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Regulatory T (Treg) cells, possess a strategic role in the maintenance of immune
homeostasis, and their function has been closely linked to development of diverse
pathologies including autoimmunity and cancer. Comprehensive studies in various
disease contexts revealed an increased plasticity as a characteristic of Treg cells.
Although Treg cell plasticity comes in various flavors, the major categories enclose the
loss of Foxp3 expression, which is the master regulator of Treg cell lineage, giving rise to
“ex-Treg” cells and the “fragile” Treg cells in which FOXP3 expression is retained but
accompanied by the engagement of an inflammatory program and attenuation of the
suppressive activity. Treg cell plasticity possess a tremendous therapeutic potential either
by inducing Treg cell de-stabilization to promote anti-tumor immunity, or re-enforcing Treg
cell stability to attenuate chronic inflammation. Herein, we review the literature on the Treg
cell plasticity with lessons learned in autoimmunity and cancer and discuss challenges and
open questions with potential therapeutic implications.
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INTRODUCTION

Over the last decades T regulatory (Treg) cells have emerged as a novel regulator of the immune
system and several approaches have been proposed for their therapeutic targeting in autoimmune
diseases, transplantation and cancer. For example, daily administration of low doses interleukin 2
(IL-2) has been linked to expansion of Treg cells and amelioration of graft-vs-host disease as well as
induction of remission in systemic lupus erythematosus (SLE) and type I diabetes. On the other
hand, immune checkpoint immunotherapy (ICI) in cancer is based on targeting molecules that are
abundantly expressed by Treg cells, such as cytotoxic T-lymphocyte-associated protein 4 (CTLA-4)
and program cell death protein 1 (PD-1), suggesting that therapeutic efficacy may depend on this
powerful suppressive cell subset. Accumulating knowledge however, points to an increased
plasticity of the Treg cell compartment expressed with multiple “faces” including loss of
suppressive function, expression of inflammatory cytokines and re-programming of their
transcription program. Although it remains unclear which factors dictate Treg cell plasticity it is
possible that specific microenvironments imprint on Treg cell fate. Therefore, understanding the
mechanisms that mediate Treg cell plasticity is of paramount importance and should be considered
org September 2021 | Volume 12 | Article 7319471
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during the design of Treg cell therapeutic protocols as well as
other treatments that directly or indirectly influence Treg cell
homeostasis. In this review we discuss current knowledge on
Treg cell plasticity with emphasis in autoimmunity and cancer.
TREG CELL IDENTITY CARD

Treg cells constitute the immunosuppressive subpopulation of
CD4+ T cells, representing approximately 5-10% of peripheral
CD4+ T cells in blood of healthy individuals (1, 2). They are
characterized by the expression of the transcription factor
forkhead P3 (FOXP3) (3, 4), a transcription factor
instrumental for the development and function of these cells.
To this end, individuals, and specifically men, bearing loss-of
function mutation in their FOXP3 gene, have been reported to
develop severe systemic multi-organ inflammation and
autoimmune disorder, known as immune dysregulation,
polyendocrinopathy, enteropathy, X-linked (IPEX) syndrome
(5, 6). Similar to human, murine hemizygous males with an X-
linked frame shift mutation in their Foxp3 gene manifest a scurfy
phenotype, characterized by hyperactivation and expansion of
autoreactive CD4+ T cells leading to a lethal inflammatory multi-
organ failure (3, 7, 8). In accordance, ectopic expression of Foxp3
confers suppressor function on T effector cells proving the
importance of this transcription factor as a critical regulator of
Treg development and function (3). Specifically, Foxp3 binds to
many genes and acts as both a transcriptional activator and
repressor regulating the expression of genes encoding nuclear
factors that control gene expression and chromatin remodeling
(9). The capacity of Foxp3 to both activate and repress
transcription is content and partner-dependent. Thus, it acts as
an activator when complexed with the transcriptional factors
RELA, IKZF2 and KAT5 and as a repressor when complexed
with histone methyltransferase EZH2 and transcription factors
YY1 and IKZF3 (10). Moreover, Foxp3 facilitates the formation
of repressive chromatin in Treg cells upon their activation in
response to inflammatory cues (11). For instance Foxp3
represses cyclic nucleotide phosphodiesterase 3B, affecting
genes responsible for Treg cell homeostasis and amplifies
molecular features of Treg cells, such as anergy and
dependence on paracrine IL-2 (12). On the other hand other
studies have demonstrated that Foxp3 defines Treg cell identity
indirectly by fine-tuning the activity of other major chromatin
remodeling TFs such as TCF1 (13). Up to date two subsets of
Foxp3-expressing Tregs have been described: those emerging
de novo in the thymus (“thymic” or tTregs) and those induced
in the periphery (“peripheral” or pTregs).

Apart from FOXP3 expression, Treg cells abundantly express
CD25 (IL-2Ra), which is the low-avidity IL-2 receptor and is
crucial for the development and the maintenance of Treg cells
(14–16). They also express co-inhibitory molecules such as PD-1,
CTLA-4, T cell immunoreceptor with Ig and ITIM domains
(TIGIT), V-domain Ig suppressor of T cell activation (VISTA), T
cell immunoglobulin mucin 3 (TIM-3) and lymphocyte
activation gene-3 (LAG-3) as well as co-stimulatory molecules,
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such as glucocorticoid-induced TNFR-related protein (GITR), 4-
1BB (CD137), inducible T cell co-stimulator (ICOS) and OX-40
(CD134). These molecules are responsible for Treg cell
suppressive function and/or act ivat ion while their
manipulation has been closely linked to Treg cell functional
instability in diverse disease settings (17).

Multiple mechanisms have been described via which Tregs
exert their suppressive activity and can be broadly classified into
four distinct categories: 1) secretion of immunosuppressive
cytokines, 2) cytolysis, 3) metabolic disruption, 4) suppression
of dendritic cells (DC) maturation and function. In more details:

Immunosuppressive Cytokine Secretion
Inhibitory cytokines, including IL-10, tumor growth factor b
(TGF-b), IL-35, are abundantly secreted by Treg cells,
orchestrating their function. For instance, IL-10 production by
Treg cells decreases the interferon (IFN)-g-dependent activation
of antigen presenting cells (APCs), suppresses IFN-g production
in CD8+ cells and induces downregulation of major
histocompatibility complex (MHC) II and CD86 in tumor-
associated macrophages (18, 19). Similarly, IL-10-producing
Treg cells control autoimmunity (20, 21). TGF-b secretion by
Treg cells exerts a plethora of immunosuppressive effects,
including blockade of DC priming and lymphocyte survival,
favoring an anti-inflammatory phenotype in macrophages and
inhibiting natural killer (NK) cell effector function in the context
of both autoimmunity and cancer (22–24). Lastly, IL-35
secretion has been described to induce cell cycle arrest in T
cells through the janus kinases (JAK) - signal transducer and
activator of transcription proteins (STAT) pathway, thus
potentiating inhibition of T cell proliferation in the tumor
microenvironment (TME) and suppression of autoimmune
diseases, such as colitis (25).

Cytolysis
Cytolysis is a Treg cell suppressive mechanism described mainly
in cancer and in vitro studies. Targeted cells (CD4+, CD8+

effector T cells, B cells, and NK cells) are driven to apoptosis
by Treg cell secreted granzymes in either perforin-dependent or
independent manner. Mechanistically, activated Treg cells,
through the expression of tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL), bind to death receptor (1)
on target cells leading to apoptotic-mediated cytolysis (26–28).
This is the mechanism exploited by tumor-infiltrating Treg cells
to trigger apoptosis in NK cells (29), B cells, DC and cytotoxic
T cells of the TME (26, 30, 31).

“Metabolic Disruption”
Treg cells have the ability to modulate effector cell function by
interfering with cell metabolism in an antigen-non-specific
manner. To this end, IL2R-expressing Treg cells consume the
surrounding IL-2, negatively affecting CD4+ and CD8+ cell
proliferative response (32). In cancer, Treg cells express high
levels of CD25, actively consuming IL-2, suppressing the
activation and proliferation of effector T cells (33) and
promoting their apoptosis (34). Induction of apoptosis in
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autoreactive T cells due to Treg cell-induced IL-2 deprivation has
also been described in the T cell adoptive transfer model of
inflammatory bowel disease (35). Another well-described
suppressive Treg cell mechanism is the production of
adenosine from the conversion of extracellular adenosine
triphosphate (ATP) by the ectonucleotidases CD39 and CD73
expressed on the cell surface of Treg cells. CD39 expression is
driven by Foxp3 and its catalytic activity is strongly enhanced by
T-cell receptor (TCR) ligation (36). Interestingly, in the TME,
apoptotic Treg cells are the source of extracellular ATP, which is
subsequently metabolized into adenosine by live Treg cells (37).
Adenosine is a metabolite, which suppresses T cell, DC and pro-
inflammatory macrophage maturation and function (17, 33, 38,
39). In support, patients with the remitting/relapsing form of
multiple sclerosis (5) have strikingly reduced numbers of CD39+

Treg cells in the blood (40).

Suppression of DC Maturation
and Function
A major mechanism of Treg cell-mediated immunosuppression
is the inhibition of the immunological synapse between effector T
cells and APCs, resulting in impaired APC maturation and T cell
anergy. Treg cells, through expression of inhibitory receptors
(e.g., CTLA-4), engage the co-stimulatory molecules CD80/
CD86 on DC with a higher affinity than CD28, impeding DC
maturation and function (41, 42). Furthermore, through CTLA-
4, Treg cells capture co-stimulatory molecules on DC by the
process of transendocytosis (43), while in vitro assays have
shown that Tregs down-regulate CD80 and CD86 expression
in DC in a CTLA-4 and lymphocyte function-associated antigen
(LFA)-1 dependent manner, highly blocking or weakening the
signaling between APCs and anti-tumor specific T cells (44).
Additionally, Treg-CTLA-4 increases Indoleamine-pyrrole 2,3-
dioxygenase (IDO) expression in the DC, which lowers the
concentration of tryptophan necessary for T effector cells to
proliferate (45). In accordance, our group recently demonstrated
that Foxp3+ Treg cells potently suppress autoimmune responses
in vivo through inhibition of the autophagic machinery in DC in
a CTLA-4-dependent manner (46). Moreover, Treg cells have
been demonstrated to accomplish prolonged interactions with
DC in an neuropilin (Nrp)-1/MHC II dependent fashion, a
process able to further limit the access of effector T cells (47).
Finally, through expression of LAG-3, which is a homolog for
CD4, Treg cells have been reported to suppress DC function by
LAG-3/MHC II interactions (48).
TREG CELL METABOLISM

Cellular metabolism has emerged as a crucial parameter to
influence Treg cell lineage stability, survival, proliferation and
function in immune homeostasis but also during pathological
situations (23, 33, 45, 49–52). Treg cells exhibit a unique
metabolic signature compared with conventional effector T
cells. Specifically, meeting of the energy needs of Treg cells
suppressive activity, is based on mitochondria metabolism and
Frontiers in Immunology | www.frontiersin.org 3
mainly on elevated levels of fatty acid oxidation (32, 53, 54). As
an example, Treg cells are characterized by a metabolic
advantage in the nutrient-deprived, lactate-rich, highly hypoxic
TME, compared to CD4+ T effector and CD8+ cytotoxic T cells,
which rely primarily on anabolism and glycolysis to support their
bioenergetic needs (23). Transcriptomic analysis has shown that
human intra-tumoral Treg cells upregulate genes related to lipid
synthesis, while in tumor mouse models Treg cells display
increased fatty acid synthesis (55); in fact, Foxp3 expression in
T cells has been shown to induce oxidative phosphorylation and
suppress glycolysis in mouse models (33). Overall, metabolic
signaling has emerged as a main component in defining
Treg cell function and fate. Thus, understanding how the
microenvironment affects the metabolic decisions of Treg cells
may help in the delineation of pathogenic mechanisms and can
pave the way for novel immunotherapeutic approaches.
GENETIC AND EPIGENETIC PROGRAM
OF THE FOXP3 LOCUS

Regulatory Elements of the Foxp3 Locus
The human FOXP3 gene is located in the p-arm of the X
chromosome and is one of the most intensively studied genes
in recent years. The FOXP3 promoter, positioned in the 1st
intron, relies on other cis-regulatory elements. Comparative
genomic approaches discovered four conserved non-coding
sequences (CNSs) on Foxp3 locus: 1) regulatory CSN0, located
on an intron of the neighbouring gene 5′ of the Foxp3 locus,
2) intronic enhancer CNS1, located in the 1st intron, along with,
3) CNS2, known as Treg cell-specific demethylated region,
4) CNS3, located directly after exon 1 (56). CNS0 is the most
recently discovered regulatory element/super-enhancer,
contributing to tTReg cells generation; also regulated by CNS3
(51, 53, 57). On the other hand, CNS1 is redundant for nTreg cell
development, while also related to the development of iTreg cells.
CNS2 contains highly conserved CpG motifs, known as Treg cell
specific demethylated regions (TSDR) that represent the most
definitive marker of commitment to the Treg cell lineage (58–
61). Importantly, it has been demonstrated that CNS2 deletion
affects the stability of Foxp3 expression during proliferation (56,
57, 62–65).

Transcription Factors Binding to FOXP3
Regulatory Elements
Several transcription factors have been described to bind either
to the FOXP3 promoter or to the CNS regions to induce or
maintain FOXP3 expression. The FOXO family of transcription
factors directly binds to CNS1, CNS3 areas and indirectly
regulates Treg cell-specific genes, SMAD3 and nuclear factor of
activated T-cells (NFAT) (66, 67). NFAT binds to CNS1 upon
TCR-signalling, while SMAD3 after TGF-b binding (65).
Furthermore, Stat5, which is activated upon IL-2 signalling,
binds to CNS2, protecting Treg cell identity from other
cytokine signals and maintaining heritable transcription of
Foxp3 (68).
September 2021 | Volume 12 | Article 731947
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Epigenetic Regulation
Post-translational mechanisms regulate Foxp3 expression
positively and negatively through methylation, acetylation,
phosphorylation, and ubiquitination. Transcription factors
cAMP response element-binding protein (CREB)/activating
transcription factor (ATF), nuclear factor ‘kappa-light-chain-
enhancer’ of activated B-cells (NF-kB), Ets-1 and the Runx-
Foxp3 complex, all Foxp3-inducers, cannot bind to CNS2
without demethylation (56, 59, 69). Environmental factors,
such as Vitamin C, induces CNS2 demethylation in Treg cells
in a ten-eleven-translocation 2 (Tet-2)-dependent manner (70).
Additionally, TSDR demethylation is facilitated by superagonist
CD28, high expression of CD45RA or CD39, and IL-2/CD25 (10,
71, 72). Histone modification also contributes to Foxp3
expression, with trimethylation of H3K4 on the promoter and
CNS1 regions being strongly correlated with Foxp3 expression in
fully differentiated Treg cells (73, 74). Opposingly, TDSR
methylation destabilizes Foxp3 expression and impairs Treg
cells suppressive activity. Acetylation is also associated with
Treg cells stability and function either by Foxp3 or histone
acetylation. TGF-surface signalling assists Foxp3 acetylation
(75, 76), while methyl-CpG binding protein two and galectin-
9/CD44 pathway promote respectively CNS2-Histone 3 and
CNS1-H4 acetylation (77, 78). In contrast, phosphorylation
and ubiquitination weaken of their suppressive capacity with
respective representative mediators Pim-2 kinase and E3 ligase
Stub-1 (79, 80).
TREG CELL HETEROGENEITY,
PLASTICITY, AND FUNCTIONAL
INSTABILITY

It is evident that Foxp3, CD25, co-inhibitory and co-stimulatory
molecules, immunosuppressive cytokines, death receptors and
fatty-acid oxidation define Treg cell identity and suppressive
function. Nevertheless, in recent years it is appreciated that Treg
cells present a great phenotypic and functional heterogeneity
resulting in distinct Treg cell subsets. These subsets seem not to
be terminally differentiated since Treg cells may convert from
one subset to another under specific stimuli, in accordance to the
notion of plasticity that has been described for T helper (78) cells.
Specifically, Treg cells can adopt the transcriptional program and
functional characteristics of lineage specific T effector cells under
inflammatory conditions (81). Multiple subsets of TH-like Tregs
have been reported in cancer and autoimmunity settings
expressing transcription factors and characteristic cytokines
specific for T effector lineage, such as IFNg+Tbet+CXCR3+

Th1-like Tregs, IL4+IL5+IL13+GATA3+ Th2-like Tregs,
IL17A+RORt+ Th17-like Tregs, and CXCR5+Bcl6+ICOS+PD1+
follicular Tregs (TFR) (82–88). However, the function of the Th-
like Treg cells remains controversial (81) since it has been shown
that some of these Th-like Treg cells lose their suppressive ability,
while others become even more suppressive. For instance, Tbet+

Treg cells colocalized and inhibited Th1 and CD8 T cell activation
and elimination of Tbet-expressing Treg cells resulted in severe
Frontiers in Immunology | www.frontiersin.org 4
Th1 autoimmunity. Conversely, in cancer models Tbet+ INFg+

Tregs lose their suppressive function and promote anti-tumor
immune responses (89, 90). Th2-like Tregs were the main Treg
subset found in tissues and peripheral blood from patients with
colorectal cancer and melanoma compared to healthy individuals
displaying high viability, activation and suppressive ability
conferring to the tumorigenic environment (87). RORgt+ Treg
cells were derived from Foxp3+ thymic Treg cells in an antigen-
specific, displayed increased suppressive capacity and efficiently
inhibited myelin-specific Th17-cells in a passive experimental
autoimmune encephalomyelitis model (91). The main function
described for TFR is the suppression of T follicular helper (TFH)
cells that support antibody affinity maturation in germinal center
reactions and humoral memory formation. Patients with
autoimmune rheumatic diseases presented altered numbers of
TFR with reduced suppressive function concomitant with a
hyperactive phenotype of TFH cells (92). In cancer TFR cells
have been found to infiltrate tumors exhibiting superior
suppressive capacity and in vivo persistence compared to
regulatory T cells and their depletion improves tumor control
in mice (93). Thus, if the adoption of a Th-like phenotype by Treg
cells is a matter of instability or a matter of plasticity remains to be
defined. Th-like Treg cells have been characterized as plastic Treg
cells in the field of autoimmunity while in cancer they are referred
to as fragile Tregs. The common nominator of plastic and fragile
Tregs is the production of inflammatory cytokines. In this review
we propose the classification of Treg cells into four
subpopulations: 1. Treg cells expressing Foxp3, suppressive
cytokines and exerting suppressive function, 2. Treg cells
expressing Foxp3, producing inflammatory cytokines and
retaining their suppressive function, 3. Treg cells expressing
Foxp3, producing inflammatory cytokines without exhibiting
suppressive function, called from now on fragile Treg cells and
4. the ex-Treg cells that lose Foxp3 expression, produce
inflammatory cytokines and do not possess a suppressive
function. Both fragile and ex-Treg cells are important players in
the pathophysiology of autoimmunity and cancer and will be
further reviewed herein (Figure 1 and Table 1).
TREG CELL FUNCTIONAL INSTABILITY
IN CANCER

Treg cells highly infiltrate tumors, mediating the formation of an
immunosuppressive milieu and thus promoting tumor immune
evasion (125). The first evidence regarding their function in
inhibiting the anti-tumor immunity emerged 20 years ago, when
two independent groups demonstrated that elimination of
CD25+CD4+ T cells in mice is associated with enhanced anti-
tumor immune responsiveness and tumor regression (126, 127).
Several reports demonstrate that an enhanced Treg cell presence
in tumor site and peripheral blood of cancer patients was
associated with reduced survival and increased metastatic
potential in diverse tumor settings (128). On the same line,
Treg cell frequencies among tumor infiltrating lymphocytes
(TILs) and peripheral blood have been reported to be
September 2021 | Volume 12 | Article 731947

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


Hatzioannou et al. Fragile Tregs: Autoimmunity and Cancer
significantly elevated in nearly all malignancies both in humans
and mice, including melanoma, colorectal carcinoma, renal cell
carcinoma, pancreatic ductal adenocarcinoma, non-small-cell
lung, ovarian epithelial cancer (22, 129–131), gastrointestinal
cancer (132), esophageal cancer (133) and breast cancer (134).
The accumulation of Treg cells into the tumor niche may involve
both the homing of tTreg cells (135), as well as the generation of
pTregs (135, 136). The preferential recognition of tumor-specific
antigens by the high-affinity TCRs results to clonal expansion,
activation and proliferation of Treg cells inside the TME (137).

Many intrinsic and extrinsic factors have been described to
induce Treg cell functional instability in the TME. Treg cell
lineage specific molecules, TCR/CD28 signaling, metabolism and
inflammatory cytokines are factors that have been implicated in
the induction of both fragile and ex-Treg cells in cancer resulting
in the abolition of the highly immunosuppressive TME and
successful control of tumor growth by the immune system.
Surprisingly, the same mechanisms that are responsible for the
Frontiers in Immunology | www.frontiersin.org 5
induction of Treg fragility in TME are also those described for
the development of ex-Tregs cells (Figure 1). The exact
mechanisms fine-tuning the decision between the fragile
phenotype or the ex-Treg phenotype in the TME are ill defined.

Treg Cell Lineage-Specific Molecules
One of the aforementioned leading mechanisms safeguarding
Foxp3 stability is FOXP3-TSDR demethylation, which showed
significantly higher rates in tumor sites versus normal sites in
patients with colorectal cancer. Increased FOXP3-TSDR
demethylation in combination with a significant upregulation
of STAT5, which is an important transcription factor for
regulating FOXP3 expression, resulted in significantly more
FOXP3 mRNA expression and higher protein synthesis in
tumor tissues, serving in the pathogenesis of colorectal cancer.
FOXP3-TSDR demethylation in tumor-infiltrating CD4+ T cells
of colorectal cancer patients was mediated by the increase of
TET-2 that catalyzed 5-methylcytosine (5mC) conversion to 5-
FIGURE 1 | Mechanisms of Treg functional instability constrain cancer while promote autoimmunity and the development of immune related adverse events after
immunotherapy. Treg cells exert a strategic role in the maintenance of immune homeostasis. Foxp3 is the hallmark transcription factor of Treg cells orchestrating their
function. A complex network of transcription factors such as HELIOS, HIF1a and Foxo1, transcription regulators such as IL33, histone deacetylases, histone
methylotransferases, signalosome proteins (CARMA) maintain the transcriptional identity of Tregs and contribute significantly Treg cell stability. Exposure of Tregs to
inflammatory stimuli such as inflammatory cytokines (IL1b, IL6, IFNg, IFNb, IL12), NAD, ATP and Retinoic Acid results in the alteration of their transcriptional program,
in the expression of transcription factors and cytokines that are characteristic of T helper cells and at the end in the attenuation of Treg suppressive function. This
may be accompanied by the loss of Foxp3 expression and the generation of ex-Tregs or the generation of fragile Tregs that retain Foxp3 expression. The strength of
TCR signaling together with costimulatory and coinhibitory molecules (CD28, GITR, NRP1, CTLA4, PD1) influence downstream pathways such as PI3K/AKT, PTEN,
NFkB and the production of ROS by the mitochondria that are critical nominators of the maintenance of Treg transcriptional program and Treg suppressive identity.
Oxidative phosphorylation and fatty acid oxidation are metabolic hallmarks of Tregs suppressive function. Any perturbations in the metabolic program of Tregs result
in their transformation into non suppressive fragile or ex-Tregs. In autoimmunity the presence of fragile/ex-Tregs burdens the inflammatory response while in cancer
stability of Tregs supports the immunosuppressed tumor microenvironment. Immune-checkpoint immunotherapy (ICI) applied in cancer seems to be the
destabilization of Tregs and their conversion to fragile or ex-Tregs that may cause the immune-related adverse events (irAEs). Created with BioRender.com.
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hydroxymethylcytosine (5hmC) (94). Histone modifications are
important regulators of chromatin condensation and FOXP3
stability. Pharmacologically or genetically disruption of enhancer
of zeste 2 polycomb repressive complex 2 subunit (EZH2)
Frontiers in Immunology | www.frontiersin.org 6
activity, which is a histone H3K27 methyltransferase of the
polycomb repressor complex 2 (PRC2) in Treg cells, resulted
in the loss of FOXP3 expression and conversion to ex-Tregs cells
producing high amounts of pro-inflammatory cytokines, such as
TABLE 1 | Molecules and mechanisms involved in Treg cell stability in cancer and autoimmunity.

Molecules/Procedures
responsible for Treg
stability

Mechanism Disease Type of instable Treg Reference

CANCER
Treg cell lineage-specific
molecules
FOXP3-TSDR methylation TET-2 MEDIATED 5mC conversion to 5hmC colorectal cancer Ex-Tregs (94)
histone H3K27
methyltransferase of PRC2

EZH2 Colon adenocarcinoma,
melanoma, prostate cancer

Ex-Tregs (95)

bromodomain-containing
proteins

interactions of histone acetyl transferases and
(HDACs) with transcription factors and proteins
involved in gene expression,

Lung adenocarcinoma Ex-Tregs (96)

Helios zinc-finger transcription factors Melanoma Ex-Tregs (97)
Inflammatory cytokines
IL1b, IL6 Transcription regulator Id2 melanoma Ex-Tregs (98)
IFNg Melanoma Fragile Th1-like Tregs (89)
TCR/CD28 signaling
pathway
NF-KB Melanoma Ex-Tregs (96)
IL33 NF-KB-TBET Melanoma Fragile Th1-like Tregs (90)
ROS BACH2 SUMOylation Colon carcinoma,

melanoma
Ex-Tregs (99)

Mir-126 PI3K/Akt/mTOR Breast cancer Ex-tergs (100)
Nrp-1 Pten/PI3K/Akt melanoma Fragile Th1-like Tregs (89)
PD-1 Pten/PI3K/Akt Lung tumor Fragile Th17-like Tregs (101)
CARMA-1 AP-1, mTOR, NF-kB Melanoma, colon carcinoma Fragile Th1-like Tregs (102)
Metabolism
Lactic acid MCT-1 Melanoma Tregs with reduced expression of

Nrp-1 and elevated levels of PD1
(103)

Autophagy Atg5, Atg7 Colon adenocarcinoma Ex-Tregs (104)
Glycolysis Traf3ip3 Colon adenocarcinoma Ex-Tregs (105)
TLR8 mTOR/glucose metabolism Melanoma Tregs with reduced suppressive

function
(106)

IDO GCN2- kinase dependent production of IL-6 by
plasmacytoid DC

Melanoma Fragile Th17-like Tregs (107)

AUTOIMMUNITY
Treg cell lineage-specific
molecules
CNS2 Multiple autoimmune

diseases
Ex-Tregs (68, 108)

Stub1/USP7/TIP60/Sirtuin1/
HDAC7

Proteasomal degradation of Foxp3 Multiple autoimmune
diseases

Ex-Tregs (109–112)

Inflammatory cytokines
IFNb / IL12 / IFNg Multiple sclerosis Fragile Th1-like Tregs (113–115)
TCR/CD28 signaling
pathway
PI3K/AKT/Foxo1/3 Multiple sclerosis Multiple

autoimmune diseases
Fragile Th1-like Tregs (116, 117)

PTEN/PI3K/AKT Glycolysis, Foxo, TSDR methylation Multiple autoimmune
diseases, Multiple sclerosis

Th1-like fragile Tregs (67, 116–
118)

ROS DNA damage response Experimental autoimmune
encephalomyelitis

Dysfunctional Tregs (119)

Metabolism
Extracellular ATP/NAD+ CD39, CD73 ExTregs (120, 121)
Glut1 Intenstinal inflammation,

lupus
ExTregs (122, 123)

Ubiquitin ligase E3VHL Glycolysis/ HIF-1a Multiple autoimmune
diseases, Colitis

Th1-like fragile Tregs (124)
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TNF-a, IFN-g, and IL-2 in the tumor tissues but not in lymphoid
organs. The lower Treg cell numbers as well as the acquisition of
pro-inflammatory functions of tumor-infiltrating FOXP3+ Treg
cells drove to the remodeling of the TME by enhancing the
recruitment and function of CD8+ and CD4+ effector T cells and
protected mice from colon adenocarcinoma (MC-38), melanoma
(B16-F10) and prostate cancer (TRAMP-C2) (95). In accordance
with Wang D. et al. (95) results on the role of histone
modifications in Treg cells stabilization in the TME Xiong Y.
et al. showed that prevention of the recognition of histone
modifications by the transcriptional machinery ensued ex-
Tregs formation, hindering tumor growth in a genetically
engineered mouse model of aggressive lung adenocarcinoma
(Kras+/LSL-G12DTrp53L/L – KP mice). Specifically, treatment of
KP mice with JQ1, a well-characterized inhibitor of the
bromodomain-containing proteins that modulates the
interactions of histone acetyl transferases (96) and histone
deacetylases (HDACs) with transcription factors and proteins
involved in gene expression, led to a significant downregulation
of Foxp3, CTLA-4, and PD-1 only in lung tumor–infiltrated Treg
cells accompanied by decreased suppressive function (138).
Nevertheless, JQ1 monotherapy led to minimal or moderate
delay in tumor growth, but combination treatment with
eitherHDACs inhibitor Ricolinostat (138) or anti-PD-1
immunotherapy (139) significantly delayed tumor growth and
improved survival of KP mice. Since JQ1 could also induce
functional changes to tumor cells the direct and specific role of
bromodomains in Treg cell stability in the TME is still debatable.

Helios, which is a member of the Ikaros family of zinc-finger
transcription factors and considered as marker of tTreg cells has
been shown to play an essential role in the maintenance of Treg
cell program. Accordingly, selective depletion of Helios in Treg
cells led to enhanced anti-tumor immunity in the B16F10
melanoma model through induction of an unstable Treg cell
phenotype in the TME. Helios-deficient tumor-infiltrating Treg
cells produced significant amounts of proinflammatory cytokines
(TNF-a, IFN-g), displayed a nonanergic phenotype, reduced
immunosuppressive activity and profoundly restrained Foxp3
and CD25 expression (97).

Inflammatory Cytokines
Both pro- and anti- tumorigenic effects have been reported for
inflammatory cytokines. These contradictory results may be
attributed to the divergent role of cytokines on different cells
forming the TME as well as to different effects of cytokines
depending on tumor stage. Specifically, for Treg cells it has been
shown that exposure to inflammatory cytokines such as IL-1b and
IL-6 substantially reduced Treg cell stability and enhanced the
conversion of Treg cells to ex-Treg Th17 cells via the upregulation
of the transcription regulator Id2 (98, 140). Treg cell-specific
ectopic expression of Id2 (TetRId2EmGFPFoxp3YFP−Cre)
resulted in reduced Foxp3+ Treg cell infiltration within tumor
tissue as well as in tumor-draining lymph nodes, increased the
expression of IL-17A within the CD4+Foxp3− tumor TILs and
arrested tumor growth in B16F10 melanoma-bearing mice (98).
These results implied that the presence of inflammatory cytokines
Frontiers in Immunology | www.frontiersin.org 7
in the immunosuppressed TME further potentiates Treg cells
stability and function. Interestingly, Overacre-Delgoffe et al.
demonstrated that IFN-g produced by fragile Treg cells could
destabilize the suppressive Treg cells infiltrating tumors, a process
named by the authors as “infectious fragility”. IFN-g substantially
limited the suppressive capacity of both mouse and human tumor
infiltrating Treg cells and not that of peripheral Treg cells (89).

TCR/CD28 Signaling Pathway
TCR and CD28 stimulation facilitates the activation of Treg cell
and is indispensable for the preservation of the activated Treg cell
transcriptional signature. Nevertheless, the fine-tuning of the
strength of TCR stimulation seems to be pivotal for the
maintenance of Treg cells. Treg cells possess a plethora of
mechanism to attenuate TCR/CD28 signaling including
diminished calcium flux, retained activation of Akt, Foxp3-
mediated suppression of Zap70 transcription and expression of
inhibitory receptors such as CTLA-4 and CD5 (141). In the TME
TCR/CD28 signaling seems also to denominate Treg stability
and promote tumor growth.

NF-kB activation is a key downstream event of TCR/CD28
signaling. Activation of NF-kB occurs through the canonical
pathway leading to the activation of NF-kB heterodimers
consisting of p50 and p65 or p50 and c-Rel and through the
non-canonical pathway leading to nuclear translocation of p52-
RelB heterodimers. Genetic ablation or chemical inhibition of c-
Rel with an FDA-approved drug, Pentoxfylline (PTXF) but not
p65 in melanoma-bearing mice modified the transcriptional
landscape of activated Treg cells. Specifically, it caused
significantly decreased expression of Treg cell markers such as
Foxp3, CD25 and Helios and genes required for optimal Treg cell
function and immunosuppression in the TME, such as Tgfb1 or
Gzmb. Thus, c-Rel inhibition reduced Treg cell activity in the
TME resulting in reinforcement of anti-tumor immunity,
attenuation of tumor growth and potentiation of anti-PD-1
therapy without causing autoimmunity (96). Nevertheless, we
have recently demonstrated that NF-kB pathway is also
responsible for the induction of fragile Treg cells in the TME.
In detail, specific genetic depletion of IL-33 in Treg cells, which
binds to NF-kB and restricts its transcriptional activity,
attenuated Treg suppressive properties in vivo and facilitated
tumor regression in the B16F10 melanoma model. Absence of
IL-33, epigenetically reprogrammed Treg cells to express IFN-g,
consistent with a fragile phenotype, dependent on NF-kB–T-bet
axis, while maintaining Foxp3 expression. Importantly, genetic
ablation of Il33 potentiated the therapeutic efficacy of
immunotherapy (90).

Several studies have suggested that excessive reactive oxygen
species (1, 26) levels are associated with tumor-induced
immunosuppression and that ROS can participate in Treg cell-
mediated immunosuppression. Likewise, ROS that is induced
upon TCR and CD28 activation was found to be increased in
tumor-infiltrating Treg cells compared to their splenic
counterparts. A recent paper in Nature Communications by
Yu X. et al. (99) unraveled the molecular mechanism
underlying the cross-talk between ROS and Treg cell-mediated
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tumor immunosuppression. TCR/CD28 induced ROS led to the
accumulation and stabilization of small ubiquitin-related
modifier (SUMO)-specific protease 3 (SENP3) in Treg cells
repressing T effector cell-specific transcriptional programs and
maintaining Treg cell-specific gene signatures by triggering
BACH2 deSUMOylation. In detail, genetic deletion of Senp3
specifically in Treg cells led to the expression of T effector-related
genes such as Ifng, Il4, Il13, Il17a, Il22, and Il9 and loss of Treg
cell-specific genes, such as Foxp3 and Pdcd1. Senp3-induced Treg
destabilization resulted in increased frequencies and effector
function of CD4+ and CD8+ T effector cells infiltrating the
tumors and reduction of tumor growth in MC38 colon
carcinoma model and B16F10 melanoma model. These
findings suggested that targeting ROS in Treg cells may be an
effective approach to ameliorate tumor immune tolerance (99).

It is well accepted that TCR signaling activates the
phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt)/
mechanistic target of rapamycin (mTOR) pathway in Treg
cells but limited activation of this pathway is crucial for Treg
cell suppressive function. Micro-RNAs can regulate these
pathways, stabilize Treg cells and thus be potential targets of
cancer immunotherapy. For instance, silencing of miR-126 on
Treg cells enhanced the expression of its target p85b and
subsequently altered the activation of PI3K/Akt pathway
leading in reduced expression of Foxp3, CTLA-4, GITR, IL-10
and TGF-b on Treg cells. Mir-126KO Treg cells presented
impaired suppressive function and promoted a robust anti-
tumor immune response that resulted in a diminished tumor
growth in a murine breast cancer model (100). PI3K/Akt/mTOR
pathway has been also implicated in the induction of fragile Treg
cells in the TME. Specifically, it has been demonstrated that Nrp-
1, which is constantly expressed by Treg cells reduced Akt
signaling following ligation with semaphorin (Sema)4a and
Nrp1-Sema4a interaction promoted Treg cell survival, stability
transcriptional program with downregulation of the lineage
defining transcription factors Eomes, IRF4 and RORgt. Indeed,
specific deletion of Nrp-1 in Treg cells (Nrp1f/fFoxp3Cre mice) or
blockade of Nrp-1 with Sema4a mAb, Nrp-1 mAb and Sema4a-
Ig significantly decreased tumor growth in the B16F10
melanoma mouse model (29, 89). Nrp1KO Treg cells
presented a fragile phenotype characterized by expression of
IFN-g, elevated phospho-Akt, reduced ICOS expression and lack
of suppressive activity in vitro although retaining Foxp3
expression (89). Mechanistically, Nrp-1 recruited the
Phosphatase and tensin homolog (PTEN) to the immunologic
synapse, which inhibited PI3K and thus limited phosphorylation
of Akt (29). PD-1 which is expressed by tumor activated Treg
cells is also an upstream regulator of PTEN restricting Akt
activation. The in vitro blockade of PD-1 pathway in Treg cells
rapidly increased Akt phosphorylation, FoxO3a was lost, and
suppression activity was abrogated. Thus, it seems that PTEN
played an important role in Treg cell function and stability.
Indeed, aggressive melanoma and lung tumors implanted in
PTEN-Treg-KO hosts grew much slower accompanied by a
robust anti-tumor immunity. The tumor-infiltrating PTENKO
Frontiers in Immunology | www.frontiersin.org 8
Treg cells lost the expression of PD-1 but not Foxp3, expressed
proinflammatory cytokines such as IL-2 and IL-17 (101).

Finally, the dominant role of TCR/CD28 and downstream
molecules regulation in Treg cell functional stability was further
confirmed by Di Pilato et al. who studied how the function of
TME Treg cells is altered by CARMA1, which is a scaffold
protein of the caspase recruitment domain-containing
membrane-associated guanylate kinase protein-1 (CARMA1)–
B cell lymphoma (BCL)10–Mucosa-associated lymphoid tissue
lymphoma translocation protein 1 (MALT1) (CBM)
signalosome complex implicated in activation of AP-1, mTOR,
NF-kB and mRNA stabilization in response to TCR. Carma1-/-

Treg cells retained expression of Foxp3 but secreted IFN-g and at
lower frequencies IL-4, IL-17 and TNF. Production of IFN-g by
Treg cells induced the activation of the intra-tumoral myeloid
cells and increased the antigen presenting capacity of tumor cells,
resulting in restrained tumor growth. Importantly, blockade of
PD-1 in absence of CARMA1 caused rejection of tumors that
otherwise do not respond to anti-PD-1 monotherapy (102).

Metabolism
Recent studies have revealed that metabolic programs play
pivotal roles in controlling Treg cells stability. Treg cells
require predominantly fatty-acid oxidation in contrast to
effector T cells that are glycolytic. Interestingly, it has recently
been demonstrated that inhibition of lipid synthesis in intra-
tumoral Tregs of mouse models diminishes tumor progression,
enhancing anti-tumor immune responses (142). Thus, in the
harsh TME that it is poor of glucose and high in lactic acid, Treg
cells possess a survival and functional advantage promoting
immunosuppression. Intratumoral Treg cells are adapted to the
lactic-enriched TME by the upregulation of CD36 via a
peroxisome proliferator-activated receptor-b (PPAR-b)
signaling (36). Lactic acid was an additional energy source for
Treg cells in the TME, up-taken through transporter
monocarboxylate transporter (MCT) 4 and converted to
pyruvate and NADH (23). In accordance, glycolysis by tumor
cells correlated with the suppressive function of intratumoral
Treg cells. Sequencing of tumor-draining lymph node and tumor
Treg cells that present high glucose avidity from B16F10
melanoma-bearing mice revealed reduced expression of Treg
cell signature genes, while retaining Foxp3 expression.
Subsequently, tumor-infiltrating Treg cells that are deficient for
MCT1, which catalyzes the intake of lactic acid, upregulated
glucose consumption. The MCT1KO Treg cells that present a
reduced suppressive function ex vivo, decreased expression of
Nrp-1 and elevated PD-1 levels lost their suppressive function
and allowed the control of B16F10 tumor growth. Treg-specific
deletion of the lactate transporter resulted in decreased tumor
growth and response to ICI (103).

Autophagy and lysosomal function regulate Treg cell
metabolic fitness in the TME. Specifically, Treg cell-specific
deletion of the autophagy gene Atg7 or Atg5 increased
glycolytic metabolism, broke Treg cell stability and facilitated
tumor clearance (104). On the other hand, Treg cell–specific
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deletion of lysosomal Traf3ip3 potentiated mTORC1 signaling,
mediated hyper-glycolytic metabolism and impaired Treg cell
function. Traf3ip3KO Tregs induced a strong anti-tumor T cell
response and a profound reduction in tumor size in the MC38
colon carcinoma model. Interestingly, both Traf3ip3 and Atg7/
Atg5 deficient Treg cells upregulated the expression of
inflammatory cytokines genes, such as Ifng, Il4, Il13, Il17a,
Il17f, and Il21 and presented impaired transcription of the
Treg cell signature gene Foxp3 (105).

Despite the fact that data on mouse tumor Treg cells strongly
suggest the use of lipid oxidation as a primary metabolic pathway
the same is not true for human Treg cells. The suppressive
function of human tumor-associated Treg cells is predominant
dependent on glucose metabolism triggering cell senescence and
DNA damage in responder T cells. Disruption of glucose
metabolism by toll-like receptor (TLR) 8 signaling in human
Treg cells reversed Treg inhibitory functions, enhanced anti-
tumor immunity and tumor immunotherapy efficacy in a mouse
model of melanoma (106).

The consumption of specific nutrients in the TME is another
mechanism for the maintenance of immunosuppression and
Treg stability. For instance, IDO (19), an enzyme implicated in
tryptophan metabolism, was upregulated in murine
plasmacytoid DC in tumor-draining lymph nodes, where it
potently activated Treg cells. Pharmacological inhibition of
IDO in the B16F10 melanoma model released the GCN2-
kinase dependent production of IL-6 by plasmacytoid DC and
promoted conversion of Treg cells to the Th17-like phenotype.
Th17-like Tregs that expressed IL-17, IL-22, IL-2, TNF and
RORgt but in parallel maintained Foxp3 expression markedly
enhanced anti-tumor immunity (107).

Exhaustion
Another important barely studied category of Treg functional
instability in the TME is exhaustion. Treg cells in the peripheral
blood and tumor of glioblastoma multiform patients,
upregulated the PD-1 concomitantly with IFN-g and molecular
signatures of exhaustion. PD-1 Treg cells presented reduced
suppression capacity in vitro and a partial demethylation at the
TSDR locus while they preserved the FoxP3 expression. These
data are in contrast to the aforementioned data about the role of
PD-1/PD-L1 axis in promoting Treg induction through
inhibition of the Akt/mTOR pathway. Nevertheless, human
Treg cells presented a different biology compared to murine
Treg cells and also the expression of PD-1 in human Treg cells
may be induced as a compensatory mechanism to stabilize the
PI3K/Akt pathway and repress IFN-g (143).
TREG CELL FUNCTIONAL INSTABILITY
IN AUTOIMMUNITY

Autoimmune diseases comprise a heterogeneous group of poorly
understood long-term disorders that affect approximately 5-8%
of the population (144). While each autoimmune disorder is
unique, they are all caused by a breakdown of tolerance against
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endogenous proteins. This leads to auto-inflammatory events
that promote the destruction of organs in a humoral and cellular
immune mediated manner. Immune suppression by Foxp3+

Treg cells is essential and indispensable for maintenance of
tolerance and prevention of autoimmunity, as illustrated by
spontaneous autoimmune disease development when Treg cells
are rendered deficient. Consistently recent studies have
highlighted that Treg dysfunction is a common denominator
in autoimmunity, with reduced Treg cell frequencies and
impaired suppressive function identified in a wide range of
autoimmune diseases, including multiple sclerosis (5), SLE,
type 1 diabetes, thyroiditis, and inflammatory bowel disease
(145–150). Thus, it is becoming apparent that Treg cells
possess a unique power in supervising autoimmune reactions
and the re-establishment of self-tolerance. Treg cells during
autoimmunity may receive ques from the inflammatory
environment that imprint on their phenotype and function,
leading to acquisition of an unstable phenotype due to either
loss of Foxp3 expression or fragility with maintenance of Foxp3
expression (Figure 1). An in-depth characterization of the
mechanisms underlying Treg cell dysfunction in autoimmunity
would enable new strategies for managing autoimmune diseases.
In this section we will focus on recent literature exploring Treg
cell stability and plasticity and their implications for the
pathogenesis of autoimmune diseases.

Ex-Treg Cells in Autoimmunity
Loss of Foxp3 expression has been shown to contribute to
autoimmunity and inflammation in various in vivo settings
(151–158). Under autoimmune conditions of diabetes, a
substantial percentage of cells had unstable expression of
Foxp3 in inflamed tissues. These ‘exFoxp3’ T cells, secreted
inflammatory cytokines, acquired an activated-memory
phenotype and were able to induce rapid onset of diabetes
upon adoptive transfer (155). In a different autoimmune
setting, experimental autoimmune encephalitis, immune
activation and inflammation driven by self-antigens in the
central nervous system, promoted Foxp3 instability exclusively
in autoreactive Treg cells during the induction phase of the
response, a process that was reversed during the resolution phase
of inflammation or upon IL-2-anti-IL-2 complex treatment
(158). Furthermore, data from human studies, highlight the
importance of the imbalance of Th17/Treg cell ratio as a
pathological feature in multiple sclerosis (5), positively
correlating with disease severity (159, 160). In this notion,
impaired Foxp3 and Helios expression along with increased
numbers of CD161+Th17 like CD45RA-Foxp3lo Treg cells was
an early hallmark of multiple sclerosis (161), whereas epigenetic
modification of Foxp3 through histone deacetylase mediated by
TLR-2 stimulation induced IL-17 production in Treg cells
isolated from multiple sclerosis patients (162). Similarly,
Komatsu N. and colleagues demonstrated the pathogenic
conversion of Treg cells that lost their Foxp3 expression into
Th17 cells during autoimmune arthritis. Fate mapping analysis
showed that IL-17-expressing exFoxp3 T cells accumulated in
inflamed joints, expressed Sox4, chemokine (C-C motif) receptor
6 (CCR6), chemokine (C-C motif) ligand 20 (CCL20), IL-23
September 2021 | Volume 12 | Article 731947

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


Hatzioannou et al. Fragile Tregs: Autoimmunity and Cancer
receptor (IL-23R) and receptor activator of NF-kB ligand
(RANKL, also called TNFSF11), in a process mediated by
synovial fibroblast-derived IL-6 (153). Among the four CNSs
described for the initiation and maintenance of Foxp3
transcription, CNS2 containing Runx1-CBFb binding sites, is
the only one preventing autoimmunity. In this context, CNS2-
deficient mice succumb to development of autoimmunity due to
loss of Foxp3 and instability in Treg compartment (68, 108).

Post translational or epigenetic modifications, affect Foxp3
protein expression and thus regulate Treg cell function and
development of autoimmunity. Diverse inflammatory stimuli
have been shown to promote Lys48-linked ubiquitination
mediated by Stub1 ubiquitinase binding to Foxp3, thus
targeting it for proteasomal degradation (109). In contrast,
under similar inflammatory conditions, USP7 deubiquitinating
enzyme expressed in Treg cells, is downregulated resulting in
Foxp3 degradation (110), while its conditional deletion in Treg
cells leads to lethal autoimmunity (76). Additionally, disruption
of the association of other proteins known to mediate Foxp3
acetylation, such as TIP60, Sirtuin 1 or HDAC7, leads to
increased polyubiquitination of Foxp3 and development of
autoimmune responses (111, 112).

Fragile Treg Cells in Autoimmunity
Fragility of Treg cells has recently arisen as a hallmark of
autoimmune diseases, with Treg cells rendered dysfunctional
in their suppressive features whilst expressing pro-inflammatory
cytokines, maintaining Foxp3 expression and acquiring Th cell-
like phenotypes, with identical transcription factors used by Treg
cells to inhibit specific types of immune response (84, 113, 116,
117, 163–165).

Up to date, the best characterized Th-like Treg subset in
autoimmunity is the Th1-like Treg cells, with upregulated
expression of transcription factor Tbet, chemokines CCR5 and
CXCR3, stable Foxp3 expression due to highly demethylated
TSDR region and increased production of IFN-g cytokine.
Increased frequency of these Th1-like Tregs has been observed in
periphery of mouse models and patients with autoimmune diseases,
such as type1 diabetes (113, 166), multiple sclerosis (116, 163),
autoimmune hepatitis (165) and Sjogren syndrome (167). Following
treatment with IFN-b, numbers of IFN-g secreting Th1-like Treg
cells are downregulated to physiological levels in individuals with
multiple sclerosis (114). Moreover, blocking IFN-g is capable of re-
establishing Th1-like Treg cells suppressive function during
multiple sclerosis in humans and animal models, whereas
neutralization of IL-12 resulted in restraining their generation
(113, 115). Mechanistically, using a genome wide gene expression
approach Kitz et al. demonstrated that PI3K/AKT/Foxo1/3 pathway
was responsible for IFN-g secretion by human Treg cells. Blockade
of this pathway, using multiple sclerosis as their in vivo model,
inhibited IFN-g secretion and restored the immune suppressive
function of Treg cells (116). In the same path, Ouyang W. and
colleagues, demonstrated that mice with depleted Foxo1 expression
specifically in Treg cells, developed a fatal auto-inflammatory
syndrome without the loss of Foxp3 expression and Treg cells
Frontiers in Immunology | www.frontiersin.org 10
displayed a Th1-like phenotype with loss of in vivo suppressive
activity (117). Importantly, the same study was able to identify
approximately 300 Foxo1-bound target genes, including IFN-g, that
were not directly regulated by Foxp3, implying that separate and
autonomous signaling pathways may operate simultaneously
driving Treg function in autoimmunity.

The second Th-like Treg subset operating in autoimmune
diseases is Th17-like Treg cells. Specifically, identification of
increased numbers of IL-17+Foxp3+ Treg cells in the synovium
of individuals with active rheumatoid arthritis (5), suggests that
plastic Foxp3+ Treg cells contribute to the pathogenesis of
rheumatoid arthritis (153). Moreover, IL-17A+Foxp3+CD4+

cells have been observed in skin lesions of patients with severe
psoriasis (84) and in experimental models of autoimmunity
(168). However, observations concerning Th17-like Treg
suppressive function isolated from rheumatoid arthritis
patients have been rather contradictory depending on the site
of Treg cell isolation. To this end, although high frequencies of
IL-17-producing Treg cells were present in the peripheral blood
of rheumatoid arthritis patients, these cells were able to suppress
T cell proliferation in vitro. In contrary, Treg cells isolated from
rheumatoid arthritis synovial fluid lost their suppressive
function (169).

Metabolic Cues in Treg Cell Functional
Stability During Autoimmunity
Deficiencies in metabolites such as retinoic acid or vitamin D are
prevalent in multiple autoimmune syndromes and are established
as a risk factor for development of diseases such as multiple
sclerosis, rheumatoid arthritis, SLE and type 1 diabetes (170, 171).
The same metabolites, however, have been shown to increase
stability of Treg cells in diverse experimental settings. To this end
retinoic acid can prevent loss of Foxp3 expression during human
Treg expansion and in inflammation (172), it directly increases the
expression of ERK signaling to promote Foxp3 expression as well
as increases histone methylation and acetylation of the promoter
and CNS region of Foxp3 (173). In a similar manner, Vitamin D
metabolites such as 1,25-dihydroxyvitamin D3, promote FOXP3
expression by binding to newly identified vitamin D response
elements in the intronic CNS region of human FOXP3 gene (174,
175). From the above-mentioned studies a solid hypothesis is that
the lack of essential metabolites from vitamins that is
characterizing autoimmune diseases can be detrimental to Treg
stability and immunosuppressive function.

Other metabolites derived from tryptophan catabolism,
initiated by enzyme IDO, are known to promote Foxp3
expression, through inhibition of IL-6 production by DC (107,
176), whereas altered tryptophan distribution has been identified
in a variety of autoimmune settings (177). Moreover, Foxp3
stability can be also regulated by metabolites deriving from
extracellular purine metabolism. Thus, during cell damage
and inflammation ATP and NAD+ molecules are released
extracellularly due to enhanced cell lysis and are able to activate
P2x7 receptor on Treg surface that in terms limits Foxp3
expression and induces their conversion to TH17 cells (120).
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To counterbalance this effect Treg cells are known to express
CD39 and CD73 ectonucleotidases on their surface, responsible
for converting excess extracellular ATP to adenosine that is
immunosuppressive (40). Nevertheless, during autoimmune
diseases CD39 and CD73 expression on Treg cells is
downregulated possibly providing a link to adenosine and Treg
instability in autoimmunity (121).

Cellular metabolism is also closely linked to Treg cell stability
and plasticity. As mentioned above Treg cells rely more on
mitochondrial metabolism compared to glycolysis to maintain
their energy production and suppressive function and Foxp3
expression orchestrates Treg cell metabolism by suppressing
glycolysis and enhancing OXPHOS through mTORC1 (45,
121). In favour of this concept deletion of hypoxia inducible
factor (HIF)-1a known to promote glycolysis, leads to increased
Foxp3 stability and Treg cell induction (178). In addition, mice
overexpressing Glut1 have reduced Foxp3 expression during
intestinal inflammation (122), while pharmacologic inhibition
of Glut1 ameliorates lupus autoimmune phenotype in mice by
targeting T cell activation (123). Furthermore, ubiquitin ligase
E3VHL deficient Treg cells become IFN-g secreting Th1-like cells
through a shift in glycolysis and increased binding of HIF-1a to
Ifng promoter (124). Bridging Treg cellular metabolic function to
autoimmune pathogenicity, our group found a Treg dysfunction
recapitulating the features of autoimmune Treg cells, with a
prominent mitochondrial ROS signature and importantly,
scavenging of Treg mitochondrial ROS production was able to
ameliorate experimental encephalomyelitis in mice (119).

Intracellular signalling pathways involved in Treg cell
metabolism also play a crucial role in maintaining their
stability and controlling their plasticity. PTEN deletion in Treg
cells increases PI3K/AKT pathway activation driving enhanced
glycolysis, reduced FoxO presence in the nucleus and promoter
regions of Foxp3 and increased methylation of its TSDR region
(67, 117, 118). In parallel, enhanced AKT activation in Treg cells
has been demonstrated during autoimmune diseases (116, 179,
180), whereas blockade of this pathway in Treg cells isolated
from multiple sclerosis patients inhibits IFN-g secretion and
restores the immune suppressive function of Treg cells (116).
TREG CELL FUNCTIONAL INSTABILITY
IN CANCER IMMUNOTHERAPY AND
AUTOIMMUNE RELATED ADVERSE
EVENTS

Despite of the promising results of cancer immunotherapy, its
clinical efficacy is limited to the minority of patients, whereas it is
usually accompanied by the development of immune related
adverse event (irAEs), due to the excessive activation of the
immune system, with the underlying mechanisms remaining
unknown. Accumulating evidence suggests that the prevalence of
Treg cells inside the TME is associated with tumor progression,
as well as the development of acquired resistance to cancer
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immunotherapy and irAEs development (130, 181).
Considering the above, recent therapeutic attempts have been
focused on the manipulation of Treg cell-mediated
immunosuppression in order to enhance anti-tumor immune
responses and improve the clinical outcome of cancer patients.
Several strategies for targeting tumor associated Treg cells may
involve either direct or indirect approaches, that have been tested
clinically or/and preclinically, such as: a. the CD25 targeting for
Treg cell depletion with either blocking antibodies or a
recombinant protein composed of IL-2 and the active domain
of the diphtheria toxin (127, 182–187), b. the targeting of Treg-
specific co-inhibitory molecules (CTLA-4, PD-1, TIGIT, VISTA,
TIM-3, LAG-3) (188–191), with blocking antibodies to
specifically deplete or diminish the suppressive function of
Treg cells in the TME (143, 192–196), c. The usage of agonists
against GITR (197–199), OX-40 (200, 201) and ICOS (202) can
drive the attenuation of Treg cell immunosuppressive activity
(203), d. targeting of PI3K signaling (204) or molecules like
CD39 and CD73- critical regulators of adenosine pathway (205)-
which are definitive of Treg cells behavior in the TME, e.
inhibition of vascular endothelial growth factor (VEGF)-VEGF
receptor 2 (VEGF-VEFGFR2) pathway, which is implicated in
the accumulation of Treg cells, reduced their infiltration to the
TME (206, 207), f. inhibition of TGF-b pathway, a major
mediator of Treg presence in the TME, can diminish the
induction of Treg cells (208, 209).

The ultimate goal would be to specifically deplete Treg cells
infiltrating tumors without affecting tumor-reactive effector T
cells, while suppressing autoimmunity. Getting a better insight
into the mechanisms that induce functional destabilization of
Treg cells may allow their exploitation as therapeutic tools.
Induction of Treg functional instability may prove a more
redundant approach in cancer immunotherapy compared to
the targeting of one specific Treg suppressive mechanism and
with less autoimmune side effects compared to depletion of
Treg cells.

There are several pieces of evidence showing that ICI,
specifically, anti-PD-1 and anti-CTLA-4 that are currently used
in clinical practice may induce a destabilized phenotype in tumor
Treg cells. Specifically, peripheral Tregs from patients suffering
from glioblastoma multiform presented an exhausted phenotype
and increased expression of IFN-g following treatment with anti-
PD-1 (143). Moreover, PD-1 blockade increased IFN-g production
in the TME and as a consequence drove intratumoral Treg fragility
(89). Anti-CTLA-4 also induced fragility in intratumoral Treg
cells. Anti-CTLA-4 treated Treg cells promoted CD28 co-
stimulation leading to decreased Treg cells suppression and
increased glucose consumption. Inhibition of tumor glycolysis
elevated available glucose levels in the TME and promoted the
ability of CTLA-4 blockade to induce Treg cell fragility associated
with IFN-g production and development of anti-tumor immunity
(210). Among several new immunotherapy targets, GITR
activation can promote effector T cell function and inhibit Treg
cell function. In line, therapeutic application of the agonist anti-
GITR monoclonal antibody DTA-1 in B16F10 melanoma-bearing
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mice induced regression of tumors accompanied by decreased
accumulation of intra-tumor Treg cells due both to loss of Foxp3
expression and impaired infiltration (211). Complete Foxp3 loss in
intra-tumoral Treg cells correlated with a dramatic decrease in
Helios expression and was associated with the upregulation of
Tbet, Eomes and INF-g. Interestingly, tumor preconditioning and
the TME were essential for GITR dependent modulation of Foxp3
expression since Treg cells not exposed to the TME did not lose
Foxp3 expression following treatment with DTA-1. Therefore,
agonist GITR antibodies are promising immunotherapeutic tools
since they may abolish the immunosuppressive TME without
ensuing the autoimmune side effects (97, 212).

As thoroughly described in the previous paragraphs of this
review Treg functional instability results on the one hand in
tumor eradication but on the other hand in autoimmune
manifestations. Whether and when ICI-induced Treg
functional instability participates in the development of irAEs
remains unexplored. In line with this notion our group has
recently identified a Th-like inflammatory signature in Treg
cells isolated from peripheral blood of individuals with diverse
cancer types developing irAEs following immunotherapy with
anti-PD-1. This intense transcriptional reprogramming of Treg
cells was characterized by enhanced enrichment in transcripts
such as Ifng, Stat1, Rorc and Stat3, supporting the notion of a
breakdown in mechanisms of self-tolerance in individuals with
solid tumors developing irAEs upon ICI immunotherapy (213).
Moreover, human Treg cells isolated from individuals with
irAEs experience a robust metabolic reprogramming, enriched
in signatures associated with mitochondrial dysfunction and
oxidative stress-induced cell death (119, 213).
CONCLUSIONS, CHALLENGES, AND
OPEN QUESTIONS

It is well established that Treg cells play a pivotal role in
maintenance of immune homeostasis and also appear to
regulate the outcome of diverse pathological situations. At the
same time, Treg cells can be characterized by an increased
plasticity influenced by several parameters such as the cytokine
microenvironment, the strength of antigen recognition, the
anatomical site that Treg cells reside etc. Shedding light on the
mechanisms that underlie the induction of Treg cell plasticity
holds tremendous therapeutic potential in cancer in which Treg
suppressive function dominates the tumor immune evasion
mechanisms, but also in diseases with aberrancy in Treg cell
activity such as autoimmunity and transplantation. A major
caveat in performing this task, remains the lack of specific
markers to precisely distinguish not only Treg cells from T
effectors, but also the different subsets of Treg cells. As we
discussed above, Treg cells come in various flavors and adopt a
different transcriptional program tailored to the specific
microenvironment. Thus, single cell (34) genetic (i.e. RNAseq)
and epigenetic (i.e. ATACseq) approaches should provide a
comprehensive profiling of Treg cells in each context, which
Frontiers in Immunology | www.frontiersin.org 12
may guide the therapeutic decisions and may reveal unique
markers to assist the isolation, functional characterization and
targeting of these cells. In addition, particular emphasis should
be placed on the metabolic profile of the Treg cells, since over the
last decade elegant studies highlight that, metabolic cues
determine the functional properties of Treg cells. Therefore,
identification of metabolites and pathways that interfere with
the Treg cells stability program in a disease setting should
be determined.

The fact that Treg cells express major checkpoint inhibitors,
which constitute therapeutic targets in both solid tumors and
hematologic malignancies with impressive results, proposes that
Treg cell manipulation could lead to tumor regression. The goal
here should be to induce Treg cell fragility or to interfere with
Treg cell suppressive function, preferably in an antigen-specific
manner, which will allow the re-start of anti-tumor immunity.
To achieve this, we should understand the mechanisms that
mediate Treg cell fragility and to identify novel molecules/
pathways that could be targeted in order to induce fragile or
ex-Treg cells. A major challenge, which still remains is the
precise targeting of clonal Treg cells to promote tumor
regression without disturbing immune homeostasis. One could
hypothesize that ICI give rise to the development of the wide
spectrum of irAEs since they also imprint on the peripheral pool
of Treg cells impairing their suppressive activity. Although,
direct proof is still missing, generated data from our group
discussed above, favor the hypothesis and highlight the
necessity to unravel the in vivo mechanisms of Treg cell-
mediated suppression and how immunotherapy interferes with
them in specific pathogenic contexts.

Characterization of Treg cell fragile program, may also assist in
the development of Treg cell therapies in autoimmunity and
transplantation. Various clinical trials and preclinical studies
highlight the potential of Treg cell adoptive therapies to treat
autoimmune pathologies such as type 1 diabetes, SLE and
autoimmune central nervous system disease as well as to induce
tolerance during solid organ and bone marrow transplantation.
One of the major challenges that have impeded the adoption of
Treg cell therapies in the clinic is the lack of knowledge on Treg
cell stability in the highly inflammatory environments of the
aforementioned pathologic conditions. Considering the advances
on the genome editing techniques and the success of engineered
chimeric antigen receptor T cell therapies, generation of CAR Treg
cell-based therapies has been envisioned, aiming to dampen
inflammation and to restore immune tolerance. To this end, the
ability to introduce multiple editing events per single cells with the
CRISPR technologies, set the stage for generation of Treg cells
carrying suicide genes which mediate their fragility, along with
genes empowering their function, mediate their trafficking and
delivering suppressive mediators. Combined with expression of
antigen specific receptors, these engineered Treg cells should hold
a tremendous therapeutic potential for inflammatory diseases.

Finally, over the last years the appreciation of the Treg cell
residency in non-lymphoid tissues (nltTregs) like skin, adipose
tissue, lung and bone marrow, with the ability to control local
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inflammatory responses and to express diverse transcriptional
programs compared to lymphoid tissue Treg cells, have
generated new challenges and questions on the Treg cell
biology field. In regards to Treg cell stability, it is of interest to
be determined whether and how nltTregs respond to local
inflammatory and metabolic cues and if this signals imprint on
their stability and on Foxp3 expression. As an example, Treg cells
that reside in adipose tissue have been shown to play an
important role in controlling adipose tissue inflammation,
while their defects are involved in the pathogenesis of obesity-
related metabolic disorders. Towards this, inflammatory
cytokines and engagement of major metabolic pathways such
mTOR/AKT have been shown to drive Treg cell defects in
adipose tissues, however the precise mechanisms leading to
Treg cell lose and whether this involves induction of fragility
and/or ex-Treg development remain to be determined. Overall,
addressing such questions may provide novel strategies for
combating chronic inflammation and metabolic disorders but
also will aid to the design of rational treatments in cancer.
Frontiers in Immunology | www.frontiersin.org 13
AUTHOR CONTRIBUTIONS

AH, AB, MP, IP AV and TA performed the literature searches
and contributed to draft versions of the manuscript. AH and PV
wrote and revised the final version of the manuscript. All authors
contributed to the article and approved the submitted version.
FUNDING

This work was supported by the Hellenic Foundation for
Research and Innovation (H.F.R.I) and Stavros Niarchos
Foundation (S.N.F), grant #1429 to PV. TA is supported by
the European Research Council (ERC) under the European
Union’s Horizon 2020 research and Innovation program (grant
agreement no. 947975) and by the Hellenic Foundation for
Research and Innovation (H.F.R.I.) under the “2nd Call for
H.F.R.I. Research Projects to support Post-Doctoral
Researchers” (Project Number: 166).
REFERENCES
1. Weber SE, Harbertson J, Godebu E, Mros GA, Padrick RC, Carson BD, et al.

Adaptive Islet-Specific Regulatory CD4 T Cells Control Autoimmune
Diabetes and Mediate the Disappearance of Pathogenic Th1 Cells In Vivo.
J Immunol (2006) 176:4730–9. doi: 10.4049/jimmunol.176.8.4730

2. Sharma A, Rudra D. Regulatory T Cells as Therapeutic Targets andMediators.
Int Rev Immunol (2019) 38:183–203. doi: 10.1080/08830185.2019.1621310

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

4. Hori S, Nomura T, Sakaguchi S. Control of Regulatory T Cell Development
by the Transcription Factor Foxp3. Science (2003) 299:1057–61. doi:
10.1126/science.1079490

5. Bennett CL, Christie J, Ramsdell F, Brunkow ME, Ferguson PJ, Whitesell L,
et al. The Immune Dysregulation, Polyendocrinopathy, Enteropathy, X-
Linked Syndrome (IPEX) Is Caused by Mutations of FOXP3. Nat Genet
(2001) 27:20–1. doi: 10.1038/83713

6. Wildin RS, Ramsdell F, Peake J, Faravelli F, Casanova JL, Buist N, et al. X-
Linked Neonatal Diabetes Mellitus, Enteropathy and Endocrinopathy
Syndrome Is the Human Equivalent of Mouse Scurfy. Nat Genet (2001)
27:18–20. doi: 10.1038/83707

7. Khattri R, Cox T, Yasayko SA, Ramsdell F. An Essential Role for Scurfin in CD4
+CD25+ T Regulatory Cells. Nat Immunol (2003) 4:337–42. doi: 10.1038/ni909

8. Brunkow ME, Jeffery EW, Hjerrild KA, Paeper B, Clark LB, Yasayko SA,
et al. Disruption of a New Forkhead/Winged-Helix Protein, Scurfin, Results
in the Fatal Lymphoproliferative Disorder of the Scurfy Mouse. Nat Genet
(2001) 27:68–73. doi: 10.1038/83784

9. Zheng Y, Josefowicz SZ, Kas A, Chu TT, Gavin MA, Rudensky AY.
Genome-Wide Analysis of Foxp3 Target Genes in Developing and Mature
Regulatory T Cells. Nature (2007) 445:936–40. doi: 10.1038/nature05563

10. Kwon HK, Chen HM, Mathis D, Benoist C. Different Molecular Complexes
That Mediate Transcriptional Induction and Repression by Foxp3. Nat
Immunol (2017) 18:1238–48. doi: 10.1038/ni.3835

11. Arvey A, van der Veeken J, Samstein RM, Feng Y, Stamatoyannopoulos JA,
Rudensky AY. Inflammation-Induced Repression of Chromatin Bound by
the Transcription Factor Foxp3 in Regulatory T Cells. Nat Immunol (2014)
15:580–7. doi: 10.1038/ni.2868

12. Gavin MA, Rasmussen JP, Fontenot JD, Vasta V, Manganiello VC, Beavo JA,
et al. Foxp3-Dependent Programme of Regulatory T-Cell Differentiation.
Nature (2007) 445:771–5. doi: 10.1038/nature05543
13. van der Veeken J, Glasner A, Zhong Y, Hu W, Wang ZM, Bou-Puerto R,
et al. The Transcription Factor Foxp3 Shapes Regulatory T Cell Identity by
Tuning the Activity of Trans-Acting Intermediaries. Immunity (2020) 53
(5):971–84.e5. doi: 10.1016/j.immuni.2020.10.010

14. Sakaguchi S, Sakaguchi N, Asano M, Itoh M, Toda M. Immunologic Self-
Tolerance Maintained by Activated T Cells Expressing IL-2 Receptor Alpha-
Chains (CD25). Breakdown of a Single Mechanism of Self-Tolerance Causes
Various Autoimmune Diseases. J Immunol (1995) 155:1151–64.

15. Almeida AR, Legrand N, Papiernik M, Freitas AA. Homeostasis of
Peripheral CD4+ T Cells: IL-2R Alpha and IL-2 Shape a Population of
Regulatory Cells That Controls CD4+ T Cell Numbers. J Immunol (2002)
169:4850–60. doi: 10.4049/jimmunol.169.9.4850

16. Lu L, Barbi J, Pan F. The Regulation of Immune Tolerance by FOXP3. Nat
Rev Immunol (2017) 17:703–17. doi: 10.1038/nri.2017.75

17. Alissafi T, Hatzioannou A, Legaki AI, Varveri A, Verginis P. Balancing
Cancer Immunotherapy and Immune-Related Adverse Events: The
Emerging Role of Regulatory T Cells. J Autoimmun (2019) 104:102310.
doi: 10.1016/j.jaut.2019.102310

18. Bu M, Shen Y, Seeger WL, An S, Qi R, Sanderson JA, et al. Ovarian
Carcinoma-Infiltrating Regulatory T Cells Were More Potent Suppressors of
CD8(+) T Cell Inflammation Than Their Peripheral Counterparts, a
Function Dependent on TIM3 Expression. Tumour Biol (2016) 37:3949–
56. doi: 10.1007/s13277-015-4237-x

19. Mittal SK, Cho KJ, Ishido S, Roche PA. Interleukin 10 (IL-10)-Mediated
Immunosuppression: March-I Induction Regulates Antigen Presentation by
Macrophages But Not Dendritic Cells. J Biol Chem (2015) 290:27158–67.
doi: 10.1074/jbc.M115.682708

20. Asseman C, Mauze S, Leach MW, Coffman RL, Powrie F. An Essential Role
for Interleukin 10 in the Function of Regulatory T Cells That Inhibit
Intestinal Inflammation. J Exp Med (1999) 190:995–1004. doi: 10.1084/
jem.190.7.995

21. Mann MK, Maresz K, Shriver LP, Tan Y, Dittel BN. B Cell Regulation of
CD4+CD25+ T Regulatory Cells and IL-10 via B7 Is Essential for Recovery
From Experimental Autoimmune Encephalomyelitis. J Immunol (2007)
178:3447–56. doi: 10.4049/jimmunol.178.6.3447

22. Sakaguchi S, Miyara M, Costantino CM, Hafler DA. FOXP3+ Regulatory T
Cells in the Human Immune System. Nat Rev Immunol (2010) 10:490–500.
doi: 10.1038/nri2785

23. Wang H, Franco F, Ho PC. Metabolic Regulation of Tregs in Cancer:
Opportunities for Immunotherapy. Trends Cancer (2017) 3:583–92. doi:
10.1016/j.trecan.2017.06.005
September 2021 | Volume 12 | Article 731947

https://doi.org/10.4049/jimmunol.176.8.4730
https://doi.org/10.1080/08830185.2019.1621310
https://doi.org/10.1038/ni904
https://doi.org/10.1126/science.1079490
https://doi.org/10.1038/83713
https://doi.org/10.1038/83707
https://doi.org/10.1038/ni909
https://doi.org/10.1038/83784
https://doi.org/10.1038/nature05563
https://doi.org/10.1038/ni.3835
https://doi.org/10.1038/ni.2868
https://doi.org/10.1038/nature05543
https://doi.org/10.1016/j.immuni.2020.10.010
https://doi.org/10.4049/jimmunol.169.9.4850
https://doi.org/10.1038/nri.2017.75
https://doi.org/10.1016/j.jaut.2019.102310
https://doi.org/10.1007/s13277-015-4237-x
https://doi.org/10.1074/jbc.M115.682708
https://doi.org/10.1084/jem.190.7.995
https://doi.org/10.1084/jem.190.7.995
https://doi.org/10.4049/jimmunol.178.6.3447
https://doi.org/10.1038/nri2785
https://doi.org/10.1016/j.trecan.2017.06.005
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Hatzioannou et al. Fragile Tregs: Autoimmunity and Cancer
24. Fahlen L, Read S, Gorelik L, Hurst SD, Coffman RL, Flavell RA, et al. T Cells
That Cannot Respond to TGF-Beta Escape Control by CD4(+)CD25(+)
Regulatory T Cells. J Exp Med (2005) 201:737–46. doi: 10.1084/
jem.20040685

25. Paluskievicz CM, Cao X, Abdi R, Zheng P, Liu Y, Bromberg JS. T Regulatory
Cells and Priming the Suppressive Tumor Microenvironment. Front
Immunol (2019) 10:2453–2507. doi: 10.3389/fimmu.2019.02453

26. Grossman WJ, Verbsky JW, Barchet W, Colonna M, Atkinson JP, Ley TJ.
Human T Regulatory Cells can Use the Perforin Pathway to Cause
Autologous Target Cell Death. Immunity (2004) 21:589–601. doi: 10.1016/
j.immuni.2004.09.002

27. Ren X, Ye F, Jiang Z, Chu Y, Xiong S, Wang Y. Involvement of Cellular
Death in TRAIL/DR5-Dependent Suppression Induced by CD4(+)CD25(+)
Regulatory T Cells. Cell Death Differ (2007) 14:2076–84. doi: 10.1038/
sj.cdd.4402220

28. Bodmer JL, Holler N, Reynard S, Vinciguerra P, Schneider P, Juo P, et al.
TRAIL Receptor-2 Signals Apoptosis Through FADD and Caspase-8. Nat
Cell Biol (2000) 2:241–3. doi: 10.1038/35008667

29. Delgoffe GM, Woo SR, Turnis ME, Gravano DM, Guy C, Overacre AE, et al.
Stability and Function of Regulatory T Cells Is Maintained by a Neuropilin-
1-Semaphorin-4a Axis. Nature (2013) 501:252–6. doi: 10.1038/nature12428

30. Cao X, Cai SF, Fehniger TA, Song J, Collins LI, Piwnica-Worms DR, et al.
Granzyme B and Perforin are Important for Regulatory T Cell-Mediated
Suppression of Tumor Clearance. Immunity (2007) 27:635–46. doi: 10.1016/
j.immuni.2007.08.014

31. Zhao DM, Thornton AM, DiPaolo RJ, Shevach EM. Activated CD4+CD25+
T Cells Selectively Kill B Lymphocytes. Blood (2006) 107:3925–32. doi:
10.1182/blood-2005-11-4502

32. Galgani M, De Rosa V, La Cava A, Matarese G. Role of Metabolism in the
Immunobiology of Regulatory T Cells. J Immunol (2016) 197:2567–75. doi:
10.4049/jimmunol.1600242

33. Angelin A, Gil-de-Gomez L, Dahiya S, Jiao J, Guo L, Levine MH, et al. Foxp3
Reprograms T Cell Metabolism to Function in Low-Glucose, High-Lactate
Environments. Cell Metab (2017) 5(6):1282–93.e7. doi: 10.1016/
j.cmet.2016.12.018

34. McKarns SC, Schwartz RH, Kaminski NE. Smad3 is Essential for TGF-Beta 1
to Suppress IL-2 Production and TCR-Induced Proliferation, But Not IL-2-
Induced Proliferation. J Immunol (2004) 172:4275–84. doi: 10.4049/
jimmunol.172.7.4275

35. Pandiyan P, Zheng L, Ishihara S, Reed J, Lenardo MJ. CD4+CD25+Foxp3+
Regulatory T Cells Induce Cytokine Deprivation-Mediated Apoptosis of
Effector CD4+ T Cells. Nat Immunol (2007) 8:1353–62. doi: 10.1038/ni1536

36. Wang H, Franco F, Tsui YC, Xie X, Trefny MP, Zappasodi R, et al. CD36-
Mediated Metabolic Adaptation Supports Regulatory T Cell Survival and
Function in Tumors. Nat Immunol (2020) 21:298–308. doi: 10.1038/s41590-
019-0589-5

37. Deaglio S, Dwyer KM, Gao W, Friedman D, Usheva A, Erat A, et al.
Adenosine Generation Catalyzed by CD39 and CD73 Expressed on
Regulatory T Cells Mediates Immune Suppression. J Exp Med (2007)
204:1257–65. doi: 10.1084/jem.20062512

38. Wilson JM, Ross WG, Agbai ON, Frazier R, Figler RA, Rieger J, et al. The
A2B Adenosine Receptor Impairs the Maturation and Immunogenicity of
Dendritic Cells. J Immunol (2009) 182:4616–23. doi: 10.4049/
jimmunol.0801279

39. Naganuma M, Wiznerowicz EB, Lappas CM, Linden J, Worthington MT,
Ernst PB. Cutting Edge: Critical Role for A2A Adenosine Receptors in the T
Cell-Mediated Regulation of Colitis. J Immunol (2006) 177:2765–9. doi:
10.4049/jimmunol.177.5.2765

40. Borsellino G, Kleinewietfeld M, Di Mitri D, Sternjak A, Diamantini A,
Giometto R, et al. Expression of Ectonucleotidase CD39 by Foxp3+ Treg
Cells: Hydrolysis of Extracellular ATP and Immune Suppression. Blood
(2007) 110:1225–32. doi: 10.1182/blood-2006-12-064527

41. Walker LS, SansomDM. The Emerging Role of CTLA4 as a Cell-Extrinsic Regulator
of T Cell Responses. Nat Rev Immunol (2011) 11:852–63. doi: 10.1038/nri3108

42. Alissafi T, Hatzioannou A, Ioannou M, Sparwasser T, Grun JR, Grutzkau A,
et al. De Novo-Induced Self-Antigen-Specific Foxp3+ Regulatory T Cells
Impair the Accumulation of Inflammatory Dendritic Cells in Draining
Frontiers in Immunology | www.frontiersin.org 14
Lymph Nodes. J Immunol (2015) 194:5812–24. doi: 10.4049/
jimmunol.1500111

43. Ovcinnikovs V, Ross EM, Petersone L, Edner NM, Heuts F, Ntavli E, et al.
CTLA-4-Mediated Transendocytosis of Costimulatory Molecules Primarily
Targets Migratory Dendritic Cells. Sci Immunol (2019) 4:eaaw0902. doi:
10.1126/sciimmunol.aaw0902

44. Onishi Y, Fehervari Z, Yamaguchi T, Sakaguchi S. Foxp3+ Natural
Regulatory T Cells Preferentially Form Aggregates on Dendritic Cells In
Vitro and Actively Inhibit Their Maturation. Proc Natl Acad Sci USA (2008)
105:10113–8. doi: 10.1073/pnas.0711106105

45. Zeng H, Yang K, Cloer C, Neale G, Vogel P, Chi H. Mtorc1 Couples Immune
Signals and Metabolic Programming to Establish T(reg)-Cell Function.
Nature (2013) 499:485–90. doi: 10.1038/nature12297

46. Alissafi T, Banos A, Boon L, Sparwasser T, Ghigo A, Wing K, et al. Tregs
Restrain Dendritic Cell Autophagy to Ameliorate Autoimmunity. J Clin
Invest (2017) 127:2789–804. doi: 10.1172/JCI92079

47. Sarris M, Andersen KG, Randow F, Mayr L, Betz AG. Neuropilin-1
Expression on Regulatory T Cells Enhances Their Interactions With
Dendritic Cells During Antigen Recognition. Immunity (2008) 28:402–13.
doi: 10.1016/j.immuni.2008.01.012

48. Liang B, Workman C, Lee J, Chew C, Dale BM, Colonna L, et al. Regulatory
T Cells Inhibit Dendritic Cells by Lymphocyte Activation Gene-3
Engagement of MHC Class II. J Immunol (2008) 180:5916–26. doi:
10.4049/jimmunol.180.9.5916

49. Yang K, Blanco DB, Neale G, Vogel P, Avila J, Clish CB, et al. Homeostatic
Control of Metabolic and Functional Fitness of Treg Cells by LKB1
Signalling. Nature (2017) 548:602–6. doi: 10.1038/nature23665

50. Huynh A, DuPage M, Priyadharshini B, Sage PT, Quiros J, Borges CM, et al.
Control of PI(3) Kinase in Treg Cells Maintains Homeostasis and Lineage
Stability. Nat Immunol (2015) 16:188–96. doi: 10.1038/ni.3077

51. Gerriets VA, Kishton RJ, Johnson MO, Cohen S, Siska PJ, Nichols AG, et al.
Foxp3 and Toll-Like Receptor Signaling Balance Treg Cell Anabolic
Metabolism for Suppression. Nat Immunol (2016) 17:1459–66. doi:
10.1038/ni.3577

52. Weinberg SE, Singer BD, Steinert EM, Martinez CA, Mehta MM, Martinez-
Reyes I, et al. Mitochondrial Complex III Is Essential for Suppressive
Function of Regulatory T Cells. Nature (2019) 565:495–9. doi: 10.1038/
s41586-018-0846-z

53. He N, Fan W, Henriquez B, Yu RT, Atkins AR, Liddle C, et al. Metabolic
Control of Regulatory T Cell (Treg) Survival and Function by Lkb1. Proc
Natl Acad Sci USA (2017) 114:12542–7. doi: 10.1073/pnas.1715363114

54. Newton R, Priyadharshini B, Turka LA. Immunometabolism of Regulatory
T Cells. Nat Immunol (2016) 17:618–25. doi: 10.1038/ni.3466

55. Pacella I, Procaccini C, Focaccetti C, Miacci S, Timperi E, Faicchia D, et al.
Fatty Acid Metabolism Complements Glycolysis in the Selective Regulatory
T Cell Expansion During Tumor Growth. Proc Natl Acad Sci USA (2018)
115:E6546–E55. doi: 10.1073/pnas.1720113115

56. 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) 463:808–12. doi: 10.1038/nature08750

57. 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) 18:173–83. doi:
10.1038/ni.3646

58. Baron U, Floess S, Wieczorek G, Baumann K, Grutzkau A, Dong J, et al.
DNA Demethylation in the Human FOXP3 Locus Discriminates Regulatory
T Cells From Activated FOXP3(+) Conventional T Cells. Eur J Immunol
(2007) 37:2378–89. doi: 10.1002/eji.200737594

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

60. Mantel PY, Ouaked N, Ruckert B, Karagiannidis C, Welz R, Blaser K, et al.
Molecular Mechanisms Underlying FOXP3 Induction in Human T Cells.
J Immunol (2006) 176:3593–602. doi: 10.4049/jimmunol.176.6.3593

61. 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
September 2021 | Volume 12 | Article 731947

https://doi.org/10.1084/jem.20040685
https://doi.org/10.1084/jem.20040685
https://doi.org/10.3389/fimmu.2019.02453
https://doi.org/10.1016/j.immuni.2004.09.002
https://doi.org/10.1016/j.immuni.2004.09.002
https://doi.org/10.1038/sj.cdd.4402220
https://doi.org/10.1038/sj.cdd.4402220
https://doi.org/10.1038/35008667
https://doi.org/10.1038/nature12428
https://doi.org/10.1016/j.immuni.2007.08.014
https://doi.org/10.1016/j.immuni.2007.08.014
https://doi.org/10.1182/blood-2005-11-4502
https://doi.org/10.4049/jimmunol.1600242
https://doi.org/10.1016/j.cmet.2016.12.018
https://doi.org/10.1016/j.cmet.2016.12.018
https://doi.org/10.4049/jimmunol.172.7.4275
https://doi.org/10.4049/jimmunol.172.7.4275
https://doi.org/10.1038/ni1536
https://doi.org/10.1038/s41590-019-0589-5
https://doi.org/10.1038/s41590-019-0589-5
https://doi.org/10.1084/jem.20062512
https://doi.org/10.4049/jimmunol.0801279
https://doi.org/10.4049/jimmunol.0801279
https://doi.org/10.4049/jimmunol.177.5.2765
https://doi.org/10.1182/blood-2006-12-064527
https://doi.org/10.1038/nri3108
https://doi.org/10.4049/jimmunol.1500111
https://doi.org/10.4049/jimmunol.1500111
https://doi.org/10.1126/sciimmunol.aaw0902
https://doi.org/10.1073/pnas.0711106105
https://doi.org/10.1038/nature12297
https://doi.org/10.1172/JCI92079
https://doi.org/10.1016/j.immuni.2008.01.012
https://doi.org/10.4049/jimmunol.180.9.5916
https://doi.org/10.1038/nature23665
https://doi.org/10.1038/ni.3077
https://doi.org/10.1038/ni.3577
https://doi.org/10.1038/s41586-018-0846-z
https://doi.org/10.1038/s41586-018-0846-z
https://doi.org/10.1073/pnas.1715363114
https://doi.org/10.1038/ni.3466
https://doi.org/10.1073/pnas.1720113115
https://doi.org/10.1038/nature08750
https://doi.org/10.1038/ni.3646
https://doi.org/10.1002/eji.200737594
https://doi.org/10.1084/jem.20070109
https://doi.org/10.4049/jimmunol.176.6.3593
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Hatzioannou et al. Fragile Tregs: Autoimmunity and Cancer
These Cells In Vivo. Blood (2006) 108:1571–9. doi: 10.1182/blood-2006-02-
004747

62. 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:e38. doi:
10.1371/journal.pbio.0050038

63. Wieczorek G, Asemissen A, Model F, Turbachova I, Floess S, Liebenberg V,
et al. Quantitative DNA Methylation Analysis of FOXP3 as a New Method
for Counting Regulatory T Cells in Peripheral Blood and Solid Tissue.
Cancer Res (2009) 69:599–608. doi: 10.1158/0008-5472.CAN-08-2361

64. 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

65. 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) 9:194–202. doi: 10.1038/ni1549

66. Harada Y, Harada Y, Elly C, Ying G, Paik JH, DePinho RA, et al.
Transcription Factors Foxo3a and Foxo1 Couple the E3 Ligase Cbl-B to
the Induction of Foxp3 Expression in Induced Regulatory T Cells. J Exp Med
(2010) 207:1381–91. doi: 10.1084/jem.20100004

67. Ouyang W, Beckett O, Ma Q, Paik JH, DePinho RA, Li MO. Foxo Proteins
Cooperatively Control the Differentiation of Foxp3+ Regulatory T Cells. Nat
Immunol (2010) 11:618–27. doi: 10.1038/ni.1884

68. 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) 158:749–63. doi: 10.1016/j.cell.2014.07.031

69. Polansky JK, Schreiber L, Thelemann C, Ludwig L, Kruger M, Baumgrass R,
et al. Methylation Matters: Binding of Ets-1 to the Demethylated Foxp3
Gene Contributes to the Stabilization of Foxp3 Expression in Regulatory T
Cells. J Mol Med (Berl) (2010) 88:1029–40. doi: 10.1007/s00109-010-0642-1

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

71. Gu J, Ni X, Pan X, Lu H, Lu Y, Zhao J, et al. Human CD39(hi) Regulatory T
Cells Present Stronger Stability and Function Under Inflammatory
Conditions. Cell Mol Immunol (2017) 14:521–8. doi: 10.1038/cmi.2016.30

72. Arroyo Hornero R, Betts GJ, Sawitzki B, Vogt K, Harden PN, Wood KJ.
CD45RA Distinguishes CD4+CD25+CD127-/Low TSDR Demethylated
Regulatory T Cell Subpopulations With Differential Stability and
Susceptibility to Tacrolimus-Mediated Inhibition of Suppression.
Transplantation (2017) 101:302–9. doi: 10.1097/TP.0000000000001278

73. Ohkura N, Kitagawa Y, Sakaguchi S. Development and Maintenance of
Regulatory T Cells. Immunity (2013) 38:414–23. doi: 10.1016/j.immuni.
2013.03.002

74. 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) 37:785–99. doi: 10.1016/
j.immuni.2012.09.010

75. Song X, Li B, Xiao Y, Chen C, Wang Q, Liu Y, et al. Structural and Biological
Features of FOXP3 Dimerization Relevant to Regulatory T Cell Function.
Cell Rep (2012) 1:665–75. doi: 10.1016/j.celrep.2012.04.012

76. Wang L, Kumar S, Dahiya S, Wang F, Wu J, Newick K, et al. Ubiquitin-
Specific Protease-7 Inhibition Impairs Tip60-Dependent Foxp3+ T-
Regulatory Cell Function and Promotes Antitumor Immunity.
EBioMedicine (2016) 13:99–112. doi: 10.1016/j.ebiom.2016.10.018

77. Li C, Jiang S, Liu SQ, Lykken E, Zhao LT, Sevilla J, et al. MeCP2 Enforces
Foxp3 Expression to Promote Regulatory T Cells’ Resilience to
Inflammation. Proc Natl Acad Sci USA (2014) 111:E2807–16. doi: 10.1073/
pnas.1401505111

78. Wu C, Thalhamer T, Franca RF, Xiao S, Wang C, Hotta C, et al. Galectin-9-
CD44 Interaction Enhances Stability and Function of Adaptive Regulatory T
Cells. Immunity (2014) 41:270–82. doi: 10.1016/j.immuni.2014.06.011

79. Morawski PA, Mehra P, Chen C, Bhatti T, Wells AD. Foxp3 Protein Stability
Is Regulated by Cyclin-Dependent Kinase 2. J Biol Chem (2013) 288:24494–
502. doi: 10.1074/jbc.M113.467704
Frontiers in Immunology | www.frontiersin.org 15
80. Zhang Y, Chen Z, Luo X, Wu B, Li B, Wang B. Cimetidine Down-Regulates
Stability of Foxp3 Protein via Stub1 in Treg Cells. Hum Vaccin Immunother
(2016) 12:2512–8. doi: 10.1080/21645515.2016.1191719

81. Koch MA, Tucker-Heard G, Perdue NR, Killebrew JR, Urdahl KB, Campbell
DJ. The Transcription Factor T-Bet Controls Regulatory T Cell Homeostasis
and Function During Type 1 Inflammation. Nat Immunol (2009) 10:595–
602. doi: 10.1038/ni.1731

82. Szabo SJ, Kim ST, Costa GL, Zhang X, Fathman CG, Glimcher LH. A Novel
Transcription Factor, T-Bet, Directs Th1 Lineage Commitment. Cell (2000)
100:655–69. doi: 10.1016/S0092-8674(00)80702-3

83. Tan TG, Mathis D, Benoist C. Singular Role for T-BET+CXCR3+ Regulatory
T Cells in Protection From Autoimmune Diabetes. Proc Natl Acad Sci USA
(2016) 113:14103–8. doi: 10.1073/pnas.1616710113

84. Bovenschen HJ, van de Kerkhof PC, van Erp PE, Woestenenk R, Joosten I,
Koenen HJ. Foxp3+ Regulatory T Cells of Psoriasis Patients Easily
Differentiate Into IL-17A-Producing Cells and Are Found in Lesional
Skin. J Invest Dermatol (2011) 131:1853–60. doi: 10.1038/jid.2011.139

85. Wollenberg I, Agua-Doce A, Hernandez A, Almeida C, Oliveira VG, Faro J, et al.
Regulation of the Germinal Center Reaction by Foxp3+ Follicular Regulatory T
Cells. J Immunol (2011) 187:4553–60. doi: 10.4049/jimmunol.1101328

86. Zheng Y, Chaudhry A, Kas A, deRoos P, Kim JM, Chu TT, et al. Regulatory
T-Cell Suppressor Program Co-Opts Transcription Factor IRF4 to Control T
(H)2 Responses. Nature (2009) 458:351–6. doi: 10.1038/nature07674

87. Halim L, Romano M, McGregor R, Correa I, Pavlidis P, Grageda N, et al. An
Atlas of Human Regulatory T Helper-Like Cells Reveals Features of Th2-
Like Tregs That Support a Tumorigenic Environment. Cell Rep (2017)
20:757–70. doi: 10.1016/j.celrep.2017.06.079

88. Voo KS, Wang YH, Santori FR, Boggiano C, Wang YH, Arima K, et al.
Identification of IL-17-Producing FOXP3+ Regulatory T Cells in Humans.
Proc Natl Acad Sci USA (2009) 106:4793–8. doi: 10.1073/pnas.0900408106

89. Overacre-Delgoffe AE, Chikina M, Dadey RE, Yano H, Brunazzi EA, Shayan
G, et al. Interferon-Gamma Drives Treg Fragility to Promote Anti-Tumor
Immunity. Cell (2017) 169(6):1130–41.e11. doi: 10.1016/j.cell.2017.05.005

90. Hatzioannou A, Banos A, Sakelaropoulos T, Fedonidis C, Vidali MS, KohneM,
et al. An Intrinsic Role of IL-33 in Treg Cell-Mediated Tumor Immunoevasion.
Nat Immunol (2020) 21:75–85. doi: 10.1038/s41590-019-0555-2

91. Kim BS, Lu H, Ichiyama K, Chen X, Zhang YB, Mistry NA, et al. Generation of
RORgammat(+) Antigen-Specific T Regulatory 17 Cells From Foxp3(+) Precursors
in Autoimmunity. Cell Rep (2017) 21:195–207. doi: 10.1016/j.celrep.2017.09.021

92. Deng J, Wei Y, Fonseca VR, Graca L, Yu D. T Follicular Helper Cells and T
Follicular Regulatory Cells in Rheumatic Diseases. Nat Rev Rheumatol
(2019) 15:475–90. doi: 10.1038/s41584-019-0254-2

93. Eschweiler S, Clarke J, Ramirez-Suastegui C, Panwar B, Madrigal A, Chee SJ,
et al. Intratumoral Follicular Regulatory T Cells Curtail Anti-PD-1 Treatment
Efficacy. Nat Immunol (2021) 22:1052–63. doi: 10.1038/s41590-021-00958-6

94. Ma H, Gao W, Sun X, Wang W. STAT5 and TET2 Cooperate to Regulate
FOXP3-TSDR Demethylation in CD4(+) T Cells of Patients With Colorectal
Cancer. J Immunol Res (2018) 2018:6985031. doi: 10.1155/2018/6985031

95. Wang D, Quiros J, Mahuron K, Pai CC, Ranzani V, Young A, et al. Targeting
EZH2 Reprograms Intratumoral Regulatory T Cells to Enhance Cancer
Immunity. Cell Rep (2018) 23:3262–74. doi: 10.1016/j.celrep.2018.05.050

96. Grinberg-Bleyer Y, Oh H, Desrichard A, Bhatt DM, Caron R, Chan TA, et al.
NF-kappaB C-Rel Is Crucial for the Regulatory T Cell Immune Checkpoint
in Cancer. Cell (2017) 170(6):1096–108.e13. doi: 10.1016/j.cell.2017.08.004

97. Nakagawa H, Sido JM, Reyes EE, Kiers V, Cantor H, Kim HJ. Instability of
Helios-Deficient Tregs is Associated With Conversion to a T-Effector
Phenotype and Enhanced Antitumor Immunity. Proc Natl Acad Sci USA
(2016) 113:6248–53. doi: 10.1073/pnas.1604765113

98. Hwang SM, Sharma G, Verma R, Byun S, Rudra D, Im SH. Inflammation-
Induced Id2 Promotes Plasticity in Regulatory T Cells. Nat Commun (2018)
9:4736–69. doi: 10.1038/s41467-018-07254-2

99. Yu X, Lao Y, Teng XL, Li S, Zhou Y, Wang F, et al. SENP3 Maintains the
Stability and Function of Regulatory T Cells via BACH2 Desumoylation. Nat
Commun (2018) 9:3157–89. doi: 10.1038/s41467-018-05676-6

100. Qin A, Wen Z, Zhou Y, Li Y, Li Y, Luo J, et al. MicroRNA-126 Regulates the
Induction and Function of CD4(+) Foxp3(+) Regulatory T Cells Through
September 2021 | Volume 12 | Article 731947

https://doi.org/10.1182/blood-2006-02-004747
https://doi.org/10.1182/blood-2006-02-004747
https://doi.org/10.1371/journal.pbio.0050038
https://doi.org/10.1158/0008-5472.CAN-08-2361
https://doi.org/10.1016/j.immuni.2021.04.005
https://doi.org/10.1038/ni1549
https://doi.org/10.1084/jem.20100004
https://doi.org/10.1038/ni.1884
https://doi.org/10.1016/j.cell.2014.07.031
https://doi.org/10.1007/s00109-010-0642-1
https://doi.org/10.4049/jimmunol.1502352
https://doi.org/10.1038/cmi.2016.30
https://doi.org/10.1097/TP.0000000000001278
https://doi.org/10.1016/j.immuni.2013.03.002
https://doi.org/10.1016/j.immuni.2013.03.002
https://doi.org/10.1016/j.immuni.2012.09.010
https://doi.org/10.1016/j.immuni.2012.09.010
https://doi.org/10.1016/j.celrep.2012.04.012
https://doi.org/10.1016/j.ebiom.2016.10.018
https://doi.org/10.1073/pnas.1401505111
https://doi.org/10.1073/pnas.1401505111
https://doi.org/10.1016/j.immuni.2014.06.011
https://doi.org/10.1074/jbc.M113.467704
https://doi.org/10.1080/21645515.2016.1191719
https://doi.org/10.1038/ni.1731
https://doi.org/10.1016/S0092-8674(00)80702-3
https://doi.org/10.1073/pnas.1616710113
https://doi.org/10.1038/jid.2011.139
https://doi.org/10.4049/jimmunol.1101328
https://doi.org/10.1038/nature07674
https://doi.org/10.1016/j.celrep.2017.06.079
https://doi.org/10.1073/pnas.0900408106
https://doi.org/10.1016/j.cell.2017.05.005
https://doi.org/10.1038/s41590-019-0555-2
https://doi.org/10.1016/j.celrep.2017.09.021
https://doi.org/10.1038/s41584-019-0254-2
https://doi.org/10.1038/s41590-021-00958-6
https://doi.org/10.1155/2018/6985031
https://doi.org/10.1016/j.celrep.2018.05.050
https://doi.org/10.1016/j.cell.2017.08.004
https://doi.org/10.1073/pnas.1604765113
https://doi.org/10.1038/s41467-018-07254-2
https://doi.org/10.1038/s41467-018-05676-6
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Hatzioannou et al. Fragile Tregs: Autoimmunity and Cancer
PI3K/AKT Pathway. J Cell Mol Med (2013) 17:252–64. doi: 10.1111/
jcmm.12003

101. Sharma MD, Shinde R, McGaha TL, Huang L, Holmgaard RB, Wolchok JD,
et al. The PTEN Pathway in Tregs Is a Critical Driver of the Suppressive
Tumor Microenvironment. Sci Adv (2015) 1:e1500845. doi: 10.1126/
sciadv.1500845

102. Di Pilato M, Kim EY, Cadilha BL, Prussmann JN, Nasrallah MN, Seruggia D,
et al. Targeting the CBM Complex Causes Treg Cells to Prime Tumours for
Immune Checkpoint Therapy. Nature (2019) 570:112–6. doi: 10.1038/
s41586-019-1215-2

103. Watson MJ, Vignali PDA, Mullett SJ, Overacre-Delgoffe AE, Peralta RM,
Grebinoski S, et al. Metabolic Support of Tumour-Infiltrating Regulatory T
Cells by Lactic Acid. Nature (2021) 591:645–51. doi: 10.1038/s41586-020-
03045-2

104. Wei J, Long L, Yang K, Guy C, Shrestha S, Chen Z, et al. Autophagy Enforces
Functional Integrity of Regulatory T Cells by Coupling Environmental Cues
and Metabolic Homeostasis. Nat Immunol (2016) 17:277–85. doi: 10.1038/
ni.3365

105. Yu X, Teng XL, Wang F, Zheng Y, Qu G, Zhou Y, et al. Metabolic Control of
Regulatory T Cell Stability and Function by TRAF3IP3 at the Lysosome.
J Exp Med (2018) 215:2463–76. doi: 10.1084/jem.20180397

106. Li L, Liu X, Sanders KL, Edwards JL, Ye J, Si F, et al. TLR8-Mediated
Metabolic Control of Human Treg Function: A Mechanistic Target for
Cancer Immunotherapy. Cell Metab (2019) 29(1):103–23.e5. doi: 10.1016/
j.cmet.2018.09.020

107. Sharma MD, Hou DY, Liu Y, Koni PA, Metz R, Chandler P, et al.
Indoleamine 2,3-Dioxygenase Controls Conversion of Foxp3+ Tregs to
TH17-Like Cells in Tumor-Draining Lymph Nodes. Blood (2009)
113:6102–11. doi: 10.1182/blood-2008-12-195354

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

109. Chen Z, Barbi J, Bu S, Yang HY, Li Z, Gao Y, et al. The Ubiquitin Ligase
Stub1 Negatively Modulates Regulatory T Cell Suppressive Activity by
Promoting Degradation of the Transcription Factor Foxp3. Immunity
(2013) 39:272–85. doi: 10.1016/j.immuni.2013.08.006

110. van Loosdregt J, Vercoulen Y, Guichelaar T, Gent YY, Beekman JM, van
Beekum O, et al. Regulation of Treg Functionality by Acetylation-Mediated
Foxp3 Protein Stabilization. Blood (2010) 115:965–74. doi: 10.1182/blood-
2009-02-207118

111. Bettini ML, Pan F, Bettini M, Finkelstein D, Rehg JE, Floess S, et al. Loss of
Epigenetic Modification Driven by the Foxp3 Transcription Factor Leads to
Regulatory T Cell Insufficiency. Immunity (2012) 36:717–30. doi: 10.1016/
j.immuni.2012.03.020

112. Zhang Y, Wu BX, Metelli A, Thaxton JE, Hong F, Rachidi S, et al. GP96 is a
GARP Chaperone and Controls Regulatory T Cell Functions. J Clin Invest
(2015) 125:859–69. doi: 10.1172/JCI79014

113. McClymont SA, Putnam AL, Lee MR, Esensten JH, Liu W, Hulme MA, et al.
Plasticity of Human Regulatory T Cells in Healthy Subjects and Patients
With Type 1 Diabetes. J Immunol (2011) 186:3918–26. doi: 10.4049/
jimmunol.1003099

114. Rakebrandt N, Littringer K, Joller N. Regulatory T Cells: Balancing
Protection Versus Pathology. Swiss Med Wkly (2016) 146:w14343. doi:
10.4414/smw.2016.14343

115. Piconese S, Timperi E, Barnaba V. ‘Hardcore’ Ox40 + Immunosuppressive
Regulatory T Cells in Hepatic Cirrhosis and Cancer. Oncoimmunology
(2014) 3:e29257. doi: 10.4161/onci.29257

116. Kitz A, de Marcken M, Gautron AS, Mitrovic M, Hafler DA, Dominguez-
Villar M. AKT Isoforms Modulate Th1-Like Treg Generation and Function
in Human Autoimmune Disease. EMBO Rep (2016) 17:1169–83. doi:
10.15252/embr.201541905

117. Ouyang W, Liao W, Luo CT, Yin N, Huse M, Kim MV, et al. Novel Foxo1-
Dependent Transcriptional Programs Control T(reg) Cell Function. Nature
(2012) 491:554–9. doi: 10.1038/nature11581

118. Newton RH, Shrestha S, Sullivan JM, Yates KB, Compeer EB, Ron-Harel N,
et al. Maintenance of CD4 T Cell Fitness Through Regulation of Foxo1. Nat
Immunol (2018) 19:838–48. doi: 10.1038/s41590-018-0157-4
Frontiers in Immunology | www.frontiersin.org 16
119. Alissafi T, Kalafati L, Lazari M, Filia A, Kloukina I, Manifava M, et al.
Mitochondrial Oxidative Damage Underlies Regulatory T Cell Defects in
Autoimmunity. Cell Metab (2020) 32(4):591–604.e7. doi: 10.1016/
j.cmet.2020.07.001

120. Schenk U, Frascoli M, Proietti M, Geffers R, Traggiai E, Buer J, et al. ATP
Inhibits the Generation and Function of Regulatory T Cells Through the
Activation of Purinergic P2X Receptors. Sci Signal (2011) 4:ra12. doi:
10.1126/scisignal.2001270

121. Magni G, Ceruti S. Adenosine Signaling in Autoimmune Disorders. Pharm
(Basel) (2020) 13:260–311. doi: 10.3390/ph13090260

122. Gerriets VA, Kishton RJ, Johnson MO, Cohen S, Siska PJ, Nichols AG, et al.
Foxp3 and Toll-Like Receptor Signaling Balance T. Nat Immunol (2016)
17:1459–66. doi: 10.1038/ni.3577

123. Li W, Qu G, Choi SC, Cornaby C, Titov A, Kanda N, et al. Targeting T Cell
Activation and Lupus Autoimmune Phenotypes by Inhibiting Glucose
Transporters. Front Immunol (2019) 10:833. doi: 10.3389/fimmu.2019.00833

124. Lee JH, Elly C, Park Y, Liu YC. E3 Ubiquitin Ligase VHL Regulates Hypoxia-
Inducible Factor-1a to Maintain Regulatory T Cell Stability and Suppressive
Capacity. Immunity (2015) 42:1062–74. doi: 10.1016/j.immuni.2015.05.016

125. Hatziioannou A, Alissafi T, Verginis P. Myeloid-Derived Suppressor Cells
and T Regulatory Cells in Tumors: Unraveling the Dark Side of the Force.
J Leukoc Biol (2017) 102:407–21. doi: 10.1189/jlb.5VMR1116-493R

126. Onizuka S, Tawara I, Shimizu J, Sakaguchi S, Fujita T, Nakayama E. Tumor
Rejection by In Vivo Administration of Anti-CD25 (Interleukin-2 Receptor
Alpha) Monoclonal Antibody. Cancer Res (1999) 59:3128–33.

127. Shimizu J, Yamazaki S, Sakaguchi S. Induction of Tumor Immunity by
Removing CD25+CD4+ T Cells: A Common Basis Between Tumor
Immunity and Autoimmunity. J Immunol (1999) 163:5211–8.

128. Fridman WH, Pages F, Sautes-Fridman C, Galon J. The Immune Contexture
in Human Tumours: Impact on Clinical Outcome. Nat Rev Cancer (2012)
12:298–306. doi: 10.1038/nrc3245

129. Sharabi A, Tsokos MG, Ding Y, Malek TR, Klatzmann D, Tsokos GC.
Regulatory T Cells in the Treatment of Disease. Nat Rev Drug Discov (2018)
17:823–44. doi: 10.1038/nrd.2018.148

130. Togashi Y, Shitara K, Nishikawa H. Regulatory T Cells in Cancer
Immunosuppression - Implications for Anticancer Therapy. Nat Rev Clin
Oncol (2019) 16:356–71. doi: 10.1038/s41571-019-0175-7

131. Hiraoka N, Onozato K, Kosuge T, Hirohashi S. Prevalence of FOXP3+
Regulatory T Cells Increases During the Progression of Pancreatic Ductal
Adenocarcinoma and Its Premalignant Lesions. Clin Cancer Res (2006)
12:5423–34. doi: 10.1158/1078-0432.CCR-06-0369

132. Sasada T, Kimura M, Yoshida Y, Kanai M, Takabayashi A. CD4+CD25+
Regulatory T Cells in Patients With Gastrointestinal Malignancies: Possible
Involvement of Regulatory T Cells in Disease Progression. Cancer (2003)
98:1089–99. doi: 10.1002/cncr.11618

133. Ichihara F, Kono K, Takahashi A, Kawaida H, Sugai H, Fujii H. Increased
Populations of Regulatory T Cells in Peripheral Blood and Tumor-
Infiltrating Lymphocytes in Patients With Gastric and Esophageal Cancers.
Clin Cancer Res (2003) 9:4404–8.

134. Liyanage UK, Moore TT, Joo HG, Tanaka Y, Herrmann V, Doherty G, et al.
Prevalence of Regulatory T Cells is Increased in Peripheral Blood and Tumor
Microenvironment of Patients With Pancreas or Breast Adenocarcinoma.
J Immunol (2002) 169:2756–61. doi: 10.4049/jimmunol.169.5.2756

135. Hindley JP, Ferreira C, Jones E, Lauder SN, Ladell K, Wynn KK, et al. Analysis of
the T-Cell Receptor Repertoires of Tumor-Infiltrating Conventional and
Regulatory T Cells Reveals No Evidence for Conversion in Carcinogen-Induced
Tumors. Cancer Res (2011) 71:736–46. doi: 10.1158/0008-5472.CAN-10-1797

136. Valzasina B, Piconese S, Guiducci C, Colombo MP. Tumor-Induced
Expansion of Regulatory T Cells by Conversion of CD4+CD25-
Lymphocytes Is Thymus and Proliferation Independent. Cancer Res (2006)
66:4488–95. doi: 10.1158/0008-5472.CAN-05-4217

137. Nishikawa H, Kato T, Tanida K, Hiasa A, Tawara I, Ikeda H, et al. CD4+
CD25+ T Cells Responding to Serologically Defined Autoantigens Suppress
Antitumor Immune Responses. Proc Natl Acad Sci USA (2003) 100:10902–6.
doi: 10.1073/pnas.1834479100

138. Adeegbe DO, Liu Y, Lizotte PH, Kamihara Y, Aref AR, Almonte C, et al.
Synergistic Immunostimulatory Effects and Therapeutic Benefit of
September 2021 | Volume 12 | Article 731947

https://doi.org/10.1111/jcmm.12003
https://doi.org/10.1111/jcmm.12003
https://doi.org/10.1126/sciadv.1500845
https://doi.org/10.1126/sciadv.1500845
https://doi.org/10.1038/s41586-019-1215-2
https://doi.org/10.1038/s41586-019-1215-2
https://doi.org/10.1038/s41586-020-03045-2
https://doi.org/10.1038/s41586-020-03045-2
https://doi.org/10.1038/ni.3365
https://doi.org/10.1038/ni.3365
https://doi.org/10.1084/jem.20180397
https://doi.org/10.1016/j.cmet.2018.09.020
https://doi.org/10.1016/j.cmet.2018.09.020
https://doi.org/10.1182/blood-2008-12-195354
https://doi.org/10.1016/j.cell.2014.07.030
https://doi.org/10.1016/j.immuni.2013.08.006
https://doi.org/10.1182/blood-2009-02-207118
https://doi.org/10.1182/blood-2009-02-207118
https://doi.org/10.1016/j.immuni.2012.03.020
https://doi.org/10.1016/j.immuni.2012.03.020
https://doi.org/10.1172/JCI79014
https://doi.org/10.4049/jimmunol.1003099
https://doi.org/10.4049/jimmunol.1003099
https://doi.org/10.4414/smw.2016.14343
https://doi.org/10.4161/onci.29257
https://doi.org/10.15252/embr.201541905
https://doi.org/10.1038/nature11581
https://doi.org/10.1038/s41590-018-0157-4
https://doi.org/10.1016/j.cmet.2020.07.001
https://doi.org/10.1016/j.cmet.2020.07.001
https://doi.org/10.1126/scisignal.2001270
https://doi.org/10.3390/ph13090260
https://doi.org/10.1038/ni.3577
https://doi.org/10.3389/fimmu.2019.00833
https://doi.org/10.1016/j.immuni.2015.05.016
https://doi.org/10.1189/jlb.5VMR1116-493R
https://doi.org/10.1038/nrc3245
https://doi.org/10.1038/nrd.2018.148
https://doi.org/10.1038/s41571-019-0175-7
https://doi.org/10.1158/1078-0432.CCR-06-0369
https://doi.org/10.1002/cncr.11618
https://doi.org/10.4049/jimmunol.169.5.2756
https://doi.org/10.1158/0008-5472.CAN-10-1797
https://doi.org/10.1158/0008-5472.CAN-05-4217
https://doi.org/10.1073/pnas.1834479100
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Hatzioannou et al. Fragile Tregs: Autoimmunity and Cancer
Combined Histone Deacetylase and Bromodomain Inhibition in Non-Small
Cell Lung Cancer. Cancer Discov (2017) 7:852–67. doi: 10.1158/2159-
8290.CD-16-1020

139. Adeegbe DO, Liu S, Hattersley MM, Bowden M, Zhou CW, Li S, et al. BET
Bromodomain Inhibition Cooperates With PD-1 Blockade to Facilitate
Antitumor Response in Kras-Mutant Non-Small Cell Lung Cancer. Cancer
Immunol Res (2018) 6:1234–45. doi: 10.1158/2326-6066.CIR-18-0077

140. Li L, Kim J, Boussiotis VA. IL-1beta-Mediated Signals Preferentially Drive
Conversion of Regulatory T Cells But Not Conventional T Cells Into IL-17-
Producing Cells. J Immunol (2010) 185:4148–53. doi: 10.4049/
jimmunol.1001536

141. Li MO, Rudensky AY. T Cell Receptor Signalling in the Control of
Regulatory T Cell Differentiation and Function. Nat Rev Immunol (2016)
16:220–33. doi: 10.1038/nri.2016.26

142. Lim SA, Wei J, Nguyen TM, Shi H, Su W, Palacios G, et al. Lipid Signalling
Enforces Functional Specialization of Treg Cells in Tumours. Nature (2021)
591:306–11. doi: 10.1038/s41586-021-03235-6

143. Lowther DE, Goods BA, Lucca LE, Lerner BA, Raddassi K, van Dijk D, et al.
PD-1 Marks Dysfunctional Regulatory T Cells in Malignant Gliomas. JCI
Insight (2016) 1:e85935. doi: 10.1172/jci.insight.85935

144. Wahren-Herlenius M, Dörner T. Immunopathogenic Mechanisms of
Systemic Autoimmune Disease. Lancet (2013) 382:819–31. doi: 10.1016/
S0140-6736(13)60954-X

145. Carbone F, De Rosa V, Carrieri PB, Montella S, Bruzzese D, Porcellini A,
et al. Regulatory T Cell Proliferative Potential Is Impaired in Human
Autoimmune Disease. Nat Med (2014) 20:69–74. doi: 10.1038/nm.3411

146. Dominguez-Villar M, Hafler DA. Regulatory T Cells in Autoimmune
Disease. Nat Immunol (2018) 19:665–73. doi: 10.1038/s41590-018-0120-4

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

148. Grant CR, Liberal R, Mieli-Vergani G, Vergani D, LonghiMS. Regulatory T-Cells
in Autoimmune Diseases: Challenges, Controversies and–Yet–Unanswered
Questions. Autoimmun Rev (2015) 14:105–16. doi: 10.1016/j.autrev.2014.10.012

149. Long SA, Buckner JH. CD4+FOXP3+ T Regulatory Cells in Human
Autoimmunity: More Than a Numbers Game. J Immunol (2011)
187:2061–6. doi: 10.4049/jimmunol.1003224

150. Viglietta V, Baecher-Allan C, Weiner HL, Hafler DA. Loss of Functional
Suppression by CD4+CD25+ Regulatory T Cells in Patients With Multiple
Sclerosis. J Exp Med (2004) 199:971–9. doi: 10.1084/jem.20031579

151. Williams LM, Rudensky AY. Maintenance of the Foxp3-Dependent
Developmental Program in Mature Regulatory T Cells Requires Continued
Expression of Foxp3. Nat Immunol (2007) 8:277–84. doi: 10.1038/ni1437

152. Komatsu N, Mariotti-Ferrandiz ME, Wang Y, Malissen B, Waldmann H,
Hori S. Heterogeneity of Natural Foxp3+ T Cells: A Committed Regulatory
T-Cell Lineage and an Uncommitted Minor Population Retaining Plasticity.
Proc Natl Acad Sci USA (2009) 106:1903–8. doi: 10.1073/pnas.0811556106

153. Komatsu N, Okamoto K, Sawa S, Nakashima T, Oh-hora M, Kodama T, et al.
Pathogenic Conversion of Foxp3+ T Cells Into TH17 Cells in Autoimmune
Arthritis. Nat Med (2014) 20:62–8. doi: 10.1038/nm.3432

154. Rubtsov YP, Niec RE, Josefowicz S, Li L, Darce J, Mathis D, et al. Stability of
the Regulatory T Cell Lineage In Vivo. Science (2010) 329:1667–71. doi:
10.1126/science.1191996

155. Zhou X, Bailey-Bucktrout SL, Jeker LT, Penaranda C, Martıńez-Llordella M,
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