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Cellular senescence, one of the hallmarks of aging, is defined as a cellular state of irreversibly arrested

proliferation of aged or damaged cells.

cellular senescence  lung fibrosis  pathogenesis

1. Introduction

Cellular senescence, one of the hallmarks of aging , is defined as a cellular state of irreversibly arrested

proliferation of aged or damaged cells . Senescent cells have distinct phenotypic alterations, including genomic

instability, telomere attrition, chromatin remodeling, metabolic reprogramming, increased autophagy, decreased

mitophagy, and the implementation of a complex pro-inflammatory secretome . Although senescence was first

characterized as a state of cell cycle arrest after extensive proliferation, referred to as replicative senescence (RS)

, this cellular process can be induced by different stimuli, including telomere attrition, DNA damage caused by

strong genotoxic stress, such as ionizing radiation/IRIS, topoisomerase inhibitors, and oxidative agents/OSIS ,

chromatin perturbations, and oncogene activation/OIS.

Interstitial lung diseases (ILDs) and pulmonary fibrosis are heterogeneous groups of lung diseases characterized

by varying degrees of inflammation and fibrosis of the lung parenchyma. Some of these may occur secondary to a

known precipitant such as medications, autoimmune or connective tissue disease, hypersensitivity to inhaled

organic antigens, or sarcoidosis, while others have no identifiable cause and are classified as idiopathic interstitial

pneumonias (IIPs) . Idiopathic pulmonary fibrosis (IPF) is one of the most aggressive forms of IIP, with a median

survival time of 2–3 years after diagnosis . Features of this pulmonary disease include temporal and spatially

heterogeneous fibrosis, the presence of fibroblastic foci, and the excessive deposition of disorganized collagen and

extracellular matrix (ECM), which result in the loss of normal lung architecture, with or without honeycomb cyst

formation .

Multiple risk factors have been reported to increase the risk of the development of IPF in an independent or

coordinated fashion. The endogenous risk factors include genetic background, aging, gender, and pulmonary

microbiology, whereas the exogenous factors include cigarette smoking, environmental exposure, and air pollution,

especially the dust or organic solvents exposure in the occupational population. Comorbidities such as obstructive

sleep apnea, gastroesophageal reflux, and diabetes mellitus are also important factors . A longitudinal study to

identify independent risk factors of ILD development found that people over 70 had a 6.9 times higher risk for ILD

than those over 40 years old .
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It has been long recognized that cellular senescence contributes to an aging-related decline in tissue regeneration

capacity and the pathogenesis of aging-related diseases, including IPF (reviewed in ). However, the mechanism

whereby senescent cells contribute individually or in a coordinated fashion or both to lung fibrosis remains unclear.

Herein, we review the current knowledge on the senescence of the primary cell types in the lung, their phenotypic

changes, and the cellular and molecular mechanisms by which these cells contribute to the pathogenesis of

pulmonary fibrosis.

2. Senescence Regulatory Pathways

The complexity of cellular senescence regulation is well-characterized in many disease models, especially aging

. As mentioned earlier, multiple internal (genetic abnormalities) and external stressors (oncogene activation,

oxidative stress, etc.) are the commonly known trigger factors of cellular senescence (Figure 1). Our review

discusses only the studied regulatory pathways in each prominent cell type significantly involved in lung fibrosis

pathogenesis. We find that each cell type uses at least one of both pathways, but nearly all lung cells use the

SASP, suggesting the intimate interconnection of these cells in regulating lung fibrosis through cellular senescence.

Figure 1. Regulatory molecular signaling pathways of cellular senescence in pulmonary fibrosis. The schematic

illustrates the regulatory pathways of cellular senescence in key cellular players involved in lung fibrosis

pathogenesis. AT2 = alveolar type 2 epithelial cells; PINK = PTEN-induced putative kinase 1; SASP = senescence-

associated secretory phenotype; IL = interleukin; TNF-⍺ = tissue necrotic factor-alpha; ER = endoplasmic

reticulum; ROS = reactive oxygen species; NOX4 = NADPH oxidase 4; PAI = plasminogen activator inhibitor;

PTEN = phosphatase and tension homolog; mTOR = the mechanistic target of rapamycin; TGFβ = transforming

growth factor-beta; ATM = the ataxia telangiectasia mutated; RB = retinoblastoma; PI3K = phosphoinositide 3-

kinase; HAS = hyaluronan synthase-2; NF-κB = nuclear factor kappa-light-chain-enhancer of activated B cells;

C/EBβ = CCAAT/enhancer-binding protein beta.

[10]

[11][12]



Cellular Senescence in Lung Fibrosis | Encyclopedia.pub

https://encyclopedia.pub/entry/11867 3/19

The regulation of senescence through the cell cycle is mediated through classical cell signaling molecules such as

DNA-damage response (DDR), These signaling molecules directly activate cell cycle inhibitors, including p14, p15,

p16, p17, p21, and p27, and indirectly through TP53 . Phosphorylated Rb loses its ability to associate with a

cell pro-proliferative transcriptional factor, E2F1-3, thereby averting normal cell cycle progression (Figure 1) This

pathway is well-described in crucial cellular players in lung fibrosis, including alveolar type 2 cells (AT2), lung

fibroblasts, and immune cells; further details are discussed inSection 4, “

The SASP has been described in multiple senescent cell types in the lung. The prominent SASPs in

fibroproliferative lung diseases, which include growth factors such as TGFβ and many inflammatory

cytokines/chemokines such as IL-6, TNF-α, and MMPs, mainly regulate senescence through TP53 and NF-κB In

this case, IL-4 and IL-13, released from senescent AT2, promotes alveolar macrophage activation in lung fibrosis

via the PAI-1/TGFβ1 axis . C/EBPβ also plays an important role in experimental lung fibrosis, as demonstrated

by C/EBPβ null mice that developed less lung fibrosis after bleomycin injury due to the reduced production of lung

pro-inflammatory cytokines TGFβ1, TNF-α, and IL-1β, and myofibroblast differentiation .

3. The Role of Cellular Senescence in the Pathogenesis of
Pulmonary Fibrosis

Recent studies have indicated that the initiation and/or progression of IPF are linked to epithelial progenitor cell

dysfunction. Accelerating aging, including the loss of epithelial progenitor cell function and/or numbers and cellular

senescence, is one of the key factors in IPF pathogenesis . Furthermore, multiple genome-wide screens

for IPF-associated gene variants have defined a serial of gene variants linked to defects in the host defense and

regulation of cellular senescence, as well as epithelial cell function . In up to 15–20% of the familial IPF

cases, causative mutations have been identified in genes involved in regulating telomere function—telomerase

reverse transcriptase, TERT; telomerase RNA component, TERC; dyskerin, DKC1; telomere interacting factor 2,

TINF2; and regulator of telomere elongation helicase, RTEL1.

The AT2 cell, a facultative stem cell that produces and secretes pulmonary surfactants in its quiescent state, is

considered the progenitor cell responsible for normal maintenance of the alveolar epithelium . Genetic or

environmental factors can compromise its ability to proliferate and can lead to defective alveolar epithelium

maintenance. Recent studies using single-cell RNAseq have shown both the regional depletion of AT2 cells and

abnormal activation of cellular senescence and senescence-related signaling pathways such as p53 signaling,

mitochondria dysfunction, and oxidative stress, in the fibrotic region of IPF explant tissue , also evidenced

by increased SA-β-gal signaling and the expression of p16 and p21 in SFTPC-positive AT2 cells. Different genetic

in vivo animal models (Table 1) and in vitro precision-cut lung slides models have been developed to demonstrate

AT2 cell dysfunction, especially cellular senescence in the initiation and progression of pulmonary fibrosis.

Table 1. Animal models involved with alveolar type 2 epithelial cell senescence for lung fibrosis.
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The shortening of telomeres has been tightly linked to the induction of cellular senescence . Animal models

focusing on the role of telomere function have also demonstrated the causal relationship of telomere disfunction in

AT2 cells for pulmonary fibrosis. ) mice develop spontaneous lung fibrosis , even with inbred mice up to the

fourth to the sixth generation of Tert−/−with the requirement of bleomycin dosage to induce lung fibrosis . The

loss of Trf1 in AT2 cells leads to spontaneous pulmonary fibrosis with the activation of DNA damage, indicated by

the increased expression of γH2ax, short telomeres, and accumulation of senescent cells .

The perturbation of ER homeostasis by stimuli such as mutations, hypoxia, oxidative stress, chaperone shortage,

and unfolded or misfolded proteins leads to a stress condition called “ER stress”, which is toxic and detrimental to

cells. The unfolded protein response (UPR) is one of the programs that aim to restore ER’s physiological activity—

protein homeostasis (proteostasis). In a transgenic mouse model, the induced expression of mutant

SFTPCL188Qin AT2 cells induces ER stress and increases bleomycin susceptibility ; the induced expression of

mutant SFTPC variants SFTPCI73Tand SFTPCC121Gin adult AT2 cells leads to spontaneous pulmonary fibrosis

Animal Models Spontaneous
Fibrosis Induced Fibrosis References

Tert−/− No
4th-generation inbred, reduced required dose of

bleomycin to induce fibrosis

Terc−/− No
3rd-generation enhanced fibrosis upon

liposaccharide and bleomycin

Sftpc ;
Tert 

No Bleomycin induced enhanced fibrosis

Sftpc ;
Trf1

Yes  

Sftpc ;
Trf2

No Increased susceptibility to bleomycin

Sftpc ;
Grp78

Yes  

Sftpc ;
Sin3a

Yes  

mSFTPC.rtTA;
SFTPC No Bleomycin induced exaggerated lung fibrosis

Sftpc ;
SFTPC

Yes  

Sftpc ;
SFTPC

Yes  
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with the activation of ER stress and induction of AT2 cells secretion of SASP-related cytokines . The deletion

of Grp78, the chaperon protein of UPR, from AT2 cells leads to spontaneous lung fibrosis.

The excessive production of reactive oxygen species (ROS), which is called oxidative stress, is another critical

inducer of cellular senescence . Chronic ROS exposure can lead to oxidative damage to the mitochondria due

to the sensitivity of mitochondrial membrane phospholipids to reactive species and can further induce more ROS

production . The ectopic activation of oxidative stress and the mitochondrial dysfunction signal pathway has

been observed in IPF AT2 cells compared to donor AT2 cells . The loss of Pink1 in mouse AT2 cells results in

mitochondrial dysfunction, upregulation of senescence markers (p16 and p21), and increased levels of TGF-β

expression .

The acetylation of p53 has been shown to play an essential role in the stabilization and activation of p53 in fibrotic

lungs . A decreased SIRT1 expression level has been observed in IPF , and the activation of Sirt1

expression by Sirt1 activator reduces lung fibrosis in the bleomycin-induced lung injury mouse model . The

loss of Sin3a results in an increased acetylation level of p53 , whereas the simultaneous knockout of Sin3a and

p53 in AT2 cells reduces lung fibrosis. These data demonstrate that the acetylation of p53 in AT2 cells may play an

important role in the activation of the p53 pathway and in driving AT2 cell senescence in pulmonary fibrosis.

Airway basal and basal-like cells are gaining interest in lung fibrosis pathogenesis as these cells are aberrantly

expanding in IPF. The abnormally increased proliferation of airway basal cells such as classic murine

Trp63+Krt5+and human p63+KRT5+cells, human KRT5+KRT14+p63+ , KRT15+ , and KRT17+

have emerged in lung repairing processes. Although the proliferation of these basal cells during lung fibrosis

argues against the senescent characteristics, two studies indicated that these KRT15+and KRT17+basal cells

expressed cellular senescence characteristics at the transcriptomic  and protein level , suggesting their

potential roles in IPF pathogenesis.

More recently, one single-cell RNA-seq cohort identified aberrant basaloid cells in IPF (VIM, CDH2, FN1, COL1A1,

TNC, and HMGA2), and senescence (CDKN1A, CDKN2A, CCND1, CCND2, MDM2, and GDF15) Another study

also described aberrant basaloid cells in IPF and systemic sclerosis-related ILDs, whereby those cells expressed

senescence markers, CDKN2A (gene for p16), CDKN1A (gene for p21), andGDF15 , and that cellular

senescence was one of the profibrotic regulatory pathways identified in these cells. Although pathological functions

of these basal cell subtypes remain to be explored, accumulating evidence supports their involvement in lung

fibrosis through the cellular senescence pathway.

Fibroblasts have a pivotal role in wound healing in response to lung injury. At the site, fibroblasts differentiate into

myofibroblasts, which exhibit contractile function and produce ECM components that are essential to wound

healing . As the normal repair process progresses, myofibroblasts gradually become senescent, which reduces

fibroblast activation, ECM deposition, and limits the progression of fibrosis. However, studies showing that targeting

senescent fibroblasts and/or myofibroblasts with senolytic drugs significantly ameliorates pulmonary fibrosis and

function in mice models of IPF have revealed a deleterious role for these cells in lung fibrosis .
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Numerous studies have characterized fibroblasts derived from fibrotic lung diseases such as IPF and compared

them to age-matched controls. Overall, there is a consensus that fibroblast senescence is increased  and

persistent in the IPF lung . In vitro, these cells exhibit an enlarged flattened morphology, lower cell division

rates, and increased expression of SA-β-galactosidase compared to control fibroblasts at the same passage 

. In addition to the aforementioned hallmark features of cellular senescence, fibroblasts from IPF lungs also

exhibit metabolic reprogramming, mitochondrial dysfunction, insufficient autophagy, and reduced apoptosis .

Although the SASP plays an important physiological role, such as cell proliferation and differentiation during wound

repair, its persistence in the environment may contribute to IPF pathology. Senescent IPF fibroblasts secrete

numerous pro-inflammatory cytokines/chemokines, pro-fibrotic factors, and reactive oxygen species . It

has been reported that the SASP can spread senescence signals to surrounding cells, contribute to persistent

inflammation  and tissue remodeling , and promote profibrotic phenotypic changes of fibroblasts and/or

macrophages. Importantly, the deficiency in cytotoxic NK activity could be one of the altered mechanisms

perpetrating the accumulation of senescent fibroblasts and other cell types in IPF lungs.

Mitochondria are a central hub not only for cellular energy but also for multiple signaling pathways that converge

and interact to regulate mitochondrial energetics, biogenesis, ROS production, preservation, and repair of

mitochondrial DNA (mtDNA), and mitophagy. Cellular senescence and mitochondrial dysfunction are closely linked:

cell senescence, more specifically, persistent DDR signaling, directly contributes to senescence-associated

mitochondrial dysfunction , while mitochondrial dysfunction drives and maintains cell senescence . The

combination of senescence and loss of mitochondrial homeostasis seems to have implications in maladaptive

responses to cellular stress, increased vulnerability to injury, and the development of pulmonary fibrosis .

Impaired mitochondrial biogenesis in IPF potentially creates an imbalance in the production of cellular energy and

the demand for it, resulting in mitochondrial dysfunction. NADPH oxidase 4 (Nox4), which is also known to be

increased in senescent IFP myofibroblasts, can suppress mitochondrial biogenesis and bioenergetics via Nrf2 and

the mitochondrial transcription factor Selective mitophagy of damaged mitochondria occurs through PINK1-Parkin

signaling, with PINK1 acting as a sensor of mitochondrial membrane depolarization and subsequently activating

Parkin, which labels the dysfunctional mitochondrion for trafficking to the autophagosome . The fibroblast-to-

myofibroblast differentiation mediated by TGF-β1 was characterized by reduced mitophagy and defects in

mitochondrial function, at least in part due to PINK1 deficiency .

ROS can also damage lung epithelial cells and promote senescence of the surrounding cells . mTOR activity

also affects the signal transduction between mitochondria and the nucleus. The coordinated expression of

mitochondrial and nuclear genes is necessary for maintaining the normal function of mitochondria and homeostatic

levels of ROS. NOX4 can repress mitochondrial biogenesis in lung fibroblasts through the direct inhibition of Nrf2

and TFAM .

Indeed, diminished autophagy is observed during aging, and accelerated aging has been attributed to reduced

autophagy . In lung fibroblasts, Beclin1, LC3, and p62 have been described as autophagy-related biomarkers
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and demonstrate that there is decreased autophagy activity in lung tissues of IPF patients . Beclin1, a key

regulator of autophagy in IPF lung fibroblasts, is downregulated compared with normal lung fibroblasts .

Cellular senescence affects adaptive responses to stress, decreasing autophagy through the activation of

mTORC1 in lung fibroblasts.

Autophagy is also involved in the regulation of the activated phenotype of IPF fibroblasts. An aberrant

PTEN/Akt/mTOR axis desensitizes IPF fibroblasts from polymerized collagen-driven stress by suppressing

autophagic activity, thereby producing a viable IPF fibroblast phenotype on collagen. This suggests that the

aberrantly regulated autophagic pathway may play an important role in maintaining a pathological IPF fibroblast

phenotype in response to a collagen-rich environment . Deficient autophagy also seems to contribute to the

invasive property of IPF fibroblasts .

In contrast to senescent epithelial cells, fibroblasts from IPF lungs are highly resistant to apoptosis . The

resistance to stress-induced cell death of senescent fibroblasts results in the persistence of “damaged” cells that

would otherwise undergo apoptosis and be cleared from the site of wound repair . Over time, this leads to the

accumulation of senescent fibroblasts , which express high levels of αSMA and secrete excessive amounts of

ECM components, promoting the development of fibrosis . Further, little to no evidence of apoptosis was

observed in α-SMA expressing cells in these areas, confirming the apoptotic resistant phenotype of senescent

myofibroblasts in areas of lung fibrosis .

Perhaps the most studied have been the changes in the levels of Bcl-2 family proteins. Alterations in the

expression of pro-apoptotic and antiapoptotic genes have also been associated with epigenetic modifications,

including histone modification and DNA methylation. These site-specific histone modifications lead to active

transcription of the Bcl-2 gene, which enhances apoptosis resistance in senescent fibroblasts . The exogenous

restoration of Sirt3 in aged mice promotes the activation of the forkhead box transcription factor FoxO3a in

fibroblasts, the upregulation of pro-apoptotic proteins

Increased AKT activity is central to various signaling pathways involved in cell survival, and activation of the

PI3K/AKT/mTOR pathway decreases autophagy and contributes to apoptosis resistance in IPF lung fibroblasts .

In contrast, a low activity of PTEN leading to the inactivation of the transcription activator FoxO3a through the

PTEN/Akt-dependent pathway and downstream downregulation of caveolin-1 and Fas expression has also been

shown . Fas expression is necessary to sensitize lung fibroblasts to Fas ligation-induced apoptosis. The role of

these pathways in apoptosis resistance in senescent fibroblasts and pulmonary fibrosis is evidenced by the

mitigation of bleomycin-induced fibrosis in aged mice by quercetin via a reduction in AKT activation and

upregulation of caveolin-1 and Fas levels .

The emergence of the senescent and apoptosis-resistant myofibroblast phenotype has also been attributed to an

elevated expression of the ROS-generating enzyme Nox4 and an impaired capacity to induce the Nrf2 antioxidant

responses . Lung tissues from human subjects with IPF confirmed a high expression of Nox4 in fibroblastic foci,

where Nrf2 expression is reduced. The in vivo knockdown of Nox4 and pharmacologic targeting of Nox4 during the
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persistent phase of lung fibrosis in aged mice reduced Bcl-2 levels and restored the capacity of senescent

fibroblasts to undergo apoptosis, permitting fibrosis resolution.

These cells are enriched for pro-fibrotic and senescence factors and exhibit a global loss of transcripts encoding for

components of various DNA damage response and repair proteins, including DNA-PKcs . Several studies have

previously shown the relationship between DNA damage and repair, senescence, and pulmonary fibrosis . The

loss of clusterin, for example, can promote disrepair and senescence in fibrotic lungs via the loss of DNA damage

response and repair pathways . Thus, a feedforward loop between the senescent environment, the expansion of

MPCs and progeny, and the senescent and pathogenic behavior of these cells seem to be present in fibrotic lung

diseases such as IPF.

However, the persistent or accumulation of senescent cells can certainly dysregulate the immune systems and

transform the organ microenvironment to favor a chronic inflammatory state that, in part, is commonly observed in

many age-related conditions, lung fibrosis included . There are two characteristics of the immune

system in the cellular senescence processes implicated in lung fibrosis: the dysfunction of the immune system

called “immunosenescence”, and the senescence of immune cells per se . Despite controversy in the role of

inflammation in lung fibrosis due to the failure of many immunosuppressants in treating IPF , persistent chronic

inflammation is undoubtedly one of the hallmarks of lung fibroproliferative disorders . Here, we describe two

main characteristics of immune dysfunction associated with cellular senescence in lung fibrosis.

Immunosenescence is broadly defined as declining immunity with age or prematurely with specific stimuli .

The main characteristics are a low proliferative index of the immune cells and maladaptive responses to triggers

and stressors . Although immunosenescence can occur irrespective of immune cell senescing , in

most cases, it is the main consequence of immune cell senescence. Immunosenescence contributes to lung

fibrosis pathogenesis in two ways: first, it promotes an accumulation of senescent cells that are the primary

sources of SASP mediators , and second, it enhances proinflammatory mediators released from immune

cells into the lung microenvironment, providing additive effects to SASP from other sources in reverberating

inflammation.

Innate immunity is primarily driven by alveolar macrophages, natural killer (NK) cells, and dendritic cells (DC). The

best characterization of innate immunosenescence is the alteration of the immune system in aging irrespective of

the senescence of immune cells themselves . An example of innate immune dysregulation is an increase in

immature DC in the BAL and lungs of IPF patients . Lastly, the decrease in matured CD57+cytotoxic NK cells

and leukocytes in end-stage IPF is associated with defective immune surveillance necessary for senescent cell

clearance, thereby promoting a profibrotic microenvironment .

A shift in the T cell and B cell population toward the memory phenotype and the progressive loss of the naïve cells

are key features of adaptive immunosenescence . For instance, an increase in Treg cells in aging promotes

Th17 cell differentiation and IL-17 production in experimental lung fibrosis . Similarly, IL-17A from T helper
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cells utilizes the IL-17A/IL-17RA axis to mediate rheumatoid arthritis-induced lung fibrosis . The role of B cells in

adaptive immunosenescence in lung fibrosis is much less studied.

The characterization of immune cell senescence is well-described in aging. However, this depiction is less

straightforward in most lung fibrosis studies. Nonetheless, due to the intertwined nature of aging and lung fibrosis,

it is conceivable that aged immune cells regulate lung fibrosis pathogenesis, in part, through the cellular

senescence mechanism .

All of these changes cause a proinflammatory milieu but become ineffective in clearing senescent cells. The

presence of p16Ink4a/β-galactosidase-positive macrophages in lung fibrosis resemble senescent macrophages

seen in aging mice , which could explain senescent cell accumulation observed in lung fibrosis such that these

profibrotic senescent macrophages lose their capacity to eliminate cytotoxic senescent cells. However, controversy

arises surrounding the specificity of p16Ink4a/β-galactosidase positivity features, given that these macrophages did

not undergo cell cycle arrest, as typically seen in senescent cells . Lastly, aged macrophages are more

hyperresponsive to noxious stimuli through NOD-, LRR-, and pyrin domain-containing protein 3 (NLRP3)

inflammasome activation, demonstrating their profibrotic capacity .

The shift in T cell profiles from highly proliferative “naïve” T cells to steady “experienced” or effector memory T cells

(CD25−CD45RA−CD45RO+CD127+) is the classic finding of T cell senescence in aging . The standard

molecular markers of senescent T cells are CD27, CD28, CD57, and Killer cell Functionally, the senescent T cells

express higher levels of proinflammatory cytokines such as IFN-γ and TNF-α, or cytotoxic mediators such as

granzyme B and perforin, which cause tissue damage and further activate other immune cells . Although it is

unclear whether targeting senescent T cells will improve clinical outcomes in lung fibrosis, they remain one of the

promising therapeutic targets through alternative approaches.

Additional immune cells worth mentioning are circulating leukocytes, whereby the shortening of the telomere length

of these cells was noted in familial and sporadic pulmonary fibrosis patients . More recent evidence (in an

abstract form) showed that SASP released by IPF senescent fibroblasts promoted the senescence of pulmonary

NK cells that, in turn, permitted the accumulation of senescent fibroblasts, thereby creating a vicious cycle of

persistent chronic inflammation . Specifically, CD3+CD4+CD25highFoxp-3+cells were elevated in IPF, whereas

Th17 cells were significantly compromised .

In summary, despite the debate surrounding the contribution of chronic inflammation in lung fibrosis pathogenesis,

more direct and indirect evidence supports the roles of the senescent state of the immune response. The

intertwined immune dysregulation in cellular senescence is the basic principle of senescence pathogenic

mechanisms. In addition, impaired immune surveillance is responsible for the accumulation of senescent cells in

aging lungs . The continual accretion of these senescence cells, in turn, elevates SASP mediator levels in the

fibrotic foci that can further recruit immune cells, promoting a chronic persistent inflammatory state and the

progression of fibrosis .
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MSCs, also known as mesenchymal stromal cells, are a population of adult stem cells that were first described in

the bone marrow but have been described in many tissues. These cells are multipotent stromal cells that can

differentiate into a variety of cell types and, thus, have an important role in tissue remodeling and repair . In

silica-induced lung fibrosis in mice, intravenous administration of B-MSCs ameliorated lung fibrosis in that B-MSCs

homed to injured lungs and replenished the injured epithelial cells . B-MSCs of IPF patients displayed

senescence phenotypic changes, including the decreased replication rate, upregulation of common senescence

markers, and the presence of DNA damage.

In summary, known key cellular players in lung fibrosis pathogenesis, i.e., epithelial cells, mesenchymal cells, and

immune cells exhibit cellular senescence phenotypes in pre-clinical studies and in human lung specimens. It further

emphasizes the critical role of the senescence regulatory pathway. Although different studies highlight their cells of

interest, it is likely that senescence processes are present in more than one cell type in the lung, as has been

demonstrated in robust single-cell RNA sequencing studies. It is unclear at this stage whether these senescent

cells work in concert to promote lung fibrosis, or whether one dominant cell type drives the process.

References

1. Povedano, J.M.; Martinez, P.; Flores, J.M.; Mulero, F.; Blasco, M.A. Mice with Pulmonary Fibrosis
Driven by Telomere Dysfunction. Cell Rep. 2015, 12, 286–299.

2. Liu, Y.-Y.; Shi, Y.; Liu, Y.; Pan, X.-H.; Zhang, K.-X. Telomere shortening activates TGF-β/Smads
signaling in lungs and enhances both lipopolysaccharide and bleomycin-induced pulmonary
fibrosis. Acta Pharmacol. Sin. 2018, 39, 1735–1745.

3. Liu, T.; De Los Santos, F.G.; Zhao, Y.; Wu, Z.; Rinke, A.E.; Kim, K.K.; Phan, S.H. Telomerase
reverse transcriptase ameliorates lung fibrosis by protecting alveolar epithelial cells against
senescence. J. Biol. Chem. 2019, 294, 8861–8871.

4. Alder, J.K.; Barkauskas, C.E.; Limjunyawong, N.; Stanley, S.E.; Kembou, F.; Tuder, R.M.; Hogan,
B.L.M.; Mitzner, W.; Armanios, M. Telomere dysfunction causes alveolar stem cell failure. Proc.
Natl. Acad. Sci. USA 2015, 112, 5099–5104.

5. Yu, T.-Y.; Kao, Y.-W.; Lin, J.-J. Telomeric transcripts stimulate telomere recombination to suppress
senescence in cells lacking telomerase. Proc. Natl. Acad. Sci. USA 2014, 111, 3377–3382.

6. Höhn, A.; Weber, D.; Jung, T.; Ott, C.; Hugo, M.; Kochlik, B.; Kehm, R.; König, J.; Grune, T.;
Castro, J.P. Happily (n)ever after: Aging in the context of oxidative stress, proteostasis loss and
cellular senescence. Redox Biol. 2017, 11, 482–501.

7. Salminen, A.; Kauppinen, A.; Kaarniranta, K. Emerging role of NF-κB signaling in the induction of
senescence-associated secretory phenotype (SASP). Cell. Signal. 2012, 24, 835–845.

[106]

[107]



Cellular Senescence in Lung Fibrosis | Encyclopedia.pub

https://encyclopedia.pub/entry/11867 11/19

8. Katzen, J.; Wagner, B.D.; Venosa, A.; Kopp, M.; Tomer, Y.; Russo, S.J.; Headen, A.C.; Basil, M.C.;
Stark, J.M.; Mulugeta, S.; et al. A SFTPC BRICHOS mutant links epithelial ER stress and
spontaneous lung fibrosis. JCI Insight 2019, 4, e126125.

9. Nureki, S.-I.; Tomer, Y.; Venosa, A.; Katzen, J.; Russo, S.J.; Jamil, S.; Barrett, M.; Nguyen, V.;
Kopp, M.; Mulugeta, S.; et al. Expression of mutant Sftpc in murine alveolar epithelia drives
spontaneous lung fibrosis. J. Clin. Investig. 2018, 128, 4008–4024.

10. Borok, Z.; Horie, M.; Flodby, P.; Wang, H.; Liu, Y.; Ganesh, S.; Firth, A.L.; Minoo, P.; Li, C.; Beers,
M.F.; et al. Grp78 Loss in Epithelial Progenitors Reveals an Age-linked Role for Endoplasmic
Reticulum Stress in Pulmonary Fibrosis. Am. J. Respir. Crit. Care Med. 2020, 201, 198–211.

11. Martínez-Zamudio, R.I.; Robinson, L.; Roux, P.-F.; Bischof, O. SnapShot: Cellular Senescence
Pathways. Cell 2017, 170, 816–816.e1.

12. Muñoz-Espín, D.; Serrano, M. Cellular senescence: From physiology to pathology. Nat. Rev. Mol.
Cell Biol. 2014, 15, 482–496.

13. Rana, T.; Jiang, C.; Liu, G.; Miyata, T.; Antony, V.; Thannickal, V.J.; Liu, R.-M. PAI-1 Regulation of
TGF-β1–induced Alveolar Type II Cell Senescence, SASP Secretion, and SASP-mediated
Activation of Alveolar Macrophages. Am. J. Respir. Cell Mol. Biol. 2020, 62, 319–330.

14. Hu, B.; Ullenbruch, M.R.; Jin, H.; Gharaee-Kermani, M.; Phan, S.; Phan, S. An essential role for
CCAAT/enhancer binding protein β in bleomycin-induced pulmonary fibrosis. J. Pathol. 2006, 211,
455–462.

15. DeMaria, M.; Ohtani, N.; Youssef, S.A.; Rodier, F.; Toussaint, W.; Mitchell, J.R.; Laberge, R.-M.;
Vijg, J.; Van Steeg, H.; Dollé, M.E.; et al. An Essential Role for Senescent Cells in Optimal Wound
Healing through Secretion of PDGF-AA. Dev. Cell 2014, 31, 722–733.

16. Schafer, M.J.; White, T.A.; Iijima, K.; Haak, A.J.; Ligresti, G.; Atkinson, E.J.; Oberg, A.L.; Birch, J.;
Salmonowicz, H.; Zhu, Y.; et al. Cellular senescence mediates fibrotic pulmonary disease. Nat.
Commun. 2017, 8, 14532.

17. Lehmann, M.; Mutze, K.; Korfei, M.; Klee, S.; Wagner, D.; Costa, R.; Schiller, H.; Günther, A.;
Königshoff, M. LSC–2017–Senolytic drugs target alveolar epithelial cell function and attenuate
experimental lung fibrosis ex vivo. Eur. Respir. J. 2017, 50, 1602367.

18. Fingerlin, E.T.; Murphy, E.; Zhang, W.; Peljto, A.L.; Brown, K.K.; Steele, M.P.; Loyd, J.; Cosgrove,
G.P.; Lynch, D.; Groshong, S.; et al. Genome-wide association study identifies multiple
susceptibility loci for pulmonary fibrosis. Nat. Genet. 2013, 45, 613–620.

19. Moore, C.; Blumhagen, R.Z.; Yang, I.V.; Walts, A.; Powers, J.; Walker, T.; Bishop, M.; Russell, P.;
Vestal, B.; Cardwell, J.; et al. Resequencing Study Confirms That Host Defense and Cell
Senescence Gene Variants Contribute to the Risk of Idiopathic Pulmonary Fibrosis. Am. J. Respir.
Crit. Care Med. 2019, 200, 199–208.



Cellular Senescence in Lung Fibrosis | Encyclopedia.pub

https://encyclopedia.pub/entry/11867 12/19

20. Barkauskas, C.E.; Cronce, M.J.; Rackley, C.R.; Bowie, E.; Keene, D.R.; Stripp, B.R.; Randell,
S.H.; Noble, P.W.; Hogan, B.L. Type 2 alveolar cells are stem cells in adult lung. J. Clin. Investig.
2013, 123, 3025–3036.

21. Yao, C.; Guan, X.; Carraro, G.; Parimon, T.; Liu, X.; Huang, G.; Mulay, A.; Soukiasian, H.J.; David,
G.; Weigt, S.S.; et al. Senescence of Alveolar Type 2 Cells Drives Progressive Pulmonary
Fibrosis. Am. J. Respir. Crit. Care Med. 2021, 203, 707–717.

22. Reyfman, P.A.; Walter, J.M.; Joshi, N.; Anekalla, K.R.; McQuattie-Pimentel, A.C.; Chiu, S.;
Fernandez, R.; Akbarpour, M.; Chen, C.-I.; Ren, Z.; et al. Single-Cell Transcriptomic Analysis of
Human Lung Provides Insights into the Pathobiology of Pulmonary Fibrosis. Am. J. Respir. Crit.
Care Med. 2019, 199, 1517–1536.

23. Xu, Y.; Mizuno, T.; Sridharan, A.; Du, Y.; Guo, M.; Tang, J.; Wikenheiser-Brokamp, K.A.; Perl, A.-
K.T.; Funari, V.A.; Gokey, J.J.; et al. Single-cell RNA sequencing identifies diverse roles of
epithelial cells in idiopathic pulmonary fibrosis. JCI Insight 2016, 1, e90558.

24. Harley, C.B.; Futcher, A.B.; Greider, C. Telomeres shorten during ageing of human fibroblasts.
Nat. Cell Biol. 1990, 345, 458–460.

25. Degryse, A.L.; Xu, X.C.; Newman, J.L.; Mitchell, D.B.; Tanjore, H.; Polosukhin, V.V.; Jones, B.R.;
McMahon, F.B.; Gleaves, L.A.; Phillips, J.A.; et al. Telomerase deficiency does not alter
bleomycin-induced fibrosis in mice. Exp. Lung Res. 2012, 38, 124–134.

26. Arish, N.; Petukhov, D.; Wallach-Dayan, S.B. The Role of Telomerase and Telomeres in Interstitial
Lung Diseases: From Molecules to Clinical Implications. Int. J. Mol. Sci. 2019, 20, 2996.

27. Povedano, J.M.; Martinez, P.; Flores, J.M.; Mulero, F.; Blasco, M.A. Mice with Pulmonary Fibrosis
Driven by Telomere Dysfunction. Cell Rep. 2015, 12, 286–299.

28. Naikawadi, R.P.; Disayabutr, S.; Mallavia, B.; Donne, M.L.; Green, G.; La, J.L.; Rock, J.R.;
Looney, M.R.; Wolters, P.J. Telomere dysfunction in alveolar epithelial cells causes lung
remodeling and fibrosis. JCI Insight 2016, 1, e86704.

29. Lawson, W.E.; Cheng, D.-S.; Degryse, A.L.; Tanjore, H.; Polosukhin, V.V.; Xu, X.C.; Newcomb,
D.C.; Jones, B.R.; Roldan, J.; Lane, K.B.; et al. Endoplasmic reticulum stress enhances fibrotic
remodeling in the lungs. Proc. Natl. Acad. Sci. USA 2011, 108, 10562–10567.

30. Katzen, J.; Wagner, B.D.; Venosa, A.; Kopp, M.; Tomer, Y.; Russo, S.J.; Headen, A.C.; Basil, M.C.;
Stark, J.M.; Mulugeta, S.; et al. A SFTPC BRICHOS mutant links epithelial ER stress and
spontaneous lung fibrosis. JCI Insight 2019, 4, e126125.

31. Nureki, S.-I.; Tomer, Y.; Venosa, A.; Katzen, J.; Russo, S.J.; Jamil, S.; Barrett, M.; Nguyen, V.;
Kopp, M.; Mulugeta, S.; et al. Expression of mutant Sftpc in murine alveolar epithelia drives
spontaneous lung fibrosis. J. Clin. Investig. 2018, 128, 4008–4024.



Cellular Senescence in Lung Fibrosis | Encyclopedia.pub

https://encyclopedia.pub/entry/11867 13/19

32. Höhn, A.; Weber, D.; Jung, T.; Ott, C.; Hugo, M.; Kochlik, B.; Kehm, R.; König, J.; Grune, T.;
Castro, J.P. Happily (n)ever after: Aging in the context of oxidative stress, proteostasis loss and
cellular senescence. Redox Biol. 2017, 11, 482–501.

33. Kong, Y.; Trabucco, S.E.; Zhang, H. Oxidative Stress, Mitochondrial Dysfunction and the
Mitochondria Theory of Aging. Interdiscip. Top Gerontol. 2014, 39, 86–107.

34. Bueno, M.; Lai, Y.-C.; Romero, Y.; Brands, J.; Croix, C.M.S.; Kamga, C.; Corey, C.; Herazo-Maya,
J.D.; Sembrat, J.; Lee, J.; et al. PINK1 deficiency impairs mitochondrial homeostasis and
promotes lung fibrosis. J. Clin. Investig. 2015, 125, 521–538.

35. Bueno, M.; Brands, J.; Voltz, L.; Fiedler, K.; Mays, B.; Croix, C.S.; Sembrat, J.; Mallampalli, R.K.;
Rojas, M.; Mora, A.L. ATF3 represses PINK1 gene transcription in lung epithelial cells to control
mitochondrial homeostasis. Aging Cell 2018, 17, e12720.

36. Shetty, S.K.; Tiwari, N.; Marudamuthu, A.S.; Puthusseri, B.; Bhandary, Y.P.; Fu, J.; Levin, J.; Idell,
S.; Shetty, S. p53 and miR-34a Feedback Promotes Lung Epithelial Injury and Pulmonary
Fibrosis. Am. J. Pathol. 2017, 187, 1016–1034.

37. Marudamuthu, A.S.; Bhandary, Y.P.; Fan, L.; Radhakrishnan, V.; MacKenzie, B.; Maier, E.; Shetty,
S.K.; Nagaraja, M.; Gopu, V.; Tiwari, N.; et al. Caveolin-1–derived peptide limits development of
pulmonary fibrosis. Sci. Transl. Med. 2019, 11, eaat2848.

38. Chu, H.; Jiang, S.; Liu, Q.; Ma, Y.; Zhu, X.; Liang, M.; Shi, X.; Ding, W.; Zhou, X.; Zou, H.; et al.
Sirtuin1 Protects against Systemic Sclerosis–related Pulmonary Fibrosis by Decreasing
Proinflammatory and Profibrotic Processes. Am. J. Respir. Cell Mol. Biol. 2018, 58, 28–39.

39. Mise, N.; Fernandez, I.E.; Eickelberg, O. Resveratrol regulates ECM remodeling in lung fibrosis.
Eur. Respir. J. 2014, 44, P3914.

40. Dannenberg, J.-H.; David, G.; Zhong, S.; Van Der Torre, J.; Wong, W.H.; Depinho, R.A. mSin3A
corepressor regulates diverse transcriptional networks governing normal and neoplastic growth
and survival. Genes Dev. 2005, 19, 1581–1595.

41. Smirnova, N.F.; Schamberger, A.C.; Nayakanti, S.; Hatz, R.; Behr, J.; Eickelberg, O. Detection
and quantification of epithelial progenitor cell populations in human healthy and IPF lungs. Respir.
Res. 2016, 17, 1–11.

42. Carraro, G.; Mulay, A.; Yao, C.; Mizuno, T.; Konda, B.; Petrov, M.; Lafkas, D.; Arron, J.R.;
Hogaboam, C.M.; Chen, P.; et al. Single-Cell Reconstruction of Human Basal Cell Diversity in
Normal and Idiopathic Pulmonary Fibrosis Lungs. Am. J. Respir. Crit. Care Med. 2020, 202,
1540–1550.

43. DePianto, D.J.; Heiden, J.A.V.; Morshead, K.B.; Sun, K.-H.; Modrusan, Z.; Teng, G.; Wolters, P.J.;
Arron, J.R. Molecular mapping of interstitial lung disease reveals a phenotypically distinct
senescent basal epithelial cell population. JCI Insight 2021, 6, e143626.



Cellular Senescence in Lung Fibrosis | Encyclopedia.pub

https://encyclopedia.pub/entry/11867 14/19

44. Jaeger, B.; Schupp, J.C.; Plappert, L.; Terwolbeck, O.; Kayser, G.; Engelhard, P.; Adams, T.S.;
Zweigerdt, R.; Kempf, H.; Lienenklaus, S.; et al. Airway Basal Cells show a dedifferentiated
KRT17highPhenotype and promote Fibrosis in Idiopathic Pulmonary Fibrosis. bioRxiv 2020.

45. Valenzi, E.; Tabib, T.; Papazoglou, A.; Sembrat, J.; Bittar, H.E.T.; Rojas, M.; Lafyatis, R. Disparate
Interferon Signaling and Shared Aberrant Basaloid Cells in Single-Cell Profiling of Idiopathic
Pulmonary Fibrosis and Systemic Sclerosis-Associated Interstitial Lung Disease. Front. Immunol.
2021, 12, 595811.

46. Kendall, R.T.; Feghali-Bostwick, C.A. Fibroblasts in fibrosis: Novel roles and mediators. Front.
Pharmacol. 2014, 5, 123.

47. Hohmann, M.S.; Habiel, D.M.; Coelho, A.L.; Verri, W.; Hogaboam, C.M. Quercetin Enhances
Ligand-induced Apoptosis in Senescent Idiopathic Pulmonary Fibrosis Fibroblasts and Reduces
Lung Fibrosis In Vivo. Am. J. Respir. Cell Mol. Biol. 2019, 60, 28–40.

48. Hecker, L.; Logsdon, N.J.; Kurundkar, D.; Kurundkar, A.; Bernard, K.; Hock, T.; Meldrum, E.;
Sanders, Y.Y.; Thannickal, V.J. Reversal of Persistent Fibrosis in Aging by Targeting Nox4-Nrf2
Redox Imbalance. Sci. Transl. Med. 2014, 6, 231ra47.

49. Álvarez, D.; Cárdenes, N.; Sellarés, J.; Bueno, M.; Corey, C.; Hanumanthu, V.S.; Peng, Y.;
D’Cunha, H.; Sembrat, J.; Nouraie, M.; et al. IPF lung fibroblasts have a senescent phenotype.
Am. J. Physiol. Cell. Mol. Physiol. 2017, 313, L1164–L1173.

50. Ramos, C.; Montaño, M.; García-Alvarez, J.; Ruiz, V.; Uhal, B.D.; Selman, M.; Pardo, A.
Fibroblasts from Idiopathic Pulmonary Fibrosis and Normal Lungs Differ in Growth Rate,
Apoptosis, and Tissue Inhibitor of Metalloproteinases Expression. Am. J. Respir. Cell Mol. Biol.
2001, 24, 591–598.

51. Acosta, J.C.; Banito, A.; Wuestefeld, T.; Georgilis, A.; Janich, P.; Morton, J.; Athineos, D.; Kang,
T.-W.; Lasitschka, F.; Andrulis, M.; et al. A complex secretory program orchestrated by the
inflammasome controls paracrine senescence. Nat. Cell Biol. 2013, 15, 978–990.

52. Passos, J.F.; Nelson, G.; Wang, C.; Richter, T.; Simillion, C.; Proctor, C.; Miwa, S.; Olijslagers, S.;
Hallinan, J.; Wipat, A.; et al. Feedback between p21 and reactive oxygen production is necessary
for cell senescence. Mol. Syst. Biol. 2010, 6, 347.

53. Wiley, C.D.; Velarde, M.C.; Lecot, P.; Liu, S.; Sarnoski, E.A.; Freund, A.; Shirakawa, K.; Lim, H.W.;
Davis, S.S.; Ramanathan, A.; et al. Mitochondrial Dysfunction Induces Senescence with a Distinct
Secretory Phenotype. Cell Metab. 2016, 23, 303–314.

54. Mora, A.L.; Bueno, M.; Rojas, M. Mitochondria in the spotlight of aging and idiopathic pulmonary
fibrosis. J. Clin. Investig. 2017, 127, 405–414.

55. Kobayashi, K.; Araya, J.; Minagawa, S.; Hara, H.; Saito, N.; Kadota, T.; Sato, N.; Yoshida, M.;
Tsubouchi, K.; Kurita, Y.; et al. Involvement of PARK2-Mediated Mitophagy in Idiopathic



Cellular Senescence in Lung Fibrosis | Encyclopedia.pub

https://encyclopedia.pub/entry/11867 15/19

Pulmonary Fibrosis Pathogenesis. J. Immunol. 2016, 197, 504–516.

56. Sosulski, M.L.; Gongora, R.; Danchuk, S.; Dong, C.; Luo, F.; Sanchez, C.G. Deregulation of
selective autophagy during aging and pulmonary fibrosis: The role of TGF β1. Aging Cell 2015,
14, 774–783.

57. Waghray, M.; Cui, Z.; Horowitz, J.C.; Subramanian, I.M.; Martinez, F.J.; Toews, G.B.; Thannickal,
V.J. Hydrogen peroxide is a diffusible paracrine signal for the induction of epithelial cell death by
activated myofibroblasts. FASEB J. 2005, 19, 854–856.

58. Bernard, K.; Logsdon, N.J.; Miguel, V.; Benavides, G.A.; Zhang, J.; Carter, A.B.; Darley-Usmar, V.;
Thannickal, V.J. NADPH Oxidase 4 (Nox4) Suppresses Mitochondrial Biogenesis and
Bioenergetics in Lung Fibroblasts via a Nuclear Factor Erythroid-derived 2-like 2 (Nrf2)-dependent
Pathway. J. Biol. Chem. 2017, 292, 3029–3038.

59. Kuwano, K.; Araya, J.; Hara, H.; Minagawa, S.; Takasaka, N.; Ito, S.; Kobayashi, K.; Nakayama,
K. Cellular senescence and autophagy in the pathogenesis of chronic obstructive pulmonary
disease (COPD) and idiopathic pulmonary fibrosis (IPF). Respir. Investig. 2016, 54, 397–406.

60. Xu, G.; Wang, X.; Yu, H.; Wang, C.; Liu, Y.; Zhao, R.; Zhang, G. Beclin 1, LC3, and p62
expression in paraquat-induced pulmonary fibrosis. Hum. Exp. Toxicol. 2019, 38, 794–802.

61. Patel, A.S.; Lin, L.; Geyer, A.; Haspel, J.A.; An, C.H.; Cao, J.; Rosas, I.O.; Morse, D. Autophagy in
Idiopathic Pulmonary Fibrosis. PLoS ONE 2012, 7, e41394.

62. Ricci, A.; Cherubini, E.; Scozzi, D.; Pietrangeli, V.; Tabbì, L.; Raffa, S.; Leone, L.; Visco, V.; Torrisi,
M.R.; Bruno, P.; et al. Decreased expression of autophagic beclin 1 protein in idiopathic
pulmonary fibrosis fibroblasts. J. Cell. Physiol. 2013, 228, 1516–1524.

63. Nho, R.S.; Hergert, P. IPF Fibroblasts Are Desensitized to Type I Collagen Matrix-Induced Cell
Death by Suppressing Low Autophagy via Aberrant Akt/mTOR Kinases. PLoS ONE 2014, 9,
e94616.

64. Surolia, R.; Li, F.J.; Wang, Z.; Li, H.; Dsouza, K.; Thomas, V.; Mirov, S.; Pérez-Sala, D.; Athar, M.;
Thannickal, V.J.; et al. Vimentin intermediate filament assembly regulates fibroblast invasion in
fibrogenic lung injury. JCI Insight 2019, 4, e123253.

65. Cha, S.-I.; Groshong, S.D.; Frankel, S.K.; Edelman, B.L.; Cosgrove, G.P.; Terry-Powers, J.L.;
Remigio, L.K.; Curran-Everett, U.; Brown, K.K.; Cool, C.D.; et al. Compartmentalized Expression
of c-FLIP in Lung Tissues of Patients with Idiopathic Pulmonary Fibrosis. Am. J. Respir. Cell Mol.
Biol. 2010, 42, 140–148.

66. Yanai, H.; Shteinberg, A.; Porat, Z.; Budovsky, A.; Braiman, A.; Zeische, R.; Fraifeld, V.E. Cellular
senescence-like features of lung fibroblasts derived from idiopathic pulmonary fibrosis patients.
Aging 2015, 7, 664–672.



Cellular Senescence in Lung Fibrosis | Encyclopedia.pub

https://encyclopedia.pub/entry/11867 16/19

67. Milara, J.; Hernandez, G.; Ballester, B.; Morell, A.; Roger, I.; Montero, P.; Escrivá, J.; Lloris, J.M.;
Molina-Molina, M.; Morcillo, E.; et al. The JAK2 pathway is activated in idiopathic pulmonary
fibrosis. Respir. Res. 2018, 19, 24.

68. Romero, Y.; Bueno, M.; Ramirez, R.; Álvarez, D.; Sembrat, J.C.; Goncharova, E.A.; Rojas, M.;
Selman, M.; Mora, A.L.; Pardo, A. mTORC1 activation decreases autophagy in aging and
idiopathic pulmonary fibrosis and contributes to apoptosis resistance in IPF fibroblasts. Aging Cell
2016, 15, 1103–1112.

69. Nho, R.S.; Peterson, M.; Hergert, P.; Henke, C.A. FoxO3a (Forkhead Box O3a) Deficiency
Protects Idiopathic Pulmonary Fibrosis (IPF) Fibroblasts from Type I Polymerized Collagen
Matrix-Induced Apoptosis via Caveolin-1 (cav-1) and Fas. PLoS ONE 2013, 8, e61017.

70. Habiel, D.M.; Hohmann, M.S.; Espindola, M.S.; Coelho, A.L.; Jones, I.; Jones, H.; Carnibella, R.;
Pinar, I.; Werdiger, F.; Hogaboam, C.M. DNA-PKcs modulates progenitor cell proliferation and
fibroblast senescence in idiopathic pulmonary fibrosis. BMC Pulm. Med. 2019, 19, 1–16.

71. Kumar, V.; Fleming, T.; Terjung, S.; Gorzelanny, C.; Gebhardt, C.; Agrawal, R.; Mall, M.A.;
Ranzinger, J.; Zeier, M.; Madhusudhan, T.; et al. Homeostatic nuclear RAGE–ATM interaction is
essential for efficient DNA repair. Nucleic Acids Res. 2017, 45, 10595–10613.

72. Habiel, D.M.; Camelo, A.; Espindola, M.; Burwell, T.; Hanna, R.; Miranda, E.; Carruthers, A.; Bell,
M.; Coelho, A.L.; Liu, H.; et al. Divergent roles for Clusterin in Lung Injury and Repair. Sci. Rep.
2017, 7, 15444.

73. Murray, M.A.; Chotirmall, S.H. The Impact of Immunosenescence on Pulmonary Disease. Mediat.
Inflamm. 2015, 2015, 1–10.

74. Shenderov, K.; Collins, S.L.; Powell, J.D.; Horton, M.R. Immune dysregulation as a driver of
idiopathic pulmonary fibrosis. J. Clin. Investig. 2021, 131, e143226.

75. Faner, R.; Rojas, M.; MacNee, W.; Agustí, A. Abnormal Lung Aging in Chronic Obstructive
Pulmonary Disease and Idiopathic Pulmonary Fibrosis. Am. J. Respir. Crit. Care Med. 2012, 186,
306–313.

76. Linton, P.-J.; Thoman, M.L. Immunosenescence in monocytes, macrophages, and dendritic cells:
Lessons learned from the lung and heart. Immunol. Lett. 2014, 162, 290–297.

77. Aiello, A.; Farzaneh, F.; Candore, G.; Caruso, C.; Davinelli, S.; Gambino, C.M.; Ligotti, M.E.;
Zareian, N.; Accardi, G. Immunosenescence and Its Hallmarks: How to Oppose Aging
Strategically? A Review of Potential Options for Therapeutic Intervention. Front. Immunol. 2019,
10, 2247.

78. Desai, O.; Winkler, J.; Minasyan, M.; Herzog, E.L. The Role of Immune and Inflammatory Cells in
Idiopathic Pulmonary Fibrosis. Front. Med. 2018, 5, 43.



Cellular Senescence in Lung Fibrosis | Encyclopedia.pub

https://encyclopedia.pub/entry/11867 17/19

79. Aw, D.; Silva, A.B.; Palmer, D.B. Immunosenescence: Emerging challenges for an ageing
population. Immunology 2007, 120, 435–446.

80. Feehan, J.; Tripodi, N.; Apostolopoulos, V. The twilight of the immune system: The impact of
immunosenescence in aging. Maturitas 2021, 147, 7–13.

81. Nikolich-Žugich, J. The twilight of immunity: Emerging concepts in aging of the immune system.
Nat. Immunol. 2018, 19, 10–19.

82. Fulop, T.; Larbi, A.; Hirokawa, K.; Cohen, A.A.; Witkowski, J.M. Immunosenescence is both
functional/adaptive and dysfunctional/maladaptive. Semin. Immunopathol. 2020, 42, 521–536.

83. Ventura, M.T.; Casciaro, M.; Gangemi, S.; Buquicchio, R. Immunosenescence in aging: Between
immune cells depletion and cytokines up-regulation. Clin. Mol. Allergy 2017, 15, 1–8.

84. Kaszubowska, L. Telomere shortening and ageing of the immune system. J Physiol Pharmacol
2008, 59, 169–186.

85. Zhou, D.; Borsa, M.; Simon, A.K. Hallmarks and detection techniques of cellular senescence and
cellular ageing in immune cells. Aging Cell 2021, 20, e13316.

86. Ovadya, Y.; Landsberger, T.; Leins, H.; Vadai, E.; Gal, H.; Biran, A.; Yosef, R.; Sagiv, A.; Agrawal,
A.; Shapira, A.; et al. Impaired immune surveillance accelerates accumulation of senescent cells
and aging. Nat. Commun. 2018, 9, 1–15.

87. Kale, A.; Sharma, A.; Stolzing, A.; Desprez, P.-Y.; Campisi, J. Role of immune cells in the removal
of deleterious senescent cells. Immun. Ageing 2020, 17, 1–9.

88. Panda, A.; Arjona, A.; Sapey, E.; Bai, F.; Fikrig, E.; Montgomery, R.; Lord, J.M.; Shaw, A.C.
Human innate immunosenescence: Causes and consequences for immunity in old age. Trends
Immunol. 2009, 30, 325–333.

89. Marchal-Sommé, J.; Uzunhan, Y.; Marchand-Adam, S.; Kambouchner, M.; Valeyre, M.; Crestani,
B.; Soler, P. Dendritic Cells Accumulate in Human Fibrotic Interstitial Lung Disease. Am. J. Respir.
Crit. Care Med. 2007, 176, 1007–1014.

90. Tsoumakidou, M.; Karagiannis, K.; Bouloukaki, I.; Zakynthinos, S.; Tzanakis, N.; Siafakas, N.
Increased Bronchoalveolar Lavage Fluid CD1c Expressing Dendritic Cells in Idiopathic Pulmonary
Fibrosis. Respiration 2009, 78, 446–452.

91. Yamanouchi, H.; Ohtsuki, Y.; Fujita, J.; Bandoh, S.; Yoshinouchi, T.; Ishida, T. The distribution and
number of Leu-7 (CD57) positive cells in lung tissue from patients with pulmonary fibrosis. Acta
Med. Okayama 2002, 56, 83–89.

92. Listì, F.; Candore, G.; Modica, M.A.; Russo, M.; Di Lorenzo, G.; Esposito-Pellitteri, M.; Colonna-
Romano, G.; Aquino, A.; Bulati, M.; Lio, D.; et al. A Study of Serum Immunoglobulin Levels in



Cellular Senescence in Lung Fibrosis | Encyclopedia.pub

https://encyclopedia.pub/entry/11867 18/19

Elderly Persons That Provides New Insights into B Cell Immunosenescence. Ann. N. Y. Acad. Sci.
2006, 1089, 487–495.

93. Garg, S.K.; Delaney, C.; Toubai, T.; Ghosh, A.; Reddy, P.; Banerjee, R.; Yung, R. Aging is
associated with increased regulatory T-cell function. Aging Cell 2014, 13, 441–448.

94. Song, L.; Weng, D.; Liu, F.; Chen, Y.; Li, C.; Dong, L.; Tang, W.; Chen, J. Tregs Promote the
Differentiation of Th17 Cells in Silica-Induced Lung Fibrosis in Mice. PLoS ONE 2012, 7, e37286.

95. Zhang, J.; Wang, D.; Wang, L.; Wang, S.; Roden, A.C.; Zhao, H.; Li, X.; Prakash, Y.S.; Matteson,
E.L.; Tschumperlin, D.J.; et al. Profibrotic effect of IL-17A and elevated IL-17RA in idiopathic
pulmonary fibrosis and rheumatoid arthritis-associated lung disease support a direct role for IL-
17A/IL-17RA in human fibrotic interstitial lung disease. Am. J. Physiol. Cell. Mol. Physiol. 2019,
316, L487–L497.

96. Hall, B.M.; Balan, V.; Gleiberman, A.S.; Strom, E.; Krasnov, P.; Virtuoso, L.P.; Rydkina, E.; Vujcic,
S.; Balan, K.; Gitlin, I.; et al. Aging of mice is associated with p16(Ink4a)- and β-galactosidase-
positive macrophage accumulation that can be induced in young mice by senescent cells. Aging
2016, 8, 1294–1315.

97. Hall, B.M.; Balan, V.; Gleiberman, A.S.; Strom, E.; Krasnov, P.; Virtuoso, L.P.; Rydkina, E.; Vujcic,
S.; Balan, K.; Gitlin, I.I.; et al. p16(Ink4a) and senescence-associated β-galactosidase can be
induced in macrophages as part of a reversible response to physiological stimuli. Aging 2017, 9,
1867–1884.

98. Stout-Delgado, H.W.; Cho, S.J.; Chu, S.G.; Mitzel, D.N.; Villalba, J.; El-Chemaly, S.; Ryter, S.W.;
Choi, A.M.K.; Rosas, I.O. Age-Dependent Susceptibility to Pulmonary Fibrosis Is Associated with
NLRP3 Inflammasome Activation. Am. J. Respir. Cell Mol. Biol. 2016, 55, 252–263.

99. Chou, J.P.; Effros, R.B. T Cell Replicative Senescence in Human Aging. Curr. Pharm. Des. 2013,
19, 1680–1698.

100. Huff, W.X.; Kwon, J.H.; Henriquez, M.; Fetcko, K.; Dey, M. The Evolving Role of CD8+CD28-
Immunosenescent T Cells in Cancer Immunology. Int. J. Mol. Sci. 2019, 20, 2810.

101. Cronkhite, J.T.; Xing, C.; Raghu, G.; Chin, K.M.; Torres, F.; Rosenblatt, R.L.; Garcia, C.K.
Telomere Shortening in Familial and Sporadic Pulmonary Fibrosis. Am. J. Respir. Crit. Care Med.
2008, 178, 729–737.

102. Cruz, T.; Jia, M.; Tabib, T.; Sembrat, J.; Liu, J.; Bondonese, A.; Kavanagh, J.; Nayra, C.; Bruno, T.;
Mora, A.; et al. SASP from lung senescent fibroblasts induces immunesenescence and fibrosis.
FASEB J. 2020, 34, 1.

103. Galati, D.; De Martino, M.; Trotta, A.M.; Rea, G.; Bruzzese, D.; Cicchitto, G.; Stanziola, A.A.;
Napolitano, M.; Sanduzzi, A.; Bocchino, M. Peripheral depletion of NK cells and imbalance of the
Treg/Th17 axis in idiopathic pulmonary fibrosis patients. Cytokine 2014, 66, 119–126.



Cellular Senescence in Lung Fibrosis | Encyclopedia.pub

https://encyclopedia.pub/entry/11867 19/19

104. Song, P.; An, J.; Zou, M.-H. Immune Clearance of Senescent Cells to Combat Ageing and Chronic
Diseases. Cells 2020, 9, 671.

105. Schneider, J.L.; Rowe, J.H.; Garcia-De-Alba, C.; Kim, C.F.; Sharpe, A.H.; Haigis, M.C. The aging
lung: Physiology, disease, and immunity. Cell 2021, 184, 1990–2019.

106. Pittenger, M.F.; Discher, D.E.; Péault, B.M.; Phinney, D.G.; Hare, J.M.; Caplan, A.I. Mesenchymal
stem cell perspective: Cell biology to clinical progress. NPJ Regen. Med. 2019, 4, 22.

107. Li, X.; An, G.; Wang, Y.; Liang, D.; Zhu, Z.; Tian, L. Targeted migration of bone marrow
mesenchymal stem cells inhibits silica-induced pulmonary fibrosis in rats. Stem Cell Res. Ther.
2018, 9, 335.

Retrieved from https://encyclopedia.pub/entry/history/show/28020


