Li et al. Molecular Cancer (2020) 19:116
https://doi.org/10.1186/s12943-020-01234-1

Molecular Cancer

REVIEW Open Access

Regulatory T cells in tumor

microenvironment: new mechanisms,
potential therapeutic strategies and future
prospects

Chunxiao Li" @, Ping Jiang', Shuhua Wei', Xiaofei Xu** and Junjie Wang'"

Abstract

Regulatory T cells (Tregs) characterized by the expression of the master transcription factor forkhead box protein p3
(Foxp3) suppress anticancer immunity, thereby hindering protective immunosurveillance of tumours and
hampering effective antitumour immune responses in tumour-bearing hosts, constitute a current research hotspot
in the field. However, Tregs are also essential for the maintenance of the immune tolerance of the body and share
many molecular signalling pathways with conventional T cells, including cytotoxic T cells, the primary mediators of
tumour immunity. Hence, the inability to specifically target and neutralize Tregs in the tumour microenvironment
without globally compromising self-tolerance poses a significant challenge. Here, we review recent advances in
characterizing tumour-infiltrating Tregs with a focus on the functional roles of costimulatory and inhibitory
receptors in Tregs, evaluate their potential as clinical targets, and systematically summarize their roles in potential
treatment strategies. Also, we propose modalities to integrate our increasing knowledge on Tregs phenotype and
function for the rational design of checkpoint inhibitor-based combination therapies. Finally, we propose possible

treatment strategies that can be used to develop Treg-targeted therapies.

Introduction

Regulatory T cells (Tregs), as an important mechanism
for regulating homeostasis of the immune system and
the immune tolerance of the body, play crucial roles in
the regulation of tumour immunity and constitute a
current research hotspot in the field, primarily as poten-
tial targets (Supplementary Table 1) that can inhibit the
activation and differentiation of CD4" helper T cells and
CD8" cytotoxic T cells to induce reactivity against au-
tologous and tumour-expressed antigens [1-3]. In the
tumour microenvironment (TME), Tregs can be induced
and differentiated by traditional T cells, which have a
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strong immunosuppressive function, inhibit antitumour
immunity, and promote the occurrence and development
of tumours. Tregs can also suppress the function of im-
mune effector cells through a variety of mechanisms and
are key factors in tumour immune escape [4-7].

In the early 1970s, the concept of suppressor T cells
was clearly proposed [8—10], and in 1975, some scholars
speculated that suppressor T cells might be closely re-
lated to the occurrence and development of tumours. It
was not until 1980 that researchers confirmed the pres-
ence of suppressor T cells in a series of studies [11]. In
1990, suppressor T cell cloning was successfully per-
formed for the first time, which confirmed the existence
of suppressor T cells against tumour immunity in vivo
[12, 13]. In 1995, Sakaguchi et al. found that the binding
chain of the IL-2 receptor, namely, the CD25 molecule,
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can be used as a surface marker of suppressor T cells,
and the concept of Tregs was clearly proposed [14, 15].
However, later, Shimon Sakaguchi et al. found that fork-
head/winged helix transcription factor (Foxp3) was spe-
cifically expressed in Tregs, and CD4"CD25"Foxp3™ is
currently considered to be a classical combined marker
of Tregs [16, 17]. In fact, in addition to its ability to label
Tregs, Foxp3 dominantly controls Tregs function, and
only its continuous expression guarantees the mainten-
ance of full Tregs suppressive capacity [18-23]. Al-
though Foxp3 is a transcription factor, its exact function
remains largely unknown. It has been suggested that
Foxp3 may act as a repressor of transcription upon acti-
vation [24]. It has also been proposed that all human
CD4" and CD8" T cells may upregulate Foxp3 and ac-
quire suppressive properties upon activation [25-27]. It
was also found that the number of local Tregs in tu-
mours was closely related to the progression and prog-
nosis of tumours, and it was found to be a good
reference index for tumour prognosis [28]. The specific
elimination of Tregs in vivo can effectively stimulate the
antitumour immune response of tumour patients. Since
2006, the role of Tregs in tumour immunity and their
mechanisms have been further studied. In the process of
tumour immune escape, Tregs can secrete TGF-3, IL-10,
and IL-35 (Ebi3-IL-12a heterodimer) [29], which down-
regulate antitumour immunity, suppress antigen presen-
tation by DCs, CD4" T helper (Th) cell function and
generate tumour-specific CD8" cytotoxic T lymphocytes
(CTLs). The cytokines IL-10 and IL-35 are divergently
expressed by Tregs subpopulations in the TME and syner-
gistically promote intratumoural T cell exhaustion by
regulating the expression of several inhibitory receptors
and the exhaustion-associated transcriptomic signatures
of CD8" TILs [30]. The other Tregs functions include dir-
ect destruction of other cells by secreting perforin and
granzyme and the synthesis and release of cyclic adeno-
sine phosphate (cCAMP) to interfere with the metabolism
of other cells. As research has progressed, researchers pro-
posed removing the inhibition of Tregs by clearing them,
but there were problems with this approach. To address
these problems, researchers proposed a new strategy for
controlling, but not eliminating Tregs.

Classifications and functions of Tregs

According to their products and biological characteris-
tics, Tregs can be divided into two groups: natural regu-
latory T cells (naturally occurring Tregs, nTregs) and
induced-to-adjust T cells (inducible Tregs, iTregs). Both
types of Tregs can universally express Foxp3 [31-33].
nTregs develop naturally in the thymus, and their inhibi-
tory effect is achieved through intercellular contact.
Their main function is to maintain normal immune tol-
erance and control the inflammatory response, which
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can be activated and stabilized by NF-xB [34-36].
Thymic nTregs are generated through two distinct de-
velopmental programmes involving CD25" Treg progen-
itors (CD25* TregP cells) and Foxp3' Treg progenitors
(Foxp3' TregP cells). CD25" TregP cells show higher
rates of apoptosis and interact with self-antigens with
higher affinity than do Foxp3'® TregP cells and have a
TCR repertoire and transcriptome distinct from that of
Foxp3'® TregP cells. CD25" TregP cells and Foxp3"
TregP cells originate by acquiring negative-selection pro-
grammes and positive-selection programmes, respect-
ively [37]. iTregs are derived from peripheral naive T
cells induced by tumour microenvironmental signals, in-
cluding tumour antigens, cytokines (such as TGF-p) and
other soluble molecules [38] (Fig. 1). The TCR reper-
toires of tumour-resident iTregs vary yet display signifi-
cant overlap with circulating Tregs. TCRs isolated from
Tregs display specific reactivity against autologous tu-
mours and mutated neoantigens, suggesting that intratu-
moural Tregs act in a tumour antigen-selective manner,
leading to their activation and expansion in the TME.
Tumour antigen-specific Treg-derived TCRs reside in
the tumour and in the circulation, suggesting that both
Tregs types serve as sources for tumour-specific TCRs
[39]. Th17 cells are sources of tumour-induced Foxp3*
cells. In addition to nTregs and iTregs that develop from
naive precursors, suppressive IL-17A"Foxp3* and ex-
Th17 Foxp3® Tregs are sources of tumour-associated
iTregs [40]. In nonlymphoid tissue, single-cell RNA-
sequencing (scRNA-seq) was used to identify two pre-
cursor stages of IL-33 receptor ST2-expressing nonlym-
phoid tissue Tregs, residing in the spleen and lymph
nodes. Global chromatin profiling of nonlymphoid tissue
Tregs and two precursor stages revealed the stepwise ac-
quisition of chromatin accessibility and reprogramming
towards the nonlymphoid-tissue Tregs phenotype [41].
iTregs can be negatively regulated by the homeobox pro-
tein Hhex through the inhibition of Foxp3 expression
and function. Furthermore, Hhex expression is signifi-
cantly repressed in Tregs by TGF-B/Smad3 signalling
[42]. iTregs inhibit the antitumour immune action of ef-
fector T cells (Teff), NK cells and DCs through a variety
of mechanisms that promote tumour progression. Be-
sides, there also exist the functional crosstalk between
Tregs and MDSCs. The following five main mechanisms
characterize Tregs (Fig. 2): @Tregs secrete inhibitory cy-
tokines, including IL-10, TGEF-B, and IL-35, inhibiting
immune function through IL-10 and other dependent
pathways, and Tregs can inhibit CD8" T cell and DC
function through membrane-bound TGEF-f, thereby
regulating the body’s antitumour immune function [43—
46]. @Tregs kill effector cells by granzymes and per-
forin, the main molecules that mediate the cytotoxicity
of CTL, NK and other cells. nTregs can kill target cells
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Fig. 1 The differentiation of Tregs in tumor from naive T cell in thymus through circulation. Treg is derived from peripheral naive T cells induced
by tumor microenvironmental signals, including tumor antigens, cytokines (such as TGF-f) and some metabolic factor, which are concluded now.
Furthermore, these promotion and inhibition factors are explained in this review

through granzyme A (GzmA) and perforin. nTregs do
not produce granzyme B (GzmB), while iTregs highly
express GzmB. Additionally, Tregs orchestrate memory
T cell quiescence by repressing effector and proliferation
programmes through the inhibitory receptor CTLA-4.
Loss of Tregs leads to the activation of effector T cells
in a genome-wide transcription programme character-
ized by the transition to and the establishment of mem-
ory CD8" T cells for the terminal differentiation of the
KLRG1" IL-7Ra’® GzmB™ phenotype with compromised
metabolism affecting fitness, longevity, polyfunctionality,
and protective efficacy. CTLA-4 functionally replaces Tregs
in trans to reverse memory T cell defects and restore
homeostasis [47]. Canonical NK cells are highly susceptible
to Treg-mediated suppression, in contrast to the highly re-
sistant CD57" FceRy-NKG2C" adaptive (CD56'CD37) NK
cells, which expand in cytomegalovirus-exposed individuals.
Specifically, Tregs suppress canonical but not adaptive NK
proliferation, IFN-y production, degranulation, and cyto-
toxicity. Treg-mediated suppression is associated with

canonical NK downregulation of TIM-3 and upregulation
of the NK inhibitory receptors PD-1 and the IL-1R family
member IL-1R8. Tregs production of the IL-1R8 ligand IL-
37 contributes to phenotypic changes and diminishes the
function of Treg-suppressed canonical NK cells. Blocking
PD-1, IL-1RS8, or IL-37 abrogates Tregs suppression of ca-
nonical NK cell functions while maintaining NK-cell TIM-
3 expression [48]. Tregs suppress CD8" T cell secretion of
IEN-y, which would otherwise block the activation of sterol
regulatory element-binding protein 1 (SREBP1)-mediated
fatty acid synthesis in immunosuppressive (Mz2-like)
tumour-associated macrophages (TAMs) [49]. (®Tregs
affect effector cell function by interfering with cell metabol-
ism mainly in the following three ways: (1) Deprivation of
IL-2 in the TME, and the proliferation of Tregs and effector
T cells require the maintenance of IL-2 levels. Tregs com-
pete with effector T cells and consume a large amount of
IL-2, resulting in the deficiency of IL-2 in the TME, thus
inhibiting the growth of effector T cells [26, 50]. (2) CD39
and CD73 are nucleases constitutionally expressed in
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Fig. 2 Effects of Tregs on the immune cells. The mechanism mainly includes four aspects:(Dsecreting inhibitory cytokines, including IL-10, TGF-,
IL-35 etc, eg. inhibiting immune function through il-10 and other dependent ways, and Treg can also inhibit CD8+ T cells and DCs through
membrane-bound TGF-{, thereby regulating the body's anti-tumor immune function. @killing effector cells by granulase and perforin. Granzyme
and perforin are the main molecules that mediate the cytotoxicity of CTL, NK and other cells®Tregs affect effector cell function by interfering
with cell metabolism mainly in the following three ways:(1) Deprivation of IL-2 in the TME, and the growth of Tregs and effector T cells requires
the maintenance of IL-2. (2) CD39 and CD73 are nucleases that are constitutionally expressed in human and mouse Tregs. They can hydrolyse
extracellular ATP or ADP into AMP and produce Adenosine. Tregs promotes the production of adenosine in the TME by producing the
extracellular enzymes CD39 and CD73, and produces inhibitory and anti-proliferative effects by binding to the adenosine receptor A2A on the
surface of effector cells. (3) Treg transferred a large number of cAMP to effector T cells through gap junction to interfere with their metabolism.
@Affect the differentiation and proliferation of Tregs by regulating DCs. The Tregs-expressed CTLA-4 was combined with CD80 and CD86 on the
surface of DCs to downregulate the synergistic stimulus signal. Lymphocyte activation gene 3 (LAG3) molecules expressed by Tregs can inhibit
the expression of MHC Il molecules in DCs. DCs tolerance can be induced by the above two methods, and the latter can further induce T cell
incapacity by IDOc. ®There exist the functional crosstalk between Tregs and MDSCs. Factors produced by both MDSCs and Tregs form positive
feedback loops to facilitate the expansion of each population and reinforce the suppressive environment. On the one hand, MDSCs promoted
the induction of Tregs through producing molecules including TGF-B, IL10, CD73, and IDO. On the other hand, Tregs can also modulate MDSCs
expansion and function through secreting IL-35 and TGF-3. Additionally, cell-surface molecular interactions can promote the function of both

human and mouse Tregs. They can hydrolyse extracellular
ATP or ADP into AMP and produce adenosine. Adenosine
is a known inhibitory molecule that transmits inhibitory
signals through different adenosine receptors (Al, A2A,
A2B, and A3). Tregs promote the production of adenosine
in the TME by producing the extracellular enzymes CD39
and CD73 and induce inhibitory and anti-proliferative ef-
fects by binding to the adenosine receptor A2A on the sur-
face of effector cells [51] (Fig. 2). In addition, IL-27
signalling in Tregs critically contributes to the tumorigenic
properties of Tregs via the upregulation of CD39 [52, 53].
(3) Tregs transfer a large number of cCAMP to effector T
cells through gap junctions to interfere with their

metabolism. However, whether tumour Tregs function
through this pathway remains to be determined through
further study. @The differentiation and proliferation of
Tregs has a regulatory impact on DCs. Treg-expressing
CTLA-4 combines with CD80 and CD86 on the surface of
DCs to downregulate synergistic stimulus signalling.
Lymphocyte activation gene 3 (LAG3) molecules expressed
by Tregs can inhibit the expression of MHC II molecules in
DCs. DC tolerance can be induced by either of these two
methods, with the latter further inhibiting T cell capacity
through IDO. In addition, Tregs induce CD4~ NKT cell an-
ergy and suppress NKT cell cytotoxic functions through
cell-to-cell contact and are mediated via impaired DC
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maturation [54, 55]. ®Factors produced by both MDSCs
and Tregs form positive feedback loops to facilitate the ex-
pansion of each population and reinforce the suppressive
environment. On the one hand, MDSCs induced by
tumour progression selectively promoted the proliferation
of Tregs in a TGF-B-dependent manner in vivo [56], and
also promote the production of Tregs via CD73 highly
expressed in MDSCs, which can produce adenosine by hy-
drolysis and further binds to A2aR, and augment the im-
munosuppressive effects [51, 57]. MDSCs induce the
development of Tregs in vitro and in tumour-bearing mice
and that Tregs induction was dependent on MDSC-
secreted IL-10 and IFN-y [58, 59]. In TME, the high ex-
pression of IDO can lead to the decrease of tryptophan and
the accumulation of kynurenine, inhibit the activation of T
cells and induce the production of Tregs [60, 61]. In
chronic lymphocytic leukaemia (CLL), monocytic MDSCs
express high levels of IDO, resulting in a decrease in T-cell
proliferation and an increase in Tregs induction [62]. In a
mouse colon carcinoma model, IFN-y activated Gr-1*
CD115" M-MDSC were shown to up-regulate MHC-1I and
produce IL-10 and TGF-f to mediate the development of
Tregs [58]. In addition, MDSCs affects Tregs through cell-
surface molecular interactions to promote the induction of
Tregs, including CD40/CD40L, PD-1/PD-L1, and CD80/
CTLA-4. Expression of CD40 on MDSCs is required to in-
duce T-cell tolerance and Tregs accumulation [63, 64]. In
mouse ovarian cancer model, MDSC enhanced the expres-
sion of CD80 through direct contact with tumour cells, and
CD80 could bind to CTLA-4 on Tregs to enhance the im-
munosuppressive function of Tregs [65]. On the other
hand, Tregs can also modulate MDSCs expansion and
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function. Tregs potentiated both the expansion of MDSCs
and suppressive functions through a TGF-B-dependent
mechanism [66]. IL-35 is a heterodimer of EBV-induced
gene 3 (EBI3) and of the p35 subunit of IL-12, and has been
identified as an inhibitory cytokine produced by natural
Tregs. IL-35-producing Tregs promote the immunosup-
pressive capacity of MDSCs via the PD-L1 pathway [67].
Interestingly, the combination signal transduced via PD-L1
and CD169 is indispensable for the induction of IL-35"
Tregs [68, 69] (Fig. 2).

A study defined Tregs using a new strategy in which
Th-like Tregs subsets were characterized to further de-
lineate their biological function and tissue distribution
with a focus on their possible contribution to disease
states; for example, Thl-like Tregs (T-bet'IFNy*
Foxp3™), Th2-like Tregs (Gata3"IRF4'IL4"Foxp3™) and
Th17-like Tregs (IL-17" RORyt'Foxp3™) (Fig. 3) provide
new ideas for targeted Tregs therapy. Thl-like Tregs ex-
press T-bet and CXCR3. In fact, increased expression of
IFN-y by Tregs can markedly enhance checkpoint block-
ade therapy [70, 71]. Th2-like Tregs are characterized by
the expression of Gata3 and IRF4, as well as the produc-
tion of IL-4 and IL-13. Th2-like programming can be in-
duced by IL-4R signalling that promotes Gata3
expression [72, 73]. RNA-seq and functional assays re-
vealed that Th2-like Tregs display greater viability and
enhanced autocrine IL-2-mediated activation than other
subsets. Th2-like Tregs are preferentially found in tis-
sues, rather than in circulation, and exhibit the highest
migratory capacity towards chemokines enriched in tu-
mours, which may play a role in maintaining a tumori-
genic environment. Compared to healthy tissue, Th2-

-

T-bet TFNy"Foxp3™

like Tregs (IL-17+ RORyt+Foxp3+)

IL-17* RORyt*Foxp3*

Fig. 3 New classifications of Tregs. Th-like Tregs are Th1-like Tregs (T-bet+IFNy+Foxp3+), Th2-like Tregs (Gata3 + IRF4 + L4 + Foxp3+) and Th17-
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like Tregs are specifically enriched in malignant tissues  bile acid (BA) metabolites to mice increased Tregs dif-
from patients with melanoma and colorectal cancer [74].  ferentiation [79]. Furthermore, both dietary and micro-
Th17-like Tregs co-express RORyt with Foxp3 and can  bial factors influenced the composition of the gut BA
be generated in the periphery from conventional T cells.  pool and modulated an important population of colonic
These IL-17-producing Treg cells retain suppressive Foxp3™ Tregs expressing the transcription factor RORy

function [75-77]. [80, 81]. Although Tregs in the tumour milieu rely on

supplemental energy routes involving lipid metabolism,
New function and regulatory mechanisms for another study showed that both glycolytic and oxidative
Tregs metabolism contributed to Tregs expansion because of
New metabolic mechanisms the relative advantage of intratumoural Tregs in glucose

Metabolic programmes orchestrate Tregs stability, func-  uptake that may fuel FA synthesis [82]. Tregs can also
tion and differentiation (Fig. 4). Central to Tregs activa-  undergo apoptosis, and such apoptotic Tregs release and
tion are changes in lipid metabolism that support their — convert large amounts of ATP to adenosine via CD39
survival and function, which can be facilitated by fatty and CD73 and mediate immunosuppression through the
acid-binding proteins (FABPs), a family of lipid chaper- adenosine-A2A pathways [44, 83]. Notably, Tregs in vis-
ones required for the uptake and intracellular trafficking ceral adipose tissue (VAT) show pronounced sexual di-
of lipids [78]. The administration of isoalloLCA from morphism. Male VAT facilitates the recruitment of

Glucose Fatty acids
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Fig. 4 Metabolic regulation of Foxp3 expression. Environmental metabolites, intracellular metabolic intermediates and signaling pathways all
regulate Foxp3 expression in Tregs. LKB1 prevents STAT4 activation and binding to CNS2 of Foxp3 gene, thus preventing the destabilization
effect. E3 ubiquitin ligase VHL can regulate HIF-1a to maintain the stability and suppressive capacity of Tregs. Foxp3 opposed PI3K-Akt-mTORC1
signaling to decrease glycolysis and anabolic metabolism while increasing oxidative and catabolic metabolism. CD36 finetuned mitochondrial
fitness via peroxisome proliferator-activated receptor-beta (PPARB) signaling, programming Tregs to adapt to a lactic acidenriched TME. The
deletion of TRAF6 in Tregs were resistant to implanted tumors and displayed enhanced antitumor immunity due to that Foxp3 undergoes K63-
linked ubiquitination at lysine 262 mediated by the E3 ligase TRAF6. The specific ablation of RagA-RagB or Rheb1Rheb2 in Tregs has reduced
Tregs accumulation and function. RagA-RagB regulated mitochondrial and lysosomal fitness, while Rheb1Rheb2 enforced Tregs suppressive gene
signature licensed by amino acids. YAP-dependent upregulate activin signaling, which amplifies TGF3/SMAD activation in Tregs. TAZ attenuated
Tregs development by decreasing acetylation of Foxp3 mediated by the histone acetyltransferase Tip60. TEAD1 expression and sequestration of
TAZ from the transcription factors Foxp3 promotes Tregs differentiation. TLR8 signaling selectively inhibits glucose uptake and glycolysis in
human Tregs, resulting in reversal of Tregs suppression. Mst1promote Tregs migration and access to IL-2 and activity of the small GTPase Rac,
which mediated downstream STATS activation. Mst1-Mst2 sensed IL-2 signals to promote the STAT5 activation necessary for Tregs homeostasis
and lineage stability and to maintain the highly suppressive pSTAT5+Tregs




Li et al. Molecular Cancer (2020) 19:116

Tregs via the CCL2/CCR?2 axis. Sex hormones also regu-
late VAT inflammation, which shape the transcriptional
landscape of VAT-resident Tregs in a Blimpl transcrip-
tion factor-dependent manner [84]. Tregs exhibit a
unique metabolic profile characterized by an increase in
mitochondrial metabolism relative to other CD4" T ef-
fector subsets. Mitochondrial transcription factor A
(Tfam) is essential for mitochondrial respiration and
maintains Tregs functions by controlling mitochondrial
DNA replication, transcription, and packaging in tu-
mours. Furthermore, Foxp3 has also been shown to pro-
mote respiration [85]. The specific ablation of
mitochondrial respiratory chain complex III in Tregs re-
sults in the loss of T cell-suppression capacity without
altering Tregs proliferation and survival and leads to de-
creased expression of genes associated with Tregs func-
tion with Foxp3 expression remaining stable. Loss of
complex III in Tregs increases the methylation of DNA
as well as the metabolites 2-hydroxyglutarate (2-HG)
and succinate, which inhibit the ten-eleven translocation
(TET) family of DNA demethylases. Therefore, mito-
chondrial complex III is required for maintaining the ex-
pression of immune regulatory genes Tregs suppressive
functions [86]. It is noteworthy that the regulatory func-
tion can be re-established in Foxp3-deficient Tregs by
targeting their metabolic pathways [87]. Foxp3 deficiency
leads to the dysregulation of metabolic checkpoint kin-
ase mammalian target of rapamycin (mTOR) complex 2
(mTORC?2) signalling and enhanced aerobic glycolysis
and oxidative phosphorylation. The specific deletion of
the mTORC2 adaptor gene Rictor in Foxp3-deficient
Tregs showed increased viability in a Foxol transcription
factor-dependent manner, re-establishing a subset of
Tregs genetic circuits and suppressing the Teff cell-like
glycolytic and respiratory programmes and thus contrib-
uting to immune dysregulation. Treatment of Foxp3-
deficient Tregs with mTOR inhibitors similarly antago-
nized their Teff cell-like programme and restored their
suppressive function [88]. It is noteworthy that CD36
was selectively upregulated in intratumoural Tregs, serv-
ing as a central metabolic modulator. CD36 fine-tuned
mitochondrial fitness via peroxisome proliferator-
activated receptor-beta (PPARP) signalling, program-
ming Tregs to adapt to a lactic acid-enriched TME.
Genetically induced and specific deletion of Cd36 in
Tregs suppressed tumour growth, decreased in intratu-
moural Tregs levels and enhanced the antitumour activ-
ity of TILs without disrupting immune homeostasis.
Moreover, CD36 targeting elicited additive antitumour
responses during anti-PD-1 therapy [89]. Liver kinase B1
(LKB1) programmes the metabolic and functional fitness
of Tregs in the control of immune tolerance and homeo-
stasis and functions as a critical inhibitor of DCs im-
munogenicity, and when lost, mitochondrial fitness is
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reduced and maturation, migration, and T cell priming
of peripheral DCs are increased. Loss of LKB1 specific-
ally primes thymic CD11b" DCs to facilitate thymic
Tregs development and expansion, which is independent
from AMPK signalling but dependent on mTOR and en-
hanced phospholipase C p1-driven CD86 expression [90,
91]. The specific deletion of LKB1 in Tregs can induce a
fatal inflammatory disease characterized by excessive
Th2-type-dominant responses, which not only disrupts
the survival, mitochondrial fitness and metabolism of
Tregs but also induces aberrant expression of immune
regulatory molecules, including PD-1 and the TNF re-
ceptor superfamily proteins GITR and OX40. Unexpect-
edly, the LKB1 function in Tregs was found to be
independent of conventional AMPK signalling and the
mTORCI1-HIF-1a axis but contributed to the activation
of B-catenin signalling for the control of PD-1 and TNF
receptor proteins [92]. Deficiency of KAP1, a binding
partner of Foxp3, in Tregs led to failure to induce
Foxp3-regulated Tregs signature genes because of the
decreased expression of Slcla5, whose reduced expres-
sion resulted in reduced mTORCI1 activation [93].
Mechanistically, mTOR functions downstream of anti-
genic signals to drive IRF4 expression and mitochondrial
metabolism, and accordingly, deletion of Tfam severely
impaired Tregs suppressive function and eTregs gener-
ation [94]. Lysosomal TRAF3IP3 acts as a pivotal regula-
tor in the maintenance of Tregs metabolic fitness. Treg-
specific deletion of Traf3ip3 impairs Tregs function,
causing stronger antitumour T cell responses in mice.
TRAF3IP3 restricts mTORC1 signalling by recruiting
the serine-threonine phosphatase catalytic subunit
(PP2Ac) to the lysosome, thereby facilitating the inter-
action of PP2Ac with the mTORC1 component Raptor
[95, 96]. mTOR activity has been observed to be in-
creased in Tregs, and the genetic deletion of Raptor in-
hibits Tregs function. The inhibition of mTOR during T
cell activation promotes the generation of long-lived
central Tregs with a memory-like phenotype in mice.
Metabolically, these central memory Tregs possess en-
hanced spare respiratory capacity, similar to CD8" mem-
ory cells. Indeed, the genetic deletion of Rptor leads to
decreased expression of ICOS and PD-1 on eTregs [97].
TLR signals that promote Tregs proliferation increase
PI(3)K-Akt-mTORCI signalling, glycolysis and Glutl ex-
pression. However, TLR-induced mTORC1 signalling
also impairs Tregs suppressive capacity. In contrast,
Foxp3 counters PI(3)K-Akt-mTORC1 signalling to de-
crease glycolysis and anabolic metabolism while increas-
ing oxidative and catabolic metabolism. Notably, Glutl
expression is sufficient to increase the number of Tregs,
but it reduces their suppressive capacity and Foxp3 ex-
pression [98]. Furthermore, TLR8 signalling selectively
inhibits glucose uptake and glycolysis in human Tregs,
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resulting in the reversal of Tregs suppression. Import-
antly, TLRS8 signalling-mediated reprogramming of glu-
cose metabolism and function in human Tregs can
enhance antitumour immunity in vivo in a melanoma
adoptive transfer T cell therapy model [99]. Amino acids
can license Tregs function by priming and sustaining
TCR-induced mTORC1 activity. mTORC1 activation
can be induced by amino acids, especially arginine and
leucine. Rag and Rheb GTPases are central regulators of
amino acid-dependent mTORCI1 activation in effector
Treg (eTregs) cells. Mice bearing the specific ablation of
RagA-RagB or Rheb1Rheb2 in Tregs had reduced eTregs
accumulation and function. RagA-RagB regulated mito-
chondrial and lysosomal fitness, while RheblRheb2
enforced the eTregs suppressive gene signature [100].
Notably, Tregs in peripheral tissues, including tumours,
are more sensitive to Rag GTPase-dependent nutrient
sensing. Ablation of RagA alone impairs Tregs accumu-
lation in tumours, resulting in enhanced antitumour im-
munity [101].

New genetic mechanisms

The preferential differentiation of human foetal CD4"
naive T cells to Tregs can be enhanced by Helios [102],
as a key transcription factor that stabilizes Tregs in dur-
ing inflammatory responses, providing a genetic explan-
ation for a core property of Tregs [103]. Helios-deficient
Tregs within tumours acquire effector T cell function
and contribute to the immune responses against cancer
by upregulating effector cytokines, which show high af-
finity for self-antigens, as detected by both increased
GITR/PD-1 expression and increased responsiveness to
self-antigens [104]. In both Tregs and conventional T
cells (Tconv cells), Foxpl, a forkhead transcription factor
and a sibling of Foxp3, occupies a large number of
Foxp3-bound genomic sites. The absence of Foxpl in
Tregs results in impaired function and competitive fit-
ness and has been associated with significantly decreased
CD25 expression and IL-2 responsiveness, decreased
CTLA-4 expression, and increased SATB1 expression
[105]. Selective demethylation of the Treg-specific
demethylated region (TSDR) in the Foxp3 gene can
stabilize Foxp3 expression and is a defining characteris-
tic of nTregs [106]. Conserved noncoding sequence 2
(CNS2), a dedicated Foxp3 intronic element, can main-
tain Tregs lineage identity by acting as a sensor of IL-2
and its downstream target STAT5, thereby Foxp3 ex-
pression is sustained during maturation [107]. CNS2 can
also be heavily methylated when Blimpl1 is ablated, lead-
ing to a loss of Foxp3 expression. Blimpl negatively reg-
ulates IL-6- and STAT3-dependent Dnmt3a expression
and function, restraining the methylation of CNS2 at the
Foxp3 locus [108]. CNS3, another intronic Foxp3 enhan-
cer, acts as an epigenetic switch, poising the Foxp3
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promoter in precursor cells to commit the Tregs to be
responsive to TCR stimuli. CNS3-dependent expansion
of the TCR repertoire enables Tregs to control self-
reactive T cells effectively, especially when thymic nega-
tive selection is genetically impaired [109]. YAP, a coac-
tivator of the Hippo pathway, is highly expressed in
Tregs and boosts Foxp3 expression and function. This
potentiation is based on YAP-dependent upregulation of
activin signalling, which amplifies TGEB/SMAD activa-
tion in Tregs. YAP deficiency resulted in dysfunctional
Tregs unable to suppress antitumour immunity or pro-
mote tumour growth in mice [110]. TAZ, a coactivator
of TEAD transcription factors inducing Hippo signalling
attenuated Tregs development by decreasing the acetyl-
ation of Foxp3 mediated by the histone acetyltransferase
Tip60, which targeted Foxp3 for proteasomal degrad-
ation. In contrast, under Treg-skewing conditions,
TEAD1 expression and the sequestration of TAZ from
the transcription factors RORyt and Foxp3 promoted
Tregs differentiation [111]. Nuclear receptor Nr4a, a key
transcription factor maintaining Tregs genetic pro-
grammes, contributes to Treg-mediated suppression of
antitumour immunity in the TME. The specific ablation
of Nr4al and Nr4a2 in Tregs conferred resistance to
tumour growth, and triggered the effector activities of
CD8" CTLs [112]. CBP/p300 are closely related acetyl-
transferases and transcriptional coactivators. CBP/p300
acetylates prostacyclin synthase, which regulates Tregs
differentiation by altering pro-inflammatory cytokine se-
cretion by T and B cells in follicular lymphoma [113].
The pro-autophagy protein AMBRAL is also a key
modulator of T cells, regulating the complex network
that leads to human Tregs differentiation and mainten-
ance. Indeed, AMBRA1 promotes the stability of the
transcriptional activator FOXO3, which, in turn, triggers
Foxp3 transcription through its ability to interact with
the phosphatase PP2A [114]. Disruption of H3K27
methyltransferase EZH2 activity in Tregs, drove the pro-
inflammatory functions of TI-Tregs, remodelling the
TME and enhancing the recruitment and function of
CD8" and CD4" effector T cells that eliminate tumours
[115]. SUMO-specific protease 3 (SENP3) is a pivotal
regulator of Tregs that functions by controlling the
SUMOylation and nuclear localization of BACH2. Treg-
specific deletion of Senp3 results in T cell activation and
enhanced antitumour T cell responses. SENP3-mediated
BACH2 deSUMOylation prevents the nuclear export of
BACH?2, thereby suppressing the genes associated with
CD4" T effector cell differentiation and stabilizing Treg-
specific gene signatures [116].

New molecular mechanisms
Some new advances in the molecular mechanisms of
Tregs have been achieved (Fig. 1). Tregs, which have
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abundant expression of the IL-2 receptor (IL-2R), are
dependent on IL-2 produced by activated T cells, indi-
cating that the consumption of IL-2 by Tregs is related
to their suppressor function. The capture of IL-2 was
dispensable for the control of CD4" T cells and that IL-
2R-dependent activation of the transcription factor
STATS5 had an essential role in the suppressor function
of Tregs [117]. IL-2 and its downstream transcription
factor STAT5 are important for maintaining the homeo-
stasis and function of Tregs. The serine-threonine kinase
Mstl has been identified as a signal-dependent amplifier
of IL-2-STATS5 activity in Tregs. High Mstl and Mst2
(Mst1-Mst2) activity in Tregs is crucial to prevent
tumour resistance and autoimmunity. Mstl deficiency
limited Tregs migration and access to IL-2 and the activ-
ity of the small GTPase Rac, which mediated down-
stream STAT5 activation. Mstl-Mst2 sensed IL-2
signals to promote the STAT5 activation necessary for
Tregs homeostasis and lineage stability and to maintain
the highly suppressive pSTAT5" Tregs [118]. During T
cell activation, phosphorylation of Foxp3 in Tregs can be
regulated by a TAK1-Nemo-like kinase (NLK) signalling
pathway. When Foxp3 is phosphorylated, Tregs are sta-
bilized because Foxp3 cannot associate with the Stubl
E3-ubiquitin protein ligase [119]. Additionally, the spe-
cific deletion of the Tregs kinase TAK1 can decrease the
number of Tregs in the peripheral lymphoid organs. Fur-
thermore, TAK1 is crucial for the survival of Tregs
[120]. E3 ubiquitination ligase TRAF6-deficient Tregs
were dysfunctional in vivo. Mice with restricted deletion
of TRAF6 in Tregs were resistant to implanted tumours
and displayed enhanced antitumour immunity because
Foxp3 underwent K63-linked ubiquitination at lysine
262 as mediated by TRAF6 [121]. Suppression of
tumorigenicity 2 (ST2) is regarded as the only receptor
of IL-33. Infiltrated ST2-expressing Tregs were respon-
sive to IL-33, and the percentage of Tregs was increased
upon IL-33 stimulation, in particular Foxp3'GATA3"
Tregs, which enhanced the suppressive functions of
Tregs by inducing IL-10 and TGF-P1 and decreasing the
proliferation of responder T cells in head and neck squa-
mous cell carcinoma [122, 123]. Another scRNA-seq
longitudinal profile indicated that interferon-responsive
Tregs were more prevalent early in tumour develop-
ment, whereas a specialized effector phenotype charac-
terized by enhanced expression of ST2 was predominant
in advanced disease. The specific deletion of ST2 in
Tregs alters the evolution of effector Tregs diversity, in-
creases the infiltration of CD8" T cells into tumours,
and decreases tumour burden [124, 125]. In mice with
colorectal cancer (CRC), tumour-infiltrating Tregs pref-
erentially upregulated ST2, and IL-33/ST2 signalling
positively correlated with tumour burden, which favours
their accumulation in the TME and concomitantly
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restrains the frequencies of effector CD8" T cells [126].
Activated Tregs express the surface receptor
glycoprotein-A repetitions predominant (GARP), which
binds and activates latent TGF-B. GARP™'~ Tregs were
significantly reduced in the gut and exhibited a reduc-
tion in CD103 expression, a colon-specific migratory
marker [127, 128]. Integrins, consisting of a and P sub-
units that mediate cell-to-cell and cell-to-extracellular
matrix interactions, play crucial roles in facilitating
Tregs contact-mediated suppression. Activation of integ-
rin a4Pl can increase the suppressive capacity of Tregs
[129, 130]. A RNA-seq analysis of human Tregs revealed
B-catenin as a key regulator of IFN-y and IL-10 expres-
sion. The activated B-catenin signature was enriched in
human IFN-y" Tregs, as confirmed in vivo with Treg-
specific B-catenin-stabilized mice [131]. Significantly,
Tregs homeostasis is critically linked to mucosa-
associated lymphoid tissue 1 (Maltl) function via Tregs
intrinsic and extrinsic mechanisms. TCR-mediated
Maltl proteolytic activity and self-cleavage were found
to drive IL-2 expression in conventional CD4" T cells,
thereby regulating the amount of IL-2 available for Tregs
maintenance of homeostasis [132]. In contrast,
CARD11-BCL10-MALT1 (CBM) signalling is essential
for mediating the suppressive function of Tregs in a
Maltl protease-dependent manner. In malignant melan-
oma models, the acute selective genetic blockade of
BCL10 signalling in Tregs or pharmacological Maltl in-
hibition enhanced antitumour immune responses [133].
Upon disruption of CBM, the majority of TI-Tregs pro-
duce IFN-y, followed by stunted tumour growth [70].
Treg-specific deletion of Bcll1b showed decreased func-
tional marker levels under homeostatic conditions, dur-
ing inflammation, and in tumours [134]. Additionally,
genome-wide occupancy studies coupled with gene ex-
pression profiling revealed that Bclllb, in association
with Foxp3, is critical for establishing a Treg-specific
gene activation programme. Furthermore, Bclllb re-
stricts misdirected recruitment of Foxp3 to sites, which
would otherwise cause an altered transcriptome profile
of the Tregs [135].

Tumour immunotherapy strategies targeting
Tregs

Depletion of Tregs

Foxp3™ Tregs suppress antitumour responses in en-
dogenous lymphoma. Ablation of Foxp3" Tregs signifi-
cantly delayed tumour development. The ratio of Tregs
to effector T cells was elevated in growing tumours
[136]. The infiltration of T cells into the TME represents
a critical bottleneck for immune-mediated control of
cancer. This bottleneck can be overcome by depleting
immunosuppressive Foxp3* Tregs, which can lead to an
increased frequencies of TILs by promoting the
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development of high endothelial venules (HEVs). Tregs
depletion results not only in widespread disruption to
HEV networks in LNs but also in CD8" T cell activation,
which subsequently drives intratumoural HEV develop-
ment. Tregs depletion enables a self-amplifying loop of
T-cell activation, which promotes HEV development, T-
cell infiltration and, ultimately, tumour destruction
[137]. Tregs depletion leads to increased production of
the CXCR3 ligand CXCL10 from endothelial cells in tu-
mours. Furthermore, T cells migrate into intestinal tu-
mours through CXCR3. Tregs reduce endothelial
CXCL10 production and inhibit T-cell migration into
tumours, and CXCR3-mediated signalling is crucial for
lymphocyte accumulation in intestinal tumours. There-
fore, immunotherapy aimed at Tregs depletion may be
effective by increasing not only effector T cell activity
but also their accumulation in tumours [138]. Depletion
of Tregs in enterotoxigenic Bacteroides fragilis (ETBF)-
colonized mice enhanced colitis but diminished the
tumorigenesis associated with the shifting of the muco-
sal cytokine profile from IL-17 to IFN-y. However,
blocking IL-2 restored Th17 responses and tumour for-
mation after Tregs depletion, indicating that Tregs re-
strain  the availability of IL-2 in the local
microenvironment, allowing the development of the
Th17 cells necessary to promote ETBF-triggered neopla-
sia [139]. Tregs are abundant in pancreatic cancer. Tregs
depletion fails to relieve immunosuppression and leads
to accelerated tumour progression. Tregs are a key
source of TGF-P ligands, and accordingly, their deple-
tion reprogrammed the fibroblast population, with loss
of tumour-restraining, smooth muscle actin-expressing
fibroblasts. In contrast, an increase in the chemokines
CCL3, CCL6, and CCL8 led to the recruitment of mye-
loid cells, restoration of immune suppression, and pro-
motion of carcinogenesis [140]. An immunotoxin (2E4-
PE38) that kills mouse cells expressing CD25 by attach-
ing the Fv portion of monoclonal antibody 2E4 (anti-
mouse CD25) to a 38-kDa portion of Pseudomonas exo-
toxin A has been produced. The number of Tregs were
significantly reduced in the 2E4-PE38-injected tumours
but not in the spleen. Injected tumours showed an in-
crease in CD8" T cells expressing IFN-y, the activation
markers CD69 and CD25, and macrophages and conven-
tional dendritic cells. Selective depletion of Tregs in tu-
mours facilitates the development of a CD8" T cell-
dependent antitumour effect [141]. Anti-VEGF therapy
prolongs recurrence-free survival in patients with glio-
blastoma but does not improve overall survival. More
Tregs were observed in the spleens of tumour-bearing
mice and later in tumours after anti-VEGF treatment.
Elimination of Tregs through a CD25 blockade adminis-
tered before anti-VEGF treatment restored IFN-y pro-
duction in the CD8" T cells and improved the
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antitumour response from anti-VEGF therapy [142]. Al-
though IL-2 is important for effector T cell function, it
has been hypothesized that therapies blocking IL-2 sig-
nals weaken Tregs activity, promoting immune re-
sponses using anti-IL-2 or anti—-IL-2R Abs. Treatment
with an IL-2 mutein reduces Tregs numbers and impairs
tumour growth in mice [50]. Patients over 60 years old
responded more efficiently to anti-PD-1, and the likeli-
hood of generating a response to anti-PD-1 treatment
increased with age. Compared with the older mice, the
young mice with the same tumours had a significantly
higher population of Tregs. Depletion of Tregs using
anti-CD25 increased the response to anti-PD-1 in the
young mice [143]. CD4" T cell transfer into lymphode-
pleted animals or Tregs depletion promoted GzmB ex-
pression by tumour-infiltrating CD4", an effect
prevented by IL-2 neutralization. Transcriptional ana-
lysis revealed a polyfunctional helper and cytotoxic
phenotype characterized by the expression of T-bet and
Blimp-1. While T-bet ablation restricted the production
of IFN-y, loss of Blimp-1 prevented GzmB expression in
response to IL-2, suggesting that two independent pro-
grammes required for the polyfunctionality of tumour-
reactive cytotoxic CD4" T cells [144]. In addition, block-
ing IFN a and B receptor 1 (IFNAR1) on Tregs signifi-
cantly decreases both the Tregs immunosuppressive
function and myeloma progression. Selective depletion
of Tregs led to the complete remission and prolonged
survival of mice injected with myeloma cells [145]. Add-
itionally, localized Tregs depletion led to a significant re-
duction in lung tumours. The immune response after
Tregs depletion in tumours showed the restoration of
NK cell activity, enhanced Thl activity, and an increase
in CD8" cytotoxic T cell response [146]. Imatinib, a
tyrosine kinase inhibitor of the oncogenic BCR-ABL pro-
tein expressed by chronic myelogenous leukaemia
(CML) cells, shows off-target effects, including on Lck
expressed in T cells. Imatinib-treated CML patients in
complete molecular remission (CMR) exhibited selective
depletion of effector Tregs (eTregs) and a significant in-
crease in effector/memory CD8" T cells, while non-
CMR patients did not show these effects. Mechanistic-
ally, because of the much lower expression of Foxp3-
dependent Lck and ZAP-70 in Tregs compared with
other T cells, imatinib inhibition of Lck also reduced
their TCR signal intensity, rendering them selectively
susceptible to signal-deprived apoptosis [147]. Zoledro-
nic acid (ZA) treatment resulted in a selective decrease
in the frequency of Tregs that was associated with a sig-
nificant increase in the proliferation of T cells and NKs
in the peripheral blood of patients with metastatic can-
cer. Furthermore, the colocalization of nuclear factor of
activated T cells (NFAT) and Foxp3 was significantly re-
duced in Tregs upon ZA treatment [148]. CD25
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expression is largely restricted to TI-Tregs in mice and
humans. While anti-CD25 mAbs were observed to de-
plete Tregs in the periphery, the upregulation of inhibi-
tory Fc gamma receptor (FcyR) IIb at the tumour site
prevented TI-Tregs depletion, which may underlie the
lack of antitumour activity. Use of an anti-CD25 anti-
body with enhanced binding to activate FcyRs led to ef-
fective depletion of TI-Tregs, increased effector/Tregs
ratios, and improved control of established tumours
[149]. Additionally, a novel determinant of antitumour
activity using fusion proteins consisting of IL-2 and an
antibody Fc region (IL-2-Fc fusion proteins) effectively
prevented unwanted the activation of CD25" Tregs and
resulted in the profound expansion of CD25 cytotoxic
subsets. The efficacy was crucially dependent on the de-
pletion of Tregs through Fc-mediated immune effector
functions [150].

Blocking the migration of Tregs to the TME is another
promising strategy for tumour immunotherapy because
it also reduces the infiltration of Tregs. The induction of
oncogenic BRAFV*F and loss of Pten in melanocytes
led to localized accumulation of Foxp3™ Tregs but not
CDS8" T cells. In melanoma, CCR4 was required for the
homing of Tregs to nascent tumour sites from LN.
BRAFY?F signalling in melanocytes controlled the ex-
pression of CCR4-cognate chemokines and governed the
recruitment of Tregs to tumour-induced skin sites.
Tregs depletion enhances immunosurveillance, as shown
by CD8" T cell responses against the tumour/self-anti-
gen gpl00, induced concurrently with the formation of
microscopic neoplasia [151]. Mogamulizumab, a de-
fucosylated anti-CCR4 antibody, reduces the levels of
CCR4" T cells and CCR4" Tregs in patients with cutane-
ous T-cell lymphoma (CTCL), which may in turn im-
prove their immune profiles [152]. Tregs accumulation
in the leukaemic haematopoietic microenvironment
(LHME) has adverse impacts on patient outcomes. Both
local expansion and migration accounted for Tregs accu-
mulation in the LHME. Moreover, blocking the CCL3-
CCR1/CCR5 and CXCL12-CXCR4 axes inhibited Tregs
accumulation in the LHME and delayed leukaemia pro-
gression [153]. CRC cell-secreted CCL20 can recruit
Tregs to promote chemoresistance via FOXO1/CEBPB/
NEF-kB signalling, indicating that the FOXO1/CEBPB/
NF-kB/CCL20 axis might provide a promising target for
CRC treatment. Thus, CCL20 will be a potential target
[154]. Notably, compared to Tregs from healthy tissues,
TI-Tregs more substantially downregulated Foxol target
genes. A relatively low level of Foxol-mutant expression
was sufficient to deplete TI-Tregs, activate effector
CD8" T cells, and inhibit tumour growth without indu-
cing autoimmunity. Thus, Foxol inactivation is essential
for the migration of aTregs [155]. Cancer-Foxp3 was
positively correlated with Tregs accumulation in tumour
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tissues derived from PDAC patients and was associated
with tumour volume and prognosis. CCL5 was directly
transactivated by cancer-Foxp3 and promoted the re-
cruitment of Tregs from peripheral blood to the tumour
site. Tregs recruitment by cancer-Foxp3 was impaired by
the neutralization of CCL5, inhibiting the growth of
PDAC [156]. Human Tregs express CCR4 and can be re-
cruited to the TME through CCL17 and CCL22. In
some cancers, Tregs accumulation correlates with poor
patient prognosis [157]. Infiltration of Tregs was caused
by the interaction between the tumour-producing che-
mokine CCL17 and receptor CCR4 expressed on Tregs
in dogs bearing spontaneous bladder cancer. CCR4
blockade inhibited tumour growth and Tregs infiltration
into tissues with improved survival and a low incidence
of clinically relevant toxicity [158]. Additionally, intratu-
moural IFN-a gene delivery reduced the trafficking of
Tregs to the tumour through the downregulation of
tumour CCL17 expression [159]. CCL22 expression by
DCs promotes the formation of cell-cell contacts and
interaction with Tregs through receptor CCR4. CCL22
deficiency led to their prolonged survival upon vaccin-
ation [160]. Besides, intratumoural CCL22 is induced in
tumour-infiltrating DCs through cancer cell-derived IL-
la. The IL-1 receptor antagonist anakinra or IL-1 siRNA
transfect into tumour cell lines can lead to suppression
of Tregs migration in pancreatic cancer and HCC [161].
Notably, in breast cancer, CCR8 were upregulated in
tumour-resident Tregs compared to their levels in nor-
mal tissue-resident Tregs. Targeting CCR8 to inhibit the
migration of tumour-resident Tregs might represent a
promising immunotherapeutic approach for the treat-
ment of breast cancer [162].

Targeting immune checkpoint (IC) on Tregs

The TME confers a suppressive function on Tregs by
upregulating IC molecule expression. Targeting IC mol-
ecules including CTLA-4, TIGIT, PD-1, GITR, etc. on
Tregs may be effective for cancer treatment [163].
CTLA-4 was the first identified as an inhibitory immune
checkpoint on Tregs and activated CD8 and CD4 ef-
fector cells. Upon high affinity binding to its ligand
CD80 and CD86 on APCs, CTLA-4 limits the further
activation of effector cells and plays an essential role in
maintaining the suppressive function of Tregs. There-
fore, the anti-CTLA-4 antibodies can remove the sup-
pressive function of Tregs and release the cytotoxicity
function of effector cells. However, compared with anti-
PD therapy, CTLA-4 targeting faces two related chal-
lenges: suboptimal efficacy and increased toxicity [164].
Two mAbs, ipilimumab (IgGl) and tremelimumab
(IgG2), which block the function of CTLA-4, have dem-
onstrated durable clinical activity in a subset of patients
with advanced solid malignancies by augmenting effector
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T-cell-mediated immune responses. Studies in mice
suggest that anti-CTLA-4 mAbs may also selectively de-
plete intratumoral Foxp3" Tregs via an Fc-dependent
mechanism. Both ipilimumab and tremelimumab in-
crease infiltration of intratumoral CD4" and CD8" cells
without significantly changing or depleting Foxp3™ cells
within the TME. Anti-CTLA-4 immunotherapy does not
deplete Foxp3" cells in human tumours, which suggests
that their efficacy could be enhanced by modifying the
Fc portions of the mAbs to enhance Fc-mediated deple-
tion of intratumoral Tregs [165]. Antibodies with iso-
types equivalent to ipilimumab and tremelimumab
mediate intratumoral Tregs depletion in vivo, increasing
the CD8/Tregs ratio and promoting tumour rejection.
Antibodies with improved FcyR binding profiles drove
superior antitumour responses and survival [166, 167].
Clinically effective anti-CTLA-4 mAb causes tumour re-
jection by mechanisms that are independent of check-
point blockade but dependent on the host Fc receptor
[168]. Sanseviero et al found other mechanisms about
anti-CTLA-4 inefficacy. They found that anti-CTLA-4
binding to FcRs has been linked to depletion of intratu-
moral Tregs, and further coincided with activation and
degranulation of intratumoral NK cells. Combination
therapy with anti-CTLA-4 plus IL15/IL15Ra complexes
enhanced tumour control compared with either mono-
therapy [169]. Fc-region—modified anti-CTLA-4 mAb
with high antibody-dependent cell-mediated cytotoxicity
(ADCC) and cellular phagocytosis (ADCP) activity se-
lectively depleted CTLA-4'Foxp3™ Tregs and conse-
quently expanded tumour antigen-specific CD8" T cells.
However, the ADCC strategy is unlikely to succeed in
colorectal, liver, prostate and ovarian cancer treatments
[170, 171]. Ipilimumab is the first immune checkpoint
blockade (ICB) that was approved by FDA for treating
metastatic melanomas [172]. Despite the prolonged sur-
vival of patients, anti-CTLA-4 antibody treatment can
cause severe immunotherapy-related adverse effects
(irAEs), which significantly limits its clinical benefits.
Therefore, more studies turn to combine low-dose anti-
CTLA-4 immunotherapy with the anti-PD-1 blockade.
Even with a reduced dose of anti-CTLA-4 antibodies,
the combination therapy with anti-PD-1 treatment can
cause severe irAEs in many patients. Targeting CTLA-4
has shown remarkable long-term benefit and thus re-
mains a valuable tool for cancer immunotherapy if the
irAE can be brought under control [173, 174]. Zhang
et al. found that while irAE-prone Ipilimumab and Tre-
melgG1 rapidly direct cell surface CTLA-4 for lysosomal
degradation, the non-irAE-prone antibodies they gener-
ated, HL12 or HL32, dissociate from CTLA-4 after
endocytosis and allow CTLA-4 recycling to cell surface
by the LRBA-dependent mechanism. Disrupting CTLA-
4 recycling results in robust CTLA-4 downregulation by
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all anti-CTLA-4 antibodies and confers toxicity to a
non-irAE-prone anti-CTLA-4 mAb. Conversely, increas-
ing the pH sensitivity of TremelgG1 by introducing de-
signed  tyrosine-to-histidine = mutations  prevents
antibody-triggered lysosomal CTLA-4 downregulation
and dramatically attenuates irAE. Surprisingly, pH-
sensitive anti-CTLA-4 antibodies are more effective in
intratumour Tregs depletion and rejection of large estab-
lished tumours by avoiding CTLA-4 downregulation and
due to their increased bioavailability [175]. The combin-
ation of intratumoural injections of TLR1/2 ligand
Pam3CSK4 plus anti-CTLA-4 mAb enhanced antitu-
mour immune responses compared to the response in-
duced by anti-CTLA-4 alone, and its efficacy depended
on CD4 T cells, CD8 T cells, FcyR IV, and macrophages.
Interestingly, the TLR1/2 ligand increased FcyR IV
expression on macrophages, leading to antibody-
dependent macrophage-mediated depletion of Tregs in
melanoma and increasing efficacy of anti-CTLA-4 mAbs
in the combination treatment [176]. In addition, target-
ing interferon signalling and CTLA-4 enhance the thera-
peutic efficacy of anti-PD-1 immunotherapy in
preclinical model of HPV™ oral cancer [177]. The
CTLA-4 x OX40 bispecific antibody ATOR-1015 in-
duces antitumor effects through tumour-directed im-
mune activation. By targeting CTLA-4 and OX40
simultaneously, ATOR-1015 is directed to the tumour
area where it induces enhanced immune activation, and
thus has the potential to be a next generation CTLA-4
targeting therapy with improved clinical efficacy and re-
duced toxicity. ATOR-1015 is also expected to act syner-
gistically with anti-PD-1/PD-L1 therapy [178]. Genetic
depletion of EZH2 in Tregs leads to robust antitumor
immunity. Pharmacological modulating EZH2 expres-
sion in T cells can improve antitumor responses elicited
by anti-CTLA-4 therapy [179]. Interestingly, systemic
short chain fatty acids from gut microbial metabolites
could limit antitumor effect of CTLA-4 blockade in
hosts with cancer [180]. TIGIT signalling in Tregs di-
rects their phenotype acquisition, and TIGIT primarily
suppresses antitumour immunity via Tregs but not
CD8" T cells. Moreover, TIGIT" Tregs upregulated the
expression of TIM-3 in tumours, and TIM-3 and TIGIT
synergized to suppress antitumour immune responses
[181]. Androgen deprivation therapy (ADT) induces a
complex pro-inflammatory infiltrate, which was apparent
in the early post-castration period but diminished as cas-
tration resistance emerged. Combining ADT with TI-
Tregs depletion using a depleting anti-CTLA-4 antibody
significantly delayed the development of castration re-
sistance and prolonged the survival of a fraction of
tumour-bearing mice [182]. In advanced HCC, the fre-
quency of checkpoint inhibitor-positive Tregs was in-
versely correlated with the age of the patients and
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corresponded to enhanced numbers of Tregs producing
IL-10 and IL-35. Tregs inhibited the IFN-y production
and cytotoxicity of CD8" T cells in which the activity
was partially blocked by neutralizing PD-1 and PD-L1
antibodies, specifically in HCC patients [183]. PD-1
blockade is a cancer immunotherapy that has been ef-
fective in various types of cancer. In a fraction of treated
patients, however, it causes rapid cancer progression
called hyperprogressive disease (HPD) with the produc-
tion of anti—-PD-1 mAb. Tumour-infiltrating Foxp3"C-
D45RA™CD4" eTregs expressed PD-1 at much higher
levels than circulating eTregs, which were abundant and
highly suppressive in tumours. A comparison of GC tis-
sue samples before and after anti-PD-1 mAb therapy re-
vealed that the treatment markedly increased tumour-
infiltrating proliferative eTregs in HPD patients. Func-
tionally, circulating and tumour-infiltrating PD-1*
eTregs were highly activated, showing higher expression
of CTLA-4 than shown by PD-1" eTregs. PD-1 blockade
significantly enhanced the suppressive activity of Tregs
in vitro [184]. Agonistic mAbs targeting GITR exert po-
tent therapeutic activities in preclinical tumour models.
Anti-GITR mAbs are thought to act by depleting and
destabilizing the TI-Tregs population. Further
characterization of persisting Tregs following anti-GITR
mAb treatment showed that a highly activated subpopu-
lation of CD44" ICOS™ TI-Tregs were preferentially tar-
geted for elimination, with the remaining Tregs
exhibiting a less suppressive phenotype. With these
changes in Tregs, intratumoural CD8" T cells acquired a
more functional phenotype characterized by their ability
to downregulate PD-1 and LAG-3. This reversal of
CD8" T-cell exhaustion was dependent on both agonis-
tic GITR signalling and Tregs depletion [185]. An
in vitro blockade of PD-1 increased Tregs percentages
and pSTAT3 expression and reduced Treg-suppressive
function. PD-1 blockade also led to IL-10 production by
T cells, resulting in higher Tregs proliferation. The
addition of a STAT3 inhibitor ameliorated the increase
in Tregs, enhanced suppressive function, and decreased
T-cell IL-10 production in vitro [186]. STAT3 binds
through its N-terminal floppy domain to the exon 2
sheet region of Foxp3 to form STAT3-Foxp3 complexes,
extending the co-transcriptional activity of Foxp3 to
other STAT3-target genes that lack Foxp3-binding sites
[187, 188]. Glioblastoma promotes immunosuppression
through the upregulation of PD-L1 and Tregs expansion,
indicating that PD-L1 may expand and maintain im-
munosuppressive Tregs, which are associated with de-
creased survival of patients. A blockade of the PD-L1/
PD-1 axis may reduce the expansion of Tregs and fur-
ther improve T cell function [189]. Claudin-low breast
cancer is an aggressive subtype. Despite adaptive im-
mune cell infiltration in claudin-low tumours, treatment
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with anti-CTLA-4 and anti-PD-1 antibodies cannot effi-
ciently control tumour growth. CD4"Foxp3* Tregs rep-
resented a large proportion of TILs in claudin-low
tumours, and Tregs isolated from tumours were able to
suppress effector T cell responses. Tregs in the TME
highly expressed PD-1 and were recruited partly through
tumour-derived CXCL12. Antitumour efficacy requires
stringent Tregs depletion combined with checkpoint in-
hibition [190]. Despite high PD-1 expression, TIM-3"
TI-Tregs display a greater capacity to repress the prolif-
eration of naive T cells than TIM-3~ Tregs. TIM-3*
Tregs from human HNSCC also show an effector-like
phenotype with highly robust expression of CTLA-4,
PD-1, CD39, and IFN-y receptors. Exogenous IFN-y
treatment can partially reverse the suppressive function
of TIM-3" TI-Tregs. Anti-PD-1 immunotherapy down-
regulates TIM-3 expression on Tregs isolated from
HNSCC in rats and mice, which reverses the suppressive
function of HNSCC TI-Tregs [191]. TIM-3 can be up-
regulated on CD8 T cells and Tregs in tumours treated
with RT and PD-L1 blockades. Treatment with anti-
TIM-3 administered with anti-PD-L1 and RT concur-
rently led to significant tumour growth delay, enhanced
T-cell cytotoxicity, decreased Tregs levels, and the im-
proved survival of orthotopic models of HNSCC. How-
ever, targeting Tregs depletion restored antitumour
immunity in mice treated with radiotherapy (RT) and
dual-ICB and resulted in tumour rejection and the in-
duction of immunologic memory [192]. In a transgenic
HNSCC mouse model, a blockade of TIM-3 by the anti-
TIM-3 mAb induced a reduction in Tregs. Meanwhile,
the population of TIM-3" Tregs was also decreased. The
increased IFN-y* CD8" T cells in the anti-TIM-3-treated
mice showed that the antitumour immune response is
enhanced through the suppression of these negative im-
mune factors [193]. The prognosis of follicular lymph-
oma (FL) patients is suspected to be influenced by TI-
Tregs, which comprise activated ICOS™ Tregs that are
able to inhibit not only conventional T cells but also FL
B cells, which are able to express ICOSL and generate
Tregs expressing ICOS. These Tregs were associated
with ICOS/ICOSL engagement and were abrogated by
antagonist anti-ICOS and anti-ICOSL antibodies [194,
195] (Table 1).

Skewing Tregs towards anti-tumour immunity phenotype
Despite the opposite roles of T-bet and Foxp3 in the im-
mune system and tumour biology, recent studies have
demonstrated the presence of CD4" T cells expressing
both T-bet and Foxp3. T-bet'Foxp3*CD4" T cells medi-
ated by the immunosuppressive cytokine TGF-f accu-
mulate in the lungs of tumour-bearing mice and are
characterized as Thl-like Tregs. The conversion of IFN-
y-producing antitumoural T-bet'Thl CD4" T cells into
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Table 1 The combination molecules on Tregs of targeted drugs in clinical trials
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Targets drugs Cancer type NCT
CD25 Basiliximab T-Cell and NK-Cell Non-Hodgkin Lymphoma NCT02342782
Basiliximab Recurrent Adult Hodgkin Lymphoma NCT01476839
Daclizumab Hodgkin Lymphoma NCT01468311
Daclizumab Melanoma NCT00847106
CTLA-4 Tremelimumab Cutaneous Melanoma NCT04274816
Tremelimumab Malignant Mesothelioma NCT01655888
Tremelimumab Colorectal Neoplasms NCT00378482
Melanoma
Prostatic Neoplasms
Renal Cell Carcinoma
Neoplasms
Patients Who Have/Have Had Tumors
Tremelimumab Malignant Mesothelioma NCT01649024
Ipilimumab Melanoma NCT02027935
Ipilimumab Prostate Cancer NCT01804465
Ipilimumab HNSCC NCT04080804
Ipilimumab Sarcoma NCT01445379
Wilm's Tumor
Lymphoma
Neuroblastoma
Ipilimumab Melanoma NCT00972933
Ipilimumab Pancreatic Cancer NCT00112580
Ipilimumab Extensive Stage Small Cell Lung Cancer NCT01331525
CP-675,206 HCC NCT01008358
CP-675,206 Melanoma NCT00431275
BCD-145 Melanoma NCT03472027
ADU-1604 Metastatic Melanoma NCT03674502
GITR MK-4166 Glioblastoma NCT03707457
BMS-986156 MetastaticMalignant Solid Neoplasm NCT04021043
GWN323 Solid Tumors NCT02740270
Lymphomas
TRX518 Unresectable Stage Ill or Stage IV Malignant Melanoma or Other Solid Tumor Malignancies NCT01239134
LAG-3 Sym022 Metastatic Cancer NCT03489369
Solid Tumor
Lymphoma
anti-LAG-3 Multiple Myeloma NCT04150965
Relapsed Refractory Multiple Myeloma
anti-LAG-3 Microsatellite Unstable Colorectal Cancer NCT02060188
Microsatellite Stable Colorectal Cancer
Mismatch Repair Proficient Colorectal Cancer
Mismatch Repair Deficient Colorectal Cancer
BMS-986016 Glioblastoma NCT02658981
Recurrent Brain Neoplasm
BMS-986016 Hematologic Neoplasms NCT02061761
Relatlimab ‘Neoplasms by Site NCT01968109
Relatlimab HNSCC NCT04080804
Relatlimab Gastroesophageal Cancer NCT03610711
Relatlimab Chordoma NCT03623854

Locally Advanced Chordoma
Metastatic Chordoma
Unresectable Chordoma
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Targets

drugs

Cancer type

NCT

TIGIT

OXx40

Relatlimab
Relatlimab
Relatlimab
Relatlimab

Relatlimab

Relatlimab

REGN3767

Sym022

TSR-033
TSR-033

BMS-986213

BGB-A1217
MTIG7192A
Tiragolumab
Tiragolumab
anti-Ox40
anti-Ox40
anti-Ox40

PF-04518600

PF-04518600

PF-04518600

PF-04518600

MEDI6469

Various Advanced Cancer
Advanced Cancer
Melanoma

Cancer

Gastric Cancer
Esophageal Cancer
GastroEsophageal Cancer

Microsatellite Stable (MSS) Colorectal Adenocarcinomas
Colorectal Adenocarcinoma

Malignancies

Metastatic Cancer
Solid Tumor
Lymphoma

Advanced or Metastatic Solid Tumors

Advanced Solid Tumors
Antibodies
Immunotherapy
Colorectal Cancer

Gastric Cancer
Cancer of the Stomach
Esophagogastric Junction

Metastatic Solid Tumors
Non-small Cell Lung Cancer
Small Cell Lung Cancer
Non-Small Cell Lung Cancer
Head and Neck Cancer
Advanced Cancer

Metastatic Prostate Cancer
Cancer of the Prostate
Prostate Cancer

Clear Cell Renal Cell Carcinoma
Metastatic Renal Cell Cancer
Recurrent Renal Cell Carcinoma
Stage IV Renal Cell Cancer

Stage Ill Breast Cancer

Stage IlIA Breast Cancer

Stage IlIB Breast Cancer

Stage IIIC Breast Cancer

Stage IV Breast Cancer

Invasive Breast Carcinoma
Recurrent Breast Carcinoma
Triple-Negative Breast Carcinoma

Advanced Malignant Solid Neoplasm
Castration-Resistant Prostate Carcinoma
Malignant Neoplasm

Malignant Solid Neoplasm

Metastatic Malignant Solid Neoplasm
Metastatic Prostate Carcinoma

Prostate Carcinoma Metastatic in the Bone
Refractory Malignant Solid Neoplasm
Stage IV Prostate Cancer AJCC v8
Stage IVA Prostate Cancer AJCC v8
Stage IVB Prostate Cancer AJCC v8

Recurrent Acute Myeloid Leukemia
Refractory Acute Myeloid Leukemia

Colorectal Neoplasms

NCT02488759
NCT03459222
NCT03743766
NCT02966548
NCT03044613

NCT03642067

NCT03005782

NCT03311412

NCT02817633
NCT03250832

NCT03662659

NCT04047862
NCT03563716
NCT04256421
NCT04294810
NCT02274155
NCT01644968
NCT01303705

NCT03092856

NCT03971409

NCT03217747

NCT03390296

NCT02559024
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Table 1 The combination molecules on Tregs of targeted drugs in clinical trials (Continued)

Targets

drugs

Cancer type

NCT

ICOS

MEDI6469

BMS 986178

BMS 986178

MOXR0916
BGB-A445
MEDI-570

Metastatic Breast Cancer
Lung Metastases
Liver Metastases

B-Cell Non-Hodgkin Lymphoma
Grade 1 Follicular Lymphoma
Grade 2 Follicular Lymphoma
Grade 3a Follicular Lymphoma
Lymphoplasmacytic Lymphoma
Mantle Cell Lymphoma
Marginal Zone Lymphoma
Small Lymphocytic Lymphoma

Advanced Malignant Solid Neoplasm
Extracranial Solid Neoplasm
Metastatic Malignant Solid Neoplasm

Neoplasms
Advanced Solid Tumor

Follicular T-Cell Lymphoma

NCT01862900

NCT03410901

NCT03831295

NCT02410512
NCT04215978
NCT02520791

Grade 1 Follicular Lymphoma
Grade 2 Follicular Lymphoma
Grade 3a Follicular Lymphoma

Mature T-Cell and NK-Cell Non-Hodgkin Lymphoma
Recurrent Angioimmunoblastic T-Cell Lymphoma

Recurrent Follicular Lymphoma

Recurrent Mature T- Cell and NK-Cell Non-Hodgkin Lymphoma

Recurrent Mycosis Fungoides

Recurrent Primary Cutaneous T-Cell Non-Hodgkin

Lymphoma

KY1044 Squamous Cell Carcinoma of Head and Neck NCT03829501

Non-small Cell Lung Cancer
Hepatocellular Carcinoma
Esophageal Cancer

Gastric Cancer

Melanoma

Renal Cell Carcinoma
Pancreatic Cancer

Cervical Cancer

Triple Negative Breast Cancer
Advanced Cancer

CCR4 Mogamulizumab Stage IB-IIB Cutaneous T-Cell Lymphoma NCT04128072

Mogamulizumab Gastric Cancer
Esophageal Cancer
Lung Cancer
Renal Cancer
Oral Cancer

NCT02946671

KW-0761
KW-0761
KW-0761

Cutaneous T-Cell Lymphoma
Adult T-cell Leukemia-Lymphoma
Peripheral T-cell Lymphoma

NCT01728805
NCT01626664
NCT01226472

Cutaneous T-cell Lymphoma
KW-0761 Peripheral T-Cell Lymphoma
KW-0761 Peripheral T-Cell Lymphoma

NCTO1611142
NCT00888927

immunosuppressive T-bet and Foxp3-PD-1 coexpressing
Tregs may represent an additional and important mech-
anism of the TGF-B-mediated blockade of antitumour
immunity [196]. The main factors driving the differenti-
ation of Tregs towards a pro-inflammatory phenotype
include IL-12 for Thl-like Tregs and IL-6 for Th17-type
Tregs. Importantly, the blockade of IEN-y partially

restores the suppressive function of Tregs [197]. The sig-
nalling events driving the generation of human Thl-
Tregs depend on the PI3K/AKT/Foxol/3 signalling cas-
cade, which is the major pathway involved in IFN-y se-
cretion by human Tregs [198]. Moreover, Foxol can be
recruited to a regulatory element upstream of the tran-
scriptional start site of the IFNG gene. Treg-specific



Li et al. Molecular Cancer (2020) 19:116

deletion of Foxol leads to upregulation of IFNG gene
expression and increased IFN-y" Tregs [199, 200]. The
E3 ubiquitin ligase VHL can regulate HIF-1a to maintain
the stability and suppressive capacity of Tregs. VHL-
deficient Tregs failed to prevent colitis induction but
were converted into Thl-like effector T cells with exces-
sive IFN-y production. VHL intrinsically orchestrated
this conversion under both steady and inflammatory
conditions followed by Foxp3 downregulation, which
was reversed by IFN-y deficiency. Augmented HIF-la-
induced glycolytic reprogramming was required for IFN-
y production. Furthermore, HIF-la bound directly to
the IFNG promoter. Knockdown or knockout of HIF-1a
reversed the increase in IFN-y by VHL-deficient Tregs
and restored their suppressive capacities in vivo [201].

Targeting other molecules on Tregs to suppress Tregs
functions

NRP1 plays an important role in the stability and func-
tion of intratumoural Tregs. The NRP1 antagonist Fc
(AAG)-TPP11, generated by fusion of the NRP1-specific
binding peptide TPP11 with the C-terminus of an ef-
fector function-deficient immunoglobulin Fc (AAG)
variant, inhibits intratumoural NRP1* Tregs function
and stability, which triggers the internalization of NRP1,
reduces its surface expression, and thereby inhibits the
suppressive function of Tregs [202]. Treg-restricted
NRP1 deletion results in profound tumour resistance
due to Tregs functional fragility. A high percentage of
intratumoural NRP1" Tregs correlated with poor prog-
nosis for melanoma and HNSCC patients. However, a
high proportion of intratumoural Nrpl™'~ Tregs pro-
duced IFN-y, driving the fragility of surrounding wild-
type Tregs, boosting antitumour immunity, and facilitat-
ing tumour clearance, which is required for the response
to anti-PD-1 [71]. The specific deletion of the deubiqui-
tinase POH1 gene in T cells compromised the develop-
ment of mature T cells, especially CD4"Foxp3™ Tregs.
Furthermore, POH1 deficiency significantly attenuated
the transition of CD25" Tregs precursors into Foxp3™
Tregs and was accompanied by downregulation of IL-2-
STATS5 signalling [203]. Idelalisib is a highly selective
PI3K (PI3KS) isoform-specific inhibitor effective in re-
lapsed/refractory CLL and follicular lymphoma. Com-
pared with CD4" and CD8" effector T cells, human
Tregs are highly susceptible to PI3KS inactivation using
idelalisib, as evident from its effects on anti-CD3/CD28/
CD2-induced proliferation and the level of AKT and
NE-kB phosphorylation. Additionally, Tregs treated with
idelalisib can show significantly altered phenotypes and
downregulation of their suppressive function [204]. In-
activation of PI(3) K p1108 disrupts Treg-mediated im-
mune tolerance to cancer. In mice, p110d inactivation
protected against a broad range of cancers, including
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non-haematological solid tumours. p110§ inactivation in
Tregs unleashes CD8" cytotoxic T cells and induces
tumour regression. Thus, p110d inhibitors can attenuate
tumour-induced immune tolerance and should be con-
sidered for wider use in oncology [205].

Conclusions and future perspectives

The immunosuppressive activity of Tregs in tumours is
a major obstacle to effective antitumour immunity.
Combining Treg-targeting therapies with other ap-
proaches, such as IC blockades, immune-agonists,
tumour vaccines, radiotherapy, and chemotherapy, pro-
vides a synergistic antitumour effect. However, due to
the production of cytokines, chemokines, and foreign
body-mediated reprogramming in the tumour micro-
environment, the functional evaluation of Tregs in
tumour tissues is complex and difficult to determine.
Early tumour immunotherapy targeting Tregs mainly fo-
cused on clearance, but the effect was not ideal. There
may be several reasons for this outcome. On the one
hand, when removing Tregs, normal effector T cells are
also removed, which leads to a significant decline in the
body’s antitumour immunity. On the other hand, Tregs
clearance is only temporary, and the Tregs levels in the
body will soon return to the level before clearance.
Therefore, the idea of immunotherapy targeting Tregs
should be changed from clearing to controlling the num-
ber and inducing the functional differentiation of Tregs
towards Thl-like Tregs. To design better therapeutic op-
tions targeted to Tregs in cancer, it is necessary to ex-
plore the signalling pathways that govern the acquisition
of specific effector characteristics by Tregs. In the future,
a better option will be the induction of redifferentiation or
reprogramming of Tregs in tumours towards Thl-like
Tregs, which produce IFN-y and IL-12 to kill tumour
cells. In addition, targeting Tregs in combination with
other cancer therapies will be another good option. How-
ever, the pattern of these combinations during treatment
requires a deeper study into the dynamics of the tumour
microenvironment to determine how to obtain optimal
combinations. Therefore, the roles and functions of Tregs
need to be further studied to reach it’s the potential of
Tregs as immunotherapeutic targets and provide a new
strategies for tumour immunotherapy.
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