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ABSTRACT: Idiopathic pulmonary fibrosis (IPF) is an age-associated, progressive fibrotic interstitial lung disease
with limited disease-modifying therapies and poor long-term outcomes. Increasing evidence indicates that senescence
of alveolar type II epithelial (AT2) cells is not merely a bystander phenomenon but a central driver of epithelial
dysfunction, failed alveolar regeneration, and fibrotic remodeling. In this narrative review, we summarize recent
mechanistic, single-cell, epigenetic, and translational studies that have reshaped the epithelial-centered model
of IPF. We first outline normal AT2 biology and the regenerative AT2-to-AT1 trajectory, and then discuss how
telomere dysfunction, endoplasmic reticulum stress, mitochondrial injury, DNA damage signaling, and aberrant
mechanotransduction promote AT2 senescence. We further examine how senescence-associated secretory phenotype
(SASP), maladaptive transitional epithelial states, and epithelial-stromal crosstalk sustain fibrosis. Finally, we review
emerging therapeutic approaches, including senolytics, senomorphics, pathway-directed interventions, and RNA
or epigenetic strategies, while emphasizing current limitations in model systems, biomarker development, delivery,
safety, and patient stratification. Together, the available evidence supports AT2 senescence as a pathogenic and
potentially targetable axis in IPF.

KEYWORDS: Idiopathic pulmonary fibrosis; alveolar type II epithelial cells; cellular senescence; signaling pathways;
anti-senescence therapy

1 Introduction

Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive interstitial lung disease of unknown
etiology, characterized histopathologically by honeycombing and thickening of the alveolar septa [1].
It is associated with cough, dyspnea, and impaired quality of life. If left untreated, IPF has a median
survival of 3 years [2]. In the US, the annual incidence of IPF (incidence per 10,000 people) ranges from
6.6–8.8 to 16.3–17.4; In Europe, the range is 0.22 to 2.8; In Australia, it is 10.4 to 11.2 [3], and the global
burden is increasing. Currently, only the antifibrotic agents nintedanib, pirfenidone, and nerandomilast
are approved by the U.S. Food and Drug Administration for IPF treatment [4,5]; these therapies slow the
rate of lung function decline but do not reverse established fibrosis or substantially improve survival. Lung
transplantation can be life-prolonging, but access is limited, and the 5-year survival rate remains 60% [6].
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Alveolar type II epithelial cells (AT2 cells) are increasingly recognized as central initiators of IPF
pathogenesis [7]. Repetitive epithelial injury, apoptosis, and impaired regeneration of the alveolar epithelium
promote aberrant wound-healing responses, fibroblast activation, and extracellular matrix deposition [8].
Beyond maintaining alveolar architecture, AT2 cells synthesize and recycle surfactant, regulate alveolar
fluid homeostasis, and contribute to innate immune defense and immune modulation.

IPF is a strongly age-associated disease. Individuals older than 70 years have approximately a seven-fold
higher risk than those around 40 years of age [9]. Consistent with this epidemiology, lungs from patients
with IPF exhibit molecular hallmarks of aging [10]. Cellular senescence—defined by durable cell-cycle arrest
accompanied by metabolic and secretory remodeling—has emerged as a key epithelial aging phenotype in
IPF. Senescent AT2 cells accumulate in IPF lungs, and experimental depletion of senescent cells attenuates
pulmonary fibrosis [11]. In human IPF tissue, senescence markers such as p16 and p21 are increased in
AT2 cells, and single-cell sequencing studies report expansion of senescence-associated epithelial states
that correlate with fibrotic severity [12]. These findings support an epithelial-centered model in which
repeated microinjury, impaired AT2 renewal/differentiation, and chronic wound-healing signals converge
on progressive scarring.

This review summarizes normal AT2 biology and repair programs, synthesizes mechanistic evidence
linking specific stress pathways to AT2 senescence, and evaluates the translational landscape of anti-
senescence interventions in IPF. Although this review focuses on epithelial dysfunction, other pathogenic
models also contribute to the current understanding of IPF. Mesenchymal-centered frameworks emphasize
fibroblast and myofibroblast activation as core drivers of matrix accumulation, whereas immune-centered
models highlight aberrant inflammatory and immune signaling. These mechanisms likely interact with,
rather than oppose, epithelial injury and failed repair [13].

For clarity, several key concepts should be defined. The senescence-associated secretory phenotype
(SASP) refers to the bioactive program adopted by senescent cells, characterized by the secretion of
pro-inflammatory cytokines, chemokines, growth factors, and matrix-remodeling enzymes that can reshape
the local microenvironment and promote fibrosis [14]. Transitional epithelial states refer to intermediate
epithelial cell states that emerge during alveolar repair, typically between alveolar type II (AT2) and alveolar
type I (AT1) cell identities [15]. While these states may be transient and adaptive during normal regeneration,
their persistence or maladaptive accumulation has been linked to impaired epithelial differentiation and
fibrotic remodeling in IPF [16].

2 Scope and Approach of This Review

This article is a narrative expert review rather than a formal systematic review. To improve transparency,
we surveyed PubMed and Web of Science for English-language literature published primarily between
January 2010 and January 2026 using combinations of terms including “idiopathic pulmonary fibrosis”,
“alveolar type II cells”, “senescence”, “KRT8 transitional cells”, “single-cell”, “spatial transcriptomics”,
“epigenetics”, “senolytics”, and “organoids”. We prioritized mechanistic experimental studies, single-cell and
spatial profiling studies, translational reports, and selected seminal earlier publications necessary for context.
Human tissue studies, lineage-tracing mouse models, organoid systems, and interventional studies were
emphasized. We excluded articles that were not directly relevant to AT2 biology or the senescence-fibrosis
axis, while acknowledging that the narrative format inherently introduces some selection bias.
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3 Functions of AT2 Epithelial Cells

3.1 Definition of AT2 Cells

AT2 cells are multifunctional, polarized epithelial cells derived from the endoderm and located in the
distal lungs of adult mammals. AT2 cells are interspersed with AT1 cells to form alveolar sacs and maintain
the integrity of the gas-exchange surface. Although AT2 cells cover only ~7% of the alveolar surface area,
they constitute ~16% of parenchymal cells [17,18]. AT2 cells secrete pulmonary surfactant to reduce alveolar
surface tension and participate in inflammation, immune responses, extracellular matrix (ECM) regulation,
and injury repair [17].

3.2 Secretion of Surfactant

AT2 cells contain numerous electron-dense secretory granules—osmiophilic lamellar bodies—within the
apical cytoplasm. Lamellar bodies store surfactant components, including phospholipids and proteins, which
are released into the alveolar space via exocytosis [19]. Pulmonary surfactant is a complex lipid-protein
mixture, and dipalmitoyl phosphatidylcholine (DPPC) is its principal surface-active phospholipid. The
surfactant protein B released by AT2 cells can promote the rapid adsorption and spreading of phospholipids
(such as DPPC) at the gas-liquid interface, forming a monolayer. This special structure enables it to
effectively reduce the surface tension of the alveolus. Surface tension naturally promotes alveolar collapse;
however, the surfactant protein B and C facilitate adsorption, spreading, and dynamic reorganization of the
phospholipid film; the surfactant film lowers surface tension and helps prevent end-expiratory alveolar
collapse [20].

3.3 Immune Functions

Multiple componentswithin pulmonary surfactant contribute to the lung’s innate immune response. Among
these, surfactant proteins A (SP-A) and D (SP-D) are key glycoproteins that recognize pathogen-associated
molecular patterns (PAMPs) such as bacterial lipopolysaccharides and viral glycoproteins [21]. When pathogens
enter the alveolar cavity, SP-A and SP-D bind to them, promoting aggregation via agglutination. This aggregation
facilitates phagocytosis by alveolarmacrophages. SP-A and SP-D simultaneously activatemacrophage phagocytic
activity, enhancing the body’s ability to clear pathogens.

3.4 Regenerative Functions

AT2 cells exhibit stem cell characteristics and serve as progenitor cells within the alveolar epithelium.
Following lung injury, AT2 cells proliferate and differentiate into type I AT cells, restoring alveolar structure
and maintaining normal lung function [15]. Under homeostatic conditions, alveolar epithelial turnover is
slow; however, after injury, AT2 cells function as facultative stem cells and rapidly expand and differentiate.
This process is regulated by multiple factors and signaling pathways, including Wnt/β-catenin and Notch.
Dysregulation of these pathways can impair AT2 cell renewal and differentiation, compromising alveolar
repair and predisposing to fibrosis [22]. This distinction is essential when interpreting IPF. Transitional
epithelial states characterized by markers such as keratin 8 (KRT8), Claudin-4 (CLDN4), or stress-response
genes have been found in fibrotic lungs and in experimental systems [23]. These cells may represent stalled
or maladaptive regeneration, but they should not be conflated with senescence. A transitional cell can still
be dynamic and fate-competent, whereas a senescent cell is defined by durable growth arrest and broader
molecular remodeling. In practice, however, there can be partial overlap: prolonged stress, DNA damage,
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persistent TGF-β exposure, or abnormal matrix stiffness may trap AT2-lineage cells in a state that combines
transitional features with senescence-associated signaling [24].

Beyond their classical roles, AT2 cells function as a key signaling node that senses mechanical stretch,
hypoxia, and inflammatory mediators and then adjusts the alveolar microenvironment. AT2-derived factors
can influence local fibroblasts [25], endothelial cells [26], and immune populations [27], thereby shaping
extracellular matrix turnover and vascular integrity. In homeostasis, niche signals (including WNT, FGF,
and EGFR ligands) help preserve AT2 “stemness,” whereas dysregulated niche cues after injury can bias
AT2 cells toward aberrant transitional phenotypes [28,29]. Appreciating these niche dynamics is important
for interpreting experimental models, as subtle shifts in culture conditions or injury context can markedly
alter AT2 fate decisions and downstream fibrotic outcomes. The AT2 functions are summarized in Fig. 1.

Figure 1: Functional schematic of AT2 epithelial cells. Schematic overview of the key structural and functional
roles of AT2 cells in the distal lung. AT2 cells contain lamellar bodies that store and secrete pulmonary surfactant,
including phospholipids such as DPPC, which reduces alveolar surface tension and prevents alveolar collapse. AT2
cells also contribute to innate immune defense through surfactant proteins (e.g., SP-A and SP-D), facilitating pathogen
recognition, aggregation, and macrophage-mediated phagocytosis. In addition, AT2 cells function as facultative
progenitor cells, capable of self-renewal and differentiation into AT1 cells during alveolar repair. Beyond these classical
roles, AT2 cells act as key signaling hubs, integrating pathways such as Wnt and Notch to regulate transitional
epithelial states and coordinate interactions with fibroblasts, endothelial cells, and immune cells, thereby influencing
extracellular matrix remodeling and vascular homeostasis. (Figure created with BioRender.com and ChaptGPT).

4 Role of AT2 Senescence in Pulmonary Fibrosis

4.1 Impact of AT2 Senescence on Pulmonary Fibrosis

4.1.1 Endoplasmic Reticulum Stress

Endoplasmic reticulum stress (ERS) plays a considerable role in pulmonary fibrosis by modulating AT
cell dysfunction and aberrant fibroblast activation [27]. ERS is an adaptive response triggered by disruptions
in endoplasmic reticulum homeostasis, caused by stimuli such as hypoxia, oxidative damage, or excessive
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protein folding demands [30]. ER stress is coordinated mainly through the unfolded protein response
(UPR), whereas endoplasmic reticulum-associated degradation (ERAD) and autophagy are complementary
proteostatic mechanisms that remove misfolded proteins and damaged organelles.

Aging cells show reduced expression and activity of molecular chaperones or an altered protein-folding
environment in the endoplasmic reticulum. Glucose-regulated protein 78 (GRP78), a critical molecular
chaperone, is essential for maintaining protein folding within the endoplasmic reticulum. In senescent
AT2 cells, reduced GRP78 expression increases ERS [31]. ERAD serves as a quality control mechanism by
identifying and degrading unfolded or misfolded proteins, alleviating protein overload in the endoplasmic
reticulum. This process recognizesmisfolded proteins, retrotranslocates them to the cytoplasm, and degrades
them via the ubiquitin-proteasome system [32]. Autophagy is an intracellular degradation pathway that
encapsulates organelles, protein aggregates, or other cellular components within autophagosomes, which
fuse with lysosomes for degradation. During ERS, autophagy is activated to clear misfolded proteins and
damaged organelles accumulated in the endoplasmic reticulum, reducing stress levels [33].

Human relevance is supported by the observation that surfactant-related gene defects and abnormal
alveolar proteostasis are linked to familial or sporadic fibrotic lung disease. Nevertheless, ER stress should
not be understood as a singular pathway. It encompasses distinct branches with different outputs, and their
relative contribution may vary with age, genotype, and stage of disease. This heterogeneity is one reason
why broad anti-ER-stress therapy has not yet translated directly into routine clinical use.

4.1.2 Telomere Dysfunction

In familial pulmonary fibrosis and IPF, shortened telomeres in AT2 cells result from genetic
abnormalities and/or age-related DNA damage susceptibility [34]. Mouse models with conditional telomere
dysfunction in AT2 cells demonstrate that telomere shortening induces AT2 cell senescence and spontaneous
fibrosis, whereas telomere dysfunction in fibroblasts does not [35]. Additionally, F-box and WD repeat
domain-containing 7-dependent degradation of telomere protection protein 1 (TPP1) promotes telomere
uncapping, AT2 senescence, and pulmonary fibrosis [36]. Krüppel-like factor 4 overexpression preserves
or increases telomerase reverse transcriptase (TERT) expression and reduces AEC/AT2 senescence and
bleomycin-induced fibrosis [37]. These findings identify telomere dysfunction as a key risk factor for AT2
senescence and fibrosis. Whether telomere attrition contributes to the accumulation and/or senescence of
PATS cells remains unclear.

This line of evidence is among the strongest arguments that AT2 senescence can be causal rather than
merely consequential. Clinical extrapolation is limited by patient heterogeneity and by the fact that not all
IPF cases show overt telomere-related disease. Moreover, telomere dysfunction may predispose to a broad
state of epithelial fragility rather than a single uniform senescence program.

4.1.3 Mitochondrial Dysfunction

Aging AT2 cells show mitochondrial abnormalities, impaired mitophagy, redox imbalance, and reduced
resilience to stress. The ZIP8/SIRT1 axis has been implicated in maintaining alveolar progenitor renewal, and
disruption of this pathway may promote epithelial exhaustion and fibrosis [38]. Mitochondrial dysfunction
may amplify senescence through several converging routes, including increased reactive oxygen species,
DNA damage, altered nicotinamide adenine dinucleotide (NAD+) metabolism, poly (ADP-ribose) polymerase
1 (PARP1) activation, and reduced sirtuin activity [39]. Because mitochondrial stress also interacts with ERS
and transforming growth factor-β (TGF-β) signaling, it may be difficult to assign unique causal priority to
one pathway in human disease; in most cases, the relevant question is how these insults cooperate.
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From a therapeutic perspective, mitochondrial dysfunction is attractive because it may be modifiable
through interventions that restore redox balance, enhance mitophagy, or improve metabolic resilience. Yet
this area also illustrates a broader challenge in IPF: mitochondrial abnormalities are not unique to senescence
and are shared across epithelial, stromal, and immune compartments. Because mitochondrial abnormalities
occur across epithelial, stromal, and immune compartments, responses to mitochondria-targeted therapy
may depend on the timing of treatment and the dominant affected cell type. The major drivers and impact
of AT2 Senescence on pulmonary fibrosis are summarized in Fig. 2.

Figure 2: Major drivers and impact of AT2 senescence in pulmonary fibrosis. Schematic illustration of major
drivers contributing to AT2 cell senescence. ERS, characterized by activation of the unfolded protein response and
endoplasmic reticulum-associated degradation, promotes proteostasis imbalance in AT2 cells. Telomere dysfunction
leads to telomere uncapping and activation of the DNA damage response. Mitochondrial dysfunction further amplifies
cellular stress through increased reactive oxygen species production, DNA damage, and NAD+ depletion, resulting in
reduced sirtuin activity and impaired stress resilience. (Figure created with BioRender.com and ChatGPT).

4.2 Regulatory Pathways of AT2 Cell Senescence

Regulating cellular senescence involves complex and interconnected pathways modulated by various
transcription factors and cell cycle-related genes. For example, specific deletion of Sin3a [40], a transcriptional
repressor, in AT2 cells or AT2-restricted expression of mutant Sftpc [41] in mice results in spontaneous
pulmonary fibrosis. In models with Sin3a loss-of-function (LOF), “senolytic” cocktail treatment—designed to
induce apoptosis in senescent cells and reduce their numbers—alleviates pulmonary fibrosis, confirming the
pathogenic role of AT2 senescence in driving fibrosis [40]. The most extensively studied signaling mechanisms
regulating senescence in AT progenitor cells are the TP53 and retinoblastoma protein (RB) pathways, which
promote and inhibit senescence, respectively. The summarized pathways of AT2 cell senescence are seen in
Fig. 3 and Table 1.

4.2.1 TP53 and p21

The TP53-p21 axis is the best-characterized pathway linking epithelial stress to senescence. The
transcription factor p53 (TP53), a tumor suppressor highly expressed in senescent cells, is typically
maintained in an inactive state. Cellular stress, such as DNA damage or Ras activation, triggers p53
activation, upregulating p21. This inhibits retinoblastoma protein (Rb) phosphorylation, arresting cell
growth in the G1 phase [42]. Additionally, p53 mediates selenium-induced pulmonary fibrosis in AT2 cells.
Research also [43] reported that p53 regulates the pro-apoptotic receptor expression, with concurrent p21
upregulation in IPF AT cells, which may also induce cell cycle arrest or senescence in specific alveolar
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epithelial cells (AECs) subsets. Yao et al. [40] identified senescent characteristics in AT2 cells from IPF lung
tissue, with single-cell RNA sequencing revealing substantial p53 signaling pathway activation in both IPF
AT2 cells and Sin3a knockout mouse lungs. Furthermore, Disayabutr et al. [44] proposed that p53 activation
regulates AT2 cell senescence in patients with IPF by upregulating miR-34, which downregulates key cell
cycle target genes (e.g., E2F1, c-Myc, and CCNE2), contributing to pulmonary fibrosis development.

Figure 3: The regulatory signaling pathways of AT2 cell senescence. Activation of the TP53/p21 pathway induces
cell cycle arrest through inhibition of retinoblastoma (RB) phosphorylation, promoting senescence. WNT/β-catenin
signaling, while involved in epithelial maintenance and regeneration, can drive senescence when persistently activated.
The TGF-β/Smad pathway, including extracellular HSP90α-mediated activation, enhances Smad2/3 phosphorylation
and promotes pro-fibrotic responses, such as increased α-SMA expression and inflammatory cytokine production
(e.g., IL-1β). Additional modulatory pathways, including PTEN/Akt, mTOR, and sirtuin signaling, further influence
cellular senescence and metabolic regulation. (Figure created with BioRender.com and ChatGPT).

An additional complexity is that p53 activation can have very different biological meanings depending
on context. In some circumstances, it coordinates DNA repair and preserves epithelial integrity; in others,
it tips the balance toward senescence or apoptosis. Therefore, the presence of p53-pathway activation in
human tissue is informative but not by itself sufficient to infer an identical functional outcome across all
AT2 populations.

4.2.2 WNT/𝛽-Catenin Signaling Pathway

Wnt proteins are secreted glycoproteins essential for embryonic development and tissue regeneration,
regulated by a transcriptional complex composed of DNA-binding factors (e.g., lymphoid enhancer
factor/T-cell factor) and β-catenin [45]. Although Wnt/β-catenin signaling is ubiquitous across tissues, the
genes it activates vary depending on cell type and environment. WNT signaling has dual roles in the injured
alveolus. Short-term activation may support progenitor maintenance and early repair, but prolonged or
dysregulated activation can contribute to aberrant epithelial remodeling and senescence [28]. Lehmann
et al. reported elevated Wnt/β-catenin activity in AT2 cells of aged mice, with chronic activation for 7 days
triggering senescence [46]. Chronic Wnt/β-catenin signaling in lung epithelial cells has been shown to
induce senescence-like programs, and LRP5-dependent WNT signaling contributes to pulmonary fibrosis
in experimental models [47].
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The interpretation is context-dependent: WNT signaling may support early repair but may become
pathogenic when sustained or uncoupled from resolution signals. Pathways required for regeneration
can become pathogenic when sustained or uncoupled from normal resolution signals. This has practical
implications for drug development. A treatment that suppresses chronic WNT signaling may be beneficial
in a lung already dominated by persistent aberrant epithelial states, but the same treatment could be harmful
if given too early and if it blocks a required regenerative response.

4.2.3 TGF-𝛽/Smad Pathway

Increasing evidence positions TGF-β as a central mediator in IPF. Extracellular heat shock protein 90α
activates TGF-β signaling via phosphorylation of the Smad complex, which subsequently binds to p53 and
p21 promoters, initiating their transcription. This process mediates fibroblast senescence and contributes
to mitochondrial dysfunction in IPF [48]. In epithelial cells, TGF-β can induce growth arrest, oxidative
stress, and senescence-related phenotypes; in stromal compartments, it drives myofibroblast differentiation
and matrix production [49]. Minagawa and colleagues provided early evidence that accelerated epithelial
senescence occurs in IPF and that SIRT6 can restrain TGF-β-induced senescence responses [50]. TGF-β also
interacts with transitional-state biology, as persistent signaling can lock AT2-lineage cells into maladaptive
intermediate states that fail to resolve [25]. Thus, TGF-β acts both upstream and downstream of epithelial
senescence. In the fibrotic lung, TGF-β is both an epithelial stress signal and a stromal execution signal.
Senescent or transitional epithelial cells can help activate it, and activated fibroblasts can feed back additional
TGF-β, further locking epithelial cells into maladaptive states.

4.2.4 NF-𝜅B Signaling Pathway

Nuclear factor kappa B (NF-κB) is an inducible transcription factor complex composed of five
DNA-binding proteins (NF-κB1, NF-κB2, p65/RelA, RelB, and c-Rel), capable of forming various homodimers
and heterodimers. NF-κB is a core regulator of inflammatory transcription and has been strongly linked to
SASP control [51]. PTEN loss has been linked to alveolar epithelial senescence through both Akt-dependent
andNF-κB-dependentmechanisms [52]. These findings suggest that sustainedNF-κB activation is associated
with and enhances cellular senescence. This supports the concept that NF-κB functions not merely as a
bystander inflammatory pathway but as a stabilizer of the senescent/SASP program that links epithelial
injury to persistent fibrotic remodeling.

4.2.5 Other Pathways

PTEN exhibits significant anti-tumor functions by negatively regulating the protein kinase B (Akt)
signaling pathway, which plays a key role in modulating cell growth and survival across various systems [53].
PTEN loss is associated with Akt activation and increased senescence markers, including P21WAF1 and
SA-β-gal. Conversely, PTEN restoration or pharmacological Akt inhibition attenuates epithelial senescence
and reduces experimental pulmonary fibrosis, suggesting that AEC senescence triggers IPF and identifies the
PTEN/Akt pathway as a promising therapeutic target [54]. Additional pathways potentially regulating AT2
senescence include the retinoblastoma protein (RB) and p16 pathway [55]. Sirtuin-dependent pathways [38]
and the mechanistic target of rapamycin (mTOR) signaling pathway also play a role in regulating AT2
senescence [56].

These signaling pathways are tightly interconnected and frequently reinforce one another. For
example, p53/p21-driven cell-cycle arrest can cooperate with NF-κB to promote SASP gene expression,
while TGF-β signaling can enhance oxidative stress and mitochondrial dysfunction that further stabilizes
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senescence [49,57] WNT/β-catenin activity may support short-term progenitor expansion after injury, but
when prolonged, can contribute to aberrant epithelial remodeling and mesenchymal activation. Additional
pathways such as mTOR, Hippo-YAP/TAZ, Notch, and integrin-FAK mechanotransduction likely function
as context-sensitive amplifiers that integrate matrix stiffness, TGF-β, and inflammatory signals into durable
transcriptional programs that sustain epithelial dysfunction and fibrotic remodeling [58]. Mapping these
interactions helps explain why single-node inhibition can be insufficient and supports combination or
sequential approaches. Epigenetic regulation may shape maladaptive AT2-cell fate during pulmonary
fibrosis. Xiong et al. showed that AT2-specific deletion of HDAC3 protects against bleomycin-induced
pulmonary fibrosis, suggesting that histone deacetylation programs contribute to fibrotic epithelial
remodeling [59]. Seasock et al. further demonstrated that let-7 restrains an epigenetic circuit in AT2 cells,
preventing the emergence of fibrogenic intermediate states, indicating that epigenetic–post-transcriptional
regulation helps maintain AT2 identity and limit profibrotic transition [60].

Table 1: Representative pathways involved in AT2 cell senescence and fibrosis.

Pathway/Process Representative Evidence Putative Consequence in IPF Translational Implication

TP53-p21

Human IPF AT2 cells and
Sin3a-deficient mouse models
show activation of senescence
programs [40,44]

Durable growth arrest, impaired
regeneration, fibrogenic
signaling

Timing-sensitive target;
systemic inhibition may
impair tumor suppression

WNT-β-catenin

Chronic epithelial WNT
activation can induce
senescence-like
programs [45,46]

Stalled repair and abnormal
epithelial remodeling

Context-dependent; may be
harmful if broadly or
chronically inhibited

TGF-β-Smad

Central pathway in
epithelial-stromal crosstalk
and senescence
induction [25,48,49]

Fibroblast activation,
transitional-state persistence,
matrix accumulation

Attractive but pleiotropic
target

Other pathways
(PTEN-AKT; RB-p16;
Sirtuin et al.)

PTEN loss and inflammatory
amplification promote
senescence-associated
fibrosis [53,54]

Stabilize AT2 senescence, SASP
reinforcement, and stromal
activation

Combination strategies
targeting may be more
effective for preventing
maladaptive AT2 fate and
fibrotic progression

5 Epigenetic Changes in AT2 Promote Lung Fibrosis

5.1 Multi-Omics Evidence for Maladaptive AT2 States in IPF

Multi-omics studies increasingly support the idea that maladaptive AT2 states are a central feature of
IPF rather than a secondary epiphenomenon. Single-cell transcriptomic analyses first showed that injured
AT2 cells can enter transitional programs marked by genes such as KRT8 and CLDN4; although such states
may be transient during normal regeneration, they persist abnormally in fibrotic lungs and are linked
to defective AT2-to-AT1 differentiation [61]. More recent spatial transcriptomic work has refined this
model by showing that, in human IPF, AT2 cells branch toward either AT1 differentiation or aberrant
epithelial programs, including KRT5−/KRT17+ aberrant basaloid states. These maladaptive states occupy
fibrotic niches enriched for ECM remodeling and disease-associated cell-cell interactions [62]. Integrated
transcriptomic—epigenomic analyses of purified IPF AT2 cells further demonstrate that these cells undergo
genome-wide molecular reprogramming, including enhancer remodeling and activation of epithelial
plasticity regulators such as thyroid receptor interactor 13, supporting the concept that maladaptive
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AT2 behavior is encoded at both transcriptional and chromatin levels [63]. Finally, broader multi-omics
integration of lung tissue has identified progression-associated signatures involving surfactant defects,
epithelial—mesenchymal transition, mitochondrial dysfunction, and altered differentiation programs,
consistent with a model in which stressed AT2 cells become trapped in persistent, non-resolving repair
states that promote fibrosis progression [64].

5.2 Epigenetic Regulators Linking AT2 Stress Responses to Fibrosis

Mechanistically, these cell-state shifts are increasingly understood as epigenetically stabilized
programs rather than transient injury responses. AT2 senescence is a key upstream driver: conditional
disruption of chromatin-associated repressors (e.g., Sin3a) in AT2 cells triggers SASP, progressive fibrosis,
and loss of effective epithelial regeneration in vivo [40]. Multi-omics analyses further suggest that
chromatin accessibility and histone modification landscapes in AT2-lineage intermediates enable sustained
expression of profibrotic ligands, integrins, and stress-response transcriptional modules. For example, an
organoid-based lung fibrosis model using mouse and human tissues demonstrated that DNA damage and
p53 activation in AT2-lineage cells can elicit a transition-like, SASP-associated state that activates fibroblasts
via TGF-β and is maintained by an autocrine TGF-β positive-feedback loop [25]. Epigenetic enzymes
appear to act as ‘state keepers’ in this setting. AT2-specific deletion of histone deacetylase 3 (HDAC3)
attenuates bleomycin-induced fibrosis, consistent with HDAC3-dependent maintenance of inflammatory
and profibrotic gene expression programs during epithelial injury responses [59]. More recently, loss of
the let-7 microRNA cluster in AT2 cells was shown to unleash an oncogenic–epigenetic circuit (including
chromatin regulators such as Enhancer of Zeste Homolog 2 [EZH2]) that promotes accumulation of
KRT8+ fibrogenic intermediates and progressive fibrosis, supported by integrated Argonaute 2-enhanced
Cross-Linking and ImmunoPrecipitation (AGO2-eCLIP), RNA-seq, and chromatin profiling [60].

5.3 Non-Coding RNAs and RNA-Based Therapeutic Opportunities

Non-coding RNAs are therefore not only biomarkers but also mechanistic levers in epithelial-driven
fibrosis. Among candidate antifibrotic RNAs, the miR-29 family is particularly notable because it suppresses
extracellular matrix gene networks and is reduced in fibrotic lungs. A lung-targeted, peptide-conjugated
miR-29 mimic (MRG-229) decreases collagen production and profibrotic gene expression across in vitro
and in vivo models, and shows preclinical tolerability in larger animals—supporting its translational
development for IPF [65]. Conversely, miR-21 is a pro-fibrotic microRNA implicated in both fibroblast
activation and epithelial injury responses; lung-targeted delivery of anti-miR-21 via cationic liposomes
suppresses myofibroblast differentiation and reduces fibrosis progression in experimental models [66].
These studies highlight a therapeutically attractive logic: rather than targeting a single cytokine, RNA
therapeutics may ‘reset’ coordinated gene programs that are epigenetically reinforced in AT2 intermediates
and their neighboring stromal compartments.

5.4 Organoids and Lineage-Informed Experimental Systems

Organoid and induced pluripotent stem cell-derived alveolar systems have become useful complements
to animal models because they permit controlled perturbation of epithelial programs in a human genetic
context [67]. Profibrotic cytokine exposure can drive alveolar organoids toward persistent transitional
phenotypes, offering tractable platforms for testing whether epithelial states are reversible [67]. Enomoto and
colleagues further showed, using mouse and human organoid systems together with in vivo experiments, that
autocrine TGF-β-positive feedback in profibrotic AT2-lineage cells is sufficient to sustain non-inflammatory
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fibrogenesis [25]. These models are most useful for mechanistic perturbation and drug prioritization, while
in vivo and human tissue validation remain essential.

At the same time, organoids simplify the tissue context. They often lack full immune, endothelial,
neural, and mechanical inputs and may display culture-induced artifacts. Thus, their greatest value lies in
mechanistic dissection and drug prioritization rather than in complete disease recapitulation. These systems
also enable more precise discussion of evidence strength. Human tissue datasets are strong for association
and relevance, mouse lineage models are strongest for causal inference, and organoids are strongest for
mechanistic tractability and perturbation screening. No single model class is sufficient on its own. Robust
conclusions about AT2 senescence should ideally be supported across at least two of these levels.

5.5 Translational Strategies and Clinical Outlook

Clinically, epithelial epigenetic targeting remains early-stage but is rapidly maturing. Interventions
that reduce AT2 senescence or clear senescent cells could indirectly mitigate epigenetically fixed profibrotic
states; a pilot study of senolytics (dasatinib plus quercetin) in IPF demonstrated feasibility [68]. Epigenetic
enzyme inhibitors are conceptually attractive, but cell-type specificity and off-target effects will be key
constraints; AT2-specific genetic evidence for HDAC3 [59] and the let-7 chromatin circuit [60] helps
prioritize mechanisms and biomarkers for such approaches. Finally, lung-targeted RNA therapeutics
(miR-29 replacement or miR-21 inhibition) offer a pragmatic translational bridge and can be aligned with
multi-omics-defined epithelial states for patient stratification [65,66]. Together, these advances support
a model in which AT2 epigenetic reprogramming is a driver of persistent fibrogenic intermediates and a
promising axis for disease-modifying therapy. A key emerging theme is that epigenetic remodeling may
encode a form of “memory” in AT2 cells, whereby transient insults produce sustained changes in chromatin
accessibility and transcription factor occupancy. Spatial and single-cell multi-omics are beginning to
resolve how these epigenetic states align with anatomical gradients of fibrosis and with specific stromal
or immune neighborhoods. However, therapeutic targeting of epigenetic regulators raises challenges:
many chromatin enzymes are broadly required across tissues, and systemic inhibition can cause off-target
toxicity. Future progress will likely rely on lung-selective delivery (e.g., inhaled formulations, targeted
nanoparticles) and on identifying epigenetic dependencies that are most specific to maladaptive AT2 states.
Integrating patient-derived organoids with perturbation screens may accelerate prioritization of such
targets for clinical translation.

6 Intervention Strategies for AT2 Cell Senescence

Currently, therapies for fibrotic diseases target senescent cells via two main strategies: (1) inducing or
inhibiting cellular senescence based on its underlying mechanisms and its specific regulatory effects on
fibrosis progression; (2) eliminating profibrotic SASP factors produced by senescent cells. The interventions
are summarized in Table 2.

6.1 Anti-Senescence Therapy

Yao et al. [40] showed that inhibiting the p53 signaling pathway mitigates pulmonary fibrosis in
Sin3a knockout mice, suggesting that early targeting of senescent cells can treat pulmonary fibrosis in
murine models. Bleomycin-induced lung fibrosis in rats activates the Wnt/β-catenin signaling pathway,
with increased expression of Wnt components, including Wnt3a, β-catenin, and phosphorylated glycogen
synthase kinase-3β (pGSK-3β), during IPF development, alongside reduced GSK-3β expression in fibrotic
mouse lungs [69]. Chen et al. [70] similarly demonstrated that inhibiting the Wnt/β-catenin pathway



12 Biocell. 2026;50(9):5

attenuates IPF. SIRT6, a member of the sirtuin family, suppresses epithelial-mesenchymal transition
in IPF, preventing TGF-β1-induced myofibroblast differentiation by inhibiting the TGF-β1/Smad2 and
NF-κB signaling pathways [71]. Plasminogen activator inhibitor-1 (PAI-1), a serine protease inhibitor
with antiprotease activity, is essential for fibrinolysis and wound healing. Depleting or inhibiting PAI-1
in AT2 cells nearly completely blocks TGF-β1-induced AT2 senescence, profibrotic mediator secretion,
and SASP-mediated macrophage stimulation [72]. The PAI-1 inhibitor TM5275 reduces TGF-β1-induced
pulmonary fibrosis and AT2 senescence in mice [73]. Furthermore, the combination of the pan-tyrosine
kinase inhibitor dasatinib and the natural flavonoid quercetin reduces levels of senescence markers p16 and
β-galactosidase [74].

6.2 Suppression of SASP Factors from Senescent Cells

Targeting the NF-κB signaling pathway can mitigate inflammatory responses. Fisetin, a novel dietary
flavonoid from various plants, fruits, and vegetables, ameliorates lung inflammation by downregulating
p-STAT-1 and NF-κB signaling via heme oxygenase-1, effectively reducing oxidative stress-induced lung
damage [75]. Fisetin delays AT cell senescence by inhibiting NF-κB, improving the SASP profile of senescent
cells, and reducing fibroblast-to-myofibroblast differentiation and collagen deposition [76]. Human efficacy
and long-term safety in IPF remain unproven; fisetin should be described as a preclinical candidate rather
than an established therapeutic option.

Protein Tyrosine Phosphatase Receptor Type J (CD148) expression is downregulated in IPF lungs and
fibroblasts. In fibroblasts lacking CD148, overactivation of the PI3K/Akt/mTOR signaling pathway, reduced
autophagy, and increased p62 accumulation trigger NF-κB activation and profibrotic gene expression. In vivo
administration of SDC2-pep reduces pulmonary fibrosis and suppresses IPF-derived fibroblast activation.
This suggests that targeting the interaction between CD148 phosphatase and its activating ligand, such as
SDC2-pep, could potentially serve as a promising therapeutic strategy for IPF [77].

Table 2: Representative therapeutic strategies targeting the AT2 senescence axis.

Strategy Drug/Target Evidence
Evidence
Stage

Potential Strength
Realistic Risk-Benefit
Evaluation

Senomorphics/
pathway
modulators

PAI-1 inhibition,
SIRT-related
approaches, WNT or
TGF-β modulation

In vivo bleomycin
mice model [71–73] Preclinical

May preserve viable
epithelial cells and
modulate upstream
senescence circuitry
without indiscriminate
cell depletion.

Biologically attractive but not
yet clinically ready.
Off-target effects; timing is
critical; pathway inhibition
may impair normal repair if
misapplied.

Senolytics Dasatinib plus
quercetin; fisetin

A two-center,
open-label study,
14 treatment
patients [67]; phase
I RCT pilot trial, 6
placebo, 6 treatment
patients [74]

Early clinical
feasibility

Removes pathogenic
senescent cells rather
than merely
suppressing their
secretome.

Conceptually powerful but
still high-risk/
high-uncertainty. Efficacy on
FVC, exacerbations, or
survival has not been
demonstrated.
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Table 2: Cont.

Strategy Drug/Target Evidence
Evidence
Stage

Potential Strength
Realistic Risk-Benefit
Evaluation

SASP-directed
approaches

NF-κB-related
suppression; stromal
interaction
modifiers such as
CD148 signaling

In vivo bleomycin
mice model [77] Preclinical

Reduces harmful
paracrine signaling
and may dampen
profibrotic
amplification loops.

Potentially useful as an
adjunct strategy. May not
eliminate persistent
dysfunctional cells; broad
inflammatory pathway
inhibition may reduce
specificity. unlikely to be
sufficient alone if the
senescent-cell burden
remains high.

RNA/epigenetic
therapeutics

miR-29 mimic,
anti-miR-21, HDAC
or let-7-related
targeting

In vivo bleomycin
mice
model [59,60,65,66]

Preclinical

Can reset coordinated
gene networks and
may more directly
address epithelial state
programs.

High mechanistic appeal but
still investigational. Delivery,
tissue specificity, durability,
immune/off-target effects,
and biomarker selection
remain major hurdles.

7 Limitations

Much of the causal evidence for AT2 senescence comes from mouse models such as bleomycin injury,
genetic telomere dysfunction, or inducible epithelial knockout systems. These models are indispensable but
imperfect. Bleomycin fibrosis is often partially reversible and may not recapitulate the chronic spatially
heterogeneous remodeling of human usual interstitial pneumonia. Genetic models may overrepresent single
pathways. Therefore, although they strongly support biological plausibility, they cannot by themselves
prove that the same pathway hierarchy operates in all patients with IPF.

Species differences in alveolar repair, immune tone, lifespan, and matrix remodeling are additional
reasons for caution. Mouse models are powerful experimental tools, but they compress time scales and
simplify exposures in ways that may not mirror the decades-long evolution of human IPF. This is why
convergence between human tissue, organoid, and animal evidence is particularly valuable.

Another unresolved issue is the distinction among senescence, apoptosis, exhaustion, dedifferentiation,
and transitional epithelial states. In the literature, these are sometimes treated interchangeably, which risks
conceptual inflation. Causal claims should be reserved for experiments showing that specific manipulation
of senescence pathways in AT2 cells alters fibrotic outcomes, as in targeted telomere or Sin3a models. By
contrast, many single-cell and pathology studies show a strong association but not direct causality. This
does not diminish their importance; rather, it defines what kind of inference can be made from each dataset.

More precise phenotyping will therefore be critical. Future studies should combine lineage information,
cell-cycle status, chromatin features, spatial context, and secretory readouts rather than relying on a
single marker or transcriptomic label. This will help prevent the field from assigning a single pathological
identity to biologically heterogeneous epithelial populations. The field also contains apparently conflicting
observations. WNT signaling can be regenerative or senescence-promoting depending on timing. TGF-β
can support normal repair but also drive pathological persistence. Some senescent stromal populations may
aid wound healing in certain tissues, whereas epithelial senescence appears harmful in the fibrotic lung.

From a clinical standpoint, the major barriers are biomarker scarcity, delivery to the distal lung,
long-term safety, and uncertainty regarding treatment timing. It is still unclear whether anti-senescence
strategies should be given early to preserve regenerative reserve, later to interrupt feed-forward fibrosis, or



14 Biocell. 2026;50(9):5

both. Combination strategies with approved antifibrotics may be necessary. Precision approaches based on
epithelial-state profiling, spatial biomarkers, and patient-derived models are therefore especially promising.

8 Conclusion

In conclusion, accumulating evidence supports AT2 senescence as a central pathogenic axis in IPF.
Rather than being a passive consequence of chronic injury, senescent AT2 cells integrate multiple upstream
stresses—including telomere dysfunction, endoplasmic reticulum stress, mitochondrial injury, DNA-damage
signaling, and aberrant mechanotransduction—and translate them into persistent epithelial dysfunction.
These maladaptive epithelial states are characterized by impaired regenerative capacity, transitional arrest,
and senescence-associated secretory phenotypes, which together amplify fibroblast activation, extracellular
matrix deposition, and progressive architectural distortion. Human tissue studies, single-cell and spatial
transcriptomics, organoid systems, and lineage-informed animal models collectively indicate that AT2
senescence is closely linked to failed alveolar repair and sustained epithelial–stromal crosstalk in IPF. From a
therapeutic perspective, currently approved antifibrotics slow disease progression but do not directly restore
epithelial competence or reverse senescence. Emerging approaches, including senolytics, senomorphics,
pathway-directed interventions, and RNA/epigenetic therapeutics, offer promising mechanistic strategies,
but their clinical translation remains limited by challenges in biomarker selection, treatment timing, delivery
specificity, and long-term safety. Overall, the AT2 senescence framework provides a coherent model that
links aging, epithelial injury, and fibrosis, and highlights a future therapeutic goal beyond simply slowing
decline: restoring alveolar regenerative capacity through precise modulation of maladaptive epithelial
cell states.

Acknowledgement: All the Figures were generated with the assistance of BioRender.com and ChatGPT.

Funding Statement: This work was supported by the National Natural Science Foundation of China grant (NSFC
No. 82400084) and the Sichuan Science and Technology Program (No. 2024NSFSC1530).

Author Contributions: The authors confirm contribution to the paper as follows: study conception and design:
Faping Wang, Fengming Luo; draft manuscript preparation: Lichun Zhong, Dijia Wu, Sirui Zhang, Wenjing Liu;
review and editing: Faping Wang, Fengming Luo, Dijia Wu; visualization: Lichun Zhong, Dijia Wu; supervision:
Faping Wang, Fengming Luo. All authors reviewed and approved the final version of the manuscript.

Availability of Data and Materials: Not applicable.

Ethics Approval: Not applicable.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations
The following abbreviations are used in this manuscript:

IPF Idiopathic pulmonary fibrosis
AT2 Alveolar type II epithelial cells
AT1 Alveolar type I epithelial cells
AECs Alveolar epithelial cells
ECM Extracellular matrix
DPPC Dipalmitoylphosphatidylcholine
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SP-D Surfactant protein D
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TERT Telomerase reverse transcriptase
PARP1 Poly(ADP-ribose) polymerase 1
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Bmi-1 B-cell-specific Moloney murine leukemia virus insertion site 1
LOF Loss of function
RB Retinoblastoma protein
SASP Senescence-associated secretory phenotype
PDGF-AA Platelet-derived growth factor AA
TP53 Transcription factor p53
TGF-β Transforming growth factor-β
α-SMA α-smooth muscle actin
NF-κB Nuclear factor kappa B
PTEN Phosphatase and tensin homolog
mTOR Mechanistic target of rapamycin
LRP5 Low-Density Lipoprotein Receptor-Related Protein 5
E2F1 E2F transcription factor 1
c-Myc cellular Myelocytomatosis oncogene
CCNE2 Cyclin E2
P21 Cyclin-Dependent Kinase Inhibitor 1A
P53 Tumor Protein 53
SIRT6 Sirtuin 6
CLDN4 Claudin 4
KRT5 Keratin 5
KRT17 Keratin 17
HDAC3 histone deacetylase 3
EZH2 Enhancer of Zeste Homolog 2
AGO2-eCLIP Argonaute 2-enhanced Cross-Linking and ImmunoPrecipitation
RNA-seq RNA sequencing
pGSK-3β phosphorylated glycogen synthase kinase-3β
PAI-1 Plasminogen activator inhibitor-1
CD148 Protein Tyrosine Phosphatase Receptor Type J
P16 Cyclin-dependent kinase inhibitor 2A
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