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[10J0J: Idiopathic pulmonary fibrosis (IPF) is a common lung disease among the elderly, which has attracted increasing attention in
recent years due to its poor prognosis and limited treatment options. Over the past decade, significant progress has been made in
understanding the mechanisms of IPF, establishing it as an age-related disease in which cellular senescence plays a critical role in its
pathogenesis and progression. Aging also induces structural and functional changes in the immune system, a process termed
immunosenescence, which triggers systemic low-grade chronic inflammation and is likely involved in promoting pulmonary fibrosis.
This highlights immunosenescence as a potential core driver of IPF. Consequently, targeting immunosenescence in IPF represents
a novel avenue for disease exploration. Given the narrative nature of this review, we conducted a comprehensive but non-systematic
literature search. We searched electronic databases (including PubMed and Web of Science) for publications published up to
October 2025. The search used combinations of terms related to “IPF” and “Aging”. Due to the broad scope of this review, we did
not adopt strict algorithmic inclusion or exclusion criteria; instead, we prioritized papers with pioneering significance, high impact
studies, and publications that most clearly demonstrated the evolution of concepts and current debates in the field. This paper
systematically reviews recent advances in research on immunosenescence in IPF and the roles of relevant immune cell subsets,
discussing promising biomarkers for clinical diagnosis and related therapeutic strategies. In the future, further studies are required to
elucidate the mechanisms by which immunosenescence contributes to IPF. Employing advanced technologies to identify sensitive
biomarkers and develop promising therapeutic approaches is essential to address the current clinical challenges faced by IPF patients.
Keywords: aging, pulmonary fibrosis, immune system, inflammaging, SASP

Introduction
Interstitial lung disease is a chronic, progressive, and irreversible lung disorder, with IPF being the most common type.
Current anti-fibrotic drugs like nintedanib and pirfenidone have limited effectiveness and cause side effects,' under-
scoring the urgent necessity for novel therapeutic strategies.

Recent studies, have identified IPF as an age-associated chronic condition,” with cellular senescence serving as
a pivotal driving mechanism. Cellular senescence is defined as the permanent cessation of the cell cycle, influenced by
various factors including telomere shortening, DNA damage, endoplasmic reticulum stress, mitochondrial dysfunction,
and the senescence-associated secretory phenotype (SASP).> Immune senescence, or age-related immune decline, results
from this process, impairing the removal of senescent cells and promoting their buildup in lung tissue, leading to fibrosis.
It also causes chronic inflammation, disrupting tissue repair and cytokine balance, thus contributing to IPF progression.
Immune senescence is both an aging-related immune issue and a potential trigger for IPF.

Despite significant progress in understanding immune senescence and IPF in the last decade, the exact impact of
immune senescence on IPF development remains unclear. This article reviews recent research on immune senescence in
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IPF, explores new markers, and consolidates existing therapies targeting immune senescence to suggest new approaches
for IPF diagnosis and management.

Immunosenescence and Its Manifestations in IPF Lung Tissue

|diopathic Pulmonary Fibrosis

IPF is a chronic interstitial lung disease with complex etiologies. Epidemiological studies have demonstrated a strong
association with aging—the median age at diagnosis exceeds 65 years, and incidence increases with age.* The
pathological and physiological characteristics of IPF mainly manifest in the remodeling of structural units. At the tissue
pathological level, IPF is characterized by the typical pattern of idiopathic interstitial pneumonia (UIP).” The typical
manifestation of UIP is the patchy distribution of interstitial fibrosis, with the lung tissue presenting areas of scarring and
thickening, and the intensity of fibrosis varies. This patchy distribution and the associated temporal heterogeneity are the
key pathological features for diagnosing IPF.° In the later stage, honeycomb-like cysts form in the subpleural area.

Current research has shown that the pathogenesis of IPF involves repeated micro-injuries to alveolar epithelial cells,
abnormal tissue repair, and the formation of a self-perpetuating fibrotic microenvironment.”

During the development of IPF, various aging characteristics are observed in the lung tissue, including telomere
shortening, DNA damage accumulation, and mitochondrial dysfunction in alveolar epithelial cells, accompanied by the
excessive release of SASP factors.® Cellular aging can exert its core driving effect through three interwoven molecular
levels: the abnormal reactivation of developmental-related signaling pathways, the alteration of epigenetic modifications,
and the regulatory imbalance of non-coding RNAs. Aging manifests as age-related epigenetic drift, namely the random
loss (hypomethylation) of DNA methylation patterns and the hypermethylation of promoter regions, which directly leads
to the abnormal expression of dormant developmental-related genes. At the same time, non-coding miRNAs, as key
components of the epigenetic network, also show significant dysregulation. It is noteworthy that the expression of these
miRNAs is itself regulated by DNA methylation, thereby forming a multi-layer feedback loop between epigenetics and
miRNAs. Moreover, cellular aging further amplifies the abnormal signals of the above developmental pathways by
releasing SASP. In summary, epigenetic drift provides an upstream basis for the reactivation of developmental pathways
and the dysregulation of miRNAs, and the latter mutually reinforce and synergize with the paracrine effect of cellular
aging, jointly converting the molecular changes related to aging into a persistent fibrotic program in lung tissue.’

Immunosenescence

Aging affects all cell types in the human body, but the sensitivity to aging varies considerably among different types.
Immune cells are among the most susceptible.'® Immunosenescence refers to the functional remodeling of the immune
system that occurs with advancing age. This complex, multidimensional process manifests not only as a progressive
decline in immune defense functions—including both innate and adaptive immunity—Ileading to increased susceptibility
to infection, reduced vaccine efficacy, and weakened immune surveillance, but also as a chronic state of sterile low-grade
inflammation.'! It is characterized by a persistent elevation of systemic pro-inflammatory factors (e.g., IL-6, IL-1B) and
an imbalance of anti-inflammatory factors (e.g., IL-10, TGF-B), resulting in a concurrent decline in immune competence
and a rise in inflammatory markers. Breakthrough research in recent years has revealed that the aging of immune cells
may pose the greatest threat to the organism. Senescent immune cells accelerate the aging of other organs and thereby
promote systemic aging by secreting a spectrum of pro-inflammatory and pro-fibrotic SASP molecules, including
cytokines, chemokines, matrix metalloproteinases, and growth factors.” Experimental evidence indicates that specifically
inducing senescence in immune cells accelerates the aging phenotype in distal organs, such as the lungs, while
eliminating senescent immune cells delays the overall aging process.'? This confirms that the senescence of the immune
system can exert systemic propagating effects. This state of immune imbalance, marked by a loss of T-cell repertoire
diversity, impaired B-cell function, and declined activity of innate immune cells, is closely associated with the
pathological progression of IPF. Notably, significant features of immunosenescence have been detected in both the
peripheral blood and the local pulmonary microenvironment of IPF patients, including: (1) a marked reduction in naive

T cells; (2) accumulation of senescence-associated B cells; and (3) polarization of alveolar macrophages, among others. "
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In summary, these findings reveal that the lungs of IPF patients ultimately develop a vicious cycle that promotes fibrosis
initiation and progression, strongly associated with immune senescence.

Immune Senescence in IPF: Focus on the SASP Inflammatory Network
In recent years, research on the pathogenesis of IPF has become increasingly extensive and in-depth; however, studies
focusing on the immunosenescence pathway remain insufficient. Although the mechanisms of immunosenescence are not
yet fully unified, three key features have been identified: the aging of immune organs such as thymic involution,the
senescence of immune cells (discussed later), and the production of circulating SASP factors.'* Immunosenescence
drives fibrotic progression through dual pathways: on one hand, the diminished clearance capacity of senescent immune
cells leads to the abnormal accumulation of senescent lung epithelial cells within the pulmonary interstitium,'®> which
persistently secrete pro-fibrotic mediators; on the other hand, the inflammatory microenvironment associated with
immunosenescence directly activates pulmonary fibroblasts, inducing excessive deposition of extracellular matrix. The
chronic inflammatory network mediated by SASP cytokines, which accompanies immunosenescence, appears to be
a potent driver of fibrosis.

The SASP factors serve as a central mechanism driving the inflammation-fibrosis vicious cycle in IPF by establishing
a complex inflammatory network. Earlier research exploring the involvement of cellular senescence in IPF pathogenesis
revealed that type II alveolar epithelial (AT2) cells, fibroblasts, and immune cells in the lungs of IPF patients enter a state
of irreversible senescence under the combined effects of multiple stressors, including telomere shortening, oxidative
stress, and epigenetic remodeling. These senescent cells subsequently secrete a spectrum of SASP cytokines, which
promote fibrosis through three interrelated mechanisms. Firstly, the growth factors centered on TGF-f in SASP drive the
activation of myofibroblasts and the synthesis of extracellular matrix (ECM). TGF-B induces fibrosis by influencing
fibroblast gene expression and activating SMAD and Wnt/B-catenin pathways. It works with growth factors like
connective tissue growth factor (CTGF), platelet-derived growth factor (PDGF), and endothelin-1 to boost myofibroblast
proliferation and activation.'® Secondly, senescent cells secrete interleukin family, stimulating local inflammatory
responses through complex signaling axes. The IL-1B-IL-17A-TGF-B axis is a key pro-fibrotic pathway.'” IL-4 and
IL-13 promote fibrosis by activating JAK-STAT and PI3K-AKT signaling pathways in M2 macrophages, leading to the
secretion of TGF-B,'®'? and thus the activation of fibroblasts and epithelial-mesenchymal transition (EMT). IL-11
directly stimulates the activation and EMT of fibroblasts.?’ Beyond pro-inflammatory factors, SASP also contains anti-
inflammatory molecules. For instance, IL-10 limits pulmonary fibrosis by suppressing IL-17A production.?' Elevated IL-
10 levels detected in the bronchoalveolar lavage fluid (BALF) of IPF patients treated with pirfenidone further corroborate
its anti-inflammatory effect.”> Most chemokine family members are secreted by senescent immune cells, mediating
inflammatory responses alongside the interleukin family such as CCL-3, 4, 5% or directly inducing CTGF expression
through Rac/ERK, INK, and AP-1 pathways to promote fibrosis such as CXCL-1.%* Thirdly, matrix metalloproteinases
(MMPs) and their inhibitor PAI-1 mediate abnormal extracellular matrix deposition. Pro-fibrotic MMP3 and MMP7 are
activated by TGF-p,?> while MMP10 may exert anti-fibrotic effects by promoting collagen degradation.”® PAI-1 plays
a key role in connecting senescence, inflammation, and fibrosis: it is induced by TGF-B, promotes the paracrine
senescence of ATII cells, and directly inhibits the degradation of extracellular matrix.?” These three types of factors
do not act independently but form a self-enhancing network. SASP factors induce the senescence of adjacent healthy
cells through paracrine signal transduction, thereby promoting more SASP production. At the same time, pro-
inflammatory factors triggered by SASP accelerate the senescence of immune cells, hindering the clearance of senescent
cells and inflammatory mediators. This continuous accumulation of senescent cells maintains the release of SASP and
forms a vicious cycle, ultimately promoting progressive remodeling of the lungs through fibroblast activation, epithelial-
mesenchymal transition, and extracellular matrix deposition (Figure 1).

The Role of Immune Aging-Related Cell Subpopulations in IPF

Previous studies have demonstrated that immune cell aging primarily manifests as a reduction in the production of naive
T and B lymphocytes, dysfunction of memory cells, accumulation of senescent cells, and dysregulated cytokine
production. Beyond the critical homeostatic imbalance in adaptive immunity, the innate immune system also undergoes
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Figure | Immune aging plays a central role in the pathogenesis of IPF. This figure illustrates that thymus degeneration causes senescent cells to accumulate and secrete SASP,
which drives fibroblast activation, ECM deposition, and a self-amplifying inflammation-fibrosis cycle.

a series of alterations with aging. Innate immune cells exhibit various functional impairments that compromise their
ability to promote tissue repair and mount appropriate protective responses.”® Current research on the immune mechan-
isms in IPF remains insufficiently comprehensive, and the role of the immune system in IPF is not yet fully elucidated. It
is established that nearly every type of immune cell, including lymphocytes and macrophages, is involved in the disease.
Fortunately, the rapid advancement of single-cell RNA sequencing (scRNA-seq) technology in recent years has opened
new avenues for investigation. By analyzing the gene expression profiles of individual cells, researchers can uncover
changes in immune cells within the lungs of IPF patients, providing novel insights into the underlying immune
mechanisms.

Senescent T Cells in IPF

The primary hallmarks of T cell senescence include a marked reduction in naive T cells due to thymic involution, along
with the heightened differentiation and functional impairment of expanded memory T cell populations.”’ Among these,
the decline in CD8+ T cells is most pronounced.’® The decrease in naive T cell populations leads to reduced T cell
receptor repertoire diversity, increasing susceptibility in the elderly and impairing the effective initiation of immune
responses. SCRNA-seq studies in recent years have corroborated these findings in progressive IPF, demonstrating
a decreased proportion of naive T cells alongside an increased frequency of regulatory T cells (Tregs). T cell dysfunction
is also manifested by an imbalance in co-stimulatory signaling molecules: T cells from IPF patients exhibit significantly
reduced surface expression of CD28 and ICOS, while PD-1 expression is elevated. The loss of CD28/ICOS expression is
directly correlated with declining lung function (reduced FVC and DLCO) and shorter patient survival.>' Conversely,
high PD-1 expression exacerbates pulmonary inflammation and fibrosis by inducing TGF-p and IL-17A secretion.’>
Tregs are a distinct subset of CD4+ T lymphocytes characterized by the expression of the transcription factor forkhead
box P3 (FoxP3) and high levels of the interleukin-2 (IL-2) receptor o chain (CD25).*® Research indicates that this cell
population is closely associated with IPF, exhibiting complex and often contradictory roles within the aging and IPF
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microenvironments. Their function is highly dependent on the disease stage and the heterogeneity of Treg subpopula-
tions. Multiple single-cell RNA sequencing studies have revealed an enrichment of Tregs in IPF lung tissue, suggesting
a potentially critical role. Studies have demonstrated that depleting Tregs during the early stage of bleomycin (BLM)-
induced pulmonary fibrosis reduces fibrotic lesions, indicating a pro-fibrotic role for Tregs.>* This aligns with Treg
secretion of cytokines such as TGF-B and TGF-f1. TGF-B can induce increased synthesis of matrix proteins and
decreased activity of matrix proteases.’> Specifically, TGF-B1 promotes the aberrant differentiation of fibroblasts into
myofibroblasts and ECM synthesis via the TGF-B1/Smad signaling pathway, establishing it as a crucial pro-fibrotic
cytokine in IPF pathogenesis.>® Under homeostatic conditions, a Th2-dominant immune response drives pulmonary
fibrosis,®” whereas the cytokine IFN-y secreted by Thl cells can ameliorate fibrosis by inducing the production of
MMPs.** An imbalance in the Th1/Th2 ratio plays a modulatory role during the inflammatory phase of IPF.** However,
during acute infections or acute exacerbations of IPF (AE-IPF), both Th1 and Th2 responses are suppressed, with Tregs
and Th17 cells becoming dominant.*’ Tregs can also convert into Th17 cells and, upon IL-6 stimulation, secrete IL-
17A,*"** which acts on alveolar epithelial cells (AECs) and myofibroblasts to ultimately exacerbate pulmonary
inflammation and fibrosis.** This is confirmed by AE-IPF mice with IL-17 knockout exhibiting milder pulmonary
inflammation and fibrosis.** Conversely, IL-10 is another factor secreted by Tregs. Experimental mouse models have
shown that IL-10 can prevent pulmonary fibrosis by downregulating type I collagen synthesis in human scar tissue-
derived fibroblasts, thereby directly inhibiting fibrosis.*> Furthermore, other studies have indicated that bone marrow-
derived mesenchymal stem cells (BMSCs) alleviate fibrosis through Tregs,*® and that the activation of the aryl
hydrocarbon receptor leading to Treg expansion can mitigate fibrosis.*” This body of evidence underscores the anti-
fibrotic attributes of Tregs. In addition to their dual role, a review of the relevant literature reveals controversy regarding
the abundance of Tregs in peripheral blood, with some studies reporting a decrease and others an increase in their
numbers. Given the capacity of Tregs to interact with various immune and non-immune cell types, we speculate that
Tregs might be recruited from the circulation to the lungs of patients, where they engage in interactions with diverse
pulmonary cells. This hypothesis could explain the discrepant findings in peripheral blood Treg counts versus the
consistently observed elevation of Tregs within lung tissue. Furthermore, the heterogeneity of Treg subsets, coupled with
variations in measurement methodologies employed across studies, likely contributes to these discrepancies. Different
Treg subsets are known to exert distinct functions. The relative proportions of these subsets are dynamically regulated
during disease progression, which may underlie the context-dependent dual role of Tregs in IPF. Future research
employing precise measurements of specific Treg subsets will be crucial for elucidating their contributions to the
immunopathogenesis of IPF.(Figure 2)

Senescent B Cells in IPF

The earliest research on the effects of aging on B cells was published by Cancro, who examined the impact of aging on B cell
subsets, development, and function, proposing B cells as the initiators of immunosenescence.*® However, current studies on
the role of B cells in the pathogenesis of IPF remain insufficient, with only limited evidence confirming that B cells, plasma
cells derived from B cells, and the antibodies they produce are involved in the disease process. With advancing age,
B lymphopoiesis in the bone marrow declines, and the capacity for class-switch recombination (CSR) becomes impaired,
leading to a restricted B-cell receptor (BCR) repertoire. This diminishes the immune system’s ability to recognize and
respond to neo-antigens.* Additionally, the proportional distribution and functional capacity of B cell subsets are altered.
B-cell enrichment has been observed in the lung tissue of IPF patients, alongside elevated levels of circulating B-cell
activators and the B-cell chemokine CXCL13.>° These findings collectively demonstrate the role of B cells in IPF
progression. Single-cell RNA sequencing analysis of peripheral blood from patients with progressive IPF has revealed
a decreased proportion of B lymphocytes,®' while a distinct cell type—age-associated B cells (ABCs)—was enriched in aged
mice. These cells have been demonstrated to exhibit a senescent phenotype, including telomere shortening and cell cycle
arrest, and most importantly, they secrete SASP-associated inflammatory factors such as IL-6 and TNF-a8. IL-6 can
participate in regulating fibroblast senescence and apoptosis via the JAK/STAT signaling pathway.>? It can also induce
sustained proliferation and confer apoptosis resistance in IPF lung fibroblasts, thereby accelerating disease progression. TNF-
o, a common pro-inflammatory cytokine and a key mediator of pulmonary fibrosis, can facilitate the initiation and
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Figure 2 T cell aging plays a critical role in the pathogenesis of IPF. This figure illustrates that thymus degeneration drives T-cell senescence and alters Treg function in the
lungs, promoting fibroblast activation and ECM deposition via the TGF-B1/Smad pathway to induce fibrosis.

progression of fibrosis through multiple pathways. In summary, B cells contribute to pulmonary fibrosis by mediating
fibroblast activation and migration. Plasma cells originate from activated proliferating B cells. Studies have shown that
plasma cell ablation significantly suppresses bleomycin-induced pulmonary fibrosis, though the precise mechanisms remain
unclear.”® As early as many years ago, autoantibodies were reported in IPF, detectable in both lung tissue and bronchoal-
veolar lavage fluid, yet their pathogenic role remained unknown. A 2023 study experimentally elucidated the involvement of
the autoantibody against periplakin (PPL) in IPF progression:** PPL antigen-antibody complexes form and activate immune
cells carrying Fey receptors (FcyR). The activated cells then release pro-inflammatory, chemotactic, and pro-fibrotic factors,
such as CXCL13, which recruits B cells, T cells, and fibrocytes to sites of lung injury. This process fosters the development
of inducible bronchus-associated lymphoid tissue (iBALT), enriched with B cells, which perpetuates the production of
autoantibodies and pro-inflammatory/fibrotic factors. Ultimately, this leads to increasedECM deposition and the generation
of new fibroblasts and myofibroblasts. In conclusion, B cells, plasma cells, and autoantibodies are all implicated in IPF
disease progression, yet substantial gaps remain in understanding the underlying mechanisms.

Senescent Macrophages in IPF

Macrophages are the most critical immune cells in the healthy lung, playing a pivotal role in initiating innate immune
responses through cytokine release. Pulmonary macrophages can be categorized into three subpopulations: monocyte-
derived macrophages, interstitial macrophages (IMs), and alveolar macrophages (AMs).>> These cells contribute to fibrotic
progression through three primary mechanisms: secretion of pro-inflammatory and pro-fibrotic cytokines, mediation of
oxidative stress, and disruption of the M1/M2 polarization balance. During the development of IPF, senescent macrophages
exhibit functional impairments and phenotypic transformations. With aging, macrophage metabolism shifts, leading to
increased production of inflammatory cytokines and a concurrent decline in immune function. Studies have shown that TLR3
mutations in IPF patients reduce macrophage responses to microorganisms, triggering acute IPF exacerbations.’
Additionally, deficiency in the stimulator of interferon genes (STING) compromises macrophage antiviral defense.’’
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Figure 3 Macrophage aging plays a crucial role in the progression of IPF. (a) Three subsets of macrophages in lung tissue; (b). The core mechanism by which senescent
macrophages drive IPF progression; (c). M2 polarization imbalance and the pro-fibrotic pathway of novel scar-associated macrophages; (d). A new classification of
macrophage phenotypes.

Elevated expression of SIRPa attenuates the phagocytic capacity of macrophages,”® while M2 macrophage polarization,
characterized by low MHCII expression, impairs antigen presentation.”” Collectively, these macrophage alterations in IPF
patients undermine pathogen clearance and exacerbate tissue damage. According to the classical definition, macrophages can
be polarized into two major phenotypes: M1 and M2. M1 macrophages, polarized by Thl pro-inflammatory cytokines (e.g.,
TNF, IL-2, IFN-y), exhibit pro-inflammatory and immunostimulatory functions. In contrast, M2 macrophages, induced by
Th2 cytokines (e.g., IL-4, IL-5, IL-13), mediate anti-inflammatory and pro-repair responses.®” The senescent microenviron-
ment drives macrophages toward a pro-fibrotic phenotype, characterized by excessive M2 polarization. These macrophages
activate fibroblasts and mediate the EMT of alveolar epithelial cells by secreting factors such as TGF-p and CCL18.%" Recent
advances in single-cell omics have identified a novel M2-like macrophage subset: scar-associated macrophages (SAMs),
characterized by high expression of osteopontin (SPP1)—a recognized biomarker for fibrotic progression in IPF patients—as
well as CD36 and CD84.%% Research suggests that their precursor cells are likely myeloid-derived suppressor cells (MDSCs).
Upon stimulation by GM-CSF/sB7H3, MDSCs expand® and subsequently contribute, via SPP1 highly expressed in SAMs,
to the SPP1-CD44-PI3K/Akt axis, which directly induces EMT and collagen deposition.®* Furthermore, senescent macro-
phages secrete SASP factors, contributing to the establishment of a chronic inflammatory microenvironment, among other
effects.> However, some researchers have recently proposed that viewing fibrosis merely as an “M2-driven” disease is
overly simplistic. Consequently, macrophages are now categorized into CCR2+ (“inflammatory”) or CX3CR1+ (“repair”)
phenotypes. This approach replaces the M1/M2 classification and provides a more comprehensive understanding of
macrophage roles in IPF®° (Figure 3).

Senescent Neutrophils in IPF
With advancing age, neutrophil counts vary, but their functional activity—including antimicrobial capacity, phago-
cytosis, and chemotaxis—undergoes changes marked by a general decline.?’ As one of the first responders to tissue
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injury or pathogen invasion in the lungs, neutrophils may influence IPF through multiple mechanisms. Interestingly,
in IPF, the role of aged neutrophils exhibits a paradoxical state: their biological behavior displays dual character-
istics that are both pro-fibrotic and potentially protective. Studies indicate that senescent neutrophils exhibit
enhanced ROS production and drive pathological NETosis via PAD-4 activation. The released neutrophil extra-
cellular traps (NETs) contain mediators such as elastase (NE) and myeloperoxidase (MPO).%® NE contributes to
ECM deposition and promotes fibroblast proliferation and myofibroblast differentiation by activating TGF-f,
thereby participating in fibrotic formation.®” Furthermore, neutrophils themselves can release pro-fibrotic cytokines
and chemokines, such as TGF-B1, IL-8, and IL-17,°® directly contributing to IPF progression. Concurrently, focal
hypoxia in IPF upregulates B2 integrin via HIF-1a, enhancing neutrophil recruitment, activation, and NET release
within the pulmonary interstitium.®® Clinical studies have confirmed elevated levels of IL-8 and G-CSF in the BALF
and sputum from IPF patients, indicating neutrophil recruitment and activation that predicts future disease
worsening.’ In peripheral blood, neutrophil counts and the neutrophil-to-lymphocyte ratio (NLR) serve as markers
for IPF progression.”’ The aforementioned evidence underscores the pro-fibrotic role of senescent neutrophils.
However, evidence also suggests anti-fibrotic and potentially protective functions of neutrophils in IPF. For instance,
under specific conditions, NE can degrade type IV collagen and elastin to alleviate fibrosis; neutrophil depletion
experiments have failed to attenuate fibrosis in animal models;’ and interestingly, increased BAL neutrophil counts
are not consistently associated with elevated mortality.”® These findings imply that neutrophil infiltration might
represent a host compensatory attempt to counteract fibrosis, rather than solely a pro-fibrotic driver. The essence of
this contradiction likely lies in altered functional states. Aging transforms neutrophils from transient protectors
during acute injury (exercising phagocytosis and pathogen clearance) into persistent destroyers during chronic
phases (dominated by uncontrolled NETosis). This phenotypic shift may be influenced by factors within the
microenvironment, such as TGF-B1 levels, hypoxia severity, and miR-155-5p epigenetic regulation. This insight
also explains why anti-inflammatory therapies prove ineffective against IPF. It suggests that precisely targeting
pathological pro-fibrotic functions while preserving their antimicrobial and ECM-degrading capacities holds greater
therapeutic value than the wholesale elimination of neutrophils.

Senescent Mesenchymal Stem Cells in IPF

Mesenchymal stem cells (MSCs) are pivotal regulators of tissue repair and wound healing processes, possessing
remarkable immunomodulatory functions. Preclinical pulmonary fibrosis (PF) models have demonstrated that MSCs
can suppress inflammation, reduce fibrosis, and extend survival.”* Notably, MSCs preferentially localize to injury sites,
primarily the lungs, followed by the liver. Furthermore, they mitigate pulmonary inflammation and fibrosis through
various immunomodulatory mechanisms, including reducing the expression of co-stimulatory proteins in dendritic cells
(DCs) and macrophages, attenuating T cell immune responses, promoting the generation of Tregs and IL-10,” and
concurrently diminishing TGF-p signaling and extracellular matrix (ECM) production.”® However, aged MSCs derived
from IPF patients likely lose these functions. Studies have shown that bone marrow-derived MSCs (B-MSCs) from IPF
patients exhibit typical hallmarks of senescence compared to healthy controls, including increased cell volume,
morphological alterations, accumulated DNA damage, telomere shortening, and replicative senescence. This senescent
state is characterized by significant mitochondrial dysfunction and impaired recovery capacity. More importantly,
senescent B-MSCs display severe functional defects with markedly diminished paracrine capabilities. This not only
compromises their ability to suppress inflammation (by reducing pro-inflammatory factors IL-18 and TNF-a while
restoring anti-inflammatory factor IL-10) and promote tissue repair, but may also weaken their regulatory effects on
myofibroblasts.”” This suggests that senescent B-MSCs, through the loss of their critical inhibitory paracrine signals, may
contribute to the formation and maintenance of the aberrant fibrotic microenvironment in IPF. Consequently, MSC
senescence in IPF patients represents not merely a functional alteration of cellular state under disease conditions but
likely serves as a driving factor in disease progression—particularly in late-onset IPF. Further investigation into MSCs
will provide a theoretical foundation for developing novel therapeutic strategies specifically targeting stem cell
senescence.
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Biological Markers of IPF

The identification of biomarkers for IPF is crucial not only for the early detection of patients but also for advancing
mechanistic studies and clinical treatment. Multiple rapidly evolving technologies, such as genomics, transcriptomics,
proteomics, and metabolomics, are now available to assist researchers in discovering and identifying biomarkers capable
of predicting IPF progression and prognosis. Over the past few years, utilizing these technologies, researchers have
uncovered numerous potential biomarkers. This section will summarize both representative established biomarkers and
emerging markers identified in recent studies.

Traditional Biological Markers

Direct Markers of Inmune Senescence: Epigenetics and Cell Cycle Regulation

Cellular senescence in IPF patients manifests as a pathological state, rendering the assessment of biological age far more
significant than chronological age. For instance, studies have demonstrated an association between epigenetic aging and
IPF. Analysis of DNA methylation levels in lung tissue from IPF patients revealed significant acceleration across
multiple epigenetic clocks—including Horvath, Hannum, PhenoAge, and DunedinPACE—which correlated positively
with disease severity.”® This validates the potential of DNA methylation as a biomarker for IPF. Matrix metalloprotei-
nase-7 (MMP7) has long been established as a classical prognostic biomarker in IPF, with its plasma concentration
independently correlating with declining lung function and poor outcomes. Research has provided additional insight from
a different perspective: the co-upregulation of pl6—a key regulator intimately associated with the cell cycle senescence
pathway—with matrix remodeling proteins such as MMP7.”

Changes in Senescent Immune Cells

Given that the most central feature of immunosenescence is the aging of immune cells, the most intuitive biomarkers are
the altered immune cell populations themselves. Among these, Tregs are considered to hold significant prognostic value,
with multiple studies demonstrating that elevated Treg ratios correlate negatively with disease severity and mortality
rates.*™®' Similarly, increased monocyte counts have been shown to predict mortality risk,** and elevated neutrophil
counts in BALF may serve as predictors of IPF deterioration.®> Current research predominantly focuses on the
association between individual immune cell counts and IPF, albeit with limited accuracy. If future studies combine
different immune cells with predictive potential, such as the ratio of Treg cells to monocytes, more accurate predictive
methods may be developed.

SASP Factors

As previously discussed, SASP factors serve as pivotal mediators linking immune senescence and fibrosis. Moreover,
compared to the measurement of immune cells, which requires fresh blood samples, these cytokines can be obtained from
archived plasma samples and offer greater stability, making them promising candidates for soluble biomarkers of
immunosenescence. One study demonstrated that GDF15 activates macrophages and fibroblasts via the ALK5-Smad2
/3 pathway, driving a pro-fibrotic phenotype. It is significantly upregulated in both peripheral blood and bronchoalveolar
lavage fluid, correlating positively with disease severity.** The S100 calcium-binding protein family is associated with
neutrophil activation. Among them, S100A12 has been recognized as a predictive serum biomarker for IPF, while blood
concentrations of SIO0AS8 have also been validated as important predictive biomarkers in IPF patients during acute
exacerbation.®> Additionally, IL-6, which has been extensively studied, although not showing a significant difference
between IPF patients and controls, is significantly correlated with a decline in DLCO, suggesting its potential as
a sensitive indicator of deteriorating lung function.®®

New Composite Markers

Composite biomarkers can overcome the limitations associated with single biomarkers. Studies have confirmed that
individual biomarkers alone are insufficient to provide clinically reliable predictions. Currently, numerous studies are
exploring the value of combined biomarkers. For instance, Justin M. Oldham’s team employed a machine learning model
incorporating 96 plasma protein combinations, finding this model significantly outperformed single factors in predicting
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transplant-free survival (TFS).®” Another indicator, the neutrophil-to-lymphocyte ratio (NLR), which reflects systemic
inflammatory status, has been shown to serve as an independent prognostic factor for shortened overall survival in both
IPF andAE-IPF patients.*® Furthermore, the composite GAP index (cGAP2) model was developed by integrating
immune parameters—such as monocyte count and red cell distribution width—into the established GAP index (compris-
ing Gender, Age, and Physiology). This model demonstrated marked improvement in predicting disease progression and
mortality.*” These advances underscore the translational potential of immunosenescence biomarkers in optimizing risk
stratification, for instance by combining them with the GAP index, and in guiding personalized treatment strategies.

Exploring the Challenges and Clinical Significance of Biomarkers

The quest for an ideal IPF biomarker currently faces several major challenges. Firstly, as a progressive disease, the
complex pathophysiology of IPF is challenging to encapsulate with a single biomarker. Moreover, the same biomarker
may convey different implications at various disease stages or in distinct anatomical locations. Secondly, many currently
identified biomarkers lack adequate specificity and sensitivity. For example, elevated MMP-7 levels are observed not
only in IPF but also in non-ILD pulmonary diseases. Furthermore, most discoveries stem from retrospective studies or
small-sample cohorts, which lack validation in large-scale, multicenter, prospective studies. Additionally, some assays
are prohibitively expensive and methodologically intricate, hindering their widespread clinical application. Finally,
disease progression and therapeutic interventions can induce dynamic fluctuations in biomarker levels, particularly in
the context of immune cell exploration, where levels are highly susceptible to external influences, complicating the
precise correlation of cell levels with disease progression. Addressing these challenges will likely require future
advancements in developing composite models that integrate multidimensional data. This may involve combining
clinical indicators with diverse biomarker panels, utilizing emerging technologies such as single-cell and spatial omics
for discovery, and ultimately validating and standardizing these models through rigorously designed, large-scale
prospective cohort studies.

IPF Treatment Strategies Targeting Immune Senescence

The treatment of IPF has long been a challenging and highly debated topic. From the limited therapeutic options of
pirfenidone and nintedanib to agents targeting senescent cell clearance, such as dasatinib and quercetin, therapeutic
strategies for IPF have evolved toward multi-targeted interventions. This paper focuses on elucidating the relationship
between IPF and immune senescence, emphasizing immune reprogramming, metabolic microenvironment regulation,
and precision delivery systems to summarize novel therapeutic approaches for reversing the fibrotic process.

Eliminate Senescent Immune Cells

Senescent immune cells, such as senescent T cells and macrophages, contribute to inflammation and fibrosis in IPF
pathogenesis. Consequently, targeting these cells for elimination represents a promising therapeutic strategy. Studies have
demonstrated that in liver fibrosis, administering CAR-T cells targeting uPAR on fibrogenic hepatic stellate cells
significantly reduces ECM deposition and improves liver function. Interestingly, the collateral clearance of uPAR-
expressing macrophages was found to amplify the efficacy of this CAR-T strategy.”® Although CAR-T cell technology
has shown significant progress in liver fibrosis models, its direct application in pulmonary fibrosis remains in the early
exploratory phase. Nevertheless, the underlying principles and target selection provide a clear direction for IPF therapy.
For instance, in liver fibrosis, CAR-T cell technology can specifically recognize and eliminate senescent cells expressing
uPAR or FAP. Similarly, NKG2D-CAR-T cells can target and clear senescent cells expressing NKG2D ligands,”'
a strategy theoretically applicable to senescent cells within the lung. Furthermore, senolytic drugs, such as the combina-
tion of quercetin and dasatinib, can alleviate fibrosis by inducing apoptosis in senescent cells and have entered clinical
trials to evaluate their safety and efficacy in pulmonary fibrosis.

Restore the Function of Senescent Immune Cells
A prominent characteristic of senescent immune cells is their functional dysregulation. Consequently, restoring the
normal function of these cells represents a crucial therapeutic approach. As discussed earlier, T cell senescence is a major
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component of adaptive immune imbalance in IPF, particularly involving Tregs. Modulating the mitochondrial unfolded
protein response (mitoUPR) can enhance mitochondrial integrity, thereby restoring Treg stability and function. This helps
mitigate excessive inflammation and maintain immune homeostasis within the senescent microenvironment28. Beyond
the development of novel drugs, repurposing existing medications may offer another viable avenue. Metformin, long
established as a first-line drug for diabetes, has recently been shown to induce autophagy in CD4+ T cells and inhibit
Th17 cell differentiation.”? From an anti-inflammatory and anti-senescence perspective, this suggests potential benefits
for IPF treatment. Additionally, researchers have explored epigenetic interventions to reverse cellular senescence. The
telomerase activator TAC promotes the transcription of telomerase reverse transcriptase (TERT), effectively repairing
telomere damage and reducing DNA damage signaling, thereby delaying cellular senescence and supporting cellular
proliferation and function.”® This provides a robust therapeutic strategy for delaying the senescence of immune cells such
as T cells and restoring their function. In addition, TPCA-1 is a dual inhibitor of both the NF-kB and JAK-STAT
pathways,”* both of which are implicated in IPF pathogenesis and cellular senescence. Salvianolic acid B (SAB),
considered a promising agent for lung diseases, has been demonstrated to directly interfere with the transcription of
senescence-associated genes. It inhibits the senescence program in macrophages and alveolar epithelial cells by impeding
the binding of transcription factor SP1 to the promoters of key senescence genes like p16 and p21, thereby reducing the
release of SASP factors such as IL-6 and IL-1f and alleviating pulmonary fibrosis progression upstream.”> Recent
research suggests that specific nutrients can slow biological aging and enhance immune function by targeting shared
pathways of senescence and immunoregulation. For example, plant extracts such as ginsenoside Rgl/Rbl and
Dendrobium officinale polysaccharides can enhance antioxidant capacity and modulate macrophage polarization by

activating pathways like NRF2 and SIRT1, collectively improving the immunometabolic state.”®"’

New Delivery System

To enhance therapeutic targeting and minimize systemic exposure and toxicity, various novel delivery systems have been
developed for IPF treatment. Exosome therapy has emerged as a recent research focus, encompassing diverse sources that
deliver distinct miRNAs to exert targeted effects and ultimately inhibit fibrosis progression. Mesenchymal stem cells (MSCs)
are the most commonly used source due to their ease of isolation and immunomodulatory properties. Bone marrow MSC-
derived extracellular vesicles (BMSC-EVs) carry miRNAs such as miR-186 and miR-29b-3p, which inhibit target genes like
SOX4 and FZD6, block the Wnt/B-catenin pathway, and consequently suppress fibroblast activation and EMT. Adipose-
derived MSC extracellular vesicles (ADSC-EVs) deliver miR-29¢ and miR-129 to target myofibroblasts and affect ECM
deposition. They can also transfer let-7d-5p to suppress TGFBR1, reducing ROS levels and inflammation, thereby exerting
anti-fibrotic effects. Human umbilical cord MSC extracellular vesicles (HUMSC-EVs) deliver miR-218 to inhibit endothe-
lial-mesenchymal transition (EndMT) by modulating the MeCP2/BMP2 signaling axis or employ miR-26a-5p to block the
Adam17/Notch pathway, significantly alleviating pulmonary fibrosis and promoting tissue repair.”® Synthetic nanoparticles
enable efficient targeted delivery of small-molecule nucleic acid therapeutics. Recent studies have developed inhalable
siRNA delivery systems, such as PEI-GBZA/siIL-11 and silL11@PPGC nanoparticles. These particles effectively penetrate
the mucus barrier, accumulate in fibrotic regions, and inhibit the ERK/SMAD pathway by targeting IL-11. This blocks
fibroblast-to-myofibroblast differentiation and ECM deposition while reducing neutrophil and macrophage recruitment,
demonstrating improved lung function without systemic toxicity in animal models.”” Beyond these two major systems, lipid
nanoparticle (LNP) technology offers another novel approach for targeted in vivo immunomodulation. Studies indicate that
systemic delivery of LNP-encapsulated mRNA encoding a chimeric antigen receptor (CAR) can directly reprogram T cells
in vivo into CAR-T cells, enabling targeted clearance of aberrantly activated cells in the lungs. This strategy offers transient
and dose-controllable effects, avoiding the potential long-term clearance risks associated with conventional CAR-T therapy,
thereby maintaining high efficacy and safety.”

Other Collaborative Strategies

Beyond the targeted strategies discussed above, IPF management also encompasses a range of integrated approaches
including immunomodulation, nutritional interventions, lifestyle modifications, and optimization of existing therapies, all
aimed at reshaping the immune microenvironment and slowing the progression of fibrosis. While previous sections have
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addressed methods to either eliminate or restore the function of senescent immune cells in IPF, distinct immunomodulatory
strategies are required for aberrantly activated immune cells. Studies indicate that B cells form tertiary lymphoid structures
(TLS) in the lungs and secrete pro-fibrotic factors. Anti-CD20 monoclonal antibodies such as rituximab can effectively
eliminate B cells; however, efficacy has so far been observed only in certain non-IPF-ILD patients, and their benefit in IPF
patients remains undetermined.'® Furthermore, mast cells promote TGF-p secretion and fibrosis via the PAR-2/PKC-a

pathway,'*"

positioning them as potential therapeutic targets. The JAK inhibitor tofacitinib can inhibit M2 macrophage
polarization and reduce the CD206+ macrophage population, demonstrating clinical efficacy in slowing pulmonary fibrosis
progression in RA-ILD patients.'> Specific nutrients and microbial metabolites exert adjunctive therapeutic effects by
modulating immune metabolism. Short-chain fatty acids (SCFAs) can enhance alveolar macrophage function and suppress
inflammatory cytokine release under homeostatic conditions.'®*'** Additionally, vitamin D alleviates oxidative stress and
immunosenescence by inhibiting Th17 differentiation.'® The combination of the polyphenol quercetin with dasatinib is
currently undergoing clinical trials. Furthermore, ongoing research explores combining standard antifibrotic drugs like
nintedanib or pirfenidone with polyphenols such as caffeic acid and epicatechin, which have been shown to regulate

196 While immunomodulation and

SASP factor production, thereby delaying both senescence and fibrotic progression.
drug therapies offer greater precision, they inevitably carry side effects. The safest approach remains lifestyle intervention:
reducing caloric intake reverses pro-inflammatory polarization of M1 macrophages, thereby decreasing age-related
inflammation;'%” regular physical activity alleviates chronic low-grade inflammation, helping reduce the incidence of age-

related diseases;'*® 109

specific probiotic strains can modulate immune cell activity; ~ zinc supplementation may alleviate
fibrosis by downregulating the SLC39A8/ZIP8 transporter.''” These approaches are safe and easily implementable but
generally act slowly, exhibit individual variability in effectiveness, and currently lack large-scale clinical evidence to support

their independent efficacy. Therefore, they should be considered supplementary to foundational IPF management (Figure 4).
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Figure 4 Therapeutic strategies for IPF from the perspective of immune aging. This figure presents four immunosenescence-based therapeutic strategies for IPF: eliminating
senescent immune cells, restoring their function, utilizing novel delivery systems, and employing other synergistic approaches.

12 https: Journal of Inflammation Research 2026:19



Xiao et al

Conclusions and Future Prospects

Immune senescence significantly contributes to IPF by fostering a fibrotic lung environment through senescent immune cells and
SASP secretion, disrupting immune balance, activating fibroblasts, and increasing extracellular matrix deposition. The key
question is whether immune senescence causes IPF, results from it, or forms a self-sustaining cycle. Evidence increasingly
supports the latter, indicating a mutually reinforcing relationship. Early IPF diagnosis is challenging, and prognosis is poor,
highlighting the need for biomarkers and therapies. This article explores potential biomarkers and treatments related to immune
senescence, though patient variability and disease complexity limit their broad application.The bleomycin-induced fibrosis
mouse model struggles to accurately mimic the human aging microenvironment, hindering the translation of findings to clinical
settings. Future research should use advanced technologies for a detailed analysis of this complexity. Conditional knockout
models can clarify the roles of SASP factors, while single-cell RNA sequencing and spatial transcriptomics can provide insights
into the aging of immune cells and their spatial relationship with fibrotic areas in IPF lungs. Identifying IPF subtypes based on
immune aging traits could enable targeted treatments. Longitudinal studies are needed to link immune aging markers with
disease progression and prognosis. While removing senescent cells is promising, the risk of increased infection susceptibility
must be carefully evaluated.

In summary, viewing immune aging as a cause of IPF offers new treatment possibilities. However, effective clinical
application requires collaboration, combining research with advanced technology, and strong clinical validation. This
comprehensive approach is crucial to overcoming challenges and realizing the potential of therapies targeting immune
aging for IPF patients.
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