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Cellular senescence is a key process in physiological dysfunction developing upon aging or following diverse stressors
including ionizing radiation. It describes the state of a permanent cell cycle arrest, in which proliferating cells become
resistant to growth-stimulating factors. Senescent cells differ from quiescent cells, which can re-enter the cell cycle and
from finally differentiated cells: morphological and metabolic changes, restructuring of chromatin, changes in gene
expressions and the appropriation of an inflammation-promoting phenotype, called the senescence-associated secretory
phenotype (SASP), characterize cellular senescence. The biological role of senescence is complex, since both protective
and harmful effects have been described for senescent cells. While initially described as a mechanism to avoid malignant
transformation of damaged cells, senescence can even contribute to many age-related diseases, including cancer, tissue
degeneration, and inflammatory diseases, particularly when senescent cells persist in damaged tissues. Due to
overwhelming evidence about the important contribution of cellular senescence to the pathogenesis of different lung
diseases, specific targeting of senescent cells or of pathology-promoting SASP factors as potential therapeutic approach
has been suggested. In this review, we summarize recent advances regarding the role of cellular (fibroblastic, endothelial,
and epithelial) senescence in lung pathologies, with a focus on radiation-induced senescence. Among the different cells
here, a central role of epithelial senescence is suggested.
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| 1. Introduction

Cellular senescence and in particular the ‘cellular senescence phenotype’ was initially discovered by Leonard Hayflick in
1961, who observed that the number of cell divisions in fibroblasts was limited and these normal, non-transformed cells
reached the end of their replicative life span upon prolonged culturing, because the telomeres had reached a critical
length &, |n contrast to embryonic cells and stem cells, normal human cells divide approximately 52 times (the so-called
Hayflick limit) before cell aging finally begins by entering a state of permanent growth arrest. Herein, the gradual
shortening of telomeres (30—200 bp with each mitotic event) is thought to manifest an increased incidence of double-
strand breaks (DSBs) at the DNA ends (known as ‘the end replication problem’) B2, DSB (and even DNA single-strand
breaks) in turn trigger the activation of DNA damage response (DDR) pathways, finally leading to the activation of the
downstream kinases CHK2 and CHK1 through the protein kinases Ataxia-telangiectasia-mutated (ATM) and Ataxia-
telangiectasia and Rad3-related (ATR), respectively . The resulting cell cycle arrest allows for effective DNA repair, and
thus for the resumption of normal cell functioning . Increased DNA damage and/or inefficient damage removal then
results in chronic DDR signaling that can foster apoptotic cell death or a stable cell cycle arrest—cellular senescence B,
This senescence-associated cell cycle arrest (mostly G1) depends on the activation of the cyclin-dependent kinase (CDK)
inhibitors p21/WAF1 and p16/INK4A, the decisive components of tumor-suppressor pathways that are governed by the
p53 and retinoblastoma (Rb) proteins, respectively (&,

The cellular senescence phenotype bears morphological as well as characteristic gene expression alterations. Senescent
cells have an enlarged, flattened and irregular shape bearing more vacuoles, an increase in senescence-associated (3-
galactosidase (SA-B-gal) activity (due to more and bigger lysosomes), and (partially) an altered chromatin organization
known as senescence-associated heterochromatin foci (SAHF) [&. The stable and irreversible form of cell cycle arrest is
due to accumulation of the p16, p15/INK4b, p27/Kipl and p21 CDK inhibitors, while the cell's metabolic activity is
maintained. Furthermore, tumor suppressor proteins, such as phosphatase PTEN (phosphatase tensin homolog), p53 or
hypo-phosphorylated Rb, can be used to detect cellular senescence. Even the absence of markers can be used, including
the absence of the proliferation marker Ki-67 or the lack of bromodeoxyuridine (BrdU) incorporation. Thus, there are
reliable methods to specifically detect senescent cells, but due to the lack of a ‘master senescent cell marker’, usually a
combination of markers is necessary to detect cellular senescence in vitro and in vivo in isolated tissues of interest (Table
1). Of note, most of these tools lack the capability of real-time imaging of senescence particularly in living subjects 29,



This is a critical issue with respect to practical applications such as image-guided surgical removal of senescent cells, as
well as monitoring senescence during different pathologies LHI2LS] Non-invasive biomarkers for cellular senescence
could include the senescence-associated secretory phenotype (SASP), that involves the production of secretory growth
factors and cytokines, reinforce the senescence arrest, and alter the cell’s microenvironment, e.g., changes in
extracellular matrix composition and the immune environment [RIL4ILSII6] nterleukin-6 (IL-6) and IL-8 for example are key
SASP factors boosting the senescence growth arrest by acting in an autocrine feedback loop. Further examples of well-
known SASP factors are: the CC-chemokine ligand 2 (CCL2), a monocyte chemotactic protein with even angiogenic
potential, as well as factors like transforming growth factor beta (TGF@), a multifunctional and pro-fibrotic cytokine,
plasminogen activator inhibitor-1 (PAI-1), also known as endothelial plasminogen activator inhibitor (or serpin E), and
insulin-like growth factor 1 (IGF-1), which plays an important role in childhood growth, and has anabolic effects in adults
[17I18I[A9N20121]  ypon secretion from senescent cells, these SASP factors usually act in a paracrine manner to stimulate
proliferation and/or transformation of adjacent immortalized cells, or even might trigger the senescence of other cells in
the microenvironment.

Table 1. Summary of methods for the detection of senescent cells.

Target Marker Method of Detection

Histochemical detection of B-galactosidase
activity at pH 6 [21[201[22][23][24][25][26][27][28][29]
Fluorogenic probes (e.g., C12FDG) 391311
SA-B-gal

Near-infrared molecular probe (in vivo and in
Lysosomes vitro) B2

Two-photon fluorescent probe (in vivo and in
vitro) 38

. . Lysosomal aggregates stained with Sudan Black
Lipofuscin g [34]

Western blot [211181119]120][23]24][29](35]

RT-PCR [20E5I[361(37]
Cell cycle

i hibitors plGINK4a, lecipIWaﬂ’ p15|NK4b, p27

Immunofluorescence 35138
Immunohistochemistry [22129]
Western Blot 49
Ki-67 (absence) RT-PCR [49]
Cell proliferation Immunofluorescence [
BrdU incorporation (absence) Immunofluorescence [18]
Telomere shortening FISH [411142]
Immunofluorescence [12120]

Cytokines (e.g., IL-6, TNFa)

SASP factors Chemokines (e.g., IL-8, MIPs, CCLs) RT-PCR [2][201[25][26][37][381[43]
Proteases (e.g., MMPs)

Candidates: TGFB, GM-CSF, PAI-1, IGF-1 Western Blot [€18](20]

Western blot [£][18][24]

su;;r:rr:sosrors PPTEN, p53, hypo-phosphorylated Rb, FOX04 RT-PCR [38]
Immunofluorescence [
Immunofluorescence £
NFKB p65 subunit Western Blot [
Chromatin SAHF RT-PCR (&

organization

reorganization of DNA structure by DAPI,
antibodies against facultative Immunofluorescence 441
heterochromatin



Target Marker Method of Detection

Western blot 23]
DNA damage

marker YH2AX

Immunofluorescence 271281

It is thought that cellular senescence contributes to developmental processes including promoting remodeling,
inflammation, infectious susceptibility, and angiogenesis as well as fundamental processes, such as wound healing and
tissue regeneration. Herein, senescent cells which fulfilled their action are removed from the interfered tissue via
infiltrating immune cells. However, if senescent cells persist, these cells might foster age- and disease-associated
physiological dysfunction particularly through their progressively changing secretory profile (28],

With this respect, cellular senescence is now considered an important driving force for the development of chronic lung
pathologies, particularly chronic inflammation observed in lungs of aging patients and of patients suffering from asthma,
chronic obstructive pulmonary diseaseor pulmonary fibrosis. The accumulation of senescent cells in lungs has
disadvantageous consequences 4748l ynderstanding the mechanisms driving induction of cellular senescence as well
as the mechanisms mediating pathology-promoting effects of senescence may offer new treatment strategies for chronic
lung diseases. In this review, we summarize recent findings about the different senescent lung cells with respect to their
potential contribution to inflammation and remodeling/fibrosis, and with a special focus on the contribution to radiation-
induced pneumopathy.

| 2. Radiation-Induced Cellular Senescence in Lungs

Radiotherapy is used in more than half of all cancer patients, both for curative and palliative purposes 2. Although
modern and precise radiotherapy techniques substantially improved the delivery of energy (summarized as ionizing
radiation) in the form of electromagnetic waves (gamma- or X-rays) or particles (neutrons, beta or alpha) used for cancer
eradication, damage healthy cells and can lead to severe early and late complications in the tumor microenvironment with
an increased risk of morbidity in patients after radiotherapy (RT) B9, Radiation-induced lung disease (inflammation and
fibrosis) is a major hurdle in the successful treatment of thorax-associated tumors 152, Radiation-induced pulmonary
fibrosis affects up to 25% of cancer patients receiving radiotherapy to tumors of the thoracic region B3 The
radiosensitivity of lung tissue is also dose-limiting when the whole body is irradiated prior bone marrow transplantation 24
551, The mechanism of radiation-induced normal tissue damage, however, is not fully understood; no causal strategy for
the prevention or treatment of radiation-induced damage to the lungs is available so far B85 Highly conformal radiation
techniques such as stereotactic body radiation therapy (SBRT) or intensity-modulated radiotherapy (IMRT) are suited to
minimize the irradiated lung volume. For example, SBRT is applied to patients with early stage inoperable non-small cell
lung cancer 38l Through image-guided precise targeting of very small volumes, relatively high dose-per-fraction sizes
were delivered to the tumors. However, persisting adverse effects such as chest wall pain, rib fracture, esophagitis,
brachial plexopathy, and in particular pneumonitis and fibrosis were reported B8I59, |n contrast to conventional dose rates
(1-4 Gy/min), the so called “Flash” radiotherapy (> 40 Gy/s; Flash-RT) was shown to enhance the differential effect
between normal tissue and tumor in lung models 9. Herein, it was hypothesized that the protective effect of Flash
irradiation was related to the high dose rate delivery. Indeed, Flash irradiation was shown to minimize persistent DNA
damage, to reduce the inflammatory response and to facilitate radiation recovery (611,

Cellular stress, and in particular DNA-damaging drugs and ionizing radiation, can induce senescence in most lung cell
types. Persistence of senescent cells in turn remains a major problem in certain lung diseases as these senescent cells or
more precisely their altered secretory profile, the so-called SASP, might foster lung injury. However, the precise role of
each senescent cell type within lung (radiation) injury remains elusive because it depends on the pathological trigger (e.g.,
dose and fractionation for RT) and the temporality of the observation 221,

| 3. Senescence of Lung Epithelial Cells

Repetitive injury, especially to the pulmonary epithelium, is considered a central factor in the development of various lung
diseases. Herein, the senescence of the respiratory epithelium either of the ciliated pseudostratified columnar epithelium,
the cuboidal epithelium or the squamous epithelium in the alveolar ducts and alveoli is regarded as a central process for
the initiation and progression of related lung diseases, particularly in pulmonary fibrosis and experimental lung fibrosis
models A0S Hyman lung tissues from lung fibrosis (IPF) patients were shown to harbor numerous senescent
epithelial cells as revealed by prominent SA-B-gal and p16 staining 2. IPF related epithelial senescence was closely



associated with the SASP factors IL-1p3, IL-6, IL-8 and TNF-a, which were already correlated with pulmonary fibrogenesis
(621 Of note, using an in vitro model of (bleomycin) stress-induced epithelial cell senescence, senescent lung epithelial
cells-derived SASP factors were able to mediate the activation of pulmonary fibroblasts [, Therefore, the current
hypothesis is that alveolar epithelial injury imposed on senescent epithelial cells leads to aberrant wound healing and the
secretion of high levels of growth factors and chemokines that foster the activation of adjacent cells, including endothelial
cells and fibroblasts, and the deposition of the extreacellular matrix €3, Among the ‘activating’ epithelial-derived SAPS
factors, increased levels of MMP12, SERPINE1, SPP1, and fibrotic mediator Wnt-inducible signaling protein (WISP) 1
were determined (€4, Moreover, pharmacological clearance of senescent lung epithelial cells by the induction of apoptosis
in fibrotic alveolar (type II) epithelial cells or ex vivo three-dimensional lung tissue cultures (using dasatinib and quercetin)
reduced SASP factors and extracellular matrix markers (e.g., collagenlal, collagen5a3 and fibronectin) clearly indicating
that senolytic drugs may be a viable therapeutic option for IPF 4],

In a preclinical model of radiation-induced pneumopathy, clearance of senescent cells with a senolytic drug (ABT-263)
efficiently reduced senescent cells and reversed pulmonary fibrosis 28, This, of course, would even limit the diminishing
epithelial regenerative capacity, as well as associated SASP-mediated effects on adjacent lung cells as a central aspect in
the development of lung injury. Therefore, targeting particularly senescent lung epithelial cells was suggested as a
promising option for pulmonary fibrosis. Furthermore, radiation-induced senescence of lung epithelial cells was also
closely connected to radiation-induced vascular dysfunction and associated extravasation of pre-metastatic immune and
circulating tumor cells in a mouse model of radiation-induced pneumopathy (2963 Adoptive transfer of mesenchymal
stem cells during the early phase after irradiation efficiently counteracted epithelial senescence (as well as vascular
dysfunction) 268l RT-induced senescence of bronchial-alveolar epithelial cells was further accompanied by the up-
regulation of the SASP factor CCL2 3], |mportantly, abrogation of certain aspects of the secretome of senescent lung
cells, in particular signaling inhibition of the SASP factor CCL2, secreted predominantly by RT-induced senescent
epithelial cells, limited inflammation as well as fibrosis progression 4. This radioprotective action by addressing or
modulating the SASP phenotype or senescent lung cells can have important implications in oncology, because higher
doses of radiation might improve both local tumor control and survival. Moreover, treatment of thoracically irradiated mice
with ABT-263 almost completely reversed pulmonary fibrosis, even when the initiation of ABT-263 treatment was delayed
until fibrosis was established 28], This means that unlike other known radiation protectants and mitigators, which were
usually needed to be applied before or shortly after RT, senolytic drugs such as ABT-263 have the potential to be used as
an effective, novel treatment of radiation-induced side complications such as inflammation and fibrosis, even after the lung
injury develops into a progressive disease 53],

Although studies in animal models and patient samples show a complex response with multiple interactions between
resident epithelial cells, fibroblasts and endothelial cells, and, in addition, infiltrating immune cells to radiation-induced
diseased lung states, senescent epithelial cells and accompanied SASP contribute to the alteration and ‘activation’ of the
lung microenvironment. Persistent or irreparable DNA damage following XRT in lung epithelial cells in turn can induce an
irreversible cell cycle arrest that lead to apoptosis or to the establishment of cellular senescence. Radiation-induced
epithelial senescence leads to increased SASP factor production. Very close by, the hitherto quiescent healthy
endothelium that usually provides an efficient barrier to liquids or cell extravasation becomes activated and/or
“angiogenic” phenotype (acute effect) in response to certain SASP factors. Increased endothelial permeability associated
with increased leakage of blood stream components into the lung interstitium then fosters inflammation and/or metastasis
formation. Normal fibroblasts will also be activated by SASP factors potentially resulting in a phenotypic change into pro-
fibrotic myofibroblasts and/or cancer-associated fibroblasts that foster tissue remodeling by extracellular matrix deposition
and thus fibrosis progression.

The references refer to the original article: Int. J. Mol. Sci. 2020, 21(9), 3279; https://doi.org/10.3390/ijms21093279
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