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Naïve CD4+ T cells differentiate into diverse subsets of effector cells and perform various
homeostatic and immune functions. The differentiation and maintenance of these different
subsets are controlled through the upregulation and silencing of master genes.
Mechanistic studies of the regulation of these master genes identified conserved and
distal intronic regulatory elements, which are accessible subsets of conserved non-coding
sequences (CNSs), acting as cis-regulatory elements in a lineage-specific manner that
controls the function of CD4+ T cells. Abnormal CNS activity is associated with incorrect
expression of master genes and development of autoimmune diseases or immune
suppression. Here, we describe the function of several conserved, distal cis-regulatory
elements at the Foxp3, Rorc, Il-4, Il-10 and Il-17 gene locus were shown to play important
roles in CD4+ T cells differentiation. Together, this review briefly outlines currently known
CNSs, with a focus on their regulations and functions in complexes modulating the
differentiation and maintenance of various CD4+ T cells subsets, in health and disease
contexts, as well as during the conversion of T regulatory cells to T helper 17 cells. This
article will provide a comprehensive view of CNSs conserved distal cis-regulatory
elements at a few loci that control aspects of CD4+ T cells function.

Keywords: human, CNSs, T-cells, gene regulation, cell differentiation
INTRODUCTION

CD4+ T cells play an indispensable role in immunity, especially in cellular immunity, by
coordinating immune responses during inflammation and autoimmune responses (1). On
antigen stimulation, naïve CD4+ T cells can differentiate into various subsets of effector T cells,
such as T-helper 1 (Th1), T helper 2 (Th2), or T helper 17 (Th17), and regulatory T cells, which
involved in cellular immunity or assisting humoral immunity (2). Activated T cells may also
differentiate into T regulatory cells specializing in immune suppression and tolerance, which can be
divided into three subsets: thymus-derived Treg (tTreg), natural Treg (nTreg) arising from the
thymus, and endogenous induced Treg (pTreg) differentiated from antigen-stimulated T cells in
peripheral tissues (3), and induce Treg cells (iTreg) differentiated from normal T cells induced in
vitro by TGF-b (4). The nTreg mainly suppresses the development of autoimmune diseases and
raises the activation threshold of the individual immune response, while iTreg cells tend to maintain
the non-inflammatory state of tissues, suppresses the immune response against environmental and
org June 2022 | Volume 13 | Article 9195501
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food allergens, and weaken the inflammatory response. nTreg
cells and iTreg cells work together to play a role in maintaining
the immune homeostasis (4). Th differentiation and polarization
take place in secondary lymphoid organs and is dictated by
different signals, including duration and strength of TCR
engagement with peptide/MHC class II complexes on antigen
presenting cells, co-stimulatory molecules, and cytokines (5, 6).
Among the different Th subsets, Th1 cells protect against
intracellular pathogens (7). Th2 cells promote humoral
immunity and host response to extracellular pathogens, but
also allergy and asthma (8). Th17 cells, mainly found in
mucosa, protect against extracellular bacteria and fungi, but
also participate to autoimmune and inflammatory diseases (9),
and T follicular helper cells act in germinal centers, where they
promote affinity maturation of the B cell receptors and can
contribute to the emergence of lymphomas (10). Essential
transcription factors for CD4+ T cell differentiation are FOXP3
for Treg (11), RORgt for Th17 (12), TBET for Th1 (13), BCL6 for
Tfh (14) and GATA-3 for Th2 cells (15). These lineage-specific
master transcription factors determine the fate and function of
CD4+ T cells and cross-regulate each other’s expression through
a dynamic balance. In the past decade, it has become apparent
that these master regulators can even be co-expressed, thereby
underpinning CD4+ T cell heterogeneity and plasticity (6, 16).
For example, FOXP3 and RORgt play crucial roles in Treg/Th17
transition. Most recently, the concept of CD4+ T cell plasticity
has been further investigated by single-cell transcriptomics. This
research gave rise to new paradigms representing effector T cell
heterogeneity as a transcriptional continuum, progressing from
naïve T cells towards increased expression of effector molecules
shaping their response to activation and cytokine polarization
(17). In the same direction, Kiner et al. proposed that the
transcriptional program of CD4+ T cell differentiation forms a
‘polarized continuity’ that cannot be resolved into discrete Th
cell types (18). Jones and colleagues revealed that activated CD4+

T cells redirect their metabolic pathways to generate enough
energy to support cellular functions and synthetize the
biocomponents necessary to their division and proliferation in
response to different challenges like fighting infections, or
preventing diseases like cancer, autoimmunity, or allergies (19,
20). These specialized functions are acquired by native CD4+ T
cells upon activation, through the implementation and
stabilization of distinctive transcriptional programs tightly
regulated by transcription factors, cis-acting DNA motifs, and
chromatin remodeling.

Conserved non-coding sequences (CNSs) are DNA regions
with high degrees of conservation across species (21, 22). Some
accessible subsets of CNSs are conserved and distal cis-regulatory
acting motifs recognized by transcription factors and chromatin
modifiers activating and maintaining gene expression (23, 24).
CNSs are defined as sequences longer than 100 bp with at least 70%
of nucleotide identity between mouse, human, dog, and rat
genomes, assessed through the VISTA Gateway program
(Figure 1) (25–27). Some CNSs are cis-regulatory enhancers that
are pre-assembled before differentiation and regulate the specific
expression and chromatin modification at gene loci (28–30). They
also increase the basal transcriptional activity of the gene promoters
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and transcriptional start sites (TSSs) (31). These enhancers can
now be identified by using tiled CRISPR activation (CRISPRa), a
method that allows rapid mapping of functional enhancers at target
loci (32, 33). In addition, multi-omics and CRISPR/CAS9-
mediated editing of human T cells are applied, allowing the
identification and validation of distal regulatory elements,
starting with genome-wide analysis of the chromatins to identify
potential gene enhancers in normal tissues. CRISPR/CAS9 genome
editing was then used to validate target regions, revealing the roles
of regulatory genes. Finally, potential drug targets for the disease
are identified through experimental validation. And this
combination of genome-wide association studies (GWAS) and
3D epigenomics facilitates the identification of targets for drug
repurposing or compound development (34). Most enhancers
boost gene expression from distal locations (35). Upon
activation, the naïve CD4+ T cells convert the different signals
they receive into specific gene expression programs by regulating
the abundance, interactions, and positions of master transcription
factors (36), thereby acquiring different effector or regulatory
lineage identities. CNSs participate in this differentiation by
controlling the expression and stability of lineage-specific genes
(37). Throughout T cell development, specific CNSs undergo
permissive chromatin remodeling, which enable effector T cell
differentiation in a lineage-specific manner by governing critical
sets of genes. For instance, FOXP3 regulates the growth and activity
of Treg cells, and its deletion or malfunction cause severe
autoimmune diseases and inflammatory bowel disease (38).
Distinctive enhancers contribute to Treg differentiation, which
are annotated CNS1, CNS2, and CNS3, relative to their
respective distance from Foxp3 TSS. In addition, Il-17 enhancers
promote IL-17 secretion, which promotes Th17 cell differentiation
(39), while Rorc is a Th17 cell lineage gene whose distal enhancers,
such as CNS6 and CNS9, promote the commitment of Th17 (27).
In Th2 cells, CNS9, an enhancer of Il-10, increases IL-10 expression
(40), and Il-4 CNS2 induces mainly IL-4 expression in Th2 (41),
but Il-4CNS2 promotes Tfh differentiation as a specific enhancer in
Tfh cells (42). These immune dysfunction-associated noncoding
enhancers act specific lineages of genetic programs in CD4+ T cell
differentiation and are applied to control temporal gene regulation
of stimulus response in disease. For example, after IL-2 binding to
the IL-2 receptor subunit (IL-2RA), Foxp3 can be activated to
promote Treg differentiation. Deletion or mutation of the IL-2RA
enhancer does not completely block IL-2RA expression but delays
the time of activation of Foxp3, shifting the polarization of naïve T
cells towards pro-inflammatory TH17 and away from Treg. This
delayed regulatory approach regulates the binding of CNSs on
specific lineage genes to transcription factors that influence the
direction of CD4+ T cell differentiation and control disease (32).

The activity of some of the CNSs regulating master
transcription factors and lineage-specific cytokines have
become indicators of CD4+ T cell lineage identity and are
reviewed in this manuscript (Figure 2). In addition, this review
discusses the dysfunctions of these CNSs in inflammatory or
autoimmune contexts, their regulation, as well as possible
intervention for the management of these diseases. While this
article concentrates mainly on the CNSs that regulate Rorc and
Foxp3, in particular during the conversion between pro-
June 2022 | Volume 13 | Article 919550
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FIGURE 1 | Genomic alignment of the CNSs at major regulatory gene loci in mouse with the homologous sites in human, dog, and rat. The X axis represents the
mouse genomic sequences. The Y axis indicates the percentage of identity between different species (minimum cutoff 50%; maximum 100%) (A) Foxp3 CNS0–3
regulating Treg differentiation. (B) Il-17 CNS2 responsible for IL-17 expression. (C) Rorc CNS6 and CNS9 acting in conjunction with RORgt to promote Th17
differentiation. (D) IL-4 CNS2 regulating Th2 and Tfh differentiation. (E) Il-10 CNS2 impact on Th2 differentiation. These data were obtained from the website VISTA
browser and NCBI Gene Database.
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inflammatory Th17 and anti-inflammatory Treg phenotypes (43,
44), we also provide a more general overview of the latest
findings on the functions and underlying mechanisms of CNS
regulation in different effector T cell subsets (Table 1).
CNSS INVOLVED IN CD4+ T
CELLS DIFFERENTIATION

CNSs Is Important for Treg
Cells Development
Foxp3 CNS0 in Treg Cells
The CNS0 of the Foxp3 gene is located 8 kb upstream of its TSS
and is hypomethylated in Tregs (Figure 1A) (46). The binding of
Frontiers in Immunology | www.frontiersin.org 4
SATB1, a global genome organizer (47), to different Foxp3 CNSs,
including CNS0, dictates Treg fate (Figure 2A; Table 1) by
increasing chromatin accessibility at the Foxp3 locus. Yohko et
al. (45) identified CNS0 as a Treg super-enhancer (SE) with high
density of acetylation at lysine 27 of the histone 3 proteins
(H3K27ac) in mouse Treg cells, which binds an abundance of TF
and chromatin remodelers regulating this lineage (48–51). CNS0
is activated first in T precursor cells, where it initiates a Treg-
specific transcription program. Satb1 deficiency impairs CNS0
activation in human Treg cells, due to decreased demethylation,
and consequently, Foxp3 activation, which might originate
autoimmune diseases (47, 52). Marc et al. proposed a more
complex mechanism of Foxp3 activation than the sole binding of
SATB1 to CNS0 (53). Their model involves intermediary factors,
TABLE 1 | CNS functions in CD4+ T cells.

Gene CNSs Cell type Binding molecules Functions Ref.

Foxp3 CNS0 Treg SATB1, STAT5 Super-enhancer activating multiple CNSs demethylation (45)
CNS1 Treg NFATc1, SMAD and RAR Induces peripheral Treg, especially in intestinal lymphoid tissue (26)
CNS2 Treg CREB, STAT5, RUNX1, FOXP3 Stabilizes Foxp3 expression in Treg (26)
CNS3 Treg c-REL, IkBNS, FLICR Facilitates epigenetic modification and induces Foxp3 promoter remodeling in naïve cells (26)

Il-17 CNS2 Th17 STAT3, IRF-4, RUNX1, BATF, IkBz Promotes Th17 differentiation and IL-17 expression (39)
Rorc CNS6 Th17 TGF-b-SMAD pathway Th17 commitment (27)

CNS9 Th17 STAT3, p300, IRF4, BATF Promotes Th17 differentiation (27)
Il-4 CNS2 Th2 NOTCH-RBP-J pathway Induces IL-4 expression (41)
Il-10 CNS9 Th2 NFAT1, IRF4 Increases IL-10 expression (40)
Il-4 CNS2 Tfh BATF, IRF4, STAT Tfh-specific enhancer (42)
June 2022 | Volume 13 | Article 91
CNSs, conserved non-coding sequences; Th, T helper cells; Treg, T regulatory cells.
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FIGURE 2 | DNA-binding proteins access demethylated CNSs in different CD4+ T cell lineages. (A) In Treg, Foxp3 CNS1–3 are demethylated and recruit different
activating molecules. Foxp3 CNS0 recruits SATB1, STAT5; Foxp3 CNS1 recruits NFATc1, SMAD and RAR; Foxp3 CNS2 recruits CREB, STAT5, RUNX1, FOXP3;
and Foxp3 CNS3 recruits c-REL, IkBNS, FLICR. (B) In Th17, Il-17 CNS2 recruits STAT3, IRF-4, RUNX1, BATF1, and IkBz. (C) In Th17, Rorc CNS6 acts
downstream of the TGF-b-SMAD pathway and CNS9 recruits STAT3, p300, IRF4, and BATF. (D) In Th2, Il-4 CNS2 acts downstream of the Notch/RBP-J pathway.
(E) In Th2, Il-10 CNS9 recruits NFAT1 and IRF4 (F) In Tfh, Il-4 CNS2 recruits BATF1, IRF4, and STAT3.
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such as Ten-eleven translocation enzyme (TET) or DNA
methyltransferase (DNMT), apparently necessary to achieve
Treg commitment. A recent study discovered that IL-2 triggers
the binding of STAT5 to CNS0, thereby increasing Foxp3
expression in mouse genetic model. The same study showed
that CNS0 deficiency causes impaired Treg cell production in
neonates, which becomes partially compensated with age
through an increase in cell-intrinsic mechanism of activation.
However, CNS0 deficiency combined with impairment of other
gene functions, such as Aire deficiency, causes severe Treg cell
deficit, and markedly exacerbated autoimmune disorders. Thus,
CNS0 ensures Treg differentiation and minimizes the risks of
autoimmunity (54). Further, CNS0 and CNS3, another
regulatory sequence in Foxp3, work in hierarchical and
independent ways: CNS0 relies on SATB1 and the IL-2/STAT5
signaling, while CNS3 depends on c-REL in mouse (55). FOXP3
has been found to be essential for maintaining immune self-
tolerance by regulating the development and function of thymus
Treg cells (56). CNS0 serves as a key unit of enhancer cluster by
bringing together individual enhancers and the Foxp3 promoter
in three-dimensional chromatin space and providing a platform
for multiple TF complexes to ensure stable control of Foxp3
expression (55). Thus the manipulation of CNS0 could modulate
the production and quality of Treg in clinical treatment. Future
intervention strategies targeting CNS0 may help boost Treg
production in vitro.

Foxp3 CNS1 in iTreg Cells
Like CNS0, CNS1 works as an enhancer at the Foxp3 locus
(Figure 1A) and mediates Treg differentiation and functions
(26). This enhancer was first identified by Tone et al. who
demonstrated its acetylation by NFATc1 and SMAD3 and its
role in maintaining stable Foxp3 expression in mouse (57). CNS1
is crucial for iTreg differentiation, particularly in peripheral
tissues and gut, but dispensable for nTreg differentiation.
Further, CNS1-independent nTreg co-express RORgt, which is
upregulated under inflammatory conditions in mouse. Thus,
RORgt expression and CNS1 dependency are distinctive marks
of iTregs and nTregs identities (58). CNS1 regulates Foxp3
expression by recruiting NFATc1, SMAD3, and retinoic acid
receptor (RAR) (Figure 2A) (57, 59, 60). CNS1 is activated upon
TGF-b exposure (61), which induces SMAD2/SMAD3 binding,
Foxp3 transcription, and nTreg differentiation (62, 63).

Treg differentiation is facilitated by the binding of CNS1 by
RAR, a metabolic regulator balancing Treg versus Th17
differentiation that increases CNS1 acetylation in mouse (64).
In addition, the SET and MYND Domain 3 (SMYD3) protein, a
SET histone methyltransferase, regulates the TGF-b/SMAD3
pathway by primary epigenetic activation of CNS and is also
involved in Th17 regulation in mouse (65). Further, serum and
glucocorticoid-inducible kinase 1 (SGK1) modulates Treg versus
Th17 development by modulating FOXO1 phosphorylation and
its nuclear exit. Failure of FOXO1 to bind CNS1 inhibits Foxp3
expression in mouse, causing pro-inflammatory Th17
differentiation during autoimmune inflammation (66).

CNS1 is mostly active in iTregs, which contribute to the
resolution of immune responses against pathogens infecting the
Frontiers in Immunology | www.frontiersin.org 5
lungs and stomach of mouse, and prevent immune pathologies
caused by inflammation (67). For example, respiratory syncytial
virus infection is more severe in SMYD3-deficient than in wild-
type mouse, due to lower numbers of Tregs. SMYD3 regulates
Foxp3 expression through a TGFb1/Smad3-dependent
mechanism, and its deletion leads to a reduction in H3K4me3
of foxp3-patterned CNS1, which affects iTreg cell formation. And
the resulting lack of control on pro-inflammatory cytokines
boosts IL-17 production, allowing SMYD3-/- mice to exhibit
exacerbation of RSV-induced disease (65, 68). The resulting lack
of control on pro-inflammatory cytokines boosts IL-17
production. Based on Foxp3 CNS1 similarities in human and
mouse (69), it is plausible that FOXP3 CNS1 plays a role in the
control of human infectious diseases.

Recent studies have suggested that TGF-b may be important
for differentiation of both thymus and peripheral Treg cells by
inducing the activation of the Foxp3 promoter in EL-4 cells (57).
Furthermore, mouse Foxp3-4kb sequence devoid of CNS1 was
lacking enhancer activity whereas incorporation of CNS1 into
zebrafish or opossum Foxp3-4kb sequence reconstituted
enhancer activity (70). Moreover, an intronic Foxp3 enhancer
CNS1, that contains Smad3 and RAR (retinoic acid receptor)
binding sites, facilitates TGF-b-dependent Foxp3 induction and
pTreg cell differentiation (26). That means CNS1 is responsible
for TGF-b-dependent induction and maintenance of Foxp3
expression. and intervenes in TGF-b-mediated regulation of
maternal-fetus tolerance in mouse (70). That is, CNS1
deficiency causes mucosal Th2-mediated inflammation and
abortion in mouse, implying that CNS1 maintains Treg
identity to improve tolerance (46, 71). Furthermore, iTregs
suppress immune response in the gut during microbiota
colonization and regulate the metabolic function of the gut
microbes in mouse (72). A comparison between CNS1-/- and
CNS+/+ iTregs demonstrated a lack of CNS1-/- iTreg affects gut
homeostasis in mouse by disturbing the establishment of the
microbiota or changing the microbial communities over time
(73). These results imply that iTregs participate in shaping the
composition and function of the microbial community (72).
Drugs that affect gut bacteria may boost Treg differentiation.
Arpaia et al. (74) uncovered that butyrate and propionate, both
produced by commensal bacteria, boost the differentiation and
number of extrathymic CNS1-dependent iTreg in mouse,
implying that the microbial metabolism links the microbiota
and the immune system to mitigate inflammation. Clarissa (75)
used CNS1-deficient mouse to demonstrate that the bile acid 3-
b-hydrodeoxycholic acid (isoDCA) increases Treg number in the
colon by inducing CNS1-dependent Foxp3 expression. Hence,
the microorganisms producing isoDCA promote iTreg
generation, further linking the microbial metabolism to
beneficial effects on immune homeostasis. However, Foxp3
CNS1 mutation could be compensated by increased induction
of anergic (Tan) cells of mouse and subsequent conversion of
Tan cells into iTreg cells promoted by commensal bacteria,
thereby preventing gut inflammation and autoimmunity (76).

Collectively, these studies have been centered on the control
and maintenance of Treg identity by Foxp3 CNS1. CNS1 is
required for iTreg differentiation, particularly in the gut,
June 2022 | Volume 13 | Article 919550
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downstream of the TGF-b/SMAD3 pathway. Consequently,
CNS1 represents a target to modulate gut iTreg and constitutes
a molecular link between microbial metabolites and immune
regulation. Thus, CNS1 could serve as therapeutic target to
intervene on gut iTreg and balance pro- and anti-inflammatory
signals for the management of gut immune responses. More
research on the mechanisms of iTreg control by Foxp3 CNS1 is
essential to explore new directions for treatment of
immunological diseases in the gut. For instance, manipulating
the microbiota or its metabolism may influence the
differentiation and stability of iTregs through CNS1 regulation.

Foxp3 CNS2 in nTreg Cells
Foxp3 CNS2 (Figure 1A), also called the Treg-specific
demethylated region, was first characterized by Zheng et al.
(26). CNS2 is an enhancer that maintains stable expression of
Foxp3 in mature Tregs during cytokinesis and pro-inflammatory
conditions (77, 78). Recently, Cameron et al. used CRISPR/
dCas9 to induce constitutive Foxp3 transcriptional activation
in iTreg, which caused CNS2 demethylation and improved the
stability and suppressive functions of the Tregs in mouse colitis
(79). TCR stimulation with sufficient intensity is a critical
determinant to induce Foxp3 CNS2 demethylation (80). CNS2
with abundant CpG islands becomes fully demethylated in
mature Tregs to maintain Foxp3 expression (81). CNS2 is
activated through the binding of multiple transcription factors,
including CREB, STAT5, RUNX1/CBF, and FOXP3 (Figure 2A)
(82). The interaction of CNS2 with CREB and STAT5 is essential
for Foxp3 expression (83). CREB binds and demethylates CNS2
to increase Foxp3 expression, while CpG island methylation
reduces CREB ability to bind the Foxp3 locus in mouse (84).
Upon IL-2 exposure, STAT5 binding to CNS2 drives
proliferation and various Treg functions (85, 86). Therefore,
during the division of mature cells, CNS2 acts downstream of IL-
2/STAT5 signaling to enable heritable Foxp3 activation. In
inflammatory cytokine milieu lacking IL-2, CNS2 recruits
STAT5 to sustain Foxp3 expression and Treg activity in
mouse, thereby suppressing organ-specific chronic
autoimmune inflammation (87, 88). In contrast to STAT5, the
IL-6/STAT3 axis downregulates Foxp3 and up-regulates Rorc,
skewing T cell differentiation towards TH17 fate in mouse (89).
RUNX1/CBFb heterodimers bound to CNS2 (90, 91) up-regulate
Foxp3 and uphold Treg-mediated immune homeostasis (57).
Moreover, the lack of inducible-co-stimulator (ICOS), a context-
dependent regulator, reduces CNS2 demethylation and Foxp3
expression in mouse, demonstrating the requirement of ICOS for
Treg lineage stability (92). Upon CNS2 demethylation, FOXP3
binds CNS2 and maintains a positive regulation loop (26).
Further, TET enzymes catalyze the hydroxylation of DNA 5-
methylcytosine (5-mc) at the CNS2 locus, engaging its
demethylation in mouse (52). Two members of the TET
family, TET2 and TET3, recruit transcription factors like
NFAT at the CNS2 CpGs to increase Foxp3 demethylations
(77, 93, 94). Consistent with these studies, Nakatsukasa et al.
discovered that TET shortage increases IL-17 and reduces Foxp3
expression in mouse. In iTreg, TET is more crucial to CNS2
demethylation than in nTreg (95). The fact that Tet-deficient
Frontiers in Immunology | www.frontiersin.org 6
mouse developed autoimmune disorders further demonstrates
the significance of TET for Treg identity (96, 97). Single
nucleotide polymorphisms associated with autoimmune
diseases that affect Treg functions are abundant in the CNS2
region (98, 99).

Recent studies focused on elucidating how CNS2 status in
FOXP3+ Treg influenced the development and function of Tregs.
Vitamin C increases TET activity and the TGF-b level in mouse,
which favors Foxp3 expression. Yue et al. suggested that Vitamin
C could promote iTreg development in mouse by promoting
CNS2 demethylation by the TET enzymes in clinical setups (100,
101), especially in hypoxic conditions (102). Takahashi et al.
demonstrated that in mouse CNS2 can recruit SOCS1, a negative
cytokine regulator, causing its demethylation and allowing for
sustained Foxp3 expression to preserve the stability and integrity
of Treg identity (103). BLIMP-1 counteract IL-6/STAT3-
mediated suppression of Treg identity by preventing CNS2
methylation by the DNA methyltransferase 3 alpha
(DNMT3a), and therefore could represent a drug target in
inflamed non-lymphoid tissues in mouse (104). Foxp3 CNS2
methylation in iTreg stabilizes the stability of this T cell subset
(105–107). However, some CNS2 CpG islands remain
methylated in iTreg, indicating unstable expression of Foxp3 in
these cells (108–110). In addition to DNA methylation, histone
epigenetic modifications also modulate CNS2 activity. Trans-
retinoic acids, which up-regulate ERK, exert a synergistic effect
with TGF-b and up-regulate histone H3K4 methylation at the
CNS2 locus in mouse, thereby maintaining Foxp3 transcription.
Trans-retinoic acids could help prime iTreg before treatment of
autoimmune diseases or organ transplantation (111). Further,
liver kinase b1 (LKB1), a tumor suppressor, prevents STAT4-
mediated CNS2 methylation partly through NF-kB inhibition in
mouse, and therefore, stabilizes Foxp3 expression (112). Thus,
LKB1 up-regulation in Tregs could constitute a therapeutic
target for autoimmune diseases. Another study from Chen et
al. using a model of neonatal Treg-mediated protection in
cardiac allograft transplantation showed that CNS2
demethylation prolonged the time of heart survival in mouse
(113). Therefore, neonatal Treg cultured in vitro could provide a
new method to modulate immune responses. To achieve a stable
Treg lineage with a high level of Foxp3 expression, Chen et al.
used three types of chemical chromatin-modifying complexes,
which bind and fully demethylate CNS2. In models of transplant
and graft rejection in mouse, adoptive transfer of these
manipulated iTregs could prevent graft rejection and
experimental autoimmune encephalomyelitis (EAE), thereby
prolonging survival time. These studies demonstrate that
Foxp3 CNS2 stabilizes therapeutic Tregs generated in vitro
(114). In active ankylosing spondylitis, Foxp3 CNS2 is
hypermethylated, causing Treg dysfunction, which opens a
therapeutic opportunity by targeting CNS2 in this disease in
human (115). Recently, Li et al. (116) investigated the possibility
to induce a Treg phenotype in vitro by histone acetylation at
Foxp3 CNS0 and CNS3 loci to induce Foxp3 transcription, and
subsequent demethylation of the CNS2 to stabilize Foxp3
transcription, with TET playing a major role in mouse. These
processes reveal a stepwise mechanism of iTreg specification.
June 2022 | Volume 13 | Article 919550
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Moreover, Okada et al. (117) edited the epigenome of mouse at
the Foxp3 locus to demethylate CNS2, which slightly stabilized
Foxp3 expression in an inflammatory context. Kressler et al. used
CRISPR-Cas9 to demethylate CNS2 selectively by using human
and mouse primary T cells (118). They hypothesized that CNS2
demethylation was necessary for Foxp3 induction but found that
other key events were necessary for Treg induction in vitro. Thus,
this intervention alone could not induce a stable and fully
functional Treg phenotype. Overall, the CNS2-dependent
stability of the Treg lineage is essential to prevent organ-
specific autoimmunity, non-spontaneous chronic inflammatory
conditions, and metabolic inflammation. Thus, the stabilization
of Treg identity through Foxp3 CNS2 manipulation could be
exploited to generate new therapeutic applications and improve
current treatments.

Foxp3 CNS3 in iTreg cells
Zheng et al. firstly defined Foxp3 CNS3 as an intronic regulatory
element facilitating epigenetic modifications, such as Histone H3
lysine K4 methylation (H3K4me) and Histone H3 lysine K27
acetylation (H3K27ac) (Figure 1A) (26). During the
development and differentiation of iTreg, CNS3 takes over
CNS1 and CNS2 functions and promotes Foxp3 expression.
CNS3 induces Foxp3 promoter remodeling and opening in
Treg progenitors, rendering them responsive to a wide range of
TCR stimulations, even with low intensity in mouse (119).
Mutations within mouse Foxp3 CNS3 severely impairs Treg
development, while immune tolerance relies on a CNS3-
dependent mechanism that controls CD4+ T cell responses
(120). Upon TCR and CD28 stimulation, CNS3 recruits
pioneer c-REL homodimers, which leads to demethylation and
Foxp3 transcription (46, 56, 121). In addition, IkBNS, an atypical
IkB protein, and p50 can bind CNS3 and modulate Foxp3
expression. During chronic inflammation, IkB is a key Foxp3
inducer, thereby contributing inflammation dampening in
mouse (122). Long et al. showed that NF-kB could also bind
Foxp3 CNS3 and mediate its demethylation in mouse, resulting
in Foxp3 expression (123). In addition, TRAF6, an NF-kB
activator, maintains Foxp3 expression (124).The binding of c-
REL and IkB is regulated by NF-kB (Figure 2A) (122).
Furthermore, Foxp3 CNS3 is affected by metabolites of bile
acid, which impacts on Treg differentiation. For instance, the
lithocholic acid (LCA) derivative IsoalloLCA can promote Treg
differentiation by raising the H3K27ac level at the Foxp3 CNS3
locus in mouse, while another derivative, 3-oxoLCA, binds to
RORgt to reduce Th17 differentiation in mouse lamina propria.
These molecules represent novel regulatory pathways for
balancing Th17 versus Treg differentiation in autoimmune
diseases and inflammation (125). However, the long noncoding
RNA (lncRNA) Flicr (Foxp3 long intergenic noncoding RNA),
specifically expressed in mature Treg, operates as a negative
regulator of chromatin accessibility in the CNS3 region and
limits Treg activity, contributing to autoimmune diabetes in
mouse (Figure 2A) (78). Forstnerič et al. targeted CNS1–3 in
mammal Hek293 and Jurat cells from mouse using CRISPR
technology and assessed the significance and potency of these
enhancers for Foxp3 transcription. CNS3 showed the most
Frontiers in Immunology | www.frontiersin.org 7
potent effect, indicating that it constitutes a useful target to
regulate Treg induction (126). CNS3 could also be inhibited to
reduce Treg cell formation in cancer and boost antiviral defenses
during infections.

In summary, several interventions targeting Foxp3 CNS could
help manipulate Treg in medical setups. First, metabolites or
nutriments can act on CNSs to increase iTreg expression. For
example, Bacterial metabolites, like isoDCA, could suppress
intestinal inflammation by inducing iTreg by interacting with
CNS1 (75), and LCA derivatives could promote Treg
differentiation by enhancing CNS3 demethylation during
inflammation. Vitamin C, which increases TET enzyme
activity and promotes CNS2 demethylation, could be used to
maintain Foxp3 expression and Treg development. Second,
CRISPR technology could help act on CNSs ex vivo in
immunotherapy setups. For example, Kressler et al. achieved
selective CNS2 demethylation in the endogenous chromatin
environment of living cells using a CRISPR-Cas9-TET1-
mediated transient transfection epigenetic editing approach.
The induced CNS2 demethylation remained stable during T
cell clonal expansion in culture, even after the expression of the
editing complex had stopped. Although currently this technology
does not ensure Treg suppressive activity in vivo, future
development may allow the reprogramming of patients’ T cells
ex vivo and reinfusion of effector T cells converted into stable
regulatory T cells (118).

Overall, Foxp3 CNSs could be targeted to develop
complementary therapies and promote Treg cell functions in
transplantation, autoimmune diseases, and chronic inflammation.

CNSs Is Important for Th17
Cells Development
Il-17 CNS2 in Th17 Cells
CNS2 is a main regulator of the Il-17 gene, the expression of which
characterizes Th17 cells. CNS2 contains a binding site for proteins
of the ROR family and was identified 5 kb upstream of the Il-17
promoter inMus musculus (Figure 1B) (127–129). RORgt and its
related factor RORa are key Th17 lineage-specific transcription
factors and are responsible for the induction of IL-17A and IL-17F
expression. Initially, high levels of RORgt and RORa are induced
by TGF-b and IL-6 signaling pathways (39, 130, 131). While
RORgt combined with RUNX1 at the Il-17a CNS2 locus promotes
IL-17 expression, the binding of RUNX1 combined with FOXP3 at
this site inhibits IL-17 and favors Treg differentiation. However,
this competition is alleviated by IL-6 and TGF-b, which inhibit
Foxp3 and stabilize RUNX1 and RORgt occupation at the Il-17a
CNS2 locus in mouse (128, 132). Thus, Il-17 CNS2 controls the
balance between pro-inflammatory Th17 cells and anti-
inflammatory Treg cells by regulating the interplay between
FOXP3, RUNX1, and RORgt. Th17 cells are responsible for the
development of experimental autoimmune encephalomyelitis
(EAE) in mouse. Deficiency in basic leucine zipper transcription
factor ATF-like (BATF), an inhibitor of Activator protein 1 (AP1)
that binds Il-17 CNS2, prevents Th17 cell differentiation,
suggesting that BATF could be targeted to inhibit EAE (133).
Moreover, IkBz, a family member of nuclear IkB, coupled with the
ROR nuclear receptors, acts directly on CNS2 to boost its activity
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and promote Th17 differentiation. Defect in IkBz confers
resistance to EAE in mouse (134). Hence, CNS2 could regulate
Il-17a and Il-17f transcription driven by RORgt in Th17 cells,
through the modulation of TLR, STAT3, IRF-4, RUNX1, BATF,
and IkBz signaling (Figure 2B) (132–135). CNS2 is regarded as a
necessary binding site for RORgt to stimulate IL-17 expression in
Th17 cells. However, there is a debate regarding which of the
CNSs located at the Il-17 locus is prominent for the coordination
of STAT3, RORgt and Runx1 activities responsible for Il-17
transcriptional enhancement. Most studies indicate that CNS2 is
key; however, Thomas et al. suggested that another CNS, located
~28 kb downstream of the Il-17 gene, could recruit STAT3,
RORgt, and RUNX1 to enhance Il-17 transcription, and
primarily coordinates RORgt activity in mouse (136). Thus, the
roles of CNSs at the Il-17 locus require further study. IL-17
produced by Th17 (137) is crucial for host cells to fight against
external pathogens but also promotes autoimmune inflammation,
making Th17 a double-edged sword in immunity. Additional
research should be conducted to manipulate Th17 production in
pathogenic setups. Small molecules may act on the binding factors
of CNS2 to suppress pro-inflammatory IL-17 expression. Other
CNSs located at the Ill7-Il17f locus need further investigation to
understand the control IL-17 expression.

The conversion of anti-inflammatory Treg into pro-
inflammatory Th17 cells mainly involves transcription factors
regulating the expression of the Treg-specific protein FOXP3 and
the Th17-specific protein RORgt. RAR and SMYD3 can bind
Foxp3 CNS1 to inhibit Foxp3 expression and thus enable
conversion into Th17 cells. In contrast, bile acid metabolites
can regulate this conversion bi-directionally by affecting Foxp3
CNS3 and Rorc locus. In addition, Il-17 CNS2 can regulate the
interaction between FOXP3, RUNX1 and RORgt to control the
balance between Treg and TH17 cells: RORgt binding RUNX1 at
Il-17a CNS2 promotes IL-17 expression, while FOXP3 binding
inhibits Il-17 transcription. Thus, it should be possible to control
inflammatory responses by promoting Th17 conversion into
anti-inflammatory Treg cells.

Rorc CNS6 in Th17 Cells
Chang et al. (27) first identified CNS6 at the Rorc locus and
discovered that its loss increases IL-10 and FOXP3 expression
while decreasing RORgt expression in mouse. Studies on Rorc
CNS6 have focused primarily on its role in Th17 cells and have
demonstrated that Rorc CNS6 deficiency confers resistance to
EAE in mouse (27). RORgt (Figure 1C), one of the transcription
factors encoded by the Rorc gene and upregulated by IL-6 and
TGF-b, regulates Th17 development (39, 138). CNS6 activity is
also controlled by the IL-6/STAT3 pathway in mouse (139),
through direct binding of STAT3 to CNS6 and subsequent
chromatin remodeling at the Rorc locus (Figure 2C). Rorc
CNS6 is also the principal cis-acting element downstream of
the TGF-b signaling pathway, through the recruitment of SMAD
or c-MAF in mouse (140). This pathway mediates the regulation
of RORgt expression by TGF-b (141). In addition, RAR can bind
CNS6 to modulate the effect of TGF-b in mouse (64). Although
Rorc CNS6 is a main target of the TGF-b/SMAD signaling
pathway for the control of RORgt production in Th17 cells,
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thus far, its partial analysis only demonstrated a role in
chromatin regulation but not in Rorc promoter activation.
Therefore, further research on the roles of CNS6 is required.
Th17 cell development could be influenced by targeting the TGF-
b/SMAD/CNS6 axis in autoimmune diseases, for CNS6 directly
act on TGF-b-induced RORgt expression, which impacts the
differentiation of Th17. Thus, methylating or modifying histones
at Rorc CNS6 may contribute to alleviating autoimmune disease
and anti-inflammation.

Rorc CNS9 in Th17 Cells
Chang et al. (27) first identified Rorc CNS9 (Figure 1C) as a
predominant cis-acting element for Th17 differentiation, as
compared to Rorc CNS6. Epigenetic activation of the Rorc
requires CNS9 that recruits STAT3 with strong affinity and is a
main target element downstream of the IL-6/STAT3 cascade
(Figure 2C). Moreover, Rorc CNS9 in Th17 has been proven to
interact with IRF4 and BATF, both of which are induced by TCR
signaling and are highly expressed in Th17 cells, where they
modulate RORgt expression in mouse (5, 27). Visel et al.
discovered that the binding of p300, a histone acetyltransferase,
predicts CNS enhancer activity in mouse (29). Consistent with the
role of CNS9 as an enhancer of Rorc expression, Chang et al.
demonstrated strong interactions between Rorc CNS9 and p300
(27). Moreover, the development of pathogenic Th17 cells in vivo
depends on CNS9, and less on CNS6. Rorc CNS9-deficient mouse
have high resistance to EAE induction (27). Overall, Rorc CNS9 is
a main regulatory region that controls the chromatin accessibility
of the entire Rorc locus. Its methylation could help control Th17
differentiation in autoimmune diseases.

CNSs Is Important for Th2
Cells Development
Il-4 CNS2 in Th2 Cells
Distinct but overlapping mechanisms operate in Th2 cells to
promote IL-4 production (142, 143). A CNS2, also called HS V,
has been identified as a primary regulator of the Il-4 locus, and is
located ~10 kb downstream of the Il-4 locus in mouse (144)
(Figure 1D). IL-4 acts through STAT6 and drives naïve CD4+ T
cell differentiation towards Th2, controlled by the transcription
factor GATA3 (36). An Il-4 CNS2 has been identified that is
crucial for IL-4 expression, a cytokine responsible for IgG and
IgE antibodies production by B cells, the defense against
extracellular parasites, particularly helminthic infections, and
allergic reactions. Notch/RBP-J interact with IL-4 CNS2 to
drive IL-4 expression and Th2 commitment. A secondary
pathway, involving the binding of STAT6 to Il-4 CNS2, also
promotes Il-4 expression and Th2 differentiation in mouse
(Figure 2D) (41). Recently, Kubo proposed that Il-4 CNS2
could have distinct activities in Th2 cells (142).

Il-10 CNS9 in Th2 Cells
IL-10 is a cytokine produced by Th cells, Treg, and B cells that
are able to suppress immune responses during inflammation and
autoimmune diseases, and especially inflammatory bowel disease
in mouse (40, 145). By studying Th2 cells, Lee et al. identified a
CNS9 element 9 kb upstream of the Il-10 gene (Figure 1E). Their
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study revealed that Il-10 CNS9 enhancer activity in Th2 was
mediated by NFAT1 and IRF4 (Figure 2E), which are two
transcription factors upregulated upon TCR stimulation and
boost IL-10 expression. Moreover, So et al. (146) demonstrated
that 6-Methoxyflavone inhibits Il-10 CNS9 activity by preventing
NFAT1 nuclear translocation and disrupting its binding to this
cis-regulatory element in mouse, ultimately causing IL-10 down-
regulation. This mechanism reduces IL-10 production in
activated T cells (146). IL-10 is a potential therapeutic target in
various immune diseases due to its anti-inflammatory functions.
Targeting Il-10 CNSs with drugs or manipulating bacteria could
increase IL-10 production for therapeutic purposes. Additional
research will clarify the role of other IL-10 CNSs in Th2 cells.

CNSs Is Important for Tfh
Cells Development
Il-4 CNS2 in Tfh Cells
In Tfh cells, CNS2 is located ~10 kb downstream of the Il-4 locus
in mouse (42) (Figure 1D). IL-4 secreting Tfh cells differ from
Th2 in that they respond to cognate peptide/MHC complexes
and ICOS ligands on B cells in mouse, and participate to the
germinal center reaction (147). Harada et al. (42) revealed that Il-
4 CNS2 is a specific enhancer for Tfh cell differentiation,
potentially acting downstream of the SLAM/SAP pathway
(Figure 2F). In addition, BATF, together with IRF4 and STAT,
binds to Il-4 CNS2 to trigger IL-4 expression and boost Tfh cell
differentiation, which prevents allergic asthma and peripheral
lymphomas (147, 148).

In conclusion, IL-4-producing Tfh can have both beneficial
functions and pathogenic effects. On the one hand, IL-4 derived
from Tfh helps protective B cell responses in lymphoid organs,
partly by promoting IgG1 and IgE production and effective
germinal center reactions resulting in high-affinity antibodies
in mouse (149). Il-4 CNS2 is demethylated and activates IL-4
expression in Tfh independently of GATA-3. On the other hand,
BATF/IRF4 complexes bound to IL-4 CNS2 have been
implicated in IL-4 transcription in Tfh cells involved in allergic
reactions in mouse. Therefore, BATF could be targeted in Tfh
cells. As a proof of concept, mutations within BATF prevents the
development of allergic asthma for Batf promotes the production
of pro-allergic IL-4 by Tfh cells in mouse (150).
CONCLUSIONS AND PROSPECTS

In conclusion, CNSs in effector CD4+ T cells, especially in Treg
and Th cells, play different roles depending on their location at
key regulatory gene loci. The regulation of CNSs differs in
effector CD4+ T cells, especially in Treg and Th cells. CNSs in
effector T cells are implicated in a variety of processes, involving
differentiation, cytokine production, and gene expression. The
main function of the CNSs are to recruit specific transcriptional
regulators and chromatin modifiers that control the expression
of genes important for cell differentiation and status. Effector T
cells modulate immune suppression and release anti-
inflammatory cytokines to alleviate diseases, including
Frontiers in Immunology | www.frontiersin.org 9
autoimmune diseases, allograft rejection, allergies, and cancer,
where they could be targeted to develop new therapies. There are
already many examples of CNSs can affect CD4+ T cells identity
and differentiation, and conserved, distal cis-regulatory elements
at gene locus were shown to play important roles in Treg
differentiation. Understanding the exact functions and
mechanisms whereby cis-acting elements regulate gene activity
need further elucidation of CD4+ T cells plasticity could
potentially lead to identification of new therapeutic targets for
immune-mediated diseases. In particular, CNSs need to be more
systematically mapped and identified. Other putative CNSs
involved in Rorc gene regulation also need further investigation
in Th17 cells. Using transcriptomic and epigenetic tools, Yoshida
et al. mapped the cis-regulatory elements intervening in the
mouse immune system. This study provided information on the
global transcriptional regulation of immune cell differentiation
and suggested that most TFs positively affect chromosome
accessibility, prompting the hypothesis that chromatin opening
is the primary mode of control of gene expression of the immune
system. For example, most TFs bind Foxp3 CNSs to control Treg
differentiation (151). Potential interventions for the control of
autoimmunity at CNS level are multiple and should be studied in
greater depth. Oral treatments with drugs or food supplements
could be useful. For example, vitamin C could enhance TET
enzyme activity to increase Treg production (101). Other
strategies could involve manipulating microbiota (76) and their
metabolism to trigger CNS activity in gut CD4+ T cells and
alleviate intestinal inflammation. Further, CRISPR-mediated
knock-in, deletions, or chromatin editing at CNSs could help
up-regulate important regulatory genes in CD4+ T cells and
improve their effectiveness in adoptive transfer-based T cell
therapies (118). However, currently, technical limitations
around CNS targeting still exist. One limitation is that small
molecules acting on CNSs drive both anti- and pro-
inflammatory cell differentiation, leading to uncontrolled
immune reactions. Therefore, safety evaluations should be
performed before translating these discoveries to clinics.
Finally, for CNSs to provide novel targets and strategies, it is
necessary to explore the mechanisms whereby CNSs could be
manipulated to produce sufficient and stable effector CD4+ T
cells relevant to the treatment of immune diseases and cancer.
AUTHOR CONTRIBUTIONS

CL and ZZ designed the study, provided suggestions for the
project. XL wrote the manuscript, analyzed the data, CL revised
the figures and tables. ZZ provide funding acquisition. All authors
contributed to the article and approved the submitted version.
FUNDING

This work was supported by a project from Jiangxi Provincial
Education Department of Science and Technology Research
(Nos. 180075).
June 2022 | Volume 13 | Article 919550

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Long et al. Role of CNSs in CD4+ T Cells
REFERENCES
1. Kumar BV, Connors TJ, Farber DL. Human T Cell Development,

Localization, and Function Throughout Life. Immunity (2018) 48(2):202–
13. doi: 10.1016/j.immuni.2018.01.007

2. Zhu X, Zhu J. CD4 T Helper Cell Subsets and Related Human
Immunological Disorders. Int J Mol Sci (2020) 21(21):8011. doi: 10.3390/
ijms21218011

3. Curotto de Lafaille MA, Lino AC, Kutchukhidze N, Lafaille JJ. CD25- T Cells
Generate CD25+Foxp3+ Regulatory T Cells by Peripheral Expansion. J
Immunol (2004) 173(12):7259–68. doi: 10.4049/jimmunol.173.12.7259

4. Shevach EM, Thornton AM. Ttregs, Ptregs, and Itregs: Similarities and
Differences. Immunol Rev (2014) 259(1):88–102. doi: 10.1111/imr.12160

5. Ciofani M, Madar A, Galan C, Sellars M, Mace K, Pauli F, et al. A Validated
Regulatory Network for Th17 Cell Specification. Cell (2012) 151(2):289–303.
doi: 10.1016/j.cell.2012.09.016

6. Zhu J. T Helper Cell Differentiation, Heterogeneity, and Plasticity. Cold
Spring Harb Perspect Biol (2018) 10(10):a030338. doi: 10.1101/
cshperspect.a030338

7. Szabo SJ, Sullivan BM, Peng SL, Glimcher LH. Molecular Mechanisms
Regulating Th1 Immune Responses. Annu Rev Immunol (2003) 21:713–58.
doi: 10.1146/annurev.immunol.21.120601.140942

8. Kumar S, Jeong Y, Ashraf MU, Bae YS. Dendritic Cell-Mediated Th2
Immunity and Immune Disorders. Int J Mol Sci (2019) 20(9):2159. doi:
10.3390/ijms20092159

9. Ouyang W, Kolls JK, Zheng Y. The Biological Functions of T Helper 17 Cell
Effector Cytokines in Inflammation. Immunity (2008) 28(4):454–67. doi:
10.1016/j.immuni.2008.03.004

10. Olatunde AC, Hale JS, Lamb TJ. Cytokine-Skewed Tfh Cells: Functional
Consequences for B Cell Help. Trends Immunol (2021) 42(6):536–50. doi:
10.1016/j.it.2021.04.006

11. Wing JB, Tanaka A, Sakaguchi S. Human FOXP3(+) Regulatory T Cell
Heterogeneity and Function in Autoimmunity and Cancer. Immunity (2019)
50(2):302–16. doi: 10.1016/j.immuni.2019.01.020

12. Castro G, Liu X, Ngo K, De Leon-Tabaldo A, Zhao S, Luna-Roman R, et al.
RORgammat and RORalpha Signature Genes in Human Th17 Cells. PLoS
One (2017) 12(8):e0181868. doi: 10.1371/journal.pone.0181868

13. Goschl L, Scheinecker C, Bonelli M. Treg Cells in Autoimmunity: From
Identification to Treg-Based Therapies. Semin Immunopathol (2019) 41
(3):301–14. doi: 10.1007/s00281-019-00741-8

14. Crotty S. T Follicular Helper Cell Biology: A Decade of Discovery and
Di s ea s e s . Immun i t y ( 2019 ) 50 (5 ) : 1 132–48 . do i : 10 . 1016 /
j.immuni.2019.04.011

15. Nakayama T, Hirahara K, Onodera A, Endo Y, Hosokawa H, Shinoda K,
et al. Th2 Cells in Health and Disease. Annu Rev Immunol (2017) 35:53–84.
doi: 10.1146/annurev-immunol-051116-052350

16. Zhou L, Chong MMW, Littman DR. Plasticity of CD4+ T Cell Lineage
Differentiation. Immunity (2009) 30(5):646–55. doi: 10.1016/
j.immuni.2009.05.001

17. Cano-Gamez E, Soskic B, Roumeliotis TI, So E, Smyth DJ, Baldrighi M, et al.
Single-Cell Transcriptomics Identifies an Effectorness Gradient Shaping the
Response of CD4(+) T Cells to Cytokines. Nat Commun (2020) 11(1):1801.
doi: 10.1038/s41467-020-15543-y

18. Kiner E, Willie E, Vijaykumar B, Chowdhary K, Schmutz H, Chandler J,
et al. Gut CD4(+) T Cell Phenotypes are a Continuum Molded by Microbes,
Not by TH Archetypes. Nat Immunol (2021) 22(2):216–28. doi: 10.1038/
s41590-021-00916-2

19. Zhu J, Yamane H, Paul WE. Differentiation of Effector CD4 T Cell
Populations (*). Annu Rev Immunol (2010) 28:445–89. doi: 10.1146/
annurev-immunol-030409-101212

20. Jones N, Vincent EE, Cronin JG, Panetti S, Chambers M, Holm SR, et al. Akt
and STAT5 Mediate Naive Human CD4+ T-Cell Early Metabolic Response
to TCR Stimulation. Nat Commun (2019) 10(1):2042. doi: 10.1038/s41467-
019-10023-4

21. Meireles-Filho AC, Stark A. Comparative Genomics of Gene Regulation-
Conservation and Divergence of Cis-Regulatory Information. Curr Opin
Genet Dev (2009) 19(6):565–70. doi: 10.1016/j.gde.2009.10.006
Frontiers in Immunology | www.frontiersin.org 10
22. Xie J, Qian K, Si J, Xiao L, Ci D, Zhang D. Conserved Noncoding Sequences
Conserve Biological Networks and Influence Genome Evolution. Heredity
(Edinb) (2018) 120(5):437–51. doi: 10.1038/s41437-018-0055-4

23. Wittkopp PJ, Kalay G. Cis-Regulatory Elements: Molecular Mechanisms and
Evolutionary Processes Underlying Divergence. Nat Rev Genet (2011) 13
(1):59–69. doi: 10.1038/nrg3095

24. Smith E, Shilatifard A. Enhancer Biology and Enhanceropathies. Nat Struct
Mol Biol (2014) 21(3):210–9. doi: 10.1038/nsmb.2784

25. Frazer KA, Pachter L, Poliakov A, Rubin EM, Dubchak I. VISTA:
Computational Tools for Comparative Genomics. Nucleic Acids Res
(2004) 32:W273–9. doi: 10.1093/nar/gkh458

26. Zheng Y, Josefowicz S, Chaudhry A, Peng XP, Forbush K, Rudensky AY.
Role of Conserved Non-Coding DNA Elements in the Foxp3 Gene in
Regulatory T-Cell Fate. Nature (2010) 463(7282):808–12. doi: 10.1038/
nature08750

27. Chang D, Xing Q, Su Y, Zhao X, Xu W, Wang X, et al. The Conserved Non-
Coding Sequences CNS6 and CNS9 Control Cytokine-Induced Rorc
Transcription During T Helper 17 Cell Differentiation. Immunity (2020)
53(3):614–26.e4. doi: 10.1016/j.immuni.2020.07.012

28. Thurman RE, Rynes E, Humbert R, Vierstra J, Maurano MT, Haugen E, et al.
The Accessible Chromatin Landscape of the Human Genome.Nature (2012)
489(7414):75–82. doi: 10.1038/nature11232

29. Visel A, Blow MJ, Li Z, Zhang T, Akiyama JA, Holt A, et al. ChIP-Seq
Accurately Predicts Tissue-Specific Activity of Enhancers. Nature (2009) 457
(7231):854–8. doi: 10.1038/nature07730

30. Heintzman ND, Hon GC, Hawkins RD, Kheradpour P, Stark A, Harp LF,
et al. Histone Modifications at Human Enhancers Reflect Global Cell-Type-
Specific Gene Expression. Nature (2009) 459(7243):108–12. doi: 10.1038/
nature07829

31. Heinz S, Romanoski CE, Benner C, Glass CK. The Selection and Function of
Cell Type-Specific Enhancers. Nat Rev Mol Cell Biol (2015) 16(3):144–54.
doi: 10.1038/nrm3949

32. Simeonov DR, Gowen BG, Boontanrart M, Roth TL, Gagnon JD, Mumbach
MR, et al. Discovery of Stimulation-Responsive Immune Enhancers With
CRISPR Activation. Nature (2017) 549(7670):111–5. doi: 10.1038/
nature23875

33. Komor AC, Badran AH, Liu DR. CRISPR-Based Technologies for the
Manipulation of Eukaryotic Genomes. Cell (2017) 168(1-2):20–36. doi:
10.1016/j.cell.2016.10.044

34. Su C, Johnson ME, Torres A, Thomas RM, Manduchi E, Sharma P, et al.
Mapping Effector Genes at Lupus GWAS Loci Using Promoter Capture-C in
Follicular Helper T Cells. Nat Commun (2020) 11(1):3294. doi: 10.1038/
s41467-020-17089-5

35. Heintzman ND, Stuart RK, Hon G, Fu Y, Ching CW, Hawkins RD, et al.
Distinct and Predictive Chromatin Signatures of Transcriptional Promoters
and Enhancers in the Human Genome. Nat Genet (2007) 39(3):311–8. doi:
10.1038/ng1966

36. Wilson CB, Rowell E, Sekimata M. Epigenetic Control of T-Helper-Cell
Differentiation. Nat Rev Immunol (2009) 9(2):91–105. doi: 10.1038/nri2487

37. Fontenot JD, Gavin MA, Rudensky AY. Foxp3 Programs the Development
and Function of CD4+CD25+ Regulatory T Cells. Nat Immunol (2003) 4
(4):330–6. doi: 10.1038/ni904

38. Yoshimura A, Wakabayashi Y, Mori T. Cellular and Molecular Basis for the
Regulation of Inflammation by TGF-Beta. J Biochem (2010) 147(6):781–92.
doi: 10.1093/jb/mvq043

39. Ivanov II, McKenzie BS, Zhou L, Tadokoro CE, Lepelley A, Lafaille JJ, et al.
The Orphan Nuclear Receptor RORgammat Directs the Differentiation
Program of Proinflammatory IL-17+ T Helper Cells. Cell (2006) 126
(6):1121–33. doi: 10.1016/j.cell.2006.07.035

40. Lee CG, Kang KH, So JS, Kwon HK, Son JS, Song MK, et al. A Distal Cis-
Regulatory Element, CNS-9, Controls NFAT1 and IRF4-Mediated IL-10
Gene Activation in T Helper Cells. Mol Immunol (2009) 46(4):613–21. doi:
10.1016/j.molimm.2008.07.037

41. Tanaka S, Tsukada J, Suzuki W, Hayashi K, Tanigaki K, Tsuji M, et al. The
Interleukin-4 Enhancer CNS-2 Is Regulated by Notch Signals and Controls
Initial Expression in NKT Cells and Memory-Type CD4 T Cells. Immunity
(2006) 24(6):689–701. doi: 10.1016/j.immuni.2006.04.009
June 2022 | Volume 13 | Article 919550

https://doi.org/10.1016/j.immuni.2018.01.007
https://doi.org/10.3390/ijms21218011
https://doi.org/10.3390/ijms21218011
https://doi.org/10.4049/jimmunol.173.12.7259
https://doi.org/10.1111/imr.12160
https://doi.org/10.1016/j.cell.2012.09.016
https://doi.org/10.1101/cshperspect.a030338
https://doi.org/10.1101/cshperspect.a030338
https://doi.org/10.1146/annurev.immunol.21.120601.140942
https://doi.org/10.3390/ijms20092159
https://doi.org/10.1016/j.immuni.2008.03.004
https://doi.org/10.1016/j.it.2021.04.006
https://doi.org/10.1016/j.immuni.2019.01.020
https://doi.org/10.1371/journal.pone.0181868
https://doi.org/10.1007/s00281-019-00741-8
https://doi.org/10.1016/j.immuni.2019.04.011
https://doi.org/10.1016/j.immuni.2019.04.011
https://doi.org/10.1146/annurev-immunol-051116-052350
https://doi.org/10.1016/j.immuni.2009.05.001
https://doi.org/10.1016/j.immuni.2009.05.001
https://doi.org/10.1038/s41467-020-15543-y
https://doi.org/10.1038/s41590-021-00916-2
https://doi.org/10.1038/s41590-021-00916-2
https://doi.org/10.1146/annurev-immunol-030409-101212
https://doi.org/10.1146/annurev-immunol-030409-101212
https://doi.org/10.1038/s41467-019-10023-4
https://doi.org/10.1038/s41467-019-10023-4
https://doi.org/10.1016/j.gde.2009.10.006
https://doi.org/10.1038/s41437-018-0055-4
https://doi.org/10.1038/nrg3095
https://doi.org/10.1038/nsmb.2784
https://doi.org/10.1093/nar/gkh458
https://doi.org/10.1038/nature08750
https://doi.org/10.1038/nature08750
https://doi.org/10.1016/j.immuni.2020.07.012
https://doi.org/10.1038/nature11232
https://doi.org/10.1038/nature07730
https://doi.org/10.1038/nature07829
https://doi.org/10.1038/nature07829
https://doi.org/10.1038/nrm3949
https://doi.org/10.1038/nature23875
https://doi.org/10.1038/nature23875
https://doi.org/10.1016/j.cell.2016.10.044
https://doi.org/10.1038/s41467-020-17089-5
https://doi.org/10.1038/s41467-020-17089-5
https://doi.org/10.1038/ng1966
https://doi.org/10.1038/nri2487
https://doi.org/10.1038/ni904
https://doi.org/10.1093/jb/mvq043
https://doi.org/10.1016/j.cell.2006.07.035
https://doi.org/10.1016/j.molimm.2008.07.037
https://doi.org/10.1016/j.immuni.2006.04.009
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Long et al. Role of CNSs in CD4+ T Cells
42. Harada Y, Tanaka S, Motomura Y, Harada Y, Ohno S, Ohno S, et al. The 3'
Enhancer CNS2 Is a Critical Regulator of Interleukin-4-Mediated Humoral
Immunity in Follicular Helper T Cells. Immunity (2012) 36(2):188–200. doi:
10.1016/j.immuni.2012.02.002

43. Sefik E, Geva-Zatorsky N, Oh S, Konnikova L, Zemmour D, McGuire AM,
et al. Individual Intestinal Symbionts Induce a Distinct Population of
RORgamma(+) Regulatory T Cells. Science (2015) 349(6251):993–7. doi:
10.1126/science.aaa9420

44. Lee GR. The Balance of Th17 Versus Treg Cells in Autoimmunity. Int J Mol
Sci (2018) 19(3):730. doi: 10.3390/ijms19030730

45. Cai S, Han HJ, Kohwi-Shigematsu T. Tissue-Specific Nuclear Architecture
and Gene Expression Regulated by SATB1. Nat Genet (2003) 34(1):42–51.
doi: 10.1038/ng1146

46. Kitagawa Y, Ohkura N, Kidani Y, Vandenbon A, Hirota K, Kawakami R,
et al. Guidance of Regulatory T Cell Development by Satb1-Dependent
Super-Enhancer Establishment. Nat Immunol (2017) 18(2):173–83. doi:
10.1038/ni.3646

47. Iizuka-Koga M, Nakatsukasa H, Ito M, Akanuma T, Lu Q, Yoshimura A.
Induction and Maintenance of Regulatory T Cells by Transcription Factors
and Epigenetic Modifications. J Autoimmun (2017) 83:113–21. doi: 10.1016/
j.jaut.2017.07.002

48. Adam RC, Yang H, Rockowitz S, Larsen SB, Nikolova M, Oristian DS, et al.
Pioneer Factors Govern Super-Enhancer Dynamics in Stem Cell Plasticity
and Lineage Choice. Nature (2015) 521(7552):366–70. doi: 10.1038/
nature14289

49. Perez-Rico YA, Boeva V, Mallory AC, Bitetti A, Majello S, Barillot E, et al.
Comparative Analyses of Super-Enhancers Reveal Conserved Elements in
Vertebrate Genomes. Genome Res (2017) 27(2):259–68. doi: 10.1101/
gr.203679.115

50. Creyghton MP, Cheng AW, Welstead GG, Kooistra T, Carey BW, Steine EJ,
et al. Histone H3K27ac Separates Active From Poised Enhancers and
Predicts Developmental State. Proc Natl Acad Sci U S A (2010) 107
(50):21931–6. doi: 10.1073/pnas.1016071107

51. Hnisz D, Abraham BJ, Lee TI, Lau A, Saint-Andre V, Sigova AA, et al. Super-
Enhancers in the Control of Cell Identity and Disease. Cell (2013) 155
(4):934–47. doi: 10.1016/j.cell.2013.09.053

52. Lal G, Zhang N, van der TouwW, Ding Y, JuW, Bottinger EP, et al. Epigenetic
Regulation of Foxp3 Expression in Regulatory T Cells by DNA Methylation. J
Immunol (2009) 182(1)::259–73. doi: 10.4049/jimmunol.182.1.259

53. Beyer M, Huehn J. Epigenetic Orchestration of Thymic Treg Cell
Development. Nat Immunol (2017) 18(2):144–6. doi: 10.1038/ni.3660

54. Dikiy S, Li J, Bai L, Jiang M, Janke L, Zong X, et al. A Distal Foxp3 Enhancer
Enables Interleukin-2 Dependent Thymic Treg Cell Lineage Commitment
for Robust Immune Tolerance. Immunity (2021) 54(5):931–46.e11. doi:
10.1016/j.immuni.2021.03.020

55. Kawakami R, Kitagawa Y, Chen KY, Arai M, Ohara D, Nakamura Y, et al.
Distinct Foxp3 Enhancer Elements Coordinate Development, Maintenance,
and Function of Regulatory T Cells. Immunity (2021) 54(5):947–61.e8. doi:
10.1016/j.immuni.2021.04.005

56. Ruan Q, Kameswaran V, Tone Y, Li L, Liou HC, GreeneMI, et al. Development
of Foxp3(+) Regulatory T Cells Is Driven by the C-Rel Enhanceosome.
Immunity (2009) 31(6):932–40. doi: 10.1016/j.immuni.2009.10.006

57. Tone Y, Furuuchi K, Kojima Y, Tykocinski ML, Greene MI, Tone M. Smad3
and NFAT Cooperate to Induce Foxp3 Expression Through its Enhancer.
Nat Immunol (2008) 9(2):194–202. doi: 10.1038/ni1549

58. Yang J, Zou M, Pezoldt J, Zhou X, Huehn J. Thymus-Derived Foxp3(+)
Regulatory T Cells Upregulate RORgammat Expression Under
Inflammatory Conditions. J Mol Med (Berl) (2018) 96(12):1387–94. doi:
10.1007/s00109-018-1706-x

59. Xu L, Kitani A, Stuelten C, McGrady G, Fuss I, Strober W. Positive and
Negative Transcriptional Regulation of the Foxp3 Gene is Mediated by
Access and Binding of the Smad3 Protein to Enhancer I. Immunity (2010) 33
(3):313–25. doi: 10.1016/j.immuni.2010.09.001

60. Vaeth M, Schliesser U, Muller G, Reissig S, Satoh K, Tuettenberg A, et al.
Dependence on Nuclear Factor of Activated T-Cells (NFAT) Levels
Discriminates Conventional T Cells From Foxp3+ Regulatory T Cells.
Proc Natl Acad Sci U S A (2012) 109(40):16258–63. doi: 10.1073/
pnas.1203870109
Frontiers in Immunology | www.frontiersin.org 11
61. Marie JC, Letterio JJ, Gavin M, Rudensky AY. TGF-Beta1 Maintains
Suppressor Function and Foxp3 Expression in CD4+CD25+ Regulatory T
Cells. J Exp Med (2005) 201(7):1061–7. doi: 10.1084/jem.20042276

62. Takimoto T, Wakabayashi Y, Sekiya T, Inoue N, Morita R, Ichiyama K, et al.
Smad2 and Smad3 are Redundantly Essential for the TGF-Beta-Mediated
Regulation of Regulatory T Plasticity and Th1 Development. J Immunol
(2010) 185(2):842–55. doi: 10.4049/jimmunol.0904100

63. Schlenner SM, Weigmann B, Ruan Q, Chen Y, von Boehmer H. Smad3
Binding to the Foxp3 Enhancer Is Dispensable for the Development of
Regulatory T Cells With the Exception of the Gut. J Exp Med (2012) 209
(9):1529–35. doi: 10.1084/jem.20112646

64. Mucida D, Park Y, Kim G, Turovskaya O, Scott I, Kronenberg M, et al.
Reciprocal TH17 and Regulatory T Cell Differentiation Mediated by Retinoic
Acid. Science (2007) 317(5835):256–60. doi: 10.1126/science.1145697

65. Nagata DE, Ting HA, Cavassani KA, Schaller MA, Mukherjee S, Ptaschinski
C, et al. Epigenetic Control of Foxp3 by SMYD3 H3K4 Histone
Methyltransferase Controls Itreg Development and Regulates Pathogenic
T-Cell Responses During Pulmonary Viral Infection. Mucosal Immunol
(2015) 8(5):1131–43. doi: 10.1038/mi.2015.4

66. Wu C, Chen Z, Xiao S, Thalhamer T, Madi A, Han T, et al. SGK1 Governs
the Reciprocal Development of Th17 and Regulatory T Cells. Cell Rep (2018)
22(3):653–65. doi: 10.1016/j.celrep.2017.12.068

67. Lund JM HL, Pham TT, Rudensky AY. Coordination of Early Protective
Immunity to Viral Infection by Regulatory T Cells. Science (2008) 320
(5880):1220–4. doi: 10.1126/science.1155209

68. Loebbermann J, Thornton H, Durant L, Sparwasser T, Webster KE, Sprent J,
et al. Regulatory T Cells Expressing Granzyme B Play a Critical Role in
Controlling Lung Inflammation During Acute Viral Infection. Mucosal
Immunol (2012) 5(2):161–72. doi: 10.1038/mi.2011.62

69. Tsuda M, Tone Y, Ogawa C, Nagaoka Y, Katsumata M, Necula A, et al. A
Bacterial Artificial Chromosome Reporter System for Expression of the
Human FOXP3 Gene in Mouse Regulatory T-Cells. Front Immunol (2017)
8:279. doi: 10.3389/fimmu.2017.00279

70. Samstein RM, Josefowicz SZ, Arvey A, Treuting PM, Rudensky AY.
Extrathymic Generation of Regulatory T Cells in Placental Mammals
Mitigates Maternal-Fetal Conflict. Cell (2012) 150(1):29–38. doi: 10.1016/
j.cell.2012.05.031

71. Gobert M, Lafaille JJ. Maternal-Fetal Immune Tolerance, Block by Block.
Cell (2012) 150(1):7–9. doi: 10.1016/j.cell.2012.06.020

72. Campbell C, Dikiy S, Bhattarai SK, Chinen T, Matheis F, Calafiore M, et al.
Extrathymically Generated Regulatory T Cells Establish a Niche for Intestinal
Border-Dwelling Bacteria and Affect Physiologic Metabolite Balance.
Immunity (2018) 48(6):1245–57.e9. doi: 10.1016/j.immuni.2018.04.013

73. Holohan DR, Van Gool F, Bluestone JA. Thymically-Derived Foxp3+
Regulatory T Cells are the Primary Regulators of Type 1 Diabetes in the
non-Obese Diabetic Mouse Model. PLoS One (2019) 14(10):e0217728. doi:
10.1371/journal.pone.0217728

74. Arpaia N, Campbell C, Fan X, Dikiy S, van der Veeken J, deRoos P, et al.
Metabolites Produced by Commensal Bacteria Promote Peripheral Regulatory
T-Cell Generation. Nature (2013) 504(7480):451–5. doi: 10.1038/nature12726

75. Campbell C, McKenney PT, Konstantinovsky D, Isaeva OI, Schizas M,
Verter J, et al. Bacterial Metabolism of Bile Acids Promotes Generation of
Peripheral Regulatory T Cells. Nature (2020) 581(7809):475–9. doi: 10.1038/
s41586-020-2193-0

76. Kuczma MP, Szurek EA, Cebula A, Ngo VL, Pietrzak M, Kraj P, et al. Self
and Microbiota-Derived Epitopes Induce CD4(+) T Cell Anergy and
Conversion Into CD4(+)Foxp3(+) Regulatory Cells. Mucosal Immunol
(2021) 14(2):443–54. doi: 10.1038/s41385-020-00349-4

77. Li X, Liang Y, LeBlanc M, Benner C, Zheng Y. Function of a Foxp3 Cis-
Element in Protecting Regulatory T Cell Identity. Cell (2014) 158(4):734–48.
doi: 10.1016/j.cell.2014.07.030

78. Zemmour D, Pratama A, Loughhead SM, Mathis D, Benoist C. Flicr, a Long
Noncoding RNA,Modulates Foxp3 Expression and Autoimmunity. Proc Natl
Acad Sci U S A (2017) 114(17):E3472–E80. doi: 10.1073/pnas.1700946114

79. Cameron J, Martino P, Nguyen L, Li X. Cutting Edge: CRISPR-Based
Transcriptional Regulators Reveal Transcription-Dependent Establishment
of Epigenetic Memory of Foxp3 in Regulatory T Cells. J Immunol (2020) 205
(11):2953–8. doi: 10.4049/jimmunol.2000537
June 2022 | Volume 13 | Article 919550

https://doi.org/10.1016/j.immuni.2012.02.002
https://doi.org/10.1126/science.aaa9420
https://doi.org/10.3390/ijms19030730
https://doi.org/10.1038/ng1146
https://doi.org/10.1038/ni.3646
https://doi.org/10.1016/j.jaut.2017.07.002
https://doi.org/10.1016/j.jaut.2017.07.002
https://doi.org/10.1038/nature14289
https://doi.org/10.1038/nature14289
https://doi.org/10.1101/gr.203679.115
https://doi.org/10.1101/gr.203679.115
https://doi.org/10.1073/pnas.1016071107
https://doi.org/10.1016/j.cell.2013.09.053
https://doi.org/10.4049/jimmunol.182.1.259
https://doi.org/10.1038/ni.3660
https://doi.org/10.1016/j.immuni.2021.03.020
https://doi.org/10.1016/j.immuni.2021.04.005
https://doi.org/10.1016/j.immuni.2009.10.006
https://doi.org/10.1038/ni1549
https://doi.org/10.1007/s00109-018-1706-x
https://doi.org/10.1016/j.immuni.2010.09.001
https://doi.org/10.1073/pnas.1203870109
https://doi.org/10.1073/pnas.1203870109
https://doi.org/10.1084/jem.20042276
https://doi.org/10.4049/jimmunol.0904100
https://doi.org/10.1084/jem.20112646
https://doi.org/10.1126/science.1145697
https://doi.org/10.1038/mi.2015.4
https://doi.org/10.1016/j.celrep.2017.12.068
https://doi.org/10.1126/science.1155209
https://doi.org/10.1038/mi.2011.62
https://doi.org/10.3389/fimmu.2017.00279
https://doi.org/10.1016/j.cell.2012.05.031
https://doi.org/10.1016/j.cell.2012.05.031
https://doi.org/10.1016/j.cell.2012.06.020
https://doi.org/10.1016/j.immuni.2018.04.013
https://doi.org/10.1371/journal.pone.0217728
https://doi.org/10.1038/nature12726
https://doi.org/10.1038/s41586-020-2193-0
https://doi.org/10.1038/s41586-020-2193-0
https://doi.org/10.1038/s41385-020-00349-4
https://doi.org/10.1016/j.cell.2014.07.030
https://doi.org/10.1073/pnas.1700946114
https://doi.org/10.4049/jimmunol.2000537
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Long et al. Role of CNSs in CD4+ T Cells
80. Wakamatsu E, Omori H, Kawano A, Ogawa S, Abe R. Strong TCR
Stimulation Promotes the Stabilization of Foxp3 Expression in Regulatory
T Cells Induced In Vitro Through Increasing the Demethylation of Foxp3
Cns2. Biochem Biophys Res Commun (2018) 503(4):2597–602. doi: 10.1016/
j.bbrc.2018.07.021

81. Silva Morales M, Mueller D. Anergy Into T Regulatory Cells: An Integration
of Metabolic Cues and Epigenetic Changes at the Foxp3 Conserved non-
Coding Sequence 2. F1000Res (2018) 7. doi: 10.12688/f1000research.16551.1

82. Kitoh A, Ono M, Naoe Y, Ohkura N, Yamaguchi T, Yaguchi H, et al.
Indispensable Role of the Runx1-Cbfbeta Transcription Complex for In
Vivo-Suppressive Function of FoxP3+ Regulatory T Cells. Immunity (2009)
31(4):609–20. doi: 10.1016/j.immuni.2009.09.003

83. Burchill MA, Yang J, Vogtenhuber C, Blazar BR, Farrar MA. IL-2 Receptor
Beta-Dependent STAT5 Activation is Required for the Development of
Foxp3+ Regulatory T Cells. J Immunol (2007) 178(1):280–90. doi: 10.4049/
jimmunol.178.1.280

84. Kim HP, Leonard WJ. CREB/ATF-Dependent T Cell Receptor-Induced
FoxP3 Gene Expression: A Role for DNAMethylation. J Exp Med (2007) 204
(7):1543–51. doi: 10.1084/jem.20070109

85. Zorn E, Nelson EA, Mohseni M, Porcheray F, Kim H, Litsa D, et al. IL-2
Regulates FOXP3 Expression in Human CD4+CD25+ Regulatory T Cells
Through a STAT-Dependent Mechanism and Induces the Expansion of
These Cells In Vivo. Blood (2006) 108(5):1571–9. doi: 10.1182/blood-2006-
02-004747

86. Ogawa C, Tone Y, Tsuda M, Peter C, Waldmann H, Tone M. TGF-Beta-
Mediated Foxp3 Gene Expression Is Cooperatively Regulated by Stat5, Creb,
and AP-1 Through CNS2. J Immunol (2014) 192(1):475–83. doi: 10.4049/
jimmunol.1301892

87. Feng Y, Arvey A, Chinen T, van der Veeken J, Gasteiger G, Rudensky AY.
Control of the Inheritance of Regulatory T Cell Identity by a Cis
Element in the Foxp3 Locus. Cell (2014) 158(4):749–63. doi: 10.1016/
j.cell.2014.07.031

88. Goldstein JD, Burlion A, Zaragoza B, Sendeyo K, Polansky JK, Huehn J, et al.
Inhibition of the JAK/STAT Signaling Pathway in Regulatory T Cells Reveals
a Very Dynamic Regulation of Foxp3 Expression. PLoS One (2016) 11(4):
e0153682. doi: 10.1371/journal.pone.0153682

89. Yao Z, Kanno Y, Kerenyi M, Stephens G, Durant L, Watford WT, et al.
Nonredundant Roles for Stat5a/b in Directly Regulating Foxp3. Blood (2007)
109(10):4368–75. doi: 10.1182/blood-2006-11-055756

90. Ono M. Control of Regulatory T-Cell Differentiation and Function by T-Cell
Receptor Signalling and Foxp3 Transcription Factor Complexes.
Immunology (2020) 160(1):24–37. doi: 10.1111/imm.13178

91. Liu Y, Wang L, Han R, Beier UH, Akimova T, Bhatti T, et al. Two Histone/
Protein Acetyltransferases, CBP and P300, Are Indispensable for Foxp3+ T-
Regulatory Cell Development and Function. Mol Cell Biol (2014) 34
(21):3993–4007. doi: 10.1128/MCB.00919-14

92. Landuyt AE, Klocke BJ, Colvin TB, Schoeb TR, Maynard CL. Cutting Edge:
ICOS-Deficient Regulatory T Cells Display Normal Induction of Il10 But
Readily Downregulate Expression of Foxp3. J Immunol (2019) 202(4):1039–
44. doi: 10.4049/jimmunol.1801266

93. Toker A, Engelbert D, Garg G, Polansky JK, Floess S, Miyao T, et al. Active
Demethylation of the Foxp3 Locus Leads to the Generation of Stable
Regulatory T Cells Within the Thymus. J Immunol (2013) 190(7):3180–8.
doi: 10.4049/jimmunol.1203473

94. Nair VS, Oh KI. Down-Regulation of Tet2 Prevents TSDR Demethylation in
IL2 Deficient Regulatory T Cells. Biochem Biophys Res Commun (2014) 450
(1):918–24. doi: 10.1016/j.bbrc.2014.06.110

95. Nakatsukasa H, Oda M, Yin J, Chikuma S, Ito M, Koga-Iizuka M, et al. Loss
of TET Proteins in Regulatory T Cells Promotes Abnormal Proliferation,
Foxp3 Destabilization and IL-17 Expression. Int Immunol (2019) 31(5):335–
47. doi: 10.1093/intimm/dxz008

96. Wang L, Liu Y, Han R, Beier UH, Thomas RM, Wells AD, et al. Mbd2
Promotes Foxp3 Demethylation and T-Regulatory-Cell Function. Mol Cell
Biol (2013) 33(20):4106–15. doi: 10.1128/MCB.00144-13

97. Yang R, Qu C, Zhou Y, Konkel JE, Shi S, Liu Y, et al. Hydrogen Sulfide
Promotes Tet1- and Tet2-Mediated Foxp3 Demethylation to Drive
Regulatory T Cell Differentiation and Maintain Immune Homeostasis.
Immunity (2015) 43(2):251–63. doi: 10.1016/j.immuni.2015.07.017
Frontiers in Immunology | www.frontiersin.org 12
98. Ohkura N, Yasumizu Y, Kitagawa Y, Tanaka A, Nakamura Y, Motooka D,
et al. Regulatory T Cell-Specific Epigenomic Region Variants Are a Key
Determinant of Susceptibility to Common Autoimmune Diseases. Immunity
(2020) 52(6):1119–32.e4. doi: 10.1016/j.immuni.2020.04.006

99. Piotrowska M, Gliwinski M, Trzonkowski P, Iwaszkiewicz-Grzes D.
Regulatory T Cells-Related Genes Are Under DNA Methylation Influence.
Int J Mol Sci (2021) 22(13):7144. doi: 10.3390/ijms22137144

100. Yue X, Trifari S, Aijo T, Tsagaratou A, Pastor WA, Zepeda-Martinez JA, et al.
Control of Foxp3 Stability Through Modulation of TET Activity. J Exp Med
(2016) 213(3):377–97. doi: 10.1084/jem.20151438

101. Sasidharan Nair V, SongMH, Oh KI. Vitamin C Facilitates Demethylation of
the Foxp3 Enhancer in a Tet-Dependent Manner. J Immunol (2016) 196
(5):2119–31. doi: 10.4049/jimmunol.1502352

102. Someya K, Nakatsukasa H, Ito M, Kondo T, Tateda KI, Akanuma T, et al.
Improvement of Foxp3 Stability Through CNS2 Demethylation by TET
Enzyme Induction and Activation. Int Immunol (2017) 29(8):365–75. doi:
10.1093/intimm/dxx049

103. Takahashi R, Nishimoto S, Muto G, Sekiya T, Tamiya T, Kimura A, et al.
SOCS1 is Essential for Regulatory T Cell Functions by Preventing Loss of
Foxp3 Expression as Well as IFN-{Gamma} and IL-17A Production. J Exp
Med (2011) 208(10):2055–67. doi: 10.1084/jem.20110428

104. Garg G, Muschaweckh A, Moreno H, Vasanthakumar A, Floess S,
Lepennetier G, et al. Blimp1 Prevents Methylation of Foxp3 and Loss of
Regulatory T Cell Identity at Sites of Inflammation. Cell Rep (2019) 26
(7):1854–68.e5. doi: 10.1016/j.celrep.2019.01.070

105. Floess S, Freyer J, Siewert C, Baron U, Olek S, Polansky J, et al. Epigenetic
Control of the Foxp3 Locus in Regulatory T Cells. PloS Biol (2007) 5(2):e38.
doi: 10.1371/journal.pbio.0050038

106. Polansky JK, Kretschmer K, Freyer J, Floess S, Garbe A, Baron U, et al. DNA
Methylation Controls Foxp3 Gene Expression. Eur J Immunol (2008) 38
(6):1654–63. doi: 10.1002/eji.200838105

107. Ohkura N, Hamaguchi M, Morikawa H, Sugimura K, Tanaka A, Ito Y, et al. T
Cell Receptor Stimulation-Induced Epigenetic Changes and Foxp3 Expression are
Independent and Complementary Events Required for Treg Cell Development.
Immunity (2012) 37(5):785–99. doi: 10.1016/j.immuni.2012.09.010

108. Yadav M, Louvet C, Davini D, Gardner JM, Martinez-Llordella M, Bailey-
Bucktrout S, et al. Neuropilin-1 Distinguishes Natural and Inducible
Regulatory T Cells Among Regulatory T Cell Subsets In Vivo. J Exp Med
(2012) 209(10):1713–22, S1-19. doi: 10.1084/jem.20120822

109. Weiss JM, Bilate AM, Gobert M, Ding Y, Curotto de Lafaille MA, Parkhurst
CN, et al. Neuropilin 1 is Expressed on Thymus-Derived Natural Regulatory
T Cells, But Not Mucosa-Generated Induced Foxp3+ T Reg Cells. J Exp Med
(2012) 209(10):1723–42, S1. doi: 10.1084/jem.20120914

110. Josefowicz SZ, Wilson CB, Rudensky AY. Cutting Edge: TCR Stimulation Is
Sufficient for Induction of Foxp3 Expression in the Absence of DNA
Methyltransferase 1. J Immunol (2009) 182(11):6648–52. doi: 10.4049/
jimmunol.0803320

111. Lu L, Ma J, Li Z, Lan Q, Chen M, Liu Y, et al. All-Trans Retinoic Acid
Promotes TGF-Beta-Induced Tregs via Histone Modification But Not DNA
Demethylation on Foxp3 Gene Locus. PLoS One (2011) 6(9):e24590. doi:
10.1371/journal.pone.0024590

112. Wu D, Luo Y, Guo W, Niu Q, Xue T, Yang F, et al. Lkb1 Maintains Treg Cell
Lineage Identity. Nat Commun (2017) 8:15876. doi: 10.1038/ncomms15876

113. Cheng C, Wang S, Ye P, Huang X, Liu Z, Wu J, et al. 'Default' Generated
Neonatal Regulatory T Cells are Hypomethylated at Conserved non-Coding
Sequence 2 and Promote Long-Term Cardiac Allograft Survival.
Immunology (2014) 143(4):618–30. doi: 10.1111/imm.12343

114. Chen S, Zhang L, Ying Y, Wang Y, Arnold PR, Wang G, et al. Epigenetically
Modifying the Foxp3 Locus for Generation of Stable Antigen-Specific Tregs
as Cellular Therapeutics. Am J Transpl (2020) 20(9):2366–79. doi: 10.1111/
ajt.15845

115. Guo H, Zheng M, Zhang K, Yang F, Zhang X, Han Q, et al. Functional
Defects in CD4(+) CD25(high) FoxP3(+) Regulatory Cells in Ankylosing
Spondylitis. Sci Rep (2016) 6:37559. doi: 10.1038/srep37559

116. Li J, Xu B, He M, Zong X, Cunningham T, Sha C, et al. Control of Foxp3
Induction and Maintenance by Sequential Histone Acetylation and DNA
Demethylation. Cell Rep (2021) 37(11):110124. doi: 10.1016/
j.celrep.2021.110124
June 2022 | Volume 13 | Article 919550

https://doi.org/10.1016/j.bbrc.2018.07.021
https://doi.org/10.1016/j.bbrc.2018.07.021
https://doi.org/10.12688/f1000research.16551.1
https://doi.org/10.1016/j.immuni.2009.09.003
https://doi.org/10.4049/jimmunol.178.1.280
https://doi.org/10.4049/jimmunol.178.1.280
https://doi.org/10.1084/jem.20070109
https://doi.org/10.1182/blood-2006-02-004747
https://doi.org/10.1182/blood-2006-02-004747
https://doi.org/10.4049/jimmunol.1301892
https://doi.org/10.4049/jimmunol.1301892
https://doi.org/10.1016/j.cell.2014.07.031
https://doi.org/10.1016/j.cell.2014.07.031
https://doi.org/10.1371/journal.pone.0153682
https://doi.org/10.1182/blood-2006-11-055756
https://doi.org/10.1111/imm.13178
https://doi.org/10.1128/MCB.00919-14
https://doi.org/10.4049/jimmunol.1801266
https://doi.org/10.4049/jimmunol.1203473
https://doi.org/10.1016/j.bbrc.2014.06.110
https://doi.org/10.1093/intimm/dxz008
https://doi.org/10.1128/MCB.00144-13
https://doi.org/10.1016/j.immuni.2015.07.017
https://doi.org/10.1016/j.immuni.2020.04.006
https://doi.org/10.3390/ijms22137144
https://doi.org/10.1084/jem.20151438
https://doi.org/10.4049/jimmunol.1502352
https://doi.org/10.1093/intimm/dxx049
https://doi.org/10.1084/jem.20110428
https://doi.org/10.1016/j.celrep.2019.01.070
https://doi.org/10.1371/journal.pbio.0050038
https://doi.org/10.1002/eji.200838105
https://doi.org/10.1016/j.immuni.2012.09.010
https://doi.org/10.1084/jem.20120822
https://doi.org/10.1084/jem.20120914
https://doi.org/10.4049/jimmunol.0803320
https://doi.org/10.4049/jimmunol.0803320
https://doi.org/10.1371/journal.pone.0024590
https://doi.org/10.1038/ncomms15876
https://doi.org/10.1111/imm.12343
https://doi.org/10.1111/ajt.15845
https://doi.org/10.1111/ajt.15845
https://doi.org/10.1038/srep37559
https://doi.org/10.1016/j.celrep.2021.110124
https://doi.org/10.1016/j.celrep.2021.110124
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Long et al. Role of CNSs in CD4+ T Cells
117. Okada M, Kanamori M, Someya K, Nakatsukasa H, Yoshimura A.
Stabilization of Foxp3 Expression by CRISPR-Dcas9-Based Epigenome
Editing in Mouse Primary T Cells. Epigenet Chromatin (2017) 10:24. doi:
10.1186/s13072-017-0129-1

118. Kressler C, Gasparoni G, Nordstrom K, Hamo D, Salhab A, Dimitropoulos
C, et al. Targeted De-Methylation of the FOXP3-TSDR Is Sufficient to Induce
Physiological FOXP3 Expression But Not a Functional Treg Phenotype.
Front Immunol (2020) 11:609891. doi: 10.3389/fimmu.2020.609891

119. Mahmud SA, Manlove LS, Schmitz HM, Xing Y, Wang Y, Owen DL, et al.
Costimulation via the Tumor-Necrosis Factor Receptor Superfamily Couples
TCR Signal Strength to the Thymic Differentiation of Regulatory T Cells. Nat
Immunol (2014) 15(5):473–81. doi: 10.1038/ni.2849

120. Feng Y, van der Veeken J, Shugay M, Putintseva EV, Osmanbeyoglu HU, Dikiy
S, et al. AMechanism for Expansion of Regulatory T-Cell Repertoire and its Role
in Self-Tolerance. Nature (2015) 528(7580):132–6. doi: 10.1038/nature16141

121. Hori S. C-Rel: A Pioneer in Directing Regulatory T-Cell Lineage
Commitment? Eur J Immunol (2010) 40(3):664–7. doi: 10.1002/eji.201040372

122. Schuster M, Glauben R, Plaza-Sirvent C, Schreiber L, AnnemannM, Floess S,
et al. IkappaB(NS) Protein Mediates Regulatory T Cell Development via
Induction of the Foxp3 Transcription Factor. Immunity (2012) 37(6):998–
1008. doi: 10.1016/j.immuni.2012.08.023

123. Long M, Park SG, Strickland I, Hayden MS, Ghosh S. Nuclear factor-kappaB
Modulates Regulatory T Cell Development by Directly Regulating
Expression of Foxp3 Transcription Factor. Immunity (2009) 31(6):921–31.
doi: 10.1016/j.immuni.2009.09.022

124. Muto G, Kotani H, Kondo T, Morita R, Tsuruta S, Kobayashi T, et al. TRAF6 is
Essential for Maintenance of Regulatory T Cells That Suppress Th2 Type
Autoimmunity. PloS One (2013) 8(9):e74639. doi: 10.1371/journal.pone.0074639

125. Hang S, Paik D, Yao L, Kim E, Trinath J, Lu J, et al. Bile Acid Metabolites
Control TH17 and Treg Cell Differentiation. Nature (2019) 576(7785):143–8.
doi: 10.1038/s41586-019-1785-z

126. Forstneric V, Oven I, Ogorevc J, Lainscek D, Praznik A, Lebar T, et al.
CRISPRa-Mediated FOXP3 Gene Upregulation in Mammalian Cells. Cell
Biosci (2019) 9:93. doi: 10.1186/s13578-019-0357-0

127. Akimzhanov AM, Yang XO, Dong C. Chromatin Remodeling of Interleukin-
17 (IL-17)-IL-17F Cytokine Gene Locus During Inflammatory Helper T Cell
Differentiation. J Biol Chem (2007) 282(9):5969–72. doi: 10.1074/
jbc.C600322200

128. Zhang F, Meng G, Strober W. Interactions Among the Transcription Factors
Runx1, RORgammat and Foxp3 Regulate the Differentiation of Interleukin 17-
Producing T Cells. Nat Immunol (2008) 9(11):1297–306. doi: 10.1038/ni.1663

129. Wang X, Zhang Y, Yang XO, Nurieva RI, Chang SH, Ojeda SS, et al.
Transcription of Il17 and Il17f is Controlled by Conserved Noncoding
Sequence 2. Immunity (2012) 36(1):23–31. doi: 10.1016/j.immuni.2011.10.019

130. Yang XO, Pappu BP, Nurieva R, Akimzhanov A, Kang HS, Chung Y, et al. T
Helper 17 Lineage Differentiation is Programmed by Orphan Nuclear
Receptors ROR Alpha and ROR Gamma. Immunity (2008) 28(1):29–39.
doi: 10.1016/j.immuni.2007.11.016

131. Manel N, Unutmaz D, Littman D. The Differentiation of Human TH-17
Cells Requires Transforming Growth Factor-b and Induction of the Nuclear
Receptor Rorgt. Nat Immunol (2008) 9(6):641–9. doi: 10.1038/ni.1610

132. Wei G, Wei L, Zhu J, Zang C, Hu-Li J, Yao Z, et al. Global Mapping of
H3K4me3 and H3K27me3 Reveals Specificity and Plasticity in Lineage Fate
Determination of Differentiating CD4+ T Cells. Immunity (2009) 30(1):155–
67. doi: 10.1016/j.immuni.2008.12.009

133. Schraml BU, Hildner K, Ise W, Lee WL, Smith WA, Solomon B, et al. The
AP-1 Transcription Factor Batf Controls T(H)17 Differentiation. Nature
(2009) 460(7253):405–9. doi: 10.1038/nature08114

134. Okamoto K, Iwai Y, Oh-Hora M, Yamamoto M, Morio T, Aoki K, et al.
IkappaBzeta Regulates T(H)17 Development by Cooperating With ROR
Nuclear Receptors. Nature (2010) 464(7293):1381–5. doi: 10.1038/
nature08922

135. Xu T, Stewart KM, Wang X, Liu K, Xie M, Ryu JK, et al. Metabolic Control of
TH17 and Induced Treg Cell Balance by an Epigenetic Mechanism. Nature
(2017) 548(7666):228–33. doi: 10.1038/nature23475

136. Thomas RM, Sai H, Wells AD. Conserved Intergenic Elements and DNA
Methylation Cooperate to Regulate Transcription at the Il17 Locus. J Biol
Chem (2012) 287(30):25049–59. doi: 10.1074/jbc.M112.351916
Frontiers in Immunology | www.frontiersin.org 13
137. Hirahara K, Ghoreschi K, Laurence A, Yang XP, Kanno Y, O'Shea JJ. Signal
Transduction Pathways and Transcriptional Regulation in Th17 Cell
Differentiation. Cytokine Growth Factor Rev (2010) 21(6):425–34. doi:
10.1016/j.cytogfr.2010.10.006

138. Zhou L, Lopes JE, Chong MM, Ivanov II, Min R, Victora GD, et al. TGF-
Beta-Induced Foxp3 Inhibits T(H)17 Cell Differentiation by Antagonizing
RORgammat Function. Nature (2008) 453(7192):236–40. doi: 10.1038/
nature06878

139. Tanaka S, Suto A, Iwamoto T, Kashiwakuma D, Kagami S, Suzuki K, et al.
Sox5 and C-Maf Cooperatively Induce Th17 Cell Differentiation via
RORgammat Induction as Downstream Targets of Stat3. J Exp Med (2014)
211(9):1857–74. doi: 10.1084/jem.20130791

140. Gabrysova L, Alvarez-Martinez M, Luisier R, Cox LS, Sodenkamp J, Hosking
C, et al. C-Maf Controls Immune Responses by Regulating Disease-Specific
Gene Networks and Repressing IL-2 in CD4(+) T Cells. Nat Immunol (2018)
19(5):497–507. doi: 10.1038/s41590-018-0083-5

141. Rutz S, Noubade R, Eidenschenk C, Ota N, Zeng W, Zheng Y, et al.
Transcription Factor C-Maf Mediates the TGF-Beta-Dependent
Suppression of IL-22 Production in T(H)17 Cells. Nat Immunol (2011) 12
(12):1238–45. doi: 10.1038/ni.2134

142. Kubo M. The Role of IL-4 Derived From Follicular Helper T (TFH) Cells and
Type 2 Helper T (TH2) Cells. Int Immunol (2021) 33(12):717–22. doi:
10.1093/intimm/dxab080

143. Vijayanand P, Seumois G, Simpson LJ, Abdul-Wajid S, Baumjohann D,
Panduro M, et al. Interleukin-4 Production by Follicular Helper T Cells
Requires the Conserved Il4 Enhancer Hypersensitivity Site V. Immunity
(2012) 36(2):175–87. doi: 10.1016/j.immuni.2011.12.014

144. Lee DU, Agarwal S, Rao A. Th2 Lineage Commitment and Efficient IL-4
Production Involves Extended Demethylation of the IL-4 Gene. Immunity
(2002) 16(5):649–60. doi: 10.1016/S1074-7613(02)00314-X

145. Saraiva M, Vieira P, O'Garra A. Biology and Therapeutic Potential of
Interleukin-10. J Exp Med (2020) 217(1):e20190418. doi: 10.1084/
jem.20190418

146. So JS, Kim GC, Song M, Lee CG, Park E, Kim HJ, et al. 6-Methoxyflavone
Inhibits NFAT Translocation Into the Nucleus and Suppresses T Cell
Activation. J Immunol (2014) 193(6):2772–83. doi: 10.4049/jimmunol.1400285

147. Reinhardt RL, Liang HE, Locksley RM. Cytokine-Secreting Follicular T Cells
Shape the Antibody Repertoire. Nat Immunol (2009) 10(4):385–93. doi:
10.1038/ni.1715

148. Sahoo A, Alekseev A, Tanaka K, Obertas L, Lerman B, Haymaker C, et al.
Batf is Important for IL-4 Expression in T Follicular Helper Cells. Nat
Commun (2015) 6:7997. doi: 10.1038/ncomms8997

149. Meli AP, Fontes G, Leung Soo C, King IL. T Follicular Helper Cell-Derived
IL-4 Is Required for IgE Production During Intestinal Helminth Infection. J
Immunol (2017) 199(1):244–52. doi: 10.4049/jimmunol.1700141

150. Sahoo A, Wali S, Nurieva R. T Helper 2 and T Follicular Helper Cells:
Regulation and Function of Interleukin-4. Cytokine Growth Factor Rev
(2016) 30:29–37. doi: 10.1016/j.cytogfr.2016.03.011

151. Yoshida H, Lareau CA, Ramirez RN, Rose SA, Maier B, Wroblewska A, et al.
The Cis-Regulatory Atlas of the Mouse Immune System. Cell (2019) 176
(4):897–912.e20. doi: 10.1016/j.cell.2018.12.036

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Long, Luo and Zhu. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
June 2022 | Volume 13 | Article 919550

https://doi.org/10.1186/s13072-017-0129-1
https://doi.org/10.3389/fimmu.2020.609891
https://doi.org/10.1038/ni.2849
https://doi.org/10.1038/nature16141
https://doi.org/10.1002/eji.201040372
https://doi.org/10.1016/j.immuni.2012.08.023
https://doi.org/10.1016/j.immuni.2009.09.022
https://doi.org/10.1371/journal.pone.0074639
https://doi.org/10.1038/s41586-019-1785-z
https://doi.org/10.1186/s13578-019-0357-0
https://doi.org/10.1074/jbc.C600322200
https://doi.org/10.1074/jbc.C600322200
https://doi.org/10.1038/ni.1663
https://doi.org/10.1016/j.immuni.2011.10.019
https://doi.org/10.1016/j.immuni.2007.11.016
https://doi.org/10.1038/ni.1610
https://doi.org/10.1016/j.immuni.2008.12.009
https://doi.org/10.1038/nature08114
https://doi.org/10.1038/nature08922
https://doi.org/10.1038/nature08922
https://doi.org/10.1038/nature23475
https://doi.org/10.1074/jbc.M112.351916
https://doi.org/10.1016/j.cytogfr.2010.10.006
https://doi.org/10.1038/nature06878
https://doi.org/10.1038/nature06878
https://doi.org/10.1084/jem.20130791
https://doi.org/10.1038/s41590-018-0083-5
https://doi.org/10.1038/ni.2134
https://doi.org/10.1093/intimm/dxab080
https://doi.org/10.1016/j.immuni.2011.12.014
https://doi.org/10.1016/S1074-7613(02)00314-X
https://doi.org/10.1084/jem.20190418
https://doi.org/10.1084/jem.20190418
https://doi.org/10.4049/jimmunol.1400285
https://doi.org/10.1038/ni.1715
https://doi.org/10.1038/ncomms8997
https://doi.org/10.4049/jimmunol.1700141
https://doi.org/10.1016/j.cytogfr.2016.03.011
https://doi.org/10.1016/j.cell.2018.12.036
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Role of CNSs Conserved Distal Cis-Regulatory Elements in CD4 + T Cell Development and Differentiation
	Introduction
	CNSs Involved in CD4+ T Cells Differentiation
	CNSs Is Important for Treg Cells Development
	Foxp3 CNS0 in Treg Cells
	Foxp3 CNS1 in iTreg Cells
	Foxp3 CNS2 in nTreg Cells
	Foxp3 CNS3 in iTreg cells

	CNSs Is Important for Th17 Cells Development
	Il-17 CNS2 in Th17 Cells
	Rorc CNS6 in Th17 Cells
	Rorc CNS9 in Th17 Cells

	CNSs Is Important for Th2 Cells Development
	Il-4 CNS2 in Th2 Cells
	Il-10 CNS9 in Th2 Cells

	CNSs Is Important for Tfh Cells Development
	Il-4 CNS2 in Tfh Cells


	Conclusions and Prospects
	Author Contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


