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Highlights
What are the main findings?

e Aging reshapes the prostate tumor microenvironment through cellular senescence, chronic
inflammation, immune remodeling, stromal dysfunction, vascular aging, and metabolic stress.

e  Senescence-associated secretory programs and immune-aging networks may create an
inflammaging niche that influences prostate cancer progression, immune evasion, and therapy
response.

What are the implications of the main findings?

¢ Inflammaging should be considered an active biological context for prostate cancer progression,
not merely a consequence of chronological aging.

e Age-appropriate models, biological-aging biomarkers, spatial profiling, and multi-omics
approaches are needed to define and therapeutically target inflammaging-associated prostate
cancer.

Abstract

Prostate cancer is strongly associated with aging, but the biological mechanisms linking aging to
tumor progression remain incompletely defined. Beyond accumulated genetic alterations, aging
reshapes the prostate tissue microenvironment through cellular senescence, chronic low-grade
inflammation, immune dysfunction, stromal remodeling, metabolic stress, and impaired tissue
repair. These processes contribute to inflammaging, a persistent inflammatory state that may create
a permissive microenvironment for prostate tumor initiation, progression, immune evasion, and
treatment resistance. Senescent epithelial and stromal cells can secrete cytokines, chemokines, growth
factors, matrix-remodeling enzymes, and extracellular vesicles through the senescence-associated
secretory phenotype (SASP). In parallel, immune aging alters T-cell subsets, myeloid cells,
macrophages, and other immune populations, affecting anti-tumor surveillance and tumor-
promoting inflammation. This review summarizes current knowledge of cellular senescence and
inflammaging in prostate cancer, with emphasis on SASP, Th17/Treg imbalance, IL-17/IL-23-related
inflammatory signaling, myeloid remodeling, stromal aging, metabolic stress, and immune-stromal-
epithelial crosstalk. We also discuss how aging-associated inflammatory networks may influence
tumor progression, therapeutic response, and emerging opportunities for cytokine modulation,
senescence-directed therapy, metabolic intervention, and biomarker-guided approaches.
Understanding the aging prostate microenvironment may reveal new strategies to prevent or delay
aggressive prostate cancer progression in older men.

Keywords: prostate cancer; aging; inflammaging; cellular senescence; senescence-associated
secretory phenotype; tumor microenvironment; immune aging; Th17/Treg balance; IL-17/IL-23 axis;
metabolic inflammation
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1. Introduction: Aging as an Active Biological Context for Prostate Cancer

Prostate cancer is one of the most common malignancies in men and is strongly associated with
aging. Although this relationship has traditionally been attributed to the gradual accumulation of
genetic and epigenetic alterations over time, it is increasingly clear that aging also changes the
biological context in which prostate cancer develops. The aged prostate is not simply an older version
of young tissue. Rather, it is characterized by altered epithelial homeostasis, stromal remodeling,
chronic inflammatory signaling, immune dysfunction, metabolic stress, vascular changes, and
impaired tissue repair. These age-associated alterations may influence tumor initiation, local
progression, immune escape, therapeutic response, and the emergence of aggressive disease [1-7].

A key feature of biological aging is chronic, low-grade inflammation, commonly referred to as
inflammaging. Inflammaging is driven by multiple cellular and systemic stressors, including cellular
senescence, mitochondrial dysfunction, oxidative stress, endogenous danger signals, altered
immune-cell composition, metabolic imbalance, and impaired resolution of inflammation. Unlike
acute inflammation, which is typically transient and protective, inflammaging is persistent and can
gradually remodel tissue structure and function. In the prostate, this chronic inflammatory state may
create a permissive microenvironment for tumor development and progression by altering the
behavior of epithelial cells, stromal fibroblasts, endothelial cells, immune cells, and extracellular
matrix (ECM) components [8-11].

Cellular senescence is one of the major biological processes linking aging to chronic tissue
inflammation [12-14]. Senescent cells undergo stable growth arrest in response to stressors such as
telomere dysfunction, DNA damage, oncogene activation, oxidative stress, and therapy-induced
injury [13,15-18]. While senescence can prevent the proliferation of damaged cells and thereby
function as an important tumor-suppressive mechanism, senescent cells remain metabolically active
and can secrete a broad spectrum of inflammatory and tissue-remodeling factors. This secretory
program, known as the senescence-associated secretory phenotype (SASP), includes cytokines,
chemokines, growth factors, proteases, ECM-modifying enzymes, and extracellular vesicles [15,19—
23]. Persistent accumulation of senescent cells with age may therefore shift senescence from a
protective response toward a chronic inflammatory and tumor-supportive process.

The aging immune system further contributes to inflammaging in the prostate tumor
microenvironment. Aging is associated with reduced naive T-cell diversity, accumulation of memory
and exhausted T-cell populations, altered regulatory T-cell activity, myeloid skewing, impaired
antigen presentation, and increased production of inflammatory cytokines [24-28]. These immune
changes may weaken anti-tumor surveillance while increasing tumor-promoting inflammation. In
prostate cancer, inflammatory immune circuits involving myeloid cells, macrophages, T-cell subsets,
and stromal cells may support angiogenesis, matrix remodeling, immune suppression, and resistance
to therapy [29-38]. Among adaptive immune populations, changes in T-helper cell balance, including
Th17/Treg-associated inflammation, are particularly relevant because these cells can regulate
epithelial and stromal responses through cytokine networks [39-53].

The IL-17/IL-23 axis represents one important inflammatory pathway that may connect immune
aging to prostate cancer biology. IL-17 family cytokines can activate NF-xB, STAT3, chemokine
expression, and tissue-remodeling programs in epithelial, stromal, endothelial, and immune cells. IL-
23, produced primarily by myeloid and antigen-presenting cells, supports the maintenance of Th17-
associated inflammatory responses. Together, IL-17- and IL-23-related signaling can sustain chronic
inflammatory loops within tissues. In prostate cancer, these pathways may contribute to tumor-
promoting inflammation, altered immune-cell recruitment, stromal remodeling, and disease
progression. However, the biological effects of Th17-associated inflammation are context dependent
and may vary according to tumor stage, tissue environment, immune composition, and treatment
status [39-46,54].

In addition to immune-cell remodeling, stromal aging and metabolic stress are important
components of the aging prostate microenvironment [29,30,55-57]. Aging fibroblasts and senescent
stromal cells can produce inflammatory mediators, ECM proteins, matrix metalloproteinases
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(MMPs), and growth factors that alter epithelial behavior and tissue architecture [58-60]. Age-
associated vascular dysfunction may affect hypoxia, nutrient delivery, Immune-cell trafficking, and
angiogenesis [61-66]. Metabolic changes, including mitochondrial dysfunction, oxidative stress,
obesity-associated inflammation, insulin resistance, and lipid dysregulation, can further amplify
inflammatory signaling [67-75]. These stromal and metabolic alterations may cooperate with
immune aging to generate a tissue environment that supports tumor progression and therapeutic
resistance [28,29,67-71].

Importantly, aging-associated inflammation does not act through a single cell type or pathway.
Instead, it reflects multicellular crosstalk among epithelial cells, immune cells, fibroblasts, endothelial
cells, adipose-associated signals, ECM components, and systemic metabolic factors. This complexity
has important implications for prostate cancer research. Many preclinical studies rely on young
animal models, which may not accurately represent the aged tissue and immune environments in
which human prostate cancer most commonly arises. Age-defined and temporally controlled
prostate cancer models, including controlled Pten-knockout systems, provide a more relevant
approach for studying how host age affects tumor initiation and progression [76-78]. Similarly,
clinical studies that treat age as a simple demographic variable may overlook important biological
differences among patients with distinct inflammatory, immune, senescent, and metabolic aging
states.

This review summarizes current knowledge of cellular senescence and inflammaging in prostate
cancer, with a focus on the aging tumor microenvironment, immune remodeling, stromal
dysfunction, metabolic stress, and therapeutic implications. We discuss SASP programs, immune
aging, Th17/Treg imbalance, IL-17/IL-23-related inflammation, myeloid remodeling, ECM
remodeling, and metabolic inflammatory signaling. We also highlight how these aging-associated
processes may influence prostate cancer progression, immune evasion, and response to therapy.
Finally, we discuss emerging opportunities to target inflammaging using cytokine modulation,
senescence-directed approaches, metabolic intervention, and biomarker-guided strategies. By
focusing on aging as an active biological process rather than a passive clinical variable, this review
aims to provide a framework for understanding how the aged prostate microenvironment
contributes to prostate cancer progression and how this knowledge may inform future therapeutic
development [1,5,6,8,28,29] (Figure 1).

[Aging-associated cellular stress] —f Chronic inflammaging niche —p [Prostate cancer consequences]
\ #* Senescent i
VALY :. st Healthy  cpitheimiclls o oS O S
DNA damage I
el ® 3
P ,/ Oxidative stress = s 5 2
ETTDs  Mitochondria Smesen 7 omararon N L
SE= L(d dysfunction aromal SASP \\ 7
‘/ ;C < * '8 % .-
e ~ (@ o s : J
28> & ) |— 2 - e g, v N
) s associated Macroph< med'a‘ofs L °coLaiexel Thew
Cellular @Z@ fibroblasts ' chemokines TGF-B Stromal
senescence Myeloid- a0 {8 MMPs _ Rros :
Metabolic stress Suppressay L\. . @ ( ‘)’@\ o remodeling
e o == il Lipid/
{ :o.o ‘\ Th17" Tregs Exhauéd\* metabolic V)
e = 7 ] CD8* T cells stross {
hiinflammatory: [ | @00\ __ | __ [ 1 /
cyxokmesry T b 4
4 + < = Endothelial cells g
0besn}y—§ssomat€d Impaired tissue R T T e e ey e e e Therapy Disease
systemic inflammation repair resistance progression

Figure 1. Cellular senescence and inflammaging reshape the aging prostate tumor microenvironment. Aging-
associated cellular stress, including DNA damage, oxidative stress, mitochondrial dysfunction, metabolic stress,
obesity-associated systemic inflammation, and impaired tissue repair, promotes cellular senescence and chronic
inflammation. Senescent epithelial and stromal cells release SASP factors that interact with immune cells,
myeloid suppressor cells, fibroblasts, endothelial cells, and soluble mediators, including IL-6, IL-17, IL-23, TNF-
o, ROS, chemokines, and MMPs. Together with ECM remodeling and metabolic imbalance, these signals create
an inflammaging niche that may support prostate tumor growth, local invasion, stromal remodeling, immune

evasion, therapy resistance, and disease progression. Selected key references: [8,13,14,20,24-29,67,74].
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2. Cellular Senescence in the Aging Prostate Microenvironment

2.1. Biological Features of Cellular Senescence

Cellular senescence is a stress-associated cell state characterized by stable proliferative arrest,
altered metabolism, resistance to apoptosis, chromatin remodeling, and acquisition of a complex
secretory phenotype. Senescence can be triggered by multiple intrinsic and extrinsic stressors,
including telomere shortening, DNA damage, oncogene activation, oxidative stress, mitochondrial
dysfunction, epigenetic disruption, inflammatory signaling, and therapeutic injury [13,14,16-18]. In
young or acutely injured tissues, senescence can serve beneficial functions by preventing the
expansion of damaged cells, limiting malignant transformation, promoting wound healing, and
facilitating immune-mediated clearance of abnormal cells. However, with aging, senescent cells may
accumulate because of persistent tissue stress and declining immune clearance. This accumulation
can contribute to chronic inflammation, altered tissue architecture, and impaired regenerative
capacity.

Senescent cells are commonly associated with activation of the p53-p21°" and p16Nk4-RB
tumor suppressor pathways, which enforce cell-cycle arrest through inhibition of cyclin-dependent
kinase activity and suppression of E2F-dependent transcription [13,15,18,21,79,80]. These pathways
are not mutually exclusive and may be activated to different degrees depending on the inducing
stress, cell type, and tissue context. In addition to growth arrest, senescent cells often display
persistent DNA damage response signaling, increased lysosomal activity, senescence-associated [3-
galactosidase activity, altered mitochondrial function, increased reactive oxygen species (ROS),
changes in nuclear morphology, and formation of senescence-associated heterochromatin foci.
Because no single marker universally defines senescence across all tissues and disease states, rigorous
identification typically requires multiple complementary markers and functional evidence.

In the prostate, cellular senescence is particularly relevant because the gland undergoes lifelong
hormonal regulation, repeated inflammatory exposure, age-associated stromal remodeling, and
progressive changes in epithelial homeostasis [81-84]. Prostate epithelial cells, fibroblasts, endothelial
cells, and immune cells may all acquire senescence-like features under chronic stress. These senescent
or senescence-associated cell states may influence prostate tissue structure and tumor behavior
through both cell-autonomous and non-cell-autonomous mechanisms. For example, senescence
within epithelial cells may initially suppress malignant expansion by blocking proliferation of
damaged cells, whereas senescence in surrounding stromal or immune compartments may alter
epithelial behavior through paracrine inflammatory and growth-regulatory signals.

A key challenge in studying senescence in prostate cancer is distinguishing protective
senescence from persistent, maladaptive senescence. Oncogene-induced senescence can prevent
early tumor development by arresting premalignant cells. Therapy-induced senescence may also
limit tumor-cell proliferation after DNA-damaging treatment or androgen pathway inhibition.
However, when senescent cells are not efficiently cleared, their prolonged survival and secretory
activity may create a tissue environment that supports tumor progression. Thus, senescence should
not be viewed as a single fixed process, but as a dynamic biological state whose consequences depend
on timing, cell type, immune context, and tissue microenvironment [17,19,85-91].

2.2. Senescence-Associated Secretory Phenotype

One of the most important features of senescent cells is the SASP. The SASP consists of a
heterogeneous mixture of soluble and insoluble factors, including inflammatory cytokines,
chemokines, growth factors, proteases, ECM components, lipid mediators, and extracellular vesicles
[15,19-23]. Major SASP-associated factors frequently include IL-6, IL-8/CXCL8, CCL2, CXCL],
CXCL2, TNF-a, TGF-f3, GM-CSF, VEGF, MMPs, and other tissue-remodeling molecules [15,19-23].
The precise composition of the SASP varies according to cell type, senescence trigger, duration of
senescence, tissue environment, and immune context.
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The SASP can reinforce senescence in an autocrine manner and transmit stress signals to
neighboring cells in a paracrine manner. Through cytokines and chemokines, senescent cells can
recruit immune cells that may eliminate damaged cells and restore tissue homeostasis. In this context,
the SASP can be beneficial and may support tissue repair or tumor suppression. However, persistent
SASP production during aging can have detrimental effects. Chronic secretion of inflammatory
mediators may promote immune-cell dysfunction, fibroblast activation, ECM remodeling,
angiogenesis, epithelial stress responses, and altered tissue architecture [14,15,19-23]. In the prostate,
these effects may be particularly important because epithelial cells are embedded within a
hormonally responsive and stromally active microenvironment.

Several signaling pathways regulate SASP induction and maintenance. DNA damage response
signaling, NF-«xB activation, C/EBPf, p38 MAPK, mTOR, cGAS-STING signaling, inflammasome
activation, and mitochondrial dysfunction have all been implicated in SASP regulation
[15,21,79,80,92]. NF-kB and C/EBPP are especially important transcriptional regulators of
inflammatory SASP components, including IL-6 and IL-8/CXCLS8. Mitochondrial dysfunction and
cytosolic DNA sensing may further amplify inflammatory signaling through ROS and innate
immune pathways. These mechanisms provide a biological connection between aging-associated
cellular stress and chronic inflammatory remodeling of tissue.

In prostate cancer, SASP factors may influence several aspects of tumor biology. IL-6 and related
cytokines can activate STAT3 signaling, which has been linked to proliferation, survival,
inflammatory adaptation, and treatment resistance in multiple cancer types. Chemokines such as
CCL2 and CXCL family members can recruit monocytes, macrophages, neutrophils, and other
immune cells, thereby reshaping the tumor immune microenvironment. MMPs and other proteases
can remodel ECM and facilitate tissue invasion. Growth factors and angiogenic mediators can
support epithelial growth, stromal activation, and vascular remodeling [81,82,89-91,93,94]. Although
these processes are not unique to prostate cancer, they are highly relevant to aging-associated
prostate tumor progression because they provide plausible mechanisms through which senescent
cells can influence non-senescent tumor and stromal cells.

The SASP also has important implications for therapy. Cancer therapies that induce DNA
damage, oxidative stress, androgen deprivation, or cellular stress may generate senescent tumor or
stromal cells. While therapy-induced senescence can suppress proliferation, persistent senescent cells
may contribute to a pro-inflammatory and pro-survival environment. This dual effect has led to
growing interest in senescence-directed strategies, including senolytics that eliminate senescent cells
and senomorphics that suppress harmful SASP programs without necessarily killing senescent cells
[81,82,93-101]. For prostate cancer, such approaches remain investigational, but they may be
particularly relevant for older patients whose tissues already contain elevated senescence and
inflammatory burden.

2.3. Tumor-Suppressive Versus Tumor-Promoting Roles of Senescence

The relationship between senescence and cancer is complex because senescence can either
suppress or promote tumor development depending on biological context. As a tumor-suppressive
mechanism, senescence prevents damaged or oncogene-stressed cells from continuing to proliferate
[17,85,86,89,90]. This is particularly important during early tumorigenesis, when activation of
oncogenic pathways or loss of normal growth control can trigger a protective senescence response.
In this setting, senescence functions as a barrier to malignant transformation by enforcing durable
cell-cycle arrest and facilitating immune-mediated clearance of abnormal cells.

In prostate tissue, tumor-suppressive senescence may occur in response to oncogenic stress,
DNA damage, oxidative injury, or other cellular insults. Activation of p53, p21™®!, p16™NK4a, and RB-
associated pathways can limit uncontrolled proliferation and maintain tissue integrity. This
protective role is consistent with the broader concept that senescence is an important anti-cancer
defense mechanism [83,84,89-91,102]. Indeed, failure to establish or maintain senescence programs
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may permit damaged epithelial cells to bypass growth arrest and acquire additional malignant
features.

However, senescence can also promote tumor progression when senescent cells persist and
accumulate. In aged tissues, senescent cells may not be efficiently cleared because of impaired
immune surveillance, reduced phagocytic function, T-cell dysfunction, or chronic inflammatory
desensitization. Persistent senescent cells can produce SASP factors that alter neighboring cells and
the surrounding microenvironment. In cancer, this can create a paradox: senescent cells themselves
may not proliferate, yet their secreted factors can support the proliferation, survival, migration,
invasion, and therapy resistance of nearby premalignant or malignant cells [19,20,22,87,88,91,98].

This duality is especially relevant in the prostate tumor microenvironment, where epithelial,
stromal, endothelial, and immune compartments interact closely. Senescent fibroblasts may produce
inflammatory cytokines, growth factors, and matrix-remodeling enzymes that influence epithelial
cell behavior. Senescent epithelial cells may reinforce local inflammation and attract immune cells.
Senescent endothelial cells may contribute to vascular dysfunction and altered immune trafficking.
Senescent immune cells may exhibit impaired effector function while maintaining inflammatory
mediator production. Together, these cell-type-specific senescence programs can generate a
multicellular environment that supports tumor adaptation even when individual senescent cells
remain growth arrested [13,14,81,82,93,94].

The timing of senescence is also important. Acute senescence followed by immune clearance
may be protective, whereas chronic senescence with persistent SASP production may be harmful.
Similarly, senescence within tumor cells may have different consequences from senescence within
non-malignant stromal cells. Tumor-cell senescence may initially limit tumor expansion, but therapy-
induced senescent tumor cells may survive as residual disease and contribute to relapse under certain
conditions. Stromal senescence may provide paracrine support for tumor growth, especially in aged
tissues. Therefore, the biological outcome of senescence depends on whether senescence is transient
or persistent, whether senescent cells are cleared or retained, and which cell types are affected
[13,14,81,82,93,94].

This complexity has important therapeutic implications. Complete suppression of senescence
may be undesirable because senescence can prevent malignant transformation and contribute to
treatment response. Conversely, persistent senescent cells and chronic SASP activity may promote
inflammation and tumor progression. Therapeutic strategies must therefore distinguish beneficial
senescence from maladaptive senescence. In prostate cancer, this may require identifying which
senescent cell populations accumulate during aging, which SASP factors are most relevant to tumor
progression, and which patients exhibit senescence-associated inflammatory signatures that could be
therapeutically targeted [95-101].

2.4. Senescence in Prostate Epithelial and Stromal Compartments

The prostate microenvironment is composed of epithelial cells, basal and luminal cell
populations, stromal fibroblasts, smooth muscle cells, endothelial cells, immune cells, ECM, nerves,
and systemic hormonal and metabolic inputs [55-57,103-105]. Aging can affect each of these
compartments. Therefore, senescence in the prostate should be considered a tissue-level process
rather than a feature of one cell type alone. The interaction between senescent epithelial cells and
senescent or activated stromal cells may be particularly important for prostate cancer development
and progression.

In the epithelial compartment, senescence may arise in response to DNA damage, oxidative
stress, oncogenic signaling, inflammation, androgen-related stress, or therapeutic injury. Senescence
in premalignant epithelial cells may initially function as a protective barrier by preventing
proliferation of damaged cells [83,84,89-91,102]. However, senescent epithelial cells can also produce
inflammatory mediators and tissue-remodeling factors that alter local immune and stromal
responses. In aging prostate tissue, repeated cycles of epithelial stress, injury, inflammation, and
repair may contribute to accumulation of senescence-associated programs. These changes may
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influence epithelial differentiation, barrier function, secretory activity, and communication with
surrounding stromal cells.

The stromal compartment is equally important. Prostate stromal fibroblasts play essential roles
in epithelial development, tissue architecture, androgen responsiveness, ECM production, and
paracrine growth regulation [29-31,55-57,103-110]. With aging, stromal fibroblasts can acquire
senescence-like or activated phenotypes characterized by altered secretory activity, inflammatory
signaling, ECM remodeling, and reduced capacity to maintain normal epithelial homeostasis.
Senescent stromal fibroblasts may produce IL-6, CXCL chemokines, CCL2, TGF-3 family members,
growth factors, and MMPs. These factors can influence epithelial proliferation, survival,
inflammatory recruitment, and stromal remodeling.

Senescence-associated stromal changes may also interact with cancer-associated fibroblast
biology. Although senescent fibroblasts and cancer-associated fibroblasts (CAFs) are not identical,
they may share features such as inflammatory cytokine production, matrix remodeling, paracrine
growth signaling, and altered tissue stiffness. In aged prostate tissue, senescent stromal cells may
create conditions that favor fibroblast activation and tumor-supportive remodeling. Increased ECM
deposition, altered collagen organization, and enhanced matrix-degrading enzyme activity may
contribute to changes in tissue mechanics and local invasion [29-31,104-110]. These processes
provide a plausible connection between aging stromal biology and prostate cancer progression.

Endothelial and vascular senescence may further shape the aging prostate microenvironment.
Senescent endothelial cells can contribute to vascular dysfunction, altered permeability, impaired
angiogenic balance, hypoxia, and modified immune-cell trafficking. Because tumor progression
depends on nutrient delivery, oxygen availability, immune-cell access, and angiogenic remodeling,
endothelial aging may influence both tumor growth and therapeutic response. In addition, vascular
dysfunction can amplify tissue hypoxia and oxidative stress, thereby reinforcing inflammatory and
senescence-associated signaling [61-66].

Immune-cell senescence and exhaustion add another layer of complexity. Aging can reduce
effective anti-tumor immunity while increasing chronic inflammatory signaling. Senescence-like
featuresin T cells, altered macrophage function, myeloid skewing, and impaired antigen presentation
may collectively reduce immune surveillance. At the same time, inflammatory immune cells can
reinforce SASP-like signaling and stromal remodeling. This bidirectional relationship between
senescent tissue cells and aging immune cells is central to inflammaging [24-28,111-114].

Taken together, senescence in the aging prostate microenvironment involves coordinated
changes in epithelial, stromal, endothelial, and immune compartments. These changes may influence
prostate cancer biology through direct effects on epithelial cells and indirect effects mediated by
cytokines, chemokines, ECM remodeling, immune-cell recruitment, vascular dysfunction, and
metabolic stress. Understanding the cell-type-specific sources and consequences of senescence will
be essential for developing biomarkers and therapeutic strategies that target harmful aging-
associated inflammation while preserving the protective functions of senescence (Table 1).

Table 1. Senescence-associated cell types and potential effects in the aging prostate microenvironment (selected
key references: [12-14,81,89,95]).

Cell type Senescence-associated features Potential impact on prostate
cancer

Prostate epithelial Growth arrest, DNA damage response, Tumor suppression early;

cells inflammatory secretome inflammatory remodeling if
persistent
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Cell type Senescence-associated features Potential impact on prostate
cancer
Stromal fibroblasts SASP, growth factors, MMPs, ECM Paracrine epithelial support,
remodeling stromal activation, invasion-
supportive niche
Endothelial cells Vascular dysfunction, altered permeability, Hypoxia, immune trafficking
angiogenic imbalance changes, therapy response

Immune cells Reduced surveillance, exhaustion-like Immune escape, chronic
states, inflammatory cytokines inflammation, impaired
clearance of senescent cells

Tumor cells after Therapy-induced senescence, residual Initial growth arrest; possible
therapy survival, SASP-like signaling relapse-supportive
inflammatory niche

3. Immune Aging and Inflammaging in the Prostate Cancer

3.1. Immunosenescence and Impaired Immune Surveillance

The immune system undergoes substantial remodeling during aging, a process commonly
referred to as immunosenescence. This process affects both innate and adaptive immune
compartments and is characterized by reduced immune diversity, altered immune-cell function,
chronic inflammatory activation, and impaired immune resolution [24-27]. In the adaptive immune
system, aging is associated with thymic involution, reduced generation of naive T cells, contraction
of T-cell receptor diversity, expansion of memory and terminally differentiated T-cell populations,
and increased features of T-cell dysfunction or exhaustion [32-34]. These changes may limit the
ability of the aged immune system to recognize and eliminate emerging malignant cells.

Effective anti-tumor immunity requires coordinated antigen presentation, T-cell priming,
cytotoxic effector function, immune-cell trafficking, and immune memory [24-27,32-34]. Aging can
disrupt each of these steps. Dendritic cells and other antigen-presenting cells may show altered
antigen uptake, processing, migration, and co-stimulatory function. CD8* T cells may exhibit reduced
proliferative capacity, impaired cytokine production, diminished cytotoxic activity, and increased
expression of inhibitory receptors. CD4* T-cell subsets may shift in frequency and function, altering
the balance between anti-tumor immunity and tumor-promoting inflammation. Together, these age-
associated changes may reduce immune surveillance and allow prostate epithelial lesions or
established tumor cells to persist under reduced immune pressure.

At the same time, immunosenescence does not simply represent immune deficiency. Aging is
also associated with increased basal inflammatory tone, sometimes described as sterile chronic
inflammation or inflammaging. Therefore, the aged immune system can be simultaneously less
effective at tumor elimination and more prone to chronic inflammatory activation [8-11,25-
28,35,114]. This paradox is highly relevant to prostate cancer, where chronic immune-cell infiltration
and inflammatory cytokine production may coexist with weak anti-tumor cytotoxicity. In this setting,
immune aging may support tumor progression not only by reducing protective surveillance, but also
by generating inflammatory signals that remodel the tumor microenvironment.
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In prostate cancer, the immune microenvironment is typically complex and heterogeneous.
Tumors may contain T cells, macrophages, myeloid-derived suppressor cells, dendritic cells,
neutrophils, natural killer cells, mast cells, and B cells, with variable functional states depending on
tumor stage, tissue location, treatment history, and host factors [29-34,36-38]. In older patients, these
immune populations are further shaped by systemic aging, metabolic status, comorbidities, prior
inflammation, and therapy exposure. Thus, understanding prostate cancer immunity requires
considering not only tumor-intrinsic immune escape mechanisms, but also the aged host immune
environment in which the tumor develops.

3.2. Chronic Inflammation and Cytokine Imbalance

Inflammaging is characterized by persistent, low-grade inflammatory signaling that occurs in
the absence of acute infection. This chronic inflammatory state is driven by multiple aging-associated
processes, including cellular senescence, mitochondrial dysfunction, oxidative stress, endogenous
damage-associated molecular patterns, altered tissue repair, metabolic stress, and impaired clearance
of damaged cells [8,9,11,25,27]. In the prostate microenvironment, chronic inflammation may
influence epithelial behavior, stromal activation, immune-cell recruitment, angiogenesis, ECM
remodeling, and therapeutic response.

Several cytokine and chemokine pathways have been implicated in aging-associated
inflammation and prostate cancer progression. IL-6 is one of the best-studied inflammatory cytokines
in cancer biology and can activate JAK/STAT3 signaling, which has been linked to tumor-cell
survival, proliferation, inflammatory adaptation, angiogenesis, and treatment resistance [19-21,92].
TNF-a can activate NF-kB and other stress-response pathways, contributing to inflammatory gene
expression, immune-cell recruitment, and stromal remodeling. IL-1 family cytokines can amplify
innate immune activation and inflammatory tissue injury. TGF-p has context-dependent roles,
functioning in some settings as a suppressor of epithelial proliferation and in others as a driver of
immune suppression, fibroblast activation, ECM remodeling, and invasive behavior [29,30,32-34,36—
38].

Chemokines are also central mediators of the inflammatory tumor microenvironment. CCL2,
CXCL1, CXCL2, CXCLS8/IL-8, CXCL12, and related chemokine pathways can regulate recruitment of
monocytes, macrophages, neutrophils, lymphocytes, and other immune-cell populations [29-31]. In
aged tissues, persistent chemokine production may reinforce immune-cell infiltration and chronic
inflammation. In prostate cancer, chemokine signaling may also influence stromal remodeling,
angiogenesis, tumor-cell migration, and immune suppression. These pathways provide important
links between senescence-associated secretory programs, immune-cell recruitment, and tumor-
supportive inflammation.

IL-17- and IL-23-related inflammatory signaling represents another pathway of interest in
prostate cancer. IL-17 family cytokines can activate inflammatory and tissue-remodeling programs
in epithelial, stromal, endothelial, and immune cells. IL-23, produced primarily by myeloid and
antigen-presenting cells, supports the maintenance and pathogenic activity of Thl7-associated
immune responses [39-46,54]. Together, IL-17 and IL-23 may sustain chronic inflammatory circuits
in tissue microenvironments. However, the effects of these pathways in cancer are context dependent
and may vary according to tumor type, stage, immune composition, and local cytokine networks.

Importantly, cytokine imbalance in the aged prostate microenvironment should not be viewed
as the effect of one isolated mediator. Instead, inflammatory cytokines operate as interconnected
networks. IL-6, IL-17, TNF-a, IL-1, IL-23, TGF-3, and chemokines may cooperate or counter-regulate
one another depending on cellular context. These pathways can also intersect with androgen receptor
signaling, metabolic stress, senescence-associated programs, and stromal activation [29,30,32-34,36—
54]. Therefore, therapeutic targeting of inflammaging in prostate cancer will likely require careful
patient stratification and a detailed understanding of dominant inflammatory circuits in each
biological context.
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3.3. Th17/Treg Balance in Aging and Prostate Cancer

CD4+ T-cell subsets are important regulators of tissue inflammation and tumor immunity.
Among these subsets, Th17 cells and regulatory T cells are particularly relevant to chronic
inflammatory diseases and cancer. Th17 cells are characterized by production of IL-17A, IL-17F, IL-
21, IL-22, and other inflammatory mediators, whereas regulatory T cells suppress immune activation
and maintain immune tolerance through mechanisms involving FOXP3, IL-10, TGF-3, CTLA-4, and
other suppressive pathways [47-51,54]. The balance between Thl7-associated inflammation and
Treg-mediated immune suppression can shape both inflammatory tissue damage and anti-tumor
immunity.

Aging may alter the balance, differentiation, and function of Th17 and Treg populations. Chronic
antigenic stimulation, inflammatory cytokines, metabolic stress, microbial changes, and altered
antigen-presenting cell function can all influence CD4* T-cell polarization during aging [24-
27,42,111-114]. Increased inflammatory tone may favor Th17-associated responses in some contexts,
whereas accumulation or altered function of Tregs may suppress anti-tumor effector immunity. The
resulting immune state may therefore combine chronic inflammation with reduced tumor immune
surveillance.

In prostate cancer, both Th17 cells and Tregs have been implicated in shaping the tumor immune
microenvironment. Tregs can suppress cytotoxic T-cell responses and may contribute to immune
evasion. Th17 cells can have context-dependent effects, with evidence from different cancer types
supporting both pro-tumor and anti-tumor functions [39-46]. Pro-tumor mechanisms may include
promotion of inflammatory cytokine production, angiogenesis, chemokine-mediated immune-cell
recruitment, stromal activation, and tissue remodeling. Anti-tumor effects may occur when Th17-
related responses enhance immune-cell recruitment, support effector T-cell function, or contribute to
tumor rejection. These divergent effects highlight the importance of tissue context and disease stage.

The IL-23 pathway is particularly important for sustaining Th17 inflammatory programs. While
early Th17 differentiation involves cytokines such as IL-6, TGF-{, IL-13, and IL-21, IL-23 can stabilize
and expand pathogenic Th17-like states in chronic inflammation [43,44,54]. In the prostate tumor
microenvironment, myeloid cells and antigen-presenting cells may provide IL-23 or related
inflammatory signals that support persistent Th17-associated activity. This type of immune circuit
may be especially relevant in aged tissues, where chronic inflammatory signals and altered myeloid
function are common features.

Th17/Treg imbalance is best reviewed as a broad immune-aging mechanism relevant to prostate
cancer rather than as a single deterministic pathway. Published studies support the importance of T-
cell subset balance, inflammatory cytokines, and IL-17/IL-23-related signaling in prostate cancer
biology [39-46]. Additional work is needed to define how aging modifies these immune circuits
across disease stages, treatment settings, and patient populations. A clearer understanding of
Th17/Treg balance may help identify inflammatory biomarkers and guide immune-modulatory
strategies.

3.4. Myeloid Remodeling During Aging

Myeloid cells are major contributors to inflammaging and the tumor microenvironment. Aging
is associated with myeloid-biased hematopoiesis, altered monocyte and macrophage function,
impaired antigen presentation, increased basal inflammatory activation, and reduced resolution of
tissue inflammation [24-27,35,111-114]. These changes can promote persistent cytokine production
and inflammatory remodeling in multiple tissues. In cancer, age-associated myeloid remodeling may
support immune suppression, angiogenesis, matrix remodeling, tumor-cell survival, and resistance
to therapy.

Tumor-associated macrophages are among the most abundant immune populations in many
solid tumors, including prostate cancer. These cells can display diverse functional states rather than
a simple binary M1/M2 classification. Depending on microenvironmental cues, macrophages may
produce inflammatory cytokines, growth factors, angiogenic mediators, proteases,
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immunosuppressive molecules, and chemokines [29-31]. In prostate cancer, macrophage-rich
microenvironments have been associated with tumor progression, immune suppression, and therapy
resistance in several studies. Aging may further influence macrophage function by altering metabolic
state, phagocytic capacity, cytokine production, and responsiveness to tissue damage.

Myeloid-derived suppressor cells are another important population in tumor-associated
immune suppression. These cells can inhibit T-cell activation and effector function through
mechanisms involving arginine metabolism, ROS, nitric oxide, immunosuppressive cytokines, and
checkpoint-related pathways [29,31-34,36-38,43]. In aged hosts, expansion of immature or
suppressive myeloid populations may be favored by chronic inflammation, altered hematopoiesis,
and tumor-derived factors. Their accumulation in prostate cancer may contribute to poor anti-tumor
immunity and limited response to immunotherapy.

Dendritic cells may also be affected by aging and tumor-associated inflammation. Effective
dendritic cell function is required for antigen presentation and T-cell priming. Aging can impair
dendritic cell migration, antigen presentation, cytokine production, and co-stimulatory signaling [24—
27,32-34,111-114]. Within the prostate tumor microenvironment, suppressive cytokines, metabolic
stress, tumor-derived factors, and chronic inflammation may further weaken dendritic cell function.
This may reduce productive anti-tumor T-cell priming and promote immune tolerance.

Neutrophils and inflammatory monocytes may also contribute to the aged prostate tumor
microenvironment. These cells can produce cytokines, proteases, ROS, and extracellular traps, and
may influence angiogenesis, matrix remodeling, and tumor-cell invasion [24-27,29,30,111-114].
Although their roles in prostate cancer require further study, they represent important components
of innate immune remodeling. Because aging is associated with altered innate immune
responsiveness and persistent inflammatory activation, these myeloid populations may help sustain
inflammaging-associated tumor-promoting niches.

Overall, myeloid remodeling provides a major link between aging, inflammation, and prostate
cancer progression. Myeloid cells can produce cytokines such as IL-6, IL-13, TNF-a, IL-10, TGF-3,
and IL-23; recruit additional immune cells through chemokines; suppress T-cell responses; remodel
ECM; and support angiogenesis. These functions place myeloid cells at the center of aging-associated
inflammatory crosstalk in the prostate tumor microenvironment [29,31-34,36-38,43].

3.5. Transcriptional Control of Inflammatory Immune States

Immune aging and inflammaging are regulated not only by changes in immune-cell abundance,
but also by changes in transcriptional and epigenetic programs that determine immune-cell identity
and function. T-cell differentiation, macrophage polarization, dendritic cell activation, and
inflammatory cytokine production are controlled by coordinated transcription factor networks. In
aging tissues, chronic inflammatory stimuli, metabolic stress, antigen exposure, and altered cytokine
environments may reshape these transcriptional programs and produce persistent inflammatory or
dysfunctional immune states [24-27,111-114].

In T cells, transcription factors such as T-bet, GATA3, RORyt, FOXP3, STAT3, STATS5, IRF4, and
AP-1 family members regulate differentiation into effector, regulatory, and inflammatory subsets.
Th17 differentiation requires coordinated cytokine signaling and transcriptional programming
involving STAT3, RORyt, IRF4, BATF, and related factors [47-51,54]. Tregs depend on FOXP3 and
associated regulatory networks. The balance between these programs is influenced by cytokines such
as IL-6, TGF-p, IL-1f3, IL-21, IL-23, IL-2, and inflammatory metabolic cues. Aging-associated changes
in these signals may therefore alter T-helper cell balance and inflammatory potential.

BATF is an established transcriptional regulator involved in Thl7 differentiation and
inflammatory T-cell programming. In the context of this review, BATF can be discussed as an
example of how transcriptional regulation shapes immune-cell inflammatory states. Published
studies have shown that BATF-dependent Th17 programs and IL-23/IL-23R-related signaling can
contribute to prostate cancer-associated inflammation and tumor progression [39,43,54]. However,
the broader relationship among immune-cell transcriptional states, biological aging, metabolic stress,
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and prostate tumor behavior remains an active area of investigation. For this reason, this review does
not present BATF as a single central driver of aging-associated prostate cancer, but rather as one
component of a broader inflammatory transcriptional network.

In myeloid cells, transcriptional regulators such as NF-«kB, STAT1, STAT3, STAT6, HIF-1a,
C/EBP, IRF family members, and nuclear receptors can control inflammatory activation, immune
suppression, antigen presentation, and metabolic adaptation. Chronic activation of NF-kB and
STAT3 pathways is particularly relevant to inflammaging because these pathways integrate signals
from cytokines, pattern-recognition receptors, oxidative stress, senescence-associated mediators, and
tumor-derived factors [25,29,31]. Persistent activation of these pathways may promote cytokine
production, chemokine expression, myeloid recruitment, and immune suppression in the prostate
tumor microenvironment.

Epigenetic regulation also contributes to immune-cell aging. DNA methylation changes, histone
modifications, chromatin accessibility, and non-coding RNAs can affect immune-cell differentiation,
inflammatory memory, and exhaustion-like states [24-27,111-114]. Trained immunity in innate
immune cells and chronic antigen stimulation in adaptive immune cells may establish durable
immune states that persist even after the original stimulus has changed. In prostate cancer, such
stable inflammatory or suppressive immune states may influence tumor progression and treatment
response.

Understanding transcriptional control of immune aging has practical implications. Cell-type-
specific immune signatures may help distinguish patients with inflammatory, immunosuppressive,
senescent, or metabolically stressed tumor microenvironments. These signatures could support
biomarker development and guide selection of therapies targeting cytokines, immune checkpoints,
myeloid cells, senescence-associated inflammation, or metabolic pathways [32-34,36-38]. Future
studies using single-cell transcriptomics, spatial profiling, epigenomic analysis, and age-stratified
models will be important for defining how immune transcriptional states shape the aging prostate
tumor microenvironment.

Section Summary

Immune aging links impaired surveillance with persistent inflammatory activation in prostate
cancer. Changes in T-cell diversity, Th17/Treg balance, myeloid activity, antigen presentation, and
cytokine signaling may promote chronic inflammation, immune suppression, stromal remodeling,
and therapy resistance. These pathways operate as an integrated multicellular network rather than
isolated drivers, and cell-type-specific studies will be essential for biomarkers and therapeutic
development (Table 2).

Table 2. Immune-aging mechanisms relevant to prostate cancer (selected key references: [24,26,34,39,43,111]).

Immune-aging Major cell types  Representative Potential prostate cancer
feature mediators/pathways relevance
Reduced immune CD8* T cells, Exhaustion markers, Tumor persistence,
surveillance dendritic cells, NK impaired antigen immune escape
cells presentation, reduced
cytotoxicity

Chronic cytokine T cells, IL-6, TNF-a, IL-1, IL-17, IL- Inflammation, stromal
imbalance macrophages, 23, TGF-B remodeling, therapy

resistance
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Immune-aging Major cell types  Representative Potential prostate cancer
feature mediators/pathways relevance

stromal cells,

senescent cells
Th17/Treg CD4+ T cells 1L-17, IL-23, FOXP3, IL-10,  Chronic inflammation and
imbalance TGF-B immune suppression
Myeloid Macrophages, IL-6, IL-10, TGF-f3, IL-23, Immune suppression,
remodeling MDSCs, CCL2, CXCL chemokines angiogenesis, matrix

monocytes, remodeling

dendritic cells
Altered immune T cells, myeloid NF-kB, STAT3, RORvt, Persistent inflammatory or
transcriptional cells FOXP3, BATF, IRF family suppressive immune

states factors programs

4. Stromal Aging, Extracellular Matrix Remodeling, and Prostate Tumor
Progression

4.1. Aging Fibroblasts and Cancer-Associated Fibroblasts

The prostate is a highly stromal organ in which epithelial cells are embedded within a complex
microenvironment composed of fibroblasts, smooth muscle cells, endothelial cells, immune cells,
nerves, ECM, and soluble paracrine factors. During aging, this stromal compartment undergoes
progressive remodeling that can alter epithelial homeostasis and influence prostate cancer
development. Stromal aging is characterized by changes in fibroblast function, ECM organization,
inflammatory signaling, tissue stiffness, paracrine growth regulation, and response to injury [55-
57,103-105]. These changes may create a permissive tissue environment in which premalignant or
malignant epithelial cells acquire growth and survival advantages.

Fibroblasts are central regulators of prostate tissue architecture. In normal prostate tissue,
stromal fibroblasts and smooth muscle cells help maintain epithelial differentiation, androgen
responsiveness, basement membrane integrity, and paracrine growth control. With aging, fibroblasts
may acquire senescence-associated or activated phenotypes marked by altered cytokine production,
growth factor secretion, ECM remodeling, and reduced ability to maintain normal epithelial
organization [55-57,103-105]. These changes can disrupt stromal-epithelial communication and
contribute to chronic tissue inflammation.

Senescent stromal fibroblasts can produce a broad range of SASP factors, including IL-6, IL-
8/CXCLS8, CCL2, CXCL1, TGF- family members, growth factors, and MMPs [13,14,55-57,103-105].
These mediators can influence epithelial proliferation, immune-cell recruitment, angiogenesis, and
ECM remodeling. Although senescence can initially function as a protective response to cellular
stress, persistent accumulation of senescent stromal cells may promote a chronic inflammatory state
that supports tumor progression. Thus, stromal senescence represents an important mechanism
through which aging may affect prostate cancer biology.

CAFs are another major component of the prostate tumor microenvironment. CAFs are
functionally heterogeneous and can arise from local fibroblasts, smooth muscle cells, pericytes,
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mesenchymal progenitors, or other stromal sources depending on tissue context [29,30,104-106,110].
In prostate cancer, CAFs can produce growth factors, cytokines, chemokines, ECM proteins, and
proteases that support tumor-cell survival, local invasion, angiogenesis, immune suppression, and
therapeutic resistance. CAFs can also alter androgen receptor signaling and epithelial differentiation
through paracrine mechanisms, although the precise effects depend on tumor stage and stromal
subtype.

Aging may influence CAF biology in several ways [28-30,55-57]. First, aged fibroblasts may be
more prone to inflammatory activation or SASP programs. Second, chronic low-grade inflammation
may promote fibroblast activation and ECM remodeling. Third, age-associated changes in tissue
mechanics and matrix composition may reinforce CAF phenotypes. Fourth, impaired immune
clearance of senescent or damaged stromal cells may allow tumor-supportive stromal niches to
persist. Together, these processes suggest that aging may not only affect epithelial tumor cells directly
but also reshape the stromal context in which tumor cells evolve.

The distinction between senescent fibroblasts and CAFs is important but not absolute. Senescent
fibroblasts are typically growth arrested and defined by stress-associated cell-cycle arrest and SASP
production, whereas CAFs are activated stromal cells with diverse functional states that may or may
not be senescent. Nevertheless, these populations can share overlapping features, including
inflammatory cytokine production, ECM remodeling, growth factor secretion, and paracrine support
of epithelial cells. In aged prostate tissue, senescent stromal cells and CAF-like cells may coexist and
cooperate to promote chronic inflammation and tumor-supportive remodeling [13,14,29-31,104-110].

Understanding stromal aging in prostate cancer is clinically relevant because the tumor stroma
can influence tumor growth, invasion, immune-cell exclusion, drug delivery, and therapeutic
response. Stromal signatures have been associated with prostate cancer aggressiveness in multiple
studies, and stromal-rich or desmoplastic tumor regions may create physical and biochemical
barriers to effective treatment [29-31,105-110]. Therefore, defining how aging alters stromal
fibroblast states may provide new opportunities for biomarker development and therapeutic
intervention.

Extracellular Matrix Remodeling

The ECM is a dynamic structural and signaling network that regulates tissue architecture, cell
adhesion, growth factor availability, mechanical tension, migration, and cellular differentiation. In
the prostate, the ECM provides essential support for epithelial organization and stromal-epithelial
communication. Aging can alter ECM composition, crosslinking, stiffness, proteolytic remodeling,
and spatial organization, thereby changing the biochemical and mechanical properties of the tissue
microenvironment [58-60,115-117].

ECM remodeling is a hallmark of cancer progression. In prostate cancer, changes in collagen
deposition, basement membrane integrity, fibronectin expression, laminin organization, hyaluronan
accumulation, and matrix stiffness can influence tumor-cell behavior [55,58,59,115,116]. Increased
matrix stiffness can activate mechanotransduction pathways involving integrins, focal adhesion
kinase, SRC family kinases, YAP/TAZ, Rho GTPases, and cytoskeletal remodeling. These pathways
can regulate cell survival, migration, invasion, and resistance to therapy [58,59,115-117]. Thus, the
ECM is not merely a passive scaffold but an active regulator of tumor biology.

Aging can promote ECM remodeling through several mechanisms. Senescent fibroblasts and
activated stromal cells can produce MMPs, cathepsins, lysyl oxidases, collagens, fibronectin, and
other matrix-associated factors. Chronic inflammation can further stimulate matrix remodeling
through cytokines such as IL-6, TNF-a, TGF-p, and IL-1 family members. Oxidative stress and
glycation can alter matrix crosslinking and stiffness. Impaired tissue repair may lead to disorganized
matrix deposition after injury or inflammation [28,59,60,83,117]. Together, these age-associated
changes may modify the physical and signaling environment surrounding prostate epithelial and
tumor cells.
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MMPs are particularly important mediators of ECM remodeling. MMPs can degrade basement
membrane and interstitial matrix components, release matrix-bound growth factors, and generate
bioactive matrix fragments. In prostate cancer, MMP activity has been associated with invasion,
angiogenesis, and metastatic potential in many studies [55,58-60,105,117]. In aging tissues, increased
inflammatory signaling and senescent stromal activity may enhance MMP production, contributing
to tissue remodeling and local invasion. However, MMPs also have context-dependent roles, and
broad inhibition of MMP activity has historically been challenging in cancer therapy. A more precise
understanding of cell-type-specific MMP regulation may be needed for future therapeutic
approaches.

TGF-f signaling is another major regulator of stromal and ECM remodeling. In normal tissues
and early tumorigenesis, TGF-3 can suppress epithelial proliferation and maintain tissue
homeostasis. In later-stage cancer or chronically inflamed tissue, TGF-3 may promote fibroblast
activation, immune suppression, ECM deposition, epithelial stress responses, and invasive behavior
[29,104,105,107,108]. Aging-associated increases in TGF-[ activity may therefore contribute to fibrotic
remodeling and tumor-supportive stromal changes. In prostate cancer, TGF-3-related stromal
signaling may influence tumor progression, immune exclusion, and response to therapy.

ECM remodeling also affects immune-cell trafficking and function. Dense or disorganized
matrix can restrict T-cell infiltration, alter macrophage localization, and create physical barriers that
limit drug delivery. Matrix components can also signal directly to immune cells through integrins
and other receptors, influencing immune activation or suppression [29,58-60,108,117]. In the aged
prostate tumor microenvironment, ECM remodeling may therefore cooperate with immune aging to
create niches that support immune evasion. This is especially relevant because prostate cancer often
exhibits limited response to immune checkpoint blockade in unselected patients, and stromal or
matrix barriers may contribute to this resistance.

In addition, ECM remodeling can influence tumor-cell adaptation to therapeutic stress. Changes
in matrix stiffness and integrin signaling can activate survival pathways that reduce sensitivity to
androgen receptor-directed therapy, chemotherapy, radiation, or targeted agents. Matrix-rich tumor
regions may also show altered vascularization and hypoxia, which can further affect therapeutic
response [58-60,105,110,117]. Therefore, age-associated ECM remodeling may contribute not only to
local invasion but also to treatment resistance.

Taken together, ECM remodeling represents a key link between stromal aging and prostate
cancer progression. Aging-associated changes in fibroblast activity, inflammatory signaling, matrix
composition, stiffness, protease activity, and tissue architecture may create a microenvironment that
supports tumor growth, invasion, immune evasion, and therapy resistance. Future studies using
spatial profiling, matrix imaging, single-cell transcriptomics, and mechanical characterization of aged
prostate tissues will be important for defining how ECM remodeling contributes to prostate cancer
in older patients [29-31,58-60,105-110,115-117].

Endothelial Aging and Angiogenesis

The vascular compartment is an essential component of the prostate tumor microenvironment.
Endothelial cells regulate oxygen and nutrient delivery, immune-cell trafficking, tissue perfusion,
angiogenesis, vascular permeability, and responses to therapy. During aging, endothelial cells
undergo functional decline characterized by oxidative stress, mitochondrial dysfunction, impaired
nitric oxide signaling, increased inflammatory activation, altered barrier integrity, reduced
regenerative capacity, and senescence-associated changes [65,66]. These vascular changes may
influence prostate tissue homeostasis and tumor progression.

Endothelial aging can contribute to chronic inflammation through increased expression of
adhesion molecules, inflammatory cytokines, chemokines, and pro-thrombotic mediators. These
changes may facilitate recruitment of immune cells into tissues but may also promote persistent
inflammatory activation and vascular dysfunction. In the prostate tumor microenvironment, altered
endothelial function may affect the composition and localization of immune-cell infiltrates, including
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T cells, macrophages, monocytes, and neutrophils. Thus, vascular aging may indirectly shape tumor
immunity by regulating immune-cell access and inflammatory trafficking [32-34,36-38,65,66].

Angiogenesis is required for tumor growth beyond a limited size and contributes to progression
by supplying oxygen, nutrients, and routes for dissemination. Prostate cancer angiogenesis is
regulated by tumor cells, stromal fibroblasts, macrophages, endothelial cells, hypoxia, inflammatory
cytokines, and growth factors such as VEGF [61-63]. Aging-associated inflammation and senescence-
associated secretory programs can increase production of pro-angiogenic mediators, including
VEGEF, IL-6, IL-8/CXCLS8, and matrix-remodeling enzymes. These factors may support abnormal
vascular remodeling within the tumor microenvironment.

However, tumor-associated vasculature is often structurally and functionally abnormal. Tumor
vessels may be tortuous, leaky, poorly organized, and inefficient at oxygen delivery. This can produce
hypoxic regions that activate HIF-1a and other stress-response pathways [62-64]. Hypoxia can
promote angiogenesis, metabolic adaptation, immune suppression, ECM remodeling, and resistance
to therapy. In aged tissues, pre-existing vascular dysfunction may further intensify hypoxic stress
and inflammatory signaling, thereby contributing to tumor progression.

Endothelial senescence may also influence therapeutic response. Impaired vascular function can
affect drug delivery, radiation response, immune-cell infiltration, and tissue repair after therapy.
Radiation and chemotherapy can themselves induce endothelial stress or senescence, potentially
amplifying inflammatory tissue injury [63-66]. In older patients, baseline vascular aging and
comorbidities such as obesity, diabetes, hypertension, and metabolic syndrome may further modify
treatment tolerance and tumor response. Although these relationships require additional
investigation in prostate cancer, they highlight the importance of considering vascular aging as part
of the tumor microenvironment.

The vascular compartment also interacts closely with stromal and immune cells. Perivascular
macrophages, fibroblasts, pericytes, and endothelial cells can form specialized niches that regulate
immune-cell entry, matrix remodeling, angiogenesis, and tumor-cell survival. In aging tissues, these
perivascular niches may be altered by chronic inflammation, senescence, oxidative stress, and
metabolic dysfunction. This may affect not only local tumor growth but also the ability of tumor cells
to invade surrounding tissues and access vascular routes for dissemination [29,30,63-66].

Targeting angiogenesis in prostate cancer has produced mixed clinical outcomes, suggesting
that vascular biology in prostate cancer is complex and may depend on tumor stage, molecular
subtype, stromal context, and host factors [63,64]. Aging may be one underappreciated host factor
that influences vascular remodeling and therapeutic response. Future studies should examine
whether age-associated endothelial dysfunction, vascular senescence, or inflammatory angiogenic
signatures identify subsets of prostate tumors that are more dependent on vascular remodeling or
more resistant to standard therapies.

Overall, endothelial aging and angiogenesis represent important but incompletely understood
components of the aging prostate tumor microenvironment. Age-associated vascular dysfunction can
contribute to hypoxia, inflammatory trafficking, altered perfusion, angiogenesis, immune
modulation, and therapy response. Integrating vascular aging into studies of prostate cancer may
help explain how older tissue environments influence tumor progression and treatment outcomes.

Section Summary

Stromal aging is a major component of the prostate tumor microenvironment. Aging fibroblasts,
senescent stromal cells, CAFs, remodeled ECM, and dysfunctional endothelial cells can collectively
alter epithelial behavior, immune-cell trafficking, tissue mechanics, angiogenesis, and therapeutic
response. These stromal changes may cooperate with cellular senescence and immune aging to create
a chronic inflammatory niche that supports prostate cancer progression. Understanding stromal
aging will be essential for defining biomarkers and therapeutic strategies that target the aging tumor
microenvironment without disrupting normal tissue repair and homeostasis (Table 3).

Table 3. Stromal aging mechanisms in prostate cancer (selected key references: [29,55,57,58,65,104]).
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Stromal feature

Senescent fibroblast

activation

CAF remodeling

ECM

stiffness/remodeling

Vascular aging

Stromal-immune

crosstalk

Major cell

type/component

Fibroblasts, smooth

muscle cells

Cancer-associated

fibroblasts

Collagen, fibronectin,

basement membrane

Endothelial cells,

pericytes

Fibroblasts,

macrophages, T cells

Key mediators

IL-6, CXCL8, CCL2,
TGF-B, MMPs

Growth factors,
cytokines, ECM

proteins

Integrins, FAK/SRC,
YAP/TAZ, MMPs

VEGF, HIF-1a, ROS,

adhesion molecules

CCL2, CXCL
chemokines, TGF-§3,
IL-6
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Potential consequence

Chronic inflammation,
paracrine epithelial

support

Tumor growth, invasion,

immune modulation

Migration, invasion,

treatment resistance

Hypoxia, altered immune

trafficking, angiogenesis

Immune suppression,
inflammatory niche

formation

5. Metabolic Stress and Inflammatory Metabolism in Aging-Associated Prostate Cancer

5.1. Mitochondrial Dysfunction and Oxidative Stress

Metabolic stress is a major feature of biological aging and is closely linked to chronic
inflammation. Among aging-associated metabolic alterations, mitochondrial dysfunction and
oxidative stress are particularly important because they can influence epithelial homeostasis,
immune-cell activity, stromal remodeling, and tumor progression. Mitochondria regulate ATP
production, redox balance, apoptosis, calcium signaling, innate immune activation, and biosynthetic
metabolism. With aging, mitochondrial function may decline because of accumulated mitochondrial
DNA damage, impaired mitophagy, altered mitochondrial dynamics, reduced respiratory efficiency,
and increased production of ROS [1,74]. These changes can generate persistent cellular stress and
promote inflammatory signaling within tissues.

ROS can have both physiological and pathological roles. At moderate levels, ROS participate in
normal signaling, host defense, and tissue adaptation. However, excessive or persistent ROS can
damage DNA, proteins, lipids, and organelles, thereby promoting genomic instability, senescence,
and inflammatory activation [74,75]. In the prostate, chronic oxidative stress may contribute to
epithelial injury, stromal dysfunction, immune-cell recruitment, and altered tissue repair. Oxidative
DNA damage may also cooperate with age-associated decline in DNA repair capacity to increase
mutational burden or cellular stress responses.

Mitochondrial dysfunction can promote inflammaging through several mechanisms. Damaged
mitochondria can release mitochondrial DNA, cardiolipin, and other mitochondrial danger-
associated molecular patterns that activate innate immune pathways, including cGAS-STING,
inflammasome signaling, and NF-«kB-associated inflammatory programs [74,79,80]. Impaired
mitophagy may further increase accumulation of dysfunctional mitochondria and sustain
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inflammatory activation. These mechanisms link metabolic aging to chronic sterile inflammation and
may contribute to the inflammatory prostate tumor microenvironment.

In prostate cancer, mitochondrial metabolism is complex and context dependent. Normal
prostate epithelial cells have unique metabolic features related to citrate production and secretion,
whereas malignant transformation is associated with altered energy metabolism, lipid biosynthesis,
oxidative phosphorylation, and redox regulation [68,71,112]. During cancer progression, tumor cells
may adapt their mitochondrial function to support survival, proliferation, stress resistance, and
response to therapy. Aging-associated mitochondrial dysfunction in stromal and immune cells may
further influence the tumor microenvironment by altering cytokine production, immune-cell
polarization, and tissue remodeling.

Oxidative stress can also interact with cellular senescence. Persistent ROS can induce senescence
through DNA damage response activation, p53-p21CIP1 signaling, pl6INK4a-RB pathway
activation, and mitochondrial stress responses. Senescent cells, in turn, can produce additional ROS
and inflammatory mediators, generating a feed-forward loop between oxidative stress, senescence,
and chronic inflammation [15,19,74,79,80]. In the aging prostate microenvironment, this loop may
involve epithelial cells, fibroblasts, endothelial cells, and immune cells.

Mitochondrial dysfunction may also influence immune-cell function. T cells, macrophages,
dendritic cells, and myeloid-derived suppressor cells rely on metabolic programming to regulate
activation, differentiation, effector function, and immune suppression. Aging-associated
mitochondrial stress may impair cytotoxic T-cell activity, alter macrophage inflammatory states,
reduce antigen presentation, and promote immune exhaustion-like phenotypes [24-27,74,111-114].
Therefore, mitochondrial aging may contribute to prostate cancer progression not only through
effects on epithelial cells but also through remodeling of the immune microenvironment.

Therapeutically, mitochondrial stress and oxidative inflammation represent potential
intervention points, but they require careful consideration. Broad antioxidant strategies have shown
inconsistent benefits in cancer prevention and treatment, likely because ROS have both tumor-
suppressive and tumor-promoting functions depending on context. More targeted approaches that
restore mitochondrial quality control, improve mitophagy, modulate redox-sensitive inflammatory
pathways, or reduce harmful senescence-associated oxidative stress may be more promising. In
prostate cancer, future studies should define which cell types exhibit mitochondrial dysfunction
during aging and how these changes affect tumor progression and therapy response [74,75,95-101].

5.2. Obesity, Aging, and Systemic Inflammation

Obesity frequently coexists with aging and can amplify systemic inflammation, metabolic
dysfunction, and cancer risk. Although aging and obesity are biologically distinct, they share several
inflammatory and metabolic features, including adipose tissue inflammation, insulin resistance,
altered lipid metabolism, mitochondrial stress, oxidative injury, immune-cell dysfunction, and
increased circulating cytokines [67,118-122]. These overlapping processes may converge in older men
to create a systemic environment that influences prostate cancer progression.

Adipose tissue is an active endocrine and immune organ. During obesity, adipocytes can become
hypertrophic and stressed, leading to altered secretion of adipokines, cytokines, free fatty acids, and
metabolic mediators. Obese adipose tissue often contains increased macrophage infiltration,
inflammatory cytokine production, hypoxia, fibrosis, and impaired metabolic regulation [67,73,118].
These changes contribute to chronic low-grade inflammation and may affect distant organs,
including the prostate. In older individuals, age-associated immune remodeling and senescence may
further intensify obesity-related inflammatory signaling.

Insulin resistance and altered insulin/IGF signaling are important metabolic consequences of
obesity and aging. Hyperinsulinemia and increased IGF pathway activity may influence cell growth,
survival, metabolism, and inflammatory signaling [67,68,73,118-122]. In prostate cancer, insulin/IGF-
related pathways have been studied in relation to cancer risk, progression, and treatment response.
Although findings across epidemiological and mechanistic studies are not always uniform, metabolic
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syndrome and obesity-associated endocrine changes may contribute to a tumor-supportive
environment in at least some patient subsets.

Obesity can also alter sex hormone metabolism, adipokine balance, and systemic inflammatory
tone. Leptin, adiponectin, resistin, and other adipose-derived factors can influence immune-cell
function, inflammation, angiogenesis, and cancer-cell behavior [67,73,120]. Increased leptin and
reduced adiponectin, often observed in obesity, may favor inflammatory and growth-promoting
signaling. In prostate cancer, the biological effects of adipokines are likely context dependent and
may vary according to tumor stage, androgen status, metabolic health, and local tissue environment.

The relationship between obesity and prostate cancer is complex. Some studies suggest that
obesity is associated with more aggressive disease, higher risk of biochemical recurrence, increased
prostate cancer mortality, and worse treatment outcomes, whereas associations with overall prostate
cancer incidence are less consistent [67,118-122]. Potential explanations include metabolic
inflammation, altered hormone signaling, delayed detection, differences in tumor biology, and
treatment-related factors. From a biological perspective, obesity may be especially important when
considered together with aging, because both conditions can increase inflammatory burden and
impair immune homeostasis.

In the aging prostate microenvironment, obesity-associated systemic inflammation may interact
with local senescence, stromal remodeling, myeloid activation, and T-cell dysfunction. Circulating
metabolic mediators may affect prostate epithelial cells, immune cells, endothelial cells, and
fibroblasts. Conversely, local tumor-derived factors may influence systemic metabolism and
inflammation. This bidirectional interaction between systemic metabolic state and local tumor
microenvironment is an important area for future investigation [67-73].

Obesity can be framed as a broad inflammatory and metabolic modifier of aging-associated
prostate cancer. Aging and obesity may converge on cytokine imbalance, myeloid activation,
oxidative stress, insulin/IGF signaling, lipid dysregulation, and immune dysfunction [67,73,118-122].
This framework supports the importance of metabolic health while avoiding premature attribution
to any single mechanism.

5.3. Lipid Metabolism and Inflammatory Signaling

Lipid metabolism is central to both prostate biology and immune regulation. Lipids serve as
structural components of membranes, energy substrates, signaling molecules, and regulators of
inflammation. Prostate cancer cells frequently display altered lipid uptake, de Figure 1. Cellular
senescence and inflammaging reshape the aging prostate tumor microenvironment. Aging-
associated cellular stress, including DNA damage, oxidative stress, mitochondrial dysfunction,
metabolic stress, obesity-associated systemic inflammation, and impaired tissue repair, promotes
cellular senescence and chronic inflammation. Senescent epithelial and stromal cells release SASP
factors that interact with immune cells, myeloid suppressor cells, fibroblasts, endothelial cells, and
soluble mediators, including IL-6, IL-17, IL-23, TNF-a, ROS, chemokines, and MMPs. Together with
ECM remodeling and metabolic imbalance, these signals create an inflammaging niche that may
support prostate tumor growth, local invasion, stromal remodeling, immune evasion, therapy
resistance, and disease progression. Selected key references: [8,13,14,20,24-29,67,74].aging-associated
prostate cancer [68-72]. For the purposes of this review, lipid dysregulation can be presented as one
important component of metabolic inflammaging, rather than as a single dominant mechanism.

5.4. Nutrient-Sensing Pathways

Nutrient-sensing pathways integrate information about energy availability, growth factors,
amino acids, glucose, oxygen, and cellular stress. These pathways are central regulators of aging,
metabolism, inflammation, and cancer [1, 5, 68, 71]. In the aging prostate microenvironment, altered
nutrient sensing may influence epithelial cell growth, immune-cell function, senescence, stromal
remodeling, and therapeutic [68-[1,68,92,126.
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The mechanistic target of rapamycin pathway is one of the best-characterized nutrient-sensing
systems. mTOR integrates signals from amino acids, growth factors, oxygen, and energy status to
regulate protein synthesis, autophagy, lipid metabolism, mitochondrial function, and cell growth
[1,68,92,126]. Increased or dysregulated mTOR activity has been associated with aging, cellular
senescence, inflammatory signaling, and cancer progression. In senescent cells, mTOR can contribute
to SASP production, and mTOR inhibition has been explored as a strategy to modulate aging-
associated inflammation. In prostate cancer, PI3BK-AKT-mTOR signaling is particularly relevant
because PTEN loss and pathway activation are common events in tumor progression.

AMP-activated protein kinase is another major metabolic regulator. AMPK senses cellular
energy stress and promotes catabolic processes that restore energy balance while inhibiting anabolic
growth pathways [68,71,73]. AMPK activation can suppress mTOR signaling, promote autophagy,
improve mitochondrial homeostasis, and reduce inflammatory signaling in some contexts. Because
aging and metabolic disease are associated with altered energy sensing, AMPK-related pathways
may influence both prostate epithelial biology and immune-cell function. Metformin and exercise-
associated metabolic effects have often been discussed in relation to AMPK activation, although their
clinical impact in prostate cancer remains an active area of investigation.

Insulin and IGF signaling link systemic metabolic state to cellular growth and survival. These
pathways can activate PI3K-AKT-mTOR, MAPK, and other downstream signaling networks
[67,68,73,118-122]. In obesity and metabolic syndrome, hyperinsulinemia and altered IGF signaling
may contribute to inflammatory and growth-promoting environments. In prostate cancer,
insulin/IGF-related pathways may interact with androgen receptor signaling, tumor metabolism, and
treatment response. However, the relationship is complex and may depend on tumor genotype,
metabolic status, and therapy context.

Nuclear receptors also play important roles in metabolic inflammation. Peroxisome proliferator-
activated receptors regulate lipid metabolism, adipogenesis, insulin sensitivity, macrophage
function, and inflammatory responses [68-73]. Liver X receptors, farnesoid X receptor, and other
lipid-sensing nuclear receptors can influence cholesterol metabolism, bile acid signaling, immune-
cell activity, and tissue inflammation. In the aging prostate microenvironment, nuclear receptor
pathways may provide links between systemic metabolism, immune-cell function, and local
inflammatory signaling.

Autophagy is closely connected to nutrient sensing, mitochondrial quality control, senescence,
and immune regulation. Aging is often associated with impaired autophagy, which can lead to
accumulation of damaged organelles, increased oxidative stress, altered antigen presentation, and
inflammatory activation [1,5,68,71]. In cancer, autophagy has context-dependent roles. It can
suppress tumor initiation by maintaining cellular homeostasis, but established tumors may use
autophagy to survive metabolic stress and therapy. In prostate cancer, autophagy may influence
tumor-cell survival, androgen deprivation response, immune-cell function, and senescence-
associated inflammation.

These nutrient-sensing pathways interact extensively with each other [68-75]. mTOR, AMPK,
insulin/IGF signaling, nuclear receptors, and autophagy form interconnected networks that regulate
growth, metabolism, inflammation, and stress adaptation. Aging and obesity can shift these networks
toward chronic inflammatory and tumor-supportive states. However, because these pathways also
maintain normal tissue function, therapeutic targeting requires careful balance. For example, broad
suppression of mTOR or inflammatory metabolism may have different effects in tumor cells, immune
cells, stromal cells, and normal tissues.

Future studies should define how nutrient-sensing pathways operate in specific cell populations
within the aging prostate microenvironment [68-75]. Single-cell and spatial approaches may help
determine whether metabolic stress is primarily localized to epithelial cells, fibroblasts, immune cells,
endothelial cells, or distinct tumor regions. Such studies could identify metabolic biomarkers and
guide interventions that reduce harmful inflammaging while preserving protective immune and
tissue-repair functions.
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Metabolic stress is an important component of aging-associated prostate cancer biology.
Mitochondrial dysfunction, oxidative stress, obesity-associated inflammation, lipid dysregulation,
and altered nutrient-sensing can interact with senescence, immune aging, stromal activation,

vascular dysfunction, and therapeutic stress. Integrating metabolomics, lipidomics, spatial profiling,
and cell-type-specific functional studies will be important for identifying safe strategies to target
metabolic inflammaging (Table 4).

Table 4. Metabolic stress pathways in aging-associated prostate cancer (selected key references:

Metabolic feature Major mechanisms

Mitochondrial

dysfunction

Oxidative stress

Obesity-
associated

inflammation

Lipid

dysregulation

Nutrient-sensing

changes

mtDNA damage,
impaired mitophagy,

altered respiration

Excess ROS, lipid
peroxidation, DNA

damage

Adipose inflammation,
insulin resistance,

adipokine imbalance

Altered fatty acids,
cholesterol, oxidized

lipids, eicosanoids

mTOR, AMPK,
insulin/IGF, PPARs,

autophagy

[1,67,68,71,74]).

Potential inflammatory

effect

ROS, cGAS-STING,

inflammasome activation

NEF-kB activation, tissue

injury, SASP amplification

Possible prostate

cancer relevance

Senescence,
inflammation, therapy

response

Epithelial stress,

stromal remodeling

Systemic cytokines, myeloid Tumor progression,

activation

Immune-cell modulation,
inflammatory lipid

signaling

Altered SASP, immune
metabolism, stress

adaptation
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6. Consequences of Inflammaging for Prostate Cancer Progression and Therapy
Response (Figure 2)

Multicellular Crosstalk in the Aging Prostate Cancer Microenvironment
Senescence, immune aging, stromal remodeling, vascular dysfunction, and metabolic stress interact to shape tumor behavior

T Cells
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Figure 2. Multicellular crosstalk links senescence, immune aging, stromal remodeling, vascular dysfunction,
and metabolic stress in prostate cancer. The aging prostate tumor microenvironment is shaped by interactions
among senescent epithelial/stromal cells, cancer-associated fibroblasts, ECM, macrophages/MDSCs, T-cell
subsets, endothelial cells, systemic metabolic inputs, and prostate tumor/epithelial cells. SASP mediators,
cytokines, chemokines, growth factors, ECM remodeling, altered Th17/Treg balance, immune exhaustion,
hypoxia, and insulin/lipid stress can activate NFxB, STAT3, TGF-p/SMAD, PI3K-AKT-mTOR, and
ROS/mitochondrial stress pathways. These interconnected signals may promote tumor growth, local invasion,

immune evasion, stromal remodeling, and therapy resistance. Selected key references: [19,24,28,29,58,67,68].

66.1. Tumor Initiation and Early Progression

Aging-associated inflammaging may influence prostate cancer development from the earliest
stages of epithelial transformation. The aged prostate microenvironment is characterized by chronic
inflammatory signaling, cellular senescence, oxidative stress, stromal remodeling, immune
dysfunction, and altered tissue repair. These changes may create a permissive environment in which
genetically or epigenetically altered epithelial cells are more likely to survive, expand, and interact
with tumor-supportive stromal and immune compartments [1,5,8-12,28,89-91,127]. Although
prostate cancer initiation is driven in part by tumor-intrinsic alterations, the surrounding aged tissue
environment may determine whether early lesions remain indolent or progress toward clinically
significant disease.

Chronic inflammation can promote early tumorigenesis through several mechanisms.
Inflammatory cytokines and ROS can induce DNA damage, epigenetic alterations, and stress-
response signaling in epithelial cells. Senescent epithelial and stromal cells can produce SASP factors
that alter local growth control, recruit immune cells, and remodel ECM. Inflammatory immune cells
can release cytokines, chemokines, proteases, and growth factors that support tissue remodeling and
epithelial adaptation. Together, these processes may disturb normal epithelial homeostasis and
increase the likelihood that premalignant cells acquire growth advantages [15,19-23,39-46,52-54,89—
91].

The prostate is particularly sensitive to stromal-epithelial communication [55-57,103-105].
During normal development and adult homeostasis, stromal cells provide signals that regulate
epithelial differentiation, androgen responsiveness, and tissue architecture. Aging can disrupt these
regulatory interactions. Senescent or activated fibroblasts may produce inflammatory and growth-
promoting mediators, while remodeled ECM may alter epithelial polarity, adhesion, and
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mechanotransduction. These stromal changes may cooperate with epithelial alterations to support
early tumor expansion.

Immune surveillance is also critical during early tumor development [24-27,32-34,111-114]. In
younger or immunologically intact tissues, emerging abnormal cells may be recognized and
eliminated by cytotoxic T cells, natural killer cells, macrophages, and antigen-presenting cells. Aging
may impair these protective responses through reduced antigen presentation, diminished cytotoxic
function, T-cell exhaustion-like features, and myeloid-mediated immune suppression [25-27,32,34].
Thus, immune aging may allow abnormal epithelial cells to persist while chronic inflammatory
signaling simultaneously promotes tissue remodeling.

Inflammaging may also affect early prostate cancer progression by altering the balance between
tumor-suppressive and tumor-promoting senescence. Acute senescence in premalignant epithelial
cells can limit tumor initiation by enforcing growth arrest. However, persistent accumulation of
senescent cells in the surrounding tissue may generate chronic SASP activity that supports non-
senescent neighboring cells. This distinction is important because the same biological process—
senescence —can restrain or promote early tumor progression depending on duration, cell type, and
immune clearance [13,14,17,19,20,85-91].

Therefore, prostate tumor initiation and early progression should be considered not only as cell-
intrinsic genetic events but also as tissue-level processes influenced by aging. The aged
microenvironment may provide inflammatory, stromal, metabolic, and immune signals that increase
the probability of tumor expansion. This concept highlights the importance of age-appropriate
experimental models and human studies that examine both tumor cells and the surrounding aging
tissue context [76-78].

6.2. Local Invasion and Tumor Progression

As prostate cancer progresses, tumor cells interact more extensively with stromal fibroblasts,
immune cells, endothelial cells, ECM, and soluble inflammatory mediators [29-31,106-110].
Inflammaging may contribute to local invasion and disease progression by promoting matrix
remodeling, fibroblast activation, immune-cell recruitment, angiogenesis, and stress-adaptive
signaling. These processes may allow tumor cells to breach normal tissue boundaries, invade
surrounding stroma, and adapt to hostile microenvironmental conditions.

ECM remodeling is a major mechanism through which inflammaging may support invasion.
Senescent stromal cells, cancer-associated fibroblasts, macrophages, and inflammatory epithelial cells
can produce MMPs and other proteases that degrade basement membrane and interstitial matrix
components [55]. This remodeling can create physical paths for tumor-cell movement and release
matrix-bound growth factors. Changes in collagen deposition, fibronectin expression, crosslinking,
and tissue stiffness can also activate mechanotransduction pathways that promote migration,
survival, and invasive behavior.

Inflammatory cytokines can directly affect tumor-cell behavior. IL-6, TNF-a, IL-1 family
cytokines, IL-17-related signaling, TGF-3, and chemokines may activate pathways such as NF-«B,
STAT3, MAPK, SMAD, and PI3K-AKT signaling [29,30,39-46,52-54]. These pathways can regulate
survival, motility, stress tolerance, and interaction with stromal cells. Although the effects of
individual cytokines are context dependent, persistent exposure to inflammatory mediators may help
tumor cells adapt to the aging tissue environment.

Myeloid cells are particularly important in invasion-supportive inflammatory niches. Tumor-
associated macrophages, inflammatory monocytes, neutrophils, and myeloid-derived suppressor
cells can produce cytokines, chemokines, angiogenic mediators, proteases, and ROS [29,31-34,43].
These cells may support matrix remodeling, tumor-cell survival, vascular remodeling, and immune
suppression. Aging-associated myeloid remodeling may therefore amplify tumor-promoting
inflammation and support local progression.

Stromal fibroblasts also contribute to local invasion [29,30,55-57]. Aging fibroblasts and cancer-
associated fibroblasts can produce growth factors, cytokines, ECM proteins, and matrix-remodeling
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enzymes that alter epithelial behavior. Fibroblast-derived factors may increase epithelial
proliferation, motility, survival, and resistance to stress. In addition, fibroblast-mediated matrix
remodeling can increase tissue stiffness and create invasion-supportive tracks within the tumor
microenvironment.

Endothelial aging and angiogenesis may further support tumor progression. Abnormal
vasculature can create hypoxic regions that activate HIF-1ae and other stress-response pathways.
Hypoxia can promote angiogenesis, inflammatory signaling, metabolic adaptation, and resistance to
therapy [61-66]. In aged tissues, pre-existing vascular dysfunction may worsen hypoxia and impair
immune-cell trafficking, thereby contributing to tumor progression and treatment resistance.

Importantly, local invasion is not caused by inflammation alone. Tumor-intrinsic alterations,
androgen receptor signaling changes, tumor suppressor loss, epigenetic remodeling, and therapeutic
pressure all contribute to prostate cancer progression [6,128-133]. However, inflammaging may
provide a permissive microenvironment that supports the consequences of these tumor-intrinsic
changes. This tissue-level perspective is important for understanding why similar genetic alterations
may lead to different clinical outcomes depending on host age, immune status, metabolic health, and
stromal context.

6.3. Immune Evasion and Treatment Resistance

Immune evasion is a central feature of cancer progression and may be strongly influenced by
aging. The aged immune system is often characterized by reduced naive T-cell diversity, impaired
cytotoxic function, altered antigen presentation, myeloid skewing, chronic inflammatory activation,
and increased immune-suppressive signaling [24-28,32-34,36-38,111-114]. These changes can
weaken anti-tumor immunity while allowing inflammatory programs that support tumor survival
and adaptation.

In prostate cancer, immune evasion can involve multiple mechanisms. Tumors may reduce
antigen presentation, recruit suppressive myeloid cells, expand regulatory T-cell activity, exclude
effector T cells, increase checkpoint ligand expression, and establish cytokine environments that
impair cytotoxic function. Aging may intensify these mechanisms by reducing immune-cell plasticity
and promoting chronic suppressive or exhausted immune states. As a result, older tumor
microenvironments may contain immune cells that are present but functionally ineffective.

Myeloid-mediated immune suppression is especially relevant. Macrophages and myeloid-
derived suppressor cells can inhibit T-cell activation and function through arginine depletion, ROS,
nitric oxide, IL-10, TGF-3, prostaglandins, and checkpoint-related pathways [29,31-34,36-38,43].
These suppressive myeloid populations can also promote angiogenesis, tissue remodeling, and
resistance to therapy. Aging-associated myeloid skewing may therefore contribute simultaneously to
immune evasion and tumor progression.

T-cell dysfunction may also limit therapeutic response. Aging and chronic antigen exposure can
increase exhaustion-like features in T cells, including impaired proliferation, reduced cytokine
production, and altered expression of inhibitory receptors. In prostate cancer, limited responsiveness
to immune checkpoint blockade in unselected patients may reflect multiple barriers, including low
tumor immunogenicity, immunosuppressive myeloid cells, stromal exclusion, and insufficient
effector T-cell function [32-34,36-38,134-138]. Inflammaging may add another layer of resistance by
creating a chronically inflamed yet poorly cytotoxic immune environment.

Inflammatory signaling can also affect response to androgen receptor-directed therapies,
radiation, chemotherapy, and targeted treatments. Cytokines such as IL-6, TNF-a, TGF-f3, and IL-17-
related mediators can activate survival and stress-response pathways that may help tumor cells
withstand therapy [81,82,93,94,98-101]. Senescent tumor or stromal cells generated by treatment may
also produce SASP factors that alter the local microenvironment. While therapy-induced senescence
can contribute to growth arrest, persistent senescent cells may support inflammatory adaptation and
residual disease under some conditions.
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Stromal and vascular aging may further modify treatment response. Dense ECM can impair
drug penetration and immune-cell infiltration. Hypoxia can reduce radiation sensitivity and promote
adaptive stress responses. Endothelial dysfunction can alter perfusion and tissue repair. Metabolic
dysfunction can influence both tumor-cell survival and immune-cell activity. Therefore, therapy
resistance in aging-associated prostate cancer may arise from interactions among tumor cells,
senescent cells, immune populations, stromal architecture, vasculature, and systemic metabolic
status [58-66,68,71,115-117].

These observations suggest that effective treatment of prostate cancer in older patients may
require more than targeting tumor cells alone. Therapeutic strategies that modulate inflammatory
cytokines, suppress harmful SASP activity, reprogram myeloid cells, improve immune surveillance,
normalize stromal barriers, or correct metabolic inflammation may enhance response to conventional
therapies [32-34,36-38,95-101,134-138]. However, these approaches require careful development
because inflammation and senescence can also have protective roles in tissue repair and tumor
suppression.

6.4. Phenotypic Adaptation Under Inflammatory and Therapeutic Stress

Prostate cancer cells can adapt to changing microenvironmental and therapeutic conditions by
altering signaling pathways, differentiation state, metabolic programs, and stress-response
mechanisms [15,19-23,81,82,93,94,98]. Chronic inflammatory signaling may contribute to this
adaptation by activating pathways involved in survival, repair, motility, immune interaction, and
treatment tolerance. In the aging prostate microenvironment, persistent cytokine exposure, oxidative
stress, stromal remodeling, hypoxia, and metabolic dysfunction may collectively create selective
pressures that favor more adaptable tumor-cell states.

Inflammatory pathways such as NF-kB, STAT3, MAPK, PI3K-AKT, and TGF-/SMAD signaling
can regulate cell survival, stress adaptation, and epithelial behavior [29,68,79,80,92,104,105,126].
These pathways can be activated by cytokines, chemokines, growth factors, oxidative stress, matrix
signaling, and therapy-induced injury. Persistent activation may allow tumor cells to survive
inflammatory stress and adapt to treatment. However, the effects of these pathways are highly
context dependent and may differ according to tumor genotype, stage, androgen receptor status,
immune composition, and treatment history.

Therapeutic stress can also modify the tumor microenvironment. Androgen deprivation
therapy, androgen receptor pathway inhibitors, radiation, chemotherapy, and other treatments can
induce cellular stress, inflammation, senescence, vascular changes, and immune remodeling
[37,81,82,93,94,98-101]. These therapy-induced changes may be beneficial when they enhance tumor-
cell death or immune recognition. However, they may also contribute to residual inflammatory
niches that support surviving tumor cells. In older tissues, pre-existing inflammaging may influence
how the microenvironment responds to therapy-induced injury.

Chronic inflammation has been associated with altered epithelial differentiation, survival
signaling, migratory behavior, and treatment response in multiple cancers. In prostate cancer,
inflammatory and stromal signals may contribute to disease progression and resistance, but the
precise mechanisms linking aging-associated inflammation to specific aggressive phenotypes remain
under active investigation. Thus, inflammaging is best viewed as a permissive tissue context that
supports tumor-cell adaptation rather than as a single deterministic pathway [6,32-34,36-38,128—
133].

Future studies should determine how inflammatory and therapeutic stress interact in aged
prostate tissues [6,34,38,128-133]. Key questions include which cell types produce therapy-induced
inflammatory mediators, how senescent cells persist or are cleared after treatment, how aged immune
cells respond to tumor injury, and whether biological aging markers predict treatment response.
Answering these questions may help identify patients whose tumors are shaped by inflammaging
and may benefit from microenvironment-targeted therapeutic strategies [32-34,95-101,134-138].

Section Summary
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Inflammaging may influence prostate cancer initiation, local invasion, immune evasion, therapy
resistance, and tumor-cell adaptation. These effects arise from interactions among senescent cells,
cytokines, immune dysfunction, myeloid remodeling, stromal activation, ECM remodeling, vascular
dysfunction, metabolic stress, and tumor intrinsic alterations. Defining these multicellular
interactions will be essential for biomarkers and interventions targeting aging-associated prostate
cancer progression.

7. Therapeutic Implications of Targeting Inflammaging in Prostate Cancer

7.1. Cytokine-Targeted Approaches

Because inflammaging is characterized by persistent cytokine and chemokine signaling,
inflammatory pathways represent potential therapeutic targets in aging-associated prostate cancer.
Cytokines such as IL-6, IL-17, IL-23, TNF-a, IL-1 family members, and TGF-f3 can influence immune-
cell recruitment, stromal remodeling, epithelial stress responses, angiogenesis, and treatment
resistance [32-34,39—46,52-54]. These pathways are not specific to aging, but they may become
increasingly relevant in older tissues where chronic inflammatory tone, senescent-cell burden,
immune dysfunction, and metabolic stress are elevated.

The IL-6/JAK/STAT3 pathway is one of the most extensively studied inflammatory signaling
axes in cancer. IL-6 can be produced by tumor cells, stromal fibroblasts, macrophages, senescent cells,
adipose-associated cells, and other immune populations. In prostate cancer, IL-6-related signaling
has been linked to tumor-cell survival, inflammatory adaptation, angiogenesis, androgen receptor
pathway interactions, and resistance to therapy [29,30,32-34,36-38,92]. Because IL-6 is also a common
SASP component, it may connect cellular senescence with tumor-promoting inflammation.
Therapeutic strategies targeting IL-6, IL-6 receptor, JAK kinases, or STAT3 may therefore have
relevance in inflammatory prostate tumor microenvironments, although patient selection and
toxicity remain important considerations.

IL-17- and IL-23-related signaling may also represent therapeutic opportunities. IL-17 can
activate NF-kB, MAPK, chemokine production, and stromal inflammatory programs in multiple cell
types. IL-23 supports the maintenance of Th17-associated immune responses and may contribute to
chronic tissue inflammation [39-46,54]. In cancer, the IL-17/IL-23 axis has context-dependent roles,
with both tumor-promoting and immune-regulatory functions described depending on tissue type
and disease stage. In prostate cancer, targeting this pathway may be most relevant in tumors or
patient subsets with clear evidence of IL-17/IL-23-associated inflammatory activity. However,
because these pathways also participate in host defense and mucosal immunity, therapeutic
modulation would require careful biomarker-guided evaluation.

TNF-a, IL-1, and NF-«B-associated inflammatory pathways are also central components of
chronic inflammation. TNF-a and IL-1 family cytokines can promote cytokine cascades, chemokine
production, myeloid recruitment, endothelial activation, and stromal remodeling [8,9,11,79,80,92].
NF-xB functions as a major transcriptional hub integrating signals from cytokines, pattern-
recognition receptors, oxidative stress, DNA damage, and senescence-associated mediators. In aging
tissues, persistent NF-kB activity may help sustain inflammaging. Therapeutically, broad inhibition
of these pathways may be limited by systemic toxicity and immune-suppressive effects, but selective
targeting of dominant inflammatory circuits may be useful in defined biological contexts.

TGF-f3 signaling represents another important but complex therapeutic target. TGF-3 can
suppress epithelial proliferation in some contexts, but it can also promote immune suppression,
fibroblast activation, ECM remodeling, and invasive behavior in established tumors
[29,104,105,108,110]. In aged tissues, TGF- may contribute to fibrosis, stromal remodeling, and
immune exclusion. Targeting TGF-$ signaling may therefore have potential in stromal-rich or
immune-excluded prostate tumors, but the dual functions of TGF-[3 require careful consideration.

Overall, cytokine-targeted therapy in prostate cancer should not be approached as a uniform
anti-inflammatory strategy. Inflammation can be protective or harmful depending on timing,
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location, cell type, and immune context. The goal should be to identify dominant tumor-promoting
inflammatory circuits while preserving effective anti-tumor immunity and normal tissue repair.
Biomarkers such as circulating cytokines, tissue cytokine signatures, immune-cell composition, SASP
markers, and spatial immune-stromal organization may help identify patients most likely to benefit
from cytokine-targeted approaches [6,34,38,128-133].

7.2. Senescence-Directed Therapies

Cellular senescence is a major contributor to aging-associated tissue inflammation, making
senescence-directed therapy an attractive strategy for modifying the aged tumor microenvironment.
Two broad approaches have emerged: senolytics, which aim to selectively eliminate senescent cells,
and senomorphics, which aim to suppress harmful senescence-associated secretory programs
without necessarily killing senescent cells [95-101]. These strategies may be relevant to prostate
cancer because senescent epithelial, stromal, endothelial, immune, or therapy-induced tumor cells
may contribute to chronic inflammatory signaling and tissue remodeling.

Senolytic strategies are based on the concept that senescent cells depend on specific pro-survival
pathways that allow them to resist apoptosis. By targeting these senescence-associated survival
networks, senolytics may reduce senescent-cell burden and decrease SASP-mediated inflammation
[95-99]. Several classes of senolytic agents have been studied in preclinical aging and disease models,
including BCL-2 family inhibitors, dasatinib plus quercetin, and other agents targeting senescent-cell
vulnerabilities. In cancer, senolytics may be especially relevant after therapies that induce senescence,
because persistent senescent cells may contribute to residual inflammatory niches.

Senomorphic approaches aim to reduce harmful SASP activity while preserving beneficial
aspects of senescence, such as tumor suppression and tissue repair. Pathways such as mTOR,
JAK/STAT, p38 MAPK, NF-kB, cGAS-STING, and inflammasome signaling have been implicated in
SASP regulation [79,80,92,95-101]. Modulating these pathways may reduce inflammatory cytokine
production, chemokine release, and matrix remodeling. In prostate cancer, senomorphic strategies
may be useful in older patients with high inflammatory or senescence-associated signatures, but
additional work is needed to identify which SASP components are most clinically relevant.

A major challenge is that senescence has both beneficial and harmful roles. Acute senescence can
prevent malignant transformation and contribute to therapeutic response by enforcing growth arrest
in damaged cells. Eliminating or suppressing senescent cells indiscriminately could interfere with
tumor suppression, wound healing, immune clearance, or normal tissue repair. Conversely, allowing
persistent senescent cells to remain may promote chronic inflammation and tumor-supportive
remodeling [13,14,17,19,85-91]. Therefore, the timing, cell type, and disease stage of senescence-
directed therapy are critical.

In prostate cancer, senescence-directed therapy may have several potential applications. It could
be used to reduce age-associated inflammatory burden before or during cancer progression, to
suppress harmful SASP after radiation or systemic therapy, or to improve the tumor
microenvironment for immune-based treatments [81,82,93-101]. However, these strategies remain
investigational and require careful preclinical validation in age-appropriate models. It will be
important to determine whether senescent cells in prostate cancer are primarily located in tumor cells,
stromal fibroblasts, endothelial cells, immune cells, or surrounding benign tissue, because the
therapeutic implications may differ substantially.

Biomarker development will be essential for senescence-directed approaches. Potential
biomarkers include p16!NKé, p21¢P1, DNA damage markers, senescence-associated (3-galactosidase
activity, SASP cytokines, senescence-related transcriptomic signatures, spatial localization of
senescent cells, and circulating inflammatory mediators [13,14,18,38,81,82,93,94].
Because no single marker definitively identifies senescence in all contexts, combined biomarker
panels will likely be needed. Spatial profiling may be especially useful for determining whether
senescent cells are located in epithelial, stromal, vascular, or immune compartments.
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7.3. Metabolic and Lifestyle Interventions

Metabolic stress is closely linked to inflammaging, and interventions that improve metabolic
health may reduce chronic inflammatory burden. In older men, obesity, insulin resistance, metabolic
syndrome, mitochondrial dysfunction, altered lipid metabolism, and systemic inflammation may
influence prostate cancer biology [67-75,118-123,125,126]. Therefore, metabolic and lifestyle
interventions may have relevance not only for general health but also for modifying the tumor-
promoting effects of the aging microenvironment.

Exercise is one of the most broadly beneficial interventions for aging-associated metabolic and
inflammatory dysfunction. Regular physical activity can improve insulin sensitivity, reduce adipose
inflammation, enhance mitochondrial function, modulate immune-cell activity, improve vascular
health, and reduce systemic inflammatory markers [67,73,118-122]. In prostate cancer patients,
exercise may also improve fatigue, muscle mass, metabolic health, cardiovascular function, and
quality of life during treatment. Although exercise should not be presented as a stand-alone cancer
therapy, it may help reduce systemic conditions that contribute to inflammaging.

Weight management and dietary interventions may also influence aging-associated
inflammation. Obesity is associated with adipose tissue inflammation, altered adipokines, insulin
resistance, lipid dysregulation, and increased circulating cytokines. Reducing excess adiposity may
lower systemic inflammatory tone and improve metabolic health [67,73,118-122]. Dietary patterns
that improve cardiometabolic function may also affect inflammatory mediators, gut microbiota, lipid
metabolism, and oxidative stress. However, dietary interventions vary widely, and more prostate
cancer-specific studies are needed to define which approaches are most effective and biologically
relevant.

Metformin has received attention because of its effects on insulin sensitivity, AMPK activation,
mitochondrial metabolism, and inflammatory signaling [68,71]. Epidemiological and preclinical
studies have explored whether metformin may influence cancer risk, progression, or treatment
response, including in prostate cancer. However, clinical findings have been mixed, and effects may
depend on patient metabolic status, tumor biology, treatment context, and study design. In the
context of aging-associated prostate cancer, metformin is best discussed as a potential metabolic and
inflammatory modulator rather than as an established prostate cancer therapy.

Nutrient-sensing pathways such as mTOR, AMPK, insulin/IGF signaling, autophagy, and
nuclear receptor pathways may provide additional therapeutic opportunities. mTOR inhibition can
modulate growth signaling, metabolism, autophagy, and SASP activity. AMPK activation may
improve energy homeostasis and reduce inflammatory signaling in some contexts. PPAR pathway
modulation may influence lipid metabolism, insulin sensitivity, macrophage function, and
inflammatory tone [1,5,68,71,92,126]. However, these pathways are active in normal tissues, immune
cells, stromal cells, and tumor cells, so systemic targeting may produce complex effects.

Lifestyle and metabolic interventions may be most effective when integrated into biomarker-
guided strategies [6,34,38,128-133]. For example, patients with obesity, insulin resistance, elevated
inflammatory cytokines, high senescence burden, or specific metabolic signatures may be more likely
to benefit from interventions targeting metabolic inflammaging. Future studies should integrate
clinical metabolic data with tissue immune profiling, serum cytokines, metabolomics, lipidomics, and
treatment outcomes. Such approaches may help determine whether metabolic health modifies
prostate cancer progression through measurable changes in the tumor microenvironment.

7.4. Biomarker-Guided Patient Stratification

A major challenge in targeting inflammaging is patient heterogeneity [6,34,38,128-133].
Chronological age alone is unlikely to identify patients with biologically aged or inflamed prostate
tumor microenvironments. Two men of the same age may differ substantially in immune function,
senescence burden, metabolic health, stromal remodeling, systemic inflammation, and treatment
tolerance. Therefore, biomarker-guided stratification will be essential for translating inflammaging
biology into prostate cancer prevention and therapy.
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Potential biomarkers of inflammaging include circulating cytokines, chemokines, SASP factors,
immune-cell subsets, myeloid signatures, Th17/Treg balance, senescence-associated markers,
metabolic indicators, and tissue-level inflammatory signatures [6,34,38,128-133]. Serum or plasma
markers may provide minimally invasive information about systemic inflammation, but they may
not fully capture the local prostate tumor microenvironment. Tissue-based biomarkers may provide
more direct information about senescent cells, immune infiltration, stromal remodeling, and spatial
organization, but they require biopsy or surgical specimens.

Multiplex immunofluorescence, spatial transcriptomics, single-cell RNA sequencing,
proteomics, and metabolomics can help define inflammaging-associated tumor microenvironment
states [6,34,38,128-133]. These approaches may reveal whether inflammatory signals originate from
senescent stromal cells, myeloid cells, T-cell subsets, endothelial cells, tumor cells, or surrounding
benign tissue. Spatial approaches are particularly important because the biological effect of
inflammatory cells may depend on their proximity to tumor epithelium, stromal barriers, blood
vessels, or immune-suppressive niches.

Biomarkers may also help identify therapeutic vulnerabilities [34,38,95-101,134-138]. Tumors
with high IL-6/STAT3 signaling may be candidates for inflammatory pathway modulation. Tumors
with strong SASP signatures may be candidates for senescence-directed strategies. Tumors with
myeloid-rich immunosuppressive environments may require myeloid reprogramming or
combination immunotherapy. Patients with metabolic inflammation may benefit from metabolic
intervention combined with standard therapy. However, these possibilities require prospective
validation.

Another important goal is distinguishing biological aging from chronological age. Biological
aging biomarkers may include epigenetic clocks, inflammatory signatures, immune-cell composition,
senescence markers, metabolic profiles, and functional measures of tissue resilience [1,5,8,24-28,111-
114]. In prostate cancer, integrating these markers with tumor grade, stage, genomic alterations,
treatment history, and clinical comorbidities may improve risk stratification. This approach may be
especially valuable for older patients, who are often underrepresented in clinical trials and may have
heterogeneous treatment tolerance.

Ultimately, biomarker-guided strategies should aim to identify which patients have tumors
shaped by inflammaging and which specific components of inflammaging are therapeutically
actionable [6,34,38,128-133]. This will require integration of clinical data, biospecimen analysis,
spatial biology, and age-appropriate preclinical modeling.

7.5. Combination Strategies and Clinical Translation

Because inflammaging involves multiple interacting cell types and pathways, single-agent
targeting may be insufficient in many cases. Rational combination strategies may be needed to modify
the inflammatory tumor microenvironment while also controlling tumor-cell growth. Potential
combinations include cytokine modulation with androgen receptor-directed therapy, senescence-
directed therapy with radiation or systemic therapy, metabolic intervention with immune
modulation, and stromal-targeted approaches with conventional treatment [32-34,36-38,95-101,134—
138]. However, combination therapy must be designed carefully to avoid excessive toxicity or
impairment of protective immune functions.

Inflammation-targeted therapies may enhance response to standard prostate cancer treatments
by reducing survival signals, stromal barriers, immune suppression, or SASP-mediated adaptation.
For example, modulating IL-6/JAK/STAT3, NF-«kB-related inflammation, TGF-f signaling, or
myeloid suppressive pathways could theoretically improve therapeutic sensitivity in selected
tumors. Similarly, senescence-directed therapies may help reduce persistent inflammatory niches
after therapy-induced senescence. However, the timing of intervention is likely critical: eliminating
senescent cells too early may interfere with tumor-suppressive senescence, whereas targeting
persistent senescent cells after therapy may be more beneficial [81,82,93-101].
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Immunotherapy combinations are also of interest. Prostate cancer has generally shown limited
response to immune checkpoint blockade in unselected patients, likely due to multiple factors
including low tumor immunogenicity, myeloid suppression, stromal exclusion, and insufficient
effector T-cell activity [32-34,36-38,134-138]. Inflammaging may further complicate this landscape
by producing chronic inflammation without effective cytotoxic immunity. Strategies that reduce
suppressive myeloid cells, improve antigen presentation, modulate cytokine networks, or normalize
stromal barriers may help create a more permissive environment for immunotherapy in selected
patients.

Clinical translation will require careful patient selection, appropriate endpoints, and age-aware
trial design. Older patients often have comorbidities, altered pharmacology, different immune
function, and variable tolerance to combination therapy. Trials targeting inflammaging should
consider biological age, metabolic health, inflammatory biomarkers, immune status, and functional
reserve, rather than relying solely on chronological age [1,5,24-28,111-114]. Safety will be particularly
important because inflammatory and senescence pathways participate in host defense, wound
healing, and tissue repair.

Age-appropriate preclinical models are also needed. Many prostate cancer studies use young
animals, which may not reflect the aged immune, stromal, vascular, and metabolic environments of
human disease [76,77]. Testing inflammaging-targeted therapies in aged models, obesity-associated
models, senescence-enriched settings, and human tissue-based systems may improve translational
relevance. Organoids, explants, co-culture systems, and spatial profiling of human specimens may
also help bridge the gap between mechanistic studies and clinical application.

In summary, therapeutic targeting of inflammaging in prostate cancer is promising but complex.
The goal should not be broad suppression of inflammation, but precise modulation of harmful aging-
associated inflammatory circuits while preserving protective immunity and tissue homeostasis.
Biomarker-guided patient selection, cell-type-specific mechanistic studies, and age-appropriate
models will be essential for developing safe and effective therapies.

Section Summary

Targeting inflammaging offers therapeutic opportunities in prostate cancer, including cytokine
modulation, senescence-directed therapy, metabolic intervention, immune remodeling, and
biomarker-guided treatment selection. Because inflammaging includes both protective and harmful
processes, successful translation will require identifying dominant inflammatory circuits and
tailoring combinations to patient age, immune status, metabolic health, and tumor microenvironment
composition (Figure 3) (Table 5).
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Figure 3. Therapeutic opportunities for targeting inflammaging-associated prostate cancer progression. The

figure summarizes an aged/inflamed prostate tumor microenvironment characterized by dysfunctional T/NK
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cells, suppressive myeloid cells, senescent cells with SASP release, leaky vasculature, and metabolic stress. Major
targetable processes include cytokine imbalance, persistent senescent cells/SASP, immune dysfunction, myeloid
suppression, stromal/ECM remodeling, vascular dysfunction, and metabolic stress. Potential strategies include
cytokine-pathway modulation, senolytics or senomorphics, immune microenvironment remodeling,
stromal/ECM modulation, metabolic and lifestyle interventions, and biomarker-guided patient stratification.
These approaches aim to reduce chronic inflammation, improve immune surveillance, reduce stromal barriers,
improve therapeutic response, and potentially delay progression. Selected key references:
[32,34,54,95,98,99,134,138].

Table 5. Therapeutic strategies targeting inflammaging in prostate cancer (selected key references:
[32,34,54,95,98,99,134,138]).

Therapeutic Main target Rationale Potential benefit Major
strategy caution
Cytokine IL-6/JAK/STAT3; Chronic cytokine May reduce Broad
modulation IL-17/IL-23; TNF- signaling can drive protumor inhibition
a/NF-xB; IL-1; inflammation, stromal inflammation and may impair
TGF-p remodeling, immune improve treatment  protective
suppression, and response immunity
resistance
Senolytics Persistent Senescent cells can May reduce Senescence
senescent cells sustain SASP-driven  senescent-cell burden can also be
inflammation and chronic protective;

inflammatory niches timing is

critical

Senomorphics SASP pathways  Suppress harmful May preserve growth Optimal

(mTOR, SASP without arrest while reducing targets and
JAK/STAT, p38  eliminating all inflammatory patient
MAPK, NF-kB, senescent cells remodeling selection
cGAS-STING) remain
unclear
Metabolic/lifestyle Obesity, insulin ~ Metabolic stress can ~ May improve Likely
intervention resistance, amplify inflammaging systemic supportive
mitochondrial and alter inflammation, rather than
dysfunction, lipid immune/stromal metabolic health, and stand-alone
dysregulation function treatment tolerance  therapy
Immune/myeloid Myeloid cells, T- Aged tumor May improve Requires
remodeling cell dysfunction, microenvironments  immune surveillance biomarker-
antigen may be inflamed but  and immunotherapy guided
presentation, poorly tumoricidal response selection;
immune combinations
checkpoints may increase
toxicity
Stromal/ECM CAFs, ECM Stromal remodeling ~ May improve May
modulation stiffness, TGF-3- can promote invasion, immune-cell interfere
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Therapeutic Main target Rationale Potential benefit Major
strategy caution
related immune exclusion, infiltration, drug with normal
remodeling, hypoxia, and drug delivery, and tissue tissue
matrix proteases resistance organization integrity and
wound
healing
Vascular Endothelial Vascular dysfunction May improve Effects are
normalization dysfunction, can impair immune  perfusion, context-
angiogenesis, trafficking and oxygenation, dependent
hypoxia treatment delivery immune access, and
therapy response
Biomarker-guided Cytokines, SASP Inflammaging is May identify patients Biomarkers

stratification markers, immune heterogeneous and not most likely to benefit still require
signatures, present in all patients from targeted clinical
metabolic strategies validation

profiles, spatial

features

8. Knowledge Gaps and Future Directions

8.1. Distinguishing Chronological age from biological aging

A major challenge in studying aging-associated prostate cancer is distinguishing chronological
age from biological aging. Chronological age is easy to measure, but it does not fully capture the
molecular, cellular, immune, metabolic, and functional changes that occur during aging. Individuals
of the same chronological age may have very different levels of cellular senescence, immune
dysfunction, metabolic stress, systemic inflammation, vascular aging, and tissue repair capacity
[1,5,8,24-28,111-114]. Therefore, simply comparing younger and older patients may overlook
important biological heterogeneity.

Biological aging reflects the cumulative functional decline of cells, tissues, and organ systems.
In the prostate tumor microenvironment, biological aging may include increased senescent-cell
burden, altered SASP activity, myeloid remodeling, T-cell dysfunction, stromal activation, ECM
remodeling, mitochondrial stress, and systemic metabolic inflammation. These processes may occur
at different rates among individuals and may be influenced by genetics, lifestyle, obesity,
comorbidities, environmental exposures, microbiota, and prior therapies.

Future studies should incorporate biomarkers of biological aging into prostate cancer research.
Potential biomarkers include epigenetic aging clocks, senescence-associated markers, inflammatory
cytokine profiles, immune-cell composition, metabolic signatures, mitochondrial function, and
tissue-level measures of stromal remodeling. These biomarkers may help identify patients whose
tumors are developing within biologically aged or inflamed microenvironments, even when
chronological age alone is not informative.

Distinguishing chronological age from biological aging may also improve clinical decision-
making. Older patients with low inflammatory burden and preserved immune function may respond
differently to therapy than younger patients with obesity-associated inflammation, high senescence
burden, or metabolic dysfunction. Therefore, biological aging markers could eventually help guide
risk stratification, treatment selection, and supportive care strategies in prostate cancer.
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8.2. Need for age-Appropriate Experimental Models

Many preclinical prostate cancer studies are performed in young animals or rapidly growing
tumor models. While these systems are useful for defining tumor-intrinsic mechanisms, they may not
accurately represent the aged tissue environment in which human prostate cancer most commonly
develops. Young animals often lack the immune remodeling, stromal aging, senescence burden,
vascular dysfunction, and metabolic alterations characteristic of older hosts. This limitation may
partly explain why some therapies that appear effective in preclinical models show limited benefit in
older or clinically heterogeneous patient populations.

Age-appropriate models are needed to understand how the aged prostate microenvironment
influences tumor initiation, progression, immune evasion, and treatment response. A spatially and
temporally controlled Pten-null prostate cancer mouse model generated at different adult ages
provides direct evidence that host age can accelerate PI3K/AKT/mTOR signaling and prostate cancer
onset and progression [76]. Such models should consider not only tumor genotype but also host age,
immune status, stromal context, metabolic state, and treatment timing. Comparing tumors that arise
in young versus aged hosts may help separate tumor-intrinsic effects from microenvironmental
effects. In addition, age-defined models may clarify how senescence, inflammaging, and immune
dysfunction influence prostate cancer biology over time.

Modeling aging is technically challenging because aged animal studies require longer timelines,
higher cost, larger cohorts, and careful control of comorbidities. Aging animals may also show
increased variability, which can complicate interpretation. Nevertheless, these models are essential
for studying aging-associated prostate cancer. Whenever possible, studies should include both young
and aged cohorts, sex- and strain-appropriate controls, longitudinal analysis, and careful evaluation
of immune, stromal, and metabolic features.

In addjition to animal models, human tissue-based systems can improve translational relevance.
Patient-derived organoids, prostate tissue explants, stromal-epithelial co-cultures, immune-cell co-
cultures, and three-dimensional ECM systems may help model specific components of the aging
microenvironment. However, these systems should ideally incorporate aged stromal cells, aged
immune cells, senescent-cell components, or metabolic stress conditions when studying aging-related
questions. Combining age-appropriate animal models with human tissue systems may provide a
more complete understanding of inflammaging in prostate cancer.

8.3. Defining Cell-Type-Specific Mechanisms

Inflammaging is a multicellular process, and one of the major knowledge gaps is identifying
which cell types initiate, maintain, and respond to aging-associated inflammatory signals in prostate
cancer. Senescent epithelial cells, stromal fibroblasts, macrophages, myeloid-derived suppressor
cells, T-cell subsets, endothelial cells, adipose-associated cells, and tumor cells may all contribute to
the inflammatory microenvironment. However, their relative contributions likely vary by disease
stage, tumor genotype, treatment exposure, metabolic status, and host age.

Cell-type-specific analysis is important because the same inflammatory mediator may have
different effects depending on its source and target cell [29,30,34,38]. For example, cytokines
produced by senescent stromal cells may influence epithelial growth and matrix remodeling, while
cytokines produced by myeloid cells may affect T-cell suppression and immune-cell recruitment.
Similarly, inflammatory signaling within tumor cells may promote survival or stress adaptation,
whereas inflammatory signaling within immune cells may alter anti-tumor function. Without cell-
type resolution, it is difficult to determine which pathways are therapeutically actionable.

Future studies should use single-cell RNA sequencing, single-cell ATAC-seq, spatial
transcriptomics, multiplex immunofluorescence, imaging mass cytometry, proteomics, and
functional co-culture assays to map aging-associated cell states in prostate cancer. These approaches
can help identify senescent-cell populations, inflammatory immune niches, activated stromal subsets,
vascular changes, and tumor-cell responses. Importantly, spatial information is essential because cell
proximity often determines biological function. For example, inflammatory myeloid cells located
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near tumor epithelium may have different effects from those located in stromal or perivascular
regions.

Cell-type-specific studies should also examine dynamic changes over time. Inflammaging may
influence early tumor initiation differently from advanced disease or therapy-resistant states.
Similarly, senescence may be protective at one stage and harmful at another. Longitudinal models
and serial human biospecimens may help determine how aging-associated inflammatory niches
evolve during prostate cancer progression and treatment.

8.4. Integrating Multi-Omics and Spatial Biology

The complexity of inflammaging requires integrated analytical approaches. No single assay can
fully capture the interactions among senescence, immune aging, stromal remodeling, metabolic
stress, and tumor-cell adaptation. Multi-omics approaches, including transcriptomics, proteomics,
metabolomics, lipidomics, epigenomics, and spatial profiling, can provide complementary
information about aging-associated prostate cancer biology [34,38,128-133].

Transcriptomic profiling can identify inflammatory signatures, immune-cell states, senescence-
associated programs, and stromal activation patterns. Proteomics can reveal changes in cytokines,
signaling proteins, ECM components, and secreted factors. Metabolomics and lipidomics can define
systemic and local metabolic alterations associated with aging, obesity, mitochondrial dysfunction,
or inflammatory metabolism. Epigenomic profiling can identify stable regulatory changes that shape
immune-cell dysfunction, stromal activation, or epithelial stress responses.

Spatial biology is particularly valuable because the tumor microenvironment is organized into
localized niches. Senescent stromal cells, inflammatory macrophages, T-cell subsets, blood vessels,
ECM barriers, and tumor epithelial cells may form distinct spatial arrangements that influence
disease behavior. Spatial transcriptomics and multiplex imaging can help determine whether
inflammaging-associated signals are distributed broadly throughout tissue or concentrated in specific
tumor regions. Such information may be critical for identifying biologically meaningful biomarkers.

Integrating multi-omics data with clinical variables will be essential. Patient age, race, body mass
index, metabolic status, comorbidities, tumor grade, stage, treatment history, and outcomes should
be analyzed together with tissue and blood-based molecular data. This integration may help define
clinically relevant inflammaging subtypes of prostate cancer. Such subtypes could eventually guide
patient stratification, therapeutic selection, and biomarker development.

However, multi-omics studies also require careful design. Aging, obesity, treatment exposure,
tumor grade, and tissue composition can all confound interpretation. Studies should include
adequately powered cohorts, appropriate controls, validation datasets, and functional follow-up
experiments. Without functional validation, omics signatures may remain descriptive. Therefore,
future research should combine discovery-based profiling with mechanistic studies in age-
appropriate models.

8.5. Translating Inflammaging Biology into Prevention and Therapy

A major goal of inflammaging research is to translate biological insights into improved
prevention, diagnosis, and treatment. Because prostate cancer often progresses slowly and is
common in older men, interventions that reduce harmful aging-associated inflammation may have
potential to delay disease progression or improve treatment response. However, translation requires
careful attention to safety, timing, patient selection, and biological context [32-34,36-38,95-101,134—
138].

One important opportunity is prevention or risk reduction. If specific inflammatory, senescent,
stromal, or metabolic signatures are associated with aggressive prostate cancer, they may help
identify patients at higher risk of progression. Lifestyle interventions, metabolic optimization, anti-
inflammatory approaches, or senescence-targeted strategies could potentially be evaluated in
selected populations. However, such strategies must be evidence-based and should avoid broad
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suppression of inflammation, because immune responses are also necessary for host defense and
tumor surveillance.

Another opportunity is improving treatment response. Inflammaging-targeted approaches may
be most useful when combined with standard prostate cancer therapies. For example, reducing
harmful SASP activity, reprogramming suppressive myeloid cells, improving immune-cell function,
modifying stromal barriers, or correcting metabolic inflammation could potentially enhance response
to androgen receptor-directed therapy, radiation, chemotherapy, or immunotherapy. These
possibilities require rigorous preclinical and clinical validation.

Clinical translation will require biomarkers that identify patients most likely to benefit.
Candidate biomarkers include circulating cytokines, immune-cell profiles, SASP signatures, myeloid
markers, senescence-associated tissue markers, stromal signatures, metabolic profiles, and spatial
immune-stromal organization. Biomarker-guided clinical trials may be especially important because
inflammaging is heterogeneous and may not be present in all older patients or all prostate tumors.

Safety is a major consideration. Senescence, inflammation, and immune activation can be
protective in certain contexts. Senescence can suppress tumor initiation, inflammation can support
tissue repair and immune surveillance, and immune activation can promote tumor control.
Therefore, therapies targeting inflammaging must avoid eliminating beneficial responses. The goal
should be precise modulation of harmful chronic inflammation rather than broad immune
suppression.

8.6. Future Conceptual Framework

Future studies should view prostate cancer as a disease shaped by both tumor-intrinsic
alterations and host tissue aging. Genetic and epigenetic changes within tumor cells are essential
drivers of prostate cancer, but the aged microenvironment may determine how these tumor cells
behave, how they interact with immune and stromal compartments, and how they respond to
therapy. This framework emphasizes the importance of studying the tumor and host together
[1,5,6,8,28,30].

A useful future model is that biological aging creates a permissive prostate microenvironment
through senescence, SASP activity, immune dysfunction, stromal remodeling, vascular aging, and
metabolic stress. These processes do not act independently; they interact to generate chronic
inflammatory niches. Within these niches, prostate tumor cells may receive signals that support
survival, growth, immune evasion, and treatment adaptation. The specific outcome likely depends
on tumor genotype, stage, therapy exposure, host immune status, and systemic metabolic health.

This framework also suggests that aging-associated prostate cancer may not represent one
disease state. Instead, different patients may have distinct inflammaging phenotypes. Some may be
dominated by senescent stromal inflammation, others by myeloid suppression, others by metabolic
inflammation, and others by vascular or matrix remodeling. Defining these phenotypes could help
identify personalized strategies for prevention and therapy.

Importantly, this review does not propose that inflammaging is the only driver of prostate cancer
progression. Rather, inflammaging should be considered one important biological context that
interacts with established tumor-intrinsic mechanisms. Understanding this interaction may help
explain why prostate cancer behavior varies among patients and why some tumors become
aggressive or treatment resistant despite similar clinical features.

Section Summary

Major knowledge gaps remain in understanding how aging-associated inflammation shapes
prostate cancer. Future studies should distinguish chronological from biological aging, use age-
appropriate models, define cell-type-specific mechanisms, integrate multi-omics and spatial biology,
and develop biomarker-guided translational strategies. Addressing these gaps may reveal new ways
to prevent or delay aggressive prostate cancer progression in older men.
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9. Conclusions

Prostate cancer is strongly associated with aging, but the biological relationship between aging
and prostate cancer progression extends beyond chronological time and accumulated genetic
alterations. Aging reshapes the prostate tissue environment through cellular senescence, chronic low-
grade inflammation, immune dysfunction, stromal remodeling, ECM alteration, vascular changes,
metabolic stress, and impaired tissue repair [1,5,6,8]. These interconnected processes create an
inflammaging-associated microenvironment that may influence tumor initiation, local progression,
immune evasion, treatment response, and disease outcome.

Cellular senescence is a central component of this aging-associated microenvironment. While
senescence can function as a tumor-suppressive mechanism by preventing proliferation of damaged
cells, persistent accumulation of senescent epithelial, stromal, endothelial, and immune cells may
promote chronic inflammation through the senescence-associated secretory phenotype. SASP factors,
including inflammatory cytokines, chemokines, growth factors, matrix-remodeling enzymes, and
extracellular vesicles, can alter stromal-epithelial communication, recruit immune cells, remodel
ECM, and sustain tissue inflammation. Therefore, the biological consequences of senescence in
prostate cancer depend strongly on timing, cell type, immune clearance, and tissue context.

Immune aging further contributes to prostate cancer-associated inflammaging by weakening
anti-tumor surveillance while promoting chronic inflammatory signaling. Age-associated changes in
T-cell diversity, T-helper cell balance, regulatory T-cell function, myeloid-cell activity, antigen
presentation, and cytokine networks may create a tumor microenvironment that is inflamed but not
effectively tumoricidal. Th17/Treg imbalance, IL-17/IL-23-related inflammation, myeloid remodeling,
and persistent NF-kB and STAT3 signaling represent important mechanisms through which immune
aging may affect prostate cancer biology. However, these pathways should be understood as parts of
a complex multicellular network rather than as isolated drivers.

Stromal and metabolic aging add additional layers of regulation. Aging fibroblasts, cancer-
associated fibroblasts, remodeled ECM, endothelial dysfunction, mitochondrial stress, oxidative
injury, obesity-associated inflammation, lipid dysregulation, and altered nutrient-sensing pathways
can all contribute to chronic inflammation and tumor microenvironment remodeling. These factors
may affect tumor growth, invasion, immune-cell trafficking, angiogenesis, and therapeutic response.
Importantly, systemic metabolic health and local prostate tissue aging may interact, suggesting that
prostate cancer progression in older men is shaped by both local and organismal aging processes.

Therapeutically, inflammaging presents both opportunities and challenges. Cytokine-targeted
approaches, senescence-directed therapies, metabolic interventions, stromal modulation, myeloid
reprogramming, and biomarker-guided immune strategies may eventually help reduce harmful
aging-associated inflammation in selected patients. However, inflammation and senescence can also
have protective roles in immune defense, tissue repair, and tumor suppression. Therefore, future
therapeutic strategies should aim to modulate maladaptive chronic inflammation while preserving
beneficial immune and tissue-protective responses.

A major priority for the field is to distinguish chronological age from biological aging. Age alone
is unlikely to identify patients whose tumors are shaped by senescence burden, inflammatory
cytokine networks, immune dysfunction, metabolic stress, or stromal remodeling. Integrated
biomarkers combining tissue profiling, circulating inflammatory markers, immune signatures,
senescence markers, metabolomic or lipidomic features, and spatial organization may be needed to
define clinically meaningful inflammaging phenotypes. Such biomarkers could improve risk
stratification and guide therapeutic selection.

Future studies should incorporate age-appropriate experimental models, human aging-
stratified cohorts, single-cell and spatial technologies, functional co-culture systems, and multi-omics
approaches. These strategies will be essential for identifying which cell types initiate and maintain
inflammaging, how aging-associated inflammatory niches evolve during prostate cancer
progression, and which components of the aging microenvironment are therapeutically actionable.
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By viewing aging as an active biological context rather than a passive demographic variable, the field
may uncover new mechanisms and interventions relevant to prostate cancer in older men.

In summary, cellular senescence and inflammaging provide a useful framework for
understanding how the aging prostate microenvironment may contribute to prostate cancer
progression and therapeutic resistance. A deeper understanding of senescent-cell biology, immune
aging, stromal remodeling, metabolic stress, and multicellular tissue crosstalk may reveal new
opportunities to prevent, delay, or treat aggressive prostate cancer while improving care for the aging
male population.
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