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ABSTRACT

Regulatory T cells (Tregs) play an important role in maintaining peripheral immune tolerance and 
preventing autoimmune diseases. However, they are also a major obstacle to effective anti-tumor immunity 
and immunotherapy, and Treg cells infiltrate in large numbers around tumor tissue, called tumor-
infiltrating regulatory T cells (TI-Tregs). TI-Tregs have distinct biological features from conventional T 
cells and Treg cells in other tissues, and these unique features provide an opportunity for immunotherapy 
targeting TI-Tregs. TI-Tregs play an immunosuppressive role in the tumor microenvironment through 
different mechanisms, which are mainly characterized by the secretion of immunosuppressive cytokines 
and the high expression of various molecules on the cell surface, such as immune checkpoint molecules, 
chemokine receptors, CD39, CD73 and other nucleotidases, which are often associated with poor 
prognosis of tumor patients. The removal of Treg cells may enhance the anti-tumor immune response 
but may also cause an autoimmune response. Therefore, selectively, or preferentially targeting Treg cells 
in tumors without affecting their ability to maintain peripheral immune homeostasis has become an 
important research direction for tumor immunotherapies with greater efficacy and reduced potential 
to induce systemic toxicity. Therefore, we reviewed the occurrence, development, and mechanism of TI-
Tregs in cancer and the therapeutic application targeting TI-Tregs, emphasizing the important role of 
tumor immunotherapy in cancer therapy.
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Introduction 
The tumor microenvironment (TME) is a dynamic system com-

posed of multiple cell types, Includes several populations of immune 
cells (i.e., macrophages, neutrophils, mast cells, myeloid suppressor 
cells, dendritic cells, NK cells, T and B lymphocytes), cytokines, blood 
vessels, cancer cells, and their surrounding mesenchyma (includ-
ing fibroblasts, endothelial cells, pericytes, and mesenchymal cells), 
which work together to promote tumor progression [1]. TME is an 
immunosuppressive environment characterized by the presence of 
mediators capable of neutralizing immune surveillance, damaging the 
infiltration of T cells and facilitating the accumulation and activation 
of regulatory T cells, thus promoting the spread of cancer [2]. Tumor 
invasion Treg is a major group of immune cells,in various solid tu-

mors including gastric [3], lung [4], ovarian [5], pancreatic ductal ad-
enocarcinoma (PDAC) [6], melanomas [7], breast [8] and hepatocel-
lular cancer [4], TI-Treg can account for more than 50% of all CD4+ T 
cells.Because the infiltration of large amounts of Treg into the tumor 
in the immunosuppressive tumor microenvironment will hinder the 
development of effective anti-tumor immunity and is often associated 
with poor prognosis [9-11].

Origin and Enrichment of Tumor-Infiltrating TREGs

Sources of Tumor-Infiltrating TREGs: Treg cells, a subgroup of 
CD4+T lymphocytes, were first reported to be involved in maintain-
ing self-tolerance in the 1970s but lacked specific molecular markers 
[12]. It was not until 1995 found that IL-2 receptor alpha chain (CD25) 
was constitutionally expressed on Tregs, and the concept of Treg cells 
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was formally proposed [13]. Later, the fork head box P3 transcrip-
tion factor (Foxp3) was found to be related to the differentiation of 
Treg [14,15]. As a characteristic transcription factor of Treg, Foxp3 
plays an important role in regulating the development and function of 
Treg [16,17]. Treg cells play a crucial role in immunosuppression and 
maintenance of peripheral immune tolerance. Since the accumulation 
of Treg cells in the most tumor microenvironment is closely related 
to the reduction of patient survival time [18], it is an important target 
for human tumor immunotherapy. Two main subgroups of tumor in-
filtrating regulatory T cells have been found, one is from the thymus, 
known as natural regulatory T cells (nTreg, CD4+CD25hiCD127Low), 
and the other is differentiated from CD4+CD25+T cells, mediated by 
TGF-β1 and interleukin-2. They are called inductive or regulatory T 
cells (iTreg), also known as type 1 regulatory T cells (Tr1) [18,19]. 
Both recruited and induced TREGs can be activated in the tumor or in 
the draining lymph nodes in response to tumor-associated antigens. 
They then inhibit the immune anti-tumor response mediated by NK 
cells or effector T cells, thereby allowing tumor progression [9].

Enrichment of Treg in Tumor Infiltration: In the most sol-
id TME, the changes associated with tumor growth, such as altered 
nutrient composition and oxygenavailability, cytokines and chemo-
kines released by tumor cells, stroma and immune cells also favor 
Treg infiltration [20]. Tregs display a limited TCR repertoire within 
the TME, suggestive of a clonal enrichment for Tregs that recognize 
tumor associated antigens and tumor specific antigens. It is possible 
that TME imposes a bottleneck for the incoming tumor-specific CD4 + 
T cells due to hostile metabolic environment where the ones that dif-
ferentiate into pTregs survive and others face their demise. This may 
gradually build a tumor-specific Treg repertoire [20]. Tumor cells 
recruit Treg cells by releasing chemokines, which then cause Treg 
cells to aggregate in the tumor microenvironment. Treg cells migrat-
ed to TME through chemokine receptors such as CCR4, CCR8, CCR10 
and CXCR3. CCR4 was bound by CCL17 and CCL22, CCR8 was bound 
by CCL1, CCR10 was bound by CCL28, and CXCR3 was activated by 
CXCL9/10/11. Thymus derived Treg cells preferentially recognize au-
toantigens by high-affinity TCR and are asexually amplified in TME. 
Treg cells are recruited and recognize the abundant homologous an-
tigens in TME, which leads to Treg cell activation and proliferation, 
promoting the development of an immunosuppressive tumor micro-
environment. Meanwhile, study has shown that patients with breast 
cancer and mouse with melanoma models, TI-Tregs were selectively 
activated in the bone marrow and egressed into the peripheral blood. 
Mechanistically, Tregs in bone marrow express CCR2 (peripheral 
homing receptor), due to the expression of CCL2 (CCR2 ligand) in 
breast cancer tissues, the activation and output of tumor antigen spe-
cific Tregs in BM leads to the accumulation of Tregs in breast tumor 
tissues [21].

Secondly, immunosuppressive cytokines released by tumor cells 
and immune cells, such as TGF-β and IL-10, can also promote the in-

crease of Treg in the tumor microenvironment [22]. Within the glio-
ma, macrophages and microglia produce CCL2 and are able to recruit 
CCR4+ Treg from the periphery into the TME [23]. In addition, by ex-
pressing T cell co-stimulatory molecules (ICOS) and binding to ICOS 
ligand (ICOSL) of plasmacytoid dendritic cells, tumor-infiltrating Treg 
cells can promote the proliferation and activation of tumor-infiltrat-
ing Treg cells in gastric cancer [24], thereby achieving the enrichment 
of Treg cells in the tumor microenvironment and promoting tumor 
immune escape.

Characteristics and Functions of Tumor Infiltrating TREGs

Characteristics of Tumor Infiltrating TREGs: Foxp3 transcrip-
tion factor (Foxp3) plays a crucial role in the development and pro-
gramming of Treg cells, and activation of STAT3 after co-stimulation 
by T cell receptor /CD28 plays a crucial role in FOXP3 expression [25]. 
In addition, the upregulation of Foxp3 in Treg cells may involve the 
binding of STAT3 and STAT5 proteins to the STAT binding site located 
in Foxp3’s first intron [26]. Foxp3 endows Treg with various essen-
tial characteristics, including high expression of CD25 and cell surface 
molecules, such as cytotoxic T lymphocyt-associated antigen 4 (CTLA-
4), and inhibition of pro-inflammatory cytokines such as IL-4 and IL-
17 [27]. At the same time, Foxp3 can interact with about 700 target 
genes and multiple micrornas to jointly regulate the development and 
function of Tregs. Tumor-infiltrating Treg cells exhibit a fairly active 
inhibitory phenotype with high expression of immune checkpoint 
molecules, including CTLA-4, programmed death receptor 1 (PD-1), 
T-cell immunoglobulin, and mucin domain 3 (TIM-3). Lymphocyte ac-
tivation Gene-3 (LAG-3) and T cell immune receptor (TIGIT) with im-
munoglobulin and ITIM domains [28]. In addition, in human head and 
neck squamous cell carcinomas, IL1R1+TI-Treg cells had responded 
to antigen recently and demonstrate that they are clonally expand-
ed with superior suppressive function compared with IL1R1−TI-Treg 
cells [29]. It may be used as a specific target for TI-Treg in human head 
and neck squamous cell carcinomas.

Studies have shown that tumor infiltrating Treg cells have stron-
ger immunosuppressive function, and CD39 and CD73 are highly 
expressed [30,31], and CD39 and CD73 are functional in them [32], 
and the main function of CD39 and CD73 is to dephosphorylate ex-
tracellular adenosine triphosphate into adenosine. Adenosine binds 
to adenosine receptors (A1R,A2aR,A2bR,A3R) to mediate the immu-
nosuppressive function of Treg cells [33]. Study has shown that in 
ovarian cancer CD39, CD103, and PD-1 triple-positive Tregs exhib-
ited higher TCRdiversity and a tumor-resident phenotype [7]. CD36 
was selectively up-regulated in TI-Tregs of breast cancer patients 
and melanoma mouse model as a central metabolic modulator. CD36 
fine-tuned mitochondrial fitness via PPAR-β signaling, programming 
T reg cells to adapt to a lactic acid-enriched TME [34]. TI-Tregs tend 
to have a high glycolytic phenotype, in colorectal cancer patients 
TI-Tregs featured low activity of MondoA-TXNIP axis and increased 
glucose uptake. Mechanistically, suppression of MondoA-TXNIP axis 
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induced hyper-glycolytic Th17-like Tregs, which facilitated Th17 in-
flammation, promoted IL-17A-induced of CD8 +T cell exhaustion and 
drove colorectal carcinogenesis [35]. In a mouse model of liver cancer, 
lactate degradation reduces Treg cell induction, increases antitumor 
immunity, and decreases tumor growth in mice.

Mechanistically, lactate modulates Treg cell generation through 
lactylation of Lys72 in MOESIN, which improves MOESIN interaction 
withTGF-β receptor and downstream SMAD3 signaling. It can be seen 
that the metabolism in TME affects the occurrence, development and 
functional changes of TI-Treg. The intrinsic stability and maintenance 
of Treg lineages depend on the continued high expression of Foxp3 
[26]. The stability of Treg lineages is also regulated by epigenetics. The 
Foxp3 locus contains several conserved atypical enhancer sequences 
targeted by epigenetic modifications and several transcription factors 
[36]. Phosphorylation of signal transducers 3 and nuclear factors ac-
tivating T can promote FOXP3 expression after activating TGF-β sig-
naling, which plays a key role in inducing extra-thymus treg cells [37]. 
The stability of Treg cells is not always constant. It has strong adapt-
ability in the inflammatory environment, and dendritic cell-derived 
interleukin-6 can induce the transformation of Treg cells into helper T 
cell 17 (Th17) cells under local inflammatory stimulation [38]. Th17 
cells, as representatives of the pro-inflammatory subgroup of CD4+T 
cells, mainly secrete the pro-inflammatory cytokine interleukin-17. 
The retinoid associated orphan receptor gt (RORgt) is a unique lin-
eage-specific transcription factor for TH17. Both Th17 and Treg cells 
share a common key regulatory factor TGF-β, which is involved in the 
activation of Rorgt and Foxp3. When stimulated by pro-inflammatory 
cytokines such as interleukin-6 or interleukin-21, low concentrations 
of TGF-B induce the development of Th17 cells, and corresponding-
ly high concentrations of TGF-β promote the differentiation of naive 
CD4+T cells into TreGs and maintain immune tolerance.

IL-6 and IL-21 also upregulate RORgt expression by inhibit-
ing FOXP3 activity in a signal sensor and activator of transcription 
(STAT3) -dependent manner. In addition, tumor necrosis factor-α can 
reduce FoxP3 expression by binding to the tumor necrosis factor re-
ceptor RII and interfering with the inhibitory function of Treg cells. At 
the same time, it promotes the recruitment of protein kinase C-Q and 
inhibits Treg function by activating downstream Akt signaling [39]. In 
various tumor including lung, colorectal, ovarian, bladder, stomach, 
melanoma or kidney cancer of human and mouse models of colon, 
breast, and kidney cancer, CCR8 + Tregs constituted 30 to 80% of tu-
mor Tregs and less than 10% of Tregs in other tissues [40]. In mouse 
colon cancer, melanoma and human NSCLC, breast carcinomas and 
melanoma, the CCR8 protein was only prominent on the highly ac-
tivated and strongly T-cell suppressive TI-Treg subpopulation, com-
pared with the corresponding normal tissue and peripheral blood 
[41-43]. Epigenetic mechanisms play vital roles not only in cancer 
initiation and progression, but also in the activation, differentiation 
and effector function(s) of TI-Tregs. DNA methylation, a prominent 
epigenetic regulation mechanism,studies have shown that the DNA 

methylation of the CpG island in the enhancer region controls expres-
sion of Foxp3 in T cells [44-46] . Foxp3 can be regulated by a num-
ber of cis-acting elements,which are located on the promoter and the 
enhancer regions(CNS0, CNS1, CNS2, and CNS3) of the Foxp3 locus 
[36,47]. These regions contain binding sequences for transcription 
factors that are induced by extracellular signaling, including TCR, 
CD28, TGF-bR, and IL-2R signaling.

Function of Tumor-Infiltrating TREGs: nTregs mediate inhibi-
tion through cell-contact-dependent mechanisms, such as granzyme 
B, perforin, or the Fas/Fas ligand pathway, and constitute a major 
regulatory T cell subpopulation for the maintenance of peripheral 
tolerance. Tr1 mediates the inhibition of the non-contact mecha-
nism by producing immunosuppressive factors such as TGF-β and IL-
10 [18,48]. Tr1 cells are activated in the tumor microenvironment, 
co-expressing CD39 and CD73, and producing adenosine by hydro-
lyzing exogenous adenosine triphosphate or adenosine diphosphate. 
The expression of cyclooxygenase-2 was up-regulated to produce 
prostaglandin E2. Two factors, adenosine, and prostaglandin E2, are 
abundant in the tumor microenvironment and work together to ex-
ert a powerful immunosuppressive effect. Studies have shown that 
the synergistic inhibition mediated by adenosine and prostaglandin 
E2 is one of the mechanisms of TR1-induced immunosuppression. 
It not only acts on immune effector cells, but also acts on Tr1 itself 
in an autocrine way. Prostaglandin E2 induces the expansion of Tr1 
cells and regulates their activity, thus contributing to the creation and 
maintenance of an immune tolerance environment. The proliferation 
of Tr1 in tumor cells and the production of interleukin-10 and TGF-β 
responsible for its inhibitory function depend on the expression of 
cyclooxygenase-2 [49].

The collaboration between adenosine and prostaglandin E2 is 
mediated at the level of adenylate cyclase-7, which together with cel-
lular phosphodiesterase is responsible for regulating the level of 3 ‘5’ 
-cyclic adenosine phosphate in cells, thereby exerting immunosup-
pressive effects. The inhibitory function of Tr1 is blocked in the pres-
ence of extracellular nucleotidyase antagonists and indomethacin, 
confirming that both adenosine and prostaglandin E2 are involved in 
TR1-mediated immunosuppression [50]. In addition, Treg acts on its 
own A2aR in an autocrine manner by co-expressing CD39 and CD73, 
further promoting its proliferation and immunosuppressive func-
tion. A2aR stimulation not only promoted the proliferation of natural 
Treg cells, but also promoted Foxp3-T cells to induce new Treg cells. 
Stimulation of T cells in the presence of A2aR agonists can induce 
the expression of FoxP3 and LAG3 messenger RNA in T cells, further 
promoting the formation of TGF-β-induced Tregs [51]. In addition to 
enhancing the immunosuppressive function of Treg by acting on it-
self through adenosine /A2aR, Treg cells have also been found to ac-
tively produce extracellular adenosine through CD39 and CD73 [50] 
and block the activation of effector T cells. The study showed that 
when Tregs suppressed the immune response, an increase in cyclic 
adenosine phosphate was observed in the target cells. Tregs express 
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cyclooxygenase-2 and produce prostaglandin E2, thus stimulating the 
production of adenosine cyclic phosphate in target cells [50]. Adenos-
ine produced by Tregs performs immunosuppression by triggering 
A2AR-dependent effector cell activation inhibition. Along with ade-
nosine, prostaglandin E2 from Tregs has been found to play a role in 
the immunomodulatory activity of tregs.

In summary, Treg cells exert their immunosuppressive function 
through multiple mechanisms, as shown in the figure. The first im-
munosuppressive mechanism involving cytokines includes Treg cells 
with high expression of CD25 which binds to interleukin-2 to com-
petitively inhibit effector T cells. Inhibition by the production of in-
hibitory cytokines, such as TGF-β, interleukin-10 and interleukin-35, 
directly killing effector T cells or antigen-presenting cells by secreting 
perforin, granase B or Fas/Fas ligand interactions. The second immu-

nosuppressive mechanism involves immune molecular checkpoints 
that inhibit effector T cells through the LAG-3/ major histocompati-
bility complex 2 pathway and induce further activation of TREGs by 
inducing the ICOS/ICOSL and PD-1/PD-1 ligand pathways. A third 
immunosuppressive mechanism includes metabolic regulation of 
indoleamino-2, 3-dioxygenase expression in dendritic cells, which 
depletes T cells because key amino acids for survival are depleted. 
In addition, CD39 and CD73 expressed in activated Treg cells metabo-
lize adenosine triphosphate to produce adenosine, causing Treg cells 
to send negative signals to effector T cells and antigen-presenting 
cells, resulting in T cell inhibition. The fourth immunosuppressive 
mechanism includes Treg expression of CTLA4, and dendritic cells 
down-regulate CD80/86 expression by binding to CTLA4, which leads 
to the maturation of antigen-presenting cells and attenuated T cell 
activation [22] (Figure 1).

Figure 1: Immunosuppressive mechanism of tumor infiltrating Treg.

Therapy Targeting Tumor Infiltrating TREGs

Treg cells play an important role in maintaining peripheral toler-
ance and preventing autoimmunity. However, they are also a major 
obstacle to effective anti-tumor immunity and immunotherapy, so 
that Treg cells in tumors can be selectively or preferentially targeted 
without affecting their ability to maintain peripheral immune homeo-
stasis. In fact, preliminary observations from human ovarian cancer 
patients have shown that elevated Treg cell frequency at tumor sites 
is associated with poorer clinical outcomes. However, later data col-
lected from a wider range of cancer types led to different correlations 

between the number of Treg cells within tumors and disease out-
comes. There are three possible reasons for this difference. First, Treg 
cells cannot be clearly distinguished from activated T cells, which can 
express Foxp3. Second, Treg cells can promote tumor development 
by limiting anti-tumor immunity, or by limiting the stromal environ-
ment required for its growth and metastasis. Third, Treg cells found 
in tumors may be heterogeneous in terms of functional status and/or 
stability, which in turn may influence their positive or negative impact 
on tumor progression [52]. While the above issues warrant further in-
vestigation, it is generally accepted that Treg cells influence the tumor 
microenvironment and targeting them could be beneficial.
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Drugs targeting Treg: Since 1959, alkylating agents, such as the 
lead compound cyclophosphamide (CTX), have been recognized as 
potent cytotoxic and lymphatic ablative agents integral to immuno-
therapy regiments for tumors. CTX significantly affects Treg cell ho-
meostasis, promotes the secretion of type I interferon, and promotes 
the induction of anti-tumor cytotoxic T lymphocytes and the prolifer-
ation of adoptive metastatic T cells [53]. The polarization of CD4+T 
cells towards Th1 and/or Th17 lymphocytes ultimately affects the 
Treg/ effector T cell ratio, which is conducive to tumor regression. 
Studies have shown that of all chemotherapy drugs used to treat tu-
mors, CTX is the most effective in ablating TREgs in rodents. A single 
injection of low-dose CTX (30mg/kg) resulted in strong depletion of 
CD4+CD25+Treg cells on day 7 after treatment. Although this Treg 
loss is transient, it allows cancer-specific immunotherapy to promote 
effective T cell and dependent antitumor effects [54]. Later studies 
found that CTX not only reduced TreGs in the blood and lymphatic or-
gans of tumor-bearing animals, but also reduced the number of Tregs 
infiltrating the tumor bed [53]. Studies have shown that the CTX pro-
drug equifosfamide can indeed selectively induce FOXP3-expressing 
T cell death in vivo and in vitro. In fact, Tregs are involved in their im-
munosuppressive effects by expressing the transcription factor Foxp3 
[55], which is associated with increased expression of pro-apoptotic 
molecules [56], which may contribute to their higher sensitivity to 
low doses of CTX [57].

Tumor necrosis factor-type II tumor necrosis factor receptor in-
teraction plays a decisive role in the activation, expansion, and pheno-
typic stability of inhibitory CD4+Foxp3+ regulatory T cells (TREGs). 
So far, three signaling pathways of tumor necrosis factor II recep-
tor in T lymphocytes have been reported, such as IKK/NFκB, MAPK 
(Erk1/2, p38, JNK) and PI3K/Akt pathway [58]. CTX is often used as 
cytotoxic chemotherapy in cancer treatment [59], and a single dose 
of CTX can deplete the maximum inhibitory Treg in colon cancer 
mice, thus activating the anti-tumor immune response [54]. In addi-
tion, VanderMost et al reported that CTX treatment reduced TREGs 
with high expression of tumor necrosis factor receptor type II in a 
mouse mesioma model [60]. This effect of CTX is based on its ability 
to induce co-expression of type II tumor necrosis factor receptor and 
Ki-67 replicating Treg death [60,61]. In addition, CTX combined with 
Etanercept, a therapeutic TNF antagonist, can significantly inhibit the 
growth of colon cancer tumor models established in mice by blocking 
the interaction of tumor necrosis factor-type II tumor necrosis factor 
receptor and eliminating Treg activity expressing type II tumor necro-
sis factor receptor [62]. The study suggests that in multiple myeloma, 
progression after high-dose mefaran combined with autologous stem 
cell transplantation may be due in part to immune dysfunction. Treg 
cells reconstituted rapidly after autologous stem cell transplantation 
and inhibited the immune response of myeloma cells. Elimination of 
Treg with anti-CD25 in vivo and in vitro can significantly reduce and 
delay Treg recovery after autologous stem cell transplantation and 
can be used as a platform for post-transplantation immunotherapy 
to improve prognosis after autologous stem cell transplantation [63].

However, CTX and anti-CD25 elimination of TreGs have defects, 
such as the depletion of tumor-infiltrating Treg cells and the reduc-
tion of TreGs in the autoimmune immune system, and the depletion 
of effector T cells in the anti-tumor immune system due to off-target 
effects [64]. Therefore, effective new cancer immunotherapies are 
needed to specifically target large and specific TreGs in tumor tissue. 
Imatinib, a tyrosine kinase inhibitor that blocks STAT3 and STAT5 
signaling, has been shown to reduce the abundance of Treg cells and 
weaken their inhibitory function. However, the poor solubility and 
cytotoxic effects of this hydrophobic drug on normal cells limit its 
use [65]. In addition, chemokine receptor 8 (CCR8) is a chemokine 
receptor that is primarily expressed on TreGs and is thought to be key 
to CCR8+ Treg-mediated immunosuppression. Studies have shown 
that CCR8 is upregulated in human tumor resident Tregs in patients 
with breast, colon, and lung cancer compared to normal tissue TreGs 
[42,43]. The study showed that CCR8 blocking in a mouse colon can-
cer model altered the suppressor cell profile of TME by reducing tu-
mor invasion of CCR8+Foxp3+Tregs, while increasing the frequency 
of tumor specific effector cell invasion. The combined treatment of 
CCR8 monoclonal antibody and listeria-based tumor vaccine can in-
crease the invasion of vaccine-induced effector T cells to the tumor 
and increase its function, thereby improving the anti-tumor immu-
nity, tumor regression, and prolonging the survival period of tu-
mor-bearing mice [66].

Immune Checkpoint Blockers and Adenosine/Adenosine Re-
ceptor Pathway Blocking: Immune checkpoint blocking has been 
recognized as a promising approach to restoring immune cells’ ability 
to attack tumor cells. Immune checkpoint blockers such as antibodies 
against PD-1, PD-1 ligand, or CTLA4 have been commercialized. How-
ever, immune checkpoint blocking is often combined with other tradi-
tional therapies [67]. Adenosine is an important immunosuppressive 
metabolite in TME. Adenosine, derived primarily from extracellular 
adenosine triphosphate, regulates the function of every tissue and or-
gan through receptor-dependent and non-receptor-dependent mech-
anisms, the former mediated by four G-protein-coupled receptors 
(A1R, A2aR, A2bR, A3R). The A1R and A3R subtypes inhibited the ac-
tivity of adenylyl cyclase, while the A2aR and A2bR stimulated the ac-
tivity of adenylyl cyclase, thereby regulating the level of cyclic adenos-
ine phosphate. Adenosine can be produced by hydrolyzing adenosine 
diphosphate or S-adenosine homocysteine with intracellular CD73 or 
S-adenosine homocysteine hydrolase. Tumor-infiltrating Treg cells 
produce adenosine through the expression of CD39 and CD73, thus 
exerting their immunosuppressive function, while expressing A2aR to 
regulate their own proliferation, activation and function [68]. There-
fore, targeting adenosine/adenosine receptor pathway is expected to 
be a new target to inhibit tumor invasion of Treg cells.

Arruga, et al. showed that targeting A2aR had no effect on tumor 
size and weight in a mouse model of chronic lymphocytic leukemia, 
but it could save immune cell dysfunction by reducing the accumu-
lation of Treg, restoring T cell CD107a expression, and increasing 
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the secretion of interleukin-2 and interferon-γ [69]. It showed that 
anti-A2AR affected the function of Treg cells and T cells but not tu-
mor cells. Willingham et al. showed that anti-A2AR, combined with 
anti-PD-1 ligand or anti-CTLA-4 treatment, eliminated tumors in up 
to 90% of treated mice, including restoring immune responses in 
models with incomplete responses to PD-1 ligand or anti-CTLA-4 
monoclonal antibodies. Recent studies have shown that the immu-
nomodulatory mechanism of CD73 blockers is different from that of 
PD-1 blockers in a mouse model of colorectal cancer. The expression 
of Nt5e (CD73 gene) and Entpd1(CD39 gene) affects T cell receptor 
diversity and T cell transcription profile, suggesting that they play 
an important role in tumor T cell failure, while PD-1 blocking signifi-
cantly increases the receptor diversity of ENTPD1-T cells and Pdcd1 
(PD-1 gene) +T cells. Anti-cd73 increased the anticancer function of 
immunosuppressive Tregs and depleted T cells, while PD-1 blockers 
quantitatively decreased the number of TREgs and M2 macrophages 
with high Malat1 expression. PD-1 blocking induced Treg loss, and 
anti-CD73 treatment led to increased activation of CD8+T cells, and 
the combination of the two had a synergistic effect. Targeting A2aR 
and CD73 can synergistically enhance anti-tumor immunity [70].

Nano-Targeted Treg and Combination Therapy: Cancer immu-
notherapy not only treats cancer by inducing a strong anti-tumor im-
mune response, but also controls metastasis and prevents its recur-
rence. Therefore, cancer immunotherapy has significant advantages 
over traditional cancer treatments. However, existing cancer immu-
notherapies also have some limitations, such as inducing destructive 
autoimmunity

[71] and a lack of effective delivery of cancer antigens to immune 
cells [72]. In addition, the immunosuppressant TME itself can impair 
the efficacy of cancer immunotherapy [73]. Nanotechnology offers an 
opportunity to overcome these shortcomings of traditional cancer 
immunotherapies, thereby improving their efficacy. Nanoparticles 
have several unique properties compared to bulk structures, such 
as small particle size, tunable shape, strong cell penetration, and en-
hanced/improved magnetic, electrical, mechanical, and optical prop-
erties [74]. Nanomaterials passively accumulate in TME by enhancing 
permeability and retention effects, reflecting the disordered tumor 
vascular thinning. Nanomaterial-based approaches can modulate the 
immunological characteristics of TME and can be used to deplete or 
reprogram Treg cells [67]. The results show that the nano-platform 
has many advantages, including:

1. Delivering antigens and adjuvants to the same antigen-pre-
senting cells or intracellular compartments.

2. Prolonging the half-life of biologically active cargo molecules 
by avoiding enzymatic degradation in the blood circulation.

3. Increased accumulation in tumor tissues through size-de-
pendent enhanced permeability and retention effects.

4. Surface modifications for specific tissues or cells.
5. Safe stimulus-sensitive behavior.

6. Drug tolerance is higher due to less accumulation in off-tar-
get organs and tissues.

7. Surface coupling of antigens and co-stimulatory molecules to 
design artificial antigen precursors to effectively activate T 
cells.

8. Diversified routes of administration, such as nasal adminis-
tration or subcutaneous administration of the microneedle 
patch.

9. Innate immunomodulatory function of genetically engi-
neered nanoparticles [74].

In a 4T1 mouse model of breast tumors, sequential application 
of iron oxide nanoparticle mediated photothermal therapy helps to 
preferentially depletes tumor-recruited Tregs, thereby enhancing an-
ti-CTLA-4 based cancer immunotherapy against unresponsive tumors 
such as breast tumors [75]. In addition, in a mouse melanoma model, 
an imatinib-loaded hybrid nanoparticle modified peptide targeting 
Treg cells was used to target the Nrp1 receptor on Treg cells and bind 
to a well-known anti-CTLA-4 immuno checkpoint inhibitor. The pep-
tide modified hybrid nanoparticles showed good stability and effec-
tive targeting to Treg cells and enhanced the down-regulation effect 
of imatinib on Treg cells by inhibiting the phosphorylation of STAT3 
and STAT5. CD8+T cells can be activated by down-regulating immu-
nosuppressed Treg cells, thereby activating a powerful anti-tumor 
immune response. Compared with injection of free imatinib, hybrid 
nanoparticle modified peptides loaded with imatinib can promote 
tumor accumulation and regression in vivo, as free imatinib exhibits 
lower tumor accumulation and has side effects on other organs [65]. 
The abnormality of TGF-β signaling pathway in TME is closely relat-
ed to the obstruction of T cell differentiation, the generation of Treg 
subsets, and the inhibition of tumor-killing effect of cytotoxic lympho-
cytes, thus leading to the formation of tumor immune environment 
[76,77]. Therefore, inhibition of TGF-β signaling pathway can en-
hance the infiltration of T cells while reducing the production of im-
munosuppressive Treg cells, further enhancing the immune response 
[78]. Huang et al. reported a dual approach to alleviating immuno-
suppression by using selective aggregation and deep penetration of 
nanomaterials and reducing Treg cells by inhibiting the transform-
ing growth factor-β pathway. The combination of increased cytotox-
ic T lymphocytes (optimized killing weapon) and PD-1/PD-1 ligand 
immune checkpoint blocking (“ protective “neutralization of tumor 
cells) is an effective strategy for treating primary breast tumors and 
metastases in 4T1 mice [79].

Prospect

Tumor infiltrating Treg cells play an immunosuppressive role 
through different mechanisms. The removal of Treg cells can enhance 
the anti-tumor immune response but may also cause autoimmuni-
ty. Therefore, a key question in designing cancer immunotherapies 
targeting TreGs is how to specifically eliminate Treg cells that infil-
trate tumor tissue without affecting tumor reactive effector T cells. 
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This can be achieved by differentially controlling Tregs and effector T 
cells in different ways. Treg-specific loss of signaling molecules such 
as PI3K [80] can impair Treg function and thus enhance tumor im-
munity, suggesting that some T-cell signaling inhibitors can be used 
for selective loss or dysfunction of Treg cells in the tumor immune 
environment. Tumor Treg cells and effector conventional T cells may 
also have different metabolic patterns and can be targeted by small 
molecules [81]. Further refining strategies for Treg cell failure or dys-
function through biologics or chemical agents while enhancing the 
tumor-killing activity of effector conventional T cells is expected to 
make cancer immunotherapy more effective with fewer side effects 
in the near future. More importantly, the tumor microenvironment is 
a complex and variable environment that ultimately promotes tumor 
growth through multiple cell interactions. Therefore, we should not 
be limited to simply targeting tumor infiltrating Treg cells but should 
be combined with immune checkpoint blockers to inhibit tumor pro-
gression from multiple mechanisms.
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