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Tissue resident regulatory T cells: novel therapeutic targets
for human disease
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Over the past decade, the ability of regulatory T cells (Tregs) to suppress multiple types of immune cells has received

tremendous attention. Mounting evidence has revealed that tissue resident Tregs control non-immunological processes

of their target tissues and contribute to a plethora of human diseases. The identification of novel tissue-specific Tregs has

highlighted their heterogeneity and complexity. This review summarizes the recent findings for visceral adipose tissue

CD41Foxp31 regulatory T cells (VAT Tregs), muscle Tregs, bone Tregs and skin memory Tregs, with a focus on their

unique functions in local tissues. This interpretation of the roles of tissue-specific Tregs and of their involvement in

disease progression provides new insight into the discovery of potential therapeutic targets of human diseases.
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INTRODUCTION

Regulatory T cells (Tregs) are characterized by the expression

of the transcription factor Foxp3 and have been acknowledged

as a key regulator involved in mediating the homeostasis of

peripheral tolerance.1Although Tregs account for less than

10% of peripheral CD41 T cells, they have received a tremend-

ous amount of attention due to their functions in suppressing

multiple types of immune cells and blocking excessive immune

responses, inflammation and tissue destruction.2 Moreover,

recent studies have reported that tissue resident Tregs can con-

trol non-immunological processes. These new findings high-

light the importance of tissue-specific Tregs in human diseases.

Characterization of Regulatory T Cells

Mouse Tregs were initially discovered as CD41CD251 cells by

Shimon Sakaguchi in 1995,3 and their human counterparts were

firstly characterized as CD41CD251 T cells in 2001.4–7 Sub-

sequent studies identified Foxp3 as a master transcription factor

and functionalmarker formouse Tregs.8 However, human Foxp3

is only transiently expressed by activated T cells,9 resulting in the

phenotypical and functional heterogeneity of human Tregs.10

CD127 was reported to distinguish human Foxp31 regulatory

from activated T cells; this marker is highly enriched on activa-

ted T cells, but almost undetectable on Tregs.11 Furthermore,

hypomethylation of the Foxp3 promoter contributes to the

expression of Foxp3, making this epigenetic profile a distinguish-

ing criteria between Tregs and activated T cells.12

Foxp31Tregs were classified into twomain categories: nTregs

(thymus-derived natural Tregs) and iTregs (induced in the peri-

phery from naı̈ve CD41T cells).13 Tregs further demonstrated

plasticity under specific circumstances. For example, both nTreg

and iTregs can convert to Th17 cells in the presence of IL-6,

TGF-b or the combination of IL-1 and IL-23.14–21 Moreover,

nTregs can display a Th1 phenotype and produce IFN-c in the

presence of IL-6 and IL-1b.20,21 However, other authors have

reported the resistance of iTregs induced by IL-2 and TGF-b

to Th17 conversion in the presence of IL-6.16 Another group

showed that Treg cells from the inflamed central nervous system

(CNS-Treg cells) resisted the conversion to IL-17 production

when exposed to IL-6 during experimental allergic encephalitis

(EAE) in contrast to their splenic counterparts. These contra-

dictions further illustrate the heterogeneity and distinct stages of

Foxp31 cells. All of these characteristics should be considered in

Treg-related immunotherapy.

Suppressive Function of Tregs

Multiple mechanisms have been proposed for the suppressive

functions of Tregs, including suppression by inhibitory
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cytokines, cytolysis, metabolic disruption, and modulation of

dendritic cells (DCs) maturation or function.22

Solublemediators produced by Tregs, including IL-10, TGF-b,
IL-35 and immunosuppressivemetabolites such as adenosine, are

responsible for the suppressive function of Tregs.22,23 Recent

findings that VEGF and amphiregulin (Areg) were produced or

overexpressed by tissue resident Tregs added to the panel of

paracrine mechanisms of Tregs function.24–26 Tregs may also

exert their activities by lysing effector cells through the secretion

of granzymes A and B and perforin.27,28 Moreover, Tregs can

disrupt the metabolism of effector cells through IL-2 depriva-

tion.29 nTregs also use cell-cell contact mechanisms to exert their

activities. Evidences have suggested that Tregs may inhibit DCs

maturation through the interaction of CTLA-4 and CD80/86 on

DCs, thereby suppressing the activation of effector T cells.30,31 In

the absence of APCs, human Tregs may also regulate the func-

tions of T effectors via a direct cell contact mechanism in vitro.11

Although in vitro and in vivo mouse studies have implicated

several mechanisms in tregs activity, the precise molecular

mechanisms involved in suppression by human Tregs remain

to be determined.

Targets of Tregs

The targets of Tregs include conventional CD41 T helper

cells, antibody-producing B cells, DCs, CD81 cytotoxic T

cells, macrophages and neutrophils. Recently, studies have

revealed that Tregsmay also control non-immunological pro-

cesses, thereby expanding the scope of Tregs functions. For

example, Tregs directly inhibit bone erosion and control bone

mass in arthritic mice and nonarthritic wild-type (WT)

mice,32 visceral adipose resident Tregs regulate metabolic

systems33,34 and muscle Tregs potentiate muscle repair via

the expression of the growth factor Areg.26 Moreover, tumor

Tregs can produce VEGF, which promotes angiogenesis in the

tumor vasculature.24 The role of these novel subsets sheds

light on promising opportunities to target disease-specific

Tregs.

Diverse Populations of Tregs in Tissues

The presence of diverse subsets of Tregs in tissues other than

lymphoid organs in bothmice and humans has attracted a great

deal of attention over the past few years.26 Extensive studies

have indicated that Tregs are localized in healthy tissues,

inflammatory sites, tumors and immuno-privileged tissues,

including skin, lung, adipose tissue, joints, muscles and pla-

centa. Each population may possess unique tissue-specific

characteristics in terms of phenotype and function compared

to their counterparts in lymphoid organs.25,27,34–40 Recently,

several populations of tissue resident Tregs were identified,

including special Tregs in visceral adipose tissue,33,34 muscle

Tregs 26 and skin-resident memory Tregs.41 These discoveries

broadened the realms of the Tregs family and highlighted

some insightful biological implications concerning their func-

tional relationships with local tissues.

Fat-resident Tregs in obesity-associated metabolic disorders

Overwhelming evidence has supported the classification of

obesity as a chronic, low-grade inflammatory disease that can

promote immunometabolic dysregulation, systemic insulin

resistance (IR) and type 2 diabetes (T2D).42 Tremendous

efforts have been made to uncover the molecular and cellular

mechanisms for obesity-induced chronic inflammation, and

special attention has been paid to various innate and adaptive

immune cells.42 Despite the controversies, visceral adipose tis-

sue (VAT) CD41Foxp31 regulatory T cells have been

regarded as a key regulator in obesity-associated metabolic

disorders.43 These cells are abundant in the visceral adipose

tissue of normal diet mice, but their proportion is greatly

reduced in insulin-resistant animal models of obesity.43,44

The depletion of Treg cells led to pro-inflammatory VAT pro-

files and the worsening of metabolic control in obese mice.43,45

To date, several reports have revealed unique properties of

VAT Treg cells, including their specific gene expression signa-

tures, transcription factors, distinct chemokine receptors, T cell

receptor (TCR) repertoire and unique functions in adipose

tissue.

Characteristics of VAT Tregs

Compared to conventional Tregs, VAT Tregs behave as a

unique subset with distinct characteristics (Table 1).

1. Compared to their counterparts in spleen and lymph

nodes, VAT Tregs account for a high ratio (40–60%)

among CD41 T cells. Both VAT and subcutaneous fat

possess comparable low levels of Tregs at birth, but only

the former demonstrates a constant accumulation of

Tregs during development.34 Strikingly, more than 50%

of the CD41 cells in the VAT expressed Foxp3, which

represents a much higher percentage than that found in

the spleen, lymph nodes (LN) (5–20%) or non-lymphoid

tissues (e.g., lung and liver), as well as that found in sub-

cutaneous fat.34

2. IL-10 was highly elevated at the transcriptional level in VAT

Tregs. The transcriptional level of IL-10 was increased

almost 136-fold in VAT Tregs compared to those of the

LN, spleen and lung. Further analysis suggested that VAT

Tregs produce high levels of IL-10 and exhibit upregulation

of genes downstream of the IL-10 receptor.34 In turn, the

IL-10 produced by VAT Tregs suppresses the inflammatory

cytokines and chemokines induced by TNF-a, increases
GLUT4 expression in adipocytes and restores insulin sens-

itivity, thus playing vital roles in the prevention of obesity-

associated metabolic disorders.34

3. VAT Tregs retain approximately 60% of conventional

Tregs markers. Although gene-expression profiling and

TCR repertoire analysis revealed that VAT Tregs as a

population were distinct from their counterparts in

other lymphoid and/or non-lymphoid organs, these

cells reserved up to 60% of the intact signatures of

conventional Tregs, including CD25, Foxp3, GITR,
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CTLA-4, OX40 and killer cell lectin-like receptor G1

(KIrg1).34

4. VAT is enriched in chemokines involved in leukocyte

migration and extravasation.Studies showed that a large

set of chemokines and chemokine receptors were highly

expressed by VAT Tregs, including CCR1, CCR2, CCR9,

CCL6, GM1960 (an IL-10-inducible CXCR2 ligand),

alcam, CXCL2 and CXCL10. However, VAT Tregs

expressed low levels of CCL5 and CXCR3.33,34 Although

the mechanism by which Tregs exert their function via

these chemokine/chemokine receptors remains elusive,

it could be hypothesized that peripheral Tregs and leuko-

cytes (especially anti-inflammatory leukocytes) may be

recruited to VAT based on their unique pattern of che-

mokine-chemokine receptor expression.

5. PPAR-c is essential for modulating VAT Tregs accu-

mulation, phenotype and function.25 Nuclear receptor

peroxisome proliferator-activated receptor gamma

(PPAR-c), an adipose tissue-specific transcription factor,

exerts multiple functions in adipose tissue. Upon activa-

tion, PPAR-c in mature adipocytes can normalize insulin

sensitivity. VAT Tregs showed high levels of PPAR-c,
which is closely related to their unique function in adipose

tissue. Specific deletion of PPAR-c in Tregs impeded the

accumulation of Tregs in adipose tissue but not in the

lymphoid organs and decreased almost all of the Treg

signatures of VAT Tregs.34 Furthermore, insulin sensitiv-

ity in obese mice could be restored by upregulation of

PPAR-c, which can maintain the particular phenotype

of VAT Tregs by interacting with Foxp3.25

5. PPAR-c ligands can upregulate the expression of CD36 on

macrophages, and thus stimulate oxidized low-density

lipoprotein uptake.46 Various metabolites or nutrients

were recently reported to regulate Tregs generation,

trafficking, and function.47–50 Furthermore, in contrast

to effector T cells, Tregs preferentially use exogenous fatty

acids as a substrate for oxidation,and their differentiation

selectively relies on lipid metabolism but not glucose.51

Thus, PPAR-c in adipose tissues could enhance the

expression of lipid scavenger CD36, there by accelerating

the uptake of lipids by VAT Tregs. Furthermore, CD36

may be a critical mediator for PPAR-c regulation of the

unique functions of VAT Tregs.52

6. VAT Tregs express specific T cell receptor repertoires.

The T cell receptor (TCR) repertoire is regarded as

another criterion for the evaluation of the similarity of

T cell populations. The TCR repertoires of VAT Tregs

differed from those of LN Tregs and conventional T cells,

indicating that VAT Tregs were not likely to be a product

of the influx or retention of peripheral Tregs of a particu-

lar specificity or the conversion of local cytokine-induced

T cells.34 Moreover, the presence of repeated VAT Tregs

TCR clones suggests that specific antigen(s) may exist and

be responsible for VAT Tregs accumulation.33 Further

analysis of the TCR repertoire will help to clarify the ori-

gin, development and localization of VAT Tregs.

Function of VAT Tregs in obesity-associated metabolic

disorders and insulin resistance

VAT-specific antigen(s) recognition and expression of specific

chemokine receptors may mediate the recruitment and reten-

tion of Treg cells in adipose tissue. To date, the VAT-restricted

antigens for VAT Treg cells recognition, accumulation and

retention remain unknown. It is possible that CD41CD251

Foxp31 Tregs in VAT draining lymph nodes could be func-

tionally activated by VAT-restricted antigenic ligands of

mature DCs and subsequently survive and migrate into fat

Table 1 Key properties of Tregs in non-lymphoid and lymphoid tissues

VAT Tregs Muscle Tregs lymphoid tissues

Frequencies(among the CD41 T cells) 40–60% About 50% 5–20%

Cytokine production IL-10, TGF-b IL-10, PGDF, AREG, Granzyme

B

IL-10, TGF-b, IL-35, Granzyme A/B,

perforin

Phenotype With 60% signatures of conventional

Tregs, including CD25, Foxp3, GITR,

CTLA-4, OX40, CD36 and KIrg1

With 90% signatures of the

canonical Tregs, CTLA-4",
TIM-3", ST2"

CD25, CD127, CD39, CD73, GITR,

CTLA-4, LAG3, ICOS, Neuropilin-1

T cell receptor(TCR) repertoire Specific TCR repertoire Repeated TCR repertoire Diverse

Specific transcriptional factor Foxp3, PPAR-c Foxp3, Stab1#, Foxp3

Chemokine High levels of CCR1, CCR2, CCR9,

CCL6, GM1960 (an IL-10-inducible

CXCR2 ligand), alcam, CXCL2 and

CXCL10; low levels of CCL5 andCXCR3

Chemokine receptor (e.g.

CCR1),

CCR6

Function Anti-inflammation, ameliorate insulin

resistance,

Promote differentiation of

satellite cells; regulate the

switches of myeloid cells;

promote muscle regeneration

Maintain immunological self-

tolerance; anti-inflammation; establish

transplantation tolerance

Table1 summarizes themain differences inTregs fromVAT,muscle and lymphoid tissues. Compared to Tregsin lymphoid tissues, VAT andmuscle Tregs

display high frequencies of unique cell markers in addition tomost of the signature of conventional Tregs, distinct TCRs, specific transcriptional factors,

and chemokines; they also perform special functions in local tissues.
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tissues, where re-stimulations by VAT antigens confer Tregs

anti-inflammatory functions in healthy lean mice.

VAT Tregs may efficiently harbor anti-inflammatory func-

tions in IR and metabolic disorders secondary to obesity

(Figure 1). Recent studies revealed that high levels of VAT

Tregs in female mice protected the mice from high fat diet

(HFD)-induced metabolic disorders compared with male

mice.53 Moreover, the deletion of VAT Tregs caused a severe

loss ininsulin sensitivity and upregulated the levels of inflam-

matory mediators in the visceral fat.33 Consistently, the induc-

tion of CD41LAP1Tregs in vivo by oral administration of

CD3 and b-glucosylceramide,54 the expansion of VAT Tregs

by the IL-2 /anti-IL-2 complex,33 or the adoptive transfer of

CD41CD251 Tregs significantly improved insulin sensitivity

in obese mice.45,54,55

Moreover, the expansion of VAT Tregs in mice with HFD-

induced metabolic disorders by the IL-2/anti-IL-2 complex

contributed to the reduction in weight gain, adipocyte size

and epididymal fat.34,56 Increased adiposity and decreased

insulin sensitivity were found to be correlated with decreased

populations of VAT Tregs. Other studies have shown that

high-levels of VAT Tregs were associated with alleviated

inflammation and the recovery of IR without affecting

weight or the numbers and sizes of adipocytes.44,54

MΦ

MΦ

Tumor cells

CCR4
CCR10

CCL22
CCL28

Satellite cells

T effect cells

IL10,CCr2
CCR1,Areg ↑

Recruit

CD8

CD4

MΦ1

A

C

B

Th cells

TNF-α

VAT Tregs

IL10,CCR7,CXCR3 ↑

VEGF

VEGF

Insulin Sensitivity

Angiogenesis

Tumor

Muscle repair

Effective muscle repair

Obese

TGF-β-IL 10

Adenosine

Cytolysis
TGF-β-IL 10

TGF-β-IL 10

TGF-β-IL 10

TGF-β-IL 10
IL 35

TGF-β -IL 10

MΦ2

TG
F-β-IL 10

TGF-β-IL 10

DCs

VAT restricted
antigenic ligand

Tregs
 MuscleTregs

Pro-inflammatory
Myeloid cells

Anti-inflammatory
Myeloid cells

PGDE,Arge

Arge

Figure 1 Functions of resident Tregs in obesity-associated metabolic disorders, muscle repair and tumor progress. a. VAT Tregs. Tregs in VAT
draining lymph nodes display an anti-inflammatory capacity in obesity-associated metabolic disorders.54,55 Functionally, VAT Tregs suppress
Th cells (i.e., Th1, Th2, and Th17) by secreting anti-inflammatory IL-10 and TGF-b34 and preventing the conversion of macrophages to type-1
microphages.25,34 Alternatively, VAT Tregs directly attenuate the negative roles of TNF-a in inflammation in adipose tissue33 and restore insulin
sensitivity in obese mice via up regulating PPAR-c.25,54 b. Muscle Tregs. Muscle Tregs potentiate muscle repair through IL-10, CCR1, PGDF
and amphiregulin (AREG).26 Muscle Tregs pose as a barrier to the transitions of myeloid cells from a pro- to an anti-inflammatory phenotype and
accelerate the differentiation of satellite cells, thereby promoting the regeneration of skeletal muscle.26,66 Moreover, the PDGF and Areg
produced by muscle Tregs also directly contribute to muscle repair.26 c. Tumoral Tregs. Tregs can infiltrate into tumor tissues via
the chemo-attractive CCR4–CCL22 and CCR10-CCL28 axis.Tregs promote tumor progression by inhibiting antitumor effector T cells via
producing inhibitory cytokines and cytolysis.24 TGF-b and IL-10 produced by tumor cells also convert CD41 naive precursors into induced
Tregs, which aggravate the immune escape. Tregs further contribute to the angiogenesis required for tumor growth by enhancing VEGF
production directly or through their effects on macrophages.84–86
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Therefore, questions have arisen concerning whether VAT

Tregs affect the hyperplasia and hypertrophy of adipocytes.

Insightful explorations into the mechanisms of VAT Tregs

activity are vital for the manipulation of resident Tregs in the

clinical therapy of T2.

A UNIQUE POPULATION OF TREGS IN

SKELETAL MUSCLE

Recently, a unique Tregs population that contributes to muscle

repair was identified in injured skeletal muscle.26 This popu-

lation displays a special TCR repertoire, exhibits a distinct

transcriptome and exerts unique functions. In a dystrophic

animal model, punctual depletion of Tregs during the repair

process increased muscle damage; similarly, enhancement of

Tregs function decreased the pathology,26 indicating a crucial

role for local Tregs in muscle damage and repair.

Characteristics of muscle Tregs

Despite some critical characteristics similar to classical lymphoid

Tregs, muscle Tregs possess some unique features that are dis-

tinct from Tregs in lymphoid organs (Table 1).

Once skeletal muscle was injured, Tregs began to infiltrate

and accumulate locally within days.The frequency of muscle

Tregs among CD41 T cells increased steadily to ,50%, which

ismuch higher than the 5–20% frequency of lymphoid Tregs;the

frequency remained at that level for more than 30 days.26

In addition to possessing 91% of the canonical Tregs sig-

nature,26 the gene expression profile of muscle Tregs indicates

that they also possess unique traits. A set of genes are unique

to muscle Tregs, including anti-inflammatory cytokine IL-10,

chemokine receptors (e.g., CCR1), PGDF and amphiregulin

(AREG); these genes contribute to the function of muscle Tregs

in the context of regenerating muscle.26 Other elements that

distinguish muscle Tregs from lymphoid-organ Tregs include

decreased expression of Satb1 and enhanced levels of ST2,

Gzmb, CTLA-4, and TIM-3.2620 Satb1 was reported to encode

a chromatin organizer, and the inhibition of Satb1 is crucial

for the Tregs phenotype and suppressive function.57 Tregs in

dystrophic muscle also express high levels of ST2, which was

reported to mediate T cell polarization. ST21 Tregs were

recently shown to represent an activated subset of Foxp31 cells;58

this finding is consistent with the data that muscle Tregs in nec-

rotic lesions displayed an activated phenotype.59 Thus, ST21

Treg cells in damaged muscles may possess unique biological

functions and facilitate muscle repair in addition to their

immune suppressive functions.

Muscle Tregs also display a unique repertoire of TCRs. This

unique TCR repertoire that has never been detected in spleen

Tregs and conventional muscle T cells has been reported

for muscle Tregs. Recently, it was reported that AREG could

markedly enhance Tregs activity and was critical for the effi-

cient suppressive function of Tregs.26 Interestingly, it was

demonstrated that a small subset of Areg1 Tregs in the spleen

shared TCR sequences with both Areg-positive and -negative

Tregs from muscle. These findings indicate that Tregs in

injuredmusclemay be clonally expanded and that somemuscle

antigens might be involved in recruiting Tregs to the injured

site and/or retaining them therein.26

Local Tregs Help Muscle Repair

Once damaged, skeletal muscle regeneration follows the same

orchestrated program as other organ regeneration. Muscle

injury initiates a series of responses by specific myeloid cell

populations; this process is initially dominated by neutrophils

and subsequently by CD681 M1 macrophages. The pheno-

typic and functional transitions of these myeloid cells from a

pro- to an anti-inflammatory phenotype are crucial for proper

muscle repair.60 Tregs contribute to tissue repair by promoting

the polarization of anti-inflammatory M2 macrophages.61,62

Recent evidence also showed that Tregs in dystrophic muscles

increased the expression of IL-10, an important mediator that-

can induce the differentiation of M2 macrophages.59,62

Furthermore, the depletion of Tregs exacerbated muscle injury

due to anenhanced IFN-c responses and the activation of M1

macrophages, while the expansion of Tregs with IL-2/anti-IL-2

complexes increased the levels of IL-10 in muscle, resulting in

decreasedmyofiber injury.59 Therefore, Tregs may regulate the

myeloid populations that infiltrate damaged tissues and pro-

mote their beneficial switches.26 It is also possible that the loss

of Tregs impedes the muscle repair process, at least in part, by

blocking the anti-inflammatory M2 polarization.

Skeletal muscle regeneration is largely driven by satellite cells

that represent an endogenous source of muscle progenitor cells

with the regenerative potential of adult muscle.63 It has been

reported that muscle Tregs can promote the differentiation

of satellite cells in vitro and in vivo via the overexpression of

the EGF family member Areg,26 which promotes the regenera-

tion of multiple tissues, including the intestinal mucosa and

lung epithelium.64,65 Furthermore, previous studies revealed

that Areg might act directly on muscle cells.66

Aside from their activities on muscle-lineage cells, muscle

Tregs also regulate conventional T cells. Elevated frequencies of

muscle Tregs at the injury site significantly decreased Tconv

(and/or CD81 and B cells) in a mouse model, thereby contrib-

uting to muscle repair.26

Collectively, muscle Tregs indirectly and directly contribute

to tissue regeneration by dual mechanisms (Figure 1).These

Tregs regulate the infiltration and transitions of myeloid cells

and produce Areg to promote the differentiation of satellite

cells; however, they also suppress the function of Tconv cells

and exert their function to improve muscle repair. Thus, this

population of Tregs may provide new therapeutic opportun-

ities for muscle repair.

TUMORAL TREGS AND ANGIOGENESIS

Tumors escape from immune surveillance by establishing

potent, overlapping mechanism.67–70 Tregs are highly enriched

in a variety of tumor types that are often associated with a poor

prognosis.71 Tumor-infiltrating Tregs are considered to be

potent immunosuppressive factors that promote the progres-

sion of cancers,71 while intra-tumoral T cells have been demon-

strated to play antitumor roles.72 Soluble suppressive cytokines

Targeting tissue resident regulatory T cells for human disease

X Zhou et al.

547

Cellular & Molecular Immunology



produced by Tregs, including IL-10, TGF-b and IL-35, inhibit

the anti-tumor functions of effectors, thereby promoting

tumor progression. Of note, recent findings demonstrated that

tumor Tregs produce VEGF to promote angiogenesis and

directly contribute to tumor growth,24 expanding the func-

tional spectrum of tumoral Tregs.

Tumor angiogenesis and immune escape

Blood vessel development is critical to tumor growth because

cancer cells rely on angiogenesis to fulfill their need for oxygen

and growth factors.73 Moreover, tumor angiogenesis impairs

the interactions between immune cells and the vessel wall, con-

tributing to an immunosuppressive tumor microenvironment

that enables tumors to evade host immunosurveillance.74,75

Strategies that reduce angiogenesis increased the numbers of

tumor-infiltrating T cells and improved immune therapeutic

results.76–80 These explorations provide attractive rationales for

the potential to combine anti-angiogenic agents with immune

treatment for cancer patients.

VEGF is produced by many tumors and has been shown

to play key roles in tumor angiogenesis, growth and meta-

stasis.81 Furthermore, VEGF has been shown to contribute to

the induction of Tregs in patients with cancer.82 The presence

of Foxp31 lymphocytes was significantly associated with

high intra-tumoral microvessel density and high levels of

VEGF and other markers for angiogenesis in endometrial and

breast tumors,83,84 providing further evidence that Tregs may

contribute to tumor angiogenesis. Tregs depletion enhanced

anti-tumor CD4 responses by increasing IFN-c production,

which exerts a potent anti-angiogenesis function.85 A recent

study further showed that tumor hypoxia induced CCL28

expression, leading to the recruitment of CCR101 Tregs.24

CD41CD251 Tregs secreted higher amounts of VEGF under-

normal oxygen conditions and hypoxic conditions compared

with CD41CD25-T cells. The recruitment of Tregs established

a VEGFA-rich tumor microenvironment and increased tumor

angiogenesis, whereas the depletion of Tregs with anti-CD25

antibodies or the blockade of CCR10 reduced tumor VEGFA

levels and tumor vascularization.24 The positive correlation

between the presence of Foxp31 Tregs and immature tumor

angiogenesis was also confirmed in renal cell carcinomas.86

These studies increased our understanding of the characteris-

tics of Tregs and highlighted a multifaceted role for Tregs in

promoting cancer growth through both tumor immune escape

and angiogenesis (Figure 1).

Tregs as targets for cancer immunotherapy

Many strategies have been used to manipulate the behavior of

Tregs in a variety of diseases, including Tregs depletion, inhibi-

tion of tregs function, and the blockade of Tregs trafficking,

signaling and anti-angiogenic pathways.30 Recently, new sig-

naling targets to block Tregs and/or boost T effectors are being

evaluated in clinical trials.

With the novel findings of new roles for tumor Tregs, new

targets to manipulate Tregs should be explored for designing

future therapies to treat tumors.87 The positive correlation

between the presence of Foxp31Tregs and tumor angiogenesis

has been demonstrated for many types of tumors.88,89 Tregs in

hypoxic tumor microenvironments secreted large amounts

of VEGF, and depletion of Tregs or blockade of Tregs migra-

tion reduced tumor VEGFA levels and tumor vascularization.24

Given the critical role of Tregs in tumor immune suppression

and the promotion of angiogenesis, targeting Tregs is one vital

approach for clinical tumor treatment.

Accumulating evidence strongly suggests that antiangiogen-

esis treatments overcome various immunosuppressive net-

works. Sunitinib, an inhibitor of the tyrosine kinase involved

in angiogenesis, represents a front line therapy for the treat-

ment of metastatic renal cell carcinoma (mRCC) and has been

reported to reduce the percentage and absolute number of

Tregs.90 Moreover, the measurement of Tregs may shed light

on the prognosis of the response of the patient to antiangio-

genic therapy.89,90 Therefore, antiangiogensis therapies exert

their function through both inhibiting vascularization and

regulating the immune responses. In turn, strategies to block

Tregs may also affect the progress of angiogenesis. The com-

bination of multiple strategies, such as anti-angiogenesis ther-

apy with immune approaches, may provide a promising

prospect for the treatment of cancer patients in the near future.

TREG CELLS IN BONE HOMEOSTASIS

The human skeleton is subjected to continuous remodeling dur-

ing its lifespan. An imbalance in osteoblast-mediated bone

formation and osteoclast-mediated bone resorption leads to

the degradation of bone. Immune activation can trigger this

imbalance. Several studies have found that Tregs can directly

control bone resorption in vivo and preserve bone mass during

physiological and pathological bone remodeling.32,91 Previously,

studies demonstrated that the addition of Tregs to monocyte

cultures inhibited the differentiation of monocytes into osteo-

clasts in vitro.92,93 Foxp3-Tg mice showed impaired osteoclast

differentiation and bone resorption, developed higher bonemass

and were protected from ovariectomy-induced bone loss in

vivo.91 Furthermore, adoptive transfer of CD41CD251 T cells

into T cell-deficient RAG-1–/–mice also increased bone mas.91

Consistently, the expansion of Tregs in vivo by a CD28 super

antibody suppressed local and systemic bone destruction and

increased bone density in healthy mice. These studies indicated

that Treg cells directly affect bone homeostasis and that this

function was independent of their suppression of inflammation.

The mechanisms by which Tregs exert their functions on

bone have not been fully illustrated. Cell-cell contact via

CTLA-4 has been shown to be essential for the blockade of

osteoclast formation by Tregs.36 A recent study showed that

injection of CD41 iTregsmarkedly suppressed osteoclastogen-

esis ina collagen-induced arthritis (CIA) mouse modelin a cell-

contact but not cytokine-dependent manner.94 Although

bone-specific Tregs have not been proven to exist to date,

the accumulation of Tregs at sites of intense bone remodeling

(i.e., the epiphysis of long bones) favors the concept that

Treg cells need cell-to-cell contact and act locally on bone.

Further studies are needed to clarify the existence and function
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of bone-resident Tregs, and thus extend our knowledge and

drive the development of immune tools tomaintain bonemass.

SKIN MEMORY TREGS IN HUMANS

The skin acts as a well-characterized barrier between the

body and the environment and provides the first line of

immunological defense against infections and injuries. Exten-

sive crosstalk between the epithelial, stromal and immune cells

plays vital roles in maintaining immune homeostasis in skin.95

Of note, recent studies demonstrated that skin-resident mem-

ory T cells achieved superior protection compared with cir-

culating memory CD41 T cells, indicating that the response

to specific antigens effect the functions of T cells in tissues.96 In

addition to skin memory T cells, skin resident memory Treg

cells (mTregs) in mice and humans have recently been iden-

tified.97–99 These activated Treg cells persisted in the skin and

suppressed autoimmune responses upon repeated exposure to

self-antigen.97 These discoveries provided mechanistic insight

into the crosstalk between tissues and immunity.

Similar to other tissue Tregs subsets in mice, human skin-

resident Tregs possess their own characteristics, including

phenotype, function and localization. mTreg in skin express

high levels of activation markers including CTLA-4, CD25 and

ICOS compared to CD45RO1CD41Foxp31 cells in adult

peripheral blood.99 TCRb sequencing of mTregs and memory

T conventional cells (Tconvs) in human skin showed that these

two populations share very few overlapping sequences, sug-

gesting that they predominantly recognize different antigens.

Moreover, both human and murine memory Tregs pre-

ferentially localized to hair follicles(HFs).99,100 Human

mTregs were more abundant in skin with high hair density,99

and this phenomenonmay correlate with autoimmune diseases

such as alopecia areata (AA) that affect HFs.101 mTregs have a

distinct cytokine profile compared with T convs. Skin mTregs

produce less IL-2 and IL-17 compared to activated Tregs in the

blood. Moreover, mTregs proliferate and produce more IL-17

in psoriatic skin compared to Tregs in non-lesional skin.99

These results indicate that a deficiency in skin Tregs may

closely correlate with autoimmunity and inflammatory skin

disease.

To date, new discoveries have provided essential steps

towards understanding the nature of Tregs in humans. How-

ever, questions concerning the presence of other tissue-specific

Tregs and how human resident Tregs exert their function locally

still exist. Future studies elucidating the fundamental biology of

Tregs in human tissues will be indispensable for defining their

abnormalities in diseases and the potential exploitation of these

cells to treat diseases.

CONCLUSIONS

Given the indispensable roles of regulatory T cells in immune

balance and tolerance, a great deal of effort has been focused on

elucidating Tregs identity, heterogeneity, stability and func-

tion. More recent and emerging evidence has confirmed

the existence, characteristics, and functions of tissue-specific

Tregs and provided promising perspectives for future therapy.

However, many issues concerning tissue-specific Tregs need to

be addressed prior to their use as a drug target for the develop-

ment of effective therapies.

For example, the possibility of specialized subsets of Tregs

in each tissue needs to be addressed. If this is the case, what

are the phenotypes and characteristics of these subsets,

and how do they exert their functions locally? How can the

functions of tissue resident Tregs be distinguished from

those that migrate to the tissue? How do these diverse popu-

lations orchestrate local homeostasis? What is the mecha-

nism by which tissue resident Tregs are regulated by the host,

and how can these populations be manipulated to treat dis-

ease? Unraveling the complexity of local Tregs is just the

beginning, and further explorations into their characteri-

stics, functions and targets will undoubtedly enhance future

therapeutic development.

Table 1. Key properties of Tregs in non-lymphoid and

lymphoid tissues.
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