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Abstract
Purpose of Review To highlight the changes in lungs associated with senescent cells and the microbiome that promote a pro-
inflammatory milieu and render the aged lungs at risk for debilitating chronic diseases such as cancer, chronic obstructive
pulmonary disease, or pulmonary fibrosis.
Recent Findings Recent studies including “omics” analyses indicate cell type-specific effects of aging and confirm the impor-
tance of the inflammation in aged lungs.
Summary Aging of the lungs is driven by molecular and cellular processes that lead to loss of function and increased risk for
diseases. The well-described nine hallmarks of aging are present in the aged lungs. Senescent cells combined with changes in the
microbiome create the pro-inflammatory environment previously characterized in aged lungs. The pathobiology of one of the
most devastating age-related pulmonary diseases, idiopathic pulmonary fibrosis (IPF), underscores the importance of senescent
cells in the aged lungs.
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Introduction

Aging could be described as a deterioration of the function of
tissues and organs with an increased risk for diseases. The nine
hallmarks of aging, i.e., genomic instability, telomere attrition,
epigenetic alterations, loss of proteostasis, deregulated nutrient
sensing, mitochondrial dysfunction, cellular senescence, altered
intercellular communication, and stem cell exhaustion, have all
been detected in the lungs [1••].

Aging of the lungs is characterized by morphological
changes such as airspace enlargement or thickening of the
airway walls which directly contribute to the decline of the
lung function. Each of the different compartments of the
lungs, i.e., airways, parenchyma, and vasculature, shows dif-
ferent aging processes and collectively contributes to their

functional decline. In addition, the pulmonary system is one
of the few organs with a constant exposure to the outside
environment; the impact of the environment on the aging pro-
cesses is not to be disregarded.

In this review, we will focus on the changes of the micro-
environment associated with the presence of senescent cells
and of those associated with the lung microbiome, overall
creating a more pro-inflammatory environment influencing
the behavior of the cells. We will illustrate how these cumu-
lative changes predispose the aged lungs to devastating pul-
monary diseases such as pulmonary fibrosis.

Physiological, Age-Related Changes
of the Lung

The lung environment is determined by a constant exchange
of air and is characterized by a specific architecture, which is
essential for the air-blood barrier. The physiologic and cellular
composition changes in the aged lungs encompass various
compartments that, in the aggregate, tend to lead to an im-
paired lung function and predisposition to aged-related dis-
eases (Table 1).

The mechanics of the respiratory system supports lung
function, mainly characterized by the physiological process
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of breathing and gas exchange [31]. During inspiration, con-
traction of the respiratory muscles plays a significant role in
inhalation. The strength of the respiratory muscles decreases
during aging, and the chest wall compliance decreases [4, 15].
The loss of elasticity leads to heavy breathing with difficulty
in expiration [15, 32]. Overall, the physiological changes in
function decrease continuously over time and the diverse lung
components influence the pulmonary capacity of the aging
lung in different ways (Table 1) [4]. In general, the amount
of air one can inhale in 1 min (forced expiratory volume in 1 s,
FEV1) is impaired during the process of aging as well as the
gas exchange determined by the diffusing capacity of carbon
monoxide (DLCO) [4].

Two major changes are reported for the airways (trachea,
the bronchi, the bronchioles) of the elderly: mucus hyperse-
cretion and decreased ciliary beat frequency (CBF) [5, 9, 33].
In general, ciliary beating and the presence of microvilli pro-
tect the deeper lung segments from foreign particles and mi-
croorganisms, and a decreased CBF significantly impairs the
clearance of the airways, resulting in modification of the
microarchitecture of the microtubules.

The pulmonary vasculature (arteries, capillaries, and veins)
mainly depends on the hemodynamic conditions of the heart
and is thereby affected by the stiffening of the heart and the
vessels [10]. During aging, increased rigidity and a decreased
vascular compliance are noted [11]. Arterial aging, known as

Table 1 Physiological age-
related parameters of the lung.
Listed are the parameters that are
modified in the various
compartments of the aging lungs

Compartment Parameter Modification in the aging lung References

Pulmonary function
(lung volumes)

RV Increased [2, 3]

FRV Increased [2, 3]

FEV1 Decreased [2, 3]

DLCO Decreased [4]

Airway Mucus production Increased [5, 6]

Surfactant Reduced [7]

Ciliae Constant [8]

Ciliary beat frequency Lower [9]

Pulmonary vasculature Vascular rigidity Increased [10]

Vascular compliance Decreased [10, 11]

Intima thickness Increased [12, 13]

Mechanics of the
respiratory system

Static lung
compliance

Increased [14]

Chest wall compliance Decreased [15]

Lung stiffness Increased [14]

Elasticity Decreased [16]

Elastic recoil pressure Decreased [14]

Lung parenchyma AEC1 cells Decreased [17]

Alveoli permeability Increased [18]

Airspace Enlarged [19]

Alveolar depth Increased [4]

Alveolar duct radius Increased [19]

Airwall thickness Decreased [20]

SASP Increased [21]

Extracellular matrix Collagen Increased [22, 23]

Elastic fiber Increased [22, 24]

Alveolar macrophages Phagocytosis Impaired [25]

Proliferation Impaired [26]

Self-renewal capacity Impaired [25]

Microbiome Biodiversity Decreased [27]

Anti-inflammatory
genera

Decrease of Faecalibacterium, Roseburia [28]

Virulent pathogens Increase of Streptococcaceae,
Staphylococcaceae, Enterobacteriaceae

[28]

Arterial stiffness Decrease of Fusobacteria and Leptotrichia [29]

Gut-lung axis Dysbiosis [30]
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arteriosclerosis, is an aging of the smooth muscle cells in the
blood vessels that leads to pulmonary hypertension, result-
ing in shortness of breath and fatigue [12, 34]. In addition,
pulmonary embolisms occur more frequently in the elderly
because of the age-related increase in venous thrombosis
[35, 36]. The underlying mechanisms of thrombosis in-
volve damaged endothelium and changes in the homeosta-
sis of the blood, which are additionally influenced by high
blood pressure [37].

The lung parenchyma consists of thin epithelial cells (al-
veolar type 1 (AEC1) and type II (AEC2) cells), creating the
balloon-shaped alveoli. Interestingly, no destruction of the
alveolar wall has been described in the elderly, in contrast to
aged mice where the permeability of the blood-air barrier is
increased, suggesting a loss of integrity of the alveolar wall
[18, 32]. Elevated expression of MMP-14 has been proposed
to cause tissue damage and various studies were able to show
a negative impact of pro-inflammatory factors on the structure
of alveoli [38].

Whether the number of alveoli changes during aging is still
unclear. Although findings in mice show a reduction in the
number of alveoli during aging, only limited data are currently
available for humans. It is unclear whether the number and
size of AEC2 are altered [39]. However, recently published
transcriptomic data show a decrease in epithelial lung cells,
including AEC2, in the aging human lung [40]. Within the
alveoli, 95% of the surface is covered with AEC1, which is
responsible for the gas exchange. As AEC2 give rise to AEC1
under steady-state conditions, and loss of AEC1 cells is con-
sidered a critical factor for aging, this suggests that there is an
aged-dependent deficiency in the regenerative potential of
AEC2 [17]. The alveolus also consists of an extracellular ma-
trix (ECM) composed of proteoglycans, elastin, and collagen
[22–24, 41]. The airwall thickness plays a crucial role in the
gas exchange. The increase in airway wall thickness with age
is associated with the loss of lung function [20]. In addition to
the airspace enlargement, the alveolar depth and the alveolar
duct radius are enlarged. The alveolar sacs of the elderly show
a lower pressure compared to younger alveoli, which impedes
mechanical ventilation [19]. However, the decrease in lung
volume due to age does not influence the ventilation ratio to
perfusion [42].

Cellular Senescence in the Lung

The strict definition of the senescence state for a cell is cell
cycle division arrest with a high metabolic activity, leading to
the release of multiple soluble and insoluble factors that define
the senescent-associated secretory proteome (SASP) in the
microenvironment [43, 44]. The composition of the SASP is
not only highly variable from one cell type to another but also
it changes over time [44]. The SASP is mainly composed of

cytokines, growth factors, and extracellular matrix proteins,
but other compounds that are not included in these families
have also been described [45]. Each of these components has
the potential to influence non-senescent cells and thereby pro-
mote considerable tissue damage or repair [21, 46].Markers to
identify a senescent cell are not strongly defined or unique
[47, 48]. Some of them are more accepted than others, such
as p21Waf1, p16INK4a, and Lamin B1. However, classification
of senescence requires several characteristics [49]. In aged
lungs, the senescence phenotype can stem fromDNAdamage,
reactive oxygen species, mitochondrial dysfunction, or onco-
gene activation [50].

Although senescent cells have been identified in airways,
parenchyma, and vasculature of aging lungs, their relative
contribution to the aging phenotype has not been clearly es-
tablished. However, based on the role of senescent cells in
other aged organs or in diseased lungs, it is very likely that
autocrine and paracrine effects of neighboring cells could be
attributed to senescent cells in aged lungs [50].

In recent years, various animal models have been estab-
lished to analyze premature senescence. Aged mouse lungs
present a similar phenotype (pro-inflammatory milieu and
increased extracellular matrix protein expression) as human
aged lungs [23, 39]. Unfortunately, neither genetically
engineered mouse models where senescent cells can be re-
moved nor progeroid mouse models have revealed mechanis-
tic information on the aging process in the lungs [51•, 52].
Telomerase reverse transcriptase (TERT)- and telomerase
RNA component (TERC)-deficient mice demonstrated that
telomere function in AEC2 is associated with lung fibrosis
[53]. In addition, deletion of the telomere shelterin protein
TRF1 in AEC2 mediates age-related lung remodeling and
fibrosis [54].

In the following section, we will highlight modifications of
the lungs that lead to specific changes in the microenviron-
ment (Fig. 1).

The Cells

The lung is composed of a large variety of cells; more than 40
different cell types have been described [55]. An age-
associated increase in senescent cells has been recognized in
all tissues. As described in several studies, the process of
senescence can influence each of these different cells in vari-
ous ways and most likely affects their specific functions.
However, few data on the role of senescent cells in aging
lungs are currently available. Assumptions regarding the func-
tional relevance of senescent cells are based on the detection
of inflammatory markers present in SASP, such as IL-6 or IL-
8 [56]. Senescent cells can also contribute to the diminished
tissue-repair capacity of the aged lungs, leading to the devel-
opment of chronic obstructive pulmonary disease (COPD) or
idiopathic pulmonary fibrosis (IPF). As previously
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mentioned, the lack of specific biomarkers to identify or iso-
late senescent cells has been a limitation.

In the upper nasopharyngeal part of the lung, the epithelium
is composed of columnar epithelia with goblet cells. The
bronchi show cuboidal epithelium, which continues to get
thinner distally, and the smallest unit, the alveoli, consist
of thin AEC1 and AEC2 [57]. Epithelial cells of the lungs
are particularly vulnerable to stress-induced cellular senes-
cence [58], resulting in impaired barrier function, de-
creased ciliary clearance, enhanced mucus production, in-
flammatory response, and immune cell recruitment. In

healthy lungs, AEC2 produce surfactant, but also have
stem cell renewal capability that declines with age as they
become senescent. Loss of AEC2 and increased low-grade
inflammation due to SASP factors, as well as loss of sur-
factant proteins, could contribute to a more oxidative lung
environment and decline in lung function.

The maintenance of local niches (composed of epithelial/
mesenchymal cells) that contribute to the integrity of AEC2 is
highly dependent on factors secreted by fibroblasts [59, 60].
Especially in chronic lung diseases and aging, the changes in
the environment of the niches could inhibit normal tissue

Fig. 1 Key differences in the microenvironment of the aging lung.
Illustrated are the modifications of the airway, the pulmonary

vasculature, the lung parenchyma, and the lung microbiome associated
with aging. Original figure created with BioRender.com
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regeneration [59]. Associated with senescence, mesenchymal
p16INK4a-positive cells were described to stimulate the ep-
ithelial progenitor proliferation and act as sentinels for the
airway stem cell niche [48]. Driven by cellular senescence,
fibroblasts change their morphology to large, flattened, and
elongated cells. Senescent fibroblasts secrete ECM, factors
that promote ECM production, and ECM-remodeling en-
zymes, resulting in changes in ECM composition that in-
fluence both the structure and the integrity of the aged lungs
[21, 43, 61–63].

The pulmonary vascular endothelium of the lungs forms a
thin layer of squamous cells within the lumen of blood vessels
and is therefore essential for the regulation of the blood pres-
sure and the gas exchange. Cellular senescence is described to
contribute to the development of vascular diseases such as
pulmonary arterial hypertension (PAH) by promoting vascu-
lar inflammation with intimal fibrosis and elastin degradation
[64]. The subsequent recruitment of immune cells results in
further inflammatory processes and hyperproliferation, which
together have negative consequences for gas exchange and
blood pressure. Recently, Ramadhiana et al. [65] suggested
that pathogenesis of PAH involves senescence induced by
Notch-mediated juxtacrine signaling.

Alveolar macrophages are being specifically investigated
as part of the immunological microenvironment characteriza-
tion in the lung. The SASP, produced by epithelial/endothelial
cells and fibroblasts, modulates the response of immune cells
[61]. Within the lungs, stimulation of the resident alveolar
macrophages can contribute dramatically to the changes in
the microenvironment [66]. Senescent AEC2 induce a
profibrotic stimulation of alveolar macrophages [67].
Recently published data highlighted that even the long-lived
resident alveolar macrophages are influenced by the microen-
vironment of the lung, leading to transcriptional changes and
substantial macrophage accumulation in IPF [21, 66].
Therefore, a relationship between these processes and the
cell-specific effects generated by cellular senescence is
conceivable.

The Extracellular Matrix (ECM)

The ECM (laminins, fibronectin, and collagens, etc.) is mainly
synthesized bymesenchymal cells such as resident fibroblasts.
These proteins are also components of the SASP of many
senescent cells [68]. Changes in the ECM can be observed
during aging and pathology, in part due to impaired cellular
responses [69, 70]. The characteristic excessive ECM deposi-
tion observed in aged lungs in mouse models and in elderly
human samples has been shown to be a direct consequence of
the presence of senescent cells in the lungs [23]. In return, the
modified ECM composition contributes to the dysregulated
biomechanics of the lungs via the negative impact of senes-
cence on tissue regeneration [71]. Matrix metalloproteinases

(MMPs) are relevant SASP components, and they are known
to play a crucial role in the degradation of elastin, well de-
scribed in aged lungs as an emphysema-like loss.
Furthermore, other proteases, including a disintegrin and me-
talloproteinase domain-containing protein 10 (ADAM10), al-
so part of the SASP, are responsible for the cleavage of pro-
teins that form the three-dimensional structure of the ECM
[69].

Therefore, senescent cells can influence this sensitive
environment by the secretion of a pro-inflammatory SASP
as well as ECM proteins. The direct effect of the SASP on
the synthesis and degradation of the ECM is supplemented
by the indirect effect of the activation of damage-associated
molecular patterns (DAMPs). Changes in cell proliferation
signaling are mediated by the stimulation of pattern recog-
nition receptors (PRRs), e.g., on fibroblasts [72]. This trig-
gers the stiffening of the tissue associated with the accumu-
lation of ECM.

The Microbiome of the Lung

In recent years, the microbiome has become recognized as an
essential factor in aging and longevity [28]. Because the lungs
were originally assumed to be sterile, the lung microbiome
was neglected entirely for a long time. This assumption has
been disproved in the last decade due to increasing evidence
that aging has a significant impact on the pulmonary
microbiome and, consequently, lung function [73].

The microbiome is defined as all microorganisms in a partic-
ular environment (fungi, bacteria, viruses) [74, 75•]. Influenced by
various factors such as environment, smoking status, gender,
birth, circadian rhythm, and age, the microbiome exhibits great
diversity in terms of composition. A high level of biodiversity
characterizes a healthy microbiome, and it has been shown that
the diversity of the microbiota decreases during aging [27]. This
decrease in biodiversity is a known risk factor for the establish-
ment of diseases [27]. The microbiome in aging lungs shows a
decrease in anti-inflammatory bacterial genera (e.g.,
Faecalibacterium, Roseburia), whereas virulent pathogens (e.g.,
Streptococcaceae, Staphylococcaceae, Enterobacteriaceae) can
be detected more frequently [27, 30, 76, 77•]. A substantial
amount of data has been published concerning the bacterial mi-
crobiota. In contrast, viruses and fungi have not yet been suffi-
ciently investigated [77•].

Interestingly, the gut microbiome is closely related to the
lung microbiome, and findings suggest that the gut-lung axis
contributes to age-related respiratory diseases [30]. In aging, a
dysbiosis of the gut microbiome to obligate and facultative
anaerobe bacteria is observed due to nutrition and lifestyle
habits [30, 78]. Microbial metabolites of the gut microbiome
influence the development of pro-inflammatory immune cells
via the bloodstream, which can directly influence infectious
diseases in the lungs [74]. In addition to this indirect effect of
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metabolites, a direct bacterial impact could be observed. Since
the barrier function of the intestine and lungs is described as
being reduced in the elderly, an easier microbial exchange can
result in a loss of compartmentalization [30]. In general, the
density of the lung microbiota is considerably lower in the
lungs as compared to the gut; however, this density can
change due to age-related barrier loss and thus could have a
significant impact on the lungs.

In IPF, a coincident gastrointestinal reflux leads to an in-
crease in the bacterial load in the lung. Here, a higher incidence
of the pro-inflammatory bacteria Haemophilus, Streptococcus,
Neisseria, and Veillonella has been reported [79]. These con-
ditions can lead to an increase in inflammatory lung conditions,
contributing to disease progression [80]. Interestingly,
Spagnolo et al. suggested that altering the microbiome should
be considered a treatment option for IPF patients [81].

Although the majority of microbiome studies have been
carried out for the gut, the main findings from these studies
on homeostasis, communication, and the interplay between
the microbiome and eukaryotic cells may apply to the lung.
Although the impact of senescent cells on the lung
microbiome has not been analyzed yet, studies conducted on
the gut microbiota suggest a potential role of senescence on
the microbiome. High mobility group box 1 (HMGB1), a
relevant SASP factor, plays a crucial role in protection of the
intestine from bacterial infection [82]. In addition, IL-17 me-
diates communication between the microbiome and the cells
in their microenvironment, especially by contributing to can-
cer pathogenesis [83]. Considerable work has been done to
study the crosstalk between the microbiome and the innate
immune system. Microbiota promotes the expression of pro-
and anti-inflammatory substances, which in turn activate the
human innate immune system [84]. For instance, lung resident
microbiota such as Pseudomonas and Lactobacillus appears
to be responsible for the activation of Th17 response that has
been implicated in the susceptibility to develop inflammatory
diseases with increasing age [84, 85]. Aged-related factors
such as MMP-9, one of the common components of the
SASP, have been shown to govern changes in the microbiome
in the gut [86].

The influence of the microbiome on the pathogenesis and
progression of pulmonary age-related diseases is under inves-
tigation. Knowledge of the microbiome composition may
eventually provide insights into the course of the disease
and/or establish the feasibility of using the microbiome as a
biomarker [87].

Idiopathic Pulmonary Fibrosis (IPF)
as a Senescence-Associated Disease

Among the age-related diseases in the lungs, IPF is the most
devastating and is associated with the worst prognosis, with

median survival ranging from 2.5 to 3.5 years [88]. Senescent
cells have been one of the newly investigated therapeutic tar-
gets to find a cure for IPF, a disease with no treatment other
than two FDA-approved drugs that only slow disease progres-
sion [89]. The detection of senescent cells (epithelial and mes-
enchymal cells) has been reported for over a decade, but their
function is still elusive [90]. The general agreement is that
elements of the SASP contribute to the pathology of IPF,
but knowledge of the mechanisms is wanted. Interestingly,
the p53 signaling cascade was identified as the most signifi-
cant pathway contributing to IPF, with this pathway being
closely related to AEC senescence [91]. Recently, the secre-
tion by senescent IPF mesenchymal cells of leukotrienes,
known eicosanoid inflammatory mediators that promote the
activation of mesenchymal cells and the production of colla-
gen, has been reported [21]. In addition, a new subpopulation
of basal epithelial cells expressing markers of cellular senes-
cence has been identified by transcriptome analyses [92, 93].
These cells are localized in the honeycombing structure of the
lungs, suggesting that they are part of the pathobiology. In
IPF, senescent cells have been identified in all cell types (ep-
ithelial and mesenchymal cells) by transcriptome analysis, but
it is also clear that there is little overlap in the transcriptional
phenotype of each cell type [92]. Interest in senescent cells in
IPF emerged due to the improvement of fibrosis after removal
of senescent cells in mouse models of pulmonary fibrosis
[94–97]. Following successful ablation of senescent cells
using the senolytic drugs dasatinib plus quercetin (DQ) in
bleomycin-administered mice, DQ was given to fourteen
IPF patients in a small clinical trial; although pulmonary func-
tion was not altered, physical attributes such as walking and
standing were improved, providing initial evidence that
senolytics may be clinically useful in IPF [98]. However, the
question remains open on the beneficial effect of senolytics
(small molecules that selectively induce death of senescent
cells) versus senomorphics (small molecules that selectively
modulate the phenotypes of senescent cells).

Conclusions

Aging in the lungs is a complex phenomenon, as its impact
varies in the different compartments of the lungs. Overall, the
pro-inflammatory milieu characteristic of aging organs is doc-
umented in the lungs as well. In this review, we have de-
scribed that senescent cells increase in the aging lung.
Furthermore, these cells can influence their environment
through release of SASP factors and can provoke changes in
the microbiome. Although studies related to the microbiome
in aging lungs are very limited, the association of the
microbiome with development of age-related diseases in other
organs suggests that it likely impacts the lung.
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