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Abstract

T regulatory (Treg) cells are central to the maintenance of immune homeostasis. The transcription 

factor Foxp3 is essential for specifying the Treg cell lineage during development, and continued 

expression of Foxp3 in mature Treg cells is necessary for suppressive function. Treg cells can lose 

Foxp3 expression under certain conditions, and this is associated with autoimmune pathology. 

Here we review recent insights into the mechanisms that maintain Treg cell stability and function, 

and place these findings within the broader understanding of mechanisms that establish Treg cell 

identity during development. We integrate emerging principles in Treg cell lineage maintenance 

with the mechanisms that allow Treg cells to sense and respond to varied inflammatory 

environments, and outline important areas of future inquiry in this context.

Introduction

Regulatory T (Treg) cells play an indispensable role in homeostasis of the immune system. 

Perturbations of Treg cell differentiation and function lead to autoimmune diseases and 

immunopathology (1). Foxp3, a member of the forkhead transcription factor family, is an 

essential regulator of both the establishment of the Treg cell lineage and the suppressor 

function of these cells (2-4). Although recent studies have shown that Foxp3 is temporarily 

expressed in non-Treg cells and that epigenetic modifications unrelated to Foxp3 function 

play critical role in Treg cell lineage establishment (5, 6), sustained expression of Foxp3 is 

an essential feature of Treg cells. Whereas effector T cells can differentiate into different T 

helper subsets (Th1, Th2, Th17, etc.) in response to a wide range of pathogens and cytokines 

in the inflammatory environment, Treg cells do not further differentiate into stable subsets 

(7). However, they display a certain level of functional plasticity that involves the ability to 

sense cytokines in their milieu and adjust the expression of a subset of genes accordingly; 

this functional plasticity is essential for the appropriate regulation of the surrounding 

immune response.
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While, the flexibility of Treg cells to acclimate to their microenvironment is vital to their 

suppressive function, it also poses a potential threat to immune homeostasis. Most Treg cells 

recognize self-antigens, and thus loss of Foxp3 expression and the concomitant loss of 

suppressive function can result in auto-reactive cells that promote autoimmune disease. 

Recent studies have provided insight into the Treg cell-intrinsic programs in place to 

maintain Foxp3 expression and safeguard Treg cell identity, revealing a central role for a 

Foxp3 intronic enhancer that serves as a sensor of both TCR and cytokine signals and 

translates these inputs into increased Foxp3 transcription during Treg cell activation (8, 9). 

We discuss these findings here, and place them in the context of the broader understanding 

of the cellular and molecular mechanisms that regulate Foxp3 expression during Treg cell 

lineage establishment and maintenance.

What constitutes Treg cell identity?

A prerequisite for studying the regulation of Treg cell lineage formation and stability is the 

identification of key characteristics and molecular markers defining Treg cell identity. The 

central feature of Treg cells is their immune suppressor function, mediated through a set of 

diverse mechanisms (10, 11). Other important characteristics of Treg cells include their 

dependence on IL-2, absence of expression of effector cytokines associated with other T 

helper cell lineages such as IFN-γ, IL-4, and IL-17, and distinct regulation of their 

intracellular metabolism (12). Among several cellular markers that have been associated 

with Treg cell fate and function, expression of the transcriptional regulator Foxp3 is the 

most specific feature that distinguishes Treg cells from other T helper lineages. First, as the 

Treg cell lineage specification transcription factor, Foxp3 expression is required for the Treg 

cell differentiation. Germline deletion of the Foxp3 gene leads to Treg cell deficiency and 

the development of lethal autoimmune syndrome (2-4). Second, beyond its role in Treg 

differentiation, continuous Foxp3 expression is also required in mature Treg cells for their 

suppressive function and the full manifestation of the aforementioned key features of Treg 

cells. Deletion of Foxp3 in fully differentiated mature Treg cells results in the deregulation 

of its target genes and the loss of suppression function (13). Last but not least, Foxp3 helps 

to prevent Treg cells from acquiring alternative fates since the ablation or severe attenuation 

of Foxp3 expression leads to the expression of effector cytokine genes that are characteristic 

of other CD4 helper lineages. (13-15). In mice containing a Foxp3 GFP reporter null allele 

(Foxp3GFPKO), GFP+ T cells, which are “wannabe” Treg cells but are unable to express 

Foxp3 protein, produce Th2 and Th17 cytokines IL-4 and IL-17 (14). The production of 

proinflammatory cytokines IL-2, TNFα, IFN-γ, IL-17, and IL-4 is also increased in mature 

Treg cells when Foxp3 is acutely ablated using retroviral expression of Cre (13). Foxp3 can 

suppress Th17 differentiation by inhibiting the function of Th17 lineage specifying 

transcription factor RORγt (16). Therefore, Foxp3 expression is a central contributor to Treg 

cell identity.

However, despite its importance and specificity, Foxp3 expression cannot be considered an 

unambiguous marker for Treg cells. Comparison of the transcriptional profile of Treg cells 

with that of conventional CD4+ T cells made to express Foxp3 through retroviral 

transduction showed that Foxp3 expression alone is not sufficient to confer T cells with the 

expression of many Treg cell signature genes, despite the ability of Foxp3 to regulate the 
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expression of many of its cofactors (17, 18). Thus, it appears that the formation of Treg cell 

identity, characterized by its unique transcription program, requires the activation of 

additional genes. Indeed, enforced expression of Eos, IRF4, Satb1, Lef1, or GATA-3 

cooperates with Foxp3 to activate the expression of most, but still not all of the Treg 

signature genes (19). DNA methylation analysis revealed that Treg cells establish a specific 

CpG hypomethylation pattern associated with Treg-cell-specific gene expression (6, 20). 

Importantly, this Treg-cell-specific CpG hypomethylation pattern can be established in 

Foxp3-null Treg cells but is absent in Foxp3+ iTreg cells (6). Therefore, it is possible that a 

Foxp3+ cell is not a bona fide Treg cell due to the lack of a Treg-cell-specific epigenetic 

landscape and the expression of other genes that are required to establish the full Treg cell 

transcription program. The potential disconnect between Foxp3 expression and Treg cell 

identity warrants caution in using Foxp3 as a sole marker of Treg cell identity. Moreover, 

these findings highlight the question of what mechanisms, beyond Foxp3 expression, 

establish Treg cell identity. We discuss these below.

Establishment of the regulatory T cell identity

Regulatory T cells are generated in the thymus (tTreg) and the periphery (pTreg). The 

majority of the Treg cells emerge in the thymus at the CD4 single positive stage when 

Foxp3 expression is induced (21). TCR signal strength, IL-2, and TGF-β are required for 

Foxp3 upregulation during Treg cell differentiation in thymus, and these are discussed in 

turn.

It has been postulated that TCRs from Treg cells have intermediate affinity to self-antigens – 

that is, stronger affinity than that of naïve CD4 T cell TCRs and weaker affinity than the 

threshold for negative selection. Several lines of evidence support this notion. In a double 

transgenic mouse carrying a specific TCR expressed in T cells and its cognitive antigen 

expressed ubiquitously driven by SV40 promoter (TS1xHA28), tTreg generation increased 

significantly (22, 23). TCR sequencing studies showed that Treg cell and naïve T cell TCR 

repertoires are mostly non-overlapping although a small percentage of TCRs are shared by 

both T cell populations (24, 25). To test the self-reactivity of TCRs derived from Treg or 

naïve T cells, Rag1 knockout Tcli-TCR transgenic T cells were transduced by retroviral 

vectors carrying individual TCRs and adoptively transferred into lymphopenic recipients. T 

cells expressing Treg TCRs, not naïve T cell TCRs, undergo increased homeostatic 

expansion after adoptive transfer, suggesting these TCRs have higher affinity to self-

antigens (24). Recently, a mouse was generated that carries a GFP reporter driven by the 

promoter of Nur77 transcription factor (Nur77GFP); GFP fluorescence intensity of T cells in 

this mouse is a direct reflection of TCR signal strength (26). In this model, Foxp3+ Treg 

cells were shown to express higher levels of GFP in the thymus and in the periphery as 

compared to non-Treg CD4 T cells. Interestingly, by using a series of TCRs that react to an 

ovalbumin peptide at increased affinity, Hsieh et al showed Tregs can be generated at a 

surprisingly wide range of TCR strength, which could contribute to the partial overlap of the 

Treg and naïve T cell TCR repertoires (27). Future study is needed to illuminate how the 

timing and duration of antigen stimulation in combination with TCR strength can provide 

the optimum signal for Treg development.
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Although the self-antigens that select Treg cells are not identified so far, several studies have 

demonstrated that Autoimmune Regulator (Aire)-mediated thymic expression of self-

antigens drive development of a subpopulation of tTregs. Aire is expressed in the medulla 

thymic epithelial cells (mTECs) and drives promiscuous expression of peripheral tissue 

antigens in these cells for T cell selection (28). Malchow and colleagues showed that thymic 

generation of a Treg cell subset recognizing a prostate specific antigen was dependent on 

Aire expression (29). Through TCR repertoire sequencing study, Hsieh’s group showed that 

Aire-dependent expression of self-antigens preferably select Tregs carrying lower frequency 

TCRs (30). Recently, Yang and colleagues discovered that tTreg cells generated at perinatal 

stage in an Aire-dependent manner are a distinct population compared to adult generated 

tTregs in terms of TCR repertoire and gene expression profile, adding an age-related layer to 

Treg cell selection and function (31).

In addition to TCR stimulation, signals downstream of IL-2 are also critical for thymic Treg 

cell differentiation. An early study showed that thymic transgenic expression of IL-2Rβ 

driven by thymic-specific proximal lck promoter is sufficient to restore Treg cell generation 

and rescue the lethal autoimmunity associated with IL-2Rβ-deficient mice (32)(33). The 

numbers of thymic Tregs, as defined by FoxP3 expression, in IL-2Rα deficient mice were 

reduced by approximately 50% as compared to wild-type (WT) mice, and ablation of 

IL-2Rγ completely block Treg cell development (34). Furthermore, a population of thymic 

Treg precursors (CD4+CD25+Foxp3−) can up-regulate Foxp3 expression in response to 

IL-2 and, to a lesser extent, IL-15, in the absence of TCR signal (35). IL-2 signals 

downstream of the IL-2R are transduced via the activity of STAT5. Mice engineered to 

express a constitutively active STAT5 (CA-STAT5) in lymphocytes displayed a dramatic 

increase in the numbers of Treg cells, as compared to WT mice (36, 37). Interesting, TCR 

signal strength defined by Nur77GFP reporter expression did not increase in the Tregs from 

the CA-STAT5 mice, suggesting that TCR and IL-2 signals can work independently in 

turning on Foxp3 expression (26).

The role of TGF-β in tTreg generation was explored by previous studies showing that 

ablation of TGF-βRI lead to defective tTreg generation in neonatal mice, although this 

deficiency could be compensated later on by homeostatic expansion of Tregs (38). TGF-β 

signal can enhance Treg survival during negative selection, as TGF-β receptor deficient 

thymic Tregs undergo enhanced apoptosis due to reduced expression of Bcl2 and increased 

expression of Bim, Bax, and Bak (39). Interestingly, mice deficient of both TGF-βRI and 

IL-2Rα show a complete absence of tTreg cells, suggesting compensatory roles for IL-2 and 

TGF-β during tTreg differentiation (38).

Generation of Tregs also occurs in the periphery through the conversion of naïve CD4 T 

cells. Early studies showed that TGF-β treatment of naive CD4 T cells can induce Foxp3 

expression and convert them into induced Treg cells (iTreg) (40). Although iTreg cells 

acquire certain property of tTregs, such as immune suppression function, they don’t carry 

the epigenetic markers of tTregs and rapidly lose Foxp3 expression in vivo (41). In contrast 

to in vitro generated iTregs, in vivo generated pTregs are very similar to tTregs in terms of 

gene expression, suppression function, and lineage stability. Currently, the most well studied 

cases of in vivo pTreg cell generation were on Treg cells residing in the gut induced by 
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microbiota. Round and colleagues showed colonization of germ-free mice with B. fragilis 

increases colonic Treg cell numbers. Induction of Treg cells is dependent on an 

immunomodulatory molecule, polysaccharide A (PSA), produced by B. fragilis (42). 

Honda’s group showed similar Treg cell induction by colonizing gut with Closditrium 

species. In this study, Treg cell induction is dependent on TGF-β signaling pathway as TGF-

β neutralizing antibody treatment abolishes Treg induction (43). Treg cells induced by gut 

microbes in both studies express IL-10 and are protective against colitis. By sequencing 

TCR repertoire of colonic Treg cells, Lanthrop and colleagues showed that TCRs of these 

Treg cells were different from Treg cells in other tissues. Using a GFP-NFAT reporter cell 

line, they identified individual TCRs that recognize a number of colonic bacterial isolates. 

Naïve T cells expressing these colonic microbe-reactive TCRs convert to Foxp3+ Helios− 

pTreg cells specifically in the colon lamina propria, suggesting TCR stimulation is required 

for pTreg generation (44).

Due to a large number of commensal bacteria residing in the gut, generation of pTreg cells is 

also influenced by metabolites present in the gut microenvironment. Early studies showed 

that vitamin A and its derivative retinoid acid (RA) could promote TGF-β dependent 

conversion of naive CD4 T into Foxp3+ Treg cells. CD103+ dendritic cells from gut and 

mesenteric lymph node facilitate this conversion process (45, 46). Recently, three groups 

reported that short-chain fatty acids (SCFAs) including propionate and butyrate, products 

from metabolism of gut microbiota, could promote naive T cell to Treg cell conversion in 

vitro and in vivo (47-49). One mechanism proposed by these studies was that SCFAs could 

inhibit histone deacetylase (HDAC) activity, and promote histone acetylation at the Foxp3 

locus, which in turn leads to Foxp3 transcription. Future studies will elucidate if other 

classes of gut microbe metabolites are involved in tuning of gut immune cells and 

maintenance host-microbe homeostasis.

Differentiations of tTreg and pTreg occur at different locations and start from different 

precursor cells, yet similar factors are involved in both processes. TCR stimulation is 

required for both tTreg and pTreg cell differentiation, but it is not likely that same TCR 

signal strength leads to Foxp3 induction in both tTreg and pTreg cells. Differentiation of 

tTreg requires intermediate to high TCR signal, while pTreg generation prefers weaker TCR 

stimulation in the absence of pro-inflammatory cytokines. TGF-β is also involved in 

generation of both Treg subsets. While it exerts anti-apoptotic effect on tTreg cells (39), 

TGF-β induces Smad binding to Foxp3 locus and directly promotes Foxp3 transcription in 

pTreg (50-52). The similarity and differences between establishement of tTreg and pTreg 

cell identities are likely due to different kind of antigens they recognize (self for tTreg cell 

and environmental for pTreg cell) despite their shared gene expression profile and 

suppressive functionality.

Epigenetic regulation during Treg cell identity formation

Although the molecular mechanism of Foxp3 induction was the focus of most studies on 

Treg differentiation over the past decade, it has been increasingly clear that epigenetic 

changes also play an indispensable role in the formation of the Treg cell lineage. A recent 

study showed that only a very small portion (300 out of ~160,000) of DNA methylated 

Li and Zheng Page 5

Trends Immunol. Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



regions in conventional T cells are demethylated and become accessible in Treg cells (20). 

These Treg cell - specific demethylated regions (TSDRs) are enriched in Treg signature 

genes such as Foxp3, Ctla4, and Il2ra, suggesting that highly specific epigenetic 

modifications occur during Treg development (6, 20). Genome-wide mapping of accessible 

chromatin regions by DNase I hypersensitivity assay (DHS) also revealed similar global 

open chromatin regions in Treg cells and activated conventional T cells except for a small 

number of loci with Treg specific expression pattern (53). Expression of Foxp3 is not 

required for setting up the vast majority of the open chromatin regions in Treg cells, instead, 

Foxp3 selectively binds to these regions to shape the expression of key Treg cell signature 

genes (53). Similar observations were reported for the emergence of active enhancers 

defined by p300 binding regions during Th1 and Th2 cell differentiation (54). Lineage 

specification factors T-bet and GATA3 for Th1 and Th2 cells, respectively, are not required 

for the formation of most of the active enhancers. Instead, STAT5 plays a major role in 

defining the enhancer landscape in these cells (54). Surprisingly, TSDRs and Foxp3-bound 

DHS sites occupy two separate sets of loci, with the exception for the Foxp3 locus itself, 

implicating two different programs are involved in regulating gene expression in Tregs (20). 

The contributions of Foxp3 dependent and independent mechanisms in influencing 

epigenetic landscape and controlling gene expression of Treg cells remains to be 

determined.

Lineage stability of mature Treg cells

A number of groups have examined the lineage stability of Treg cells in a variety of 

contexts. Treg cells showed considerable instability when stimulated in vitro in the presence 

of pro-inflammatory cytokines such as IL-6 or anti-OX40 antibody (55-57). Although in 

vitro culture does not recapitulate physiological conditions, these studies raised important 

questions as to whether pro-inflammatory conditions influence Treg cell stability, and 

whether subsets of Foxp3+ cells (may or may not be fully committed Treg cells, as 

discussed later) exist that are prone to losing Foxp3 expression.

Treg cell stability can also be examined by using an adoptive transfer approach, which 

entails transferring congenically marked Treg cells isolated from Foxp3 reporter mice into 

recipient mice, and measuring Foxp3 expression in these cells. Additional cell surface 

markers may be used in combination with the Foxp3 reporter to isolate a more defined 

subset of Treg cells. Cells can also be labeled with a cell division dye prior to transfer into 

recipients to facilitate the measurement of cell proliferation. In addition, recipient mice can 

be manipulated to examine the effects of specific conditions or treatments on the stability of 

transferred Treg cells. These experiments present the advantage of in vivo physiological 

conditions, although it should be noted that the stress associated with cell isolation and 

transfer may still have an impact on outcome. Results from one such study showed that over 

90% of transferred Foxp3+ cells can maintain Foxp3 expression after being transferred 

together with conventional T cells into lymphopenic mice (58). Similar stability of Foxp3 

expression was observed when Treg cells were transferred into lymphoreplete recipients. 

Interestingly, cells that have unstable Foxp3 expression are mostly limited to the 

Foxp3+CD25− subset, indicating the heterogeneity of Foxp3+ cells and raising the 
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possibility that some Foxp3+ cells may not be fully committed Treg cells, or alternatively, 

that some Treg cells are inherently less stable than others.

To overcome potential drawbacks associated with methods employing in vitro culture and 

adoptive transfer approaches, more recent studies have utilized genetic fate mapping 

approaches to study lineage stability of Treg cells. One group used Cre recombinase driven 

by a constitutive Foxp3 BAC transgene, together with a reporter allele that express YFP 

upon Cre-mediated recombination, thus rendering YFP positive all cells that have expressed 

FoxP3 at some point in their lifetime; 10-20% of peripheral YFP+ cells were shown to be 

Foxp3− (59). Furthermore, using this approach in nonobese diabetic (NOD) mice revealed 

that ~20 and 30% of YFP+ cells were Foxp3− in the pancreatic lymph nodes and pancreas, 

respectively. Thus, autoimmune conditions appear to exacerbate instability of Foxp3 

expression. Because Cre recombinase is constitutively expressed, it is possible that non-Treg 

cells that transiently expressed Foxp3 were marked. Although the frequency of these 

transient Foxp3 expressing cells may be low, gradual accumulation of these marked cells as 

mice age may account for the relatively large proportion of ex-Foxp3 cells observed in this 

study.

One way to minimize the continuous accumulation of cells that are labeled due to transient 

Foxp3 expression in non-Treg cells is to pulse-label Foxp3 expressing cells. Using an 

inducible Cre allele driven by the Foxp3eGFP-CreERT2 locus in combination with a Cre-

activated YFP reporter, Rubtsov et al (60) showed that over 95% of YFP+ cells are still GFP

+ at either 2 weeks or 5 months after Cre activation. Similar results were obtained when 

mice were subjected to sub-lethal irradiation-induced lymphopenia, bacterial infection, 

CD40 ligation-induced Th1 type inflammation and autoimmune inflammation. These results 

support the notion that the great majority of Treg cells can maintain stable Foxp3 expression 

in vivo, and raise the possibility that unstable Foxp3 expression observed in some of the 

previous studies might have resulted from the presence of Foxp3+ cells that have not fully 

committed to the Treg cell fate.

Recent studies have characterized these unstable Foxp3+ cells by distinguishing cells that 

have only started to express Foxp3 from those that have expressed Foxp3 for longer periods 

by examining the expression levels of RFP in Foxp3+ CD4 T cells from Foxp3GFPCre × 

ROSA26-RFP mice (5). High RFP expression levels indicate a longer history of Foxp3 

expression whereas low or negative RFP expression indicates more recent initiation of 

Foxp3 expression. When GFP+ RFPhi or GFP+ RFP−/lo cells were cultured in vitro, over 

98% of GFP+ RFPhi cells maintained GFP expression (marker of Foxp3 expression), but 

over 10% of GFP+ RFP−/lo cells lost GFP expression. Furthermore, addition of IL-6 or TGF-

β blocking antibody to the culture or transferring cells into Rag1-deficient hosts did not 

substantially increase the loss of GFP expression in GFP+ RFPhi cells, but resulted in ~50% 

of GFP+ RFP−/lo cells losing GFP expression. Notably, GFP+ RFP−/lo cells have high levels 

of CpG methylation of CNS2, which is demethylated in committed Treg cells (5, 41). These 

findings confirm that fully committed Treg cells are a stable population, and show that a 

small population of Foxp3+ cells that have only recently started expressing Foxp3 present 

the main source of the ex-Foxp3+ cells observed in inflammatory or lymphopenic 

environment (5).
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Most of the studies examining the stability of Treg cell lineage have focused on Foxp3 

expression due to the central role of Foxp3 in specifying Treg cell lineage. However, 

because Foxp3 alone is insufficient to drive the full Treg cell transcription program and to 

define Treg cell identity, Treg cells can conceivably be destabilized when the expression or 

activity of essential cofactors is compromised despite stable Foxp3 expression. For example, 

deletion of Foxo1 in Treg cells severely impairs Treg cell function and results in a lethal 

inflammatory disorder in mice without reducing the frequency of Foxp3+ cells and the 

Foxp3 expression levels in individual cells (61). Instead, Foxo1 regulates the expression of 

many genes, including inhibiting the expression of IFN-γ, the deletion of which partially 

restored the function of Foxo1 deficient Treg cells. Thus, Foxo1 expression seems to be 

essential for Treg cell identity considering its critical contribution to Treg-cell-specific 

transcription program and function. Treg-cell-specific epigenetic landscape, including CpG 

hypomethylation may also regulate Treg cell identity beyond its role in regulating Foxp3 

expression since a number of the hypomethylated regions lie close to or within loci of genes 

with known functions in Treg cells (6). Further insights on the stability of Treg cell identity 

beyond Foxp3 expression may be gained from a more comprehensive understanding of the 

identity and regulation of key factors collaborating with Foxp3 to specify the core Treg-cell 

transcription program that support Treg function and suppress alternative cell fates.

Nonetheless, these studies point to the multifaceted characteristics of Treg cell identity, the 

complex and temporal nature of the Treg lineage commitment process, as well as limitation 

of Foxp3 as a marker of commitment of Treg cell fate.

Plasticity and heterogeneity of Treg cells

It is increasingly clear that Treg cells are not a homogenous population with a rigid 

transcriptional program. To be able to optimally control diverse types of immune responses 

in potentially drastically different and rapidly changing local environments, Treg cells have 

to possess a certain degree of functional plasticity to tailor their suppressive function and 

homeostatic properties to fulfill specific regulatory roles in diverse contexts. To achieve 

functional plasticity, Treg cells alter their transcriptional program to meet specific regulatory 

needs while preserving their core immune suppressive features. Treg cells co-opt a growing 

list of transcription factors that promote specific types of effector T cell differentiation, to 

control the same types of effector T cell response. For example, Treg cell specific deletion 

of an essential Th2 differentiation factor, Irf4, specifically abolished the ability of Treg cells 

to control Th2 responses (62). T-bet expression allows Treg cells to adopt features of Th1 

cells such as the expression of CXCR3, which is a key chemokine receptor mediating the 

accumulation of Th1 cells at local inflammation sites (63). Deletion of T-bet impaired the 

ability of Treg cells to control Th1 type inflammation. Similarly, expression of Stat3, a key 

transcription factor for Th17 cells, in Treg cells is essential for control of Th17 responses 

and expression of Bcl6, a crucial transcription factor in follicular helper T cells, endows 

Treg cells the ability to control germinal center responses (64-66). Expression of other 

transcription factors and certain microRNAs has been shown to bestow Treg cells with 

capabilities to regulate specific subsets of immune responses (67-71). In addition, there is an 

emerging recognition and appreciation of the existence of Treg cells residing in non-

lymphoid tissues and their unique functions and phenotypes (72). These tissue-residing Treg 
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cells often have distinct transcription programs as compared to Treg cells in lymphoid 

organs. For example, Treg cells in the visceral adipose tissue (VAT) express high levels of 

PPARγ, which is the master transcription factor regulating adipocyte differentiation (73). 

PPARγ expression is essential for establishing the unique VAT Treg transcription program, 

their phenotype, and homeostasis. Similarly, Treg cells accumulate in skeletal muscles 

following acute injury to promote muscle repair (74). These muscle-resident Treg cells also 

exhibit distinct transcription program that may support their repair function. Therefore, the 

function of Tregs partially depends on a certain degree of plasticity they exhibit in response 

to the microenvironment.

Foxp3 intronic enhancers and Treg cell fate

The ability of Treg cells to preserve their core identity while exhibiting flexibility in their 

function, phenotype, and associated transcription program suggests that powerful intrinsic 

mechanisms exist to protect their identity. Given the central role of Foxp3 in safeguarding 

Treg cell fate, it is imperative to understand the mechanisms of stable Foxp3 expression in 

Treg cells. The Foxp3 gene contains multiple evolutionally conserved non-coding sequence 

(CNS) elements, which are usually identified as enhancers that regulate gene expression. 

Indeed, three intronic Foxp3 CNS regions (named CNS1, 2 and 3) are implicated in different 

aspects of regulation of Foxp3 expression and Treg fate decision (Box 1). CNS3 is involved 

in the initial induction of Foxp3 in tTregs by recruiting cRel to the Foxp3 locus (75). CNS1 

contains a Smad binding motif downstream of TGF-β signal, and is implicated in the 

generation of pTregs (75, 76). CNS1 deficient mice exhibit allergic-type Th2 inflammation 

at mucosal interfaces like gut and lung, due to defect in pTreg induction at these sites (51, 

52, 75). Recent studies examining CNS2 deficient mice have revealed that, unlike CNS1 and 

CNS3, CNS2 serves a pivotal role in maintaining Foxp3 expression in mature Tregs (8, 9, 

75).

CNS2 and preservation of Treg cell identity

CNS2 is unique among all Foxp3 CNSs in that it contains the only CpG-rich region within 

the Foxp3 locus. CNS2 is heavily methylated in Treg precursors in the thymus and 

conventional T cells in the periphery (41, 77, 78). CD4 T cells with unstable Foxp3 

expression such as Treg cells induced by TGF-β treatment in vitro (iTregs) also retain 

methylated CNS2 (41, 78). Demethylation of CNS2 starts during Treg development in the 

thymus concurrently with induction of Foxp3 expression, and completes soon after mature 

Tregs emigrate into the periphery (Figure 1A)(41, 79). Therefore, demethylation of CNS2 is 

only associated with mature Tregs with sustained Foxp3 expression, suggesting a role of 

CNS2 in promoting stable Foxp3 expression. Indeed, deletion of CNS2 resulted in specific 

impairment in Foxp3 expression in mature Treg cells, whereas Treg cell development in the 

thymus and Foxp3 induction during iTreg cell differentiation in vitro appeared normal 

(Figure 1B)(75). Two recent studies examined the physiological role and mechanisms of 

CNS2-mediated maintenance of Treg cell identity (8, 9). Unexpectedly, CNS2 deletion did 

not result in early onset severe autoimmune diseases observed in Foxp3 null mice. Instead, 

these mice showed mild lymphoproliferative diseases and increased inflammation in 

multiple tissues as they age. Elevation of both Th1 and Th2 type inflammation in CNS2 
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deficient mice suggests that CNS2 confers Treg cell function in controlling multiple types of 

immune responses. Surprisingly, CNS2 deficient and wild type Treg cells had comparable 

overall Foxp3 expression, suggesting that only a subset of Tregs require CNS2 for 

maintaining Foxp3 expression in steady state. Indeed, CNS2 deficient Treg cells that express 

low levels of Foxp3 exhibit gene expression signatures indicative of high levels of TCR 

activation, cell proliferation, responsiveness to chemotactic and proinflammatory cytokines, 

and suppressor function (9). Furthermore, CNS2 deficient Treg cells are prone to losing 

Foxp3 expression in response to strong TCR activation, stimulation with proinflammatory 

cytokines including IL-4 and IL-6, and deprivation of IL-2 (8, 9). Interestingly, CNS2 

deficient Treg cells appeared to be particularly incapable of maintaining Foxp3 expression 

in certain tissues such as small intestine, liver, and lung, where increased inflammation was 

observed in CNS2 KO mice (8, 9). These results suggest that CNS2 is especially important 

for the lineage stability of Treg cells at the environmental barriers, where increased 

stimulation by proinflammatory cytokines and abundance of foreign antigens can lead to 

Treg cell activation (Figure 1B). Therefore, CNS2 is critical for maintaining Foxp3 

expression when committed Treg cells get activated and further differentiate into effector 

Treg cells. Conversely, the powerful stabilizing effects on Foxp3 expression may also 

explain the timing of its demethylation, as premature activation of CNS2 through 

demethylation may lead to excessive induction of Foxp3 expression during Treg cell 

differentiation (Figure 1C). Indeed, CNS2 is required for Foxp3 induction in naïve CD4+ T 

cells following treatment of cells with a DNA methyltransferase inhibitor (9).

TCR signal controls Foxp3 expression in activating Treg cells

Although TCR signal plays a critical role in Treg development, two recent studies 

characterizing mice with mature Treg-specific TCR ablation showed that TCR expression is 

not required for normal homeostasis of mature resting Tregs in the periphery. However, 

these TCR-less Tregs are defective in expression of genes associated with activated Tregs 

and their suppressor capacity (80, 81). Similar to these observations, resting Treg cells from 

CNS2 deficient mice can maintain their Foxp3 expression fairly well. When they are 

activated and enter cell cycle, a large proportion of these Tregs lose Foxp3 expression (8, 9). 

This suggests that TCR activation, which is the main driver of Treg cell activation and 

proliferation, might provide two signals: one can destabilize Foxp3 expression; the other is 

sensed by CNS2 and stabilizes Foxp3 expression. This notion was further supported by 

previous observation that CNS2 can respond to TCR activation in reporter assays in vitro 

(75, 82).

Indeed, CREB and NF-κB, two transcription factors activated by TCR signal, contributed to 

CNS2-dependent stabilization of Foxp3 expression (9, 82, 83). Furthermore, the calcineurin-

NFAT signaling pathway downstream of TCR also plays an essential role in mediating 

CNS2-dependent maintenance of Foxp3 expression (9). Although NFAT was previously 

shown to play a critical role in mediating Foxp3 induction by binding to Foxp3 promoter 

and CNS1, its role in maintenance of Treg cell identity was not clear (76, 84). NFAT binds 

to both CNS2 and Foxp3 promoter to mediate a specific looping interaction in Treg cells 

upon TCR stimulation (9). In addition, factors known to be important for mediating 

enhancer-promoter looping interactions, Med12 and Nipbl, could bind to CNS2 (85). 
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Knocking down these two factors by shRNAs resulted in increased loss of Foxp3 expression 

in wild type Treg cells, but not in CNS2 deficient Treg cells. Thus, TCR activation triggers a 

specific calcineurin/NFAT-dependent interaction between CNS2 and Foxp3 promoter, 

leading to the stabilization of Foxp3 expression, possibly through recruiting CNS2-

associated transcriptional activators to the Foxp3 promoter (Figure 1A). For example, Stat5 

binding to the Foxp3 promoter may benefit from the interaction between CNS2 and Foxp3 

promoter, providing a potential mechanistic link between TCR and IL-2 signaling for their 

cooperation to stabilize Foxp3 expression (8, 9, 34, 86, 87). The exact mechanism of how 

these CNS2-binding factors collaborate remains to be further elucidated. Nonetheless, both 

TCR activation and IL-2 signaling are central players in many types of immune responses. 

Thus, sensing these signals by CNS2 may be a robust way to protect the identity of Treg 

cells in diverse immune contexts.

Signals that down-regulate Foxp3 expression in Treg cells

Although CNS2 can largely negate the destabilizing effects of aforementioned signals on 

wild type Treg cells, it is conceivable that under chronic inflammatory conditions, stronger 

destabilizing signals and/or weaker stabilizing signals afforded by CNS2 may tip the 

balance, leading to loss of Treg cell identity (88, 89). Thus, it is of great importance to 

understand how these signals including T-cell activation, pro-inflammatory cytokine 

stimulation, and limited amounts of IL-2 destabilize Foxp3 expression in CNS2 deficient 

Treg cells. Curiously, increased loss of Foxp3 expression in CNS2 deficient Treg cells was 

only observed in dividing cells in vivo and in vitro (8, 9). The close association between loss 

of Foxp3 expression and cell proliferation raised two non-mutually exclusive possibilities. 

First, cell division and cell cycle progression per se may contribute to unstable Foxp3 

expression. Second, signals driving Treg cell proliferation may destabilize Foxp3 

expression. A recent study found that cis-elements on the Foxp3 locus were partially re-

methylated during Treg cell division and suggested that Stat6 and Stat3, which are activated 

by IL-4 and IL-6, respectively, may destabilize Foxp3 expression by recruiting Dnmt1 to the 

Foxp3 locus (8). This is consistent with previously observed requirement of Stat3 and Stat6 

in inhibition of Foxp3 expression by IL-6 and IL-4, respectively (56, 90-93). Future studies 

will shed light on how the interplay among cell proliferation, TCR and cytokine derived 

signaling molecules, and epigenetic regulations affect the stability of Foxp3 expression.

Role of IL-2 in maintenance of Foxp3 expression

In addition to its important role in both tTreg and pTreg differentiation, IL-2 signaling also 

promotes stable Foxp3 expression in mature Tregs. In a Treg lineage-tracing study, among 

several experimental conditions tested, IL-2 antibody neutralization was the only condition 

that led to loss of Foxp3 expression in a sizable (>15%) fraction of Treg cells (60). Thus, it 

appears that CNS2 is not sufficient to completely prevent Treg cells from losing Foxp3 

expression when IL-2 signaling is low. Indeed, recent studies showed that in the presence of 

limited amount of IL-2 or when IL-2 signal is blocked by a neutralizing antibody, CNS2 

appeared to be even more important for maintaining Foxp3 expression, suggesting that 

sensing TCR activation through CNS2 and sensing IL-2 signaling are two key non-

redundant mechanisms employed by mature Treg cells to maintain stable Foxp3 expression 
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(8, 9). CNS2 is not required for IL-2 to promote Foxp3 expression, but may help to increase 

the effectiveness of low levels of IL-2 in stabilizing Foxp3 expression, possibly through 

facilitating Stat5 binding to the Foxp3 promoter and other cis-regulatory elements on the 

Foxp3 locus (8). The important role of IL-2 signaling in stabilizing Foxp3 expression may 

partially explain the previously observed correlation between CD25 expression levels and 

the stability of Foxp3 expression in Treg cells (58). More recently, reduced CD25 

expression was also observed in PTEN deficient Treg cells which appeared to have unstable 

Foxp3 expression (94, 95). Thus, IL-2 signaling mediated stabilization of Foxp3 expression 

is a critical mechanism for maintaining Treg cell lineage stability.

Concluding remarks

Accumulating experimental evidences showed that keeping a clear division between the 

regulatory and effector T cell lineages is essential for immune system homeostasis. 

Regulatory T cell utilizes multiple molecular mechanisms to maintain its lineage stability in 

steady state or under a variety of inflammatory conditions. It is not surprising that the 

signals initiate Treg differentiation in thymus, including TCR and IL-2, also play a pivotal 

role in protecting mature Treg identity. This might be the simplest solution for Tregs to 

maintain their lineage stability when they also have to afford a certain degree of functional 

plasticity in adaption to their specific microenvironment. In this context, the Foxp3 CNS2 

region serves as a gatekeeper between Tregs and conventional T cells. CNS2 is methylated 

in naïve T cells, which ensures the transient nature of Foxp3 induction by T cell activation 

or homeostatic expansion, so that naïve T cells cannot be accidentally converted to Tregs en 

masse. Demethylation of CNS2 in mature Treg cells turns it from dormant state to an active 

sensor of TCR and cytokine signals. During Treg activation, CNS2 brings multiple 

transcriptional activators to the proximity of the Foxp3 promoter through a looping 

mechanism, resulting in stabilized Foxp3 expression and Treg identity protection.

Despite recent progresses, important questions on how Treg lineage is preserved are still not 

fully answered (Box 2). The signaling pathways leading to CNS2 demethylation during Treg 

development are not clear, despite recent findings demonstrated that the TET proteins may 

be involved in the demethylation process (79). Although it is now recognized that Treg cell 

identity is established by building a unique epigenetic landscape and induction of Foxp3 

expression, very little efforts were spent so far on investigating how Treg specific epigenetic 

modifications are maintained in mature Treg cells. Finally, CNS2-promoter looping and 

subsequent stabilization of Foxp3 transcription is simply one example on how DNA looping 

can regulate gene expression in Treg cell. Whether DNA looping is a common mechanism 

to protect the expression of Treg signature genes need to be explored in the future.
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Box1

By controlling Foxp3 transcription, cis-regulatory elements on the Foxp3 
gene locus play central roles in the differentiation and stability of Treg cells

Foxp3 promoter

Although the basal Foxp3 promoter contains sites for the binding of several transcription 

factors, including NF-κB, Foxo1/3a, NFAT, AP-1, SP1, STAT5, and Runx, its 

transactivation activity appears to be weak. On the one hand, a weak transactivation 

activity may help prevent promiscuous Foxp3 induction. On the other hand, other cis-

regulatory elements are needed for the induction and maintenance of Foxp3 expression in 

Treg cells.

CNS1

CNS1 is critical for Foxp3 induction during peripheral differentiation of Treg cells, but 

not for the thymic Treg differentiation. The binding of NFAT, Smad3, and RAR/RXR 

likely facilitates the induction of Foxp3 expression in naïve CD4 T cells in the presence 

of TGF-β and retinoic acid. Enhancement of peripheral Treg generation by commensal 

bacteria-derived butyrate also requires CNS1.

CNS2

CNS2 contains a CpG island, which is methylated in non-Treg cells, including Treg 

precursors, and is demethylated in committed Treg cells. CpG methylation on CNS2 

inhibits the binding of transcription factors. Consistent with this, CNS2 is not required 

for Foxp3 induction during Treg differentiation in the thymus and periphery. Instead, it is 

required for maintaining Foxp3 expression in activated and dividing mature Treg cells, 

especially in the presence of proinflammatory cytokines including IL-4 and IL-6, or 

when IL-2 is limited. Upon TCR activation, CNS2 promotes Foxp3 expression by 

interacting with Foxp3 promoter in a Calcineurin/NFAT-dependent manner, which may 

allow CNS2-bound factors including STAT5 to access Foxp3 promoter.

CNS3

This conserved non-coding DNA sequence element exhibits histone marks indicative of 

regulatory function even in thymic and peripheral Treg cell precursors. Its deletion leads 

to impaired differentiation of both thymic and peripheral Treg cells. It is bound by c-Rel, 

which is also required for efficient Foxp3 induction. Thus, CNS3 appears to be a 

pioneering element facilitating Foxp3 induction during Treg differentiation.
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Box2

Outstanding questions

• What signal induces CNS2 demethylation during Treg cell development? Are 

the signaling pathways similar for tTreg and pTreg cells?

• How IL-4 and IL-6 destabilize Foxp3 expression in activated Treg cells? Do 

they recruit repressors or remove transcriptional activators at the Foxp3 locus?

• Why does cell cycle entry make Treg cell more vulnerable to loss of Foxp3 

expression?

• Among the Treg cell specific demethylated regions and DHS sites, which ones 

are essential for Treg cell function?

• How genome-wide epigenetic landscape is maintained in Treg cell in a pro-

inflammatory microenvironment?

• In addition to TCR and IL-2, what other signals can CNS2 sense?

• Which transcription factors are driving promoter-CNS2 looping? Which ones 

are simply passengers recruited to the promoter by looping to increase Foxp3 

transcription?
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Highlights

Foxp3 CNS2 is a gatekeeper between regulatory and conventional T cell lineages

TCR and IL-2 signals dictate both differentiation and stability of Treg cells

Dynamic enhancer-promoter interaction is required for stable Foxp3 expression
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Figure 1. 
Role of CNS2 in Treg cell differentiation and Treg cell lineage stability. (A) During Treg 

cell differentiation in wild-type mice, the probability of a precursor cell turning on Foxp3 

expression is influenced by the relative strength of extrinsic signals promoting or inhibiting 

Foxp3 expression. Methylated CpG on CNS2 in precursor cells prevents CNS2 from 

promoting inappropriate Foxp3 induction, thus permitting proper regulation of Treg cell 

differentiation by extrinsic signals. CpG on CNS2 becomes demethylated during Treg 

differentiation and is fully demethylated in committed Treg cells. Although CNS2 is 
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dispensable for the stability of Foxp3 expression in resting Treg cells. When committed 

resting Treg cells further differentiate into highly activated effector Treg cells, CNS2 plays a 

critical role in preventing Foxp3 expression from being destabilized by extrinsic 

environmental cues such as the presence of proinflammatory cytokines IL-4 and IL-6 or the 

absence of sufficient amounts of IL-2. These extrinsic cues often also influence Foxp3 

induction during Treg cell differentiation. Mechanistically, upon TCR activation, CNS2 

interacts with Foxp3 promoter in a NFAT-dependent manner to help maintain Foxp3 

expression, probably by facilitating the access of CNS2-bound positive factors such as 

STAT5 to Foxp3 promoter. (B) CNS2 deletion does not affect Treg cell differentiation or 

the stability of Foxp3 expression in resting Treg cells. Instead, CNS2 is indispensable for 

maintaining Foxp3 expression in activated effector Treg cells. (C) In a hypothetic scenario, 

if CNS2 is not methylated in Treg precursors, its activity may lead to inappropriate Foxp3 

induction and dysregulation of Treg cell differentiation.
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