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1 | INTRODUCTION

Abstract

Regulatory T (Treg) cells suppress abnormal/excessive immune responses to self-
and nonself-antigens to maintain immune homeostasis. In tumor immunity, Treg
cells are involved in tumor development and progression by inhibiting antitumor
immunity. There are several Treg cell immune suppressive mechanisms: inhibition
of costimulatory signals by CD80 and CD86 expressed by dendritic cells through
cytotoxic T-lymphocyte antigen-4, interleukin (IL)-2 consumption by high-affinity
IL-2 receptors with high CD25 (IL-2 receptor a-chain) expression, secretion of in-
hibitory cytokines, metabolic modulation of tryptophan and adenosine, and direct
killing of effector T cells. Infiltration of Treg cells into the tumor microenvironment
(TME) occurs in multiple murine and human tumors. Regulatory T cells are chemoat-
tracted to the TME by chemokine gradients such as CCR4-CCL17/22, CCR8-CCL1,
CCR10-CCL28, and CXCR3-CCL9/10/11. Regulatory T cells are then activated and
inhibit antitumor immune responses. A high infiltration by Treg cells is associated
with poor survival in various types of cancer. Therefore, strategies to deplete Treg
cells and control of Treg cell functions to increase antitumor immune responses are
urgently required in the cancer immunotherapy field. Various molecules that are
highly expressed by Treg cells, such as immune checkpoint molecules, chemokine
receptors, and metabolites, have been targeted by Abs or small molecules, but ad-
ditional strategies are needed to fine-tune and optimize for augmenting antitumor
effects restricted in the TME while avoiding systemic autoimmunity. Here, we pro-
vide a brief synopsis of these cells in cancer and how they can be controlled to

achieve therapeutic outcomes.
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regression, after multiple vaccinations despite the development of

measurable humoral and cellular immune responses against tumor

The identification of tumor antigens has led to various manipula- antigens. The immunosuppressive tumor microenvironment (TME)
tions of the host immune system to treat cancer.! However, only a is a critical barrier for the development and augmentation of ef-

limited number of patients show antitumor effects, such as tumor fective antitumor immune responses. The immunosuppressive TME
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is filled with immunosuppressive cells, such as regulatory T (Treg)
cells,® myeloid-derived suppressor cells (MDSCs),® and tumor-as-
sociated macrophages,4 and increased expression of immunosup-
pressive molecules such as programmed cell death-1 (PD-1)° and
PD-ligand 1 (PD-L1).® Therefore, the focus of cancer immunology
to develop effective cancer immunotherapies has shifted to under-
standing and controlling these immune suppressive networks in the
TME.

Meth A (a 3'-methylcholanthrene-induced sarcoma)-bearing
mice harbor immune suppressive CD4" T cells, which are periph-
erally induced Treg cells.” There are also thymus-derived immune
suppressive lymphocytes, which appear in autoimmune diseases
caused by neonatal thymectomy.® These lymphocytes were
identified by Sakaguchi et al?> as CD25*CD4" T cells and are cur-
rently known as thymus-derived natural Treg cells. Regulatory T
cells have central roles in the maintenance of self-tolerance: they
protect hosts from developing autoimmune diseases and aller-
gies, whereas in malignancies, they hinder immune surveillance
against cancer in healthy individuals and prevent the development
of effective antitumor immunity in tumor-bearing patients. Two
Japanese groups found that antitumor immunity was inhibited by
Treg cells by demonstrating tumor rejection and decreased tumor
growth in mice given anti-CD25 mAb to deplete Treg cells or nude
(T cell-deficient) mice transplanted with CD25" cell-deleted sple-
nocytes.”'® Therefore, Treg cell depletion or control of immune
suppression by Treg cells evokes/augments antitumor immune re-
sponses, which has led to the development of Treg cell-targeted
cancer immunotherapies.

Here, we discuss the roles of Treg cells in cancer and the devel-
opment of Treg cell-targeted cancer immunotherapies for immune

precision medicine.

2 | CHARACTERIZATION OF TREG CELLS

Regulatory T cells were initially defined as CD4" T cells with a high
expression of CD25 (interleukin [IL]-2 receptor a-chain). The Foxp3
gene, a member of the Forkhead/winged-helix family of transcrip-
tional regulators, was then discovered as a master regulator in de-
veloping Treg cells based on the following findings: Scurfy mice with
a frameshift mutation in the Foxp3 gene have T cell inflammation
in multiple organs and a lethal autoimmune disease because of ef-
fector T cell activation and increased cytokine production caused
by the lack of Treg cells.* In addition, mutation of the Foxp3 gene
in humans leads to IPEX syndrome (X-linked immune dysregulation,
polyendocrinopathy, and enteropathy).12 Furthermore, the forced
expression of FoxP3 in naive T cells results in an immune suppressive
function. CD4*CD25™ naive T cells that are transfected with Foxp3
can convert to CD4"CD25" Treg-like cells that produce inhibitory
cytokines and express typical Treg-cell molecules such as CD25,
cytotoxic T-lymphocyte antigen-4 (CTLA-4), and glucocorticoid-in-
duced tumor necrosis factor (TNF) receptor-related protein (GITR).1®
Thus, FoxP3 is a lineage-specific marker and a master regulatory
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gene in the generation, maintenance, and immune suppressive func-
tions of Treg cells.

Regulatory T cells are classified into natural/thymic and periph-
erally induced Treg cells based on where they develop.14 FoxP3*
natural Treg cells are generated in the thymus as the functionally
mature T-cell subpopulation specialized for immune suppression
(natural/thymic Treg cells). Some Treg cells are converted from con-
ventional T cells following in vitro T-cell receptor (TCR) stimulation
with transforming growth factor (TGF)-B or retinoic acid (periph-
erally induced Treg cells).>* In humans, FoxP3" T cells are readily
induced from conventional T cells by TCR stimulation, but produce
inflammatory cytokines rather than gain an immune suppressive
function; however, several cytokines or specific microbiota environ-
ments induce Treg cells with an immune suppressive function from
CD4*CD25™ T cells.”” Currently, the in vivo function and stability of
peripherally induced Treg cells, such as TGF-p-induced Treg cells, are
unclear, particularly in humans.

Because human T cells transiently express Foxp3 in conventional
T cells following TCR stimulation, FoxP3* T cells in humans are het-
erogeneous in function and phenotype. CD25'CD4" Treg cells ex-
press low levels of CD127 (the a-chain of the IL-7 receptor); thus,
CD4*CD25'CD127"° T cells are considered to be Treg cells with
suppressive activity.® However, naive T cells stimulated by TCR
signaling transiently increase FoxP3 expression and downregulate
expression of CD127, which suggests that there is possible contam-
ination of some activated non-Treg cells in the CD4*CD25*CD127'°
T-cell fraction.

Therefore, it is necessary to distinguish Treg cells from FoxP3-
expressing conventional T cells in humans. We previously proposed
that human Treg cells can be classified by the expression levels of
FoxP3 (and/or CD25) and a naive marker CD45RA: (a) Fraction (Fr.)
1, naive/resting Treg cells, defined by FoxP3'°CD45RA*CD25"
cells; (b) Fr. 2, effector/activated Treg (eTreg) cells, defined by
FoxP3"CD45RA CD25" cells; and (c) Fr. 3, non-Treg cells, defined
by FoxP3'°CD45RA™CD25' cells (see Table 1 and Figure 1)’
Naive Treg cells that have recently left the thymus but have not
been activated in the periphery possess weak suppressive activity.
After TCR stimulation in the draining lymph node, naive Treg cells
vigorously proliferate and differentiate into highly suppressive
and terminally differentiated eTreg cells. These eTreg cells then
inhibit the maturation of antigen-presenting cells (APCs) such as
dendritic cells (DCs) in an antigen-specific manner. In contrast,
eTreg cells show their suppressive activity through consumption
of IL-2 by high affinity IL-2 receptor, secretion of inhibitory cy-
tokines including 1L-10, TGF-, and IL-35 and degradation of ATP,
an important cellular energy. These suppressive mechanisms act
through an antigen-nonspecific manner. In fact, in a TCR-trans-
genic animal model, antigen-specific Treg cells show a superior
immune suppressive function compared with antigen-nonspecific
Treg cells, although the latter also have an immune suppressive
activity.20 Therefore, although Treg cell suppression is partially an-
tigen-nonspecific, antigen-specific Treg cells show a far stronger
immune suppressive function.
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TABLE 1 Classification of FoxP3*CD4" T cells in humans

Fraction Classification Definition Phenotype/cytokines Characteristics
Fr.1 rTreg FoxP3'°CD45RA'CD25" CTLA-4"° CD127""Ki-67 e Derived from the thymus
o Weak suppressive activity
e Proliferation and differentiation into effec-
tor Tregs by TCR stimulation
Fr.2 eTreg FoxP3"CcD45RA CD25M CTLA-4" PD-1*, ICOS", e Terminal differentiation status
GITRY, OX40*, CD15s" e Strong suppressive activity
CCR4*, CCR8", IL-107, e Prone to apoptosis
TGF-p* e Tend to increase in peripheral blood with
aging
Fr.3 Non-Treg FoxP3'°CD45RA CD25" IL-2%, IFN-y*, IL-17* e Heterogeneous population

e No suppressive activity

CCR4, CC chemokine receptor 4; CCR8, chemokine receptor 8; CTLA-4, cytotoxic T-lymphocyte antigen-4; eTreg, effector/activated Treg; GITR,
glucocorticoid-induced tumor necrosis factor receptor-related protein ICOS, inducible T-cell costimulator; IFN-y, y-interferon; IL, interleukin; PD-1,
programmed cell death 1; rTreg, resting/naive Treg; TCR, T-cell receptor; TGF-p, transforming growth factor-f; Treg, regulatory T cell.

It is widely accepted that naive conventional T cells, including
CD8" T cells and CD4"FoxP3™ T cells, are primed by APCs in the
lymph nodes. In addition, these primed T cells are required to rec-
ognize cognate antigens through APCs for their optimal activation in
the TME.?! Thus, T cells need to be activated by APCs not only in the
lymph node but also in the TME. Given that one important suppres-
sive mechanism by Treg cells is inhibiting the maturation of APCs,
Treg cells control the priming and the activation of conventional T
cells both in the lymph node and in the TME, respectively.

For the cognate antigens for Treg cells, particularly in the cancer
setting, a recent study analyzed the TCR repertoire of tumor-infil-
trating Treg cells in patients with metastatic melanoma, gastrointes-
tinal, and ovarian cancers. Regulatory T cells in the TME possessed
a unique TCR repertoire distinct from other conventional CD4" T
cells, and the TCRs were specific for tumor-specific antigens, mean-
ing that Treg cells in the TME recognize tumor-specific antigens.
These Treg cells with tumor-specific TCRs were also detected in
the periphery.?? These findings suggest that tumor-specific activa-
tion and the clonal expansion of Treg cells are promoted locally and
systemically.

Non-Treg cells that are immune stimulatory T cells produce in-
flammatory cytokines including y-interferon and IL-17. Analysis of
DNA methylation of the 5'-flanking region in each fraction revealed
that CpG methylation sites crucial for safeguarding the lineage sta-
bility of proliferating Treg cells are completely demethylated in Fr.
2 cells, but less demethylated in Fr. 3, which indicates that Fr. 2
cells stably transcribe Foxp3. The frequency of €Treg cells (Fr. 2) in
humans is 2%-5% in CD4" T cells but increases to 10%-50% in the
TME.®

3 | TREG CELLS IN THE TME AND THE
CLINICAL RELEVANCE OF TREG CELLS

Infiltration of Treg cells into the TME occurs in various murine and

human tumors.?* Cancer cells with inherent genetic instability

form abnormal proteins that have not been previously recognized
by the immune system, and these proteins become immunogenic
antigens (neoantigens) that can spontaneously trigger CD8* T-
cell responses. Cancer cells that present extremely immunogenic
neoantigens are eliminated from the host through the process of
immune surveillance.?® Cancers then promote an immune sup-
pressive TME in which immune-suppressing cells including Treg
cells, MDSCs, and tumor-associated macrophages and multiple im-
mune checkpoint molecules are abundant (cancer immunoediting).
In various types of cancer, the presence of high Treg cells and a
low ratio of CD8" T cells to Treg cells in the TME are associated
with unfavorable prognosis.?* However, there are some excep-
tions, such as in colorectal cancer in which the presence of a high
number of FoxP3" T cells corresponds to a better prognosis. The
accumulation of FoxP3" non-Treg cells in the TME of a subfraction
of colorectal cancers with a high level of inflammatory cytokines,
such as TGF-p and IL-12, is correlated with a favorable progno-
sis. By contrast, a high number of bona fide Treg cells, particularly
eTreg cells, in the TME is correlated with a poor prognosis, as re-
ported for other types of cancer in which FoxP3* non-Treg cells
are hardly detected.?

What is the significance of Treg cell accumulation in the TME?
Treg cells are chemoattracted by chemokine gradients.?”’ CCR4,
CCR8, CCR10, and CXCR3 are chemokine receptors responsible for
Treg cell migration to the TME in response to CC and CXC chemo-
kines: CCR4 is bound by CCL17 and CCL22,%® CCR8 is bound by
CCL1,%’ CCR10 is bound by CCL28,%® and CXCR3 is activated by
CXCL9/10/11.%! Thymus-derived Treg cells preferentially recognize
self-antigens by high-affinity TCR and clonally expand in the TME. In
the TME, there are many tumor-associated self-antigens from dying
tumor cells that are recognized by Treg cells rather than by effec-
tor and memory T cells.®? Therefore, one can envisage that Treg
cells are chemoattracted and recognize cognate antigens abundant
in the TME, which leads to Treg cell activation and proliferation,
contributing to the development of an immunosuppressive TME.

Immunosuppressive cytokines, such as TGF-p and IL-10, produced
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Fr. 1: Naive Tregcells
Fr. 2: Effector Tregcells (FoxP3"CD45RA-CD25")
Fr. 3: Non-Treg cells
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FIGURE 1 Classification of human regulatory T (Treg) cells. Human Treg cells can be classified into the following 3 subfractions:

Fraction (Fr.) 1, naive/resting Treg cells, defined by FoxP3'°CD45RA*CD25" cells; Fr. 2, effector/activated Treg (eTreg) cells, defined by
FoxP3"CD45RA™CD25" cells; and Fr. 3, non-Treg cells, defined by FoxP3'°CD45RA™CD25" cells. Naive/resting Treg cells that have just left
the thymus have a weak immune suppressive function and differentiate into effector/activated Treg cells following T-cell receptor (TCR)
stimulation. eTreg cells are the terminal differentiation state and harbor strong immune suppressive activity. Non-Treg cells do not possess
immune suppressive activity, but produce inflammatory cytokines. Typical staining pattern of CD4" T cells in peripheral blood and lung
cancer tissue. In general, the frequency of eTreg cells in humans is 1%-5% in peripheral blood but approximately 10%-50% in the TME. eTreg
cells predominantly express various activation cell surface markers including cytotoxic T-lymphocyte antigen-4 (CTLA)-4, programmed

cell death (PD)-1, inducible T-cell costimulator (ICOS), glucocorticoid-induced tumor necrosis factor receptor-related protein (GITR), OX40,
CD15s, CCR4, and CCR8. Naive/resting Treg cells are hardly detected in the tumor microenvironment

by tumor cells and immune cells in the TME also increase Treg cells.®®

In addition, inducible T-cell costimulator (ICOS), a T cell costimula-
tory molecule belonging to the CTLA-4/PD-1/CD28 family and
expressed by Treg cells, is involved in the proliferation of activated
Treg cells through binding to an ICOS ligand expressed by plasma-
cytoid DCs.3433

4 | SUPPRESSIVE MECHANISMS OF TREG
CELLS

Regulatory T cells suppress immune functions through various
mechanisms such as CTLA-4-mediated suppression of APC func-
tion, consumption of IL-2, production of immunosuppressive
cytokines, and production of immune suppressive metabolites
(Figure 2).

4.1 | Involvement of DCs through CTLA-4

Cytotoxic T-lymphocyte antigen-4 expressed by Treg cells impairs
maturation of APCs, such as DCs, by binding to CD80/86.%¢ Antigen

stimulation by immature DCs or DCs with a low expression of
CD80/86 induces T cells with relatively low-affinity TCRs for tumor-
antigens derived from self-components to enter an anergic state
characterized by hypoproliferation and hypoproduction of cytokines
following antigen restimulation.®” The CTLA-4 binds to CD80/86 on
APCs with a higher affinity than CD28, thereby inhibiting costimula-
tory signals. In addition, CD80/86 bound to CTLA-4 can be physi-
cally transferred from APCs to the surface or the cytoplasm of Treg

cells by trogocytosis.®

4.2 | Involvement of cytokines

Regulatory T cells highly express CD25 (IL-2 receptor a-chain),
dominantly consume IL-2 through high-affinity IL-2 receptors, and
hardly produce IL-2, thereby limiting the amount of IL-2 for effec-
tor T cell proliferation/activation. Administration of a high dose of
IL-2 neutralizes Treg-cell suppressive functions.%’ Treg cells also
produce inhibitory cytokines, such as TGF-p, IL-10, and IL-35, to
inhibit effector T-cell activation.*®*' Additionally, cytotoxic sub-
stances produced by Treg cells, such as perforin and granzyme, kill

effector T cells.*?
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FIGURE 2 Suppressive mechanism of regulatory T (Treg) cells. Treg cells exert their immunosuppressive function through several

mechanisms. The first immunosuppressive mechanisms involving cyto
expressing CD25 (IL-2 receptor a-chain), suppression by inhibitory cyt

kines include consumption of interleukin (IL)-2 by Treg cells highly
okines, such as transforming growth factor (TGF)-B, IL-10, and IL-35,

and direct killing of effector or antigen-presenting cells (APC) by perforin, granzyme B, or Fas/Fas ligand (FasL) interaction. The second
immunosuppressive mechanisms involving immune checkpoint molecules include inhibition of effector T cells by the lymphocyte activation
gene-3 (LAG-3)-MHC class Il pathway and Treg activation through the inducible T-cell costimulator (ICOS)-ICOS ligand (ICOSL) and

programmed cell death (PD)-1/PD-ligand (PD-L)1 pathways. The third
indoleamine 2,3-dioxygenase (IDO) expression in dendritic cells (DC),
depleted. Furthermore, the generation of adenosine from ATP, which

immunosuppressive mechanisms include metabolic modulation by
which exhausts T cells because critical amino acids for survival are
is metabolized by CD39 and CD73 expressed in activated Treg cells,

results in T cell suppression from the induction of negative signaling to effector T cells and APCs. The fourth immunosuppressive mechanism
involves DCs through cytotoxic T-lymphocyte antigen-4 (CTLA-4) and decreased CD80/86 expression by APCs by binding to CTLA-4
expressed by activated eTreg cells, which causes impairment of APC maturation, downregulation of CD80/86 molecules on APCs, and

attenuation of T cell stimulation. A,,R, A,, receptor; CNS, conserved
cell; Trp, tryptophan

4.3 | Involvement of immune checkpoint molecules

Well-known immune checkpoint molecules CTLA-4, ICOS, and lym-
phocyte activation gene-3 (LAG-3)*° are expressed by activated
eTreg cells, which inhibits the cytotoxic function and proliferation
of effector T cells.** Programmed cell death-1 is expressed by acti-
vated eTreg cells as well as effector T cells. Yet, the effects of PD-1
inhibition on eTreg cells remain to be determined. Programmed cell
death-1 inhibits excessive activation of conventional T cells by sup-
pressing TCR and costimulatory CD28 signaling and renders them
dysfunctional or exhausted. Considering the similar expression level
of PD-1 by Treg cells in the TME and the similar dependency of TCR
and CD28 signaling for their survival and function, PD-1 inhibition
could potentiate the activation and immunosuppressive function of
Treg cells (see 5.2).%

noncoding sequence; Krn, kyneurenine; pDC, plasmacytoid dendritic

4.4 | Involvement of immune suppressive
metabolites

Indoleamine 2, 3-dioxygenase (IDO), an essential enzyme in the
kynurenine pathway of tryptophan metabolism, and tryptophan 2, 3-
dioxygenase (TDO) deplete tryptophan in the TME and cause T cell
dysfunction.‘“’ The interaction between CTLA-4 expressed by Treg
cells and CD80/86 on APCs promotes IDO secretion.*’ Additionally,
Treg cells are more sensitive to oxidative stress than effector T cells
because Treg cells have a lower expression of NRF2, which is a key
transcription factor for antioxidant responses. Therefore, oxidative
stress induces Treg cell apoptosis, and apoptotic Treg cells release a
large amount of ATP. Subsequently, ATP is metabolized to adenosine by
CD39 and CD73, which are highly expressed by Treg cells, and adeno-
sine binds to the A, , receptor (A,,R), which inhibits effector T cells.*®
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5 | TARGETING TREG CELLS IN CANCER
IMMUNOTHERAPY

The presence of a high number of Treg cells and a low ratio of CD8"
T cells to Treg cells in the TME are correlated with poor prognosis,
which suggests that Treg cells suppress tumor antigen-specific T cell
responses.?* Therefore, depletion of Treg cells or the control of Treg
cell functions could be promising immunotherapies.

Depletion of Treg cells increases antitumor immune responses
and contributes to tumor eradication in mouse models. Importantly,
an initial study revealed that Treg cell depletion induced tumor re-
gression in some tumor cell lines, such as Meth A and RL-male 1,
but not in others, such as AKSL2 and RL-female 8.%° Therefore, Treg
cell-targeted therapy is unlikely to be effective against all tumors,
as observed in current cancer immunotherapy in the clinic. Indeed,
a phase | clinical trial of Treg cell depletion by the administration of
anti-CCR4 mAb in patients with solid tumors resulted in increased
antitumor immune responses in several patients, but clinical re-
sponses were not observed in most patients.49 Another concern is
that systemic Treg cell depletion might increase the risk of immune-
related adverse events (irAE), such as autoimmunity-related toxic-
ities. To ensure the safety of Treg cell-targeted therapy, selective
depletion of eTreg cells in the TME, rather than systemic Treg cell
depletion, should be used to increase antitumor effects without
inducing detrimental irAE. Thus, we need to identify biomarker(s)
that distinguish tumors in which Treg cells are essential for tumor
growth by clarifying the immune suppressive network in the TME.

Another approach for targeting Treg cells is to control or modu-
late Treg cell function and infiltration. In particular, manipulating the
chemokine and/or cytokine axis, cell-intrinsic signaling, or metabo-
lites in Treg cells in the TME could cause relative changes in Treg cell
function and infiltration. The presence of specific metabolites in the
TME, such as IDO and adenosine, markedly affects Treg cell func-
tion and lineage stability. Fatty acid metabolism also promotes Treg
cell development. Accelerated glycolytic metabolism by cancer cells
results in the consumption of glucose and increase in the lactic and
fatty acids in the TME. FoxP3 promotes oxidative phosphorylation
and increasing nicotinamide adenine dinucleotide oxidation by de-
creasing glycolysis through suppressing Myc expression.50 Treg cells
then uptake the lactic acid and fatty acid utilizing oxidative phos-
phorylation and fatty acid p-oxidation, for maintaining their survival
and immune suppressive function in the TME. Furthermore, modula-
tion of PI3K changes FoxP3 expression.>! The clinical significance of
these signaling pathways and metabolites in Treg cells is still unclear,
but the regulation of Treg cell-intrinsic signaling or metabolism, in-
cluding transcriptional signaling, could be promising therapeutic tar-
gets in humans, and further studies are needed.

5.1 | Regulatory T cell depletion

Regulatory T cells in the TME express several cell surface markers
including CD25, CTLA-4, PD-1, ICOS, GITR, OX40, CD15s,°? CCR4,
and CCRS8, and these markers can be used to deplete Treg cells.
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511 | CD25

Because Treg cells were originally identified as CD25'CD4" T cells,
several studies explored the effects of targeting CD25 with Abs or a
recombinant protein composed of IL-2 and the active domain of the
diphtheria toxin to deplete Treg cells.”® Treg cell depletion by anti-
CD25 mAb was evaluated in clinical trials; vaccination with multiple
tumor-associated peptides resulted in stable disease in 6 of 10 pa-
tients with a median progression-free survival of 4.8 months when
followed by Treg cell depletion with an anti-CD25-depleting mAb
daclizumab in breast cancer patients.>* In contrast, another study
showed that daclizumab depleted both effector T cells and Treg cells,
but neither an antitumor immune response nor Ab production was
observed. Because CD25 expression is induced following activation
of effector T cells, CD25-targeted Treg cell depletion could be ac-
companied by a reduction of effector cells, which suggests that there
is a limited window for Treg cell depletion by targeting CD25 to in-
crease antitumor T cell responses.

5.1.2 | Cytotoxic T-lymphocyte antigen-4

Cytotoxic T-lymphocyte antigen-4 is constitutively expressed by
FoxP3*CD4" Treg cells and is upregulated by CD4* and CD8" ef-
fector T cells after activation. It was originally thought that anti-
CTLA-4 mAb antagonized an inhibitory signal on activated CD4*
and CD8" effector T cells and reinvigorated them to regain anti-
tumor activity.55 However, recent studies have shown that the
antitumor effects of anti-CTLA-4 mAb is dependent on depletion
of CTLA-4-expressing Treg cells in the TME through Ab-depend-
ent cytotoxic activity (ADCC); depletion of the Fc function com-
pletely abrogates the antitumor effect of anti-CTLA-4 mAb.>¢->8
In addition, mice lacking CTLA-4 only in Treg cells have increased
antitumor immunity. Therefore, the increased antitumor effects
by anti-CTLA-4 mAb are mainly caused by the suppression of Treg
cell function and elimination of Treg cells in the TME, and further
analyses to address the roles of CTLA-4 in effector T cells and
Treg cells in cancer settings are needed, particularly in humans.

5.1.3 | OX40and GITR

Other molecules, such as 0X40,% GITR,'® and LAG-3,** predomi-
nantly expressed by Treg cells, can also be candidates for Treg
cell depletion and functional manipulation. The GITR protein is a
costimulatory molecule expressed at low levels by resting CD4*
and CD8" T cells and constitutively at high levels by FoxP3*CD4"*
Treg cells. Activation of GITR signaling with an agonistic anti-
GITR mAb or GITR ligands inhibits the suppressive activity of
FoxP3'CD4" Treg cells and makes effector T cells resistant to
FoxP3*CD4" Treg-mediated suppression.® Another candidate
is OX40, a costimulatory molecule of the TNF receptor super-
family. OX40 expression is transiently induced by the activation
of effector T cells and constitutively expressed by FoxP3*CD4*
Treg cells. Agonistic anti-OX40 mAb mediates antitumor effects
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by attenuating FoxP3*CD4" Treg cell-mediated immune suppres-
sion and activating effector T cell function.’” Therapies targeting
GITR and OX40 are currently being tested in clinical trials with

promising results.®?

5.1.4 | Chemokine and chemokine receptors

Regulatory T cell chemotaxis through CCL28-CCR10, CCL1-
CCRS8, and CCL22-CCR4 into the TME has been studied. Blocking
chemokine and chemokine receptor interactions attenuates Treg
cell accumulation into the TME, which increases antitumor immune
responses. For example, hypoxia in the TME induces CCL28 expres-
sion and chemoattracts CCR10" Treg cells. Intratumoral administra-
tion of anti-CCR10 immunotoxin, which blocks the interaction of
CCL28 and CCR10, reduces Treg cell accumulation in the TME and
increases the antitumor immune response in a mouse model.?

CCR4 is highly expressed by eTreg cells but not by naive Treg cells
or most effector T cells, except for some Th2 and Th17 cells in pe-
ripheral blood.?® Using PBMCs from melanoma patients, increased
tumor antigen (NY-ESO-1)-specific CD4* and CD8" T cell responses
are observed after depletion of CCR4" eTreg cells.%® Anti-CCR4
mADb is therefore instrumental in evoking and augmenting antitu-
mor immunity in cancer patients by selectively depleting eTreg cells,
and a phase la/Ib multicenter clinical trial has been carried out.*’
Administration of anti-CCR4 mAb (mogamulizumab) for advanced
or recurrent solid tumor patients significantly reduces eTreg cells in
peripheral blood. In addition, humoral responses against NY-ESO-1
and XAGE1 antigens were observed in 3 of 5 and 5 of 5 patients,
respectively, in those with NY-ESO-1- or XAGE1-positive antigens.*’
Further clinical trials in combination with an immune checkpoint
blockade are now ongoing.

The secretion of CCL1 by CD11b*CD14" myeloid cells is involved
in Treg cell infiltration.®* Increased expression of CCR8, a receptor
for CCL1, is observed in Treg cells and NKT cells, particularly in can-
cer patients, and faint expression is observed in CD8* T cells or Th1
cells. Interactions between CCL1 and CCR8 enhance the expression
of FoxP3 through the STAT3 pathway, and activated CCR8" Treg cells
strongly suppress antitumor immunity by promoting ATP-adenosine
metabolism by CD39 and secretion of IL-10 and granzyme B.%” The
overall survival of breast cancer patients with a high infiltration of
CCR8*FoxP3" Treg cells is significantly shorter than that of patients
with low infiltration.®* Therefore, therapies that target CCL1-CCR8

molecules warrant testing in the clinic.

5.1.5 | Chemotherapy

Low doses of cyclophosphamide selectively inhibit Treg cell pro-
liferation and induce Treg apoptosis.®® In a phase Il clinical trial,
patients with advanced renal cell cancer received IMA901 vaccina-
tion consisting of multiple tumor-associated peptides and GM-CSF
with or without prior treatment with cyclophosphamide. Addition
of cyclophosphamide reduced Treg cells and increased antitu-
mor immune responses. However, a phase Ill trial investigating

the addition of IMA901, GM-CSF, and cyclophosphamide to the
standard care of sunitinib against renal cell carcinoma failed to
show survival benefits. In addition to cyclophosphamide, cyclo-
sporine A and tacrolimus also inhibit IL-2 production, an essential
cytokine for Treg cell activation and proliferation, and decrease
Treg cells.®®

5.2 | Immune checkpoint inhibitors

Immune checkpoints, such as CTLA-4 and PD-1, are highly ex-
pressed by activated Treg cells. The role of Treg cells in anti-
CTLA-4 mAb is discussed above. The effect of PD-1 blockade on
Treg cells harboring comparable expression levels of PD-1 and ef-
fector T cells remains unclear. Programmed cell death-1 inhibits
excessive activation of effector T cells by suppressing TCR and
CD28 signals and rendering them dysfunctional (so-called ex-
hausted T cells).®” Because Treg cells show comparable expression
of PD-1 with that of effector T cells, particularly in the TME, and
are dependent on TCR and CD28 for their survival and function,
PD-1 blockade might activate the immune suppressive function
of Treg cells. In line with this hypothesis, PD-1-deficient Treg cells
possess strong immune suppressive activity and rescue autoim-
mune phenotypes.®’ Anti-PD-1 mAb increases Treg cell-mediated
immune suppressive activity in some patients with gastric can-
cer, which contributes to hyperprogression during PD-1 blockade
therapy.*> However, another study reported that PD-1-blocked
Treg cells show low immune suppressive activity, and further anal-
yses to examine the roles of PD-1 in effector T cells and Treg cells
in cancer settings are needed.®

5.3 | Regulatory T cell modulation

5.3.1 | Cytokines

Mutations in the TGF-f pathway are often observed in human can-
cers, and overactivation of this pathway is associated with tumor
progression by stimulating angiogenesis and suppressing the in-
nate and adaptive antitumor immune responses.70 Transforming
growth factor-f directly suppresses the function of effector T
cells and natural killer cells. Glycoprotein A repetitions predomi-
nant (GARP) is a transmembrane protein containing leucine-rich
repeats that promotes the activation and secretion of TGF-ﬁ.71
Increased GARP expression is observed in activated Treg cells,”?
and GARP could be a candidate for Treg cell control in preclinical

studies.

5.3.2 | Tyrosine kinase inhibitors

Tyrosine kinase inhibitors, including imatinib and dasatinib, inhibit
TCR signaling for Treg cell survival and function through off-target
effects. For example, dasatinib induces G,/G, arrest of Treg cells
and inhibits Treg cell function.”® In a clinical trial for dasatinib dis-
continuation, Treg cell reduction was observed and was associated
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with a favorable clinical outcome in patients with chronic myeloid

leukemia.”*

5.3.3 | Phosphatidylinositol 3-kinase-PTEN-
MTOR axis

Inhibitors of P13K also effectively control immune suppression by Treg
cells in mouse models.”®> Analysis of PI3K§-deficient mice revealed
that PI3KS signaling attenuates immune suppression by Treg cells by
reducing TCR and IL-2 signals crucial for Treg cell development.”® The
PI3K-PTEN-MTOR axis, downstream of TCR and costimulatory signal-
ing, has a pivotal role in the development, function, and metabolism
of T cells, particularly Treg cells. Regulatory T cell-specific ablation of
PTEN, the primary negative regulator of PI3K, impairs mitochondrial
fitness, upregulates glycolysis, causes loss of FoxP3 expression in Treg
cells, and induces effector T cells.”””® Furthermore, a cancer vaccine
co-administered with a PI3K3 inhibitor reduces Treg cells and increases
effector T cells, efficiently inhibiting tumor growth.”? In addition, Treg
cell-specific deletion of Atg7 or Atg5, two essential genes involved in
autophagy, breaks self-tolerance and facilitates tumor eradication be-
cause of increased MTOR complex 1 activity, c-Myc expression, and
glycolytic metabolism characteristic of anabolic upregulation.SO

Heat shock protein (HSP) inhibitor induces PISK/AKT phosphor-
ylation and increases suppressive activity in Treg cells.8! Regulatory
T cells treated with HSP70 significantly inhibit the proliferation and
production of CD25 CD4" T cells, which produce effector cytokines
such as y-interferon and TNF-a. An HSP90 inhibitor strongly induces
cancer antigen-specific effector T cells by decreasing Treg cells and
MDSCs in the TME.

5.34 | CD39and CD73

CD39 and CD73 metabolize extracellular ATP to adenosine, which
binds to A,AR and inhibits effector T-cell activation. Adenosine neg-
atively signals to the APCs and attenuates activation of effector T
cells. Regulatory T cells express both CD39 and CD73 at high levels,
especially in the TME.*® Thus, CD39 and CD73, which are critical
to adenosine metabolism, are promising therapeutic targets and are

currently under investigation in clinical trials.

5.3.5 | Vascular endothelial growth factor-vascular
endothelial growth factor receptor axis

The vascular endothelial growth factor (VEGF)-VEGF receptor 2
(VEGFR2) pathway is involved in the accumulation of immature DCs,
MDSCs, and Treg cells, and the attenuation of T cell infiltration.®?
Increased PD-L1 expression and increased CD8* T cell infiltration
are observed after treatment with ramucirumab, a fully humanized
1gG1 anti-VEGFR2 mAb. In addition, a reduction of eTreg cell infiltra-
tion and PD-1 expression by CD8" T cells is observed in TILs com-
pared with that of PBMCs after ramucirumab-containing therapies.
Furthermore, VEGFA promotes VEGFR2" eTreg cell proliferation, and
this effect is inhibited by Ramucirumab.?® Thus, targeting VEGFR2
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molecules expressed by activated Treg cells or blocking the VEGF-
VEGFR2 axis might contribute to tumor-shrinking through Treg cell
inhibition.

6 | CONCLUSIONS

Regulatory T cells have strong immune suppressive activity and in-
hibit antitumor immune response in tumor-bearing hosts. High Treg
cell infiltration in the TME is involved in unfavorable prognosis in
patients with various types of cancer. Depletion of Treg cells and
control Treg cell function have been tested in the clinic, but most of
these therapies fail to selectively deplete or inhibit Treg cells. One
obstacle to overcome is the lack of specific targets for the depletion
and functional impairment of Treg cells, particularly tumor-infiltrat-
ing Treg cells. In addition, because systemic depletion of Treg cells
could increase a patient's risk of irAE, strategies that can selectively
impair Treg cells in the TME are needed. The biology of Treg cells
is complicated, but addressing these questions could lead to new
therapeutic methods and immune precision medicine for each pa-

tient's cancer.
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