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Abstract

Frailty, a geriatric syndrome marked by multisystem functional decline and heightened vulnerability, threatens older adults' health span.
Immunosenescence and chronic low-grade inflammation are increasingly recognized as core drivers, with age-related impairments in
cellular, humoral, and innate immunity disrupting immune homeostasis. Tertiary lymphoid structures (TLS), ectopic immune aggregates that
orchestrate local immune responses, have emerged as candidate regulators in chronic disease, yet their role in frailty remains largely
unexplored. Here, we propose a conceptual framework for frailty pathogenesis in which immunosenescence and chronic low-grade
inflammation (inflammaging) may act as upstream biological drivers associated with systemic lymphatic dysfunction, potentially contributing
to the structural and functional dysregulation of TLS, a candidate intermediate tissue-level histological link. TLS dysfunction may
subsequently contribute to multi-organ functional decline and the progression of frailty. We synthesize current evidence on the dynamic
characteristics of TLS in aging, discuss TLS as candidate biomarkers and putative therapeutic targets for frailty, and highlight intervention
strategies including molecular modulation, lymphatic function enhancement, immunotherapy, and lifestyle modifications. This tissue-level
perspective highlights TLS as a potential histological link connecting immunosenescence, lymphatic dysfunction, and frailty, offering novel
avenues for geriatric precision medicine and the development of immune-targeted interventions to delay frailty progression.
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1. Introduction

Frailty is a prevalent geriatric syndrome characterized by a progressive decline in physiological reserves and reduced resilience to
internal and external stressors, leading to increased vulnerability to adverse health outcomes!'l. With the rapid aging of the global
population, frailty has emerged as a major determinant of health span and quality of life in older adults. Epidemiological studies
estimate that approximately 10-15% of community-dwelling older adults are frail, while more than 30% are in a pre-frail state, with
comparable prevalence observed across Western and Asian populations!?3l. Clinically, frailty is strongly associated with increased
risks of falls, infections, hospitalization, and mortality, highlighting its growing clinical and public health significancel* .

With the increasing understanding of the mechanisms underlying frailty, accumulating evidence indicates that immunosenescence
and chronic low-grade inflammation (inflammaging) constitute key biological foundations for the onset and progression of frailty!’°l,
In the context of immunosenescence, the immune system gradually loses its capacity for regulation and repair, thereby contributing
to the development of frailty. The immune system enters a continuous physiological aging trajectory from early life, among which
thymic involution represents the earliest and irreversible hallmark!'!l. Following puberty, the thymus undergoes rapid atrophy and
progressive adipose replacement, leading to a marked decline in the production of naive T cells!!?. Concurrently, peripheral lymphoid
organs such as lymph nodes and the spleen exhibit irreversible structural and functional alterations, including follicular
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disorganization, reduction of high endothelial venules (HEVs), and decreased immune cell diversity!!*l. Collectively, thymic involution,
impaired immune cell renewal, and remodeling of immune regulatory networks constitute the core features of immunosenescence,
resulting in a progressively diminished capacity to mount effective immune responses against novel antigens. Meanwhile, older
individuals commonly exhibit persistent, low-grade elevation of pro-inflammatory mediators, giving rise to a state referred to as
inflammaging!'!l. Inmunosenescence and chronic inflammation reinforce each other and are widely regarded as central biological
drivers of frailty development and progression, potentially influencing the formation, maturation, and functional stability of tertiary
lymphoid structures (TLS)[!5-1°l, Therefore, elucidating the mechanisms of immune aging is essential for a comprehensive
understanding of frailty pathogenesis.

In this context, TLS have gained increasing attention as tissue-level requlators of local immune responses. TLS are ectopic immune
aggregates that form in non-lymphoid tissues under conditions of chronic inflammation or persistent antigenic stimulation and share
structural and functional similarities with secondary lymphoid organs (SLOs). By supporting localized immune cell recruitment,
antigen presentation, and immune regulation, TLS play important roles in chronic inflammatory diseases, infections, and cancer!!’-18l,

Aging and frailty are accompanied by structural and functional deterioration of the lymphatic and immune systems!'*=2], including
impaired lymphatic drainage®", altered immune cell trafficking!®?, and disrupted stromal-immune interactions!*’l. However, despite
growing interest in TLS biology, their potential involvement in immunosenescence-associated frailty remains poorly understood.
Cancer and frailty frequently coexist in older adults and share common biological drivers, including immunosenescence, chronic
inflammation, and lymphoid tissue remodeling. Frailty, characterized by multi-organ functional decline and increased vulnerability, is
a prominent risk factor for poor outcomes in cancer patients, including compromised response to treatment, increased
postoperative complications, and higher mortality rates?’l. Similarly, frailty is driven by a combination of age-related immune
dysfunction and chronic inflammation (often referred to as inflammaging), which undermines the body’s ability to recover from
stressors, including infections, surgical procedures, and cancer treatment!®l.

TLS, initially recognized in the context of cancer, are increasingly being investigated as potential contributors to local immune
remodeling and age-related immune dysfunction associated with frailty>!l. In cancer, TLS provide crucial support for anti-tumor
immunity by fostering the organization of local immune responses, antigen presentation, and immune cell activation?”.. These
structures are formed under conditions of chronic inflammation, often driven by tumor progression or treatment-related
inflammation. However, similar TLS or TLS-like structures have also been observed in organs affected by frailty, such as the lung,
brain, and skeletal muscle, where they may contribute to ongoing inflammatory processes and tissue remodeling, a parallel that
highlights TLS as a conserved immune feature across cancer and aging, albeit with distinct functional consequences!?°l.

Thus, cancer-associated TLS offer a valuable mechanistic model for understanding the role of TLS in frailty. Both conditions are
characterized by an immune microenvironment that shifts from a protective immune response to a chronic, unresolved
inflammatory state, driven by dysfunctional TLS. While TLS may initially function to orchestrate immune responses, their persistence
in aging and frailty-related tissues may exacerbate chronic inflammation, further accelerating frailty progression!?”l. This shared
immune landscape highlights the potential of TLS as a candidate biomarker and therapeutic target for frailty, with implications for
improving immune regulation and clinical outcomes in frail cancer patients(?®l.

Such age-related changes may influence the formation, maturation, and functional stability of TLS, potentially shifting their role from
effective immune coordination toward persistent, unresolved inflammation!'*2%], Elucidating how immunosenescence and lymphatic
dysfunction affect TLS may therefore provide novel insights into the immune mechanisms of frailty®*°l

In this review, we propose a conceptual framework in which immunosenescence and inflammaging may act as upstream biological
processes associated with progressive lymphatic dysfunction, potentially contributing to structural and functional alterations of TLS,
a candidate intermediate tissue-level immune niche.

TLS alterations may further contribute to multi-organ functional decline and frailty progression as a downstream clinical phenotype.
Within this conceptual framework, we synthesize current knowledge on frailty, immunosenescence, and TLS biology, examine
emerging evidence linking age-related TLS remodeling with frailty-associated immune dysfunctionl®>!33l, and discuss the exploratory
translational relevance of TLS as potential biomarkers of age-associated immune remodeling and as putative targets for future
frailty-related intervention research, largely extrapolated from chronic inflammatory and oncology-associated TLS studiesi*4. A
schematic overview of this core mechanistic framework is summarized in Figure 1.

Of note, aging and circadian rhythm disturbances can modulate tumor immunity and tissue inflammation through immune cell
function and metabolic reprogramming, which may indirectly influence TLS formation and frailty progressionl*>l. Aging globally
impairs cellular homeostasis, including proteostasis, mitochondrial function, and stress resistance, which collectively shape immune
cell fitness and TLS structural integrity°l.

2. Definition and Clinical Features of Frailty
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2.1 Definition of frailty

Frailty describes a multidimensional clinical syndrome resulting from the cumulative decline of multiple physiological systems,
leading to diminished functional reserve and increased vulnerability to stressors. Unlike single-organ diseases, frailty reflects a state
in which biological aging exceeds chronological aging, manifesting as reduced resilience, delayed recovery, and heightened
susceptibility to adverse health outcomes. This systemic nature distinguishes frailty as a dynamic and potentially reversible condition
rather than an inevitable consequence of aging.

Currently, the commonly used clinical frailty assessment models can be classified into two major frameworks: the Fried Phenotype
Model and the frailty index (FI) Model. The Fried model primarily evaluates physiological phenotypic decline, whereas the FI focuses
on the accumulation of multi-system deficits (Table 1).
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Figure 1. Schematic overview of the core mechanistic framework linking immunosenescence, TLS dysfunction, and frailty progression. Upstream immunosenescence and
chronic low-grade inflammation (inflammaging) drive systemic lymphatic dysfunction, which further leads to the transition from healthy/mature TLS to age-related deviating
TLS (dysfunctional TLS). Mature TLS are characterized by organized T/B cell zones, functional GCs, and effective immune regulation. In contrast, deviating TLS exhibit
architectural disorganization, loss of T/B cell compartmentalization, impaired GC reactions, and sustained inflammatory signaling. TLS dysfunction reinforces a chronic
immune-dysregulated milieu, exacerbating multi-organ functional decline and ultimately promoting frailty progression. Key intervention targets that can modulate TLS
formation and function are indicated, including LTBR, CXCL13/CCL19, VEGF-C/VEGFR-3, and IL-22/STAT3. Created in BioRender. Lin, Z. (2026) https://BioRender.com/5pTwn9z.

TLS: tertiary lymphoid structures; GCs: germinal centers.

The Fried Phenotype Model was proposed by Fried et al. in 2001 and defines frailty based on five objective criteria: unintentional
weight loss, decreased grip strength, fatigue, slowed gait speed, and reduced physical activity!'. Individuals meeting three or more
criteria are classified as “frail”, while those meeting one or two criteria are considered “pre-frail”. This model emphasizes declines in
physical function and strength, is simple to use, and has been widely applied in community-based screening of older adults. However,
it primarily reflects physical function deterioration and does not comprehensively capture cognitive, psychological, or social support
dimensions.

The FI, proposed by Rockwood and Mitnitski, quantifies the accumulation of deficits across multiple health domains, including
diseases, symptoms, laboratory abnormalities, and functional impairments, providing a more comprehensive reflection of the
physiological complexity and systemic nature of frailtyl*®l. The FI is calculated by counting the number of health deficits present in an
individual and dividing by the total number of potential deficits: FI = number of health deficits present/total number of deficit items.
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Generally, an FI = 0.25 is considered “frail”, 0.10-0.25 as “pre-frail”, and FI < 0.10 as “robust” or “healthy”. Unlike the categorical Fried
Phenotype Model, the FI is a continuous variable that better reflects gradation and multidimensionality of frailty and is suitable for
longitudinal studies and health outcome prediction®®l.

Overall, the Fried model emphasizes identification of physiological phenotypes focusing on external manifestations such as muscle
strength, weight, and physical performance changes!!l, whereas the Rockwood model reflects quantitative accumulation of
multi-system deficits and is more suitable for predicting long-term outcomes such as mortality, readmission, and functional decline.
Together, these two models complement each other, forming the theoretical framework of modern frailty research and providing
practical assessment tools for geriatric medicine, cardiology, and immunology®7.

Table 1. Comparison of frailty assessment modelst”],

Feature Fried Phenotype Model"! Frailty Index Model (Rockwood)>®]

Theoretical Basis Physiological phenotypic decline Accumulation of multi-system deficits

Assessment Domains Physical performance, activity, energy metabolism Diseases, symptoms, functional impairments, laboratory parameters
Representative Indicators Weight loss, grip strength, gait speed, fatigue Deficit proportion (FI)

Variable Type Categorical (frail/pre-frail/robust) Continuous (0-1)

Advantages Simple, easy to use, clinically intuitive Comprehensive, systematic, quantifiable

Limitations Subjective, overlooks cognitive and social factors ~ Computationally complex, heavily dependent on chosen indicators
Primary Applications Clinical screening, phenotypic studies Cohort follow-up, risk prediction

FI: frailty index.

2.2 Clinical characteristics of frailty

The clinical characteristics of frailty extend well beyond physical decline and are closely associated with dysregulation of immune,
inflammatory, endocrine, and metabolic systems, underscoring its systemic, multi-organ nature. The major clinical features of frailty
can be summarized as follows.

2.2.1 Decline in physical strength and motor function

Reduced physical strength and impaired exercise capacity are hallmark features of frailty. Sarcopenia is widely recognized as one of
the structural foundations of frailty. The European Working Group on Sarcopenia in Older People defines sarcopenia by the
concurrent presence of reduced muscle mass, decreased muscle strength, and impaired physical performance, all of which constitute
core components of frailty*’l. Loss of skeletal muscle mass results in diminished energy metabolism, slowed gait speed, and an
increased risk of falls. In addition, decreased bone mineral density and osteoporosis frequently coexist in frail individuals. Khosla and
Riggs demonstrated that reduced bone remodeling activity, closely associated with estrogen and testosterone deficiency, represents
a key mechanism underlying frailty-related skeletal fragility!‘l.

2.2.2 Chronic low-grade inflammatory state

Chronic low-grade inflammation is a central biological hallmark of frailty. Franceschi and Campisi introduced the concept of
“inflammaging”, describing aging as a state of persistent, low-level immune activation characterized by elevated inflammatory
mediators in the absence of overt infection!’l. Systematic reviews and meta-analyses have consistently shown that elevated serum
levels of C-reactive protein (CRP), interleukin-6 (IL-6), and tumor necrosis factor-a (TNF-qa) are significantly associated with an
increased risk of frailty!'%l. This chronic inflammatory milieu not only impairs muscle and endothelial function but also promotes
cellular senescence and oxidative stress through activation of the nuclear factor-kappa B (NF-KB) signaling pathway, thereby
establishing a self-perpetuating cycle of inflammation and tissue degeneration.

2.2.3 Endocrine and metabolic dysfunction

Frailty is also closely associated with declines in anabolic hormone levels. In the INCHIANTI cohort study, Maggio et al. reported that
reduced levels of testosterone, dehydroepiandrosterone, and insulin-like growth factor-1 (IGF-1) were significantly correlated with
frailty severity in older men!*l, Similar associations have been observed in women, in whom deficiencies in anabolic hormones,
including estrogen and IGF-1, accelerate muscle atrophy and disrupt metabolic homeostasis!*?l. Hormonal decline leads to reduced
protein synthesis, increased skeletal muscle apoptosis, and impaired metabolic responsiveness, ultimately weakening physiological
resilience. In addition, insulin resistance and mitochondrial dysfunction contribute to the metabolic pathology of frailty by reducing
energy production efficiency and enhancing oxidative stress.
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2.2.4 Oxidative stress and cellular damage

Oxidative stress represents a critical molecular mechanism in the progression of frailty. Evidence indicates that frail individuals
exhibit elevated serum levels of reactive oxygen species and lipid peroxidation products, accompanied by reduced activity of
antioxidant enzymes such as glutathione peroxidasel*?l. Accumulated oxidative stress damages cellular membranes and
mitochondrial structures and promotes cellular senescence through DNA damage and protein carbonylation. Accumulated oxidative
stress is not only a key molecular event in frailty, but also a core driver of cellular senescence and systemic aging. Oxidative
stress-induced DNA damage and protein carbonylation can directly trigger cellular senescence, and the senescence-associated
secretory phenotype (SASP) further amplifies oxidative stress and chronic low-grade inflammation, forming a self-perpetuating
vicious cycle that accelerates aging and frailty progression!*!l. Ji reported that moderate physical activity improves redox
homeostasis in older adults, whereas excessive oxidative stress exacerbates muscle wasting and functional decline!*’l. Accordingly,
oxidative damage is considered a key link connecting metabolic dysregulation with tissue degeneration during frailty. Recent studies
have further clarified the crosstalk between oxidative stress, cellular senescence, and age-related functional decline, supporting its
central role in frailty pathogenesis.

2.2.5 Neurological and psychological manifestations

Frailty is not limited to physiological decline but is frequently accompanied by cognitive and emotional impairments. Buchman et al.
demonstrated that frailty is an independent predictor of Alzheimer’s disease and cognitive decline, potentially mediated by chronic
inflammation, impaired neuronal energy metabolism, and cerebrovascular dysfunction!*®l. Depressive symptoms are also highly
prevalent among frail individuals, with a bidirectional relationship likely driven by hyperactivation of the
hypothalamic-pituitary-adrenal axis, elevated inflammatory mediators, and mitochondrial dysfunction!*’l. Cognitive impairment and
depression further exacerbate functional dependence and reduce adherence to exercise and nutritional interventions, thereby
accelerating frailty progression.

Overall, frailty is a complex, multisystem syndrome characterized by dynamic interactions among chronic low-grade inflammation,
hormonal decline, oxidative stress, sarcopenia, and cognitive-emotional disturbances. These factors collectively form a biological
cascade linking metabolic dysregulation, inflammatory activation, and progressive functional decline. Such multisystem involvement
underscores frailty as a global failure of physiological integration rather than isolated organ dysfunction. Understanding these clinical
features provides the necessary framework for exploring immunological mechanisms of frailty and their relationship with immune
aging and TLS dysfunction, which are discussed in subsequent sections.

3. Relationship Between Immunosenescence and Frailty

Immunosenescence refers to the progressive, age-associated remodeling of the immune system, characterized by reduced immune
responsiveness, impaired immune regulation, and persistent low-grade inflammation. Rather than representing uniform decline in
immune activity, immunosenescence is marked by the paradoxical coexistence of weakened adaptive immune responses and
sustained inflammatory signaling. This immune imbalance is increasingly recognized as a central mechanism underlying frailty and
its associated vulnerability to stressorsls4],

Decline in cellular immunity is a hallmark of immunosenescence. Age-related thymic involution markedly reduces naive T cells
output, resulting in a peripheral T-cell pool dominated by memory T cells and reduced capacity to respond to novel antigensl!-*8],
Although CD8" T cells may increase numerically with age, their function is compromised, with reduced cytotoxicity, lower cytokine
production, clonal expansions, and decreased T-cell receptor diversity. Dysregulation of CD4" helper T-cell subsets, including altered
Th1/Th2 balance and increased proportion of regulatory T cells (Tregs), further suppresses effective immune responses!*’-*°l, Studies
have shown that T cells from frail individuals exhibit shortened telomeres, reduced proliferative capacity, and impaired metabolic
activity, collectively contributing to functional immune aging.

Humoral immunity is also adversely affected in frailty. B-cell development and differentiation are impaired, leading to reduced
numbers of mature B cells and diminished antibody production, which results in blunted antigen responses and decreased vaccine
efficacyl>'->2l. Older individuals exhibit reduced plasma cell generation, lower antibody affinity, and shorter maintenance of
immunological memory, increasing susceptibility to recurrent infections. Abnormal distributions of IgM and IgG subclasses have
been reported in frail individuals, indicating disrupted regulation of humoral immune networks. Elevated expression of inhibitory
receptors on B cells, such as PD-1 and FcRL4, is associated with higher activation thresholds and persistent inflammatory states.

Frailty is further accompanied by widespread dysfunction of the innate immune system. Macrophages in older individuals show
reduced phagocytic capacity and impaired chemotaxis; dendritic cell (DC) numbers and antigen-presenting function decline; and
although natural killer cells may increase numerically, their cytotoxic activity is significantly diminished®™?. Chronic exposure of
monocytes to pro-inflammatory signals sustains a state of low-grade inflammation, often termed inflammaging. This condition is
characterized by persistently elevated IL-6, TNF-o, and CRP levels, promoting oxidative stress, mitochondrial dysfunction, and tissue
injury, thereby accelerating frailty progression. Cumulative dysfunction across immune cell populations leads to systemic immune
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decline and contributes to frailty.

Impaired immune tolerance is another critical aspect of immune dysregulation in frailty. In younger individuals, central and
peripheral tolerance mechanisms maintain immune homeostasis and prevent aberrant activation. Aging diminishes thymic negative
selection efficiency and alters peripheral Treg function, weakening immune tolerance and permitting accumulation of autoreactive
cells>Y. Chronic, low-grade inflammation that develops with aging, often termed inflammaging, is characterized by persistent
elevation of pro-inflammatory mediators and is strongly associated with frailty and other age-related pathologies!l. This chronic
inflammatory milieu impairs tissue repair and further disrupts lymphoid architecture and immune cell communication.

Overall, immune alterations in frailty are characterized by paradoxical coexistence of weakened immune responses and persistent
inflammation. While older individuals exhibit inadequate responses to external pathogens, endogenous inflammatory processes
persist. This imbalance increases susceptibility to infection, reduces vaccine efficacy, impairs tissue repair, and contributes to
multisystem functional declinel'’. Immune dysfunction is therefore not only a defining feature of frailty but also a core pathogenic
mechanism. Further studies on frailty-associated immune alterations, particularly interactions among immune cells, the lymphatic
system, and TLS, will be essential for elucidating the link between immunosenescence and systemic frailty.

4. Tertiary Lymphoid Structures and Their Functions

Within the conceptual framework proposed in this review, immunosenescence/inflammaging—lymphatic dysfunction—TLS
remodeling—multi-organ functional decline associated with frailty, the lymphatic system and TLS may represent an important
intermediate tissue-level interface linking systemic immune aging with end-organ functional impairment. The lymphatic system is a
key component for maintaining immune homeostasis and tissue fluid balance, consisting primarily of primary lymphoid organs (bone
marrow and thymus), SLOs (lymph nodes, spleen, and mucosa-associated lymphoid tissue), and lymphatic networksl>°l. Its main
functions include mediating generation, differentiation, migration, and antigen recognition of immune cells. With aging, the
structure and function of the lymphatic system gradually decline, manifested as thymic atrophy, reduced lymphocyte production,
impaired lymphatic drainage, and decreased immune cell activity. These age-related lymphatic degenerative changes constitute the
critical intermediate link between upstream immunosenescence/inflammaging and downstream TLS dysregulation, laying the
essential histological basis for frailty pathogenesis.

Within the lymphatic system, primary lymphoid organs are responsible for immune cell development and maturation. Bone marrow
is the source of hematopoietic stem cells, generating and releasing B cells, myeloid cells, and other immune components. The thymus
serves as the site for T cell development, selection, and establishment of immune tolerance. As individuals age, the thymus is
progressively replaced by adipose tissue, and its epithelial network atrophies, resulting in decreased production of naive T cells,
reduced T cell diversity, and impaired immune tolerance. This process, termed thymic involution, represents one of the earliest
hallmarks of immunosenescencel'!l.

SLOs, such as lymph nodes and the spleen, serve as central sites for antigen recognition and initiation of immune responses. DCs in
lymph nodes capture exogenous antigens, subsequently activating naive T cells and inducing humoral or cellular immune responses.
The spleen primarily clears senescent red blood cells and circulating antigens, maintaining peripheral immune homeostasis. Aging
leads to decreased numbers of lymph node stromal cells, cortical atrophy of lymph nodes, blurred follicular architecture, and
weakened demarcation between B cell and T cell zones, all indicative of immune function declinel>¢-57],

Concurrently, reduced expression of chemokines such as CXCL13 and CCL21 further impairs immune cell homing and local immune
response capacity, resulting in delayed T cell priming and weakened germinal centers (GCs) reactions®®l. Collectively, these structural
and molecular changes form an important histological basis for immunosenescence. These systemic lymphoid degenerative changes
directly shape the formation, maturation, and functional fate of TLS, which are systematically elaborated below.

4.1 Formation and functions of TLS
To ensure conceptual clarity, we provide unified criteria for TLS-related structures:

Typical TLS: Ectopic immune aggregates with clear T/B cell compartmentalization, follicular dendritic cell (FDC) networks, HEVs, and
functional GCs.

TLS-like structures: Immune aggregates with partial structural organization but lacking complete compartmentalization or GCs.
Lymphoid aggregates: Loose immune cell infiltration without structural organization or vascular/chemokine support.

Under chronic inflammation or persistent immune stimulation, TLS can be induced and formed in non-lymphoid tissues!'$>%1, Also
known as ectopic lymphoid tissue, TLS are immune aggregates that spontaneously form in local inflammatory microenvironments.
Structurally, they are similar to SLOs but are not congenitally presentl°®-!l, TLS comprise B cell zones, T cell zones, DCs, stromal cells,
HEVs, as well as FDC networks and GCs in their mature state. They support local antigen presentation, lymphocyte recruitment and
activation, and the integration of humoral and cellular immunity.
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TLS can be classified as mature or immature. Mature TLS possess complete compartmentalization and GCs, whereas immature TLS
generally have a loose structure and limited functionsl®?. Recent studies further subdivide immature TLS into Conforming TLS, which
are close to mature and have potential functional capacity, and deviating TLS, which exhibit developmental deviation and functional
impairment due to microenvironmental suppression. This classification emphasizes TLS structural and functional heterogeneity!®3l.

TLS formation is typically triggered by chronic inflammation or persistent immune stimulation. Pro-inflammatory cytokines (e.g.,
IL-1{, IL-6, TNF-o) induce chemokine expression (e.g., CXCL13, CCL19, CCL21), recruiting lymphoid tissue inducer cells or functionally
similar cells, as well as naive B/T cells and DCs. Stromal and endothelial cells are then activated via lymphotoxin o/f-lymphotoxin
B receptor signaling, promoting HEV formation and adhesion molecule upregulation, enabling lymphocyte infiltration and
aggregation to form rudimentary TLS. Through stromal/extracellular matrix remodeling, FDC network establishment, and GC
development, TLS can mature; however, microenvironmental factors may arrest TLS in the deviating TLS statel®!l. The quantity,
maturity, and spatial distribution of TLS also dynamically change in response to treatments, demonstrating their high plasticity!.

4.1.1 Immune cell recruitment and activation

DCs are professional antigen-presenting cells that bridge innate and adaptive immune responses; after antigen capture, they migrate
to draining lymph nodes and localize in T-cell-rich areas to initiate adaptive responses by presenting antigens to T cells!®®l,
Homeostatic chemokines such as CCL19, CCL21, CXCL13, and CXCL12 regulate lymphocyte and DC trafficking, directing them into
lymphoid tissues and contributing to organization of T- and B-cell zones and structured immune aggregates!®’l. Ectopic expression of
homeostatic chemokines induces lymphoid neogenesis with organized lymphocyte and DC infiltration, resembling the architecture of
SLOs(81,

Fibroblasts, especially cancer-associated fibroblasts (CAFs), act as lymphoid tissue organizers in TLS formation and maintenance. CAFs
actively secrete immune chemokines and signals, participating in TLS spatial organization and immune regulation!’l. B cells activate
CAFs via LTPBR, forming a positive feedback loop that promotes TLS maturation®>7%l. In solid tumors, specific CAF subsets (CXCL13" or
CCL19*) serve as TLS structural cells, promoting TLS neogenesis and maturationl®>7572l, Mature TLS correlate positively with immune
checkpoint inhibitor efficacy, highlighting the CAF-TLS axis in tumor immunity!7..

4.1.2 The role of TLS in tumors (brief summary)

TLS have been most extensively characterized in cancer, where mature TLS with organized T/B cell compartments and functional GCs
act as critical anti-tumor immune hubs!!l. This well-established cancer TLS paradigm provides a valuable mechanistic reference for
understanding age-related TLS, although their functional orientations differ significantly. Cancer-associated TLS primarily
orchestrate protective anti-tumor immunity, whereas age-related TLS in frailty predominantly sustain chronic local inflammation
and tissue damage. Given the review’s core focus on immunosenescence and frailty pathogenesis, detailed discussions of
cancer-specific TLS biology are streamlined to avoid redundancy.

4.1.3 The supporting role of lymphatic and vascular pathways

Lymphatic vessels and HEVs support TLS formation and maintenance.

First, lymphatic vessels surrounding TLS provide essential conduits for immune cell trafficking. Ruddle noted that lymphatic
structures within or adjacent to TLS closely resemble those of SLOs, such as lymph nodes, and are capable of draining
antigen-bearing cells (e.g., DCs) or lymphocytes from peripheral tissues into regional lymph nodes or the systemic circulation!’3l.
These lymphatic channels maintain routes for cellular entry into and egress from TLS, allowing local immune responses to be
sustained within TLS while simultaneously communicating with systemic immunity.

Second, lymphatic vessels and associated lymphoid structures contribute to the regulation and transport of tissue fluid and
antigen—cell mixtures. The inflammatory microenvironments in which TLS arise are often characterized by extensive cellular
infiltration, altered vascular permeability, and tissue edema. The presence of lymphatic vessels facilitates the clearance of interstitial
fluid, prevents excessive edema accumulation, and enables the drainage of soluble antigens, cellular debris, and immune cells into
the lymphatic system or bloodstream, thereby preserving local microenvironmental homeostasis(’*\.

HEVs represent another critical vascular component of TLS. These specialized blood vessels are lined by plump, cuboidal endothelial
cells and express high levels of adhesion molecules, including PNAd, ICAM-1, and VCAM-1, enabling efficient recruitment of
circulating lymphocytes. Through HEVs, naive and memory T and B cells are selectively transported from the bloodstream into
tissues, thereby establishing stable immune cell aggregates within TLS. Concurrently, HEVs cooperate with FDC networks and stromal
cells to support B- and T-cell compartmentalization and GC formation. HEV density positively correlates with anti-tumor immune
responses and favorable clinical outcomes. Thus, blood vessels (particularly HEVs) together with lymphatic vessels, not only provide
structural support but also constitute indispensable determinants of TLS functional maturation, immune cell trafficking, and localized
immune activity.
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4.2 The role of TLS in immunosenescence

With aging and age-related chronic disease burden, the immune system undergoes progressive immunosenescence and functional
dysfunction, which is particularly prominent in the context of frailty. Aging globally impairs cellular homeostasis, inducing
senescence of stromal cells, endothelial cells, and immune cells, which is the fundamental cellular basis of TLS structural and
functional degenerationl*°l, In this process, structural and functional degenerative changes of the lymphatic system are key
underpinnings of frailty pathogenesis, and collectively determine the formation, maturation and functional fate of TLSI73-751,

4.2.1 Degenerative changes in lymphoid structures

In aged or immunosenescent states, lymph nodes undergo histological remodeling, with reduced stromal cells, disorganized follicles,
and impaired lymphatic function. Chemokines (CCL19, CCL21, IL-7) are downregulated, lymphatic transport efficiency decreases, and
compartment boundaries blurl’l, Accumulated cellular senescence in stromal cells disrupts the lymphoid-stromal
microenvironment, impairing immune cell localization and signaling!°l.

4.2.2 Impaired immune cell migration and responsiveness

Degeneration of lymphatic structures compromises immune cell migration and activation. Aged lymph nodes show indistinct
T/B zones, fewer GCs, reduced naive T cells, and excessive memory T cells, leading to attenuated responses to novel antigens!’+7.
This explains the delayed immune responses and slow recovery in frail individuals.

4.2.3 Chronic low-grade inflammation and lymphoid dysregulation

Chronic low-grade inflammation in frailty induces cellular senescence and stromal damage in lymphoid organs. SASP from senescent
cells alters stromal signaling and chemokine distribution, exacerbating structural disorder and immune declinel’l. The lymphatic
system is actively remodeled in the inflammatory microenvironment, driving a vicious cycle of immunosenescence.

During aging, the formation and functional regulation of TLS may be closely associated with immune system remodeling. Several
studies have reported that in elderly individuals or frailty models, TLS or TLS-like often display incomplete architecture, aberrant
cellular composition, and disorganized chemokine distribution, suggesting a potential role in the decline of immune function
associated with frailty>377.78], Recent evidence further indicates that the immunological functions of TLS are not static but are
profoundly influenced by the host’s age and immune status. In the context of immunosenescence, TLS are more prone to sustained
immune activation and amplification of inflammatory signaling, thereby contributing to the progression of age-related diseases!'°l.
TLS may therefore be regarded as a manifestation of “local reprogramming” of the immune system under frailty conditions, with
alterations in their structure and function reflecting the pathological interplay between immunosenescence and chronic
inflammation.

In summary, TLS exhibit functional duality. On the one hand, they can serve as local sites for antigen presentation and immune
responses, facilitating pathogen clearance and antitumor immunity; on the other hand, the persistent presence of TLS may sustain
chronic inflammation, promote autoimmune responses or tissue fibrosis, and disrupt immune tolerance, ultimately leading to tissue
damage.

Notably, this functional duality of TLS is not uniformly expressed across different tissues; instead, it is shaped by organ-specific
microenvironments and aligns with the functional decline of key organs in frailtyl’’l. Collectively, age-related TLS dysfunction
represents a tissue-level manifestation of immunosenescence, characterized by structural instability, impaired maturation, and a
pro-inflammatory functional shift. These age-related abnormalities exhibit significant organ specificity, shaped by distinct tissue
microenvironments. Below, we systematically elaborate on the characteristics of age-related TLS dysfunction and their relevance to
organ aging in core systems.

4.3 Organ-specific TLS in aging: Evidence beyond cancer-centered paradigms

While TLS have been extensively studied in the context of cancer, emerging evidence indicates that TLS or TLS-like immune
aggregates also arise in multiple non-lymphoid organs during aging and chronic inflammation*?l. Importantly, many of these organs,
particularly the heart, brain, lung, liver, kidney, and gastrointestinal tract, are central to age-related functional decline and frailty.
However, compared with cancer-associated TLS, direct evidence linking TLS to organ-specific aging remains limited, fragmented,
and highly context dependent. Nevertheless, observations across different organ systems suggest that TLS may represent a shared
immunological feature of chronic tissue stress and immune remodeling during aging.

4.3.1 Cardiovascular system

TLS have been identified in the adventitia of large arteries and within atherosclerotic lesions, especially in aged individuals with
chronic vascular inflammation(*?l, Available evidence from aged vascular inflammatory models suggests that vascular TLS-like
structures may exhibit distinct age-associated features, including predominantly immature or deviating TLS phenotypes, reduced GC
formation, increased expression of the profibrotic chemokine CCL2, and impaired perivascular lymphatic drainage, potentially
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involving LTBR/CCL21-related signaling pathways. In addition, these TLS-like structures have been reported to display increased
infiltration of pro-inflammatory macrophages, reduced follicular B-cell abundance, and less organized T/B-cell
compartmentalization. Given that cardiovascular aging is characterized by reduced vascular compliance, impaired endothelial
signaling, and increased inflammatory burden, these TLS abnormalities promote vascular stiffness and endothelial dysfunction, which
are directly associated with age-related cardiovascular reserve decline.

4.3.2 Central nervous system

In the aging brain, TLS-like immune aggregates have been predominantly identified in the perivascular spaces of the leptomeninges,
particularly in association with neurodegenerative and neuroinflammatory disorders!®’l. These structures may exhibit a distinct
age-related phenotype: dominated by innate immune cells (macrophages and microglia), lacking functional FDC networks and
organized B cell follicles, and characterized by high expression of pro-inflammatory cytokines IL-6 and TNF-o via the IL6/STAT3
pathway. The meningeal lymphatic vessels adjacent to these aggregates show impaired drainage function in aged individuals, further
exacerbating local inflammatory cell accumulation. TLS-like structures in the aging central nervous system may contribute to local
neuroinflammatory remodeling and may be associated with impaired blood-brain barrier integrity and persistent inflammatory
signaling, which have been linked to age-related cognitive decline.

4.3.3 Lung

The lung represents one of the most extensively studied sites of inducible TLS formation outside of tumors, particularly in the form of
inducible bronchus-associated lymphoid tissue (iBALT) distributed around the bronchi and bronchioles, regulated by the NF-KB/IL-17
pathway!®l, Age-related accumulation of iBALT-like structures has been observed in chronic pulmonary inflammation and infectious
conditions. Emerging evidence from aging-associated pulmonary inflammation models suggests that TLS/iBALT-like structures in the
aging lung may display altered immune organization, including impaired HEV formation, reduced stromal CXCL13 expression, low GC
activity, and shifts in lymphocyte composition characterized by relatively increased memory T cells and decreased naive
lymphocytes. In older adults, pulmonary aging is characterized by diminished immune surveillance, impaired tissue repair, and
persistent low-grade inflammation. These TLS abnormalities reduce the local anti-infection immune capacity of the lung, which is
closely associated with age-related respiratory dysfunction and increased infection susceptibility.

4.3.4 Liver

The liver is a highly immunologically active organ, and TLS-like structures have been reported in chronic liver diseases, including
fibrosis and cirrhosis, conditions more prevalent with aging!’”). These immune aggregates are predominantly located in the portal
areas adjacent to bile ducts and vascular structures, exhibiting a unique age-associated phenotype: high TGF-3 expression,
dominated by fibroblastic stromal cells, and classified as deviating TLS with prominent profibrotic properties, mediated by the
TGF-B/Smad signaling pathway. Aging liver TLS show reduced numbers of cytotoxic T cells and increased infiltration of regulatory
T cells, leading to impaired immune surveillance. Given that hepatic aging involves altered immune tolerance, reduced regenerative
capacity, and increased inflammatory burden, these TLS alterations may contribute to hepatic fibrosis and metabolic dysregulation,
which are core features of age-related liver dysfunction.

4.3.5 Kidney

TLS have been observed in aged kidneys and in chronic kidney disease, where they are mainly distributed in the renal interstitium,
often in close proximity to fibrotic lesions and atrophic tubules, associated with interstitial inflammation and progressive fibrosis via
the CCL21/CCR7 pathway!’’l. Renal aging is characterized by declining glomerular filtration, vascular rarefaction, and chronic
immune activation. TLS-like structures in the kidney are mostly immature and may contribute to persistent inflammatory
microenvironments that accelerate functional decline. These changes are closely associated with progressive renal functional decline
in aging.

4.3.6 Gastrointestinal tract

The gastrointestinal tract contains extensive mucosal immune networks, and TLS-like aggregates have been described in the context
of chronic intestinal inflammation and age-associated dysbiosis, predominantly located in the lamina propria of the small and large
intestinal mucosa, regulated by the TLR4/NF-KB pathway!’"l. Aging intestinal TLS exhibit a distinct phenotype: disrupted T/B cell
compartmentalization, driven by gut microbiota dysbiosis and increased bacterial translocation, and characterized by high
TLR4/NF-KB pathway activation. The intestinal lymphatic vessels adjacent to these aggregates show impaired drainage function in
aged individuals, further promoting systemic dissemination of inflammatory mediators. Aging-related changes in gut immunity
include impaired barrier function, altered microbiota composition, and increased inflammatory tone. These TLS alterations may be
associated with impaired intestinal barrier integrity and systemic low-grade inflammation, which is a key upstream driver of
multi-organ functional decline in aging.
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4.3.7 Integrative perspective

Collectively, although the majority of mechanistic insights into TLS biology originate from cancer research, accumulating evidence
across multiple organ systems suggests that TLS may also emerge as part of the immune remodeling process during aging.

A cross-organ comparison reveals both common rules and distinct organ-specific characteristics of age-related TLS changes:

Common features: Most TLS observed in aging non-lymphoid organs are TLS-like structures or immature deviating TLS, rather than
typical mature TLS with complete structure and function; all exhibit impaired GC formation, reduced chemokine expression, and
disrupted vascular/lymphatic support.

Organ-specific phenotypes:

Cardiovascular and hepatic TLS are predominantly profibrotic deviating TLS;
Central nervous system TLS are innate immune-dominated TLS-like structures;
Pulmonary TLS are mainly iBALT with impaired HEV formation;
Gastrointestinal TLS are microbiota-driven mucosal aggregates.

A critical distinction between cancer-associated and aging-associated TLS lies in their functional orientation: cancer-related mature
TLS primarily serve as anti-tumor immune hubs, while most TLS observed in aging non-lymphoid organs are TLS-like structures or
immature deviating TLS that sustain chronic local inflammation and impair organ resilience. This functional divergence is driven by
differences in microenvironmental cytokine profiles, cancer TLS are dominated by IL-22 and LT[R signaling, whereas aging TLS are
characterized by elevated IL-6, TNF-a, and TGF-BI"°l. Further organ-specific and longitudinal studies are required to clarify whether
TLS actively drive age-related functional decline or serve as markers of immune dysregulation during aging.

Further organ-specific and longitudinal studies are required to clarify whether TLS actively drive age-related functional decline or
serve as markers of immune dysregulation during aging. To systematically synthesize the current evidence base, stratify evidence
strength, and highlight key limitations across different organ systems, we have compiled a comprehensive evidence summary table
(Table 2). This table organizes all available studies by organ system, study model, evidence type, TLS phenotype, core mechanistic
pathways, and translational limitations, enabling readers to clearly distinguish conclusions supported by moderate-strength indirect
evidence from those based on preliminary or extrapolated findings.

Table 2. Summary of existing evidence linking TLS to aging and frailty.

Organ/Tissue Disease/Model Evidence TLS Phenotype Association Core Mechanisms Evidence  Key Ref.
Status Type Type Confidence Limitations
Lung Aged mouse model,  Animal Immature Experimental Aging-induced Moderate  Only verified in  [82,83]
chronic pulmonary ~ model study TLS/iBALT-like causal impaired DC function mouse models;
inflammation structures reduces TLS/iBALT lack of direct
maturation efficiency; evidence from
NF-kB/IL-17 pathway frail human
drives TLS formation lung tissues
Central Nervous Aged mouse model, Animal Putative TLS-like Indirect Meningeal TLS-like Moderate No direct [84]
System neurodegenerative  model + structures correlational  structures drive verification in
disorders human (no complete T/B chronic frail human
histological compartmentalization) neuroinflammation via cohorts
study IL-6/STAT3 pathway,
contributing to
cognitive decline
Cardiovascular ~ Aged human Human Immature/Deviating TLS Indirect Vascular TLS in aging  Moderate  Lack of direct ~ [33]
System atherosclerotic histological correlational are dominated by evidence linking
lesions, mouse +animal profibrotic signaling vascular TLS to
atherosclerosis model study via LTBR/CCL21 frailty

model pathway phenotype
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Kidney Aged mouse kidney,  Animal Immature TLS-like Indirect TLS in aged kidney Moderate  No direct [85]
chronic kidney model + structures correlational  drive interstitial verification in
disease human inflammation and frail

histological fibrosis via populations
study CCL21/CCR7 pathway

Liver Aged human liver Human Deviating TLS Indirect Aging-associated Moderate  Lack of [86]
tissues, chronic liver  histological (profibrotic phenotype) correlational hepatic TLS are longitudinal
fibrosis study dominated by TGF-8 evidence linking

/Smad profibrotic hepatic TLS to
signaling frailty onset

Gastrointestinal Aged mouse model, Animal TLS-like immune Mechanistic ~ Gut dysbiosis in aging Low Only verified in  [87]

Tract gut dysbiosis model study aggregates extrapolation drives TLS formation animal models;

via TLR4/NF-kB no direct

pathway evidence linking
intestinal TLS to
human frailty

Systemic Aged mouse lymph  Animal TLS structural and Experimental Aging-induced stromal Moderate  Lack of [80]

Immune System node model, model study functional degeneration causal cell senescence, verification in
immunosenescence chemokine human frail

downregulation and cohorts
HEV dysfunction
impair TLS formation
Oncology- Multiple solid tumors, Human Mature/immature TLS ~ Mechanistic ~ Tumor-associated TLS Moderate  Indirect [17,24]
derived human cancer clinical + extrapolation provide mechanistic extrapolation
mechanistic cohorts preclinical reference, with shared from oncology
reference study core regulatory literature
pathways (LTBR,
CXCL13/CCL19)

TLS: tertiary lymphoid structures; iBALT: inducible bronchus-associated lymphoid tissue; DC: dendritic cell; LTRR: lymphotoxin beta receptor; CCL: C-C motif chemokine ligand;
CCR: C-C motif chemokine receptor; HEV: high endothelial venule; NF-kB: nuclear factor kappa B; TGF-g: transforming growth factor beta.

As summarized in Table 2, while moderate-strength indirect evidence supports an association between TLS dysfunction and
age-related organ decline in the lung and brain, evidence for other organ systems remains preliminary. This evidence gap reinforces
the need for cautious interpretation of the proposed mechanistic framework and highlights priority areas for future research.

5. The Role and Clinical Significance of TLS in Frailty

Building on the core mechanistic framework outlined in Figure 1, a comprehensive, multi-layered mechanistic framework detailing
the full cascade of age-related TLS remodeling and its contribution to frailty pathogenesis is presented in Figure 2. This framework
integrates upstream drivers of TLS dysfunction, the continuum of TLS structural and functional degeneration, organ-specific TLS
phenotypes, downstream frailty manifestations, and potential intervention strategies, providing a holistic roadmap for the
subsequent discussion.

In the setting of frailty and immunosenescence, the key structural and cellular components that support TLS maturation and
function, including DCs, FDCs, stromal networks, HEVs, and lymphatic circulation, undergo progressive degenerative
Changes[7,10,82,85,8(:].

These age-related impairments disrupt TLS architecture and immune orientation, shifting TLS from protective immune hubs toward
inflammation-sustaining centers that amplify local tissue damage and accelerate frailty progression!®‘l. Exploring age-related TLS
dysfunction in the context of frailty is therefore essential for elucidating the tissue-level immune mechanisms of frailty pathogenesis.
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Figure 2. Comprehensive mechanistic framework of age-related TLS remodeling and its contribution to frailty pathogenesis. (A) Upstream drivers: Immunosenescence
(including thymic involution, naive T cell depletion, and functional decline of innate/adaptive immune cells) and chronic low-grade inflammation (inflammaging) induce
lymphatic and vascular dysfunction, collectively creating a pro-inflammatory milieu that initiates and shapes TLS remodeling; (B) TLS remodeling continuum: TLS undergo a
progressive, irreversible transition during aging: from healthy/mature TLS (with clear T/B compartmentalization and functional germinal centers) to immature TLS, then to
chronic inflammatory-skewed deviating TLS, and finally to fibrotic/inflamed dysfunctional TLS. Key changes in stromal components, vascular support, signaling pathways, and
functional outcomes across each stage are summarized; (C) Organ-specific TLS alterations: TLS exhibit distinct tissue-specific phenotypes in aging, including meningeal
TLS-like aggregates in the brain, disorganized iBALT in the lung, profibrotic TLS in vascular and hepatic tissues, and microbiota-driven mucosal TLS in the gastrointestinal
tract, each contributing to organ-specific functional decline; (D) Downstream frailty phenotype: Chronic systemic inflammation combined with tissue-specific TLS dysfunction
drives the development of multisystem frailty manifestations, including sarcopenia, osteoporosis, metabolic dysfunction, neurocognitive decline, impaired immunity, and
increased risks of adverse clinical outcomes; (E) Potential intervention strategies: Targeted approaches to modulate TLS formation and function include molecular/cellular
interventions targeting key signaling pathways, lifestyle modifications, and clinical/translational strategies leveraging TLS as biomarkers for patient stratification and precision

intervention. Created in BioRender. Lin, Z. (2026) https://BioRender.com/prr472p. TLS: tertiary lymphoid structures.

5.1 The impact of TLS on frailty

Age-related TLS dysfunction in the context of frailty arises from degenerative changes in its core cellular and structural components.
These components undergo varying degrees of age-related damage, and their structural degeneration and dysregulated signaling
networks directly impair local immune homeostasis, antigen responsiveness, and tissue repair mechanisms. Consequently, TLS
alterations may represent more than passive manifestations of immunosenescence and could potentially contribute to
frailty-associated immune dysregulation and tissue decline.

5.1.1 Senescence of DCs impairs TLS initiation capacity

DCs are the core initiators of TLS formation. By driving lymphotoxin signals (e.g., LTR), recruiting lymphocytes, and activating stromal
cells, DCs promote establishment of FDC networks, HEVs, and lymphoid tissue chemokine axes. In elderly individuals, DCs exhibit
marked declines in migration capacity, antigen presentation efficiency, and responsiveness to inflammatory signals, resulting in
delayed TLS formation and structural immaturity. This phenomenon has been confirmed in influenza infection models, where
reduced activation capacity of DCs in aged mice led to significantly lower formation efficiency and structural maturation of
iBALT/TLSI#488901, Because TLS are critical for local anti-infection defense and initiation of adaptive immune responses, impaired DC
function may represent an early event contributing to delayed immune responses and increased infection susceptibility in frail
individuals.
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5.1.2 Decline of FDCs results in inefficient B cell follicles and antibody responses

The FDC network serves as a critical scaffold for maintaining B cell follicle structure, GC reactions, and high-affinity antibody
production. Aging can result in reduced FDC numbers, disruption of the network scaffold, and diminished antigen retention capacity,
thereby impairing B cells’ ability to undergo effective selection and affinity maturation. In addition, the decreased secretion of CXCL13
by aged FDCs disrupts the organized aggregation of B cell zones, thereby impairing B cell responses within TLS. The diminished GC
reactions and reduced antibody affinity observed in the elderly closely correlate with FDC functional declinel>7-*1-92, Consequently,
aging of the FDC network not only reduces antigen response efficiency within TLS but may also contribute to poor vaccine responses
and reduced post-infection antibody protection, which are typical immune phenotypes observed in frail individuals.

5.1.3 Dysregulation of stromal cells and chemokine networks

5.1.3.1 (CCL19/CCL21/CXCL13) destroys TLS tissue structure

The structural integrity of TLS largely depends on stromal cells and the tissue chemokines they produce. With aging, both T zone
reticular cells and fibroblastic reticular cells undergo degenerative transcriptional, metabolic, and cytoskeletal changes, resulting in
reduced expression of CCL19, CCL21, and CXCL13, blurred T/B cell zone boundaries, and disrupted immune cell migration pathways.
Studies have indicated that aged stromal cells may exhibit functional exhaustion, diminished proliferative capacity, and excessive
activation of inflammatory signals, making TLS more susceptible to immaturity and functional instability(®3l. This structural and
signaling dysregulation contributes to impaired establishment of an effective local immune microenvironment in frail individuals,
thereby delaying tissue repair.

5.1.4 Impaired function of HEVs limits immune cell entry into TLS

HEVs are critical vascular structures for lymphocyte entry into TLS, determining whether immune cells can efficiently migrate into
tissues. In elderly individuals, HEV adhesion molecules (e.g., PNAd), glycosylation patterns, and intracellular signaling are all reduced,
resulting in restricted lymphocyte trafficking. Studies have shown that the functional decline of HEV endothelial cells in aged lymph
nodes involves mechanisms similar to the insufficient maturation of HEVs within TLSI7%93°4, Such HEV defects lead to lower immune
cell density within TLS, weakening the persistence and efficacy of local immune responses. In frail patients, this translates into
impaired peripheral immune surveillance and delayed immune cell reconstitution following stress, increasing susceptibility to
functional decline after infection or tissue injury.

5.1.5 Overall decline of TLS microenvironment reinforces chronic low-grade inflammation and exacerbates frailty
phenotype

In the context of frailty, the functional balance of TLS may shift from protective immune regulation toward a more pro-inflammatory
and tissue-damaging immune microenvironment. Rather than supporting effective adaptive immunity and tissue repair, age-related
TLS dysfunction in the context of frailty reinforces the core pathogenic mechanism of frailty, immunosenescence coupled with
chronic low-grade inflammation (inflammaging). Evidence indicates that dysfunctional TLS are prone to sustaining persistent
inflammation rather than mounting effective adaptive immune responses, leaving local tissues in a prolonged state of
inflammation-repair imbalancel!7-32.95], This chronic inflammatory microenvironment can drive muscle wasting, metabolic
dysregulation, organ functional decline, and reduced physical performance, forming a key biological basis for the onset of frailty. This
establishes a self-perpetuating feed-forward loop: upstream immunosenescence and inflammaging drive TLS dysfunction, which in
turn amplifies chronic inflammation and multi-organ damage, ultimately accelerating frailty progression. Thus, age-related TLS
alterations in the context of frailty may represent an important tissue-level interface within the pathological processes associated
with frailty.

5.2 Clinical application of TLS as a target for frailty intervention

Targeting age-related TLS alterations in the context of frailty represents a promising, although still largely preclinical, conceptual
strategy that may help modulate immune homeostasis, mitigate chronic inflammatory remodeling, and potentially support
physiological resilience. The dynamic changes of TLS not only reflect immune remodeling during frailty progression but also
highlight candidate targets for clinical intervention.

Notably, most strategies discussed herein are indirect modulators that shape TLS formation and function by improving lymphatic
drainage, resolving chronic inflammation, or restoring immune microenvironmental homeostasis, rather than direct and selective
TLS-targeted interventions. Strictly specific interventions that directly act on TLS structural assembly or maturation, such as
modulation of LTBR signaling and the CXCL13/CCL19/CCL21 chemokine axes, remain exclusively at the preclinical stage. This
distinction ensures cautious interpretation of translational potential in frail populations. Given the limited direct evidence from
dedicated frailty models, all interventions are discussed with rigorous caution, emphasizing safety, organ specificity, and potential
risks in older adults. By targeting TLS formation, enhancing lymphatic function, and optimizing the immune microenvironment, it
may be possible to alleviate immunosenescence and improve systemic physiological resilience.
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5.2.1 Molecular and signaling pathway regulation

TLS formation depends on the LT@R, IL-7, IL-22, and CXCL13/CCL19/CCL21 signaling axes. Barone et al. demonstrated that IL-22 can
stimulate fibroblasts to secrete lymphoid chemokines CXCL13 and CCL19, thereby promoting TLS assembly and immune activation!’’l,
In elderly or frailty models, IL-22 levels are decreased, potentially impairing TLS maturation. Restoration of the IL-22-STAT3 signaling
pathway may improve the TLS microenvironment and enhance local antigen presentation and immune cell recruitment efficiency.
Moreover, LT3R agonists and specific cytokine combinations (e.g., IL-7 + CXCL13) have been shown in animal studies to facilitate TLS
reconstruction, indicating their therapeutic potential. However, systemic administration may carry pro-inflammatory or pro fibrotic
risks in elderly individuals, requiring tissue targeted delivery and dose optimization.

5.2.2 Improving lymphatic circulation and immune microenvironment

Frail individuals often exhibit impaired lymphatic flow and persistent tissue inflammation, which are closely associated with
dysregulated immune circulation. Studies have shown that activation of the VEGF-C/VEGFR-3 signaling pathway can promote
lymphangiogenesis, improve lymphatic drainage, and facilitate the resolution of chronic inflammation, thereby contributing to the
maintenance of lymphatic circulation and local immune homeostasis!°°l. In addition, sphingosine 1 phosphate (S1P) and its receptors
play a crucial role in maintaining lymphatic endothelial barrier integrity and regulating immune cell migration!’”). These mechanisms
may collectively delay the progression of frailty through a “lymphatic function improvement—TLS structural remodeling—
restoration of immune homeostasis” pathway. Notably, excessive VEGF-C activation may induce abnormal lymphatic proliferation and
disrupt tissue fluid homeostasis in elderly individuals. It should be emphasized that most existing evidence for these strategies is
derived from preclinical models of inflammatory bowel disease and skin inflammation, and the efficacy and safety in frail populations
remain to be verified in dedicated clinical studies. Care should be taken to strictly control the intensity of intervention to avoid
disrupting physiological tissue fluid balance.

5.2.3 Organ-specific TLS-targeted intervention strategies

Given the tissue-specific characteristics of TLS in aging, organ-targeted interventions may offer more precise and effective
approaches to mitigating frailty, integrating both pharmacological and non-pharmacological strategies, with strict distinction
between promoting the maturation of protective TLS and inhibiting the formation of inflammatory deviating TLS:

Lung: Pharmacologically, inhibit the NF-KB/IL-17 pathway to suppress the formation of inflammatory deviating TLS/iBALT;
non-pharmacologically, enhance respiratory muscle training and pulmonary hygiene to improve lymphatic drainage, alleviating
chronic pulmonary inflammation and reducing postoperative infection riskl’?l. Notably, excessive inhibition of the NF-KB/IL-17
pathway may reduce the formation of protective iBALT, decreasing the anti-infection ability of the elderly lung.

Brain: Pharmacologically, modulate the IL-6/STAT3 pathway to suppress meningeal deviating TLS-mediated neuroinflammation;
complement with cognitive training and sleep optimization to reduce neuroinflammatory burden, potentially lowering the incidence
of postoperative cognitive dysfunction in frail surgical patients!°’l. It should be noted that long-term inhibition of the IL-6/STAT3
pathway may impair the normal immune surveillance function of protective meningeal TLS, increasing the risk of intracranial
infection in elderly individuals.

Cardiovascular system: Pharmacologically, target the LTBR/CCL21 pathway to inhibit the accumulation of pro-fibrotic deviating TLS
in vascular lesions and improve endothelial function; combine with moderate aerobic exercise (e.g., brisk walking, cycling) to
enhance cardiovascular reserve in aged individuals!®’l. Excessive LTPR signaling inhibition may disrupt the formation of protective
TLS in normal vascular tissues, impairing local immune surveillance.

Gastrointestinal tract: Pharmacologically and nutritionally, regulate gut microbiota via probiotics/prebiotics to reduce chronic
antigenic stimulation and mitigate deviating TLS-mediated gut barrier dysfunction; support with a high-fiber, anti-inflammatory diet
to suppress systemic inflammation!'°%1°1], Non-targeted microbiota modulation may induce dysbiosis and aberrant TLS formation,
exacerbating intestinal inflammation in elderly individuals.

Liver/Kidney: Pharmacologically, inhibit pro-fibrotic pathways (e.g., TGF-$/Smad, CCL21/CCR7) to prevent pro-fibrotic deviating
TLS-associated tissue fibrosis; adopt lifestyle modifications such as sodium restriction (kidney) and alcohol abstinence (liver) to
preserve organ function!'°!l, Over-inhibition of these pro-fibrotic pathways may impair physiological tissue repair and the formation
of protective TLS in the context of acute organ injury.

These organ-specific strategies integrate modulating the structural and functional remodeling of TLS via molecular targeting with
tissue-adapted interventions, addressing both local TLS dysfunction and organ-specific functional decline, thereby complementing
systemic general intervention approaches.

5.2.4 Combination of TLS function restoration and immunotherapy

The maturity of TLS is closely associated with immunotherapy efficacy. Vanhersecke et al. found that the presence of mature TLS can
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independently predict the therapeutic response to immune checkpoint inhibitors, suggesting that TLS functional status serves as a
histological indicator of immune system health!!??l, In frail populations, promoting TLS maturation or functional restoration may
enhance vaccine responsiveness and defense against infections. In the future, TLS-targeting drugs or biologics may be combined
with immune enhancers to establish a comprehensive “immune reconstruction + inflammation control” treatment strategy, with
close monitoring of immune-related adverse events in elderly patients.

5.2.5 Lifestyle and non-pharmacological interventions

Non-pharmacological approaches are also critical for modulating TLS function. Regular aerobic exercise can enhance lymphatic
return and promote immune cell migration, while resistance training improves muscle metabolism and local microcirculation,
thereby supporting TLS homeostasis. Nutritional interventions, such as vitamin D supplementation, wW-3 fatty acids, and antioxidant
polyphenols, can reduce systemic inflammation and improve immune cell metabolism!'%?l, Several studies indicate that exercise
combined with an anti-inflammatory diet can significantly improve vaccine responses in the elderly, indirectly reflecting enhanced
TLS functionl®7-104105], These interventions are generally safe and suitable for long-term application in frail populations.

5.2.6 Clinical prospects and biomarker value of TLS

As a structural indicator of immune status in frailty, TLS hold promising clinical applications. Future studies may utilize TLS maturity,
cellular composition, and chemokine profiles as biomarkers to evaluate frailty-associated immune function. The integration of
radiomics and spatial transcriptomics technologies could enable dynamic monitoring and graded assessment of TLS. Furthermore,
Al-based histopathological analysis can automatically detect changes in TLS distribution and density, providing technical support for
precise phenotyping. Monitoring immune health through TLS-related metrics may facilitate the development of an integrated system
for “early frailty detection, intervention evaluation, prognosis prediction”.

Collectively, all TLS-related intervention strategies for frailty discussed in this section are still in preclinical exploration, and the
specificity, efficacy and safety in frail elderly populations need to be verified in dedicated clinical trials. The functional duality of TLS
in both immune protection and pathological progression should be fully considered in the development of targeted interventions, to
maximize therapeutic benefits while minimizing potential risks in vulnerable elderly populations.

6. Summary and Future Research Directions

Taken together, the evidence synthesized in this review supports a unifying mechanistic framework: immunosenescence drives
lymphatic dysfunction, which promotes TLS dysregulation and ultimately accelerates frailty progression. Frailty is a prominent
syndrome in geriatric medicine that reflects multisystem functional decline, with its development closely associated with
immunosenescence, chronic low-grade inflammation, and lymphatic system dysfunction. TLS, as candidate hubs for local immune
responses and tissue microenvironment remodeling, have been shown to exert candidate immunoregulatory roles in chronic
inflammation, infection, and tumor contexts. Current evidence suggests that the formation, maturation, and functional abnormalities
of TLS may constitute important structural manifestations of immune system aging and frailty-related immune phenotypes!!®-'8],

In frailty, the key components of TLS, including DCs, FDCs, stromal cells, and HEVs, undergo functional decline, accompanied by
dysregulation of chemokine networks and reduced lymphocyte homing efficiency. These alterations result in unstable TLS
architecture, decreased antigen presentation efficiency, and altered immune regulation direction!'°%197, Consequently, TLS may shift
from “protective immune microenvironments” to “chronic inflammation-sustaining hubs”, exacerbating local immune imbalance,
impairing tissue repair, and promoting the development of systemic frailty phenotypes!!8.10%],

Although direct studies on TLS in frail populations remain limited, evidence from animal models and histological analyses indicates
that lymphatic drainage impairment, stromal cell functional decline, and downregulation of key signaling pathways, such as IL-22
and LTBR, may contribute to frailty pathogenesis through effects on the TLS microenvironment!’%!1% Future research should focus on
the dynamic changes and reversibility of TLS across different frailty stages, employing multi-omics approaches, single-cell, and
spatial transcriptomic analyses to systematically elucidate the role of TLS abnormalities in immunosenescence. The causal role,
directional effect, and tissue specificity of TLS in frailty remain to be verified in dedicated models and human cohorts.

At the intervention level, strategies that improve lymphatic function, modulate TLS microenvironments, and control chronic
inflammation hold putative therapeutic value. Targeting signaling pathways including VEGF-C/VEGFR-3, S1P, IL-22, IL-7, and LT3R has
demonstrated the potential to enhance lymphatic drainage and restore local immune homeostasis in preclinical studies[!'’!'2], In
parallel, lifestyle interventions, such as structured exercise, optimized nutrition, and anti-inflammatory regimens, can provide
non-pharmacological support for TLS functional recovery by mitigating chronic low-grade inflammation and improving immune
microenvironments!!''>!14], Interventions should prioritize safety, organ specificity, and avoidance of pro-inflammatory or pro-fibrotic
side effects in elderly individuals.

Overall, TLS are poised to serve as a candidate histological node linking immunosenescence, lymphatic dysfunction, and frailty.
Histologically, abnormal TLS formation and functional imbalance may reflect the peripheral tissue manifestations of
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immunosenescence, amplifying local inflammatory signals while limiting resolution of immune responses. These processes
contribute to multi-organ functional decline and provide a novel tissue-level perspective for understanding frailty-associated
immune phenotypes!'®l. Incorporating TLS compositional features, maturity, and chemokine profiles into frailty immune assessments
may offer a new theoretical framework for early detection, risk stratification, and individualized interventions. Future research
should integrate basic immunology with clinical geriatrics to establish an integrated model of “frailty, immunosenescence, lymphatic
dysfunction, TLS abnormalities”. Multidisciplinary, multi-level studies will elucidate the emblematic role of TLS in immune aging and
explore their potential as candidate biomarkers in frailty evaluation. Furthermore, TLS may represent a novel target for correcting
immune imbalance, supporting both early detection of immune decline and guidance of precise phenotyping and individualized
interventions, thereby providing foundational insights for frailty prevention and management.
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