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Abstract

The evolution of the complex immune system is equipped to defend against perilous intruders and concurrently negatively
regulate the deleterious effect of immune-mediated inflammation caused by self and nonself antigens. Regulatory T-cells
(Tregs) are specialized cells that minimize immune-mediated inflammation, but in malignancies, this feature has been
exploited toward cancer progression by keeping the antitumor immune response in check. The modulation of Treg cell infil-
tration and their induction in the TME (tumor microenvironment) alongside associated inhibitory molecules, both soluble
or membranes tethered in the TME, have proven clinically beneficial in boosting the tumoricidal activity of the immune
system. Moreover, Treg-associated immune checkpoints pose a greater obstruction in cancer immunotherapy. Inhibiting
or blocking active immune checkpoint signaling in combination with other therapies has proven clinically beneficial. This
review summarizes the ontogeny of Treg cells and their migration, stability, and function in the TME. We also elucidate the
Treg-associated checkpoint moieties that impede effective antitumor activity and harness these molecules for effective and
targeted immunotherapy against cancer nuisance.
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Abbreviations LAG-3 Lymphocyte-Activation Gene 3
APC Antigen-presenting cell PD-1 Programmed cell death protein-1
CCL2 Chemokine (C—C motif) ligand 2 PD-L1 Programmed death ligand-1
CC17 Chemokine (C—C motif) ligand 7 PGE2 Prostaglandin E2
CCR4 C—C chemokine receptor type 4 TdLNs Tumor-draining lymph node
CCR4 C—C chemokine receptor type 4 TGF-p Transforming growth factor beta
CD25 Interleukin-2 receptor alpha chain TIGIT T-cell immunoreceptor with immunoglobulin
CD7 Cluster of differentiation 7 and ITIM domains
CTLA-4 Cytotoxic T-lymphocyte-associated protein 4 TIM-3 T-cell immunoglobulin mucin 3
CXCLI12 C-X-C motif chemokine ligand 12 TME Tumor microenvironment
FR4 Folate receptor 4 Treg/Tregs Regulatory T-cell(s)
GITR Glucocorticoid-induced tumor necrosis fac-
tor receptor-related protein
ICOS Inducible T-cell COStimulator Introduction
IL-10 Interleukin 10
IL-2 Interleukin-2 The integration of cancerous cells with immune-associated
IL-35 Interleukin 35 cells and the availability of various metabolites produced

in the tumor milieu pose immunosuppression that derail
antitumor activity and have been linked with the failure of
immunotherapies [1]. The tumor mass construction com-
prises various other cell populations that fabricate the immu-
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(Tregs) are among the most potent immunosuppressive cells,
belong to the CD4* T-cell lineage, and characteristically
express the master switch gene FOXP3, which is crucial for
the maintenance and development of Treg cells [3]. These
cells are equipped to maintain immune homeostasis between
inflammatory and anti-inflammatory responses and tolerance
by controlling various facets of immune responses [4]. Any
sort of perturbance in the Treg cell pool is often associated
with various diseases, such as autoimmunity and cancer
[5-7]. Any deleterious mutations in the FOXP3 gene are
consequent in impairment and dysfunctional Treg cells that

Fig. 1 Phonotypical markers of
Tregs for the development of
immune suppression
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further account for multiple autoimmune disorders, and this
condition in humans is known as IPEX syndrome (immune
dysregulation polyendocrinopathy enteropathy X linked).
Indeed, a similar FOXP3 mutation was observed, where
mice (Scurfy) deficient in Treg cells succumb to systematic
autoimmunity [8].

FOXP3 acts as a master transcription regulator of which
expression determines phenotypic fate and immunosup-
pressive functionality (Fig. 1) [5, 9]. Treg cells migrate to
the inflamed site and mitigate inflammation by inhibiting
other immune cells, such as cytotoxic T-cells (CTLs) and
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helper T-cells (Ty cells) [10, 11]. In cancer, Tregs infiltrate
inflamed tumors along with other cells and contribute to the
development and progression of various types of malignan-
cies [12]. The only exception is colon cancer, where high
Treg cell infiltration during the early phase favors a bet-
ter prognosis [13]. A high Treg to CD8" population ratio
among TILs has a poor prognosis [14, 15]. The harsh milieu
of the TME and the occurrence of various immune check-
points aid in de-escalation of antitumor activity and promote
tumor growth and decimations to secondary sites [16, 17].
Treg cell-associated immune checkpoint molecules, such
as cytotoxic T-lymphocyte-associated protein 4 (CTLA-4),
programmed cell death protein-1 (PD-1), T-cell immuno-
globulin, and mucin-domain-containing 3 (TIM-3), and band
T lymphocyte attenuator (BTLA), obstruct the antitumor
response. Targeting these molecules ameliorates the cancer
condition and good therapeutic outcomes in various cancers
[18]. Targeting ICIs (immune checkpoint inhibitors) have
shown profound therapeutic significance in cancer, suggest-
ing that targeting tumor-infiltrated Tregs or their localized
depletion may be clinically beneficial, preventing system-
atic autoimmunity, and affirming central tolerance. Here,
we reviewed Treg cell ontogeny, the mechanism of suppres-
sion, and accumulation in the tumor and the strategies to
target predominantly the Treg-specific membrane surface
molecules that are expressed by Treg cells upon activation,
infiltration, and survival in the tumor milieu. We have also
documented Treg-associated checkpoint molecules and their
role in immunosuppression.

Regulatory T-cells: subtypes, development,
and location

The Treg cell population holds 5-10% of the T-cell pool
share in humans and mice in the peripheral compartment,
consisting of natural/thymic and peripherally generated
Tregs [19]. The ontogeny of Tregs involves nTregs, which
spontaneously matures in the thymus with higher avidity
and interacts with MHC-II-bound self-antigens and the
IL-2 receptor. Induced Tregs constitute conventional CD4*
T-cells in the periphery and are tolerogenic to self-antigens
named pTreg cells [20]. TCR activation with TGF-f or reti-
noic acid converts naive T-cells into iTreg cells [21, 22].
In addition, suboptimal costimulation and high levels of
TGF-B, retinoic acid, and IL-2 favor FOXP3 induction [23,
24]. In humans, such interactions generate inflammatory
cytokines rather than suppressing the immune system [25].
CD257CD4* Treg cells with inhibitory function display
low amounts of CD127, the a-chain of the IL-7 receptor
[26]. Naive T-cells, driven by TCR-mediated signaling, tran-
siently upregulate FOXP3 and downregulate CD127, sug-
gesting that the CD4*CD25TCD127"°% T-cell fraction may
include activated non-Treg cells. Naive Treg cells multiply

and mature into highly suppressive and terminally differ-
entiated eTreg cells following TCR activation, which may
hinder antigen-specific maturation of dendritic cells (DCs).
eTreg cells hamper other effector cells via high affinity
IL-2 receptor signaling, secreting inhibitory cytokines such
IL-10, TGF-p, and IL-35, and cleaving ATP into adeno-
sine. Antigen-specific Treg cells outperformed antigen-
nonspecific Treg cells in a TCR transgenic animal model
[27]. Antigen-presenting cells (APCs) in the lymph nodes
prime naive T-cells (CD8* T and CD4" FOXP3 T-cells) and
detect cognate antigens for activation in the TME [28]. Treg
cells in the TME contain a TCR repertoire that is different
from that of other conventional CD4* T lymphocytes and is
selective for tumor-specific antigens, indicating recognition
of tumor-specific antigens by Treg cells [29].

Effector functions of Tregs in various pathologies

Tregs control the immune response in both antigen-depend-
ent and antigen-independent ways via the immunosuppres-
sive cytokines IL-10 and TGF-p [30]. IL-35, composed
of Ebi3-IL-12 alpha heterodimer immunosuppressive
cytokines, is constitutively expressed on Treg cells and ham-
pers the effector T-cell immune response [31]. Treg cells
with higher expression of IL-2R alpha (CD25) increase
their affinity for IL-2, which deprives activated T-effector
cells of IL-2 and prevents them from proliferating, leading
to metabolic disruption and apoptosis [32]. IL-2-dependent
downstream STAT-5 activation is essential for homeosta-
sis and function in Treg cells. In addition, cAMP assists
in Treg-mediated immunosuppression by injecting cAMp
through gap junctions or catabolizing extracellular nucleo-
tides into adenosine through ectonucleases. CD39 and CD73
present on Treg cells mediate the immunosuppression of
T-effector cells [33, 34]. Contact-dependent production of
the serine protease granzyme B by Tregs allows them to
induce apoptosis in T-effector cells [35]. CTLA-4 expressed
on Tregs competes with other effector T-cells for molecular
interactions with CD80/86 on DCs. This interaction trig-
gers the release of IFN-y, which induces the production of
indoleamine 2,3-dioxygenase (IDO), a potent enzyme that
catabolizes the tryptophan to kynurenine metabolite that
suppresses T-cell effector activity [36]. The expression of
lymphocyte activation gene (LAG) on the Treg cell surface
is structurally homologous to the CD4 receptor and has sig-
nificantly higher affinity for MHC-II [37]. The LAG:MHC-II
interaction involves the downstream recruitment of ERK and
SHP-1, which inhibits the maturation and immune stimula-
tory capacity of DCs mediated through ITAMs [38]. Nota-
bly, the high expression of the PD-1 molecule (CD279) on
exhausted T-cells and tumor-infiltrating immunosuppres-
sive Treg cells quenches antitumor activity [39]. PD-L1
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expression on tumor and Treg cells sends inhibitory signals
that help the tumor escapes the immune system [40].

Regulatory T-cells and TME

Tregs are located throughout the TME and act as metabolic
and trafficking ‘barriers’ to keep effector cells out of the
TME or reduce the activity of effector cells already present
in the TME, resulting in a decrease in CD8" T-cells in the
proximity of tumor cells, which is linked to poor outcomes
[41]. Poor peripheral T activation, disorganized vascula-
ture, lymphatic structures in the TME, and the occurrence
of a stroma prevent cell migration into and in the vicinity of
the tumor bed, constituting primary barriers constructed by
Tregs that hinder the infiltration of proinflammatory cells
(Fig. 2) [42, 43].

Cancer cells have an inherent genetic instability to
produce abnormal proteins called neoantigens that spon-
taneously trigger CD8" T-cell responses. Immune sur-
veillance eradicates cancer cells that display these highly
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immunogenic neoantigens [44]. The prevalence of a large
number of Tregs and a lower ratio of CD8* T lymphocytes
to Tregs in the TME are both related to a poor progno-
sis in a variety of cancer types [45]. There is a correla-
tion between good prognosis and the increase in FOXP3™*
non-Treg cells in the TME of a type of colorectal tumor,
including high levels of TGF-f and IL-12. In contrast, a
significant number of eTreg cells in the TME are linked to
poor prognosis in other forms of cancer in which FOXP3*
non-Treg cells are virtually never found [46]. The increase
in Treg cell number in the TME occurs mainly through
chemoattraction [47]. Treg cells tend to cross talk with
infiltrated immune cells, stromal cells, and tumor cells
[48, 49]. IL-10 also plays a central role in the induction
of Tregs in the TME area and in the periphery, as vali-
dated by isolation of IL-10 mRNA transcripts from various
tumor types, and the major contributors are tumor cells
and infiltrated leukocytes [50]. TGF-p is another cytokine
that induces naive T-cells into Treg cells that promote can-
cer progression and dampen effective immune cytokines
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Fig.2 Overview of the tumor microenvironment and associated cell population of Tregs
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[51]. The elevated level of TGF-f in the TME correlates
with advanced cancer progression and with poor prognosis
[52]. TGF-f, IL-2, and prostaglandin E2 (PGE2) are abun-
dant in the TME area and are crucial in converting Th,
cells into Tregs. Various cytokine gradients established
by both tumor and immune cells serve as driving forces
for nTreg cell entry into the TME. The use of a systemic
CCR5 antagonist slows tumor development, improves
survival, and reduces infiltrating Tregs in the TME [53].
Treg cells are migrated to the TME area in response to
CXC and CC chemokines, and the chemokine receptors
CXCR3, CCR4, CCRS, and CCR10 are responsible for this
migration. Treg cells, as opposed to effector and memory
T lymphocytes, are better able to detect the vast major-
ity of tumor-associated self-antigens that are released by
dying tumor cells in the TME, resulting in activation and
proliferation of Tregs, and creating an immunosuppressive
TME [54]. In addition, the inducible T-cell costimulatory
ICOS, which belongs to the CTLA-4/PD-1/CD28 fam-
ily, is also expressed in regulatory T-cells. It plays a role
in the activation and proliferation of Tregs by binding to
an ICOS ligand that is expressed on plasmacytoid DCs
[55, 56]. Treg cells inhibit the activation of various other
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immune cells directly by engaging with immunosuppres-
sive receptors or indirectly by various soluble molecules
(Fig. 3).

14th The TME plays an important role in anticancer
immunity including effect in immunotherapy and other
treatments [57, 58]. Cancer cells and its interaction with
the extracellular matrix and stromal cells influence TME,
forming a heterogeneous environment which fosters chronic
inflammation, immune suppression, and angiogenesis [59,
60]. Avoidance of immune-suppressive networks in the TME
is a major factor for the elimination of tumor cells which can
be achieved by targeting and reprogramming the TME via
enhancing the T-cell activity which likely reduces the immu-
nosuppression [61, 62]. Studies on TME composition and its
role on immune surveillance attenuation may also guide the
development of strategies to manipulate the TME and benefit
cancer patients [63]. The role of immune cell involvement
and major transcription factors is also critical for develop-
ing therapies that target inefficient T-cells within the TME.
TME-derived cannabinoid receptors (CB1 and CB2) in
immune cells residing in TME aggravate the non-small cell
lung cancer and compositions of the immune cell popula-
tion. Inhibition of these receptors favors the occurrence of
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tumor-killing lymphocytes. The absence of CB1 and CB2
significantly improved the outcome of immunotherapy indi-
cating the importance of TME [64]. Ni et al. reported that
signal pathways and immunosuppressive subtypes of cells
in TME may provide new avenues for improvement in per-
sonalized immunotherapy against glioblastoma progression
[65]. Aru et al. showed that dual inhibition of the CXCL12-
CXCR4 and PD-1-PD-L1 axes alleviates the immunosup-
pressive TME in acute myeloid leukemia (AML). This
also includes the role of checkpoint blockade in the bone
marrow microenvironment of the bone marrow of patients
[66]. Aberrant metabolic processes like dysregulated amino
acid metabolism impaired the function of cytotoxic CD8"
T-cells in the immunosuppressive microenvironment in mul-
tiple myeloma [67]. Immunomodulatory drugs could alter
TME and may improve the treatment outcome in hemato-
logical malignancies including AML, CML, MM, and B-cell
neoplasias. This could be achieved via immune checkpoint
inhibitors or metabolic interventions [68].

Treg migration in TME

Treg cells have been shown to infiltrate the tumor microen-
vironment (TME) in a number of murine and human cancers
(Fig. 4) [45]. iTregs are generated from naive CD4% T-cells
in the periphery in response to tumor cues that induce dif-
ferentiation toward a regulatory phenotype. The production
of iTregs in the TME is largely dependent on IL-10 activ-
ity. The TME produces IL-10 from a number of different
sources, including the tumor cells themselves, as well as
invading leukocytes such as T- and B-cells, macrophages,
and NK cells [69]. In an autocrine fashion, greater amounts
of TGF-f are secreted by tumors as their growth progresses
[70]. In addition, the thick stromal network that surrounds
the tumor is also a source of this cytokine [71]. The syn-
ergistic effect of TGF-f and IL-10 on the development of
human iTregs is shown by the upregulated expression of
both FOXP3 and CTLA-4 [72]. The differentiation of iTregs
in the TME is related to overall worse patient survival in
cancer subtypes. Induction of iTregs in the TME is respon-
sible for driving tumor development.

Targeting Tregs: relevance in tumor immunotherapy

The tumors are immunologically divided into inflamed and
noninflamed types based on the activation status of infil-
trated immune cells. In general, immunotherapies work
better against inflamed tumors than noninflamed tumors.
FOXP3 in Tregs is critical for immune homeostasis and
immunological self-tolerance. These cells are targeted either
by depleting or weakening their suppressive abilities to gen-
erate an effective antitumor immune response [73]. Various
immunotherapies have been designed to target intratumoral

@ Springer

Treg cells, including depleting and targeting key surface
molecules that are highly expressed and impart immuno-
suppressive functions. Targeting the molecules PD-1, Tim-
3, CD25, CTLA-4, OX40, TIGIT, 4-1BB, CCR4, CCRS,
etc., has had some clinical success. Recently, our laboratory
showed that galunisertib (inhibitor for TGF-pR1) improves
the effectiveness of immunotherapy using IL-15-activated
dendritic cells by reducing the regulatory T-cell popula-
tion in addition to ablation of p-SMAD2 and neuropilin-1,
leading to significantly better survival in a murine model of
lymphoma [74]. Importantly, a first study showed that elimi-
nating Treg cells caused tumors to shrink in some tumor cell
lines (CD25 positive), such as Meth A (methylcholanthrene-
induced fibrosarcoma) and RLmale 1 (radiation-induced leu-
kemia with CD25 marker), but not in others (CD25 nega-
tive), such as AKSL2 and RLfemale 8 (radiation-induced
leukemia lacking CD25) [75]. As a result, treatment aimed
against Treg cells is unlikely to be successful against all can-
cers. A phase I clinical study of Treg depletion in patients
with solid tumors by the infusion of anti-CCR4 monoclonal
antibody (mAb) resulted in enhanced antitumor immune
responses in many patients, although clinical responses were
not detected in the majority of patients [76]. Systemic Treg
cell reduction may enhance immune-related adverse events
(irAEs), such as autoimmunity-related toxicities. Instead of
systemic depletion of Treg cells, specific TME eTreg cell
depletion may boost anticancer effects without irAEs. Thus,
we must define the TME immune-suppressive network to
develop biomarkers that discriminate tumors in which Treg
cells are critical for tumor progression. By changing the
cytokine and/or chemokine axis, cell-intrinsic signaling, or
metabolites generated in the TME area, Treg cells might
alter their activity and invasion. IDO and adenosine in the
TME strongly alter Treg cell activity and lineage stabil-
ity. Fatty acid metabolism boosts Treg cell growth. Cancer
cells use glucose and increase TME lactic and fatty acids
via glycolytic metabolism. FOXP3 decreases glycolysis and
increases nicotinamide adenine dinucleotide oxidation by
reducing Myc [71]. Treg cells use oxidative phosphoryla-
tion and B-oxidation of fatty acids to absorb lactic acid and
fatty acids for survival and immunological suppression in
the TME. PI3K modulation also affects FOXP3 [77]. These
signaling pathways and the metabolites associated with Treg
cells may be therapeutic targets in cancer patients, although
further research is needed for better understanding.

2nd The control of Treg stability, plasticity, and func-
tions is important to guide the development of novel
therapies to treat human disease. Regulatory T-cells
(CD4*CD25Me"CD127"FOXP3*, Tregs) are fundamentally
critical for maintaining immune homeostasis by modulat-
ing the immune response against self-antigens, allergens,
pathogens, and tumors. Tregs are dynamic population with a
higher degree of plasticity than previously thought and have
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a far broader role in disease mediated by their interaction
with several immune and non-immune cells. Treg program
is a fairly stable homeostatic condition that includes Foxp3
expression and an occurrence of Treg-specific epigenetic
signature, acquired during Treg development in the thymus
[78]. Stable and long-term Foxp3 expression in Tregs is crit-
ical for Treg function and is partly controlled by the demeth-
ylation of Treg-specific epigenetic signature genes, including
Foxp3 [79]. The plasticity of Tregs triggers diverse changes
including the generation of inflammatory cytokines and
instability including FOXP3 expression and may associate
with diseases including autoimmune, allergic, and infec-
tious diseases [80]. Treg plasticity and instability episodes
are controlled by intrinsic signaling pathways such as the
PI3K/AKT pathways [4, 5]. The TME is responsible for the
phenotypes and functionality of specific infiltrating immune
cells [81] Toor SM et al. characterize Tregs, infiltrating the
tumor tissue in colorectal cancer patients, and compare them
to normal colon tissues and peripheral blood. There is an
enrichment of highly suppressive Tregs (Foxp3*Helios*) in
the tumor microenvironment, which upregulate a number of
inhibitory receptors including CTLA-4, TIM-3, PD-1, and
LAG-3[82].

Immune checkpoint inhibitors targeting Treg cells

Targeting immune checkpoint (IC) molecules in Tregs,
including CTLA-4, TIGIT, PD-1, and GITR, may offer a
cure response toward cancer [83]. CTLA-4 maintains Treg
suppression by binding to its ligands CD80 and CD86 on
APCs with great affinity. Thus, anti-CTLA-4 antibodies may
inhibit Tregs and activate effector cells [84]. Ipilimumab and
tremelimumab (TremelgG1), which inhibit CTLA-4, have
shown persistent therapeutic efficacy in a group of advanced
solid cancer patients by enhancing effector T-cell-mediated
immune responses. In mice, Fc-dependent anti-CTLA-4
mAbs preferentially deplete intratumoral FOXP3* Tregs.
Ipilimumab and tremelimumab boost intratumoral CD4* and
CD8* cells without decreasing TME FOXP3 + cells. Anti-
CTLA-4 immunotherapy does not deplete FOXP3* cells in
human tumors, suggesting that altering the Fc sections of the
mAbs to promote Fc-mediated intratumoral Treg depletion
might improve effectiveness [85]. In vivo, ipilimumab and
tremelimumab-like antibodies deplete intratumoral Tregs,
raising the CD8/Treg ratio and encouraging tumor rejec-
tion [86, 87]. Clinically effective anti-CTLA-4 mAb rejects
tumors through host Fc receptor-dependent pathways [88].
Anti-CTLA-4 binding to FcRs depleted intratumoral Tregs
and activated and degranulated intratumoral NK cells. Anti-
CTLA-4 and IL15/IL15Ra complexes together improved
tumor suppression [89]. Fc-region-modified anti-CTLA-4
mAb with significant ADCC and ADCP activity selectively
depleted CTLA-4* FOXP3 + Tregs and increased tumor
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antigen-specific CD8* T-cells. ADCC may not work for
colorectal, liver, prostate, and ovarian cancer [90, 91]. The
first FDA-approved immune checkpoint blocker (ICB) for
metastatic melanomas was ipilimumab [92]. Anti-CTLA-4
antibody treatment may generate severe irAEs, limiting its
therapeutic advantages despite patient survival. A lower
dose of anti-CTLA-4 antibodies and anti-PD-1 combination
therapy may produce significant irAEs in many individu-
als. If irAEs can be managed, targeting CTLA-4 provides
long-term benefits for cancer immunotherapy [93, 94].
Zhang et al. observed that while irAE-prone ipilimumab and
tremelimumab quickly guide cell surface CTLA-4 toward
lysosomal destruction, their nonirAE-prone antibodies,
HL12 or HL.32, detach from CTLA-4 after endocytosis and
enable LRBA-dependent CTLA-4 recycling to the cell sur-
face. Increasing tremelimumab pH sensitivity with planned
tyrosine-to-histidine mutations inhibits antibody-triggered
lysosomal CTLA-4 downregulation and significantly reduces
irAEs.

6th Targeting immune check point molecule like PD-1,
PD-L1, and CTLA-4 in cancer also increased immune-
related adverse events (irAEs). This typically displayed
delayed with prolonged duration and frequently involves
the occurrence of low grade and treatable; however, adverse
effects can be severe leading to permanent disorders. irAE
involved and correlated with treatment outcome with ICI in
certain malignancies. However, only limited data or consen-
sus on guidelines for the management of irAE are available
[95]. We have already included a discussion on the topic in
the original submission. There are no specific irAEs that
are involved in our approach of therapy and expect it to be
similar to others proposed including its management [96].

pH-sensitive anti-CTLA-4 antibodies, which avoid
CTLA-4 downregulation and have higher bioavailability, are
more effective in depleting intratumoral Tregs and reject-
ing large established tumors [97]. Intratumoral injections
of Pam3CSK4 and anti-CTLA-4 mAb improved antitumor
immune responses compared to anti-CTLA-4 alone, and
its effectiveness relied on CD4 and CD8 T-cells, FcR 1V,
and macrophages. The TLR1/2 ligand boosted macrophage
FcR IV expression, which depleted Tregs in melanoma and
improved the effectiveness of anti-CTLA-4 mAbs in combi-
nation therapy [98]. In preclinical HPV™ oral cancer models,
targeting interferon signaling and CTLA-4 improves anti-
PD-1 immunotherapy [99]. ATOR-1015 targets CTLA-4
and OX40 concurrently to increase immune activation in
tumors, making it a possible next-generation CTLA-4 tar-
geting object. ATOR-1015 may synergize with anti-PD-1/
PD-L1 treatment [100]. Pharmacologically altering T-cell
EZH?2 expression may enhance anti-CTLA-4-induced antitu-
mor responses [101]. TIGIT signaling controls the Treg phe-
notype and reduces antitumor immunity through Tregs but
not CD8" T-cells. TIM-3 and TIGIT also suppress antitumor
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immune responses [102]. Androgen deprivation treatment
(ADT) and TI-Treg depletion using an anti-CTLA-4 anti-
body delayed castration resistance and extended the lon-
gevity of certain tumor-bearing animals [103]. In advanced
HCC, checkpoint inhibitor-positive Tregs were negatively
linked with age and produced more IL-10 and IL-35. Tregs
suppressed CD8" T-cell IFN-y and cytotoxicity in HCC
patients, partly attenuated by neutralizing PD-1 and PD-L1
antibodies [104]. In HPD patients, anti-PD-1 mAb therapy
significantly boosted tumor-infiltrating proliferative eTregs
in GC tissue samples. Compared to PD-1 eTregs, circulat-
ing and tumor-infiltrating PD-1 + eTregs are highly active
and express CTLA-4 [105]. Anti-GITR mAbs deplete and
destabilize TI-Tregs; residual Tregs have less suppressive
behavior, and a highly active fraction of CD44™ ICOS" TI-
Tregs is selectively eliminated. Intratumoral CD8* T-cells
became more functional by downregulating PD-1 and
LAG-3 due to Treg alterations. Agonistic GITR signaling
and Treg depletion reversed CD8* T-cell exhaustion [106].
In vitro, a STAT?3 inhibitor reduced T-cell IL-10 production,
increased suppressive activity, and decreased Tregs [107].
STAT3-FOXP3 complexes expand FOXP3c transcriptional
activity to additional STAT3 target genes without FOXP3-
binding sites [108]. In glioblastoma, upregulated PD-L1
expands Tregs, which may sustain immunosuppressive
Tregs that shorten patient survival. PD-L1/PD-1 inhibi-
tion may diminish Treg growth and increase T-cell activity
[109]. Antitumor effectiveness requires strict Treg deple-
tion and checkpoint inhibition [110]. Anti-PD-1 immuno-
therapy downregulates TIM-3 on HNSCC-isolated Tregs in
rats and mice, reversing their suppressive activity [111]. In
mice treated with radiation (RT) and dual-ICB, targeted Treg
depletion improved antitumor immunity, tumor rejection,
and immunologic memory [112]. Anti-TIM-3 mAb reduced
Tregs in transgenic HNSCC mice with increased IFN-y*
CD8* T lymphocytes and augmented antitumor immunity
[113]. Anti-ICOS/ICOSL antibodies eliminate Tregs in fol-
licular B-cell lymphoma [114, 115].

By inhibiting CD28 and TCR signals and making effec-
tor T-cells useless, PD-1 prevents excessive activation of T
lymphocytes that are responsible for immune responses (so-
called exhausted T-cells) [116]. Because the expression of
PD-1 on Treg cells is comparable to that on effector T-cells,
specifically in the TME area, and because Treg cells are
dependent on TCR and costimulatory CD28 signals for both
their survival and their function, blocking PD-1 may activate
the suppressive functions of Tregs. PD-1-deficient Treg cells
exhibit powerful immunosuppressive activity and are able to
rescue autoimmune abnormalities [117]. In certain patients
with gastric cancer, treatment with anti-PD-1 enhances
the immune-suppressive activity mediated by Treg cells,
which leads to hyperprogression [105]. However, another
study found that PD-1-blocked Treg cells have limited

immune-suppressive function, suggesting that the roles of
PD-1 in effector T lymphocytes and Treg cells depend on the
type of cancer [118]. An overview of various target recep-
tors and enzymes expressed on Tregs that can be harnessed
to induce effective antitumor immunity is shown in Fig. 5.

Depletion of Treg cells: prospects in cancer
immunotherapy

Numerous cell surface markers, including CD25, CTLA-
4, PD-1, ICOS, 0X40, GITR, CD15s [119], CCR4, and
CCRS, are expressed by Tregs in the TME zone and may be
exploited to eliminate Treg cells.

CD25

A number of studies have investigated the possibility of
depleting Treg cells by targeting CD25 with antibodies or
a recombinant protein that is composed of IL-2, and the
active domain belongs to diphtheria toxin [120]. In a clinical
trial, Treg cell depletion following anti-CD25 mAb treat-
ment was evaluated with a median progression-free sur-
vival of 4.8 months in breast cancer patients treated with
an anti-CD25-depleting mAb called daclizumab [121]. In
another study, daclizumab eliminated both effector T lym-
phocytes and Treg cells, but there was no evidence of an
anticancer immune response or antibody generation. Since
CD2S5 expression is upregulated after the activation of effec-
tor T lymphocytes, CD25-targeted Treg cell depletion could
be accompanied by a reduction in effector cells, indicating
that there is a limited scope for CD25-targeted Treg cell
depletion for antitumor immunity.

Cytotoxic T lymphocyte antigen-4

After activation, CTLA-4 is expressed more strongly by
CD4" and CDS8" effector T-cells; then, it is by FOXP3+tCD4*
Treg cells, which express it constitutively. Initially, it was
believed that anti-CTLA-4 mAb counteracted an inhibitory
signal present on activated CD4* and CD8™ effector T-cells,
reviving those cells and allowing them to restore their ability
to fight tumors [122]. However, a recent study indicated that
the tumoricidal effects of anti-CTLA-4 mAb are depend-
ent on the depletion of CTLA-4-expressing Treg cells in
the TME through ADCC. The tumoricidal effect of anti-
CTLA-4 mAb is completely abrogated when Fc function is
depleted [123, 124]. Therefore, increased antitumor effects
caused by anti-CTLA-4 mAb primarily caused suppression
of the function of Tregs and their elimination in the TME.
Further study on the roles of CTLA-4 in effector T lympho-
cytes and Treg cells in cancer patients is essential.
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0X40 and GITR

0X40 [125], GITR [126], and LAG-3 [127], which are
mainly expressed by T-regulatory cells, are also possible
choices for the depletion and functional modification of Treg
cells. GITR is a costimulatory molecule that is produced at
low levels by resting CD4" and CD8" T lymphocytes and at
high levels constitutively by FOXP3TCD4" Treg cells. Upon
activation of GITR either with an agonistic anti-GITR mAb
or GITR ligands, the suppressive action of FOXP3*CD4*
Treg cells is inhibited, and effector T-cells become resist-
ant to the suppression mediated by FOXP3*CD4" Treg
cells [128]. OX40 (a TNF superfamily member) expression
occurs momentarily but persistently by the activation of
effector T-cells, while FOXP3*CD4* Tregs express 0X40
in a constitutive manner. Agonistic anti-OX40 mAbD attenu-
ates the immune suppression caused by FOXP3* CD4" Treg
cells and activates effector T-cells [125]. Clinical studies
are now being conducted to investigate the effectiveness
of potential treatments that target GITR and OX40 [129].
Folate receptor 4 (FR4) is more common in rodent Tregs,
and folate influx depends on it. FR4 expression increases
many times in FOXP3* Tregs [130], indicating that FR4
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could be a good target for Treg depletion. Folate is needed
for other cells to grow and divide, which may limit the use
of antibodies against FR4.

Chemokines and chemokine receptors

Inhibiting the CCL28-CCR10, CCL1-CCRS, and CCL22-
CCR4 pathways may reduce the formation of Treg cells
in the TME area, which in turn boosts immune responses
against the tumor. Hypoxia in the TME promotes the pro-
duction of CCL28, which in turn chemoattracts CCR10"
Treg cells. Intratumoral delivery of an anti-CCR10 immu-
notoxin elevates the immune response in a mouse model of
cancer by preventing the interaction between CCL28 and
CCRI10 and decreases the number of Treg cells in the TME
[131]. After elimination of CCR4 +eTreg cells in melanoma
patients, enhanced tumor antigen (NY-ESO-1)-specific
CD4* and CD8™ T-cell responses were found [132]. Anti-
CCR4 mAD is essential in activating and boosting antitumor
immunity in cancer patients, and a phase Ia/Ib multicenter
clinical study has been carried out [76]. In patients with
advanced disease or recurring solid tumors, the administra-
tion of an anti-CCR4 mAb (mogamulizumab) results in a
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considerable reduction in the number of eTreg cells in the
peripheral blood. In addition, humoral immunity against
NY-ESO-1 and XAGE] antigens was detected in 3 of 5 and
5 of 5 patients, respectively. These findings were obtained in
patients who had previously been diagnosed with NY-ESO-1
or XAGE] antigens [76]. Myeloid cells that express CD11b
and CD14 and produce CCL1 are engaged in the process of
Treg cell invasion [133]. Treg and NKT cells, especially in
cancer patients, have been shown to have elevated expression
of CCR8, which is a receptor for CCL1. CCL1 and CCRS8
mutual interaction via STAT3 increases the expression of
FOXP3, and activated CCR8" Treg cells effectively decrease
antitumor immunity by boosting ATP-adenosine metabolism
by CD39 and the production of granzyme B and IL-10 [134].
Patients with higher infiltration of CCR8* FOXP3" Treg
cells have a considerably worse overall survival rate than
those who have low infiltration [135].

Targeting checkpoint receptors on Treg cells

Treg cells regulate the immunosuppressive response by
secreting cytokines such as TGF-p, IL-6, IL-10, and IL-35
or coinhibitory receptors such as CTLA-4, PD-1, LAG-3,
Tim-3, and Nrp-1 upon contact with pathogenic immuno-
types at the site of inflammation [118]. Many patients do
not react to immunotherapies targeting CTLA-4 and PD-L1/
PD-1 because additional coinhibitory receptors (Tim-3,
LAG-3, and TIGIT) expressed on tumor-infiltrating lym-
phocytes (TILs) hamper effective immunotherapy [136].
The expression of Tim-3 in T-regulatory cells was also pro-
moted by PD-1 blockade with mAbs, resulting in the failure
of anti-PD-1/PD-L1 immunological treatment [136]. Target-
ing the inhibitory receptors CLTA-4 [137], TIGIT [138], and
LAG-3 [139] compromises immunosuppressive Treg cell
functions or populations. In clinical trials, inhibitors target-
ing the coinhibitory receptors had only minimal anticancer
benefits when delivered alone, but in combination, they dra-
matically increased the antitumor impact [140].

Protein 1 associated with Programmed Cell Death
(PD-1 Inhibitors)

The immunoinhibitory transmembrane protein PD-1, which
is a member of the CD28 Ig superfamily, is an essential com-
ponent for immune evasion by tumors. PD-1 is expressed on
activated T- and B-cells, NKT cells, tumor-infiltrating lym-
phocytes, and subsets of dendritic cells. Tumor-infiltrating T
lymphocytes in cancer patients have high quantities of PD-1.
FDA-approved pembrolizumab and nivolumab can limit the
activity of Treg cells by disrupting the interaction between
PD-1 and PD-L1 and boost antitumor activity. Ribas et al.
[135] reported that there was no change in the percentage
of circulating Treg cells in metastatic melanoma patients

who were treated with pembrolizumab. A recent preclinical
osteosarcoma animal model study noted a decrease in the
number of tumor-infiltrating Treg cells following anti-PD-1
therapy [141]. A counterintuitive rise in the number of cir-
culating Treg cells was observed in patients with resected
high-risk melanoma who were treated with nivolumab with
a reduction in Treg-suppressive ability [107]. In hyperpro-
gressive advanced gastric cancer patients, a considerable
rise in the circulating and intratumoral levels of PD-1"
Treg cells inhibits antitumor immunity in such individuals
[105]. Anti-PD-1-mediated stimulation of the TGF-f eta/
Smad3 pathway might enhance the induction of Treg cells
and immunosuppression [142]. Therefore, limiting TGF-
in conjunction with blocking PD-1 is a potential strategy to
reduce tumor-infiltrating Treg cells to enhance infiltration
of effector T lymphocytes, causing cytotoxic death of the
tumor [143]. In addition, a combination therapy consist-
ing of a PD-1 inhibitor and a CTLA-4 inhibitor has been
shown to be more effective than monotherapy against mela-
noma and non-small cell lung cancer, with the ability to
decrease Tregs and increase CD8* effector T-cells in the
TME [144-146]. Combining cell therapy with doxorubicin
successfully downregulates the Treg cell population and
PD-1 expression in treated animals [147]. Combining a
PD-1 inhibitor with an FC-optimized CD25 inhibitor suc-
cessfully suppressed existing tumors in preclinical models
of sarcoma, colon cancer, and melanoma [148]. Studies are
now being conducted to make headway toward the discovery
of prospective biomarkers and the clinical response of PD-1
blockade in relation to Treg cells [149].

T-cellimmunoglobulin
and mucin-domain-containing 3

Tim-3 (CD366) is linked to T-cell exhaustion in the TME
[150]. Tim-3" FOXP3™" Treg cells have a higher expression
of IL-10, CD39, CD73, and TGF-p, as well as higher lev-
els of other checkpoint receptors, such as CTLA-4, LAG-3,
and PD-1 [151]. High expression of Tim-3 in Treg cells and
CD8* T-cells is related to a worse prognosis in individuals
with colon cancer [152]. In a mouse model of transgenic
head and neck squamous cell cancer, treatment with anti-
Tim-3 monoclonal antibodies led to a reduction in Tregs and
an increase in the production of interferon alpha by CD8"
T-cells [113]. However, anti-Tim-3 mAb monotherapy had
very little or no anticancer efficacy in another mouse tumor
model [153]. Tim-3 signaling plays a supporting or amplify-
ing role in the regulation of the immune response. Patients
with non-small cell lung cancer (NSCLC) who receive PD-1
inhibition had increased expression of Tim-3 and TIGIT on
their CD8" T-cells [136]. In mice carrying CT26 tumors,
inhibiting pathways associated with Tim-3, TIGIT, and PD-1
had a greater antitumor impact than any monotherapy. The
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combination of an anti-Tim-3 antibody (TSR-022) and an
anti-PD-1 monoclonal antibody is now being evaluated in
clinical studies in patients with advanced solid malignancies.

5th Several clinical studies indicates the role of Tregs in
immune check point inhibitor (ICI)-based immunotherapy
against various types of cancer. In patients with non-small-
scale lung cancer, gastric cancer, and malignant, melanoma
effect of anti-PD-1 antibodies (nivolumab or pembroli-
zumab) or anti-PD-L1 antibody atezolizumab was evalu-
ated [154]. Nonresponsive patients showed higher PD-1 on
Tregs with elevated tumor-infiltrating PD-1tCD8" T-cells,
indicating potential biomarker potential of PD-1 4 Tregs
and its importance in the clinical efficacy of ICI in lung
cancer therapy [155]. In another study, pembrolizumab or
nivolumab treatment in NSCLC patients downregulate the
tumor-infiltrating PD-L1™ Tregs following PD-1 inhibition
with improved clinical outcome compared to patients with
low frequency of tumor-infiltrating PD-L1™ Tregs [156].

Koh J et al. reported that following ICI-based immu-
notherapy (anti-PD-1 administration) in NSCLC patients
results in improved response including longer progression-
free and overall survival with reduced peripheral Tregs and
inhibition in elevated levels of TGF-§ [157]. These results
also indicate that increased peripheral Tregs and elevated
TGF-f may work as a biomarker for the clinical outcome
of the disease.

Tregs and checkpoint inhibitors: role of reactive
oxygen species (ROS)

ROS play a crucial role in many cellular activities, but
excessive levels can cause cellular damage and oxidative
stress [158]. To preserve optimum health, it is critical to
maintain a balance between ROS generation and neutrali-
zation [159]. Extreme apoptosis occurs in Treg cells when
they are exposed to the high levels of oxidative stress seen
in the tumor microenvironment compared to the compara-
tively lower levels seen in effector T-cells [160]. In addition,
increased synthesis of the antioxidant thioredoxin-1 (Trx-
1) in naturally occurring Tregs is associated with increased
resistance to oxidative stress [161]. There is evidence that
NOX2-derived ROS contribute to the regulation of Treg for-
mation, as NOX2-/- mice were shown to have fewer periph-
eral CD4*CD25" Tregs and lower FOXP3 expression [162].

The direct suppression of CD4" effector T lymphocytes
by Tregs was found to be inhibited or decreased when ROS
were abolished by antioxidants or NADPH oxidase inhibi-
tors [163]. In addition, ROS have the potential to stimulate
the generation and development of Treg cells [164]. Met-
formin reduces mitochondrial ROS, prevents the matura-
tion of immature CD4" T-cells into Tregs, and suppresses
FOXP3 expression, resulting in a lower number of tumor-
infiltrating Treg cells [165]. TCR signaling may create
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ROS that can specifically block the degradation of SENP3
(a positive regulator of Tregs) and, thus, help Tregs main-
tain immunosuppressive functions [166]. SENP3 expres-
sion may be inhibited by treatment with N-acetyl cysteine
(NAC), which alters the stability of Treg cells, resulting in
an improved immune response to the tumor. In comparison
to effector CD4* T-cells, Tregs are less likely to perish as
a result of oxidative stress, likely due to greater expression
levels of antioxidative enzymes in Tregs (Fig. 6) [167].

Following T-cell receptor activation, Ca*" is released,
which increases mitochondrial functions, such as the tri-
carboxylic acid (TCA) cycle and the production of ROS
[168]. Inhibition of PD-1 signaling showed mitochondrial
activities, including ROS production [169]. Blocking PD-1
also activates AMPK and mTOR, which in turn upregulates
the expression of peroxisome proliferator-activated recep-
tor (PPAR)-gamma coactivator 1 (PGC-1), resulting in
increased mitochondrial activity and inhibiting tumor pro-
gression [169]. ROS have a considerable impact on PD-1
and PD-L1 expression. However, the mechanism of com-
munication and crosstalk between ROS and PD-L1 is not
completely understood. It has also been suggested that an
elevated amount of ROS in tumor cells is involved in EMT,
which plays an essential role in the production of PD-L1
in neoplastic cells [170]. With regulated ROS production
and optimum therapeutic advantages, a combination regi-
men of anti-PD-L1 plus photodynamic or sonodynamic
therapy could be an appealing choice for the treatment of
extremely resistant and advanced neoplasias, such as pancre-
atic tumors. We have recently shown that a tiny biomolecu-
lar drug combination between 5-FU and bilirubin induced
extremely significant ROS production in highly metastatic
Dalton's lymphoma (DL) [171]. Enhanced Tim-3 expression
in a subpopulation of hepatic macrophages of mice with
a diet deficient in methionine and choline alleviates liver
injury by regulating ROS generation and secretion of proin-
flammatory cytokines from the macrophages. This indicates
that Tim-3 has a protective function against liver damage
by controlling the activation of macrophages. The activa-
tion of the Nod-like receptor (NLR) family pyrin domain-
containing 3 (NLRP3) inflammasome was caused by the
conditional deletion of Tim-3 in dendritic cells, which led
to an enhanced build-up of ROS.

Implications of Treg cell heterogeneity in the TME
for the effective Inmunotherapy

10th Tregs are a heterogeneous group of population and
the biology underlying specific subpopulations is impor-
tant for selectively regulating the immune response while
maintaining autotolerance. This is critical to understand
different roles of Tregs in various diseases. The contra-
diction exists with reference to the general autoimmune
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disease and tumor pathogenesis theories. While cancers
are triggered by excessive Treg activity, the autoimmune
processes are due to low Tregs activity. Both cancers and
autoimmune pathologies may well be concurrent. Tregs
are selective to various types of immune responses which
depends on antigenic stimuli and the spatial localization
of the process. Thus, it may be assumed that pathology is
caused by the failure of a specific Treg cluster that features
a common TCR repertoire of similar antigenic specificity.
TCR plays role in maintaining the homeostasis, or activa-
tion of Tregs, and also in the phenotypic selection due to
the antigenic specificity of TCR that determines Tregs reg-
ulated immune response. This was documented by the dif-
ferences in location and transcription profiles of Tregs that
differ in TCR specificity [172, 173]. This also indicates

a clonal organization of the Treg pool based on the anti-
genic specificity of TCR in the same clone. Experimental
results indirectly support this hypothesis with reference
to the in vivo application of Tregs with a chimeric antigen
receptor (CAR) for the treatment of autoimmune diseases
and in transplantation. These CAR Tregs are specifically
migrated to the target sites and demonstrated significant
antigen-specific suppressive activity indicating the occur-
rence of Treg clones with specific antigenic determinants
of impaired tolerance [174]. Evidences also indicate the
occurrence and expansion of antigen-specific tumor Treg
clones in the TME. Selective suppression of such cells
may provide a better therapeutic advantage compared to
using monoclonal antibodies against a general pool of
effector Tregs such as PD-1/PD-L1 or CTLA-4 [29].
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Conclusion and future perspectives

Depletion or inhibition of Treg activity is considered a
potential strategy for immunotherapy against various
forms of cancer. Nevertheless, futuristic approaches need
to be considered for tackling more serious and unknown
threats. The following points are important to note.

1. Combination of checkpoint therapy with chimeric
antigen receptor-T cells (CAR-T), TCR-T cells, or vac-
cines.

2. Maximization of combination therapy with differ-
ent immune checkpoints may also minimize adverse
effects.

3. Exploring new target molecules and immune cells,
optimizing dosing regimens, and combination thera-
pies. Validation of monitoring system and identifica-
tion of biomarkers predicting clinical responses and
toxicities.

4. Require specific molecular markers for Treg cells and
to identify specific Treg targets and Treg-specific drug
delivery strategies for Treg cell depletion and/or sup-
pression.

5. Metabolic and immunological profiling of Tregs in
the TME areas based on gene alteration and preci-
sion immunotherapy against the disease exacerbates.
Whole-genome sequencing and epigenetic analysis
may assist in patient selection and individualized treat-
ment with checkpoint inhibitors as backbone therapy.
Sequential tumor biopsy analysis and peripheral blood
sampling to detect novel, heterogeneous, and targetable
resistance mechanisms.

6. Novel biomarker selection for selecting patients and
individualized treatments. Avoidance of weak immune
response providers such as TIGIT, TIM-3, and LAG-3.
Anti-PD-1 was combined with anti-TIGIT, anti-TIM-3,
or anti-LAG-3 to avoid intolerable adverse events.

7. Generation of the Treg egress mechanism in the TME
to prevent homing of Tregs to lymph nodes and the
immunosuppressive environment propagated by APCs.
Application of a new generation of anti-CTLA-4 anti-
bodies to deplete Tregs in the TME and prevent tumor
cell adaptation, survival, proliferation and capacity to
metastasis outside the cancer tissue.

8. Understanding the mechanisms of Treg recruitment,
differentiation, expansion, and immune suppression
without causing severe adverse immune response
including the onset of autoimmune reactions. A deli-
cate balance between immunosuppression and immune
surveillance is important in cancer.

9. Biomarker analysis for patient-specific immunosup-
pression, expression of neoantigens, and antigen-
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specific T-cell responses relative to the expression of
checkpoint receptors on effector cells. Serum lactate
dehydrogenase is a critical parameter for the selection
of novel checkpoint combinations against neoplasias.

10. Fabrication of novel strategies such as chemokine-
targeted polymeric nanoparticles or inorganic stealthy
nanoparticles targeting checkpoint inhibitors such as
PD-L1 and CTLA-4.
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