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ABSTRACT

Prostate cancer is a significant global health issue with inflammation emerging as a critical driver of progression. The prostate
tumor microenvironment (TME) is comprised of tumor cells, mesenchymal stem cells, immune cells, cancer-associated fibroblasts,
adipocytes, and the extracellular matrix. All of these TME components interact via soluble factors, such as growth factors, cytokines,
and chemokines. These interactions remodel the TME and drive inflammation and tumor progression. Prolonged inflammation leads
to dysregulated activation and infiltration of immune cells in the TME. This process maintains an immunosuppressive environment
and facilitates epithelial-to-mesenchymal transition, migration, and invasion. Chronic inflammation causes inflammatory mediators
to enter the circulation over time, as evidenced by systemic biomarkers, such as the systemic immune-inflammation index, which
links inflammation to disease severity. Interactions between the prostate gland and adipose tissues further exacerbate systemic
inflammation. Inflammation in the prostate gland confers resistance to therapy, primes distant metastatic niches, and promotes
metastatic spread, resulting in poor clinical outcomes. Therapeutic strategies, such as anti-inflammatory agents and immunotherapies,
hold promise in mitigating disease burden. This review explored the immune landscape of systemic inflammation in prostate cancer,
discussed the role of the immune landscape in resistance to therapy and metastasis, and offered insights into potential interventions

for targeting inflammation to limit prostate cancer burden.
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Introduction

The prostate is a small gland in males that produces seminal
fluid and is critical for maintaining sperm viability and trans-
port!. Prostate cancer-related morbidity and mortality among
men pose a significant threat globally. In 2022 alone, 1,466,680
new prostate cancer cases and 396,792 prostate cancer-as-
sociated deaths were reported worldwide?. Prostate cancer
development is influenced by several risk factors, includ-
ing ethnicity, advanced age, genetic predisposition, obesity,
infections, and dietary patterns. Moreover, dietary habits

are worsening due to increased consumption of processed
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foods. As a result, the global incidence of prostate cancer and
prostate cancer-associated mortality are expected to increase
significantly in the coming decades*>. Prostate cancer is gen-
erally diagnosed in an advanced stage with metastases because
prostate cancer is often asymptomatic in the early stages®.
A serine protease [prostate-specific antigen (PSA)] is often
overexpressed in prostate cancer tissues and is the most fre-
quently used biomarker for diagnosing prostate cancer’. The
adoption of the PSA test facilitated earlier detection of pros-
tate cancer, which led to an apparent increase in the accurate
incidence of prostate cancer. Importantly, early detection also
contributed to a 20% reduction in prostate cancer mortality®®.
The nuclear androgen receptor, which regulates the expression
of genes critical for prostate physiology and function, is central
to prostate cancer progression. Dysregulated androgen recep-
tor signaling has a pivotal role in tumorigenesis, driving cellu-
lar proliferation and survival in androgen-sensitive cancers!°.
Despite androgen deprivation therapy as the cornerstone of
prostate cancer treatment, resistance often develops, leading

to castration-resistant prostate cancer (CRPC) and the more
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aggressive, symptomatic metastatic form (mCRPC) of the dis-
ease (Figure 1A and 1B)!..

Inflammation is a key factor in prostate cancer development,
progression, and metastasis because dysregulated inflamma-
tory responses and the infiltration and activation of immune
cells can cause significant damage to prostate tissues'>!3. The
prostate tumor microenvironment (TME) is notably heteroge-

neous and dynamic and comprised of several cell populations,
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including cells of immune origin'4. These immune cells within
the TME, including innate cells (neutrophils, macrophages,
basophils, eosinophils, and mast cells) and adaptive cells (B and
T lymphocytes) may adopt tumor-promoting or -suppressing
roles in prostate cancer'?>!3, Adipose tissue has a pivotal role in
inflammation associated with prostate cancer because adipose
tissue interacts with tumor cells, promote a pro-inflammatory

TME, contribute to immune modulation, and support cancer
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Figure 1 Pathogenesis, inflammatory risk factors, and disease and treatment trajectory of prostate cancer. (A) Prostate cancer pathogen-
esis. Prostate cancer arises in prostate tissue, which is a small gland adjacent to the bladder. Prostate tissue produces seminal fluid, which is
critical for maintaining sperm viability and transport. An elevated PSA level over the course of disease serves as a diagnostic marker. As the
disease progresses, cancer cells from the primary tumor may disseminate to lymph nodes and/or metastasize to distant organs. (B) Disease
and treatment trajectory of prostate cancer. The red curve depicts the tumor growth pattern over time. Initial local therapy (e.g., radiation)
induces partial remission, during which disease is localized and asymptomatic. This process is followed by tumor regrowth, which is tempo-
rarily controlled by androgen deprivation therapy. Subsequent development of castration-resistant prostate cancer results in renewed tumor
expansion and metastasis, prompting systemic chemotherapy (e.g., docetaxel). Disease progression ultimately leads to therapeutic resistance
and mortality. (C) Inflammatory risk factors. Viral and bacterial infections, urine reflux, genetic predisposition, androgen levels and androgen

receptor activity, and dietary habits and obesity are potential risk factors for inflammation in prostate cancer. AR, androgen receptor; PSA,
prostate-specific antigen.
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progression'>. Over time, this localized inflammation spills
into the systemic circulation, promoting a pro-inflammatory
state associated with increased cancer aggressiveness, therapy
resistance, and the creation of a pre-metastatic niche, which
facilitates the spread of cancer cells to distant organs!®. Anti-
inflammatory agents (aspirin and statins) and immunothera-
pies (vaccines and immune checkpoint inhibitors) represent
innovative approaches that have shown potential to reduce
inflammation and cancer-specific mortality!”. The immune
landscape of systemic inflammation over time within the
prostate TME, which contributes to tumor aggressiveness, is
reviewed and the interplay between the prostate gland and
adipose tissue that fosters systemic inflammation, promotes
resistance to therapy, and metastases is discussed. Finally, the
therapeutic strategies are highlighted with an aim to miti-
gate systemic inflammation and alleviate the prostate cancer

burden.
Inflammation and prostate cancer

Inflammation represents a fundamental immune response
triggered by infection or tissue injury. This process is vital
for eliminating pathogens and tissues debris, while initiating
repair and healing'®. Chronic tissue damage or disruptions
in normal inflammatory responses can result in prolonged
inflammation, which is characterized by an elevated produc-
tion of inflammatory mediators, immune cell recruitment,
leukocyte expansion, and genomic instability. These changes
can lead to DNA damage, which fosters the accumulation of
genetic mutations over time'?. The initial triggers of prostatic
inflammation have been a challenge to pinpoint because the
triggers may stem from dysregulated inflammatory pathways
or external agents that instigate inflammation. Lifestyle, envi-
ronmental, and genetic factors have been implicated as poten-
tial contributors to prostate cancer inflammation and include
viral and bacterial infections, androgen levels and androgen
receptor activity, dietary habits and obesity, urine reflux, and
genetic predisposition (Figure 1C)%. Infections can amplify
prostate inflammation and lead to prostatitis. However, not all
infections result in prostate cancer and the precise role that
these infections have in the development of prostate cancer
has not been sufficiently documented, necessitating further
research. High-fat diets, weight gain, and obesity are sig-
nificantly linked to a heightened risk of disease recurrence
following prostatectomy, aggressive disease forms, and ele-

vated prostate cancer-specific mortality rates?!. Urine reflux
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is another source of chronic prostate inflammation that is
driven by chemical irritation due to uric acid accumulation??.
Inflammation has a significant role in prostate cancer pro-
gression as well with inflammatory tissue noted in 77.6% of
prostate biopsy samples and a prevalence as high as 80% in
broader populations®. The role of inflammation in prostate
cancer is also evident given the use of non-steroidal anti-in-
flammatory drugs (NSAIDs) is linked to a > 20% reduction in
prostate cancer risk. In addition, a greater protective effect has
been reported in patients using cyclooxygenase-2 (COX-2)
inhibitors?®. Notably, at the molecular level, the inflammatory
response implicated in prostate cancer involves a plethora of
genes, underscoring the complexity of the process*%. Hence,
an in-depth understanding of the inflammation perspective in
prostate cancer could be instrumental in enhancing the pre-
diction, early detection, treatment, and prevention of prostate

cancer, potentially transforming the approach to this disease.
Inflammatory mediators in the prostate TME

The complex network of the TME is comprised of cancer
cells and includes the surrounding stromal components,
such as immune cells, mesenchymal stem cells, adipocytes,
cancer-associated fibroblasts, and the extracellular matrix. In
addition, soluble factors, like growth factors, cytokines, and
chemokines secreted by these cells, have integral role in mod-
ifying the TME (Figure 2A). The interactions between these
factors and tumor cells result in alterations contributing to
tumor aggressiveness, resistance to therapy, and metastasis?>.
Tumor cells in prostate cancer secrete a variety of inflamma-
tory mediators that reshape the TME, supporting tumor cell
survival. Specifically, interleukins (ILs) are crucial for prostate
cancer progression. For example, elevated IL-1 in prostate can-
cer promotes the immunosuppressive functions of mesenchy-
mal stem cells?®. Similarly, elevated IL-4 activates the STAT6
signaling pathway and promotes the clonogenic potential of
prostate stem-like cells?”. IL-6 is also upregulated in prostate
cancer, driving immune evasion in prostate cancer®®. IL-7 has
also been linked to the induction of epithelial-to-mesenchy-
mal transition (EMT) and metastasis in the prostate TME%.
IL-8 regulates matrix metalloproteinases (MMPs) involved
in TME remodeling, induce proliferation, inhibit apoptosis,
and stimulate angiogenesis, ensuring nutrients and oxygen

30,31

supply to the growing prostate tumor>*!. IL-10 suppresses

anti-tumor immune responses, regulates androgen signa-

32

ling, and promotes cancer metastasis®>. IL-17 accelerates
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disease progression by upregulating COX-2 and programmed
death-ligand 1 (PD-L1) in prostate cancer cells, while also
triggering 1L-6 and IL-8 release®*3%. IL-23 also regulates
androgen responses and supports the survival of Th17 cells*.
Tumor necrosis factor-alpha (TNF-a) activates the nuclear
factor-kappaB (NF-kB) signaling pathway in tumor cells and
triggers the release of pro-inflammatory and -angiogenic
mediators®®. TNF-a also upregulates Snail and PD-L1 expres-
sion in prostate cancer, thereby promoting EMT and immune
evasion®*3°, Finally, transforming growth factor-beta (TGF-f)
impedes anti-tumor immunity, downregulates major histo-
compatibility complex-1 (MHC-I) expression, and has a key
role in angiogenesis, premetastatic niche formation, and bone
metastasis®’. In summary, the inflammatory mediators within
the prostate TME orchestrate a complex interplay between
tumor and stromal components and drives key processes, such
as immune evasion, angiogenesis, resistance to therapy, the
EMT, and metastasis, underscoring the critical roles in pros-

tate cancer progression.
Immune cell infiltration in the prostate TME

Chronic inflammation is a hallmark of prostate cancer and is
marked by infiltration of innate and adaptive immune cells in
the TME (Figure 2A). Notable proportions of T cells (39%),
resting memory CD4+ T cells (20%), CD8+ T cells (13%), and
macrophages (13%) have been demonstrated in prostate can-
cer samples®®. In addition, high-grade prostate tumors exhibit
a marked elevation of CD4+ forkhead box P3+ (FOXP3+) cells
compared to low-grade prostate tumors, suggesting an immu-
nosuppressive microenvironment in more aggressive disease®.
Moreover, an elevated total white blood cell count and higher
neutrophil level are linked to an increased risk of mortality
due to prostate cancer®’. The heterogeneity of prostate cancer
influences immune cell phenotypes, of which distinct immune
cell populations may exhibit unique markers and adopt roles
that are pro- or anti-tumoral'>?, underscoring the complex-
ity of the immune landscape in prostate cancer. Herein innate
and adaptive immune responses that have distinct yet inter-
connected roles in shaping the immune landscape in prostate

cancer are discussed.

Innate immunity
Among innate immune responses, neutrophils are the first
innate immune responders mobilized to sites of injury.

Neutrophils release various mediators upon arrival at
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damaged tissues, including proteases, reactive oxygen spe-
cies, and neutrophil extracellular traps (NETs), exacerbat-
ing chronic inflammation and tissue damage*!. The role of
tumor-associated neutrophils (TANs) within the prostate
TME is complex and context-dependent because some studies
have associated TANs with a poor prognosis in prostate can-
cer*?, while other studies have suggested potential antitumoral
activity®3. This “neutrophils plasticity;” which is characterized
as a shift between anti- (N1 type) and pro-tumor (N2 type)
functional states depending on the TME and stimuli, is crucial
in determining whether neutrophils promote or inhibit cancer
progression?. Specifically, the N1 phenotype is characterized
by the release of reactive oxygen species and pro-inflamma-
tory cytokines, which contribute to tumor suppression. The
N2 phenotype, which is driven by factors, like tumor-derived
cytokines, promotes immune suppression, angiogenesis, and
tissue remodeling, facilitate tumor growth and metastasis®.
Co-culturing human prostate cancer cells with neutrophils
reduces cancer cell proliferation through caspase activation,
indicating neutrophil-mediated cytotoxicity*®. Neutrophils
have also been implicated in bone metastases in prostate can-
cer, where increased neutrophil and NET formation limit

4647 However, as the tumor

metastatic spread and infection
advances, the cytotoxic capacity of neutrophils may diminish,
allowing cancer cells to evade neutrophil-mediated destruc-
tion. Notably, neutrophil plasticity is implicated in this decline
because a shift toward the N2 phenotype reduces the capacity
for cytotoxic activity and enhances tumor progression®®. The
dual roles of neutrophils, both as mediators of inflammation
and regulators of cancer progression, coupled with neutrophil
plasticity, highlight the significance of neutrophils in prostate
cancer biology.

Phagocytic macrophages of the innate immune system are
known for contributing to host defense mechanisms and tis-
sue homeostasis. Tumor-associated macrophages (TAMs) are
a dominant cell type in the TME and are linked to a poor prog-
nosis in prostate cancer as well as other cancer types*. Like
neutrophils, TAMs can also acquire M1 (pro-inflammatory
and anti-tumoral) and M2 (anti-inflammatory and pro-tu-
moral) phenotypes with M2 polarization often associated
with immunosuppressive effects and tumor progression®.
Recruitment and activation of TAMs are governed by the
inflammatory cytokines in the TME, such as C-C motif
chemokine ligand 2 (CCL2) and IL-8, where TAMs signifi-
cantly influence tumor progression, metastasis, and immune

modulation®. Basophils are also innate immune cells that
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A. Inflammatory tumor microenvironment in prostate cancer
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Figure 2 Immune landscape of inflammation in prostate cancer. (A) Inflammatory tumor microenvironment in prostate cancer. ® Cancer
cells, along with MSCs and fibroblasts within the tumor microenvironment (additionally, comprised of the ECM and vasculature) secrete a
plethora of growth factors (e.g., TGF-), cytokines (e.g., IFN-y, IL-1, IL-4, IL-6, IL-7, IL-8, IL-10, IL-12, IL-13, IL-17, IL-18, IL-21, IL-22, IL-23,
IL-33, IL-35, and TNF-a), and chemokines (e.g., CCL2, CCL5, CCL11, CCL24, and CCL26) attracting various innate and adaptive immune cells
that orchestrate the inflammatory environment by secreting pro-inflammatory mediators and aid tumor cells in survival, progression, and
immune evasion. @ N1-type neutrophils initially suppress tumor growth via the production of NETs and ROS. However, the N1-type neutro-
phils later shift to the pro-tumor N2 phenotype, which suppress immune surveillance and promote angiogenesis and tissue remodeling. ®
M1 macrophages exhibit anti-tumor activity by releasing inflammatory mediators, e.g., CXCL10, IFN-y, IL-12, and TNF-a. ® M2 macrophages
contribute to tumor progression and immune suppression via releasing arginase-1, IL-4, IL-10, and IL-13. ® Basophils take part in tumor pro-
gression by secreting IL-4, IL-13, TNF-o, and VEGF. ® Eosinophils contribute to tumor progression by releasing IFN-y, IL-2, IL-4, IL-5, TGF-,
and TNF-a. @ Mast cells also secrete a range of inflammatory mediators, e.g., IFN-y, IL-4, IL-6, IL-10, and TGF-B, and aid in cancer progression.
Cytotoxic T cells release IFN-y, IL-2, and TNF-a and prime cancer cells for destruction, although the function is often impaired in the tumor
microenvironment. T helper cell subtypes secrete cytokines that promote or hinder tumor progression. Among these T helper cell subtypes,
® Th1l cells contribute to anti-tumor immunity, whereas ® Th2 and @ Th17 cells support tumor progression through immune modulation by
the release of interleukins [IL-4, IL-5, IL-10 IL-13, and IL-25 (Th2) and IL-17, IL21, and IL-22 (Th17)]. @ Elevated levels of Tregs in the tumor
microenvironment suppress anti-tumor responses and facilitate immune evasion and tumor progression by releasing TGF-B, IL-10, and IL-35.
® B cells produce antibodies and cytokines that influence T cell responses. Regulatory B cells suppress T cell activity and promote tumor pro-
gression in advanced prostate cancer via releasing TGF-B, IL-10, and IL-35. (B) EV-based communication between prostate cancer and immune
cells. EVs actively carry bioactive molecules in the prostate tumor microenvironment, including proteins and RNAs, that modulate immune
responses. EVs promote macrophage polarization, thereby enhancing tumor survival and metastasis. @ Prostate cancer cell-derived EVs, con-
taining avf6, CXCL14, RNF157, and/or miR-let-7b, induce Akt and STAT3 signaling in monocytes, promote PD-L1, IL-6, and TGF-f expression,
and destabilize HDACL. This polarization leads to the differentiation of monocytes into M2 macrophages, driving tumor progression. One
tumor promoting mechanism is the release of miR-95-loaded EVs by these macrophages. ® Prostate cancer cell-derived NKG2A-loaded EVs
inhibit NK cells, whereas ® PGE2-loaded EVs from prostate cancer cells inhibit dendritic cell function. ® CXCR4-loaded EVs recruit MDSCs,
which promote prostate cancer cell proliferation through the release of SI00A9-containing EVs. ® In terms of adaptive immunity, prostate can-
cer-derived FasL and TGF-B-loaded EVs inhibit B and T cell function, facilitating immune evasion. avf6, alpha-v beta-6 heterodimeric integrin
receptor; CCLs (CCL2, CCL5, CCL11, CCL24, and CCL26), chemokine (C-C motif) ligands; CXCLs (CXCL10 and CXCL14), C-X-C motif chemokine
ligands (chemoattractants); CXCR4, C-X-C chemokine receptor 4; ECM, extracellular matrix; EVs, extracellular vesicles; FasL, fas ligand; HDACL,
histone deacetylase 1; IFN-y, interferon-gamma; ILs (IL-1, IL-4, IL-6, IL-7, IL-8, IL-10, IL-12, IL-13, IL-17, IL-18, IL-21, IL-22, IL-23, IL-33, and
IL-35), interleukins; MDSCs, myeloid-derived suppressor cells; MSCs, mesenchymal stem cells; NETs, neutrophil extracellular traps; NK cells,
natural killer cells; NKG2A, killer cell lectin like receptor C1; PD-L1, programmed death-ligand 1; PGE,, prostaglandin Ex; RNF157, ring finger
protein 157; ROS, reactive oxygen species; SLO0A9, S100 calcium binding protein A9; STAT3, signal transducer and activator of transcription
3; TGF-B, transforming growth factor-beta; Th cell, T helper cell; TNF-a, tumor necrosis factor-alpha; Treg, T regulatory cell; VEGF, vascular
endothelial growth factor.

have a multifaceted role in immune defense against allergens, cytotoxic granules and secrete a wide array of pro-inflamma-

pathogens, and parasites. Basophils can migrate to affected tory mediators, such as TNF-a, IL-2, IL-4, IL-5, TGF-f, and

tissues during inflammation, where basophils facilitate
M2-like macrophage polarization. Epithelial-derived pro-in-
flammatory cytokines and growth factors, such as IL-3, IL-7,
IL-18, IL-33, TGF-f, and VEGE, are known to activate baso-
phils®.. Once activated, basophils release several cytokines
in the prostate TME, including IL-4, which fosters processes
linked to poor prognoses, such as M2 macrophage polariza-
tion and tumor-promoting Th2-mediated inflammation®*>3.
Like basophils, eosinophils are also an essential part of innate
immunity that maintain immune homeostasis by defending
against infectious agents®*. Once activated by eotaxins, such
as CCL5, CCLI11, CCL24, and CCL26, eosinophils release

IFN-y, further highlighting the breadth of the immunomod-
ulatory roles®®. Elevated eosinophil levels in prostate cancer
tissues correlate with patient age and Gleason scores®®. Mast
cells are another type of innate immune cell that mature within
target tissues. A defining feature of these cells are histamine-
and heparin-rich granules. Upon activation, mast cells degran-
ulate, releasing a range of inflammatory mediators to combat
pathogens and regulate immune responses®”. This degranula-
tion induces the synthesis of cytokines that span a spectrum
of functions, including pro- (e.g., IL-4, IL-6, and IFN-y) and
anti-inflammatory (e.g., TGF-B and IL-10) activities®®. Mast
cells are frequently demonstrated in the prostate TME and
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the increased infiltration and degranulation of mast cells have
been correlated with prostate cancer malignancy®. In addi-
tion, increased mast cell infiltration in prostate cancer is linked
to a poor prognosis in humans®. Mast cells suppress androgen
receptor-mediated MMP signaling, facilitating prostate cancer
cell proliferation, EMT, invasion, and metastasis®!. Overall, the
complex and dynamic roles of innate immune cells, including
neutrophils, macrophages, basophils, eosinophils, and mast
cells, underscore the critical contributions to prostate cancer
progression and inflammation, highlighting the need for fur-
ther exploration of the interactions within the TME to identify
potential therapeutic targets.

Adaptive immunity

Adaptive immune responses are orchestrated by T and B cells
in the TME, which leads to inflammation. T cells can be CD8+
cytotoxic T cells or CD4+ helper T (Th) cells. CD8+ T cells are
cytotoxic because CD8+ T cells directly target and eliminate
infected or tumor cells by secretingimmune mediators, includ-
ing TNF-a, IL-2, IFN-y, perforin, and granzyme®. CD8+
T cell infiltration is often correlated with better disease
prognosis. Specifically, the CD8+ CD44+ T-cell population
has been shown to be crucial for reducing tumor burden
and improving clinical outcomes in prostate cancer®®. In
contrast, CD4+ T cells activate B cells and CD8+ T cells to
coordinate immune responses. The accumulation of CD4+
T cells within the TME is linked to poor survival and con-
fers resistance towards docetaxel treatment in prostate cancer
cells®. Subtypes of CD4+ T cells include Th1, Th2, Th17, and
Tregs. Th1 cells are characterized by the secretion of pro-in-
flammatory cytokines that promote an immune response
against infections and cancer, whereas Th2 cells release
anti-inflammatory cytokines that help to counterbalance the
inflammatory response and promote tissue repair®. Th17
cells, distinguished by the production of IL-17A, IL-17F,
IL-21, and IL-22, have been implicated in prostate cancer,
where it has been shown that loss of Th17 cell function can
suppress the development of microinvasive prostate can-
cer®. Tregs, initially defined as CD4+ CD25M8" cells, are
elevated in prostate cancer patients and have a critical role
in maintaining immune homeostasis by releasing immu-
nosuppressive cytokines, such as TGF-f, IL-10, and IL-35,
thereby suppressing excessive immune responses®”’. These
immunosuppressive functions of Tregs contribute to tumor
progression and higher levels of Tregs in prostate cancer

patients are associated with poorer survival outcomes®. In
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addition, an association exists between elevated FOXP3+ Treg
cells and increased risk of metastasis in prostate cancer®.
B cells exert an influence on the TME through antibody pres-
entation and production and secretion of cytokines, such as
TGEF-f, IL-10, and IL-35. B cells can activate CD4+ T cells,
promoting the accumulation of CD4+ T cells within the TME
and facilitating the differentiation of both CD4+ and CD8+ T
cells into distinct phenotypic subsets’®’!. Moreover, CD20+
B cells interact with T cells in the TME and modulate protec-
tive functions, ultimately orchestrating an immune response
against the tumor”2. The infiltration of B cells into the TME
has been linked to an increased risk of adverse outcomes in
prostate carcinogenesis and other malignancies. Specifically,
regulatory B cells, a subset of B cells, are commonly present
in advanced forms of prostate cancer, suggesting a potential
role in promoting tumor development and progression”s.
Thus, the complex interplay between T and B cells in the
TME, through diverse subtypes and functional roles, shapes
the inflammatory landscape of prostate cancer and influences
disease progression and patient outcomes, underscoring the
need for targeted therapies that modulate these adaptive

immune responses.

Extracellular vesicles (EVs) driving
inflammation in the prostate TME

EVs, including exosomes and microvesicles, are lipid
bilayer-enclosed structures released by cancer and stromal
cells that carry bioactive molecules, such as proteins, lipids, and
miRNAs’. EVs have a significant role in modulating inflam-
mation in prostate cancer by facilitating intercellular commu-
nication within the TME”>. For example, tumor cell-derived
EVs can induce M2-like traits in THP-1 monocytes via acti-
vation of the Akt and STAT3 pathways in CRPC’®. In addi-
tion, the integrin, avf36, and chemokine ligand, CXCL14, are
both highly expressed in metastatic prostate cancer and may
transfer to monocytes via EVs, promoting M2 polarization
and contributing to tumor progression’”’8. Furthermore, exo-
somal RNF157 mRNA from prostate cancer cells can contrib-
ute to M2 macrophage polarization by destabilizing HDACI,
thereby influencing the inflammatory response and potentially
promoting tumor progression’®. Androgen-independent pros-
tate cancer cells, when treated with thapsigargin, release EVs
that promote M1-to-M2 polarization. These EVs also upreg-
ulate PD-L1 with several pro-tumoral cytokines, including
IL-6 and TGF-B%. Prostate cancer cell-derived EVs carrying



888

miRNAs, such as miR-let-7b, also contribute to macrophage
polarization to the M2 type and progression of cancer8!. In
contrast, TAM-derived EVs carrying miR-95 promote cancer
proliferation, the EMT, and invasion by interacting with the
oncogenic transcription factor JunB, which correlates with
poor clinical outcomes®?. Circulating EVs in prostate cancer
patients also upregulate NKG2A expression in natural killer
cells, impairing cytotoxicity after prostatectomy®®. Notably,
prostate cancer-derived EVs carrying prostaglandin E,
(PGE2) can inhibit the function of dendritic cells 84. Moreover,
prostate cancer-derived EVs can also promote the recruitment
of myeloid-derived suppressor cells into the TME by increas-
ing the expression of the chemokine receptor, CXCR4%. In
return, EVs from myeloid-derived suppressor cells, which
carry the calcium-binding protein, SI00A9, have been shown
to enhance CRPC aggressiveness through the circMID1/miR-
506-3p/MID1 signaling cascade®.

Prostate cancer-derived EVs have been shown to interact
directly with B and T lymphocytes (CD3+ and CD8+) in a 3D
heterotypic spheroid model of the tumor¥”. EVs derived from
androgen-dependent prostate cancer cells have been shown to
inhibit T cell proliferation and induce apoptosis. This immu-
nosuppressive effect is mediated by Fas ligand (FasL) present
on the vesicle membrane®. In addition, EVs from prostate
cancer cells impair T lymphocyte reactivity to IL-2, a process
facilitated by TGF-B1%. Furthermore, EVs expressing PD-L1
on the membrane have a critical role in immune evasion. These
EVs, when transferred to PD-L1-negative prostate cancer cells,
protect the prostate cancer cells from T lymphocyte cytotox-
icity®®. In agreement with this finding, CRPC-secreted PD-L1
containing EVs significantly hinder T lymphocyte activation,
thereby promoting tumor growth in vivo. Remarkably, injecting
EV-deficient prostate cancer cells along with anti-PD-L1 anti-
bodies results in a significant reduction in tumor growth and
improved animal survival®!. Overall, these findings underscore
the complex role of EVs in modulating immune responses and
influencing tumor progression, highlighting the potential as

therapeutic targets in prostate cancer treatment (Figure 2B).

Systemic inflammation in prostate
cancer

Inflammation in prostate cancer frequently begins as a local-
ized immune response within the prostate tissues. Persistent

inflammation in the TME disrupts immune homeostasis,
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leading to sustained production of inflammatory mediators,
uninterrupted immune cell infiltration, and chronic immune
activation?. This process results in outflow of inflammatory
mediators and immune cells, including neutrophils, lympho-
cytes, and platelets, into the systemic circulation, which ampli-
fies inflammation throughout the body (Figure 3)!2°2. This
transition from localized to systemic inflammation sustains
tumor-promoting conditions, exacerbates immune suppres-
sion, and facilitates the development of pre-metastatic niches.
Taken together, these changes enhance metastatic poten-
tial and complicate disease management!®?*. The systemic
immune-inflammation index (SII) is a biomarker derived from
routine blood parameters. The SII reflects the dynamic inter-
play of pro- and anti-inflammatory responses and captures
the transition to systemic inflammation®>?*, Multiple stud-
ies have suggested that an elevated SII is strongly associated
with aggressive disease and poor clinical outcomes in prostate
cancer patients. For example, a meta-analysis involving 7,986
prostate cancer patients revealed that a high SII is associated
with worse overall survival in mCRPC patients and poor
recurrence-free survival in non-metastatic prostate cancer
patients. Additionally, a high SII is correlated with advanced
tumor stage and higher Gleason scores®. Another study ana-
lyzing data from 8,020 prostate cancer patients established that
higher SII levels are positively linked to an increased risk of
prostate cancer, an association that was especially pronounced
in individuals with diabetes in whom a higher SII was corre-
lated with a 137% increased risk of prostate cancer, suggesting
that systemic inflammation is a key factor in obese prostate
cancer patients”. Two individual meta-analyses involving
8,083 and 8,133 prostate cancer patients concluded that a high
pretreatment SII predicts poor overall and progression-free

survival in prostate cancer patients®>%

, affirming that sys-
temic inflammation is a key hallmark in prostate cancer.
Other systemic inflammation-related biomarkers in addi-
tion to the SIThave been established for prognostic and diagnos-
tic purposes in prostate cancer, expanding our understanding
of systemic inflammation in prostate cancer. For example, a
meta-analysis involving >16,000 men demonstrated that the
neutrophil-to-lymphocyte ratio (NLR) correlates with poor
overall, progression-free, and recurrence-free survival inde-
pendent of tumor stage or treatment type in prostate cancer and
mCRPC patients”’. A population-based study involving 25,367
individuals reported a significant association between a higher
monocyte-to-lymphocyte ratio (MLR) and an increased risk
of prostate cancer®®. The platelet-to-lymphocyte ratio (PLR) is
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Figure 3 Systemic inflammation and associated indices as predictors of clinical outcomes in prostate cancer. ® Chronic inflammation, char-
acterized by sustained production of inflammatory mediators, uninterrupted immune cell infiltration and activation in the prostate tumor
microenvironment (For details: see Figure 2), results in @ immune spillover (outflow) of pro-inflammatory mediators and immune cells into
the systemic circulation, amplifying inflammation throughout the body. ® Various systemic inflammation indices, such as ANC, BLR, MLR,
NLR, PLR, SII, and SIRIL, have been established to monitor the extent of inflammation. ® High ANC and BLR are associated with a poor OS, a
high MLR is related to increased disease risk, a high NLR predicts poor OS, PFS, and RFS, a high PLR is linked to poor OS and DFS, a high SII
is associated with disease risk, progression, advanced disease stage, and poor OS and PFS, and a high SIRI predicts a poor OS, DSS, and RFS
in prostate cancer patients. ANC, absolute neutrophil counts; BLR, basophil-to-lymphocyte ratio; DFS, disease-free survival; DSS, disease-spe-
cific survival; MLR, monocyte-to-lymphocyte ratio; NLR, neutrophil-lymphocyte ratio; OS, overall survival; PFS, progression-free survival; PLR,
platelet-lymphocyte ratio; RFS, recurrence-free survival; SII, systemic immune-inflammation index; SIRI, systemic inflammation response index.

another important biomarker that has been linked to reduced

disease-free and overall survival®®. Elevated basophil counts

and a higher basophil-to-lymphocyte ratio (BLR) also corre-

late with poor outcomes, such as overall survival, in metastatic

hormone-sensitive prostate cancer!?’. Additionally, absolute

neutrophil counts (ANCs) have been shown to be a prognostic

factor for overall survival in patients with localized disease!°!.

Combined analysis of multiple systemic inflammatory indices
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has also expanded our understanding of the role of inflamma-
tion in prostate cancer. For example, a study examining the
relationship between systemic inflammation indices [NLR,
PLR, SII, and the systemic inflammation response index
(SIRI)] and prostate cancer survival in 680 individuals found
that NLR, SII, and SIRI, but not PLR, are significantly associ-
ated with all-cause and prostate cancer-specific mortality, sug-
gesting that these indices may serve as valuable predictors of
clinical outcomes in prostate cancer patients'%2. Another study
found that a high preoperative SII and NLR are significantly
associated with shorter recurrence-free survival after radical
prostatectomy in patients with localized disease. In addition,
a high SII was shown to be correlated with worse pathologic
outcomes, including higher Gleason scores and pathologic
T stages'®. Overall, these findings underscore the crucial link
of systemic inflammation with tumor progression, metastatic
spread, and clinical outcomes in prostate cancer patients.
Although the above-mentioned systemic inflammation indi-
ces offer accessible prognostic information, certain limitations
hinder widespread applications, as follows: (i) These indices
exhibit significant variability across populations. Specifically,
normal NLR values in healthy adults may range from approx-
imately 0.8-3.5, influenced by age, gender, and ethnicity!%.
Studies often determine cut-off value retrospectively within
single cohorts, resulting in heterogeneous thresholds that limit
cross-study comparability”>°4. (ii) Co-morbid conditions and
concurrent medications (chronic infections, autoimmune dis-
eases, cardiovascular disorders, or use of corticosteroids and
other drugs) can independently alter neutrophil, lymphocyte,
or platelet counts of tumor-related inflammation and con-
found interpretation!?>1%. (iii) Timing and pre-analytical fac-
tors affect reliability because blood sampling at different times
(fasting vs. non-fasting and pre- or post-treatment), varying
laboratory protocols, and diurnal fluctuations introduce meas-
urement variability!?”:198, Most studies rely on single baseline
measurements, which cannot capture dynamic changes dur-
ing therapy. Serial monitoring may reveal prognostic trends
beyond baseline values. (iv) Study heterogeneity and design
bias weaken evidence. Retrospective, single-center cohorts
with mixed disease stages and treatments may obscure con-
text-specific utility!®. (v) These indices lack specificity for
inflammatory pathways because the indices do not directly
measure cytokines or acute-phase proteins'!?. Combining
NLR, PLR, and SII with more specific biomarkers (e.g.,
cytokine panels and exosomal miRNAs) and validating in

prospective, multi-center studies with standardized protocols,
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predefined cut-off values, serial sampling, and adjustment for
confounders are essential to confirm robustness and gener-
alizability. Only through such rigorous evaluation can these
inexpensive indices be reliably integrated into clinical deci-

sion-making for prostate cancer.

Adipose-prostate interplay drives
systemic inflammation in prostate
cancer

Adipose tissue, both surrounding tumors and in proximity to
organs harboring tumors, has a crucial and distinctive role in
tumor initiation and progression. Tumor cells and adipocytes
release various signals, including proteins and small mole-
cules, that modulate the TME!!1112, Prostate cancer treatment
often involves chemotherapy, which can significantly alter
adipose tissue composition and distribution throughout the
body!!3. In addition, the peri-prostatic adipose tissue has been
shown to increase in patients with CRPC!!4, indicating that
adverse disease progression may lead to changes in adiposity.
Similarly, a strong correlation between increased abdominal
adipose tissue and disease recurrence after radical prostatec-
tomy has also been established!!>. The number of macrophages
within adipose tissue is often significantly increased in obese
patients, thereby contributing to chronic inflammation in the
local environment!!®. This inflammatory process is initiated
by reduced levels of adiponectin, which leads to adipocyte
death, consequently activating macrophages in the adipose
tissue. These macrophages then adopt a pro-inflammatory
phenotype!!”. This polarization shift in macrophages triggers
the recruitment of monocyte progenitor cells from the bone
marrow, thereby further amplifying the macrophage popula-
tion. Subsequently, pro-inflammatory cytokines are secreted
by these macrophages, initiating chronic inflammation within
the obese adipose tissue, eventually leading to systemic inflam-
mation!!8. Specifically, high body fat content in obese patients
is also linked to increased serum IL-6 levels involved in IL-4
activation and macrophage polarization, which promotes

systemic inflammation!!.

Chronic inflammation within
the adipose tissue, such as observed in obese patients, could
potentially contribute to the development of an aggressive
TME in prostate cancer!'>120, Tumor cells secrete cytokines
and chemokines that attract adipose stromal cells into the
TME. Conversely, adipocytes secrete adipokines that contrib-

ute to the development of TME. For example, CXCL1, CXCL2,
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and CXCL3 from the tumor cells, act as chemoattractants for
white adipose tissue, stimulating the release of adipose stromal
cells'?1122, Elevated CXCL1 expression in prostate cancer epi-
thelial cells facilitate the migration of these adipocytes toward
the TME!2l. Conversely, cancer cells can activate lipolysis in
adipose tissue, further supporting tumor growth. A group
of fatty acid binding protein (FABP) genes have been shown
to be significantly upregulated in metastatic prostate cancer

samples!??

, reinforcing the notion that fatty acid metabolism
is crucial during metastatic spread of the disease. Overall, the
dynamic interaction between the prostate tumor and adipose
tissue offers numerous opportunities to explore how secreted

proteins, whether produced locally in the vicinity of the tumor
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or in distant sites, may influence systemic inflammation,
ultimately contributing to tumor progression, resistance to

therapy, and metastasis (Figure 4).

Systemic inflammation drives
resistance to therapy and metastasis
in prostate cancer

Prostate cancer can become androgen-independent in
advanced stages. This form of prostate cancer often has a
poor prognosis and exhibits strong resistance to therapy,

resulting in treatment failure and tumor recurrence!®!l.
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Figure 4 Adipose-prostate interplay drives systemic inflammation in prostate cancer. Disease aggressiveness and age-related adiposity/

obesity induce profound changes in peri-prostate and abdominal adipose tissue, leading to an interplay between prostate cancer cells

and adipocytes, which results in increased recruitment of immune cells. © Cancer cells secrete CXCLs to recruit adipose progenitor cells to

tumor microenvironment and promote lipolysis in adipocytes to facilitate tumor growth. @ Reduced adiponectin in expanding adipose tissue

leads to adipocyte death, resulting in recruitment of macrophages and other immune cell, driving chronic inflammation through release of

pro-inflammatory cytokines. ® These events contribute to systemic inflammation over time, resulting in tumor progression, resistance to ther-

apy, and metastasis in prostate cancer. APCs, adipose progenitor cells; CXCLs, C-X-C motif chemokine ligands (chemoattractants).
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Androgen deprivation therapy involves inflammatory path-
ways that aid the transition to androgen-independent CRPC
(Figure 5). For example, the pro-inflammatory cytokine, IL-1,
suppresses androgen receptor activity, facilitating the pro-

124

gression to androgen-independent forms of the disease!**. In

addition, prostate cancer cells with constitutive IL-6 expres-
sion exhibit reduced sensitivity to androgen depletion'?*.
Prostate tumors resistant to androgen deprivation therapy
or the anti-androgen, enzalutamide, inhibit the IL-6/STAT3
pathway in which treatment sensitivity is restored, suggesting
that combining androgen deprivation therapy with IL-6 antag-
onists could be a promising strategy to overcome resistance!2°.

Additionally, high IL-8 expression in the prostate TME corre-

lates with the loss of androgen receptor and more aggressive
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release IL-23 that indirectly activate the androgen receptor in
cancer cells, promoting survival under androgen deprivation
conditions and ultimately contributing to the development of
CRPC. Therefore, targeting IL-23 could potentially counter-
act resistance to androgen deprivation therapy with anti-IL-23
antibodies emerging as a promising treatment for CRPC!?%.
TGF-p signaling also drives androgen independence in pros-
tate cancer. Animal models with dominant-negative TGF-f3
type II receptors exhibit reduced apoptosis and increased
cell proliferation following androgen deprivation therapy'?.
Taxanes, including docetaxel and cabazitaxel, remain stand-
ard treatment for advanced stage metastatic CRPC. However,
these therapies may elevate the levels of inflammatory
cytokines, such as IL-4 and IL-6, in patients with CRPC, which
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disease'#’. Furthermore, myeloid-derived suppressor cells may confer therapy resistance!®®. TGF-B confers resistance to

—» : Positive regulation
— : Inhibition

e | @
);

Immune cells
priming the niche

CCL2, CSF-1,

ival i PDGF, TGF-B,

S_urvwa! M TNF-g, VEGF
circulation

Survival and Migration
immune evasion Extravasation

® ceLat, I,
EMT EaE. ceL2, IL1B, 1L,

: e IL-8, TNF-a
m@ Invasion
IL-1, IL-6, IL-8, Colonization
CCL2,IL-6 TGF-B, TNF-a

Figure 5 Systemic inflammation drives resistance to therapy and metastasis in prostate cancer. ® Chronic inflammation in the prostate
tumor microenvironment, orchestrated by infiltration of innate and adaptive immune cells, and release of a plethora of chemoattractants and
inflammatory cytokines (For details: see Figure 2), promote cancer cell survival, and aid in immune evasion through inflammatory mediators,
e.g., CCL2 and IL-6. @ Chronic inflammation also confers therapy resistance driven by inflammatory mediators, e.g., CCL2, IL-1, IL-6, IL-8, IL-23,
TGF-B, and TNF-a.. ® Overtime, localized and systemic inflammation facilitates cancer cells to undergo EMT, where inflammatory mediators
(e.g., IL-1,IL-6, IL-8, TGF-B, and TNF-a) actively contribute to the process. ® Localized and systemic inflammation also promote migration and
invasion of cancer cells into the systemic circulation as promoted by inflammatory mediators (e.g., CCL2, IL-1, IL-6, IL-8, TGF-B, and TNF-a). ®
Systemic inflammatory mediators, such as CCL2, CSF1, PDGF, TGF-B, TNF-a, and VEGF, released by immune cells prime the distant metastatic
site. ® Finally, systemic inflammatory mediators (e.g., CCL2, IL-1B, IL6, IL-8, and TNF-a) aid the surviving circulating tumor cells to extravasate
and colonize in the primed niches to develop metastatic tumors. CCLs (CCL2 and CCL21), chemokine (C-C motif) ligands; CSF-1, colony stim-
ulation factor-1; EMT, epithelial-to-mesenchymal transition; ILs (IL-1, IL-6, IL-8, and IL-23), interleukins; PDGF, platelet-derived growth factor;
TGF-B, transforming growth factor-beta; TNF-o, tumor necrosis factor-alpha; VEGF, vascular endothelial growth factor.
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taxane-based therapy with studies showing that prostate can-
cer cells exposed to docetaxel exhibit enhanced survival when
grown in the presence of TGF-B1'3!. However, the complex
and multifaceted roles of TGF-f in cancer progression present
significant challenges for targeting in novel therapies. CCL2,
a chemoattractant for macrophages, also promotes resistance
to chemotherapy because inhibiting CCL2 enhances prostate
cancer cell sensitivity to docetaxel, while overexpressing CCL2
leads to increased cell proliferation via PI3K/AKT survival
pathway and suppression of apoptotic proteins, like Bcl2!132,
Notably, combining docetaxel with CCL2-neutralizing anti-
bodies has been shown to limit the development of metastatic
bone lesions in vivo'*. Hence, inhibiting CCL2 is a promising
strategy to curtail chemotherapy resistance in prostate cancer.
Radiotherapy is frequently administered for localized prostate
cancer treatment but resistance to radiation poses a significant
challenge!®*. Elevated reactive oxygen species and enhanced
DNA repair contribute to radioresistance in prostate cancer
cell, aiding prostate cancer cells to evade therapy. Clinical
studies have shown varying levels of radiosensitivity in pros-
tate cancer based on tumor heterogeneity and influenced by
the TME, inflammation, and cancer stem cells that contrib-
ute to radioresistance!?>. In summary, systemic inflammation
is integral to driving therapy resistance in prostate cancer,
influencing androgen deprivation therapy, chemotherapy, and
radiotherapy. Hence, targeting key inflammatory pathways
holds promise for overcoming resistance and improving treat-
ment outcomes for advanced prostate cancer and CRPC.
Prostate cancer predominantly metastasizes to bones.
Patients with localized prostate cancer have a 5-year survival
rate of 99%. However, this survival rate drops sharply to 30%
for patients with metastatic disease'*. Inflammatory cytokines
are key factors in promoting various stages of the metastatic
cascade, including EMT, migration and invasion, and survival
in the circulation and colonization (Figure 5)'3¢. During EMT,
tumor cells acquire more invasive characteristics, losing the cell-
cell junctions and detaching from the ECM. Once detached,
these cells are vulnerable to anoikis, an anchorage-independent
cell death mechanism. However, tumor cells that gain resist-
ance to anoikis are able to survive and migrate freely through
the bloodstream, facilitating metastasis. This process not only
aids in the spread of cancer but also contributes to resistance to
therapy, metastasis, and ultimately increased mortality in pros-

137 Immune cells within the TME release

tate cancer patients
pro-inflammatory signals, activate NF-«B signaling, and induce

EMT in cancer cells by upregulating proteins, like Snail, Zebl,
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and Twist'*%. The pro-inflammatory cytokine, IL-6, can acti-
vate STAT?3 signaling, which in turn increases the expression
of pro-survival genes, like survivin, Bcl2, and cyclin D'2°. CCL2
has a pivotal role in cancer metastasis by promoting the infiltra-
tion of TAMs, which in turn assist with immune evasion and
angiogenesis'*. TNF-o promotes tumor cell migration, specifi-
cally toward the lymph nodes, by inducing interactions between
CCR7 and CCL21 and promoting chemotaxis through lym-
phatic tissues'*?. TGF-B has a multifaceted role in prostate can-
cer by regulating EMT, migration, and invasion. However, loss
of TGF-p signaling has been shown to accelerate disease pro-
gression and metastasis in transgenic mouse models, indicating
dual tumor promoting and inhibitory roles!!. Ultimately, this
vicious cycle regulating pro-inflammatory cytokines creates a
pro-metastatic environment, driving metastasis in prostate can-
cer. Metastasis is no longer viewed solely as a late-stage event in
cancer. Primary tumors can prime distant sites for metastasis by
forming pre-metastatic niches. Bone marrow endothelial cells
recruit prostate cancer cells by expressing CCL2. Additionally,
CCL2 induces the rearrangement of actin filaments in cancer
cells, which facilitates invasive behavior'*2. In vitro studies have
confirmed that IL-6 treatment reduces adhesion and promotes
motility and migration in prostate cancer cells'*3. Macrophages
are recruited to pre-metastatic regions by factors, like TNF-a.,
CCL2, colony-stimulating factor 1 (CSF-1), platelet-derived
growth factor (PDGF), TGF-3, and VEGE and ultimately aids
in developing inflammatory metastatic niches!*4!%°. During the
process of colonization, the TGF-B-rich bone microenviron-
ment facilitates the interaction between osteoblasts and colo-
nizing tumor cells'¥®. Cancer cells in the bone release a range
of inflammatory factors, including IL-6, IL-8, TNF-a, and
CCL2. These factors promote immune evasion and interfere
with normal processes, like bone formation and resorption!®.
Overall, localized and systemic inflammation in prostate can-
cer enhances tumor cell survival, drives metastasis, remodels
the bone microenvironment, promotes disease progression, and

culminates in poor patient outcomes.

Treatments of inflammation in
prostate cancer

Based on the role of inflammation in prostate cancer, tar-
geting local and systemic inflammation presents a promis-
ing approach for preventing prostate cancer and reducing

progression and mortality. Anti-inflammatory agents,
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including aspirin and statins, have shown promising benefits.
For example, regular use of aspirin has been linked to a reduced
risk of prostate cancer development. In addition, lower pros-
tate cancer-specific and all-cause mortality has been observed
in patients who began using aspirin after diagnosis'*. In con-
trast, atorvastatin treatment prior to radical prostatectomy in
prostate cancer patients showed that statin treatment, espe-
cially in patients with high-grade disease, is associated with
lower levels of inflammation in prostate tumors'®. At the
molecular level, aspirin irreversibly inhibits COX-1/COX-2,
reduces PGE, synthesis, blocks NF-«B activation, and mod-
ulates platelet—tumor interactions, which in turn can decrease
inflammatory cytokine release and tumor growth!>’. Statins
inhibit HMG-CoA reductase and lowers cholesterol and iso-
prenoid intermediates required for prenylation of signaling
proteins, which reduces the expression of inflammatory medi-
ators'®!. Notably, use of aspirin has been associated with low
expression of the Treg marker, FoxP3, and use of statins has
been linked to lower CD68 macrophage marker expression in
benign prostate tissue from the control group of the Prostate
Cancer Prevention Trial'>2. These mechanistic insights sup-
port clinical strategies, such as low-dose aspirin or statin
use with androgen deprivation therapy or immunotherapy.
Biomarkers, like COX-2 expression, PGE, level, or systemic
inflammation indices (e.g., NLR and SII), can be utilized to
guide patient selection and monitor the therapeutic response.
Hence, future prospective studies should incorporate inflam-
matory biomarker endpoints to validate these translational
approaches, which may enhance therapeutic efficacy, delay
or overcome resistance, and establish the clinical fate of these
therapies, ultimately improving clinical outcomes in prostate
cancer patients.

Immunotherapy harnesses the immune system to target
and eliminate cancer cells with active and passive strategies.
Active immunotherapy includes the development of vac-
cines that stimulate the adaptive immune response through
antigen presentation and checkpoint inhibition, while pas-
sive immunotherapy entails monoclonal antibodies targeting
tumor-associated and -specific antigens!'>. Viral vector-based
vaccines use oncolytic virus vectors that infect tumor cells,
inducing tumor cell death while simultaneously stimulating
antigen-presenting cells, which then produce tumor-associ-
ated antigens that trigger a T-cell response!>. One example
is a recombinant poxvirus vaccine that contains a PSA trans-
gene combined with a human leukocyte antigen-A2 (HLA-A2)

epitope to improve immune activation through co-stimulatory
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molecules, such as intercellular adhesion molecule 1 (ICAM-1/
CD54), lymphocyte function-associated antigen 3 (LFA-3/
CD58), and B7-1 (CD80)!5>156, However, a clinical study did
not show any significant clinical in benefits in prostate cancer
patients'>’. Hence, further research is warranted in the devel-
opment of potent and cost-effective vaccine-based treatments
against prostate cancer.

In addition to utilizing vaccines, immune checkpoint inhi-
bition is another potent active immunotherapy strategy used
in prostate cancer. Immune checkpoint inhibitors block pro-
teins, such as programmed death 1 (PD-1), PD-L1, and cyto-
toxic T-lymphocyte-associated protein 4 (CTLA-4), which
normally aid cancer cells in immune evasion. Although check-
point inhibitors have been successful in other cancers, the
effect on prostate cancer has been more limited'®. Clinical
trials involving anti-PD-1, pembrolizumab, anti-CTLA4, and
ipilimumab have been conducted for advanced prostate cancer.
For example, four patients exhibited partial responses follow-
ing pembrolizumab treatment, whereas eight patients showed
stable disease in the KEYNOTE-028 trial with 23 patients hav-
ing advanced prostate cancer!*. Notably, pembrolizumab has
been approved for prostate cancer patients with high micro-
satellite instability or mCRPC patients with deficient mismatch
repair. In contrast, use of ipilimumab as first-line treatment for
chemotherapy-naive mCRPC patients did not demonstrate a
favorable improvement in overall survival. However, progres-
sion-free survival and PSA responses were clearly improved!®.
Synergistic effects have been observed when combining
anti-PD-1/PD-L1 therapies with anti-CTLA-4 agents, showing
positive outcomes in different cancer types. However, current
clinical guidelines only recommend anti-PD-1 therapy for
prostate cancer!®!. Alternatively, a promising passive immuno-
therapeutic strategy is chimeric antigen receptor T-cell therapy
that modifies T cells to specifically target cancer cell anti-
gens, like prostate-specific membrane antigen (PSMA). This
technique is under investigation for use in treating advanced
prostate cancer'®2. Hence, immunotherapy in prostate cancer
remains an area of active investigation.

Prostate cancer exhibits an immunosuppressive microen-
vironment that is driven by components, such as Tregs and
TGE-. Despite the expression of tumor markers by prostate
cancer cells, such as PSA and PSMA!®%, the immunosuppres-
sive TME hinders the full potential of immunotherapy. Because
both CD8+ T-cells and Tregs may increase in response to
androgen deprivation therapy, active eradication CD8+ T-cells

and Tregs may enhance the immunogenicity of neoadjuvant
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therapy!®*. Genetic alterations, such as mutations in cyclin-de-
pendent kinase-12 (CDK-12), have been linked to increased
sensitivity to immunotherapy'®>. Androgen receptor splice
variant 7 has been shown to influence DNA repair genes,
potentially making prostate cancer more responsive to immune
checkpoint inhibition!®®1¢”. Olaparib, a PARP inhibitor, has
been shown to boost natural killer cell sensitivity in prostate
cancer!'®®. PARP inhibition may modulate inflammatory sig-
naling within the TME and influence systemic inflammation
because PARP1 is a known co-regulator of NF-kB-driven tran-
scription of pro-inflammatory mediators!®170, Recent phase 3
randomized trials of PARP inhibitor combinations in prostate
cancer, such as PROpel (olaparib + abiraterone in first-line
mCRPC)!'7!, MAGNITUDE (niraparib + abiraterone in HRR-
altered mCRPC)'72, and AMPLITUDE (niraparib + abirater-
one in HRR-altered mCSPC)!73, have demonstrated efficacy in
prolonging radiographic progression-free survival and shown
trends toward overall survival benefit. Unfortunately, these
trials primarily focused on clinical endpoints. Future correl-
ative analyses within such trials should include measurement
of systemic inflammation indices (e.g., circulating cytokine
panels and NLR and SII changes) and TME immune profil-
ing before and after PARP inhibitor treatment. This approach
could clarify how modulation of inflammatory pathways by
PARP inhibitors contributes to therapeutic benefit and might
identify biomarker-defined subgroups with enhanced sen-
sitivity to combination strategies involving PARP inhibition
and immunomodulation. Finally, combining anti-angiogenic
agents with immune checkpoint inhibitors has exhibited
immunomodulatory effects, thereby improving responses to
immunotherapy!’4. However, clinical pursuits are still lagging
in this area. Early-phase studies combining the multi-kinase
inhibitor, cabozantinib, with nivolumab have shown manage-
able safety!”>, whereas the phase III CALGB-90401 trial com-
bining bevacizumab and docetaxel did not improve overall
survival in prostate cancer patients!’®. Hence, key questions
persist regarding which patient subgroups may benefit most
from these therapies and how treatment strategies and proto-
cols can be optimized for better outcomes. Further research is
warranted to clarify these findings and enhance the therapeu-

tic efficacy of immunotherapy in prostate cancer.
Conclusions and future prospect

Inflammation is pivotal to prostate cancer progression by

remodeling the TME and influencing systemic disease

895

dynamics. The interplay between tumor cells, immune cells, and
soluble factors within the TME perpetuates chronic inflamma-
tion, drives tumor progression, and facilitates immune evasion,
the EMT, and metastasis. This localized inflammatory response
eventually transitions to systemic inflammation, correlating
with disease severity and poor clinical outcomes. Interactions
between prostate and adipose tissues further amplify systemic
inflammation, contributing to resistance to therapy, metastatic
niche formation, and cancer spread. Anti-inflammatory agents
and immunotherapies present promising opportunities to mit-
igate the inflammatory burden and improve patient outcomes.

Given the pivotal role of systemic inflammation in pros-
tate cancer progression, resistance to therapy, and metasta-
sis, several actionable hypotheses can guide future research
and therapeutic development. Serial monitoring of systemic
inflammation biomarkers could serve as dynamic indicators
of treatment response, enabling more precise and personal-
ized treatment selection. A prospective cohort study could be
designed to evaluate how changes in these biomarkers cor-
relate with resistance to therapy, progression-free survival,
and metastasis, thereby facilitating personalized adjustments
to treatment regimens. In addition, the interplay between
adipose tissue and prostate cancer-induced inflammation
presents an emerging avenue for intervention. Modulating
adipose inflammation through lifestyle interventions, such as
anti-inflammatory diets or regular physical activity, or through
pharmacologic agents, could reduce systemic inflammation
and potentially reverse resistance to therapy while limiting
metastatic spread!””. Preclinical studies using obese animal
models or adipose tissue modulation are already revealing
the mechanisms underlying these effects, while clinical trials
are warranted to evaluate the impact of lifestyle modifica-
tions on inflammatory biomarkers and therapeutic responses.
Longitudinal studies may also help assess the long-term impact
of lifestyle modifications and combined therapeutic strate-
gies. Furthermore, directly targeting inflammatory cytokines,
including IL-6, IL-1, and TNF-q,, could be a promising strat-
egy to overcome therapy resistance and improve treatment
outcomes. Clinical trials combining standard therapies with
anti-inflammatory agents or integrating immunotherapy with
anti-inflammatory treatments may enhance therapeutic effi-
cacy by mitigating immune evasion mechanisms induced by
systemic inflammation. Finally, the development of person-
alized treatment strategies based on individual inflamma-
tory profiles could optimize therapy efficacy. Future research

should focus on integrating multi-omics approaches'”® to
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unravel the molecular underpinnings of inflammation in
prostate cancer and identify predictive biomarkers for person-
alized treatment. Meanwhile, multi-center clinical trials focus-
ing on tailored treatments based on inflammatory biomarkers
could provide valuable insights into how these profiles influ-
ence clinical outcomes, particularly in patients with varying
degrees of systemic inflammation. Collectively, these ave-
nues present a comprehensive approach to targeting systemic
inflammation, ultimately improving survival and quality of life

in prostate cancer patients.
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