Am J Cancer Res 2026;16(5):1823-1846
www.ajcr.us /ISSN:2156-6976/ajcr0172176

Review Article

Regulatory T cells in the breast cancer

tumor microenvironment: new mechanisms,

potential therapeutic strategies and future perspectives

Yunxia Wang2*, Yu Yu'?", Yongling Peil, Jiayao Wang?, Linye Hua*?, Minjie Li*, Yamei Li*

1Key Laboratory for Quality Evaluation of Bulk Herbs of Hunan Province, School of Pharmacy, Hunan University of
Chinese Medicine, Changsha 410208, Hunan, China; 2Medical College, Hunan University of Chinese Medicine,
Changsha 410208, Hunan, China. *Equal contributors.

Received February 19, 2026; Accepted May 7, 2026; Epub May 15, 2026; Published May 30, 2026

Abstract: Regulatory T cells (Tregs) are key immunosuppressive components of the tumor microenvironment (TME).
Their marked enrichment in breast cancer tissues, compared with normal or benign tissues, promotes tumor im-
mune evasion and represents a major barrier to effective immunotherapy. This review systematically elucidates the
multifaceted roles of Tregs in breast cancer progression. We first outline the fundamental characteristics and origins
of Tregs within the breast cancer TME. We then examine the molecular mechanisms underlying Treg recruitment,
highlighting how tumor cells and stromal components cooperatively establish an immunosuppressive niche. In addi-
tion, we analyze the specific pathways through which Tregs promote tumor angiogenesis, facilitate immune escape,
and drive metastasis. Finally, we summarize emerging therapeutic strategies targeting Tregs, including biological
agents, natural and synthetic compounds, combination therapies, and traditional Chinese medicine formulations,
and discuss current challenges and future directions. This review aims to provide a comprehensive framework and

novel insights for the development of more effective Treg-targeted immunotherapies for breast cancer.
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Introduction

Breast cancer is the most commonly diagnos-
ed malignancy among women worldwide and
imposes a substantial burden on both physi-
cal and mental health. According to the In-
ternational Agency for Research on Cancer
(IARC), a specialized agency of the World Heal-
th Organization (WHO), approximately 20 mil-
lion new cancer cases were reported globally in
2022, of which 2.3 million were breast cancer
cases in women. This ranks breast cancer as
the second most frequently diagnosed cancer,
accounting for 11.6% of all new cancer cases
[1]. In China, the National Cancer Center reports
more than 420,000 new breast cancer cases
annually, with a steadily increasing incidence
and a declining mean age at onset [2].
Projections based on GLOBOCAN 2022 data
suggest that by 2050, global breast cancer inci-
dence will increase by 38% and mortality by
68%. Notably, in approximately half of the 185

countries analyzed, annual incidence rates are
already rising by 1-5%. Encouragingly, advances
in early detection and treatment have led to a
sustained decline in breast cancer mortality. In
the United States, the 5-year relative survival
rate has reached 91%, representing a substan-
tial improvement over historical levels [3, 4].

Breast cancer is a highly heterogeneous dis-
ease. Based on the expression of estrogen re-
ceptor (ER), progesterone receptor (PR), human
epidermal growth factor receptor 2 (HER2), and
the proliferation marker Ki-67, breast cancer is
classified into four intrinsic molecular subtypes:
Luminal A, Luminal B, HER2-enriched, and tri-
ple-negative breast cancer (TNBC). These sub-
types differ significantly in clinical outcomes,
therapeutic responses, and underlying molecu-
lar drivers. For example, TNBC lacks targetable
hormone receptors and HER2 expression, ren-
dering it the most aggressive subtype with lim-
ited treatment options [5].
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The management of breast cancer has evolved
from a uniform treatment approach to sub-
type-specific precision medicine. For hormone
receptor-positive tumors, endocrine therapy
combined with CDK4/6 inhibitors has become
the standard of care. HER2-positive breast can-
cer is effectively treated with anti-HER2 thera-
pies, including trastuzumab, pertuzumab, and
antibody-drug conjugates. In contrast, chemo-
therapy remains the cornerstone of treatment
for TNBC, although immune checkpoint inhibi-
tors and PARP inhibitors have recently expand-
ed therapeutic options [6]. Despite these ad-
vances, current treatments—including chemo-
therapy, targeted therapy, and immunothera-
py—are associated with substantial adverse ef-
fects, such as bone marrow suppression [7],
cardiotoxicity [8], hepatic and renal dysfunction
[9], febrile neutropenia [10], osteoporosis [11],
and gastrointestinal and metabolic disturbanc-
es, as well as severe alopecia [12]. These to-
xicities impose significant physical and psycho-
logical burdens on patients and adversely af-
fect their quality of life. Therefore, there is an
urgent need to develop more effective and less
toxic therapeutic strategies to improve treat-
ment adherence, survival outcomes, and over-
all quality of life in patients with breast cancer.

Among emerging immunotherapeutic approa-
ches, programmed cell death protein 1 (PD-1)
and programmed death-ligand 1 (PD-L1) check-
point inhibitors have demonstrated promising
efficacy in a subset of breast cancer patients,
particularly those with TNBC [13]. However, re-
sistance to anti-PD-1/PD-L1 therapy remains
common. This resistance is closely associated
with the accumulation of a specialized CD4*
T-cell subset—Tregs—within the TME. Tregs play
critical roles in immune regulation, modulation
of antitumor T-cell responses, and tumor im-
mune evasion [14]. Recent studies have sh-
own that increased Treg infiltration in the TME
is significantly correlated with higher histologi-
cal grade, enhanced invasiveness, and poor-
er prognosis in breast cancer patients [15].
Moreover, the abundance of Tregs is markedly
higher in breast cancer tissues than in normal
breast tissues [16].

Treg Profile

As early as 1983, a subset of CD4* T cells with
immunosuppressive properties was identified
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[17]. In physiological conditions, these cells
protect host tissues from immune-mediated
damage and maintain immune tolerance, func-
tions now well recognized as characteristic of
Tregs [18]. Subsequent studies demonstrated
that Tregs highly express forkhead box P3
(FOXP3), a lineage-specific transcription factor
that serves as a master regulator of Treg de-
velopment and function and is widely accept-
ed as a definitive marker of Tregs [19, 20].
Moreover, ectopic expression of FOXP3 can
confer suppressive properties on conventional
T cells [21].

Tregs are widely distributed throughout the
body, and the balance between Tregs and
effector T cells across tissues is tightly regu-
lated to ensure effective immune surveillance
and pathogen control while preventing chronic
inflammation and autoimmune diseases [22].
Disruption of Treg distribution can therefore
lead to tissue-specific inflammatory disorders
[23]. Accumulating evidence indicates that
Tregs are enriched in malignant tumors, where
they promote tumor progression by suppress-
ing antitumor immune responses [24]. Their
immunosuppressive role in attenuating antitu-
mor immunity is now well established [25].

In breast cancer, the TME is characterized by
substantial Treg infiltration, which positively
correlates with tumor stage as defined by
the tumor-node-metastasis (TNM) classifica-
tion [26]. The classification and clinical man-
agement of breast cancer, particularly agg-
ressive subtypes such as TNBC, are closely
associated with the abundance of activated
Tregs within the TME. Compared with normal
tissues, CD4* T cells derived from tumor tis-
sues exhibit significantly elevated mRNA ex-
pression of Foxp3, IL-10, and TGF-B. Clonal
expansion of Tregs has been observed in both
peripheral tissues and the TME of breast can-
cer patients [27]. Although a minority of Tregs
arise from local proliferation of pre-existing
Tregs [28], the majority are recruited from
draining lymph nodes or peripheral blood and
subsequently undergo phenotypic adaptation
within the local microenvironment. Notably,
patients with lymph node or distant metastasis
exhibit lower absolute counts of peripheral
blood Tregs than those without metastasis, and
reduced peripheral Treg levels are associated
with poorer clinical outcomes. These findings
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suggest that Tregs in the TME are predominant-
ly recruited from peripheral sources and that
quantification of peripheral blood Tregs may
serve as a potential biomarker for identifying
high-risk patients and predicting metastatic
recurrence [29].

Mechanism of action of Treg recruitment to
the TME in breast cancer

Tregs play a critical role in breast cancer pro-
gression, making it essential to elucidate the
mechanisms governing their recruitment in
order to develop targeted therapeutic strate-
gies. Multiple pathways contribute to Treg ac-
cumulation within the breast cancer TME, par-
ticularly those driven by tumor cells.

Induction of breast cancer cells

Cytokines and chemokines: A variety of cyto-
kines and chemokines present in the TME of
breast cancer play a role in the recruitment and
accumulation of Tregs. Breast cancer cells
secrete interferon-inducible protein-10 (IP-10),
which selectively attracts Tregs to the TME.
Additionally, the expression of ER or HER2 in
breast cancer does not influence the chemo-
tactic activity of IP-10 on Tregs. Notably, IP-10
is the only functional factor capable of induc-
ing migration of yo T regulatory cells (yd Tregs),
one subset of Tregs, into the breast cancer
TME, and the extent of yd Treg infiltration is
independent of IP-10 expression levels [30].

Similarly, the tumor-secreted chemokine ligand
22 (C-C motif chemokine ligand 22, CCL22)
and CCL17 are also positively correlated with
the infiltration of Tregs in tumors. CCL22 and
CCL17 act via their common receptor CCR4,
which is expressed at significantly higher levels
on tumor-infiltrating Tregs than on peripheral
Tregs [31, 32]. Mechanistically, the FOXP3/
HAT1 complex induces acetylation of the CCR4
promoter in tumor Tregs, thereby promoting
Treg infiltration into the TME [33]. The chemo-
kine-CCR4 axis is further reinforced by elevat-
ed prolactin (PRL), which enhances CCL17-
mediated Treg recruitment via the long-form
prolactin receptor [34]. Beyond its chemotactic
function, CCL22 also exhibits a synergistic ef-
fect with TGF-B1. Specifically, CCL22 enhances
the capacity of TGF-B1 to promote Treg differen-
tiation, thereby further facilitating Treg accumu-
lation in the TME [35].
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Beyond chemotaxis, specific cytokines also
promote Treg expansion and suppressive func-
tion. Upregulation of IL-33 in the TME correlat-
es with tumor stage and enhances the expan-
sion of immunosuppressive cells, including
Tregs, thereby accelerating tumor progression
and metastasis [36, 37]. The role of TGF-3
in Treg differentiation is modulated by various
factors. For example, ionizing radiation indu-
ces the expression of activin A, a member of
the TGF-B family, whose levels positively corre-
late with Treg abundance in the TME [38].
Furthermore, compared with non-stem cancer
cells, breast cancer stem cells (BCSCs) se-
crete higher levels of TGF-B, thereby promot-
ing the differentiation of CD4* T cells into
CD4*CD25*FOXP3* Tregs [39].

Collectively, these chemotactic and inductive
signals cooperatively shape the Treg landscape
in breast cancer.

Regulation of cell membrane receptors: Mul-
tiple cell surface receptors in the breast cancer
TME regulate Treg accumulation through dis-
tinct yet potentially convergent mechanisms.

Leptin and its receptor are overexpressed in
breast cancer compared with normal breast
tissue, indicating a close association with the
development of breast cancer [40]. Overex-
pression of leptin increases the number and
proportion of Tregs, as well as the levels of TGF-
B4, in the peripheral blood and spleen. The for-
mation of a substantial number of Tregs within
an organism indirectly facilitates their accumu-
lation in the TME [41]. Similarly, histamine H4
receptor (H4R) is also highly expressed in can-
cer cells, and its elevated expression induces
the accumulation of immunosuppressive mole-
cules such as IL-10 in the microenvironment,
which results in the recruitment of more Tregs
[42].

Inducible costimulator-ligand (ICOSL) has im-
munomodulatory functions in various malig-
nant tumors. Research has demonstrated that
ICOSL is positively expressed in the cytoplasm
and nuclear membrane of specific breast can-
cer subtypes, including TNBC, and the abun-
dance of Tregs within the TME of breast cancer
models is positively correlated with ICOSL
expression. Moreover, ICOSL overexpression
promotes tumor progression [43]. ICOSL over-
expression leads to the differentiation of co-
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cultured CD4* T cells into FOXP3* Tregs and
increased the secretion of the tumor-promot-
ing factors IL-10 and IL-4. ICOSL also sup-
pressed p38 phosphorylation and facilitated
the proliferation, invasion, and metastasis of
the corresponding cancer cells [44].

Although direct interactions among leptin re-
ceptor, H4R, and ICOSL have not been fully
elucidated, these pathways may converge on
shared immunosuppressive mechanisms, par-
ticularly through the upregulation of IL-10.
Collectively, they contribute to the establish-
ment of an immunosuppressive network that
facilitates immune evasion in breast cancer.

Activation of protease expression: Several en-
zymes and metabolic regulators in the breast
cancer TME contribute to Treg recruitment and
expansion. Cyclooxygenase-2 (COX-2) is over-
expressed in aggressive breast cancer cells,
leading to increased prostaglandin E2 (PGE2)
production, which promotes Treg infiltration
via EP2/EP4 receptors [45, 46]. Indoleamine
2,3-dioxygenase (IDO) is also upregulated and
promotes FOXP3 expression and Treg expan-
sion through tryptophan metabolism [47-49].
Thymidine kinase 1 (TK1), a proliferation mark-
er, positively correlates with FOXP3* Treg infil-
tration in TNBC, although its precise mecha-
nism remains unclear [50-53]. These factors
act through largely independent pathways but
collectively contribute to the immunosuppres-
sive TME.

Induction of signaling pathway dysregulation:
Beyond these extracellular regulators, intracel-
lular signaling pathways also play critical roles
in modulating Treg function and differentiation
within the breast cancer TME. The Hedgehog
(Hh) signaling pathway is closely associated
with malignant tumor progression, particularly
the invasiveness and metastatic potential of
breast cancer [54]. Within the breast cancer
TME, Hh signaling fosters an immunosuppres-
sive milieu by modulating Treg differentiation
and activity, as well as the balance between
Tregs and Th17 cells. Mechanistically, Hh sig-
naling facilitates O-linked N-acetylglucosamine
(O-GIcNAc) modification of the transcription
factors FOXP3 and transcription activator 3
(STAT3) in Tregs and Th17 cells. These modifi-
cations enhance Treg differentiation and immu-
nosuppressive capabilities. Disruption of the
Hh signaling pathway induces metabolic recon-
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figuration in Tregs, suppresses their immuno-
suppressive functions, and promotes their con-
version into inflammatory Th17 cells, thereby
augmenting cytotoxic CD8" T cell infiltration
into the TME [55]. The Hippo pathway, via its
key downstream effectors YAP and TAZ, plays a
role in multiple cancers, including breast can-
cer [56]. In the breast cancer TME, disruption
of Hippo signaling leads to increased TAZ
expression, which then promotes Treg recruit-
ment. Specifically, TAZ increases the levels of
cytokines such as CCN4 and IL-23, thereby
facilitating Treg accumulation [57].

In summary, breast cancer cells recruit and
activate Tregs through chemokines, receptors,
enzymes, and signaling pathways (Figure 1).
These interconnected mechanisms collectively
establish an immunosuppressive niche that
promotes tumor progression.

Induction of tumor mesenchymal cells

Tregs: Following infiltration into the TME, Tregs
undergo multiple adaptations that enhance
their survival, expansion, and suppressive func-
tion. One key mechanism involves remodeling
of the T-cell receptor (TCR) repertoire. Intra-
tumoral Tregs exhibit a distinct yet partially
overlapping TCR repertoire compared with cir-
culating Tregs, enabling tumor antigen-specific
activation and clonal expansion [58]. This pro-
cess further promotes Treg recruitment, form-
ing a positive feedback loop.

At the genetic level, overexpression of miR-126
in Tregs promotes the induction and activation
of Tregs cultured in vitro and significantly in-
creases the expression levels of FOXP3, Cyto-
toxic T-lymphocyte-associated protein 4 (CTLA-
4), IL-10 and TGF-B, thereby strengthening their
immunosuppressive function. The underlying
mechanism involves miR-126 promoting the
aggregation of Tregs in the TME by inhibiting
the expression of its target phosphatidylinosi-
tol-3-kinase regulatory subunit 2 (P85), whi-
ch in turn activates the phosphatidylinositol
3-kinase (PI3K)-serine/threonine kinase (AKT)
signaling pathway and upregulates the expres-
sion of FOXP3 [59].

At the protein level, increased expression of
stemness-related genes such as SOX2 acti-
vates the NF-kB-CCL1 signaling axis, promot-
ing Treg recruitment through epigenetic regula-
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Figure 1. Induction of breast cancer cells (by BioGDP.com). Breast cancer cells promote Treg accumulation via four
mechanisms. They secrete chemokines/cytokines (IP-10, CCL17/CCL22, TGF-B, IL.-33), upregulate membrane re-
ceptors (leptin receptor, H4R, ICOSL), activate metabolic enzymes (COX-2/PGE2, IDO, TK1), and dysregulate signal-
ing pathways (Hedgehog, Hippo). These cooperative events shape an immunosuppressive TME that drives breast

cancer progression.

tion of target gene promoters [60]. In addition,
CD28 activation enhances Treg proliferation
and chemotaxis while inducing metabolic re-
programming, including increased glucokinase
expression, allowing Tregs to adapt to low-glu-
cose, high-lactate conditions within the TME
[61].

These genetic, molecular, and metabolic adap-
tations synergistically enhance Treg accumula-
tion and immunosuppressive function within
the breast cancer TME.

Myeloid-derived suppressor cells: Myeloid-de-
rived suppressor cells (MDSCs) are a subset
of immature bone marrow cells that exhibit
immunosuppressive properties in vivo under
pathological conditions such as cancer [62]. In
the breast cancer TME, MDSCs exert their
immunosuppressive function by inhibiting T cell
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differentiation and proliferation or by promot-
ing Treg expansion, thereby suppressing the
host immune response. MDSCs and Tregs
reciprocally induce and recruit each other
through intercellular communication. MDSCs
can directly enhance the proliferation of Tregs
and indirectly promote the differentiation of
CD4* T cells into Tregs via cytokine secretion
[63].

Cancer-associated fibroblasts: Studies have
shown that tumors manipulate ECM remodeling
to create a tumorigenic and metastatic niche
[64]. Cancer-associated fibroblasts (CAFs) in
the TME restructure the ECM by paracrine
release of matrix metalloproteinases (MMPs)
and other factors, leading to increased colla-
gen deposition [65]. CAFs promote Treg recruit-
ment via ECM collagen accumulation [66]. The
underlying mechanism involves accumulated
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collagen activating discoid domain receptor 1
(DDR1), which upregulates interferon-induced
chemokines 5 (CXCL5) expression, thereby
promoting neutrophil extracellular trap (NET)
formation and Treg infiltration in the TME [67].

In addition to ECM-mediated indirect recruit-
ment, CAFs can also directly recruit Tregs th-
rough surface and secreted proteins. A distinct
subset of CAF-S1 exhibits markedly elevated
CD73 protein levels in the TME [68]. Analysis of
the TME in 215 breast cancer patients reveal-
ed a significant correlation between FOXP3*
Treg infiltration and stromal CD73 expression.
Moreover, CD73 expression in CAF-S1 cells, but
not in cancer cells, enhances CD73-mediat-
ed immunosuppression. Co-culture of purified
CAF-S1 cells with CD4*CD25* T cells signifi-
cantly upregulated FOXP3 expression, confirm-
ing that CAF-S1 promotes Treg proliferation in
the breast cancer TME. Silencing CD276/B7H3
and dipeptidyl peptidase 4 (DPP4) substan-
tially reduced the total CD25*FOXP3* T cell pop-
ulation induced by CAF-S1. Thus, CAF-S1 not
only enhances Treg infiltration in the TME but
also potentiates their capacity to suppress the
proliferation of effector T cells, thereby promot-
ing breast cancer metastasis [69]. Another
recent study further demonstrated that CAFs
can induce T-cell differentiation into Tregs by
downregulating the antigen-presenting func-
tion of co-stimulatory molecules [70].

Collectively, CAFs employ multiple mechanisms
to establish an immunosuppressive niche that
promotes tumor progression and metastasis.

Tumor-associated macrophages: The recruit-
ment of naive CD4* T cells into the TME corre-
lates with the abundance of tumor-associated
macrophages (TAMs) that produce CCL18, and
the infiltration of naive CD4* T cells into hu-
man breast cancer tissues is contingent upon
CCL18. CCL18 promotes the infiltration of
naive CD4* T cells into tumors through inte-
raction with phosphatidylinositol transfer pro-
tein 3 (PITPNM3), thereby significantly increas-
ing the intratumoral Treg count, which in turn
indirectly affects Treg proliferation [71].

Similarly, CXCL1 is one of the most common
chemokines secreted by TAMs [72]. Inhibiting
TAM/CXCL1 activity in the TME significantly
suppresses immune evasion and metastasis
of breast cancer [73], which is associated with
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CXCL1 recruiting peripheral naive CD4* T cells
and promoting their differentiation into Tregs
via activation of the NF-kB/FOXP3 pathway
[74]. In vitro experiments further demonstrat-
ed that 4T1 cells stimulate mouse TAMs to
produce monocyte chemotactic protein 1 (MCP-
1/CCL2) through the release of granulocyte-
macrophage colony-stimulating factor [75].
Subsequently, CCL2 attracts peripheral macro-
phages to the breast cancer TME, where they
differentiate into TAMs. These TAMs then af-
fect the breast cancer TME and enhance Treg
recruitment through the CCL17/CCL22-CCR4
axis [76].

Others: Regulatory B cells (Bregs) also contrib-
ute to Treg recruitment. Bregs express high lev-
els of CD40, CD80, CD86, and TGF-B, facilitat-
ing the conversion of CD4* T cells into FOXP3*
Tregs through direct cell-cell interactions. Per-
sistent tumor activity sustains Breg produc-
tion, thereby maintaining an immunosuppres-
sive environment that promotes metastasis,
particularly to the lungs [77].

In summary, Tregs within the breast cancer
TME are supported by a network of mesenchy-
mal cells, including MDSCs, CAFs, TAMs, and
Bregs. These cells cooperate to enhance Treg
recruitment, expansion, and immunosuppres-
sive function (Figure 2).

Mechanisms of Treg-promoted breast cancer
development

Tregs are highly enriched within the breast can-
cer TME, where they establish an immunosup-
pressive milieu that attenuates antitumor im-
mune responses and facilitates tumor progres-
sion. The marked accumulation of Tregs within
the TME provides a permissive environment for
tumor metastasis, rendering invasive breast
cancer more immunologically quiescent than in
situ disease. Accumulating evidence indicates
that Tregs primarily contribute to breast cancer
progression by promoting tumor metastasis
and mediating immunosuppression [27].

Tregs promote intratumor angiogenesis

Angiogenesis, a complex process involving mul-
tiple cell types, is a fundamental pathological
basis for tumor growth and metastasis. Tregs
within the TME contribute to neovasculariza-
tion through both direct and indirect mecha-
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Figure 2. Mechanism of Tregs recruitment (by BioGDP.com). Tregs remodeling by mesenchymal cells and intrinsic
pathways in breast cancer TME. Tregs are modified at genetic (miR-126/PI3K-AKT/FOXP3), protein (SOX2/NF-kB-
CCL1), and metabolic (CD28) levels. Mesenchymal cells - CAFs, Bregs, MDSCs - further boost Treg accumulation.
CAFs remodel ECM via MMP/DDR1/CXCL5; CAF-S1 expresses CD73/CD276/DPP4. Bregs use CD40/CD80/CD86/
TGF-B to convert CD4* T cells into FOXP3* Tregs. MDSCs enhance Treg expansion via cytokines. Together, these
pathways create a positive feedback loop driving immunosuppression and metastasis.

nisms, thereby remodeling the tumor vascular
microenvironment. This results in increased
microvessel density and the establishment of
vascular networks that supply nutrients and
oxygen, supporting tumor expansion and dis-
semination. Consequently, angiogenesis is a
key determinant of disease progression and
poor prognosis [78-80].

(1) Direct contribution: Tregs secrete vascu-
lar endothelial growth factor (VEGF), thereby
directly promoting tumor angiogenesis [81].
Mechanistically, FOXP3 interacts with hyperac-
tivated STAT3 to form a complex that binds to
the VEGF promoter and enhances its transcrip-
tion [82].

(2) Indirect promotion: Effector T cells produ-

ce antiangiogenic cytokines, including tumor
necrosis factor-a (TNF-a) and interferon-y (IFN-
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y), the latter of which has potent antiangio-
genic activity. CD4* T-cell-mediated antitumor
responses rely heavily on IFN-y production
[83]. Additionally, chemokines such as CXCL9,
CXCL10, and CXCL11 inhibit integrin expres-
sion, angiogenesis, and tumor proliferation.
Tregs suppress these antiangiogenic effects
by inhibiting effector T-cell activation and pro-
liferation and by reducing the production of
TNF-a and IFN-y, thereby indirectly promoting
angiogenesis [84] (Figure 3).

Mediate immune evasion

Tregs suppress antitumor immunity mainly by
releasing immunosuppressive cytokines such
as TGF-B, IL-10, and IL-35, by engaging in di-
rect cell-cell interactions, and by competing for
key immune mediators. Together, these me-
chanisms inhibit immune cell proliferation and
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Figure 3. Tregs promote intratumor angiogenesis (by BioGDP.com). Tregs directly promote tumor angiogenesis by
expressing VEGF. Additionally, they suppress the expression of TNF-a, IFN-y, CXCL9, CXCL10, and CXCL11 in effector
T cells; these factors inhibit tumor angiogenesis, thereby playing an indirect role in promoting it.

differentiation, cause immune cell depletion,
and ultimately weaken the body’s ability to fight
tumors (Figure 4).

Secretion of immunosuppressive mediators:
(1) TGF-B: Tregs are a major source of TGF-B in
the breast cancer TME [85]. TGF-3 suppresses
the expression of cytotoxic molecules, includ-
ing granzyme A (GzmA), granzyme B (GzmB),
perforin, Fas ligand (FASL), and IFN-y, thereby
impairing immune-mediated tumor cell Killing
[86, 87]. It inhibits CD8* T-cell cytotoxicity via
activation of SMAD proteins and activating
transcription factor 1 (ATF1), leading to reduc-
ed GzmB and IFN-y expression [88]. Addi-
tionally, TGF-B modulates antigen-presenting
cell (APC) function, for example by inducing
indoleamine 2,3-dioxygenase (IDO) in plasma-
cytoid dendritic cells and upregulating CCL22
in myeloid dendritic cells, thereby promoting
tumor immune escape [89, 90].

(2) IL-10: IL-10 exerts potent immunosuppres-
sive effects, including direct inhibition of APC
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activation via Toll-like receptor (TLR) signaling
[91]. It suppresses IFN-y-dependent APC acti-
vation and promotes the expression of the E3
ubiquitin ligase MARCH1 in monocytes and
macrophages, leading to degradation of MHC-II
and CD86 through lysosomal pathways. This
impairs antigen presentation and inhibits acti-
vation of tumor-specific CD4* T cells [92, 93].
IL-10 also inhibits MyD88-dependent TLR sig-
naling by suppressing NF-kB activation and pro-
motes AMP-activated protein kinase (AMPK)
signaling, further dampening immune respons-
es [94-96].

(3) IL-35: Tregs produce IL-35, which cooper-
ates with IL-10 to promote T-cell exhaustion via
pathways involving B lymphocyte-induced mat-
uration protein 1 (Blimp-1), thereby contribut-
ing to immune dysfunction [97].

Induction of apoptosis and down-regulation of
immune protein expression in immune cells: (1)
Tregs eliminate effector immune cells through
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Figure 4. Mechanisms of Tregs-mediated immune escape (by BioGDP.com). Tregs primarily evade the immune sys
tem by downregulating the expression of CD8* T cells, CD4* T cells, and NK cells, and by increasing their own num-
bers. It can produce immunosuppressive mediators such as TGF-B, I1L-10, and IL-35, induce apoptosis in immune
cells and downregulates the expression of immune proteins via IL-37, GzmA, GzmB, IFN-y and TRAIL. The remaining
factors, such as IL-2R, ENTPD1, and cAMP, can interfere with the metabolism of immune cells, CTLA-4, Nrp-1 can

reduce DC cell expression.

granzyme- and perforin-dependent cytotoxicity.
Activated natural Tregs (nTregs) primarily pro-
duce GzmA and perforin, whereas induced
Tregs (iTregs) predominantly express GzmB.
Both subsets exhibit cytotoxic activity against
target cells [98, 99]. Within the TME, Tregs can
eliminate B cells via GzmB-dependent and par-
tially perforin-dependent mechanisms [100].

(2) The tumor necrosis factor-related apopto-
sis-inducing ligand (TRAIL)/death receptor 5
(DR5) pathway contributes to Treg-mediated
immunosuppression. Upregulation of TRAIL in
activated Tregs induces apoptosis of CD4* T
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cells. Inhibition of this pathway reduces Treg
suppressive capacity and cytotoxicity, highlight-
ing its functional importance [101].

(3) IL-37 is produced by a range of immune
cells, including Tregs, B cells, plasma cells,
and NK cells [102]. When researchers isolat-
ed NK cells from healthy individuals and cul-
tured them with Tregs at varying ratios, they
observed downregulation of TIM-3 in NK cells
and a reduction in NK cell cytotoxic function.
Further investigation revealed that IL-37 within
the microenvironment mediated this effect

[103].
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Interference with immune cell metabolism:
Tregs disrupt immune cell metabolism through
the expression of key receptors and enzymes,
including IL-2 receptor (IL-2R), ENTPD1 (CD39),
and cyclic adenosine monophosphate (CAMP).

(1) IL-2R: Tregs express high levels of IL-2R
but do not produce IL-2, enabling them to com-
petitively sequester IL-2 and deprive effector T
cells of this critical growth factor. This sup-
presses CD8* T-cell activation and function.
Meanwhile, IL-2/1L-2R signaling activates JAK/
STAT5, PIBK/AKT, and MAPK pathways, promot-
ing Treg proliferation and suppressive function
[104, 105].

(2) Ectonucleoside triphosphate diphosphohy-
drolase-1 (ENTPD1), also known as CD39, is
the main ectonucleotidase expressed on Tregs
and is essential for their ability to suppress
antitumor immunity. It converts immunogenic
ATP and ADP into AMP [106, 107]. Unlike ATP,
which promotes immune activation, AMP sup-
presses immune responses. Therefore, overex-
pression of ENTPD1 leads to AMP accumula-
tion in the tumor microenvironment, weaken-
ing overall immune function and promoting
immune evasion. In addition, Tregs that pro-
duce IL-27 can drive CD39-mediated ATP hy-
drolysis through the IL-27/STAT1 axis, thereby
inhibiting cytokine production by CD8* T cells
in vitro [108].

(3) cAMP effectively suppresses T cell grow-
th, differentiation, and proliferation. Naturally
occurring Tregs contain high intracellular levels
of CAMP and can transfer this molecule to reac-
tive CD4* T cells through gap junctions within
the tumor microenvironment. Such transfer
subsequently inhibits the proliferation and
function of CD4* T cells, thereby dampening
their antitumor immune activity [109].

Negative regulation of dendritic cells: (1) CTLA-
4. CTLA-4 is a receptor highly expressed on
Tregs. On conventional T cells, CD28 binds
to CD80/CD86 on dendritic cells (DCs), pro-
moting effector T cell proliferation, differentia-
tion, and cytokine production, thereby enhanc-
ing antitumor immunity. CTLA-4 competitively
binds the same CD80/CD86 ligands [110],
blocking this costimulatory pathway and deliv-
ering negative signals to APCs, which inhibits
effector T cell function. In addition, CTLA-4
removes CD80/CD86 from the DC surface
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through trans-endocytosis [111]. This reduc-
tion in CD80/CD86 on APCs exerts dual sup-
pressive effects: it limits costimulation for
naive T cells and increases the amount of free
PD-L1, which in turn inhibits PD-1-expressing
effector T cells [112]. Furthermore, CTLA-4
signaling induces IDO activity, leading to trypto-
phan catabolism and accumulation of immu-
nosuppressive tryptophan metabolites that
further suppress effector T cell function [113].

(2) Neuropilin 1 (Nrp-1): Nrp-1 is a transmem-
brane glycoprotein that binds class IllI/IV se-
maphorins, VEGF, and TGF-. It is expressed on
the surface of Tregs and is involved in tumor
cell migration, angiogenesis, cancer progres-
sion, and suppression of antitumor immunity
[114]. In the tumor microenvironment, Tregs
upregulate Nrp-1 expression, which enhances
their interaction with dendritic cells (DCs). This
interaction blocks effector T cells from en-
tering APCs and downregulates costimulatory
molecules on DCs [115], thereby inhibiting the
cytotoxic activity of antigen-specific T cells and
reducing the body’s antitumor capacity [116].

Facilitating tumor invasion and escape

The main metastatic organs of patients with
breast cancer are bone, brain, lung, liver, and
lymphatic tissues [117], and the expression
of chemokine receptors, vascular endothelial
growth factor, and chemokines, as well as the
pathways associated with their expression by
Tregs, is the key to the ability of Tregs to facili-
tate the spread of breast tumors, providing a
“hotbed” for breast cancer metastasis (Figure
5).

The core general mechanism of Tregs mediat-
ing metastasis: (1) SDF-1-CXCR4: Tregs express
CXCR4, and its corresponding chemokine is
SDF-1/CXCL12 [118]. Many target organs pro-
mote the metastasis of breast cancer cells by
highly expressing SDF-1, which attracts CXCR4.
For example, Leptin is an important promoter
of bone metastasis in cancer, and it induces
breast cancer cell metastasis through activa-
tion of the SDF-1/CXCR4 axis, resulting in in-
creased bone metastasis and poor prognosis
[119]. (2) CCR4: CCR4 is highly expressed in
breast cancer cells under the influence of
FOXP3, while its ligands, CCL22 and CCL17,
are released by tumor cells and tumor-associat-
ed macrophages, attracting CCR4-expressing
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Figure 5. Mechanisms by which Tregs promote tumor invasion and escape (by BioGDP.com). During the metastasis
of breast cancer cells to various target organs, Tregs play a central role in metastasis through SDF-1-CXCR4, CCR4,
and VEGF. TGF-B-SMAD primarily targets bone metastases. PI3K-AKT, PD-1, and CTLA-4 in brain metastases. TAM/
CXCL1 and MCP-1 act on lung metastases. PI3BK-AKT promotes liver metastasis via ITGB1. Receptors CCR2, CCR5/
CCL5, CCR8/CCL1 and CCR6/CCL20 facilitate the invasion of normal tissues by tumor cells.

Tregs to the tumor site and thereby facilitating
the metastasis of breast cancer cells [120]. In
pulmonary metastasis, Tregs expressing CCR4
are attracted to CCL17 and CCL22 secreted
by lung tissues, directing breast cancer tumor
cells to metastasize to lung tissues and invade
them [121]. (3) VEGF: As mentioned earlier,
VEGF is secreted by Tregs and induces angio-
genesis within tumors [81], thereby promoting
the proliferation and metastasis of breast can-
cer cells in various target organs. In particular,
brain metastasis is based on breaching the
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blood-brain barrier [122], and VEGF can be
involved in promoting tumor endothelial adhe-
sion and extravasation, causing vascular re-
modeling and increased permeability of tumor
cells as they pass through the blood-brain bar-
rier and facilitating tumor cell entry into the
brain [123].

(1) Bone metastasis: TGF-B secreted by Tregs
promotes epithelial-mesenchymal transition
(EMT) through the TGF-B/SMAD pathway, which
drives cell cycle progression and contributes
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to bone metastasis in triple-negative breast
cancer (TNBC) [124].

(2) Brain metastasis: The PI3BK-AKT signaling
pathway, which is associated with Treg activa-
tion, is highly active in brain-metastatic breast
cancer [125]. Downstream immunosuppres-
sive modulators, including PD-1 and CTLA-4,
are also significantly elevated in brain meta-
static tissues from breast cancer patients, sug-
gesting their involvement in brain metastasis
[126].

(3) Pulmonary metastasis: RANK, a receptor
produced by Tregs, together with its ligand
RANKL, facilitates lung metastasis of breast
cancer cells [127]. Additionally, MCP-1 pro-
motes lung metastasis by binding to CCR2
on Tregs, thereby fueling tumor spread [128].
The TAM/CXCL1/Treg axis remodels the immu-
nosuppressive TME and inhibits immune eva-
sion and lung metastasis in breast cancer
[129].

(4) Liver metastasis: Overexpression of AKT2
in the PIBK-AKT pathway promotes integrin 1
synthesis, enhancing the binding of breast can-
cer cells to type IV collagen (an integrin 1
ligand) and facilitating their adhesion to and
invasion of normal liver tissue [130].

(5) Other: CCR2 also promotes metastasis to
other organs; CCR2" Tregs accumulate in drain-
ing lymph nodes and attract tumor cells to
these nodes [131]. CCR5 is highly expressed
on Tregs in breast cancer tissues and binds to
CCL5 secreted by tumor cells or tumor-recruit-
ed mesenchymal stromal cells, enabling bidi-
rectional communication that supports breast
cancer growth and progression [132]. Activat-
ed by CCL20, CCR6 promotes breast cancer
proliferation and metastasis by recruiting pro-
tumorigenic macrophages to the tumor site,
playing an important role in tumor initiation and
early development [133]. In addition, CCRS,
activated by CCL1, is highly expressed on
Tregs in the TME. CCR8-activated Tregs pro-
duce GzmB and IL-10 - markers of potent im-
munosuppression - which are associated with
breast cancer survival and prognosis [134].

Tregs-based strategies for the treatment of
breast cancer

Currently, a range of targeted inhibitors has
been developed to interfere with cytokines

1834

secreted by Tregs or receptors highly express-
ed on their cell surface. In addition, several
drugs originally developed for other indica-
tions, as well as traditional Chinese herbal for-
mulations, have been shown to suppress Treg
function. Some of these agents, including 3-D-
mannuronic acid and FLX475, have entered
phase Il randomized controlled clinical trials.
However, most remain at the preclinical stage,
limited to in vitro or animal studies. Nonethe-
less, these investigations provide valuable
insights for the development of future Treg-
targeted therapies.

Targeting agents for Tregs in the TME

Cytotoxic T-lymphocyte-associated protein 4
(CTLA-4) is highly expressed on Tregs within
the breast cancer TME. Targeting CTLA-4 with
specific inhibitors, such as ipilimumab, can
partially deplete Tregs, although complete eli-
mination is not achieved [135]. However, pro-
longed use of ipilimumab has been asso-
ciated with autoimmune adverse events. To
address this limitation, a fully human heavy-
chain antibody (HCAb 4003-2) targeting CTLA-
4 has been developed. This antibody effec-
tively suppresses Tregs while exhibiting lower
systemic exposure and reduced immune-relat-
ed toxicity, suggesting an improved safety and
efficacy profile compared with ipilimumab
[136].

The chemokine CCL22 recruits peripheral
Tregs into the TME via interaction with the
CCR4 receptor [28]. FLX475, an oral CCR4
antagonist, has demonstrated good tolerabi-
lity in healthy volunteers and effectively reduc-
es Treg recruitment. Clinical trials evaluating
FLX475 as monotherapy or in combination with
pembrolizumab are currently ongoing in phase
I/1l settings [137].

Tregs are characterized by high expression of
interleukin-2 receptor (IL-2R), particularly its
a-chain CD25, despite minimal IL-2 production
[42]. Targeting CD25 with monoclonal antibod-
ies such as baliximab selectively inhibits CD25*
Tregs, thereby enhancing antitumor immunity
[138]. The novel CD25 blocker RG6292 over-
comes some limitations of earlier agents by
reducing immunotoxicity while maintaining ef-
ficacy [139]. Additionally, PF-08046032, an
antibody-drug conjugate targeting CD25, selec-
tively depletes intratumoral Tregs while sparing
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peripheral Tregs. Preclinical studies have dem-
onstrated favorable tolerability and efficacy,
suggesting a promising therapeutic strategy
with an improved safety profile [140].

Natural compound

Artemisinin (ART), a sesquiterpene lactone iso-
lated from Artemisia annua by Tu Youyou in
1971, is widely known for its antimalarial activ-
ity but also exhibits anti-inflammatory and anti-
tumor properties [141, 142]. In breast cancer
models, ART has been shown to inhibit prolif-
eration and induce apoptosis of 4T1 cells in a
dose-dependent manner in vitro, while delaying
tumor progression and prolonging survival in
vivo. These effects are associated with reduced
TGF-B levels and decreased Treg proportions
within the TME, suggesting a role in reversing
immunosuppression [143].

MHO7, a marine-derived small molecule, induc-
es immunogenic cell apoptosis via the endo-
plasmic reticulum stress (ERS)-CHOP pathway.
It enhances the activation of CD86" dendritic
cells and CD4*/CD8" T cells, increases MHC-II
expression, and significantly suppresses Tregs
in vivo, highlighting its therapeutic potential in
TNBC [144].

Quercetin (QUE), a naturally occurring flavo-
noid, possesses anti-inflammatory, antioxidant,
and antitumor properties. It inhibits prolifera-
tion, migration, and invasion of breast cancer
cells and suppresses the IL.-6/JAK/STAT3 sig-
naling pathway. Additionally, QUE reduces Treg
infiltration in the TME and enhances antitumor
immune responses, supporting its potential as
an adjunct to immunotherapy [145-147].

Synthetic compound

Zoledronic acid (ZA), a bisphosphonate widely
used for bone-related diseases, inhibits bone
resorption and prevents metastasis [148]. In
breast cancer models, ZA suppresses Treg
proliferation, differentiation, and function in a
dose-dependent manner. These effects are
associated with reduced expression of cyto-
kines such as CCL2, CCL5, and IDO, thereby
limiting Treg recruitment and tumor progres-
sion [149].

B-D-mannuronic acid (M2000), a novel non-
steroidal anti-inflammatory drug, has demon-
strated promising antitumor activity. In experi-
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mental models, M2000 reduces the ex-
pression of MMP-2, MMP-9, CCL22, and TGF-
B1, decreases Treg frequency, and inhibits
angiogenesis and metastasis without signifi-
cant adverse effects [150, 151].

DC101, a VEGFR2 inhibitor, suppresses tumor
angiogenesis, growth, and metastasis. It also
reduces Treg infiltration and partially revers-
es immunosuppression mediated by myeloid-
derived suppressor cells, thereby improving the
tumor immune microenvironment [152-154].

Pentoxifylline (PF), a methylxanthine analog,
has been shown to inhibit proliferation and
migration and induce apoptosis in breast can-
cer cells. It reduces Treg proportions in a dose-
dependent manner and modulates cytokine
levels, increasing IFN-y and decreasing TGF-,
thereby enhancing antitumor immunity [155,
1586].

Atovaquone, a hydroxynaphthoquinone com-
pound, inhibits mitochondrial electron trans-
port and is commonly used as an antimalarial
agent [157]. In breast cancer models, it signifi-
cantly reduces tumor growth and decreases
TGF-B and IL-10 levels, accompanied by a
reduction in tumor-associated Tregs [158].

Drug combination strategies

Although anthracyclines and paclitaxel remain
standard treatments for TNBC, their use is lim-
ited by toxicity and the development of resis-
tance [159]. Novel chemoimmunotherapy strat-
egies aim to overcome these limitations. For
example, integrin-targeting micelles delivering
gemcitabine and paclitaxel (ATN-mG/P), com-
bined with polymeric CpG (NanoCpG), enhance
immunogenic cell death, promote dendritic cell
maturation, and reduce Treg and MDSC popu-
lations. This combination significantly enhanc-
es CD8* T-cell responses and effectively sup-
presses lung metastasis [160].

Combination therapy with AMD3465 (a CXCR4
antagonist) and DAIMT (an IDO1 inhibitor) has
shown efficacy in inhibiting breast cancer bone
metastasis. AMD3465 reduces Treg and MDSC
infiltration, while DAMT enhances CD8" T-cell
activity, collectively improving antitumor immu-
nity [161].

Targeting tumor necrosis factor receptor 2
(TNFR2), which is highly expressed on Tregs,
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represents another promising approach. Anti-
TNFR2 antibodies inhibit Treg proliferation and
FOXP3 expression and reduce their suppres-
sive function. In preclinical models, these an-
tibodies suppress tumor growth and induce
tumor-specific immunity, with enhanced effica-
cy when combined with anti-PD-L1 therapy
[162, 163].

Although anti-PD-1/PD-L1 therapies have de-
monstrated clinical benefit in TNBC, their effi-
cacy is often limited by Treg-mediated immu-
nosuppression. Notably, combining ursodeoxy-
cholic acid (UDCA) with anti-PD-1 therapy en-
hances CD8* T-cell responses and reduces Treg
infiltration, significantly improving therapeutic
outcomes [164].

Chinese herbal soup

Traditional Chinese medicine (TCM) has gained
increasing attention due to its multi-target,
multi-component characteristics and favorable
safety profile.

The Aiduging (ADQ) formula, developed based
on TCM principles, has demonstrated signifi-
cant antitumor efficacy in both in vitro and
in vivo models. In murine breast cancer mod-
els, ADQ inhibits tumor growth and lung
metastasis without significant toxicity. Mecha-
nistically, ADQ enhances antitumor immune
cell infiltration, reduces Treg recruitment, and
remodels the immunosuppressive TME. It sup-
presses CXCL1 expression in tumor-associated
macrophages, thereby inhibiting Treg differen-
tiation via the NF-kB/FOXP3 pathway and
enhancing CD8" T-cell cytotoxicity [165, 166].

Jiawei Yanghe Decoction (JWYHD), another wi-
dely used TCM formulation, exhibits antitumor
activity in breast cancer models. It inhibits tu-
mor growth, reduces Treg and M2 macrophage
populations and increases M1 macrophages.
These effects are associated with decreased
levels of proinflammatory cytokines and sup-
pression of the JAK2/STAT3 signaling pathway
[167, 168].

Conclusion and perspectives

Metastasis is a complex, multistep process
that includes immune evasion by cancer cells
at the primary tumor site, survival within the
circulatory system, dissemination to distant
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organs, and eventual colonization. Escape from
immune surveillance represents a critical early
step in successful metastasis [169]. Tumor
cells reside within the TME, a dynamic and het-
erogeneous milieu composed of blood and lym-
phatic vessels, extracellular matrix, stromal
cells, immune and inflammatory cells, as well
as secreted proteins, RNA, and extracellular
vesicles. Through continuous interactions with
tumor cells, stromal components participate
in all stages of tumorigenesis, progression,
metastasis, recurrence, and therapeutic re-
sponse, ultimately influencing clinical outcom-
es [170].

Emerging evidence indicates that early-stage
breast cancer can recruit Tregs into the TME
through multiple mechanisms [171], followed
by their local expansion. Uncontrolled accumu-
lation of Tregs contributes to the establish-
ment of a profoundly immunosuppressive mi-
croenvironment, which facilitates tumor pro-
gression and may also be implicated in autoim-
mune and metabolic disorders. In this review,
we comprehensively summarized the roles of
Tregs in breast cancer progression and outlin-
ed current therapeutic strategies targeting
their accumulation and function within the
TME. Numerous studies have elucidated the
mechanisms by which Tregs suppress antitu-
mor immunity and accumulate within the bre-
ast cancer microenvironment.

The immunosuppressive function of Tregs in
the TME is well established, and a variety of
therapeutic agents targeting Tregs have been
developed in recent years. Early attempts to
transiently deplete Tregs using anti-CD25 anti-
bodies resulted in enhanced effector T-cell acti-
vation, delayed tumor growth, and prolonged
survival in breast cancer models [172]. How-
ever, these strategies were limited by insuffi-
cient specificity, as they also impaired normal
effector T cells, thereby reducing overall antitu-
mor immunity. In addition, Treg depletion was
transient, with rapid reconstitution driven by
cytokines and chemokines within the TME,
highlighting the complexity of targeting Tregs
in vivo [173]. Consequently, such approaches
are gradually being replaced by more refined
strategies. Recent advances have led to the
development of more selective and potentially
safer inhibitors capable of targeting intratu-
moral Tregs, although most remain at the pre-
clinical stage.
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Figure 6. Role and recruitment mechanism of Tregs in breast cancer (by BioGDP.com).

Tregs within tumors often express high levels
of PD-1 and persist in patients with TNBC who
are resistant to PD-1 blockade. Targeted de-

therapies [174]. Accordingly, future therapeutic
strategies should focus on targeting key func-
tional pathways of Tregs that regulate their sup-

pletion or functional modulation of Tregs may
therefore enhance the efficacy of anti-PD-1
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pressive phenotype and effector interactions
[175]. The rational design of combination thera-
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pies will require a deeper understanding of the
dynamic interactions within the TME.

In summary, comprehensive investigation of
the biological characteristics, functional roles,
and mechanisms underlying Treg recruitment
and accumulation in the breast cancer TME will
provide new opportunities for immunotherapy.
Although most current Treg-targeted therapies
remain in preclinical development, they offer
important insights for future drug design. Con-
tinued research is expected to further elucidate
Treg biology in breast cancer and to facilitate
the development of more precise, less toxic,
and more effective therapeutic strategies for
patients (Figure 6).
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