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Summary

CD4*Foxp3™ regulatory T (Treg) cells are key players in keeping excessive inflammation in
check. Mounting evidence have shown that Treg cells exert a much more diverse function in both
immunological and non-immunological processes. The development, maintenance and functional
specification of Treg cells are regulated by multilayered factors, including antigens and TCR
signaling, cytokines, epigenetic modifiers and transcription factors (TFs). In the review, we will
focus on TFs by summarizing their unique and redundant roles in Treg cells under physiological
and pathophysiological conditions. We will also discuss the recent advances of Treg trajectories
between lymphoid organs and non-lymphoid tissues. This review will provide an updated view of
the newly identified TFs and new functions of known TFs in Treg biology.

Introduction

The activation of immune system is crucial for host defense against pathogens and cancer.
However, excessive degree of immune activation causes deleterious consequences,
evidenced by the development of autoimmune and inflammatory disorders (1, 2). Negative
feedback is crucial for keeping immune activation at an appropriate level. Multiple
mechanisms have evolved as negative regulators of excessive immune responses (3). Among
them, CD4* Foxp3* regulatory (Treg) cells are the most pivotal players to keep
autoimmunity and inflammation in check and maintain tissue homeostasis (4-8).

The concept of immunosuppression has been coined decades ago (reviewed in (9-12)). It
has been reported in late 1960s that thymectomy 3 days after birth rendered the mice to
develop autoimmune destruction of self-tissues such as ovaries and other organs (13). Later
studies have shown that CD4* T cells were important players in inhibiting thymectomy-
provoked autoimmune diseases (14). Following studies had attempted to identify which

*Correspondence: W.F., w3fu@ucsd.edu.
Author contributions
Conceptualization, K.W. and W.F.; Writing & Editing, K.W. and W.F.

Declaration of Interests
The authors have no conflicts of interests to declare.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang and Fu

Page 2

subset of CD4* T cells possessed this suppressive function (15-17). One of the landmark
studies was the identification of CD25 as a cell-surface marker and the validation of CD25*
CD4™ T cells as the bona fide suppressors (17).

In the early 2000s, several groups reported the link between mutations of Foxp3 gene and
the phenotypes in Scurfy mice or human IPEX patients (immune dysregulation,
polyendocrinopathy, enteropathy, X-linked syndrome (18-21). Shortly after that, several
independent studies demonstrated that Foxp3 was the TF that governed the generation of
Treg lineage cells (22-24). Ectopic expression of Foxp3 in CD4* CD25 T cells converted
these cells into CD4* CD25" “regulatory” cells (22). The necessity of Foxp3 in Treg
development was further supported by both loss- and gain- of function studies, in which
more Treg cells were found in Foxp3 over-expressing mice (23), and conversely,
significantly fewer Treg cells were detected in Foxp3knockout mice (24). These findings
clearly supported the lineage identity of Treg cells.

Foxp3 is still the most reliable marker for Treg lineage identity. Numerous studies have
focused on investigating the expression and function of Foxp3 in mouse and human (25-29).
However, mounting evidence also show that Foxp3 alone is not sufficient to induce a full
range of Treg transcriptional program (30-33). Increasing number of other TFs and
epigenetic modifiers have been reported to participate in almost every aspect of Treg biology
(reviewed in (5, 34, 35)). Rapid advances have been made in identifying new TFs and new
functions of known Treg-related TFs. This review will provide an updated view of how these
TFs play their unique or redundant roles in Treg cells. We will first review the role of Foxp3
in Treg cells, and then summarize the effects of other TFs on regulating Foxp3 gene
expression or collaborating with Foxp3 on protein level to control Treg gene expression. We
will then discuss the increasingly emerging data on tissue Treg precursors and provide an
integrated view of Treg trajectory. Recent updates on human Treg cells and their therapeutic
potential will also be discussed.

1. Foxp3 and its cofactors

Foxp3 is a member of the forkhead family TFs (36). It contains a C-terminal FKH domain, a
proline rich N-terminal (PRR) domain, a C2H2 zinc finger (ZF), and a central leucine zipper
(LZ) domain (25). Foxp3 binds to many genes related to the activation and function of
conventional T (Tconv) cells or Treg cells (37, 38). Further studies showed that Foxp3 is
bound to the enhancers (39, 40) that already become accessible even before Foxp3 is
expressed. These enhancers are also occupied by Foxp3 cofactors (e.g., Foxo proteins) in the
precursor cells (39).

Foxp3 acts as both an activator and a repressor (32, 41-43). Ectopic expression of Foxp3 in
naive mouse CD4* T cells induces the expression of a panel of canonical Treg signature
genes, including //2ra, Ctla4, Tnfrsf18, Itgae, Gpr83, and NrpI (22, 32), supporting an
activator role of Foxp3. Conversely, Foxp3 is also bound to a large number of genes that are
downregulated in Treg cells compared to Tconv cells (38). In this case, Foxp3 acts as a
repressor (44). In activated Treg cells, Foxp3-binding sites show diminished accessibility of
chromatin and selective deposition of histone H3 trimethylated at Lys27, which is associated
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with recruitment of the histone methyltransferase EZH2 and downregulation of the
expression of nearby genes (43). Whether Foxp3 functions as an activator or a repressor is
influenced by the configuration of the protein complex formed by Foxp3 and other TFs or
histone modifiers (40). For instance, Foxp3 acts primarily as an activator when forming a
complex with RelA, Helios and Kat5 (40).

Foxp3 is pivotal for Treg lineage identity. Sustained expression of Foxp3 is a prerequisite of
Treg lineage stability. Conversely, loss-of-expression of Foxp3 is an indication of
compromised Treg lineage identity (45, 46). Indeed, partially attenuated Foxp3 expression
causes Treg to lose their identity and acquire effector T (Teff) cell characteristics (47).
Foxp3 has been considered crucial for Treg’s suppressive function. However, recent work
has suggested that the suppressive function can be developed in Foxp3-deficient “Treg” cells
by targeting their metabolic pathways (48). Furthermore, the definition of Treg function has
been much more broadened beyond the “suppression” of Teff responses (6, 49). As a
lineage-determinative TF, Foxp3 is the master regulator for Treg’s core functional modules,
because unbiased high throughput analyses have revealed that all kinds of Treg cells express
a small number of Foxp3-dependent transcripts, onto which additional programs are added
less uniformly (50). However, additional factors are required for Treg’s functional adaptation
and specification (discussed in detail below).

1.1 cis-regulatory elements in the Foxp3 genomic locus

Several regulatory regions within Foxp3genomic locus have been revealed (Figure 1). The
promoter locates about 6 kilobases upstream of the first exon of Foxp3. It can be activated
by the TCR signaling, in cooperation with NFAT and AP1 (51). Three conserved NFAT
binding sites within 500 bases upstream from the transcriptional start site (TSS) have been
identified in Foxp3 promoter region (51). In Treg cells, this promoter region is highly
demethylated, compared to that in Tconv cells (52). Signaling mediated by tumor necrosis
factor receptor 2 (TNFR2) can prevent CpG methylation in the Foxp3 promoter (53). Nrda
nuclear receptors can activate Foxp3 promoter in that forced activation of Nrda receptors
bypasses low-strength TCR signaling to drive the Treg lineage development (54).

Cis-regulatory elements play an essential role in Treg lineage formation (55, 56). Several
conserved noncoding sequences (CNS) have been identified in Foxp3regulatory regions (55,
56). Each of these CNS regions exerts different functions in regulating Foxp3induction,
stability and Treg fate (55, 57-59). CNS1 is preferentially for the generation of peripherally
induced Treg cells (pTreg) (55), whereas CNS2 is required to maintain Foxp3 expression in
committed Treg cells. CNS2 can form a physical loop with Foxp3 promoter (58). NFAT
activation can strengthen this promoter-enhancer loop interaction. The biological
significance of this loop is to stabilize Foxp3 expression (58). CNS3 is essential for the
induction of Foxp3via recruiting c-Rel to the Foxp3locus (55). In addition, recent studies
have shown that long noncoding RNA (IncRNA) F/icr can modify chromatin accessibility in
CNS3 (60).

CNSQO is a recently identified conserved regulatory region in Foxp3genomic locus (57).
CNSO locates approximately 8 kilobases upstream of the TSS of Foxp3. CNSO is permissive
for the binding of Satbl and involved in chromatin modification and super-enhancer

Cell Mol Life Sci. Author manuscript; available in PMC 2021 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang and Fu

Page 4

formation (57). The role of Satbl is to modify the epigenetic status of Foxp3locus, making
them permissive for the binding of other Treg-development related TFs (57). Interestingly, in
committed Treg cells, the expression Satb1 needs to be downregulated to a lower level,
compared to their precursors or Tconvs (33, 42, 57). Foxp3 represses Satb1 either directly,
or indirectly via microRNA binding to the 3’ untranslated region of Satb1 (42). Unwanted
high level of Satb1 comprises Treg function and induces Teff cell cytokine expression in
Treg cells (42). While the expression of Satbl is not as abundant as that in Tconv cells, the
remaining Satbl can form physical interaction with Foxp3 on the protein level (33). In this
case, Satbl acts as a regulator for the auto-assembly of a core Treg TF circuit, including the
upregulation of IRF4, GATA1L and Eos, and downregulation of endogenous LEF1 and Satbl
(33).

1.2 Transcriptional regulation of Foxp3 expression

i) TCR signaling—Natural Treg cells arise in the thymus. The specificity and affinity of
TCR in thymocytes are the primary determinants for Treg lineage formation (reviewed by
Hsieh et al (61)). Earlier studies have found that high affinity autoreactive TCR expression
in thymocytes favors the generation of CD4* CD25* Treg cells (62, 63). Along with TCR
activation, costimulatory (CD28-CD80/CD86) and cytokine signaling (primarily 1L-2) are
required for thymic Treg generation. With these findings, a two-step model has been
proposed to explain how Treg cells are generated in the thymus (61, 64, 65). First, high-
affinity TCR signaling instructs thymocytes to develop into the Treg precursors,
characterized by the upregulation of CD25. At this stage, Foxp3 genomic locus is
remodeled. Subsequently in step two, IL-2 (to a less extent IL-15) induces the expression of
Foxp3 (64-67). This model favors the perception that CD4 single positive Foxp3~ CD25*
cells are the precursors of Treg cells in the thymus. However, a distinct population of the
Treg progenitors in the thymus, characterized by low level of Foxp3 expression and lacking
CD25 (Foxp3!° CD257), has also been described (223-226). In one recent study, Owen et a/
have demonstrated that both types of precursors (namely Foxp3~ CD25" and Foxp3©
CD257) can differentiate into bona fide Treg cells. Foxp3~ CD25" precursors exhibit a
relatively higher level of the TCR affinity. In contrast, CD4* thymocytes bearing relatively
lower TCR affinity are more likely to differentiate into the Foxp3!® CD25~ precursors.
Further analysis revealed that Foxp3~ CD25* and Foxp3!° CD25~ precursors have distinct
TCR repertoires (226). More interestingly, Treg cells derived from these two precursors have
different functional properties in maintaining immune tolerance. For instance, Foxp3~
CD25* precursor-derived Treg cells have a superior capability to prevent experimental
autoimmune encephalitis (226). Together, these findings provide important insights into
thymic Treg development.

The crucial role of TCR signaling in thymic Treg cell development has also been
demonstrated in other studies (62, 63, 68). Downstream of TCR signaling, a number of TFs
(including NF-xB, NFAT, AP1, CREB and ATF) have been reported to regulate Foxp3
expression (51, 52). Foxp3expression in Treg cells is controlled by both sequence-specific
binding of CREB/ATF and DNA methylation of the CpG islands (52). Recently, it has been
reported that CARD11-BCL10-MALT1 (CBM) signaling mediates TCR-induced NF-xB
activation in Treg cells (69) and controls the conversion of Treg cells from resting to effector
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stage under homeostatic conditions. MALT1 seems to play a central role in this signaling
cascade (69, 70). Deletion of MaltIin Treg cells leads to scurfy-like lethal autoimmune
diseases, which is caused by the deficit of the function not the number of Treg cells (71).
One study has reported that MALT1 supports Treg development in the thymus but
suppresses Treg generation in the periphery during inflammation (72). However, in
established Treg cells, TCR signaling seems dispensable for maintaining Foxp3 expression
(73). Nrda family factors have been found to play important roles in guarding the completion
of thymic Treg development (74). Interestingly, these Nr4a factors are also involved in
eliminating the Treg precursors that fail to develop into mature Treg cells (74).

ii) NF-xB family TFs—In T cells, TCR signaling activates NF-xB (75). The
abovementioned CBM complex is a critical component in TCR-induced NF-xB activation.
In mice deficient for Card11 (encoding Carmal), Treg development is halted due to the lack
of thymic CD25* GITR* Foxp3~ Treg precursors (76). Constitutively active IKKp can
rescue the induction of Foxp3 in Card11-deficient Treg precursor cells (77).

The NF-xB family is composed of c-Rel, RelA (p65) and NF-xB1 (a.k.4., p105/50),
belonging to the canonical NF-xB pathway, and NF-xB2 (p100/52) and RelB subunits of the
non-canonical pathway (78). NF-xB family members participate in multiple aspects of Treg
development, stability and function (Table 1).

Among the family members of NF-xB, c-Rel has been extensively studied in Treg biology.
c-Rel-deficient mice show a severely reduced number of Treg cells compared to wild-type
mice (79). c-Rel exerts multiple functions in Treg cells. First, c-Rel is required for the
development of thymic Treg cells (80). Second, c-Rel ablation specifically impairs the
generation and maintenance of activated Treg (aTreg) subset (81). Third, c-Rel deficient T
cells lose their competence to be converted into Treg cells by TGF- signaling (79).
However, the role of c-Rel in pTreg induction remains controversial. Some studies have
reported that TGF-p induced pTreg generation is severely impaired in c-Rel deficient naive
T cells (82), whereas others have shown that c-Rel-deficient naive CD4* T cells normally
upregulates Foxp3 when stimulated by TGF-f (80). c-Rel is dispensable for Treg
suppressive function, since c-Rel-deficient Treg are fully suppressive (80). Mechanistically,
c-Rel binds to multiple sites of Foxp3regulatory regions. By binding to Foxp3 CNS2, c-Rel
demethylates the CpG sites in that region (77). In addition, c-Rel can also bind to Foxp3
promoter and form a large enhanceosome, containing c-Rel, RelA/p65, NFAT, SMAD and
CREB (79). Interestingly, SMAD and CREB are first bound to Foxp3enhancers, but later
they move to the promoter to participate in the formation of Foxp3 enhanceosome (79). In
addition, c-Rel can also bind to Foxp3 CNS3 and regulate the induction of Foxp3 (77).

RelA/p65 is another canonical NF-xB family protein. Conditional inactivation of RelA in
Treg cells induces autoimmune diseases (83). RelA and c-Rel have different and partially
redundant roles in developing and mature Treg cells (84). RelA is constitutively active in
naive and effector Treg cells (83). Several studies have shown that RelA promotes effector
Treg (eTreg) generation (83, 85, 86) and Treg lineage stability (83, 84, 86). The role of RelA
in maintaining eTreg pool is through binding to NF-xB1 (85).
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The role of other NF-xB family proteins remains to be investigated. It has been reported that
NF-xB1 is dispensable for Treg cell development (87). NF-xB1-deficient mice had
relatively normal numbers of Treg cells (79, 80, 87). Moreover, the deficiency of IxB(NS), a
member of Bcl3 family atypical I1xB proteins, does not show reduced Treg precursor cells
(88).

iii) Other TFs—In addition to the aforementioned NF-xB family TFs, increasing number
of other TFs have been demonstrated to regulate Foxp3expression. Through binding to the
Foxp3regulatory regions, these TFs exert either redundant or unique roles (Figure 1).
Among them, STAT5 mainly binds to Foxp3 CNS2 and acts downstream of I1L-2 and other
common gamma chain cytokines (89). This STAT5-CNS2 axis is crucial for maintaining the
stable expression of Foxp3and Treg lineage identity (59). Optimal activation
(phosphorylation) of STATS5 is critical for Treg competitive fitness (90, 91). Additional
factors and signals have been found to regulate the expression and activation of STAT5. For
instance, TCF1 can bind to the promotor of Star5b (to a less extend to Star5a) and regulate
its expression (91). Moreover, in the absence of Helios, STAT5 activation is diminished with
a concomitant reduction of Foxp3 expression (92). Agonists of TNFRSF members (namely
GITR, OX40 and TNFR2) enhance the responsiveness of STAT5 in Treg precursors (93).
Furthermore, serine-threonine kinase Mst1 has been shown as an amplifier for STAT5
activity in Treg cells (94). Dedicator of cytokinesis 8 (DOCKS) is another protein required
for optimal STATS activation and Treg fitness (95, 96). On the other hand, PD-1/PD-L1
signaling inhibits STAT5 phosphorylation in Treg cells. PD-L1 blockade upregulates STAT5
phosphorylation in Treg cells ex vivo (97). In addition, microRNA155 confers competitive
fitness to regulatory T cells via repressing SOCS1, which acts as a negative regulator for
STATS (90). Taken together, multiple factors and mechanisms are evolved to ensure an
optimal STAT5 activation, which is crucial for Treg development in the thymus (65, 98) and
competitive fitness in the periphery (90, 91).

Foxol and Foxo3, two forkhead family members, can regulate Foxp3 promoter activity (99—
101). T cell-specific depletion of FoxoZ results in multiorgan immune infiltration, and
augmented germinal center (GC) responses (100, 101). Foxo proteins bind to the promoter,
CNS1 and CNS3 of Foxp3. Mutation of the proximal Foxo-binding site results in repressed
CNS1 transactivation (99, 100). There is functional redundancy between Foxol and Foxo3
(99, 100). Through binding to both CNS1 and CNS3, Foxo proteins participate in the
regulation of both thymic and TGF-B-induced Treg development (99-101). Foxo proteins
are also critical for Treg function (102). This is mainly through the axis of Foxo-Akt in that
Treg cells express high amounts of Foxol and suppress Akt activation (102). In the absence
of Foxo, IFN+y production is elevated in Treg cells, which contributes to the loss-of function
of Treg cells (102). While these findings support a critical role of Foxo proteins in Treg
differentiation and function, later studies have revealed that Foxol is actually repressed in
aTreg cells. Downregulation of Foxo is required for Treg homing to non-lymphoid organs
(103). Interestingly, Treg cells at the tumor sites exhibit a profound downregulation of Foxo
signaling. Based on this, expression of an Akt-insensitive Foxol mutant at a low dose can
deplete tumor-associated Treg cells (103).
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NFAT and SMAD are also involved in regulating Foxp3expression (52, 64, 104). NFAT
binds to Foxp3 CNS1, together with SMAD3, to facilitate TGF-B-induced Foxp3 expression
(104). In addition, NFAT also binds to Foxp3 CNS2 upon TCR activation (58). Interestingly,
CNS2 can form a loop interaction with Foxp3 promoter in an NFAT-dependent manner to
stabilize Foxp3transcription (58)

Runx1 can regulate Foxp3expression (105, 106). Treg cell-specific deficiency of Runxi, or
Cbfb, a cofactor for all Runx proteins, induces lymphoproliferation, autoimmune disease
and hyperproduction of IgE (106). Runx1 and its cofactor Cbff3 form a heterodimer which
binds to Foxp3 CNS2 (105, 106) and promoter (105, 107). Later studies found that the
Cbfp-Runx1 complex is also required for Foxp3 binds to its own CNS2, in a CpG
demethylation-dependent manner (55).

1.3 Protein-protein complexes formed by Foxp3 and its cofactors

Foxp3 forms large protein complexes with its binding partners (108). A few TFs have been
demonstrated to cooperate with Foxp3 for binding to the same set of target genes (Figure 2).
Using a combination of systems biology and functional validation approaches, five TFs
(namely, GATAL, Eos, Satbl, IRF4 and LEF1) have been found to act redundantly as Foxp3
cofactors (33). A common feature of these Foxp3 cofactors is to enhance the transcriptional
activity of Foxp3. This is due to that the cofactors (e.g., GATAL) can robustly enhance the
occupy of Foxp3 to its target genes, such as /cos (33). This study provides experimental
evidence to support a model whereby multiple TFs act as Foxp3 cofactors to enhance the
functionality of Foxp3, thus “locking in” a stable Treg transcriptional program. Further
studies have found that Foxp3 is bound to pre-accessible enhancers occupied by its cofactors
in Treg precursors (39). Interestingly, a recent study has reported that the binding sites of
TCF1, a TCF/LEF family TF, substantially overlapped with that by Foxp3 in Treg cells
(109). A considerable proportion of Foxp3-bound genes are also bound by p-catenin, an
upstream regulator for TCF1/LEF1 (110). However, the co-occupancy by B-catenin
negatively impacts Foxp3’s transcriptional activity (110), suggesting a multifaceted
regulation by the co-binding of Foxp3 and cofactors to target genes. A large number of
Foxp3-bound genomic sites in Treg cells are occupied by Foxpl. As a consequence, Foxpl
markedly enhances the binding of Foxp3 to these sites (111), an effect similar to that by
GATAL1 (33). As such, Foxpl and Foxp3 coordinate the expression of Ct/a4, a key gene for
Treg function (112). Bcl11b binds to the genomic loci of Treg genes in both human and
mouse Treg cells, overlapping with Foxp3 binding (113, 114). The absence of Bcl11b leads
to reduced chromatin accessibility in these bound genes (113). As a functional consequence,
Treg-specific ablation of Bc/11binduces the onset of autoimmune diseases in mice, due to
the compromised Foxp3 activity (113, 114). Thus, multiple TFs (such as GATAL, Foxpl and
Bcl11b) collaborate with Foxp3 to enhance the binding of Foxp3 to its target genes. Whether
each of these cofactors participate in the regulation of different functional properties of Treg
cells remains to be determined.

These findings together suggest that many TFs act as Foxp3 cofactors to regulate its
transcriptional activity. Many of these TFs are physiologically associated with Foxp3
(Figure 2). For instance, the physical interaction between Foxp3 and Runx1 leads to the

Cell Mol Life Sci. Author manuscript; available in PMC 2021 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang and Fu

Page 8

suppression of //2, Ifng, and induction of Treg genes (115). Studies have also suggested that
the configuration of the Foxp3-cofactor complex impacts the function of Treg cells (108,
116, 117). For instance, the N-terminus of Foxp3 protein is essential for it to interact with a
number of TFs and regulators, including IRF4, HIF1a and Eos (116, 117). Disrupted N-
terminus of Foxp3 protein alters the binding pattern to its cofactors. In Foxp3™M2A" mice, a
fusion of EGFP to the N-terminal of Foxp3 enhances the binding of IRF4, whereas weakens
that of HIF1a.. One biological consequence of this shifted binding pattern is that
autoimmune diabetes is accelerated, whereas rheumatoid arthritis is suppressed when
crossed to the genetically susceptible mouse strains. However, it remains to be determined
whether multiple cofactors coexist in one protein complex, or each of them independently
cooperate with Foxp3 to form separate complex in individual Treg cells.

2. Treg homeostasis

Homeostatic regulation of the differentiation and function of Treg cells is essential for these
cells to exert their physiological roles (118-120). The pool of Treg cells in peripheral
lymphoid organs is maintained at an appropriate size and diversity. The latter is influenced
by the activation status, TCR repertoires, and specialized functional subsets. Multiple
mechanisms have been evolved to maintain Treg homeostasis, including the balance between
proliferation and apoptosis (121), the dependence and negative feedback of Treg on
paracrine IL-2 (118), and metabolic regulations (122, 123). These mechanisms have been
discussed elsewhere (118, 124). We here focus on summarizing the recent advances of the
classification of Treg subsets and highlighting newly identified TFs in Treg homeostatic
differentiation (Figure 3).

2.1 The compositions of the Treg pool

Based on the expression of two cell-surface markers CD62L and CD44, Treg cells in
peripheral lymphoid organs can be roughly separated into resting (or naive) versus activated
(or effector) pools (118, 120). CD62L* CD44!° resting Treg (rTreg) cells also express higher
levels of CCR7 (120), which guides rTreg cells to gain more access to the paracrine IL-2 in
the T cell zones of the secondary lymphoid organs (SLOs) (120). In contrast, CD62L~
CDA44N Treg cells rely relatively less on IL-2 for survival. Instead, they can respond to the
ICOS/ICOSL signaling for their maintenance (120). Recently, several studies have revealed
more details of the heterogeneity of the Treg pool in the SLOs. For instance, based on the
expression of TCF1 (and LEF1 in a similar pattern), peripheral Treg cells can be clearly
separated into three subpopulations: CD62L* CD44!° TCF1*; CD62L~ CD44inthi TCF1*
and CD62L~ CD44N TCF1~. Transcriptome analysis has revealed clear distinctions among
them, with the CD62L~ CD44" TCF1~ subset showing a full-spectrum of the mature Treg
phenotype (91). In another study, based on the expression of 1d3, a very similar profile of
Treg subpopulations has been revealed (125), suggesting that 1d3 and TCF1 have a
synchronized expression pattern in Treg cells. Furthermore, using a combination of CD62L,
ICOS and TIGIT, Dias et al have separated Treg cells into naive (CD62L*ICOS™TIGIT"),
activated (CD62L"ICOS TIGIT") and effector (CD62L"ICOS*TIGITY) subsets (126). To
what extent the “three-subset” classification of Treg cells in these studies is interchangeable
remains to be determined. However, transcriptome profiling analyses performed by all three
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studies have suggested a high likelihood of that the “turning-on” of ICOS and TIGIT is
correlated with the simultaneous “turning-off” of TCF1, LEF1 and 1d3. Thus, bulk Treg pool
in the peripheral organs can be further divided into phenotypically distinct subpopulations
(Figure 3). How the transition and equilibrium among these subpopulations is regulated
remains to be investigated.

2.2 TCR, TFs and Treg homeostatic differentiation

TCR signaling is essential for the differentiation of Treg cells and the acquisition of the
activated phenotype (73). TCR sequencing analysis reveals that although TCR signal
intensity does not affect the ratio between resting and activated Treg cells, it shapes the
composition of the aTreg pool (50). Following TCR activation, the expression of IRF4 is
upregulated. IRF4 plays a key role in mobilizing Treg cells from resting to activated status
(127). Depletion of IRF4 restrains Treg cells at the resting stage. IRF4-deficient Treg cells
fail to acquire the effector phenotype even in the presence of activation signals. These cells
not only lack ICOS expression and IL-10 production but also are impaired in the expression
of activation markers and molecules required for homing, such as CD62L, CD103 and
CCRS6, and suppressor function, such as CTLA4 (127). In line with this, IRF4 expression
downstream of TCR signaling in Treg cells contributes to the optimal suppressive function
for Treg cells (73). The AP-1 transcription factor, JunB, promotes an IRF4-dependent
transcription program in eTreg cells (128). Mechanistically, JunB facilitates the
accumulation of IRF4 at its target genes, including /cosand Ctla4. In addition, mMTOR
functions downstream of antigenic signals to drive IRF4 expression and mitochondrial
metabolism, and accordingly, deletion of mitochondrial transcription factor A (Tfam)
severely impairs Treg suppressive function and eTreg generation (129). Interestingly, IRF4
expression in thymic epithelial cells is required to prime these stromal cells for Treg
development in the thymus (130). In that setting, IRF4 regulates the expression of
chemokines and costimulatory molecules in thymic epithelial cells to favor a
microenvironment for Treg development.

In contrast to the expression pattern of IRF4, the expression of TCF1 and LEF1 exhibits a
stepwise downregulation in Treg cells during the differentiation from resting, activated to
effector stage (91). Treg-specific ablation of 7¢f7 (encoding TCF1) and LefZ doesn’t affect
bulk Treg homeostasis. However, it alters the composition of the Treg pool by increasing the
fraction of eTreg cells, and a simultaneous decrease of rTreg and aTreg proportions. These
data suggest that TCF1 and LEF1 act as a gatekeeper to restrain the differentiation of Treg
cells from resting and activated stage to effector stage. Therefore, in contrast to the
differentiation-promoting effect elicited by IRF4, TCF1 and LEF1 act in a redundant manner
to maintain resting and activated Treg cells. It is likely that TCF1 and LEF1 can antagonize
the effects of IRF4 in Treg homeostatic differentiation.

The expression of Bach2 also shows a stepwise downregulation in Treg cells following the
path from resting to activated/effector stage (91). Functionally, Bach2 prevents premature
differentiation of eTreg cells and limits IL-10 production (131). This effect is likely due to
that Bach2 can counteract the DNA-binding activity of IRF4 and limit chromatin
accessibility, thereby attenuating IRF4-dependent regulation. At the same time, Bach2 is
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required for the development of pTreg cells in the gastrointestinal tract, an effect can be
recapitulated by the depletion of IRF4. Therefore, Bach2 counterbalances the effects of IRF4
to achieve an equilibrium between thymus-derived and peripherally-induced Treg cells and
also influence their activation/differentiation status. One interesting (and surprising) finding
is that IRF4 plays a dampening role in pTreg generation (131). IRF4 has been shown to
promote Treg (mainly tTreg) differentiation (127). How IRF4 differentially influences tTreg
and pTreg development remains to be defined. In addition to IRF4, Dias et al have found that
Myb can also promote tTreg differentiation but has no effect on pTreg cells (126).

E-proteins and inhibitor of DNA-binding (Id) proteins have been shown to play important
roles in TCR-mediated Treg differentiation. Following TCR activation, E-proteins are
downregulated. Decreased expression or activity of E-proteins is a prerequisite for TCR-
induced CD25 expression, NF-xB activation (132) and eTreg differentiation (133). The role
of 1d proteins in Treg cells is more complicated. TCR signaling represses 1d3 expression in
Treg cells. Lowed level of 1d3 is associated with an activation of follicular regulatory T (Tfr)
phenotype (134). However, sustained lower abundance of both 1d2 and 1d3 interferes with
normal development of Tfr cells. Depletion of both 1d2 and 1d3 in Treg cells impairs Treg
maintenance and anatomical distribution (134). While 1d3 is downregulated following TCR
activation, the expression of 1d2 is increased (125, 135). The opposite directions of 1d2 and
1d3 expression suggest that they may control different modules of Treg biology. Indeed, 1d2
is critically needed for certain types of tissue Treg cells. Treg-specific deletion of 1d2 alone
preferentially reduces Treg cells in adipose tissue, not in the SLOs. Moreover, 1d2 deficiency
leads to decreased expression of adipose tissue Treg-associated markers (e.g., ST2, CCR2,
KLRG1 and GATA3) (135). In contrast, 1d3 has different functions. Treg cells residing in
non-lymphoid tissues do not express 1d3 (125). Adoptive transfer experiments and
transcriptome analyses show a reduction of 1d3 in Treg cells between lymphoid organs and
those residing at tissue sites (125). Based on these data, a stepwise differentiation process
marked by downregulation of 1d3 has been proposed for tissue resident Treg cells. In
addition, 1d3 is involved in induced Treg (iTreg) generation, because ablation of 1d3in T
cells leads to compromised generation of iTreg cells and biased differentiation towards the
Th17 fate (136). 1d3 also helps maintain Foxp3 stability via a TF circuit involving E47, Spi-
B, and SOCS3 (137). However, how essential 1d3 is needed for stable Foxp3 expression
remains to be determined, especially given that 1d3 is absent in most if not all, tissue Treg
cells.

3. Treg functional diversity

3.1 “Division-of-labor” of Treg subsets

The primary role of Treg cells is to restrain excessive inflammation. However, each
inflammation is different in nature. For instance, CD4* Teff responses can be classified into
different types (including Thi, Th2, Th17, Tfh, etc.). How do Treg cells effectively keep
each of these Teff responses in check? Treg cells have evolved various mechanisms to keep
various kinds of inflammation in check. TFs play a key role in driving the functional
specification of Treg cells. Several studies have provided clear evidence showing that Treg
cells can acquire the expression of Teff cell-associated TFs such as T-bet, IRF4 and STAT3.
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By doing so, Treg cells can more effectively suppress the corresponding Th responses,
namely, Thl, Th2 and Th17, respectively (138-140). Later studies have confirmed this
notion. For instance, T-bett* CXCR3* Treg cells are preferentially enriched in the pancreatic
islets of animal models of type 1 diabetes (T1D), in which Th1 responses are a key
component of disease pathogenesis. Indeed, ablation of T-bet in Treg cells unleashes islet
inflammation and exacerbates diabetes (141). Tfr cells, a Treg functional subset, have a
unique role in regulating follicular helper T (Tfh) and germinal center (GC) B cell responses
(142). A key feature of Tfr cells is the expression of CXCR5 and Bcl6. Bcl6 isa TF
associated with Tfh development (143-145). Treg-specific ablation of Bc/6leads to a
reduced Tfr pool and the onset of autoimmune diseases (146). TCF1 has been found to act
upstream of Bcl6 (91, 109). Indeed, ablation of TCF1 (and LEF1 due to redundancy) almost
completely eliminates Tfr generation (91). Thus, Treg cells co-opt a TF axis of TCF1/LEF1-
Bcl6 to differentiate into Tfr cells, which control Tfh responses. Later studies have found
more TFs and transcriptional regulators to guide Treg cells to gain specialized functions. For
instance, transcriptional regulator Rbpj guides Treg cells to specifically restrain Th2
responses, including their own excessive Th2-like differentiation potential (147).

These models explain how Treg cells work. Following this rule, it can be speculated that
Treg cells in an analogous manner may op-opt the corresponding TFs (such as GATA3 and
RORyt) to suppress Th2 and Th17 responses, respectively. GATA3, a master TF for Th2 cell
differentiation (148) is abundantly expressed in Treg cells, at least in certain subsets (149-
151). However, GATA3 does not seem to restrict Treg cells to control Th2 responses.
Instead, studies have found that GATA3 is critical for maintaining Foxp3 expression (149)
and lineage stability especially under inflammatory conditions (150). GATA3-deficient Treg
cells have reduced expression of Foxp3 and other Treg suppressive genes and exhibit a
broader defect in control of Th1, Th2, and Th17 responses. In parallel, RORvyt, a TF for
Th17 differentiation (152), is expressed by a subset of intestinal Treg cells (153, 154). Gut
microbiota and retinoid acid are involved in the development of RORyt* Treg cells (153,
154). In terms of their function, one study showed that RORyt* Treg cells are needed to
restrain intestinal Th2 responses (153), whereas another study found that these Treg cells
can control both Thl and Th17 responses (154). These discrepancies may be due to the
differences of colonized microbiota, disease model, or cytokine milieu.

This functional adaption model to explain each of these TFs in Treg functional heterogeneity
may be oversimplified. The role of aforementioned TFs (such as IRF4, T-bet, STAT3) is not
merely restricted to the adaptation mechanisms by Treg cells to restrain the corresponding
CD4™ Teff responses. For example, IRF4 has been found to play a more general role in
promoting the transition of Treg cells from resting to activated phenotype following TCR
activation (73, 127). A recent study shows that T-bet* Treg cells can also dampen CD8* T
cell activation (155). Last, STAT3 can act upstream of TCF1 to regulate Tfr development
(156). Furthermore, while TCF1 and LEF1 drive Tfr development, they are also required for
the optimal response to IL-2 in Treg cells (91) and the repression of non-Treg lineage genes
(109).
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3.2 Treg functional adaptation to environmental cues

Mounting evidence have suggested that Treg cells can adapt to local cues and acquire special
functional properties. This is best exemplified by the reported Treg phenotypes and specific
functions in non-lymphoid tissues (157-160). This topic has been comprehensively reviewed
elsewhere (6, 7). Here, we will provide an update of recent advances of Treg functional
adaptation and highlight a few examples to show how TFs act as important regulators
linking local environmental cues and Treg adaptation.

A recent study using an integrated approach of microarray, SCRNA-seq and ATAC-seq
analyses has revealed new features of how Treg’s tissue tropism is established. One of the
key findings from this study is that chromatin structures of tissue Treg genes have been
primed in the SLOs, such as spleen, through the establishment of the pan-Treg open
chromatin regions (161). Local tissue-derived factors help remodel additional regulatory
elements, forming pan-tissue or tissue-specific chromatin modifications. On top of these
epigenomic preparations, the effects of TFs are unfolded in two layers. First, all tissue Treg
cells show repeated enrichment of motifs for bZIP (161, 162) and GATA family (162) TFs,
suggesting that certain members of these families are the main drivers of the expression of
the shared tissue Treg gene signature (161, 162). Within each tissue, distinct TFs (such as
Ets, nuclear receptor, or Runx families) are induced. Together with the primary pan-tissue
Treg TFs, a feed-forward loop is formed for the induction of tissue-specific Treg gene
signature (161). Below we will use adipose tissue, colon and tumor as examples to discuss
how Treg functional adaptation in each condition is regulated by different TFs.

3.3 Transcriptional regulation of adipose tissue Treg phenotype and function

The identification and functional characterization of Treg cells in adipose tissue has opened
a new arena of understanding the Treg’s role in tissue homeostasis (reviewed in (6, 163)).
The abundance of Treg cells in abdominal fat is anti-correlated with the degree of insulin
resistance (157). In humans, Treg frequencies negatively correlate with body mass index but
are comparable between type 2 diabetes (T2D) and non-T2D individuals (164). These Treg
cells express high level of PRARG, CCR4, PRDM1 and CXCL2, but not ST2(164).

Peroxisome proliferator-activated receptor (PPAR)~y is a key driver for visceral adipose
tissue (\VAT) Treg accumulation, phenotype and function (151). PPARYy interacts with Foxp3
on the protein level to induce VAT Treg-specific gene expression. A recent study has found
that that a small population of PPAR~!° Treg cells are present in lymphoid organs (e.g.,
spleen), and already gain part of the VAT Treg gene signature. However, the majority of the
VAT Treg unique genes are only “turned on” locally in the adipose tissue (165). Thus, tissue-
derived focal factors play an important role in programming Treg phenotype and function.

Additional TFs have been found to participate in VAT Treg phenotype and function. 1d2 is
found to promote VAT Treg survival (135). Loss of 1d2 increases the death of VAT Treg cells
due to increased FAS expression. BATF and IRF4 have been reported to bind to regulatory
regions of Ppargand //1r/1 (encoding ST2, the receptor for IL-33) and regulate their
expression (166). 1L-33 is a critical factor in inducing VAT Treg phenotype and function
(166, 167). ST2 is abundantly expressed in VAT Treg cells, in a Myd88-dependent manner
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(166, 167). However, the enrichment for ST2* Tregs in VAT only partially depends PPARYy.
Instead, MHCII and IL-33 play a dominant role in driving the accumulation of VAT Treg
cells (166, 167).

3.4 Transcriptional regulation of intestinal Treg phenotype and function

Blimp1 plays a more specific role in Treg activation and differentiation. Blimp1* Treg cells
are enriched at mucosal sites (127). IL-10 is a key mediator of Treg’s function in mucosal
barriers (168, 169). Blimp1 is the key TF driving IL-10 production in Treg cells (127, 170).
Moreover, Blimp1l has also been found to prevent the expression of Th17 cytokines, in
particular in the intestinal Foxp3* RORyt* Treg subset (171). In the absence of Blimp1, the
/117 locus becomes activated. Blimp1-deficient RORyt* Treg cells lose suppressor function
and instead provoke intestinal inflammation. Thus, through promoting IL-10 production and
suppressing the alternative fate, Blimpl ensures the function of Treg cells at mucosal
barriers. Recent studies have revealed more functions of Blimpl in Treg cells. For instance,
genetic ablation of Blimp1 leads to hypermethylation of Foxp3 CNS2 and loss of Foxp3
expression (172).

In addition to Blimpl, three recent studies have found that c-Maf plays a critical role in
driving intestinal RORyt* Treg generation and host-microbe symbiosis (173-175). Two of
them have shown that c-Maf is needed for 1L-10 production in Treg cells (173, 175),
whereas the third one has argued that IL-10 production in Treg cells is c-Maf independent
(174). Aryl hydrocarbon receptor (AhR) is an environmental sensor. AhR is important for in
vivo Treg function but not Foxp3 expression. AhR expression regulates Treg homing to the
gut. In the gut, depending on the types of ligands, AhR regulates the balance between Treg
and Th17 differentiation, thus the outcome of local immune responses (176, 177). A recent
study has found that AhR is more abundantly expressed in pTreg cells in the gut (178).
Therefore, multiple TFs are involved in regulating Treg phenotypes and functions at mucosal
barriers. However, it remains to be determined how these TFs cooperate with other each or
simply each of them controls different subsets of intestinal Treg cells.

3.5 Treg cells in tumors

Tumor-associated Treg cells have become another important frontier for basic and
translational immunology (179-183). Of general, Treg cells at tumor sites exhibit an
activated phenotype, expressing high levels of Ctla4, Tigitand Tnfrsf9in multiple mouse
tumors (including MC38, B16 and CT26) and 7NFRSF4, TNFRSF9, and TNFRSF18in
human colorectal carcinomas (184). In fact, there is a significant overlap of the tumor Treg
signature between the mouse and human datasets (184). Interestingly, the expression of /L10
is downregulated in tumor Treg cells, suggesting IL-10 is unlikely the effector cytokine for
Treg’s function in tumor microenvironment. Studies from individual cases of tumors have
revealed more features of Treg cells. For instance, CCR8" Treg cells densely populate
human beast carcinomas and correlate with the grade and type of breast cancers (185). In
colorectal cancer (CRC), two populations of FOXP3* T cells are detected: FOXP3M cells
have a typical eTreg phenotype and are immunosuppressive. However, a population of non-
immunosuppressive FOXP3!° T cells are also enriched in the CRC. The abundance of the
latter is correlated with a better cancer prognosis (186).
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It can be speculated that the deletion of Treg cells could augment anti-tumor immunity.
Indeed, an early animal study has shown that the depletion Treg cells using anti-CD25 mAb
prior to the tumor inoculation, increases the infiltration of CD8* T cells and 1L-2 production
(187). However, a key challenge for targeting tumor Treg cells is how to specifically deplete
Treg cells infiltrating into tumor tissues without dampening anti-tumor Teff cells and
provoking systemic autoimmunity. Following studies have reported various methods to
selectively remove tumor-associated Treg cells. For instance, CCR4* Treg cells are the
dominant population of Treg cells in human melanoma tissue. £x vivo depletion of CCR4*
Treg cells and subsequent /n vitro stimulation of the depleted cell population with tumor
antigen (NY-ESOL in this case) efficiently induces antigen-specific CD4 and CD8 T cell
responses. /n vivo administration of an anti-CCR4 mAb reduces the number of eTreg cells
and augments tumor antigen-specific CD8* T cell responses in adult T-cell leukemia-
lymphoma patients (188).

CTLAA4 is highly expressed in Treg cells at tumor sites (184, 189). Treg-specific depletion of
CTLA4 more effectively eradicates inoculated tumors in mice (189, 190). An interesting
finding is that ipilimumab, a human anti-CTLA4 mADb, can engage FcyRIIIA-expressing
monocytes, resulting in the lysis of Treg cells in a manner of antibody-dependent cell-
mediated cytotoxicity (191). PD-1 is also expressed at a relatively higher level in tumor Treg
cells than the circulating counterparts (192). However, surprisingly, anti-PD-1 treatment
increases the proliferation of Treg cells in some gastric cancer patients. In fact, PD-1
blockade has been found to enhance Treg cell suppressive capacity /in vitro (192). Similar
phenomenon has been reported in animal studies (192). Thus, blocking CTLA4 or PD-1
induces different outcomes in tumor Treg cells. Moreover, in human melanoma and mouse
MC38 tumor models, anti-CTLA4 induces the expansion of the ICOS™ Thi-like effector T
cells, whereas anti-PD-1 predominantly induces the expansion of specific tumor-infiltrating
exhausted-like CD8 T cell subsets. Combinational approach of Treg depletion and immune
checkpoint blockade has also been tested in various cancers. For example, an Fc-optimized
anti-CD25 mAD synergizes with anti-PD1 mAb to more effectively eradicate established
tumors in mice (193).

IL-33 plays an important role in the accumulation and function of Treg cells at tumor sites
(194-196). Epidermis-derived IL-33 escalates a tumor-promoting immune environment in
chronic allergic contact dermatitis (ACD). IL-33 promotes Treg accumulation in the ACD.
Mice lacking IL-33 are protected from chronic ACD and skin cancer compared to wild-type
controls (194). In the case of CRC, tumor-infiltrating Treg cells express high level of ST2
(195). Genetic ablation of //1r/1 (encoding ST2) reduces Treg infiltration and enhances the
frequencies of CD8* T cells, together decreasing tumor burden (195, 197). The number of
activated ST2 expressing Tregs is also increased in blood and tumor lesions of the CRC
patients (195). Another study has reported a Treg-intrinsic role of IL-33 in regulating the
expansion and function of these cells at tumor sites (196). They found that Treg cells can
also produce IL-33. In a melanoma model, Foxp3<" /133" mice exhibited delayed tumor
growth compared to control Foxp3°"€ mice (196). Together, these studies have revealed
important role of IL-33 in regulating Treg accumulation and function at tumor sites in either
Treg cell-intrinsic or extrinsic manner.
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TFs and histone modifiers have been reported to regulate Treg phenotype and function in
tumor. For instance, Foxol, while promoting Treg cell suppression of lymphoproliferative
diseases (101, 102), is downregulated in activated Treg cells, concomitant with the
repression of Foxol-target genes (103). This change becomes more profound in tumor-
infiltrating Treg cells. A mutant form of Foxol refractory to the inhibition by Akt is
sufficient to deplete tumor associated Treg cells, activate effector CD8* T cells, and inhibit
tumor growth without causing autoimmunity. These data suggest that Foxo pathway can be
harnessed in a dose-dependent manner to selectively remove Treg cells in tumor with modest
effect on systemic Treg distribution and function.

In addition to depletion of Treg cells in tumors, modulation of Treg stability has also been
examined to boost anti-tumor immunity. For instance, NF-xB family member c-Rel
regulates the expression of activated Treg genes (such as 7nfrsf8, Kirg1, 1/1r2, Tigit, Ccr8).
Importantly, c-Rel controls a specific genetic program in Treg cells that is required for
inhibition of the anti-melanoma protective immune response mediated by CD8* T cells (81).
As such, pharmacological inhibition of c-Rel impairs Treg stability by reducing the
expression of Treg core genes including Foxp3, //2ra (CD25), and /kzf2 (Helios). With this,
tumor growth is halted by the c-Rel inhibitor (81). EZH2 is upregulated in tumor-infiltrating
Treg cells in melanoma (198). Pharmacological inhibition of EZH2 destabilizes Foxp3
expression and slows tumor growth. Disruption of EZH2 activity in Treg cells, either
pharmacologically or genetically, induces the expression of pro-inflammatory genes in Treg
cells. Of note, inhibition of EZH2 activity selectively reprograms the function of tumor
infiltrating Treg cells without systemically altering Treg function, thus reducing the risk of
systemic autoimmunity (198). These findings suggest that Treg stability at tumor sites can
be targeted to convert Treg cells into pro-inflammatory Teff cells. As a consequence, it
remodels the tumor microenvironment and enhances the recruitment and function of CD8*
and CD4* Teff cells, together eradicating tumor.

4. Tissue Treg precursors

The accumulated knowledge about tissue Treg cells raises important questions: Where do
Treg cells in non-lymphoid tissues come from? What is the relationship between tissue Treg
cells and their counterparts in lymphoid organs? Several recent studies have provided
important clues about the connections of Treg cells between SLOs organs and non-lymphoid
tissues (Figure 3). First, using the PPAR-y reporter mice, Li et al have proposed a two-step
model of VAT Treg differentiation. As a first step, part of the VAT Treg transcriptome
component, in particular T cell activation related genes, has already been induced in a subset
of PPAR! Treg cells in the spleen, suggesting that a priming has occurred in these cells
prior to their migration to the tissue sites. The second step occurs at local tissues and is
driven by tissue-derived factors (165). VAT Treg cells proliferate locally with little
contribution of conversion from Tconv cells. Factors such as IL-33 and antigens not only
promote their expansion, also shape their TCR repertoire (167).

The identification of splenic PPARY!© Treg cells suggests the existence of tissue Treg
precursors in the SLOs. These cells have already gained partial VAT Treg transcriptional
program, mainly related to T cell activation (165). In another study, Nfil3* Treg cells have
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been identified as the pan-tissue Treg precursors (162). Further analysis has divided these
lymphoid organ Nfil3* Treg cells into two subsets, based on the expression of Klrgl (162).
Klrgl™ Nfil3* Treg cells constitute about 10% in spleen and lymph nodes (LNs) whereas the
Klrgl* Nfil3* subset is about 4% in spleen and even lower in LNs (1%-2%). Both subsets
possess the common accessible chromatin regions shared between all examined tissue Treg
types. RNA-velocity analysis and adoptive transfer assay show that Klrgl* Nfil3* subset is a
further developmental stage towards the tissue Treg phenotype. Of note, the TCR repertoire
in Klrg1™ Nfil3* Treg cells becomes much more restricted (even more in Klrgl* Nfil3*
subset) compared to that in the KIrg1l™ Nfil3~ Treg cells. What drives the selection of TCRs
remains poorly understood.

Treg trajectory and the priming of the precursors in lymphoid organs have also been reported
in another study focusing on investigating the ontogeny of colon and skin Treg cells (199).
Using scRNA-seq and pseudo-time ordering algorithm, Miragaia et al have attempted to
define the trajectories among Treg cell populations in skin, colon and the respective draining
LNs. They have found that at steady state, a core gene signature is shared by the LN-skin
and LN-colon trajectories, suggesting a common mechanism is evolved to regulate the
migration of Treg cells from the draining LNSs to the tissue sites. Their analyses have also
suggested that a further adaptation process would happen in a tissue-specific manner (199).
Interestingly, a similar trajectory was recapitulated in a melanoma model (199). An earlier
study has reported a bidirectional trafficking of Treg cells between skin and skin draining
LNs in mice (200). However, to what extent the homing of Treg cells from tissue to the LNs
remains to be determined as later studies have counterargued this possibility (162, 167).

On transcriptional level, BATF is critical for the development of Treg precursors in
lymphoid organs (162). In the absence of BATF, both Klrgl~ and Klrgl* precursors are
markedly reduced with a concomitant reduction of Treg numbers in all examined tissues
namely colon, skin and VAT (162). In line with this, an earlier study focusing on VAT Treg
has shown that BATF is required for VAT Treg differentiation through regulating ST2 and
PPARY expression (166). BATF has also been reported to play a critical role in human tissue
Treg cells. Patients with Foxp3*384T mutations develop tissue-restricted autoimmunity. The
A384T mutation in FOXP3results in the repressed expression of BATF, which is responsible
for impaired tissue Treg fitness (201).

Treg differentiation is associated with a progressive loss of 1d3, TCF1 or LEF1 expression
(91, 125). Of note, the percentage of 1d3™ or TCF1™ Treg cells in the SLOs is quite similar to
that of the reported Nfil3* Treg cells by Delacher et al. Furthermore, in both studies (91,
125), the expression of Klrg1l is restricted to 1d3™ or TCF1~ Treg subset. In fact, flow
cytometric analysis has revealed that only a subset of TCF1™ Treg cells express Klrgl,
reminiscent of the expression pattern of Klrgl in Nfil3* cells (162). Based on these data, it is
very likely that the TCF1~ (1d37) Treg subset overlaps with the Nfil3* Treg cells, with the
Klrgl* subset (also Nfil3* TCF1~ 1d37) being the more mature stage of tissue Treg
precursors in the SLOs. Therefore, a reoriented TF network with the upregulation of PPAR~y
and BATF, and downregulation of TCF1 and 1d3 is permissive for the transitional stage of
Treg, prior to populating non-lymphoid tissues.
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5. Closing remarks and future perspectives

There is little doubt that Treg cells play a pivotal role in keeping autoimmune responses in
check. Treg cells can exert their “suppressive” capacity in multiple ways (reviewed in (202-
205)). Indeed, numerous studies have proved that an impairment of Treg’s suppressive
capacity leads to severe autoimmune or inflammatory consequences. However, mounting
evidence has also shown that Treg cells can regulate a broad range of immunological and
non-immunological processes (6). In many cases, the function of Treg cells is not merely
explained by their “suppressive” capability (91, 206). For instance, the ablation of both 7¢f7
and Lef1 does not alter Treg’s “classical” function to suppress Teff cell proliferation and
dendritic cell maturation but does cause severe pathological consequences /n vivo evidenced
by the early and spontaneous onset of systemic autoimmune diseases (91). Emerging
evidence shows that Treg cells also participate in tissue repair and regeneration (49, 158,
206). This has been evidenced in various models of tissue injury. For instance, Treg cells
rapidly accumulate in the acutely injured skeletal muscle of mice. The IL-33/ST2 axis plays
a key role in driving the accumulation of Treg cells in injured muscle (207). Muscle Treg
cells acquire special phenotypic and functional properties, presumably making these cells
more effective in tissue repair (158, 167, 207). On the other hand, punctual depletion of Treg
cells during the repair process prolongs pro-inflammatory infiltrate and impairs muscle
repair (158). In animal models of infectious lung injury, Treg cells play a major role in tissue
repair, distinct from that in suppression of immune responses (206). Amphiregulin is a key
molecule produced by lung Treg cells to mediate tissue protection and maintain barrier
integrity. Of note, amphiregulin deficiency does not alter Treg suppressive function (206).
Thus, different factors and mechanisms are used by Treg cells to partake in the repair and
regeneration processes in a tissue-specific manner. Identifying these molecular mediators
and pathways will have both theoretical and applicable impact.

Treg-based therapies are currently undergoing active pre-clinical and clinical investigations,
aiming for the treatment of autoimmune diseases (such as type 1 diabetes, T1D), organ
transplantation and graft-versus-host diseases (8, 208, 209). Several strategies have been
tested and optimized to generate therapeutic-grade Treg cells. For instance, IL-2 and
rapamycin have been shown to expand Treg cells. Expansion of Treg cells following low-
dose IL-2 treatment has also been reported in T1D patients (210, 211). However, major
challenges remain. Some of the recent advances tackling them are discussed below. First, the
purity of isolated human Treg cells remains to be improved (212). It is known that FOXP3
can be transiently expressed in activated human T cells (213). Indeed, human FOXP3* CD4"*
T cells are mixed of three phenotypically and functionally distinct subpopulations(214).
Both FOXP3hi CD45RA™ and FOXP3!° CD45RA* subsets are immunosuppressive i vitro.
However, the FOXP3!° CD45RA™ subset does not possess a suppressive capacity. Instead,
they produce inflammatory cytokines, indicative of a promiscuous expression of FOXP3 in
activated Teff cells. The gating strategy (CD25*CD127!°) for sorting human Treg cells (215,
216) does not exclude the possible contamination of activated Teff cells. More studies are
needed to best identify the “genuine” human Treg cells (217, 218). Second, selective
expansion of human Treg /n vivo is another task that need be prioritized for developing
Treg-based therapy. Engineering tools to modify IL-2 or IL-2R, or anti-1L-2 antibodies have
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demonstrated a targeted expansion of Treg cells (219, 220). These effects could pave the
road for next-generation Treg therapy (221). Last, learned from the studies in animal models,
it is persuasive that different populations of Treg cells that have been programed with
specific functional properties are needed to best treat the corresponding human diseases.
One of the strategies to produce functionally-tailored Treg subsets is to induce the
expression of certain TFs that can drive Treg cells to acquire the needed functional
specificity. Conversely, knockdown of Treg “locking” TFs may have therapeutic
implications in anti-tumor immunity (222).
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Akt AKT Serine/Threonine Kinase 1

AP1 Activator protein 1
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BATF Basic Leucine Zipper ATF-Like Transcription Factor
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c-Réd REL proto-oncogene, NF-xB subunit

CTLA4 Cytotoxic T-Lymphocyte Associated Protein 4
DOCK38 Dedicator of Cytokinesis 8

E47 Transcription Factor 3

Eos IKAROS Family Zinc Finger 4
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GATA3
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HIFla
1d3
IKKB
IRF4
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JunB
Kirgl
LEF1

MALT1

NFAT
Nfil3
NF-xB
Nr4a
PPARYy

Rbpj

RelA
RORyt
Runx1
Satb1
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Enhancer of Zeste Homolog 2

Forkhead Box O1

Forkhead Box O3

Forkhead Box P1

Forkhead Box P3

GATA Binding Protein 1

GATA Binding Protein 3

IKAROS Family Zinc Finger 2

Hypoxia Inducible Factor 1 Subunit Alpha

Inhibitor of DNA Binding 3, HLH Protein

Inhibitor of Nuclear Factor Kappa B Kinase Subunit Beta
Interferon Regulatory Factor 4

Inhibitor of Nuclear Factor Kappa B

JunB Proto-Oncogene, AP-1 Transcription Factor Subunit
Killer Cell Lectin Like Receptor G1

Lymphoid Enhancer Binding Factor 1

Mucosa-Associated Lymphoid Tissue Lymphoma Translocation
Protein 1

Nuclear Factor of Activated T Cells

Nuclear Factor, Interleukin 3 Regulated

Nuclear Factor Kappa B Subunit 1

Nuclear Receptor Subfamily 4 Group A

Peroxisome Proliferator Activated Receptor Gamma

Recombination Signal Binding Protein for Immunoglobulin Kappa J
Region

RELA Proto-Oncogene, NF-xB Subunit
RAR-related orphan receptor gamma
RUNX Family Transcription Factor 1
SATB Homeobox 1

Sma- And Mad-Related Protein
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Key points

1 Treg cell functional heterogeneity is required for these cells to maintain
immunological tolerance and tissue homeostasis.

2. A multilayered transcriptional network governs Treg homeostasis and
functional specification.

3. Multiple TFs exert redundant roles and conversely, individual TFs possess
multiple roles in different aspects of Treg biology.

4. Tissue Treg cells develop in a stepwise process from the primed precursors in
lymphoid organs.
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Figure 1. TFsregulate Foxp3 expression through binding to Foxp3 cis-regulatory regions.
Several conserved noncoding sequences (CNSs) have been identified in the Foxp3locus.

Each of them has different function (detailed in the text). Multiple TFs are bound to different
CNS regions and regulate Foxp3super-enhancer formation, induction or stability in either a
redundant or unique manner. In addition, CNS2 can form a physical loop with the Foxp3
promoter in an NFAT-dependent manner. TSS, transcription start site. ATG depicts the start
site of translation.
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Figure 2. TFs cooperate with Foxp3 to activate Treg genes or repress non-Treg genes.
Increasing number of TFs have been reported to cooperate with Foxp3 to regulate target

gene expression. Some of them (e.g., TCF1, Foxpl and Bcll11b) have been found to co-
occupy with Foxp3 onto the target genes. Others (e.g., GATAL, Runxl) are reported to
promote Foxp3’s transcriptional activity to either induce the expression of Treg genes (such
as /cos, Ctla4) or repress non-Treg genes (such as //2, /Ifng). Changes of Foxp3 domains may
alter the interactions between Foxp3 and other TFs (such as IRF4, Eos and HIF1a). TFs that
have been reported to have physical interactions with Foxp3 on the protein level are marked
in blue.
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Figure 3. Transcriptional regulations of Treg homeostasis, tissue Treg precur sorsand tissue-
specific Treg phenotype.

Treg cells undergo a process of activation and differentiation in the SLOs. This is correlated
with the upregulation (e.g., IRF4) and downregulation (e.g., TCF1, LEF1 and 1d3) of
different TFs. Recent studies have identified tissue Treg precursors in the SLOs, marked by
either low level of PPARYy, the expression of Nfil3, or the “turning-off” of 1d3. Nfil3*
Klrgl* subset is considered a more mature stage of tissue Treg precursors in the SLOs.
Upon arriving at each tissue, Treg cells undertake a further differentiation process mediated
by tissue local factors. For instance, PPARy drives phenotypic and functional maturation of
adipose tissue Treg cells, and Blipm1 drives intestinal Treg cells to produce IL-10. Of note,
the development of Tfr cells occurs at a relatively earlier stage, prior to the “turning-off” of
TCF1, LEF1, or 1d3.

Cell Mol Life Sci. Author manuscript; available in PMC 2021 May 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Wang and Fu

Table 1.
NF-kB family TFs in Treg biology

Name Key role Mechanism References
Thymic Treg development (80)

c-Rel Maintain Foxp3expression Binding to Foxp3 CNS2, or promoter (77, 79)
Induce Foxp3expression Binding to Foxp3 CNS3 (77)
Promote eTreg differentiation Form protein-protein complex with NF-xB1 (ref. (85)) | (83, 85, 86)

RelA Treg stability (83, 84, 86)

NF-xB1 | Dispensable for Treg cell development (87)
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