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Abstract. Prostate cancer (PCa) is a heterogeneous cancer.
Regulatory T cells (Tregs) within the tumor microenviron-
ment play a pivotal role in promoting immune evasion and
disease progression. This review systematically outlines
the development, functional characteristics and regulatory
networks of Tregs in this environment. Synthesis of recent
spatial transcriptomic and single-cell RNA-sequencing
data revealed that the functional heterogeneity and spatial
distribution of Tregs within the tumor stroma, rather than
their absolute abundance alone, are critical determinants of
immune evasion. For instance, a high stromal density of Tregs
is associated with a >2-fold increased risk of biochemical
recurrence, and an activated, highly suppressive Treg subset
predominates in high-Gleason score tumors. The impact of
current and emerging therapeutic strategies, including mono-
clonal antibody-based and combination immunotherapies, on
Treg function, was critically evaluated. The present analysis
indicates that while anti-cytotoxic T-lymphocyte-associated
protein (CTLA)-4 monotherapy has failed to show a survival
benefit in Phase III trials for metastatic castration-resistant PCa,
fragment crystallizable-enhanced anti-CTLA-4 antibodies
achieve up to 50% intratumoral Treg depletion in preclinical
models. The rationale for targeting specific Treg subsets was
highlighted, such as C-C motif chemokine receptor 4+ and
glycoprotein-A repetitions predominant+ and integrating
Treg-directed approaches with androgen deprivation therapy
(ADT) or radiotherapy to mitigate treatment-induced Treg
expansion (e.g., ADT can increase intratumoral Tregs by
30-40%). Existing challenges and prospects for the clinical
translation of Treg-targeting approaches were also discussed,
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emphasizing the need for patient stratification guided by
Treg-related biomarkers.
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1. Introduction

Prostate cancer (PCa) is the second most prevalent cancer type
among men worldwide, with an estimated 1,466,680 new cases
and 396,792 deaths reported in 2022 (1). The global increase
in PCa cases can be attributed to an aging demographic and
shifts in lifestyle choices. This trend is particularly pronounced
in China, where it has emerged as a major public health
concern (2). Worldwide, PCa is the second most common
cancer in men, with both the number of new diagnoses and
death rates increasing rapidly (3). The symptoms of PCa vary
widely; early stages often show no symptoms, and variations in
access to screening and healthcare can result in late diagnoses,
causing many individuals to be diagnosed at more advanced
stages (2,4). Poor treatment results for metastatic PCa severely
affect both the survival rates and the overall quality of life of
patients (5). These issues highlight the pressing need for more
targeted and effective treatment options.

The tumor microenvironment (TME) orchestrates a complex
immunosuppressive network composed of various immune
cells, stromal elements and soluble substances (6). Regulatory
T cells (Tregs) are recognized as key players in the maintenance
of immune tolerance and suppression (7). Tregs primarily
promote tumor immune evasion by inhibiting the growth and
activity of effector T cells, which is a fundamental aspect of
cancer-related immunosuppression (8,9). In PCa, the presence
of Tregs is significantly linked to an immunosuppressive TME
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and is often associated with unfavorable outcomes in immuno-
therapy and disease progression (10,11). Tregs utilize a range
of immunosuppressive strategies, such as releasing cytokines,
including interleukin-10 (IL-10) and transforming growth
factor-f (TGF-f3), expressing high levels of immune checkpoint
proteins such as cytotoxic T-lymphocyte-associated protein 4
(CTLA-4) and programmed cell death protein 1 (PD-1) and
disrupting metabolic processes (12,13). Their recruitment,
growth and activation are regulated by a complex network of
signaling pathways and transcription factors, including signal
transducer and activator of transcription 3 (STAT3), interferon
regulatory factor 4 and chemokines produced by tumors, which
influence Treg differentiation, longevity and suppression capa-
bilities (14-16).

Owing to their essential functions, focusing on Tregs has
become a promising approach to boost anti-tumor immunity
and address challenges in immunotherapy (17,18). For example,
antibodies targeting glycoprotein A repetitions predominant
or CTLA-4 have shown strong immune-stimulating effects
in both laboratory and clinical settings (12,18). Additionally,
leveraging artificial intelligence alongside multi-omics data
may help identify patient groups that are most likely to benefit
from therapies targeting Tregs (19,20). Therefore, gaining a
more comprehensive understanding of Treg biology and their
regulatory systems is vital for the development of innovative
immunotherapeutic methods for PCa.

The central role of Tregs in immune evasion is not unique
to PCa; it is a common feature in numerous solid tumor types.
For instance, in melanoma and lung cancer, Treg infiltration
is similarly associated with poor prognosis and resistance to
immunotherapy, leading to the successful clinical deployment of
Treg-targeting agents, such as anti-CTLA-4 ipilimumab (9,12).
However, the PCa TME is notoriously ‘cold’ and immunosup-
pressive, often exhibiting lower baseline T-cell infiltration and a
greater reliance on myeloid-derived suppressor cells (MDSCs)
and androgen signaling compared to ‘hot’ tumors like mela-
noma (21,22). This distinct immunological landscape suggests
that Treg-targeting strategies that are effective in other cancers
may require adaptation, such as a combination with androgen
deprivation therapy (ADT) or myeloid-modulating agents, to
achieve similar efficacy in PCa (23,24).

This review intends to comprehensively consolidate
information regarding the formation, functional traits and
regulatory frameworks of Tregs in the context of the PCa
microenvironment. The influence and therapeutic possibilities
of both current and novel approaches on Treg activity, such
as monoclonal antibody (mAb) treatments and combination
immunotherapies, were assessed. Additionally, the potential for
clinical applications and the challenges faced by Treg-targeting
methods were explored. By merging basic research with clin-
ical progress, this review aimed to establish a conceptual basis
and offer fresh insights into immunotherapy for PCa, with
a particular focus on translating the growing understanding
of Treg subset heterogeneity and spatial dynamics into more
effective and precise targeted treatment strategies.

2. Biology of Tregs in PCa

Tregs are a unique group of CD4+ T cells that play a crucial
role in preserving tolerance. However, within the TME,

they are often used to inhibit the body's anti-tumor immune
responses. This section explores their development, mecha-
nisms of suppression and specific functional characteristics in
relation to PCa (Fig. 1).

Development and immunosuppressive mechanisms of Tregs.
Tregs are mainly characterized by the expression of the
transcription factor forkhead box (Fox)p3, which serves as a
key regulator of their development and functionality (25-27).
They have two main origins: Natural Tregs that develop
in the thymus (tTregs) and those induced in the periphery
(iTregs) (28). tTregs undergo maturation in the thymus, where
the stable expression of Foxp3 is enhanced through epigenetic
changes, ensuring their commitment to a long-term immu-
nosuppressive role (29,30). However, iTregs are formed from
conventional CD4+ T cells outside the thymus, primarily
influenced by TGF-f signaling (31).

Tregs utilize a variety of strategies to inhibit immune reac-
tions: i) They release suppressive cytokines, including IL-10
and TGF-p (32); ii) they exhibit elevated levels of immune
checkpoint proteins, such as CTLA-4, which reduces the
activity of antigen-presenting cells (APCs) (33); iii) they inter-
fere with metabolism through enzymes like CD73, leading to
the production of immunosuppressive adenosine (34,35); and
iv) they can directly kill effector cells (36).

Proper functioning of Tregs is influenced by multifac-
eted interactions between transcriptional control, epigenetic
changes and metabolic processes (37). Key signaling pathways
form an interconnected network that governs Treg identity and
function. The phosphoinositide 3-kinase (PI3K)-Akt pathway,
particularly the PI3Kd isoform, is essential for maintaining
Treg homeostasis and suppressive capacity; its disruption
impairs Treg stability and function (38,39). Downstream of the
IL-2 receptor, the JAK-STATS pathway is indispensable for
sustaining Foxp3 expression and regulating Treg survival. In the
PCaTME, Tregs exploit this pathway by outcompeting effector
T cells for IL-2, leading to effector T-cell exhaustion (40). This
signaling axis is further integrated with Treg-intrinsic TGF-f3
signaling mediated by SMAD transcription factors, which are
critical for the differentiation and functional stability of iTregs
in the periphery (31). Together, these pathways orchestrate a
transcriptional program that reinforces Treg lineage stability
and the suppressive machinery. Non-coding RNAs, including
microRNAs and long non-coding RNAs, add another layer
of regulatory complexity, modulating Treg adaptability in
different disease contexts (41,42).

Phenotype and function of Tregs in the PCa TME. In PCa,
Tregs exhibit unique features that highlight their function in
facilitating tumor immune evasion (43-45). Research involving
both clinical trials and animal studies has repeatedly shown a
notable increase in Treg populations within PCa tissues and
the bloodstream, which is frequently linked to unfavorable
patient outcomes (46-48). For example, in a natural canine
model of PCa, the presence of Tregs within tumors served as
a negative prognostic factor, emphasizing their consistent role
across different species (49).

At the molecular level, Tregs in PCa exhibit significant
heterogeneity, with specific subsets driving immunosuppres-
sion (50). Single-cell RNA sequencing analyses in patients with
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Figure 1. Immunosuppressive mechanisms of Tregs in the prostate cancer microenvironment. (A) Contact-dependent suppression. Tregs suppress Teff
through membrane-bound TGF-f and by sequestering IL-2 via the high-affinity CD25. Tregs also express CTLA-4, which mediates trans-endocytosis of
CD80/CD86 from APCs. (B) Suppression via soluble factors. Tregs and other cells produce soluble factors such as IL-10, TGF-f3 and ADO to suppress Teff
function. (C) Metabolic disruption. Tregs express ectoenzymes CD39 and CD73, which convert ATP/AMP to immunosuppressive ADO, depriving Teff of
essential growth factors and metabolites. ADO, adenosine; AMP, adenosine monophosphate; APC, antigen-presenting cell; ATP, adenosine triphosphate;
CD25, cluster of differentiation 25 (IL-2 receptor a chain); CD39, ectonucleoside triphosphate hydrolase 1; CD73, ecto-5'-nucleotidase; CTLA-4, cytotoxic
T-lymphocyte-associated protein 4; IL-2, interleukin-2; IL-10, interleukin-10; p-STATS, phosphorylated signal transducer and activator of transcription 5;
SMAD?2/3, mothers against decapentaplegic homolog 2/3; Teff, effector T cell; TGF-p, transforming growth factor-f3; Treg, regulatory T cell.

high-risk PCa have identified not only an increase in Tregs,
but also the predominance of an activated, highly suppressive
subset characterized by elevated expression of CTLA-4, induc-
ible T cell costimulator (ICOS) and TNF receptor superfamily
member 9 (4-1BB). This subset is spatially associated with
exhausted CD8+ T cells, collectively sculpting a profoundly
immunosuppressive TME (51). Furthermore, spatial transcrip-
tomics have revealed that Tregs residing within the tumor
stroma, particularly those in close proximity to M2-polarized
tumor-associated macrophages (TAMs), are key drivers of
immune exclusion and are strongly linked to biochemical
recurrence (52,53). These findings underscore the necessity
of moving beyond total Treg counts to characterize functional
subpopulations and their spatial niches.

The immunosuppressive capabilities of Tregs are signifi-
cantly enhanced by their interaction with various myeloid cells
present in the TME, including TAMs and MDSCs (54,55).
Research on the spatial dynamics of the PCa TME has
revealed that the presence of Tregs within the stroma is a
crucial indicator of biochemical recurrence, a conclusion
supported by numerous patient studies (52). This arrangement,
which typically shows Tregs situated near immunosuppressive
M2 macrophages, is a characteristic of a high-risk immune
environment (52).

Emerging therapeutic approaches have focused on targeting
Tregs in PCa (56,57). The use of nanoparticles to deliver
small inhibitory RNAs targeting essential Treg transcription
factors, including basic leucine zipper ATF-like transcription
factor (BATF) and PR domain zinc finger protein 1 (PRDM1),
significantly inhibits Treg activity and slows tumor progres-
sion (58,59). Additionally, ADT triggers a complex immune

reorganization, resulting in an increase in both CD8+ T
cells and Tregs in the TME. This indicates that combining
ADT with agents targeting Tregs may improve treatment
outcomes (60-62).

3. Immune cell interactions in the PCa microenvironment

The effectiveness of anti-tumor immunity in PCa is signifi-
cantly influenced by the ongoing interactions between Tregs
and various immune cells in the TME. This section empha-
sizes how Tregs directly inhibit effector cells and their mutual
interactions with macrophages associated with tumors.

Treg-mediated suppression of effector T cells. The relationship
between Tregs and effector T cells, especially CD8+ cytotoxic
T cells, is fundamental for immune suppression in PCa (40).
This dynamic significantly influences the effectiveness of
anti-tumor immune responses and treatment results (40).
Tregs deploy multiple well-defined mechanisms to suppress
effector T cells, including sequestration of IL-2 via CD25
(which reduces CD8+ T-cell proliferation by >50% in the PCa
TME), secretion of TGF-f3 and IL-10 (which inhibit cytotoxic
granule release) and CTLA-4-mediated trans-endocytosis of
CD80/CD86 from antigen-presenting cells. These coordinated
actions collectively impair anti-tumor immunity and correlate
with reduced patient survival (63,64).

Mechanisms of direct suppression. One key mechanism
involves the release of immunosuppressive cytokines (64).
For example, TGF-f§ (whose immunosuppressive mechanisms
are detailed above) not only directly hinders the growth and
cytotoxic functions of CD8+ T cells but can also lead them
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into a state of exhaustion (65). Additionally, Tregs consis-
tently express the high-affinity IL-2 receptor (CD25), which
enables them to compete for and reduce local IL-2 levels.
This reduction in IL-2 levels deprives the effector T cells of
an essential growth factor, resulting in their diminished func-
tionality. In PCa, the sequestration of IL-2 by Tregs activates
the IL-2/STATS signaling pathway within Tregs, while also
contributing to the exhaustion of CD8+ T cells (40). Imaging
studies have shown that the close proximity of Tregs to effector
T cells in the TME enhances these suppressive interactions,
which are mediated by both direct contact and cytokines (40).

Indirect inhibition through APCs. Tregs can also indirectly
inhibit T-cell responses indirectly by influencing APCs (66).
For instance, Tregs may inhibit type 1 conventional dendritic
cells (DCls) located in lymph nodes associated with tumors
via major histocompatibility complex II-dependent interac-
tions, which hinders the initial activation of naive CD8+ T
cells (67). Additionally, the downregulation of co-stimulatory
molecules, such as CTLA-4 on Tregs, boosts their inhibitory
effects by interacting with CD80/CD86 on APCs, leading to
the transmission of suppressive signals or the degradation of
these co-stimulatory ligands (68).

Coordination by additional immune cells. Inhibitory
networks are frequently managed by various stromal elements.
TAMs have the ability to attract both Tregs and CD8+ T cells
through the C-X-C motif chemokine ligand/C-X-C chemokine
receptor type 4 pathway, facilitating their interaction and
promoting suppression (40). Likewise, mast cells that infiltrate
tumors and are activated by IL-33 secrete IL-2, which selec-
tively promotes the growth of ICOS+ Tregs and subsequently
inhibits the activity of CD8+ T cells (69).

Cross-talk between Tregs and TAMs. Tregs and TAMs engage
reciprocally, which amplifies immunosuppression. In the PCa
TME, TAMs recruit Tregs and promote their differentia-
tion (55,70). In turn, Tregs reinforce the immunosuppressive
milieu by secreting key cytokines. As detailed in the above
chapter, Treg-derived IL-10 and TGF-f are potent drivers of
macrophage polarization toward a pro-tumor M2-like pheno-
type (characterized by CD163 and CD206 expression) (71-77).
This reciprocal interaction establishes a positive feedback
loop: M2-polarized TAMs further recruit Tregs via chemokine
axes [e.g., C-C motif chemokine ligand (CCL)17/C-C motif
chemokine receptor (CCR)4] and promote iTreg differentia-
tion via TGF-f and PD-1/programmed death ligand 1 (PD-LI)
interactions (78,79) (Fig. 2).

Heterogeneity of suppressive Treg subsets in the PCa TME.
Tregs are not a uniform population, and single-cell analyses
have begun to dissect the specific subsets driving immunosup-
pression in PCa (51,52). The most suppressive subset identified
in the PCa TME is the CD45 isoform RA-Foxp3 activated
effector Treg (€Treg) population. These cells exhibit a highly
activated transcriptional program characterized by the upregu-
lation of co-inhibitory molecules (CTLA-4 ‘high’, ICOS ‘high’,
T cell immunoreceptor with Ig and ITIM domains ‘high’),
TNF receptor family members (tumor necrosis factor receptor
superfamily, member 18 ‘high’, 4-1BB ‘high’) and cytokines
(IL-32) (51). Spatially, these highly suppressive €Tregs are often
localized in the tumor stroma, frequently in close proximity to

M2-polarized TAMs, creating an immunosuppressive niche
associated with CD8+ T-cell exclusion and exhaustion (52,79).
Other subsets, such as tissue-resident Tregs marked by the
transcription factors BATF and PRDMI, have also been
implicated in therapy resistance, as silencing these factors can
abrogate Treg suppression (58). The presence of these specific
subsets, rather than the total Treg count, is strongly linked to
biochemical recurrence and poor prognosis, highlighting the
need for subset-specific targeting strategies (51-53).

4. Tregs as determinants of prognosis in PCa

The presence and activity levels of Tregs in the tumor immune
microenvironment play a vital role in determining clinical
outcomes in PCa. This section examines the potential of Tregs
as indicators of prognosis and prediction, as well as how the
immunosuppressive environment to which they contribute to
is linked to disease recurrence and advancement.

Tregs as prognostic and predictive biomarkers. The pres-
ence of Foxp3+ Tregs is a significant factor affecting
patient prognosis in different types of cancer (80). In PCa, a
higher concentration of these Tregs is often linked to lower
survival rates, suggesting their potential role as biomarkers
for disease categorization (46,81). This predictive signifi-
cance is consistent across various cancers; for example,
elevated levels of Foxp3+ Tregs in the peripheral blood are
associated with unfavorable outcomes in hepatocellular
carcinoma, and in triple-negative breast cancer, their preva-
lence is inversely related to the effectiveness of neoadjuvant
chemotherapy (82-85).

Both transcriptomic and immunological studies have
consistently revealed the immunosuppressive functions of
Tregs in PCa (45). Advanced machine learning techniques have
been utilized to create prognostic tools, including tumor-infil-
trating lymphocytes (TIL) TregSig, which can accurately
forecast patient outcomes and responses to immunotherapy by
analyzing the characteristics of tumor-infiltrating Tregs (61).
Additionally, genes associated with the cell cycle, such as
the origin recognition complex 6, demonstrate a positive
relationship with Treg infiltration in PCa, and their elevated
expression correlates with an unfavorable patient prognosis,
indicating that gene expression linked to Tregs may act as a
valuable molecular prognostic indicator (86-88).

The relationship between Tregs and immune checkpoints
has significant prognostic value. In solid tumors, the presence
of PD-L1I is frequently associated with Foxp3 + Treg infiltra-
tion (89). A comparable mechanism may be present in PCa, in
which pathways associated with Tregs foster an immunosup-
pressive environment that influences both patient survival and
treatment response (88). Importantly, Foxp3-high Tregs that
infiltrate tumors can be drawn from the bloodstream through
the CCR5-CCL5 pathway, and their levels in the peripheral
blood may serve as indicators of survival and early recur-
rence, underscoring their potential as non-invasive prognostic
markers (90).

The immunosuppressive microenvironment and clinical
outcomes. The density of Tregs infiltrating the PCa micro-
environment is a significant prognostic factor (91). Analyses
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Figure 2. The TAM immunosuppressive feedback loop in the prostate cancer microenvironment. TAMs release CCL17/CCL22, which bind to CCR4 on
Tregs, recruiting them into the tumor site via PI3Ky and MAPK signaling pathways. TAM-derived TGF-f activates SMAD3 in naive CD4+ T cells, driving
their differentiation into iTregs. This process is further augmented by PD-1/PD-L1 interactions. Reciprocally, Tregs secrete IL-10 and TGF-f, which act on
macrophages via STAT3 and SMAD2/3 signaling, driving their polarization towards a pro-tumor M2-like phenotype (characterized by arginase-1 and CD206
expression). This reciprocal crosstalk establishes a self-reinforcing loop that enhances overall immune suppression, impairs CD8+ cytotoxic T-cell activity
and facilitates tumor growth. CCL, C-C motif chemokine ligand; CCR4, C-C motif chemokine receptor 4; CD4, cluster of differentiation 4; CDS, cluster of
differentiation 8; CD25, cluster of differentiation 25; CD206, cluster of differentiation 206; FoxP3, forkhead box P3; IL-10, interleukin-10; iTreg, induced regu-
latory T cell; MAPK, mitogen-activated protein kinase; PD-1, programmed cell death protein 1; PD-L1, programmed death-ligand 1; PI3Ky, phosphoinositide
3-kinase y; SMAD?2/3, mothers against decapentaplegic homolog 2/3; SMAD3, mothers against decapentaplegic homolog 3; STAT3, signal transducer and
activator of transcription 3; TAM, tumor-associated macrophage; TGF-f, transforming growth factor-f; Treg, regulatory T cell.

of various datasets, including the Cancer Genome Atlas and
Gene Expression Omnibus, have indicated that elevated Treg
levels in PCa tissues correlate with reduced disease-free
survival and a heightened likelihood of biochemical recur-
rence (92). Prognostic models that focus on different biological
mechanisms, such as ferroptosis and pyroptosis, consistently
highlight the role of Tregs, with high-risk patient cohorts
showing increased Treg infiltration and the activation of
immunosuppressive pathways (48,93,94).

The arrangement of immune cells in tumors plays a vital
role. In cases of high-risk PCa, there is a notable increase in
Tregs and M2 macrophages within both the tumor stroma
and epithelial areas, contributing to an immunosuppressive
environment linked to increased recurrence rates (55,95).
Single-cell sequencing data indicate that tissues from
high-grade, high-Gleason score PCa show a marked increase
in Tregs, which is associated with a phenotype of T-cell
exhaustion characterized by elevated levels of PD-1 and
CTLA-4 (96).

Multiple independent studies, including single-cell
RNA-sequencing and spatial transcriptomics, have conclu-
sively demonstrated that high Treg infiltration is associated
with CD8+ T cell exhaustion [as measured by increased PD-1
and hepatitis A virus cellular receptor 2 (HAVCR?2, also known
as T-cell immunoglobulin and mucin domain containing 3)

expression] and a 2- to 3-fold higher risk of biochemical recur-
rence in patients with PCa (51,52,96). These data establish
Tregs as a clinically detrimental component of the anti-tumor
immune response. Treatments, such as ADT, which promote
the infiltration of various immune cells, can also lead to an
increase in the population of immunosuppressive Tregs.
This results in complex and often negative alterations in the
immune environment (23,97). Furthermore, a high presence of
Tregs is frequently associated with increased levels of immune
checkpoint proteins, such as PD-L1 and lymphocyte-activation
gene 3, implying that patients with this profile may experience
reduced efficacy of immune checkpoint inhibitors (ICIs) (98).
Therefore, focusing on Tregs and their related pathways is
viewed as a promising approach to enhance the effectiveness
of immunotherapy and improve survival rates in patients with
PCa (99,100).

5. Modulation of Tregs by conventional PCa therapies

Standard approaches for managing PCa, particularly hormone
therapy and radiation treatment, have intricate and sometimes
contradictory effects on the immune environment, notably
influencing Treg cell populations. Understanding these
treatment-induced immune changes is essential for developing
successful combination therapies.
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Effects of endocrine therapy on Tregs. Hormonal treatment,
a fundamental aspect of PCa management that disrupts
androgen signaling, plays a crucial role in altering the immune
landscape of tumors, particularly by affecting the presence
and activity of Tregs (101,102). In cases of PCa that are
resistant to hormonal therapy, the TME becomes significantly
immunosuppressive, marked by a heightened presence of
Tregs (10). This phenomenon is partially driven by the flight-
less I homolog (FLII)/Y-box binding protein (YBX1)/PD-L1
signaling pathway; enhancing FLII levels can counteract this
effect, diminish Treg presence and reactivate CD8+ T cells,
suggesting that hormonal therapy indirectly affects Tregs
through this mechanism (103).

Hormonal treatments also influence Tregs via various
immune modulation mechanisms (104). The enzyme cyclooxy-
genase-2 and its byproduct, prostaglandin E2 (PGE2), facilitate
the ability of tumors to evade the immune system by inter-
acting with the EP4 receptor. PGE2 aids in the development
and proliferation of MDSCs and Tregs, while simultaneously
suppressing the activity of natural killer cells (105). Blocking
the EP4 receptor can reduce the functions of MDSCs and
Tregs, while enhancing the maturation of effector T cells. This
indicates that pairing hormonal therapy with EP4 blockers
may enhance treatment effectiveness by targeting Tregs (24).

While PCa primarily relies on androgens, the role of
estrogen signaling also plays a significant role in immune
modulation (106). In different scenarios, like endometriosis,
the estrogen-estrogen receptor o pathway facilitates the
growth and immunosuppressive characteristics of Tregs (107).
Blocking this pathway decreases both the quantity and effec-
tiveness of Tregs. This indicates that hormonal treatments can
affect Treg behavior by modifying extensive hormone receptor
signaling.

The dual role of radiotherapy in shaping Treg dynamics.
Radiotherapy is a key localized treatment for PCa and causes
notable alterations in the immune microenvironment of
tumors, often resulting in complex and at times counterpro-
ductive effects on Tregs (108,109). Research using preclinical
models indicates that high-dose fractionated radiotherapy
initiates dynamic immune reactions. This process begins with
an increase in the number of MDSCs, followed by an increase
in the number of active CD8+ TILs. Nevertheless, there is
frequent concurrent growth of Tregs, which can create an
immunosuppressive setting that hinders the overall effective-
ness of the antitumor immune response (110).

Research has indicated that RT parameters have a signifi-
cant effect on systemic immune responses (111). Factors, such
as the clinical target volume and the amount of bone marrow
exposed to 20 Gy, are linked to variations in peripheral
immune cell counts. Increased volumes of radiation tend to
lead to an early decline in antitumor immune activity, resulting
in negative alterations in Tregs and CD8+ T-cell popula-
tions (112,113). Even sophisticated techniques, such as carbon
ion radiotherapy, which can stimulate lymphocyte growth and
activity in patients with PCa, are associated with an increase
in Treg levels, underscoring the simultaneous activation of
immune suppression mechanisms (114,115).

The processes facilitating Treg growth after radiotherapy
are complex and varied. They involve the secretion of

immunosuppressive agents, such as TGF-ff and IL-10 (whose
roles in Treg development and suppression are detailed further
above), along with the attraction of Tregs by TAMs and
MDSCs through chemokine pathways (79,116). Furthermore,
radiotherapy has the potential to transform standard CD4+
T cells into Tregs, a phenomenon observed in models of head
and neck cancer, and blocking the complement C3a/C5a
pathway enhances this transformation (117).

Research is currently focused on methods to address the
accumulation of Tregs caused by radiotherapy (118). Using
low-dose cyclophosphamide to deplete Tregs, in conjunction
with immune checkpoint blockers and radiation treatment,
has been shown to improve the overall antitumor activity in
mouse studies (119). Additional strategies involve modifying
Treg behavior, such as inhibiting STAT3 and using stimulator
of interferon response cGAMP interactor agonists aimed at
TAMs to stimulate local immune responses and postpone
resistance (120,121).

6. Emerging therapeutic strategies to target Tregs in PCa

The constraints of traditional treatments, coupled with the
pivotal function of Tregs in immune regulation, have driven
the development of innovative methods focused on directly or
indirectly influencing Tregs to enhance anti-tumor immune
responses. These strategies can be classified into several main
categories, as outlined in Table I.

mAbs for Treg depletion and function blockade. Therapies
utilizing mAbs targeting Tregs offer a promising method
to mitigate immune suppression in PCa (122). As
CD4+CD25+FoxP3+ Tregs are found in increased numbers
in the lymph nodes and bloodstream of individuals with PCa,
and their presence is linked to the advancement of the disease,
employing mAbs to eliminate or inhibit the activity of Tregs is
a logical approach (46,123).

Focusing on chemokine receptors and immune check-
points. The mAb mogamulizumab, which targets CCR4, has
been shown to reduce Tregs and enhance survival rates in a
naturally occurring canine model of PCa, thereby providing
a strong preclinical rationale (49). This is supported by
evidence that the CCR4-CCL17 pathway is active in attracting
Tregs within human PCa tissues (49). By contrast, although
anti-CTLA-4 antibodies, such as ipilimumab, have shown
promise in pre-clinical PCa models by depleting intratumoral
Tregs via ADCC, their clinical efficacy as monotherapy in
PCa has been limited, highlighting the need for combination
strategies (12,78,124). Similarly, although anti-PD-1/PD-L1
antibodies have had limited success as monotherapies for
PCa, they are being actively investigated as combination
regimens (125).

Innovative antibody designs. New bispecific antibodies
are being engineered to focus more accurately on the TME.
For instance, bispecific antibodies that target both 4-1BB and
CCRS, such as FRP303, can specifically reduce tumor-infil-
trating Tregs while stimulating CD8+ T cells, demonstrating
enhanced effects when used alongside PD-1 inhibitors (126).
Additionally, antibodies targeting different pathways, such as
CD6-CD318, can further boost the effectiveness of cytotoxic
lymphocytes present within tumors (127,128).
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Radionuclide conjugates for radioimmunotherapy.
Antibody-linked radionuclides, such as prostate-specific
membrane antigen-targeted *>Ac or ’Lu, have demonstrated
significant clinical effectiveness in PCa (129,130). This
method utilizes the precision of mAbs to specifically target
and administer radiation to cancerous and surrounding immu-
nosuppressive cells.

While CD25 (IL-2Ra) is highly expressed on Tregs, it is
also transiently upregulated on activated effector T cells (63).
This dual expression poses a significant therapeutic challenge,
as strategies aimed at depleting CD25+ cells risk collateral
depletion of anti-tumor CD8+ T cells. To mitigate this risk,
several innovative approaches are being explored (44,64).
First, the use of non-depleting anti-CD25 antibodies that
block IL-2 signaling without inducing antibody-dependent
cell-mediated cytotoxicity can inhibit Treg function without
eliminating them or activated effector T cells (63,64). Second,
optimized dosing schedules, such as lower doses or cyclical
administration, may allow for preferential or transient Treg
modulation while preserving effector T-cell activity (40,44).
Third, combining CD25 targeting with agents that selectively
boost effector T cells, such as IL-2 superkines engineered to
bind the IL-2 receptor complex on effector T cells (IL-2Rpy)
rather than Tregs (IL-2Raf}y), can shift the immune balance
away from suppression (63,64). These strategies represent
a shift from indiscriminate depletion to more nuanced
modulation of the IL-2 pathway.

The rationale for combination immunotherapy. Due to the
complex immunosuppressive environment present in PCa,
where Tregs, MDSCs and TAMs collaborate to promote
immune evasion, it is crucial to implement strategies that
address multiple mechanisms simultaneously (21,61). A
significant area of research involves the combination of ICIs
and therapies that disrupt additional immunosuppressive
pathways (131-134). For example, inhibitors targeting the
adenosine signaling pathway, such as those affecting CD39,
CD73 or the adenosine A2A receptor, can reduce the suppres-
sion of effector T cells caused by adenosine (116,135). When
used alongside checkpoint blockers, these inhibitors effectively
counteract immune evasion.

Collaboration with regional modalities. Nanotechnology is
a cutting-edge delivery method (136). Exosomes sourced from
fully developed dendritic cells, infused with the DCl-targeted
chemokine XCLI, can successfully attract and stimulate CD8+
T cells while diminishing the levels of Tregs when used along-
side chemotherapy-induced immunogenic cell death (137).
Techniques for local ablation, such as high-intensity focused
ultrasound, can trigger immunogenic cell death, lower the
activity of Tregs and MDSCs, and function in conjunction with
ICIs (138).

Combining with standard-of-care. According to the above,
integrating Treg-targeting approaches with ADT is important.
Although ADT effectively slows tumor progression, it simulta-
neously increases the populations of Tregs and MDSCs, which
restricts its effectiveness in immunotherapy. Consequently, the
strategic combination of ADT with immunotherapies targeting
Tregs is currently a focus of research (23,139). Additionally,
addressing prevalent genetic mutations found in tumors, such
as those in phosphatase and tensin homolog or tumor protein

p53 (TP53), could potentially counteract inherent immunosup-
pression and improve immune monitoring (140,141).

7. Charting the future:
Treg-targeted therapy

Overcoming challenges in

Implementing Treg-targeting approaches in clinical settings
encounters multiple obstacles, such as variations in tumors, the
emergence of adaptive resistance and potential autoimmune
reactions. This section explores the journey towards tailored
immunotherapy and the development of advanced techniques
to address these issues.

Lessons from clinical failures: The need for patient stratifi-
cation. Despite a strong preclinical rationale, Treg-targeting
monotherapies have shown limited efficacy in unselected PCa
patient populations. The failure of ipilimumab (anti-CTLA-4)
in phase III trials for metastatic castration-resistant PCa
(CRPC) serves as a cautionary example (125). Post-hoc
analyses suggested that insufficient intratumoral Treg deple-
tion, compensatory upregulation of other immunosuppressive
mechanisms, such as MDSCs and TAMs, and immune-related
adverse events contributed to these outcomes (21,78). These
failures underscore the critical lessons for future trial design:
i) Agent potency and specificity: Depletion of intratumoral
Tregs by anti-CTLA-4 may be Fc-dependent, and standard
ipilimumab may be inadequate. Agents engineered for
enhanced Fc function or those targeting more Treg-restricted
markers, such as CCR8, are required. ii) Combination context:
The TME of immunosuppressive PCa is shaped by multiple
redundant pathways. Treg-directed therapies must be combined
with modalities, such as ADT or radiotherapy, to reduce the
overall immunosuppressive burden, rather than being used
as a monotherapy. iii) Patient selection: The benefit of Treg
depletion may be confined to patients with a TME dominated
by Treg-mediated suppression. Biomarkers, such as the TIL
TregSig or spatial Treg/M?2 macrophage indices, are needed to
prospectively identify these patients.

Towards personalized immunotherapy: Decoding Treg
heterogeneity and patient stratification. An essential avenue
for future research is the development of targeted immuno-
therapy methods based on the molecular profiling of Tregs and
the immune microenvironment associated with PCa (142,143).
The significant variability in PCa, which is evident in the
different immune cell types and genetic profiles of tumors,
requires a tailored strategy (144).

The use of multi-omics approaches is essential for this
purpose. By combining genomic, transcriptomic and epig-
enomic information, it is possible to identify immune subtypes
unique to each patient that are associated with varying clinical
outcomes and treatment sensitivities (145). For example, the
transmembrane protease serine 2-ETS-related gene fusion,
frequently observed in PCa, has been linked to the recruit-
ment of Tregs, indicating that this genetic change may guide
the choice of immunotherapy (146). Beyond genetic fusions,
recent research has explored copper-dependent cell death
(cuproptosis) as a mechanism to influence the PCa immune
microenvironment, and cuproptosis-related gene signatures
have been used to stratify patients for prognosis and potential
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immunotherapy response (144). Additionally, scoring frame-
works that focus on particular biological mechanisms, such
as patterns of RNA N6-methyladenosine modifications, have
also been effective in categorizing patients according to their
immune cell density, prognosis and anticipated responses to
immunotherapy (147).

The genetic makeup of tumors significantly influences the
immune environment. Changes, such as the amplification of
myelocytomatosis viral oncogene homolog and the inactiva-
tion of TP53, not only enhance the tumor's aggressiveness but
also create a microenvironment that suppresses the immune
response by promoting vascular endothelial growth factor
(VEGF) production, which hampers the activity of CD8+ T
cells (148,149). Recognizing these genetic variations enables
the strategic pairing of targeted therapies, such as VEGF
inhibitors, with immunotherapies to counteract immune
suppression (150).

Future studies should utilize cutting-edge technologies,
such as single-cell sequencing and spatial transcriptomics, to
advance past traditional bulk tissue analysis. These method-
ologies enable detailed mapping of the spatial arrangement,
functional characteristics and clonality of Tregs and various
immune cells within the TME. Gaining a high-resolution
understanding is essential for crafting targeted interventions
that focus on immunosuppressive cells without compromising
overall immune function, thereby facilitating the creation of
genuinely personalized treatment strategies (141).

Unresolved questions: Tregs in CRPC and metabolic vulner-
abilities. A critical gap lies in the current understanding of
the functional evolution of Tregs during disease progres-
sion. The role and phenotype of Tregs in CRPC may differ
significantly from those in hormone-sensitive prostate cancer
(HSPC) (10). In the untreated HSPC setting, Treg infiltration,
while present, is often lower and their suppressive function
may be more dependent on the initial recruitment cues from
the primary tumor. By contrast, emerging evidence suggests
that in CRPC, particularly following therapies such as
enzalutamide treatment, Tregs become more abundant and
exhibit an enhanced immunosuppressive capacity, paradoxi-
cally driven by treatment itself. For instance, enzalutamide
has been shown to enhance Treg infiltration and activity
through mechanisms such as the FLII/YBX1/PD-L1 axis,
contributing to acquired resistance (10,103). This suggests a
phenotypic and functional shift of Tregs under therapeutic
pressure. Understanding whether distinct Treg subsets (e.g.,
the highly suppressive eTregs described in the above chapter)
dominate in CRPC and how they co-opt metabolic pathways
(e.g., enhanced fatty acid oxidation vs. glycolysis) to survive
in the therapy-remodeled TME is a crucial area for future
investigations.

Exploiting Treg metabolic dependencies. A promising
approach to overcome Treg-mediated resistance is to exploit
the unique metabolic vulnerabilities of Tregs. While effector
T-cells rely heavily on glycolysis, intratumoral Tregs are
highly dependent on OXPHOS and fatty acid oxidation for
their survival and suppressive functions (151,152). This meta-
bolic dependence presents a potential therapeutic window.
Combining ICIs with OXPHOS inhibitors is a strategy
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currently under pre-clinical investigation with the aim of
selectively depriving Tregs of energy while preserving or even
enhancing the glycolytic capacity of effector T cells (53,153).
Further research on the metabolic interplay between Tregs
and other cells in the TME is essential for the development
of targeted metabolic interventions.

Developing next-generation therapeutic modalities. To
address the resistance posed by Tregs, it is essential to develop
innovative treatments that focus on the core biology of these
cells, especially their exceptional ability to adapt metaboli-
cally and their survival strategies in the TME.

Exploiting metabolic vulnerabilities. A potential strategy
involves leveraging the metabolic pathways of Tregs. PCa
cells, along with immunosuppressive cells, such as Tregs,
frequently rely on mitochondrial OXPHOS for their energy
needs (151,152). By using targeted inhibitors of OXPHOS,
impairing energy resources essential for Treg activity is
applicable, which can diminish their ability to suppress
the immune response and enhance the effectiveness of
ICIs (53,153).

Sophisticated combination approaches. Given the intricate
nature of the TME, it is improbable that therapies targeting
a single agent will be effective. Future treatment protocols
should incorporate strategically designed multi-target
combinations. This may involve the use of ICIs alongside
1) metabolic modulators, such as OXPHOS inhibitors (154) and
ii) nanotechnology solutions aimed at altering the TME (155).
For instance, polymeric lipid manganese dioxide nanoparticles
can help mitigate tumor hypoxia, decrease the recruitment of
Tregs and myeloid-derived suppressor cells and improve the
effectiveness of radiotherapy (156).

Advanced cell therapies. The latest advancements in cell
therapy are aimed at improving safety and target accuracy.
Inducible chimeric antigen receptor T-cell (CAR-T) systems,
such as TME-iCAR-T, are designed to be activated exclusively
within the TME, allowing for the precise destruction of cancer
cells and potentially harmful stromal components, while
reducing off-target effects. This represents a major advance-
ment in cellular immunotherapy (157).

8. Conclusion

A growing body of research has identified Tregs as key
controllers of the immunosuppressive environment found in
PCa. Through the direct inhibition of effector T-cell activity
and intricate interactions with various immune cells, Tregs
create an immune tolerance that promotes tumor growth and
helps the cancer cells avoid detection by the host's immune
system. Understanding these processes has deepened our
insight into the immunobiology of PCa and laid a strong
foundation for the development of innovative immunothera-
peutic approaches.

To progress in this field, it is essential to reconcile the
contradictory findings. While numerous studies have linked a
high density of Tregs to unfavorable outcomes, new evidence
indicates that the functional characteristics and diversity
of Treg subsets could play a more crucial role in immune
suppression than their shear numbers. These perspectives are
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not opposing; rather, they underscore the intricate nature of
Treg biology. Therefore, future research should extend beyond
mere counting to thoroughly analyze Treg subsets and eval-
uate their functional roles in the context of individual tumors.
Additionally, the balance between Tregs and other immune
elements is vital for determining the success of treatment. The
primary challenge is to achieve accurate immunomodulation:
Effectively reducing Treg-induced suppression to enhance
anti-tumor immunity while steering clear of excessive immune
responses and autoimmunity.

To address these issues, future studies should focus on
clarifying the fundamental molecular networks that regulate
Treg activity, particularly in relation to signaling pathways,
epigenetic modifications and metabolic changes. Employing
advanced technologies such as single-cell multi-omics and
spatial profiling will be crucial for unraveling the complex
spatiotemporal variations within the immune environment
of PCa at an unmatched level of detail. Simultaneously, there
is a need to expedite clinical applications by focusing on
the strategic development of combination trials that merge
Treg-targeting treatments, such as depleting antibodies and
metabolic inhibitors with ICIs, standard therapies and other
immunomodulatory agents.

In conclusion, Tregs play a crucial and actionable role
within the immunosuppressive mechanism of PCa. Achieving
breakthroughs against Treg-driven resistance requires a
comprehensive approach that integrates thorough mechanistic
insights into cutting-edge clinical trial methodologies. This
research suggests a move towards tailored combination treat-
ments that effectively counteract Treg suppression, ultimately
enhancing long-lasting anti-tumor responses and benefiting
patient results.
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