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Abstract

Radiation-induced pulmonary fibrosis (RIPF) is a serious treatment complication that affects about 

9-30% cancer patients receiving radiotherapy for thoracic tumors. RIPF is characterized by 

progressive and irreversible destruction of lung tissues and deterioration of lung function, which 

can compromise quality of life and eventually lead to respiratory failure and death. Unfortunately, 

the mechanisms by which radiation causes RIPF have not been well established nor has an 

effective treatment for RIPF been developed. Recently, an increasing body of evidence suggests 

that induction of senescence by radiation may play an important role in RIPF and clearance of 

senescent cells (SnCs) with a senolytic agent, small molecule that can selectively kill SnCs, has 

the potential to be developed as a novel therapeutic strategy for RIPF. This review discusses some 

of these new findings to promote further study on the role of cellular senescence in RIPF and the 

development of senolytic therapeutics for RIPF.

Introduction

Thoracic radiotherapy (RT) is an essential treatment modality for lung, breast and 

esophageal cancers, and various mediastinal tumors. Despite the increasing use of highly 
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conformal RT techniques, many patients treated with thoracic RT remain at risk of 

developing radiation-induced pulmonary fibrosis (RIPF).1–3 The necessity of avoiding 

pneumonitis and RIPF limits the dose and intensity of irradiation and thus reduces the 

efficacy of RT. In addition, RIPF is a latent disease that may occur several years after 

exposure to ionizing radiation (IR). Therefore, long-term cancer survivors who were 

previously treated with conventional RT or preconditioned with total body irradiation (TBI) 

for bone marrow transplantation are still at risk to develop RIPF. However, RIPF is not a 

universal outcome of RT and there is no reliable prognosticator to predict which patients are 

at risk of developing RIPF after thoracic RT. Treating all patients after thoracic RT with a 

radiation protectant/mitigator to prevent and mitigate RIPF would unnecessarily expose a 

tremendous number of patients to the risk of drug toxicity and incur great cost. Furthermore, 

RIPF is insidious and most patients with RIPF have a significant fibrotic burden at the time 

of clinical presentation, limiting treatment to mitigants that would likely only slow the 

progression of RIPF. Currently, pirfenidone and nintedanib are the only drugs that have been 

approved to treat idiopathic pulmonary fibrosis (IPF) but their effectiveness against RIPF has 

yet to be determined.4,5 In addition, there is no therapeutics that can halt or reverse the 

disease progression of IPF and RIPF. Without an effective treatment, RIPF can continue 

progressing to chronic pulmonary insufficiency that not only affects the quality of life but 

may eventually lead to cor pulmonale or death. Therefore, new strategies that can stop and 

even reverse the course of the disease are urgently needed. An accumulating body of 

evidence suggests that induction of senescence by radiation may play an important role in 

RIPF and clearance of senescent cells (SnCs) with senolytic agents, a class of small 

molecules that can selectively kill SnCs has the potential to be developed as a novel 

therapeutic strategy for RIPF.6,7 Therefore, in this review we discuss some of these new 

findings to promote further study on the role of cellular senescence in RIPF and the 

development of senolytic therapeutics for RIPF.

RIPF

RIPF is a late effect of radiation on the lungs.8 It develops in the third phase of RT-induced 

lung tissue damage. The first phase is asymptomatic. The second phase, called the radiation-

induced pneumonitis, occurs within a few weeks up to several months after radiation, 

resulting in a noninfectious inflammation of the lungs. Although post-radiation pneumonitis 

is often radiographically evident and asymptomatic, in some patients, it may progress to 

oxygen dependence, requirement for mechanical ventilation, respiratory failure, and, in 

some cases, death. With or without anti-inflammatory treatment, most patients can recover 

from radiation-induced pneumonitis but some may proceed to the third phase, i.e. fibrotic 

phase, which is characterized by progressive and irreversible pulmonary fibrosis that causes 

destruction of lung tissues and deterioration of lung function and eventually results in cor 
pumonale, respiratory failure and death.2 Extensive efforts have been devoted to elucidate 

the mechanisms by which IR induces RIPF. The suggested mechanisms include increased 

production of reactive oxygen species (ROS), induction of chronic inflammation, activation 

of the TGF-β signaling pathway, and dysregulation of extracellular matrix degradation.6

However, therapeutics targeting each of these individual causes of RIPF have some effects 

on preventing and mitigating the disease but have limited effectiveness in retarding and 
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reversing the progression of the disease if they cannot be given to patients before or shortly 

after RT. The lack of an effective treatment for RIPF stimulates further studies to elucidate 

the fundamental causes of the disease. An increasing body of evidence suggests that 

induction of cellular senescence by IR may be a driver of the pathogenesis of RIPF, which 

might be targetable to develop more effective treatments for RIPF.

Cellular senescence – a double-edged sword in the fight against cancer with RT

IR is a potent inducer of cellular senescence. Induction of cellular senescence is considered 

an important cellular mechanism for cancer prevention and treatment by IR, because it 

causes a permanent growth arrest of DNA damaged cells to prevent their propagation and 

stimulates the immune system to rapidly eliminate these genetically unstable cells. However, 

if the increase in SnC production persists to exceed the immune clearance capacity or the 

immune system is compromised and cannot efficiently remove SnCs, SnCs accumulate.9–12 

Under such circumstances, SnCs can potentially promote tumorigenesis, increase tumor 

resistance to RT, and facilitate tumor relapse and metastasis in a cell non-autonomous 

manner by producing increased levels of ROS and secreting a plethora of inflammatory 

mediators (e.g. cytokines and chemokines), growth factors, and extracellular proteases – 

termed the senescence-associated secretory phenotype (SASP). SASP creates a tumor-

promoting environment by causing chronic oxidative stress and inflammation, stimulating 

cell proliferation and angiogenesis, inducing epithelial-to-mesenchymal transition, and 

disrupting tissue structure and function.13–15 In addition, SnCs can also contribute to IR-

induced late effects, such as lung, kidney, intestinal, and skin fibrosis; cataract; cognitive 

dysfunction; and cardiovascular diseases.6,16–21 Therefore, cellular senescence is a double-

edged sword in the fight against cancer with RT. Inhibiting the induction of senescence is 

detrimental, but promoting SnC clearance after IR is beneficial (Fig.1).

Cellular senescence and RIPF

An increasing body of evidence demonstrates that senescence plays an important role in 

tissue remodeling, injury, and repair both in normal development and physiology and in 

various pathological conditions and diseases.9–12 Induction of senescence during the acute 

phase of tissue injury is presumably beneficial, because SnCs can promote tissue repair by 

recruiting immune cells to clear damaged cells including SnCs and stimulating the 

proliferation and differentiation of neighboring cells including tissue stem and progenitor 

cells to repopulate the damaged tissue through SASP. This presumption is supported by the 

finding that mice that are deficient in induction of senescence due to lacking of Trp53 and/or 

Cdkn2a developed severe liver fibrosis after suffering from carbon tetrachloride-induced 

liver injury.22 In addition, SnCs also play an essential role in cutaneous wound healing 

through secretion of PDGF-AA and production of the matricellular protein CCN1.23,24 

However, SnCs may regulate tissue repair and fibrosis in a tissue-specific manner, because 

inhibition of senescence induction does not promote, but inhibits, bleomycin- or IR-induced 

pulmonary fibrosis.25–27 In addition, induction of senescence during tissue injury has to be 

tightly regulated to avoid aberrant wound healing responses, because persistent induction of 

senescence or inability to clear SnCs after tissue injury results in SnC accumulation, which 

can lead to various age-related diseases and tissue fibrosis including those induced by IR and 

thus is detrimental.6,10,11 Thus, the extent of senescence within an injured tissue may impact 
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the capacity for beneficial (wound healing) versus deleterious (chronic inflammation) 

effects, with accumulation of SnCs eventually reaching a harmful threshold.

Indeed, accumulating evidence suggests that induction of cellular senescence may play an 

important role in the pathogenesis of RIPF 6,27 and various other fibrotic lung diseases 

including IPF and pulmonary fibrosis induced by bleomycin.28 Senescent alveolar epithelial 

cells (AECs) have been detected in fibrotic foci in the lungs of IPF patients .29,30 Similarly, 

mice treated with bleomycin31 or thoracic irradiation27 demonstrate increases in senescent 

type II alveolar epithelial cells (AEC2), the putative alveolar stem cells (ASCs). Inhibition of 

cellular senescence by targeted inhibition of NADPH oxidases (NOXs) can prevent RIPF 

and delay the progression of bleomycin-and radiation-induced pulmonary fibrosis in mice.
27,31 Similar findings, e.g. inhibition of senescence induction to protect against lung fibrosis, 

were also observed when mice were treated with a recombinant truncated plasminogen 

activator inhibitor-1 protein (rPAI-123)32 or rapamycin33 prior to their exposure to thoracic 

irradiation or with rupatadine shortly after intra-tracheal administration of bleomycin.34 

Furthermore, genetic clearance of SnCs through expression of a suicide transgene delayed 

age-associated decline in lung function and bleomycin-induced pulmonary fibrosis in mice.
25,35 These findings suggest that lungs may be different from other tissues and organs, such 

as liver, in response to induction of cellular senescence. Accordingly, it has been 

hypothesized that SnCs function as the perpetuators that are primarily responsible for both 

initiating the pathogenesis and driving the progression of RIPF. SnCs, particularly senescent 

AEC2, can potentially promote RIPF via multiple mechanisms as shown in Fig.2. First, 

AEC2 function as ASCs. When AEC2/ASCs become senescent, they cannot self-renew and 

generate AEC to maintain the homeostasis of alveolar epithelium and to repair the 

epithelium after tissue injury; however, they continue to occupy the stem cell niche. In 

addition, senescent AEC2 can set in motion a self-perpetuating vicious cycle of abnormal 

tissue repair process and secondary senescence by initiating oxidative stress and 

inflammation. This in turn leads to disruption of normal tissue structure and function in part 

via ROS and SASP, which eventually leads to pulmonary fibrosis. This hypothesis is 

supported by the findings that induction of AEC2 senescence by AEC2-specific deletion of 

telomeric repeat-binding factor 2 (Trf2) in adult mice causes ASC failure, provokes 

pulmonary inflammation and fibrotic responses, and sensitizes mice to bleomycin-induced 

pulmonary fibrosis.36 In contrast, inhibition of cellular senescence can prevent RIPF and 

delay the progression of bleomycin-induced pulmonary fibrosis.27,31 In addition, senescent 

fibroblasts were identified in the lungs from IPF patients and fibrotic lung tissues from mice 

after bleomycin treatment.31,37 These senescent fibroblasts may also contribute to the 

pathogenesis of pulmonary fibrosis under various pathological conditions but their roles in 

RIPF have yet to be determined. However, IR also induces pneumonitis priori to RIPF. 

Whether SnCs plays a role in IR-induced pneumonitis has yet to be determined.

Mechanisms of IR-induced cellular senescence

Cell and tissue injury as a result of exposure to IR occurs by direct ionization of cellular 

macromolecules or by the reaction of macromolecules with free radicals generated by the 

radiolysis of water. Since water constitutes about 75% of the mass of cells and tissues, the 

majority of energy of a low linear energy transfer radiation such as X-rays and γ-irradiation 
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is mainly deposited in water to produce free radicals that, in turn, significantly contribute to 

IR-induced injury. Moreover, free radical-mediated cell injury can be enhanced in the 

presence of oxygen due to the formation of various reactive oxygen species (ROS). 

Ionization and/or reaction with free radicals/ROS disrupt the structure and function of DNA, 

lipids, and proteins, which lead to metabolic and functional alterations and ultimately to 

senescence or cell death. Among various macromolecules, DNA is considered to be the most 

critical molecular target for IR-induced senescence and cell death.38

IR induces several different types of damage to DNA, which include base damages and 

changes, cross linking, single-strand breaks, and double-strand breaks (DSBs). Among them, 

DSBs are the most detrimental DNA damage to a cell because they can ultimately lead to 

chromosome breaks and translocations that are associated with many human diseases 

including cancer if they are left unrepaired or misrepaired. DSBs trigger a series of cellular 

reactions termed DNA damage response (DDR) to ensure the rapid detection and repair of 

DSBs or to remove the damaged cells via induction of senescence and apoptosis in order to 

maintain genome integrity. Specifically, DSBs are recognized by ataxia telangiectasia 

mutated (ATM). Once activated, ATM phosphorylates various downstream substrates to 

initiate a signaling cascade that regulates DNA repair, cell cycle checkpoints, and cell 

survival. For example, phosphorylation of checkpoint kinase 2 at Thr68 and/or that of p53 at 

Ser15 by ATM activate the G1–S cell cycle checkpoint. Phosphorylation of p53 by ATM can 

upregulate the expression of p21, proapoptotic proteins such as Puma, and p16 to induce cell 

cycle arrest, apoptosis and senescence, respectively, in a cell type- and a cell context-

dependent manner, because many intrinsic and extrinsic factors can affect cellular responses 

to IR-induced DNA damage.39 In addition, IR-induced oxidative stress can also activate the 

mitogen-activated protein kinase (MAPK) p38, which in turn causes cellular senescence by 

induction of p16 expression and/or interacting with p53.40 Although IR may induce 

senescence via different upstream signal transduction cascades (i.e. activation of the p53-p21 

or/and p38 pathway), signals from these pathways eventually converge on the p16-Rb 

pathway, whose activation inescapably prevents senescent cells from reentering the cell 

cycle. This hypothesis is supported by the finding that activation of p53 and induction of p21 

are transient events during the onset of senescence that subside when expression of p16 

starts rising.41–43 Induction of senescence can be prevented by inactivation of p53 prior to 

upregulation of p16; however, once p16 is highly expressed, downregulation of p53 cannot 

reverse cell cycle arrest.43,44 This indicates that activation of the p53-p21 pathway is 

important role in initiation of senescence and that upregulation of p16 is required for 

maintenance of senescence.

Senolytics

The seminal finding that AP20187 can selectively eliminate SnCs in BubR1 hypomorphic 

progeroid mice through an INK-ATTAC transgene, prolonging the healthspan of the mice by 

delaying the onset of several age-related pathologies, has prompted a gold rush in the 

discovery of small molecules that can selectively kill SnCs without depending on a 

transgene.45–49 These small molecules, called senolytic drugs, have the potential to be used 

not only as novel antiaging drugs but also as new treatment for IR-induced late effects such 

as RIPF. However, resistance to apoptosis is a hallmark of SnCs,50 because SnCs are 
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protected from induction of apoptosis using different SnC anti-apoptotic pathways (SCAPs).
46–49 These SCAPs function as the Achilles’ heel of SnCs. Identification of SCAPs and 

molecularly targeted inhibition of SCAPs with a small molecule can selectively kill SnCs, 

which forms the basis for the development of senolytics. Several SCAPs have been 

identified, including the anti-apoptotic BCL-2 family proteins, HIF-1α, HSP90, and the 

MDM2/FOXO4-p53-p21 and receptor tyrosine kinase-PI3K-AKT pathways.46–49 

Accordingly, several senolytic agents have been identified to target these SCAPs and other 

unknown targets, including natural compounds such as quercetin,51 fisetin,52 and 

piperlongumine,53,54 and targeted therapeutics such as dasatinib, a non-specific tyrosine 

kinase inhibitor;51 inhibitors of the anti-apoptotic BCL-2 family proteins,55,56 HSP90 and 

histone deacetylase;57 UBX101, an inhibitor of the MDM2/p53 protein interaction;58 and a 

modified FOXO4-p53 interfering peptide (IP).59 Some of these senolytics can effectively 

clear SnCs in mice. It has yet to be determined whether they can also effectively clear SnCs 

in humans. One of the most recent study showed that treatment with dasatinib plus quercetin 

was well tolerated by IPF patients.60 However, their effectiveness in clearing SnCs in 

patients has yet to be demonstrated in future studies.

While natural senolytic compounds have the advantages of low toxicity, they are usually less 

potent than targeted senolytics and thus have to be combined with other senolytic agents to 

be effective in clearing SnCs.51 The mechanisms of action of most natural senolytics have 

not been well defined nor have their molecular targets been identified and characterized, 

making it very difficult to rationally modify the compounds to improve their senolytic 

activity. In contrast, almost all of the targeted senolytics discovered are repurposed 

anticancer agents with the exception of the FOXO4-p53-IP.46–49 These repurposed 

senolytics usually possess various on-target and/or off-target toxicities, which could 

preclude their clinical use as anti-aging agents because older people are more susceptible to 

adverse drug effects than young individuals and less tolerant of cancer drug toxicity. 

Therefore, strategies to reduce on-target and/or off-target toxicity of known targeted 

senolytics are urgently needed. For example, we and others have found that ABT263 and 

ABT737, which are potent BCL-2 and BCL-xL dual inhibitors, can potently kill a variety of 

SnCs in cell culture with a few exceptions (such as senescent chondrocytes and synovial 

fibroblasts in the OA joint), whereas they have minimal effect on their non-senescent 

counterparts.51,55,56 These findings suggest that ABT263 and ABT737 are potent and broad-

spectrum senolytic agents. This suggestion is supported by the finding that treatment of mice 

with ABT263 or ABT737 can effectively clear SnCs in various murine tissues. More 

importantly, clearance of SnCs with ABT263 can rejuvenate aged hematopoietic stem cells 

(HSCs) and the senescent hematopoietic system in aged mice55and ameliorate several 

pathological conditions associated with aging such as atherosclerosis, dementia and 

pulmonary fibrosis.7,61,62 Interestingly, BCL-xL specific inhibitors such as A-1331852 and 

A-1155463 can also selectively kill a variety of SnCs,52 whereas the BCL-2 specific 

inhibitor ABT199 and MCL-1 specific inhibitor A-1210477 have no such effect. These 

findings suggest that among these anti-apoptotic BCL-2 family proteins, BCL-xL is one of 

the most important survival factors for these SnCs.

The mechanism by which BCL-xL inhibition selectively induces apoptosis in SnCs may be 

attributable to the persistent stress endured by SnCs, which can upregulate the expression of 
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some of proapoptotic proteins such as BCL-2 antagonist/killer (BAK).55 To counteract the 

effect of these proapoptotic proteins for survival, SnCs also express increased levels of 

antiapoptotic proteins such as BCL-xL.55 Therefore, inhibition of BCL-xL with an inhibitor 

can release BCL-2-interacting mediator of cell death (BIM) and other BH3 proteins, which 

in turn activates BAK and/or BCL-2-associated X protein (BAX). The activation of BAX 

and/or BAK at the mitochondrial membrane induces their oligomerization and formation of 

the macropores that causes mitochondrial outer membrane permeabilization (MOMP). 

MOMP results in the release of cytochrome C from mitochondria to the cytoplasm, which 

binds to the apoptotic proteaseactivating factor 1 (APAF1) to form the apoptosome. The 

apoptosome then induces a cascade activation of the initiator caspase (caspase 9) and 

executioner caspases (caspases 3, 6 and 7) to dismantle the cells.63

However, the on-target toxicity of thrombocytopenia induced by BCL-xL inhibition prevents 

the use of ABT-263 and other BCL-xL specific inhibitors in clinic even for cancer patients, 

because platelets also depend on BCL-xL for survival.64–67 We hypothesize that we can 

overcome this on-target toxicity to generate a safer and more effective senolytic agent by 

converting ABT-263 and BCL-xL specific inhibitors into platelet-sparing BCL-xL 

Proteolysis Targeting Chimera (BCL-xL PROTACs). PROTACs are bivalent small-molecules 

containing a ligand that recognizes the target protein linked to another ligand that binds to a 

specific E3 ubiquitin ligase.68 Such molecules can recruit the target protein to the E3 ligase, 

promote proximity-induced ubiquitination of the target protein, and lead to its degradation 

by proteasomes. Therefore, we have been working on developing a novel ABT-263-based 

BCL-xL PROTAC designed to target BCL-xL to an E3 ubiquitin ligase such as cereblon 

(CRNB) and von Hippel-Lindau (VHL) that are minimally expressed in platelets for 

ubiquitination and proteasomal degradation to reduce ABT-263 platelet toxicity.69 In 

addition, PROTACs act catalytically to induce protein degradation in a super-stoichiometric 

manner and their effect is not limited by equilibrium occupancy. Therefore, BCL-xL 

PROTACs should have a better and longer-acting senolytic activity than ABT-263. This will 

significantly improve the safety and effectiveness of BCL-xL targeted senolytic drug for 

RIPF treatment. We have already generated some proof-of-concept preliminary data 

demonstrating that an ABT-263-based BCL-xL PROTAC targeting BCL-xL to the 

CRL4CRBN E3 ligase is significantly less toxic to human platelets than ABT-263 while 

retaining their selectivity and potency against SnCs.69 We expect that the safety and 

effectiveness of BCL-xL PROTACs can be further improved after we optimize the linker 

between ABT-263 and the E3 ligase ligand in the future.

Clearance of SnCs with senolytics to treat RIPF

Most of the studies reported previously have focused on inhibiting pathways associated with 

induction of cellular senescence in an effort to prevent and mitigate IR- or chemotherapy-

induced pulmonary fibrosis, but not on halting or reversing pulmonary fibrosis by clearing 

existing SnCs. 27,32,33 We hypothesize that clearance of SnCs with a senolytic drug that can 

selectively kill SnCs has the potential not only to prevent but also to stop and reverse RIPF. 

This hypothesis is supported by our recent studies, which showed that treatment of the 

thoracically irradiated mice with ABT-263 almost completely reversed RIPF, even when the 

initiation of ABT-263 treatment was delayed until RIPF was established.7 This finding 
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suggests that unlike other known radiation protectants and mitigators which have to be used 

either before or shortly after IR to be effective in preventing and delaying the progression of 

RIPF, senolytic drugs such as ABT-263 has the potential to be used as an effective treatment 

for RIPF even after RIPF becomes a progressive disease. Besides ABT-263, it will be of a 

great interest to determine whether other senolytic agents such as the combination of 

dasatinib and quercetin can also be used to effectively clear senescent AEC2 cells in the 

lungs induced by radiation to stop or reverse RIPF. This is because senolytic treatment with 

dasatinib and quercetin could effectively induce apoptosis in senescent AEC2 cells and 

fibroblasts, reduce the expression of senescence and SASP markers, and increased the 

expression of alveolar epithelial markers in isolated AEC2s from bleomycin-treated mice ex 
vivo and improved the lung function in mice after bleomycin treatment.25,26 The reversal of 

RIPF by clearance of SnCs with a senolytic drug is likely not only dependent on the 

suppression of IR-induced pulmonary oxidative stress and inflammation but also rely on the 

restoration of the function of ASCs. Our recent studies showed that genetic or 

pharmacological clearance of SnCs rejuvenated various tissue stem cells in normally aged 

mice and prematurely aged mice induced by IR.55 Therefore, it will be of great interest to 

determine whether clearance of SnCs can not only inhibit IR-induced chronic pulmonary 

oxidative stress and inflammation, but also restore the function of ASCs by rejuvenating 

AEC2 and/or by improving the ASC niche.

Conclusion

Here we provide a brief review to discuss some of the recent findings suggesting that SnCs 

may play a causative role in RIPF. However, all these findings were observed in mice after 

they were exposed to a high dose thoracic irradiation and thus have yet to be confirmed in 

patients who undergo RT for cancer. The development of senolytics could potentially 

provide the opportunity to validate the role of SnCs in RIPF in humans if an effective 

senolytic agent can be developed and used safely to treat patients. This remains a daunting 

task considering that most of the known senolytics are either natural compounds that 

probably lack sufficient potency to effectively clear SnCs as a single therapeutic agent or 

repurposed targeted anticancer agents that have many side effects. Therefore, discovery and 

development of more potent and safer senolytics will be important to translate the findings 

from mice to humans. We hope that this review will stimulate more studies on the role of 

SnCs in RIPF and promote further development of senolytic therapeutics for RIPF as well as 

other human diseases.
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Abbreviations:

AEC2 type II alveolar epithelial cells

AECs alveolar epithelial cells
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APAF1 apoptotic protease-activating factor 1

ASCs alveolar stem cells

CRNB cereblon

ATM ataxia telangiectasia mutated

BAK BCL-2 antagonist/killer

BAX BCL-2-associated X protein

DDR DNA damage response

DSB double-strand break

HSCs hematopoietic stem cells

IPF idiopathic pulmonary fibrosis

IP interfering peptide

IR ionizing radiation

MAPK mitogen-activated protein kinase

MOMP mitochondrial outer membrane permeabilization

NOXs NADPH oxidases

RIPF radiation-induced pulmonary fibrosis

ROS reactive oxygen species

rPAI-1 recombinant truncated plasminogen activator inhibitor-1 protein

RT thoracic radiotherapy

SASP senescence-associated secretory phenotype

SCAPs SnC anti-apoptotic pathways

SnCs senescent cells

TBI total body irradiation

Trf2 telomeric repeat-binding factor 2

VHL von Hippel-Lindau
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Figure 1. 
Cellular senescence – a double-edged sword in the fight against cancer with thoracic 

radiotherapy (RT). ROS, reactive oxygen species; SASP, senescence-associated secretary 

phenotype; RIPF, radiation-induced pulmonary fibrosis; and EMT, epithelial-mesenchymal 

transition.
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Figure 2. 
Hypothetic model of mechanisms by which cellular senescence contributes to radiation-

induced pulmonary fibrosis (RIPF). AEC2, type II alveolar epithelial cells; ASC, alveolar 

stem cells; ROS, reactive oxygen species SASP, senescence-associated secretary phenotype; 

RT, thoracic radiotherapy
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