 57, 60).

Summarizing these findings, skeletal muscle harbors a unique

Treg cell population which is important for tissue repair and

regeneration with further potential aspects e.g., during obesity or

other challenges of muscle tissue not yet sufficiently explored.

Besides skeletal muscle, Treg cells have also been described

in the cardiac muscle. Such heart tissue Treg cells adopt a

specific program helping to maintain tissue homeostasis

through dampening chronic inflammation. This has been best

studied in heart failure, which is characterized by structural

abnormalities and cardiac dysfunction leading to reduced

peripheral organ perfusion (65). Myocardial infarction,

ischemia/reperfusion injury, as well as myocardial fibrosis may
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directly lead to heart failure and findings from these

ethiopatholigically connected diseases will be summarized here.

Myocardial infarction is marked by low oxygen delivery to the

myocardial tissue resulting in cardiomyocyte death. During the

tissue repair process cells from the innate immune system,

especially neutrophils and monocytes/macrophages, infiltrate the

damaged tissue initializing local inflammation. On the other side,

Treg cells enrich in the infarcted myocardium, partly mediated via

CCR5, promoting tissue regeneration (66–69). Treg cells thereby

diminish the infiltration of pro-inflammatory cells, mediate

macrophage polarization into an anti-inflammatory tissue-

repairing phenotype, and directly promote cardiomyocyte

proliferation (66–68, 70–72). A recent study by Xia et al.

performed RNA-seq of Treg cells seven days post myocardial

infarction, revealing a Treg cell subtype being present in the heart

that is consistent with a tissue Treg cell phenotype also found in

skeletal muscle and skin, characterized by genes such as Ctla4, Areg,

Klrg1, and Il1rl1 (68). These cells further upregulated genes which

have been mainly described in the context of collagen biosynthesis,

wound healing, and extracellular matrix organization, confirming

acquisition of a tissue-regenerative function of the tissue Treg cells.

Moreover, Treg cells present in the infarcted myocardium have

been shown to be actively-recruited and thymus-derived,

HelioshiNrp-1hi Treg cells that further expand within the tissue in

an IL-33-ST2-dependent manner (68).

Myocardial ischemia/reperfusion injury follows myocardial

infarction and may lead to additional damage. In mouse models

a rapid Treg cell infiltration of the heart post reperfusion was

described (68, 73, 74). While not further characterized on a

transcriptional level, it is conceivable to assume that these eTreg

cells will have a highly similar tissue-instructed phenotype.

Functionally, adoptive transfer of in vitro-activated Treg cells

attenuated the myocardial ischemia/reperfusion injury in a

CD39-dependent manner. Such Treg cells promoted

cardiomyocyte survival and inhibited neutrophil infiltration,

highlighting one exemplary pathway how tissue homeostasis

can be achieved by tissue Treg cells (73).

Myocardial fibrosis occurs as a consequence to cardiomyocyte

injury further decreasing cardiac function. Adoptive transfer of Treg

cells has been shown to ameliorate the extent offibrosis inmice (75–

78). Conversely, in neonatal mice, where the heart can transiently

regenerate after injury, Treg cell depletion following heart

cryoinfarction resulted in reduced cardiomyocyte proliferation

and enhanced fibrosis (78). Transcriptomic analysis of Treg cells

during the regenerative phase after cryoinfarction depicted an

upregulation of chemotaxis and repair-related genes such as Ccl24

and Areg (78) further supporting a regenerative Treg cell phenotype

being present in the heart. Taken together, these data clearly

highlight the importance of a muscle-specific program in Treg

cells being recruited into both skeletal and cardiac muscle after

injury where these eTreg cells subsequently exhibit a tissue

reparative function.
frontiersin.org

https://doi.org/10.3389/fimmu.2022.954798
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Malko et al. 10.3389/fimmu.2022.954798
Beyond their role in cardiac muscle repair after myocardial

infarction, tissue Treg cells have also been implicated in the context

of atherosclerosis, which is one of the main risk factors for

myocardial infarction and stroke and is characterized by chronic

sterile inflammatory remodeling of the arterial wall (79, 80). This

subsequently results in plaque formation inside of arteries that

consists of lipids and immune cells such as macrophages, dendritic

cells (DCs), or T cells (81) but low frequencies of Treg cells (82–85).

The first evidence for atheroprotective functions of Treg cells was

reported in mouse studies with either pharmacological depletion of

Treg cells using anti-CD25 antibodies (86, 87) or temporal FoxP3-

specific diphtheria toxin-targeted (FoxP3DTR) (88) depletion of Treg

cells in mouse models for atherosclerosis, namely in apolipoprotein

E–deficient (ApoE–/–) or low-density lipoprotein receptor–deficient

(Ldlr–/–) mice. In these mice Treg cell deficiency was associated with

elevated lesion development (86–88). Conversely, ApoE–/– mice

supplemented with Treg cells via adoptive transfer showed

attenuated lesion formation and immune cell infiltration (89, 90).

Elucidating the exact suppressive mechanism exerted by Treg cells

in atherosclerosis, Lin et al. studied macrophage foam-cell

formation, a hallmark of atherosclerosis, in presence or absence

of Treg cells (91). It could be shown that Treg cells ex vivo decrease

lipid accumulation and promote an anti-inflammatory phenotype

of co-cultured macrophages. Requirements for this protective effect

were both direct cell-cell contact as well as soluble factors, like the

anti-inflammatory cytokines IL-10 and TGF-b. The importance of

IL-10 and TGF-b for attenuating atherosclerosis was subsequently

confirmed by additional studies (92–96). However, Treg cells are

not the exclusive source for these cytokines, other cell types such as

DCs or type 1 regulatory T (Tr1) cells need to be taken into

consideration as contributors to this atheroprotective mechanism.

In the context of regression of atherosclerotic lesions, Sharma et al.

further characterized Treg cell subtypes involved in disease

development and resolution using scRNA-seq of CD45+ aortic

cells. Based on the expression of Nrp-1, Treg cells from progressing

plaques were identified as thymus-derived, while Treg cells in

regressing plaques were mainly induced in the periphery, had a

higher activation status, and an altered metabolism (87). It remains

open, what factors cause this change, is the migration into the tissue

altered or is this change dependent on tissue-antigens being

presented and what functional impact has this altered Treg cell

phenotype for the local tissue environment. A recent study in

ApoE–/–mice by Shao et al. shed some further light on the Treg cells

involved in atherosclerosis demonstrating that IL-35 promotes a

subset of CCR5+ Treg cells, which are characterized by elevated

expression of immunosuppressive genes such as TIGIT, Pdcd1,

Ctla4, Adora2a, Lag3, Havcr2, and Il10. This tissue Treg cell

population is important for the prevention of the formation of

atheroscerotic lesions (97). Taken together, these studies could

unravel the importance of Treg cells within the context of

atherosclerosis and demonstrate that the eTreg cells mainly

exhibit atheroprotective properties. Current data suggests

however, that this activity is carried out by different Treg cell
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subsets over the course of the disease which warrants further

investigations to better understand the impact of these subtypes

of Treg cells. Important first steps would be to characterize these

cells on a transcriptional and functional level to align findings with

current knowledge on eTreg cell properties.
Role of Treg cells for CNS
development and homeostasis

While the contribution of Treg cells to tissue homeostasis in

adipose tissue and muscle have been well documented over the

last decade, focus has shifted to the role of Treg cells for tissue

homeostasis in other not as-well studied organ systems, such as

the central nervous system (CNS). Several studies over the last

few years have reshaped our perception of the immune cell

composition in the CNS. Single-cell profiling revealed that the

brain immune cell landscape is heterogeneous and comprises

several subsets of myeloid and lymphoid cells (98) under steady-

state and pathophysiological conditions beyond autoimmunity

and infection. Recent work has described that Tconv cells but

also Treg cells can take up residency in the brain parenchyma at

steady state, where they contribute to the maturation of

microglia and hence to brain homeostasis (99). In addition,

CD4+ T cells have been described in the meninges, particularly

in the dura, and implicated in the modulation of cognition and

behavior (100). In young adult mice, Treg cells represent ~10%

of the CD4+ T cell population in both the brain parenchyma and

dura (99, 101). The majority of brain Treg cells were

characterized by an eTreg cell phenotype, expressing elevated

amounts of CD73, CD39, and lymphocyte-activation gene 3

(LAG3), and displayed similar suppressive capacity in vitro

compared to their splenic counterparts (102). Interestingly,

astrocytes were found to maintain FoxP3 expression in Treg

cells and promoted Treg cell survival in an IL-2/Signal

transducer and activator of transcription 5 (STAT5)-

dependent fashion (102). Much like the expansion of Treg

cells in peripheral tissues of old mice (103), meningeal Treg

cells likewise increase in frequencies and numbers in the dura of

old mice (101). Systemic depletion of Treg cells, including in the

dura and deep cervical lymph nodes, mitigated the cognitive

impairment exhibited by old mice, hence indirectly implicating

Treg cells in age-related cognitive deficits (101).

A number of studies have characterized brain Treg cells in

the context of ischemic stroke (104–107). Treg cells infiltrate the

brain following the induction of stroke and increase in numbers

particularly at later time points (day >7 post-stroke induction)

compared to the acute and subacute phases (3-7 days) post-

stroke induction (105, 107). Treg cells in the ischemic brain, but

not in peripheral tissues, were highly proliferative 7-14 days after

ischemia (105); they localized close to and within the infarcted

area, where they contact resident and infiltrating MHC-II+
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myeloid cells (104, 105). Brain Treg cells are recruited to the

ischemic brain via chemokines such as CCL1 and CCL20 which

act on CCR6 and CCR8 expressed by Treg cells (106).

Subsequently, Treg cells are expanded in a ST2-dependent

fashion, with IL-33 released from injured glia acting on ST2

expressed by Treg cells (106). In addition to typical markers of

tissue Treg cells (106, 107), brain Treg cells in the ischemic brain

exhibited context-dependent gene expression, in the shape of

serotonin receptor Htr7 (106), In line with this finding, Treg cell

expansion was dependent on serotonin in the ischemic brain

(106). Treg cell depletion resulted in an enhanced disruption of

white-matter integrity, reduced capacity for remyelination, and

impaired neurological recovery (106, 107). Of note, Treg cell

depletion did not aggravate motor functions of mice in the acute

phases of stroke (105, 107), suggesting a restorative potential of

Treg cells at later time points rather than an anti-inflammatory

effect during the early phases of injury. Mechanistically, Treg

cells mediate their reparative functions on remyelination and

oligodendrogenesis by modulating microglial gene expression

profiles rather than inhibiting pro-inflammatory effector T cell

response (107). Specifically, a Treg cell-microglia crosstalk

mediated by Treg cell-bound osteopontin and microglia-

expressed integrin subunit beta 1 (Itgb1) was shown to be

instrumental for promoting a reparative program in microglia

(107). Another mode of action of Treg cells in ischemic stroke

has recently been described as they can mitigate the stroke-

associated astrogliosis in an amphiregulin-dependent fashion

and suppress the induction of a neurotoxic gene expression

program in astrocytes (106). Evidence also exists for a role of

Treg cells in the context of intracerebral hemorrhage (ICH).

Treg cells increased in the spleen and brain of mice following

ICH induction, albeit to a greater extent in the brain, compared

to sham-operated mice (108). Treg cell depletion two days before

the induction of ICH was associated with aggravated

neuroinflammation, hematoma volume, neuronal death, and

motor impairment, suggesting that Treg cells also mediate

tissue integrity and protection in this setting (108).

Brain Treg cells have also been investigated in another

context of tissue injury, namely traumatic brain injury (TBI)

(109). TBI elicited a greater expression of IL-33 by astrocytes and

oligodendrocytes. This was accompanied by an increased

infiltration of ST2+ Treg cells into the brain, particularly on

day 7 post-TBI. Mice with constitutive Il1rl1 deletion exhibited

reduced numbers of circulating and brain-infiltrating Treg cells,

a reduction that was correlated with worsened histopathological

findings and neurological impairment (109). Conversely, IL-33

treatment was associated with increased ST2+ Treg numbers in

the brain and ameliorated neuropathological and behavioral

scores (109). Importantly, IL-33 administration to Treg cell-

depleted mice did not lead to neurological improvements

observed in IL-33-treated Treg-sufficient mice (109). Hence,

IL-33 release from injured neural cells promotes a recovery

program mediated by ST2+ Treg cells.
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Furthermore, Treg cells mitigate neuropathic pain

preferentially in female mice (110). Intrathecal administration

of colony-stimulating factor 1 (CSF-1), and subsequent

microglia activation, precipitates neuropathic pain specifically

in male mice. In female mice, intrathecal CSF-1 delivery was

associated with an expansion of Treg cells (and NK cells) in the

meninges lining the spinal cord. Systemic depletion of Treg cells

in female mice followed by intrathecal CSF-1 injection resulted

in microglia adopting a transcriptional landscape similar to the

state observed in male mice, together with the induction of pain

in such female mice, highlighting a sex-specific protective

function of CNS Treg cells in female animals (110). Another

example of sexual dimorphism of brain Treg cells was observed

in the setting of hypoxia-induced encephalopathy in neonates

(111). Brain Treg cells were more numerous in the brains of

female mice 24 hours post induction of hypoxia, expressing the

chemokine receptors CCR4 and CXCR4. Depletion of Treg cells

in female mice exacerbated neuropathology as well as motor and

behavioral impairments (111). Strikingly, Treg depletion in male

neonatal mice mitigated neuronal injury and motor and

cognitive deficits. Mechanistically, Treg cells from female mice

exhibited greater suppressive capacity of effector T cells, and

their depletion resulted in enhanced microglial and endothelial

cell activation in female but not male mice (111).

Beyond their role for acute injury and repair, Treg cells have

also been implicated in the context of neurodegeneration. In 6

week-old amyloid precursor protein/presenilin 1 (APP/PS1)

mice as model for cerebral amyloidosis, transient depletion of

Treg cells impaired microglial clustering around amyloid b (Ab)
plaques and aggravated cognitive decline, whereas IL-2

administration induced Treg cell expansion and ameliorated

cognition (112). In contrast, Treg cell depletion in 5 month-old

5x Familial Alzheimer’s Disease (FAD) mice, as a second model

of cerebral amyloidosis, enhanced myeloid cell trafficking to the

brain and improved cognitive function (113). While it would be

tempting to speculate on a protective role for Treg cells in

neurodegeneration, these opposing results which may be

attributed to the different age - and hence different extent of

disease progression - at which Treg cells were depleted showcase

that there still exists a knowledge gap on the role of Treg cells in

the context of neurodegeneration that has to be addressed over

the upcoming years.

As discussed in previous sections, tissue Treg cells and their

molecular machinery adopt tissue- and context-specificities.

Similarly, it is conceivable that two common tissue Treg cell

markers, ST2 and ICOS, modulate brain Treg cells as so far

already demonstrated in the context of stroke but also CNS

autoimmunity and infection. Besides their identification as

crucial for repair after brain injury, ST2+ Treg cells in the

brain have been recently characterized in the context of CNS

autoimmunity, namely mice developing experimental

autoimmune encephalomyel i t is (EAE), a model of

autoimmune neuroinflammation. Conditional deletion of ST2
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in Treg cells resulted in increased frequency and absolute

number of Treg cells in the CNS of EAE mice (49). Despite

this change in frequency, deletion of ST2 in Treg cells resulted in

more severe EAE manifestations; moreover, gamma-delta T cells

were more numerous and secreted more IL-17A but less IFNg
after depletion of ST2 in Treg cells. Therefore, although the

frequency and absolute number of Treg cells were higher in mice

lacking ST2 expression in Treg cells, the authors suggested that

the lack of signaling via ST2 seemed to impede the modulation

of pathogenic, IL-17-producing gamma-delta T cells by Treg

cells further highlighting the importance of ST2 for function and

proper positioning of Treg cells in the CNS (49). ICOS was also

implicated as a regulator of the maintenance of brain Treg cells.

Using a model of brain Treg cell expansion, namely chronic

infection with the parasite Toxoplasma gondii (114), ICOS

deficiency abrogated the increased proportion of Treg cells

otherwise observed in chronically infected wild type mice (47).

This is in line with data demonstrating a reduced frequency of

Treg cells in the spleen and most non-lymphoid tissues in ICOS-

deficient mice at steady state, with the notable exception of VAT,

as discussed above. A functional consequence of the impaired

Treg cell expansion in the brain of chronically infected mice

could not be inferred due to the use of non-conditional ICOS

deficient mice, hence affecting - in addition - Tconv cell

responses. Still, these data support that both ST2 and ICOS

contribute vitally in shaping the CNS Treg cell phenotype.

Collectively, these studies highlight a tissue reparative role

for CNS Treg cells following tissue injury-induced innate

inflammation, but also a detrimental role in aging and later

stages of cerebral amyloidosis. In line with findings from other

tissues, the data also suggest that core aspects of the program of

CNS tissue Treg cells molecularly and functionally overlap with

tissue Treg cells from other tissues while still adopting context-

specific features as e.g., expression of Htr7 showcases.
Hepatic Treg cell and their
contribution to liver homeostasis

The liver is another organ in which Treg cells have been

implicated in health and disease. Under homeostatic conditions,

Treg cells represent 4-8% of the hepatic CD4+ T cell

compartment in young adult mice (115, 116). We will cover

here how hepatic Treg cells in neonates are shaped by the gut-

liver axis and how Treg cells orchestrate tissue remodeling upon

liver injury in adulthood. For a more thorough overview of Treg

cell implication in liver health and disease, the reader is referred

to the following reviews (117–119).

Treg cell recruitment into the liver can be observed already

quite early after birth. Specifically, Treg cells represent 15% of

the CD4+ T cell compartment in the mouse liver during the first

2 weeks of age, a frequency that drops to <5% in young adult
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mice. This increase of liver Treg cells in neonates was mediated

by the combination of TGF-b signaling and intestinal

colonization by microbiota and subsequent transient MyD88

signaling secondary to colonization (120). Depletion of Treg

cells during postnatal week 2 resulted in increased systemic

levels of pro-inflammatory cytokines, but surprisingly tissue

injury was most pronounced in the liver compared with other

non-lymphoid tissues (121). Indeed, such abrogation of Treg cell

expansion in neonates and the ensuing hepatic tissue injury,

precipitated a dysregulated glucose metabolism in the liver,

leading to impaired mouse growth (121). Consistent with

other non-lymphoid tissue Treg cells, liver Treg cells

comprised more effector and less naïve Treg cells compared to

their splenic counterparts. In addition, liver Treg cells in

neonatal mice displayed higher proliferation rates in

comparison to splenic Treg cells, however hepatic Treg cells

also showed higher apoptosis rate (121), indicating that the

population of hepatic Treg cells is highly active but only short-

lived. Transcriptional characterization of hepatic Treg cells

revealed that canonical features of other tissue Treg cells,

namely the expression of ST2, KLRG1, PPARg, as well as lipid
metabolism enzymes, were also found in liver but not in spleen

Treg cells (121). Furthermore, similar to e.g., VAT, one-third of

the liver Treg cell pool was characterized by a Th1-like

transcriptome and phenotype, suggesting that also in the liver

several different tissue Treg cell populations can exist and might

be associated with distinct functional properties.

Following neonatal expansion of hepatic Treg cells and their

subsequent contraction, the diminished pool of adult Treg cells

also has important roles for liver homeostasis. Hepatic Treg cells

establish and maintain tolerance to non-pathogenic foreign

antigens, such as nutrients, delivered from the gut via the

portal circulation (122). Indeed, dietary antigen-specific

hepatic Treg cells produce elevated amounts of IL-10 upon

encountering their cognate antigens and prevent mounting of

a cytotoxic CD8+ T cell response against such antigens (122).

This is in stark contrast to splenic Treg cells which are unable to

upregulate IL-10 under the same conditions, highlighting again

the specific features Treg cells gain when differentiating towards

an effector phenotype in a tissue.

Similar to their orchestrating role in sterile inflammation in

the VAT, hepatic Treg cells have also been implicated in the

context of non-alcoholic steatohepatitis (NASH). High-fat and

high-carbohydrate diets, which can induce NASH, were

associated with an increased number and proliferation rate of

Treg cells in the liver (123). This was mirrored by increased

fractions of IFNg and TNFa expressing T cells in the total

hepatic CD4+ T cell compartment (123). Notably, adoptive

transfer of Treg cells to mice post-feeding them a high-fat,

high-sugar diet exacerbated liver steatosis and liver cell injury

(123, 124). This is in contrast to an earlier study documenting a

detrimental impact on liver injury upon Treg cell depletion

(125). Important differences between these studies include the
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duration during which mice received a high-fat diet and the

genetic background, demonstrating that additional work is

needed to understand how tissue Treg cells contribute to tissue

repair in NASH.

In addition, hepatic Treg cells mitigate the course of chronic

inflammation-induced liver fibrosis. Induction of chronic

inflammation in the liver by administration of carbon

tetrachloride (CCl4) resulted in an increased proportion of

Treg cells in the liver but not in lymphoid tissues (126). In

line with the findings from other tissues, hepatic Treg cells in

CCl4-treated mice exhibited an elevated expression of ST2,

consistent with an enhanced release of IL-33 upon cell injury.

In addition, Treg cell depletion combined with CCl4 treatment

favored the establishment of a profibrotic environment in the

liver, characterized by an elevated Th2/Th1 cell ratio and an

increased infiltration of Ly6C+CCR2+ myeloid cells, culminating

in exacerbated liver fibrosis (126). Conversely, Treg cell

depletion without CCl4 only resulted in acute liver injury

without the development of fibrosis. Importantly, and unlike

e.g., muscle or brain tissue Treg cells (106), Treg cell-mediated

hepatic tissue protection was amphiregulin-independent,

highlighting the context dependence of Treg cell-mediated

tissue repair. Finally, a recent study has implicated the IL–33/

ST2 axis in the resolution of heightened hepatic inflammation in

the context of LPS-induced sepsis (127), namely that IL-33

released from injured liver cells recruits ST2+ Treg cells, which

then facilitate the resolution of inflammation.

Taken together, hepatic Treg cells follow a dynamic

trajectory of seeding and residing in the liver during young

age. Liver Treg cells share common features with other subsets,

both transcriptionally and functionally, including recruitment

and expansion via the IL-33/ST2 axis as well as tissue repair

function, while at the same time exhibiting context-specific

functionalities, as evidenced by the induction of tolerance to

dietary antigens.
Contribution of tissue Treg cells to
kidney homeostasis

Under steady state conditions, the murine kidney houses

different subsets of T cells, with the majority of them exhibiting a

phenotype of antigen-experienced, tissue-resident T cells (128).

The fraction of Treg cells among the renal CD4+ T cell

population in young adult mice was estimated to be 4-15%

(128–131), although studies varied in the sex of mice used and

the employment of transcardiac perfusion to eliminate

circulating leukocytes. In fact, studies in rats point to a greater

number of Treg cells in female rat kidneys compared to male rats

(132). Of note, kidney-related sex discrepancies were previously

reported, with females being more likely to survive following an

acute kidney injury (133), and less likely to develop

hypertension, as discussed below.
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A large number of studies have investigated the protective

role of Treg cells in the context of acute kidney injury (AKI).

Two prominent models for AKI, which primarily precipitates an

innate immune cell response, are cisplatin administration and

ischemia-reperfusion injury (IRI). Cisplatin directly induces

renal epithelial cell death, with subsequent release of danger-

associated molecular patterns (DAMPs) that engage toll-like

receptors (TLRs) on renal parenchymal cells. Such engagement

stimulates the production of pro-inflammatory cytokines and

the recruitment of a plethora of immune cells to the kidneys

(134). On the other hand, ischemic renal injury followed by

reperfusion of the kidney induces a largely similar sequence of

events as observed with cisplatin nephrotoxicity (135). In line

with their well-known role in tissue repair, renal Treg cells

modulate renal tissue fibrosis in the context of IRI. do Valle

Duraes et al. compared the renal CD4+ T cell compartment in

two IRI models of divergent outcomes, where the ischemic

kidney either restores its normal function and architecture

(“regeneration” model) or develops tissue fibrosis (133). Renal

Treg cells expanded in both IRI models compared to control

mice, with a more pronounced expansion, particularly at later

time points post-injury. Treg cells from both AKI contexts as

well as unchallenged mice exhibited an overlap in the expression

of the core tissue Treg cell signature (e.g., Areg, Itgae (encoding

CD103), Ctla4, Tnfrsf4), whereas the expression of Il1rl1 and

Klrg1 were largely confined to Treg cells from injured kidney.

Importantly, Treg cells from fibrotic kidneys were marked by the

expression of genes associated with inflammation and apoptosis

(e.g., Junb, Id2, Gata3), whereas Treg cells in regenerating

kidneys upregulated the expression of genes associated with

angiogenesis (e.g., Nrp-1, Vegfa). Thus, the underlying tissue

injury and ensuing inflammatory milieu dictated variable Treg

cell expression profiles and functions (133). Finally, expansion of

renal Treg cells by means of IL-2 and IL-33 administration prior

to AKI induction mitigated the development of renal tissue

damage and fibrosis and the extent of body weight loss, although

it was not assessed whether this translated into preserved renal

function (133). It is important to note that male and female mice

were used in the fibrosis and regeneration models, respectively,

with the different sexes potentially contributing to the variable

extent of inflammation observed in the two models (133). In an

additional study, amplification of Treg cells, systemically and in

the kidneys by virtue of IL-2 and IL-33 co-administration before

IRI induction mitigated the severity of tubular injury and

myeloid cell infiltration into the kidneys and rescued renal

functions (136). A confounding factor in this context is the

concurrent expansion of innate lymphoid cell (ILC)2 by the

same cytokines; hence the protective effect of IL-2/IL-33 against

IRI might not be exclusively mediated by Treg cells (136). In the

context of cisplatin-induced AKI, Treg cell depletion prior to

cisplatin administration aggravated tubular injury and

deteriorated renal clearance (137). Conversely, Treg cell

transfer mitigated the course of cisplatin-induced renal injury
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by inhibiting the cisplatin-driven innate immune activation

(137). Notably, Treg cell-mediated protection against cisplatin

nephrotoxicity was IL-10-independent (138). Further, Treg cell

recruitment to and maintenance in renal tissue following

cisplatin administration was dependent on TLR9 signaling,

which modulates the expression of adhesion molecules CD44

and CD11a by Treg cells, facilitating their recruitment to the

kidneys (139). This was nicely demonstrated by the fact that

TLR9-deficient Treg cells were not impaired in their capacity to

suppress Tconv cells ex vivo, produce IL-10 or TGF-b, or express
CTLA-4 and CD73. Taken together these data support the

notion that Treg cells in the kidney after AKI mainly have a

protective function and contribute to functional tissue repair and

maintenance of kidney function after tissue damage.

Renal Treg cells were also characterized in a mouse model of

glomerulonephritis, where antibodies targeting glomerular

basement membrane proteins are transferred into mice.

Glomerulonephritis induced in this fashion was associated

with a long-term amplification of kidney Treg cells post injury.

Treg cell depletion 21 days post-disease induction resulted in

further impairment of renal function with a concomitant

increase in Th1 cells (140). Kidney-infiltrating Treg cells

displayed a molecular profile resembling that of other non-

lymphoid tissue Treg cells, namely the expression of ST2,

KLRG1, PPARg, and IL-10 (140). In particular, GATA3-

expressing Treg cells represented the majority of Treg cells

found in the kidney post induction of glomerulonephritis and

expressed higher amounts of Treg cell effector molecules

compared to GATA3-negative Treg cells. Administration of

the PPARg agonist pioglitazone increased the fraction of

GATA3-expressing cells among kidney Treg cells without

altering the total number of Treg cells. Co-transfer of disease-

inducing Tconv cells into T cell-deficient mice with either wild-

type Treg cells or Treg cells lacking GATA3 emphasized a

critical role for GATA3 in controlling kidney injury through

affecting the differentiation of tissue Treg cells in the

kidney (140).

The kidney controls systemic blood pressure, and one

mechanism of such control is by regulating electrolyte

absorption and clearance. Early studies using adoptive Treg

cell transfer experiments have implicated Treg cells in the

renal control of blood pressure (141, 142). Focusing on

endogenous renal Treg cells, female rats exhibited greater

frequencies of renal Treg cells compared to male rats, both in

unchallenged as well as hypertensive rats. Induction of

hypertension in rats was associated with a reduced frequency

of renal Treg cells compared to sex-matched controls,

particularly in female rats. Consequently, depletion of Treg

cells resulted in an elevation of blood pressure only in female

rats (132). This increased number of Treg cells in the kidneys of

female spontaneously hypertensive rats (SHR) was not a

reflection of a more frequent systemic Treg cell population in

female rats, as assessed in the spleens of male and female SHR
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(143). Instead, such differences in renal Treg cells across sexes

emanated from a greater recruitment of Treg cells to the kidneys

of female mice, since surgical removal of the spleen led to a

reduction in renal Treg cells and increases in blood pressure in

male and female SHR (143). In line with the observed increase of

Treg cells in the kidney in hypertension, mice receiving a high-

salt diet exhibited an increased number of Treg cells in the

kidneys and small intestine, which was accompanied by an

elevated number of Tconv cells (131). From in vitro studies

showing that high-salt levels induced the expression of retinoic

acid receptor-related orphan receptor gt (RORgt) in Treg cells

with a concomitant reduction in the expression of FoxP3 and

Helios and the observation that the Treg cells in this model in

vivo mainly expressed RORgt one might conclude that in this

model the function of Treg cells might also be altered. Indeed,

Helios-negative Treg cells, which represent a minority among

thymic Treg cells, are more likely to adopt a Th17-like

phenotype supporting altered function of these cells in high-

salt diet-induced hypertension in the kidney. However, these

transcriptional alterations neither drove the expression of IL17a

nor mitigated the functional fitness of Treg cells (131). Without

additional studies further addressing this question in more

detail, the functional role of these Treg cells remains open.

Taken together, these studies provide evidence on a largely

beneficial role for renal Treg cells in varying contexts of renal

tissue injury, whereby Treg cells suppress inflammation and

promote tissue repair. They also implicate Treg cells in blood

pressure control, a vital process of which the kidney is a

central regulator.
Tissue Treg cells in
reproductive organs

To date little is known about Treg cells in the reproductive

tract. Most studies have focused on pregnancy as Treg cells play

a crucial role for pregnancy success, providing immunological

tolerance to the fetus (144). To support this, Treg cells expand in

the endometrium and decidua induced by elevated human

chorionic gonadotropin (hCG) levels after fertilization (145),

peak during the second trimester, and finally decrease towards

birth (146). Salvany-Celades et al. further investigated the

phenotype of Treg cells in the decidua during pregnancy,

suggesting the existence of three distinct Treg cell subtypes:

CD25hiFoxP3+HELIOS+ Treg cells, PD-1hiIL-10+ Treg cells and

TIGIT+FoxP3dim Treg cells, whereby mainly the PD-1hiIL-10+

Treg cell subset actively contributed to effector T cell

suppression (147). The great importance of Treg cells in

preventing maternal inflammatory responses during pregnancy

can be further hypothesized based on reduced decidual Treg cell

proportions in spontaneous abortion patients (148, 149) and

miscarriage cases (150, 151). In line with these findings, infertile
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women show reduced endometrial FoxP3 mRNA expression

(152). Besides playing an important role in the endometrium

during homeostasis and pregnancy, Treg cells have also been

described in endometriosis. Endometriosis is a gynecological

disease associated with the implantation and development of

ectopic endometrial tissues partly mediated by alterations in the

normal immune response (153). Several human studies

addressed the presence of Treg cells in eutopic and ectopic

endometrium showing an overall tendency towards an

expansion of Treg cells in endometriosis lesions (154–156).

Depending on the grade of severity, a further elevation was

observed in women with more severe endometriosis (157, 158).

To further elucidate the importance of Treg cells for disease

progression, Tanaka et al. temporarily depleted Treg cells in a

murine model of endometriosis using FoxP3DTR mice which

resulted in elevated number and weight of endometrial lesions,

suggesting that the tissue Treg cells have a protective role (159).

In contrast to these findings, Xiao et al. showed in a recent study

that Treg cell depletion by anti-CD25 antibody treatment

reduced the weight of lesions in mice (160). Despite the

discrepancies in outcome, these findings showcase that tissue

Treg cells have importance for tissue homeostasis in the

endometrium and warrant further investigations to better

understand their contributions to tissue maintenance

and regeneration.

Besides their role in the endometrium, also in the endocervix

elevated levels of FoxP3+CTLA-4+ Treg cells have been

described and support a protective role of Tregs cells also for

the endocervix, as their numbers are negatively correlated to

pro-inflammatory cytokines levels in the tissue and contribute to

reduced genital tract inflammation (161).

In the mammary gland the tissue is reorganized during the

different reproductive stages (162). This is reflected in alterations

of the immune cell landscape which resembles other mucosal

tissues. In the nulliparous mammary gland, Treg cells are almost

absent and only slightly increase during pregnancy and lactation.

Only after lactation and weaning, an extension of RORgt+

FoxP3+ Treg cells has been reported (162). This could be

caused by the epithelial cell death occurring during this period

which will lead to increased self-antigens being released which

these tissue Treg cells might counterbalance and further support

tissue repair.

Similar to the protective function of Treg cells in other female

reproductive organs, a role for tissue Treg cells for ovary gland

homeostasis/physiology has been suggested (163). While their

functional and transcriptional phenotype has not been addressed

so far in greater detail, current data support a protective function

as in a murine model for premature ovarian insufficiency adoptive

transfer of Treg cells could alleviate ovarian cell apoptosis in a

protein kinase B (Akt) signaling-dependent manner (164).

Several reports have also established the presence of Treg

cells in the testis under homeostatic conditions (165–167).

Similarly to other non-lymphoid tissues, Treg cells in the testis
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express CD25 and FoxP3 (168), feature a memory phenotype,

and produce TGF-b (169). Functionally, these eTreg cells are

characterized by their recognition of spermatic antigens

preventing proliferation of auto-reactive Tconv cells in vitro

(169), suggesting that these eTreg cells recognize and suppress

reactivity against antigens from the seminiferous tubules in vivo.

This finding is supported by recent data that could show that in

the testis non-sequestered germ cell antigens can egress from

seminiferous tubules and after entering the interstitium

contribute to the induction of Treg cells (170). This

observation clearly challenges the prevailing view that all germ

cell neo-antigens are sequestered from the immune system and

will not be presented under homeostatic conditions. Treg cells

induced against these antigens are exerting suppression against

auto-reactive Tconv cells maintaining a tolerogenic environment

(169, 170).

Taken together these data further support that tissue Treg

cells are present within the reproductive tract and exert

suppression even against germ-line antigens, however their

transcriptional make-up and unique peculiarities are so far not

defined and need to be assessed in more detail. Similarly, how

Treg cells impact e.g., the different phases of the menstrual cycle

or the menopause are not investigated so far.
Overview of tissue Treg cell function
at surface barriers

The gastrointestinal tract, skin, and lung are the main

surface barriers protecting the hosts against infection. Treg

cells exhibit different functions within these tissues with the

overall goal to maintain homeostasis. We will highlight here

several recent findings and refer the reader to more exhaustive

reviews for a thorough discussion of Treg cell function and more

general aspects of tissue Treg cell biology in gut, skin, and lung

(2, 171–177).

In the gut two distinct Treg cell phenotypes can be observed:

GATA3-expressing Treg cells (178) and RORgt-expressing Treg

cells (179). RORgt+ Treg cell differentiation is dependent on c-Maf

(180, 181) and occurs in the periphery in response to microbiota

and food antigens (171, 179, 182–184). RORgt+ Treg cells control

local inflammatory responses as well as the microbiota balance

(180). In contrast, GATA3+ Treg cells are thymus-derived and

support tissue repair in an IL-33-dependent pathway (185), similar

to other ST2-expressing tissue Treg cell populations. Recently,

another thymic-derived Treg cell population in the

gastrointestinal tract has been described which is characterized by

the expression of the transcription factor Zbtb20 (186). These cells

are highly active (marked by elevated expressions of CD44, KLRG1,

TIGIT, GITR, and ICOS), secrete IL-10, and expand in response to

inflammation. In general, gut Treg cells are responsible for the

maintenance of tolerance against food-antigens and microbial
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products, as well as the mucosal barrier while being able to

contribute to tissue repair through the expression of amphiregulin.

Also in the skin, Treg cells have been described and

contribute to tissue homeostasis. Recently, Miragaia et al.

followed up on the question of tissue adaptation of Treg cells

in barrier tissues such as colon and skin using single-cell

transcriptomics (187). Analysis of the scRNA-seq data

supported the idea of a lymph node-to-tissue developmental

axis based on the pseudotime trajectory analysis of the Treg cell

compartment (187). In addition, a core tissue Treg cell signature

could be established from Treg cells isolated from non-lymphoid

tissues marked by genes of the TNFRSF-NF-kB signaling

pathway as well as genes associated with an effector phenotype

such as Klrg1, Cd44, or Il10. Comparison with transcriptome

data from gut Treg cells revealed that these cells resemble the

GATA3+ Treg cells found in the gastrointestinal tract and are the

main population of skin Treg cells (187). Developmentally, it

could be shown that Treg cells accumulate in the skin during the

neonatal period of life exhibiting an elevated expression of the

transcription factor GATA3 (188, 189). Skin-resident Treg cells

promote immune tolerance to commensal bacteria (188),

contribute to tissue repair mediated via the epidermal growth

factor receptor (EGFR) (190), and facilitate hair regeneration by

promoting anagen induction via Jagged1 (191) supporting again

a role of tissue Treg cells for repair and regeneration under non-

inflammatory conditions.

Similar to the other surface barrier organs, the lung harbors a

thymus-derived Treg cell population characterized by Nrp-1,

Helios, GATA3, ST2, and TIGIT expression (192). IL-33 via

interaction with ST2 is an important mediator for these cells. It is

not only required for their suppressive phenotype, but as

recently shown by Kanno et al., IL-33 is also involved in the

regulation of Treg cell metabolism. IL-33 thereby induces the

expression of Acyl-CoA synthetase (Acsbg1), an enzyme

important for fatty acid oxidation in the mitochondria, which

further promotes the resolution of IL-33-induced airway

inflammation (193). While this finding clearly suggests that

factors governing tissue Treg cell biology can impact the

metabolism of Treg cells, the metabolic requirements of tissue-

resident Treg cells are largely unknown. Moreover, recent data

stress the importance to study these aspects in vivo using genetic

model systems. This is e.g. highlighted by studies where

pharmacological inhibition of fatty acid transport into

mitochondria via the enzyme carnitine palmitoyltransferase 1

(CPT1) by etomoxir was shown to decrease Treg cell

development in vitro (194), while genetic FoxP3-specific Cpt1a

ablation resulted in similar Treg cell numbers with unchanged

FoxP3 expression levels compared to wild type controls (195).

Given the discrepancies between the experimental systems used,

it will be important in the future to also study the metabolism of

tissue Treg cells in greater detail in its tissue context to evaluate

its importance for tissue Treg cell differentiation and function.
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One leading pathology causing lung tissue damage is chronic

obstructive pulmonary disease (COPD) resulting in chronic

inflammation and tissue remodeling leading to severe airflow

limitations. Numbers of Treg cells in lung tissues or

bronchoalveolar lavage samples from COPD patients are

decreased in comparison to healthy controls (196–198). This

observation could be confirmed in mice which were exposed to

cigarette smoke further revealing an additional imbalance in the

Th17/Treg cell ratio (199–201). Unfortunately, so far data is

missing on the exact role and phenotype of tissue Treg cells

in COPD.

More research has been performed on the involvement of

tissue Treg cells in acute lung injury (ALI). ALI is usually defined

by an uncontrolled inflammatory response followed by a

resolution and regeneration phase which is to a certain degree

facilitated by Treg cells. Intratracheal lipopolysaccharide (LPS)

induces alveolar epithelial damage and is therefore used as a

common mouse model for ALI. Using this model, D’Alessio

et al. described an enrichment of Treg cells in the lung during the

resolution phase. Abrogation of Treg cells delayed the resolution

of the lung injury while adoptive transfer of Treg cells into Rag-

1-/- animals facilitated the repair accompanied by decreased pro-

inflammatory cytokines, increased neutrophil clearance, and

elevated TGF-b levels (202). Treg cells contribute via different

mechanisms to the resolution phase. For example, Treg cells

directly promote epithelial proliferation in an CD103-dependent

manner (203). Moreover, Treg cells produce growth factors

promoting wound healing: keratinocyte growth factor and

amphiregulin, both factors are known to further stimulate

epithelial proliferation (204). Amphiregulin thereby serves a

central role for the Treg cell-mediated tissue repair. Arpaia

et al. identified amphiregulin-producing Treg cells by elevated

expressions of CD44, GITR, CTLA-4, KLRG-1, PD-1, and

CD103 highlighting their effector phenotype (205).

Interestingly, amphiregulin expression in Treg cells was not

required for their suppressive function and its production was

independent of TCR-engagement. Instead, amphiregulin

expression relied on the IL-1 family cytokines IL-18 and IL-33

(205). The alarmin IL-33 has been additionally shown as an

important factor for the resolution of inflammation by the

induction of IL-10 and IL-13 and reduction of pro-

inflammatory responses in ALI (206). CD73-dependent

generation of adenosine by Treg cells was discovered to be

another functional pathway for Treg cell-mediated resolution

of lung injury (207). Transcriptional analysis of Treg cells from

the lung during resolution of ALI revealed a distinct

transcriptomic profile compared to splenic Treg cells marked

by upregulation of genes such as Areg, Il1rl1, Il18r1, Itgae, Ctla4,

Icos, and Il10 confirming the previously described mechanisms

for resolution of ALI while at the same time recapitulating

several common characteristics of tissue Treg cells (208). In

some patients ALI can lead to pulmonary fibrosis defined by
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extracellular matrix protein deposition within the lung tissue.

On one hand, Lo Re et al. described a pro-fibrotic function of

Treg cells directly stimulating fibroblast proliferation and

collagen deposition in a platelet-derived growth factor–B

(PDGF-B)-TGF-b-dependent manner using a silica (SiO2)-

induced mouse model for fibrosis (209). On the other hand,

Garibaldi et al. showed that Treg cells reduce the C-X-C Motif

Chemokine Ligand 12 (CXCL12)/CXCR4-mediated recruitment

of fibrocytes to the lung thereby ameliorating fibrosis after LPS

injury in Rag-1-/- mice (210). These two studies again

demonstrate the difficulties in characterizing tissue Treg cell

function as the discrepancies of these two studies may result

from differences in the experimental system and time points of

analysis. Therefore, to better understand the exact contribution

of tissue Treg cells to pulmonary fibrosis further studies

are warranted.

Taken together, also in barrier organs, tissue Treg cells

contribute to tissue homeostasis and repair, with recent single-

cell data further helping to understand the developmental

pathways towards acquisition of the transcriptional tissue Treg

cell program.
Concluding remarks and future
perspectives

In the past years, there has been a steadily growing interest in

understanding the contribution of Treg cells to non-lymphoid

tissue homeostasis. Recent work has revealed the existence of

tissue-specific Treg cells with an effector phenotype which play

profound roles in tissue maintenance, regeneration, and repair.

While the regenerative function is shared across different tissues,

unique tissue-specific Treg cell properties have been identified.

This can be nicely exemplified by the distinct transcriptional

signatures characterizing the different tissue Treg cells. While

they share common effector Treg cell gene modules, Treg cells in

each tissue also express tissue-specific programs instructed by

the tissue microenvironment and available growth factor milieu.

Although we have begun to understand many aspects of

tissue Treg cell biology, certain aspects remain to be described in

greater detail to build a comprehensive model of the plethora of

tissue Treg cells. This includes further work on the origin of Treg

cells within different tissues and the developmental steps leading

to tissue Treg cells differentiation, including the specific TCR

repertoire required within each tissue. Furthermore, their

transcriptional and metabolic adaptations to the new tissue

microenvironment, which is governed by e.g., availability of

oxygen and nutrients or communication with resident cells will

be important to describe and understand. Despite the difficulties,

technological advances such as single-cell technologies provide

new opportunities in answering these remaining questions.
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Recently, sex discrepancies have been described for tissues

such as VAT (38), CNS (110, 111), or the kidneys (133, 143)

revealing a knowledge gap that needs to be addressed in future

investigations. This is particularly evident from the findings in

VAT where sex hormones actually influence Treg cell

differentiation and phenotype. If this finding can also be

confirmed for other tissues, we will need to revisit some of the

current concepts of the role of tissue Treg cells for tissue

homeostasis. Similarly, differences for Treg cell accumulation

within peripheral tissues throughout life have been detected

(103). Characterizing Treg cell phenotypes as well as functional

properties in both sexes at different ages in non-lymphoid tissues

would be therefore required to further current paradigms of tissue

Treg cell biology. Generally, such variations in the experimental

layout may explain existing contradictory observations and a

deeper transparency in the experimental outline of the

conducted studies would be important for better data comparison.

Finally, this review outlined the importance of tissue-specific

Treg cells in non-lymphoid tissue physiology with a deeper

insight into different pathophysiological conditions. The

translation of the wealth of data from animal studies into

humans will be an important next step in the future. This

could help to identify properties which are required for Treg

cells in a given tissue and could as such be harnessed to equip

chimeric antigen receptor (CAR)-Treg cells with these

properties to use them in a therapeutic setting (211).
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