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With a rapidly growing elderly human population, the incidence of age-related lung diseases such as chronic obstructive
pulmonary disease (COPD) continues to rise. COPD is a chronic irreversible disease of the lungs characterized by airflow
limitation due to destruction of the lung parenchyma (emphysema) and/or remodelling of the small airways, and is
currently the third leading cause of death in the Westernized world. The greatest risk factor for COPD is smoking, but not
all smokers develop COPD and the reasons for disease susceptibility in these individuals remains poorly understood. In
COPD, the alveolar architecture has been destroyed resulting in emphysemaand subsequent dyspnea (shortness of
breath).
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| 1. Introduction

Human life expectancy has nearly doubled globally during the past century, and the global human population over the age
of 65 is expected to represent ~20% of the world’s population by 2050 . Ageing is characterized by gradual and
irreversible functional deterioration of all vital organs after the reproductive phase of life is complete &, and is a major risk
factor for death from all adult chronic diseases. Therefore, the rapid increase in the ageing population together with
declining fertility rates will create an ever-increasing societal burden and health care challenge over the next decades, and
demands for increased understanding of the molecular mechanisms underlying ageing and age-related disease, enabling
advanced health care for our elderly, will become increasingly urgent.

On a cellular and molecular level, Lopez-Otin and colleagues have defined nine hallmarks of ageing, which include
genomic instability, telomere attrition, epigenetic alterations, loss of proteostasis, deregulated nutrient sensing,
mitochondrial dysfunction, cellular senescence, stem cell exhaustion, and altered intercellular communication &I,
Dysregulation of the extracellular matrix due to aging is an additional crucial modifier of cell-autonomous changes and
functions &, The origin of these various hallmarks is undoubtedly complex, and is likely to involve a combination of
underlying processes that may be cell- and organ-specific, and the individual contribution of each hallmark to individual
ageing-related non-communicable chronic diseases may vary.

One well-recognized aspect of ageing is the enhanced production of reactive oxygen species (ROS), which are generated
during cellular metabolism of molecular O 2 and lead to accumulation of biomolecular oxidative damage B8, This,
combined with the lifelong exposure to ionizing radiation or environmental oxidizing pollutants, has led Denham Harman
to propose the free radical theory (FRT) of ageing [&. This theory was later refined to the mitochondrial free radical theory
of ageing, based on the fact that mitochondria are the primary source of ROS, and in line with mitochondrial dysfunction
as one of the main hallmarks of ageing Bll¥. Evolutionary evidence does not always support the FRT of ageing, however,
and the recognition of physiological functions of ROS in e.g., host defense and other aspects of cell biology through
redox-based signalling has further complicated the FRT of ageing. Indeed, the recently discovered family of NADPH
oxidase (NOX) enzymes are critical in these physiological roles, and the association(s) between NOX function and redox-
based signalling and ageing are only beginning to be appreciated (e.g., L,

The lung is the organ with the largest surface area that faces the external environment, estimated to be as large as half a
tennis court 12, and is therefore exceptionally vulnerable to the life-long exposure to environmental pathogens and
common (oxidizing) airborne pollutants. Indeed, ageing is associated with a progressive decline in lung function and with
increased susceptibility to the development of chronic age-related pulmonary diseases, such as chronic obstructive
pulmonary disease (COPD) and idiopathic pulmonary fibrosis (IPF), all rapidly increasing in incidence with advancing age
(13114] | jkewise, oxidative stress (due elevated levels of ROS and/or impaired antioxidant defenses) is often viewed as a
common feature of, and contributor to these diseases 15, and has encouraged the proposed use of antioxidant-based
strategies in potential treatment of these diseases.



| 2. The Ageing Lung

Throughout human lifespan, various age-associated structural and functional changes occur within the respiratory system,
termed the lung function trajectories. Lung growth occurs from birth until adulthood and is characterized by increases in
lung volume, an increase in the number of alveoli, and increased capillary networks 28, During the plateau phase
(adolescence ~25 years of age to 30—40 years) these numbers remain stable 12, after which 28!, lung function starts to
gradually decline with increasing age, which may be variable in every individual based on genetics and different exposure
histories to e.g., cigarette smoke or other environmental challenges. It is important to recognize that individual lung growth

may vary as well, and that abnormal lung growth early in life may also affect later phases of lung function trajectories 19
[20]

The decline phase has various consequences for functional capacity in absence of underlying pathology and affects every
individual, with early limitations only observed during exercise and later on during broader settings. Accordingly, with
advancing age, the respiratory tract undergoes both structural and physiological changes, such as loss of lung
regenerative capacity and pulmonary remodelling, which are associated with a progressive decrease in lung function 24,
Characteristic of the ageing lung is a decrease in lung elasticity and concomitant increase in alveolar size. This loss in
lung elasticity and airway enlargement results in increased functional residual capacity (FRC) and end-expiratory lung
volume (EELV). Additionally, the ratio between the forced expiratory volume in one second and forced vital capacity
(FEV1/FVC), often used to diagnose chronic obstructive lung diseases and defined as the amount of air that can be
forcibly exhaled following one’s maximal inhalation, decreases with age due to loss of lung elasticity and airspace
enlargement, and also because of loss of respiratory muscle mass 12, Also termed the ‘senile lung’, these age-related
structural lung changes are mainly attributed to an increase in the size of the alveolar space and are not considered
pathological because they occur in the absence of significant inflammation or alveolar wall destruction.

In addition to negatively impacting lung structure and physiology, ageing is known to lead to a gradual dysregulation of the
immune system, which is characterized by an impaired ability of various immune cells to respond to pathogens, and by
age-related low-grade inflammation due to immunosenescence (known as inflammageing) [2223124] Replicative and/or
stress-induced cellular senescence of immune cells results in compromised and inappropriate cellular function and cell
responses of e.g., innate and humoral immunity 22, This is largely responsible for the increased susceptibility of elderly
subjects to infection with influenza virus or with SARS-CoV-2 [28127128] Replicative senescence of resident cells induces
the senescence-associated secretory phenotype (SASP), which is characterized by resident senescent cells secreting
pro-inflammatory factors that can alter the cellular microenvironment and shift neighbouring healthy proliferating cells into
a more senescent- and pro-inflammatory state. In addition to damage-associated molecular patterns (DAMPSs), the SASP
contributes to inflammageing/sterile inflammation observed during lung ageing 22, which is characterized by pro-
inflammatory cytokine release and chronic low-grade inflammation in the absence of an immunological threat B9, While
associated with ageing, the SASP has likely evolved as a mechanism to maintain homeostasis through senescent cell
clearance, progenitor cell repopulation, and wound healing and tissue repair 23B1B2 and has also been shown to
counter early-life tumorigenesis 3.

Because the respiratory system represents a critical interface with the external environment and is susceptible to injury
from inhaled environmental pathogens and pollutants, it is equipped with various defense mechanisms (antioxidant
defenses, antimicrobial defenses, mucus and mucociliary clearance mechanisms, and local sentinel immune cells). Age-
related decline in these mechanisms likely contributes to biochemical and physiological changes in the lung, and may
contribute to the development of age-related chronic lung disease(s) 243838l |ndeed, while the senile lung is
characterized by airspace enlargement in the absence of overt inflammation and tissue remodelling, such compromised
and inappropriate responses to exogenous hazards in the ageing lung likely contribute to chronic inflammation and
alveolar wall destruction that contribute to the development of e.g., emphysema 228l and also render the aged lung
more susceptible to acute injury or infections that contribute to exacerbations, and may in turn further aggravate lung
ageing. Hence, the molecular mechanisms underlying chronic lung diseases such as COPD are also dictated by
alterations that occur as a result of normal aging. Recent efforts using single-cell transcriptomics and proteomics to
develop an atlas of normal aging, such as the Tabula Muris Senis database B9, have dramatically increased our insights
into (lung) cell-type specific effects of ageing 9, and present highly useful resources to assess the contributions of
ageing to chronic age-related diseases, including those of the lung.



| 3. COPD a Disease of Accelerated Ageing?

COPD is a chronic irreversible disease of the lungs characterized by airflow limitation due to destruction of the lung
parenchyma (emphysema) and/or remodelling of the small airways, and is currently the third leading cause of death in the
Westernized world ¥4, The greatest risk factor for COPD is smoking, but not all smokers develop COPD and the reasons
for disease susceptibility in these individuals remains poorly understood 22l [n COPD, the alveolar architecture has been
destroyed resulting in emphysema 4344 and subsequent dyspnea (shortness of breath). Small airway disease and
emphysema development are mechanistically related, since small airway inflammation may propagate to the alveolar
septa, in turn destroying bronchiolar-alveolar attachments, and eventually proceed into lung parenchymal destruction 42!
(461471 Moreover, a loss of small airways before the onset of parenchymal destruction may explain the increased
peripheral airway resistance described in COPD 4. Another histopathological feature often observed in COPD patients is
seen in the vasculature with increased thickness of the arterioles, resulting in pulmonary hypertension as an additional
complication of COPD 48],

Various genetic factors have been established as risk factors for COPD, such as genetic defects in the SERPIN1 gene
resulting in alphal-antitrypsin deficiency 49509 The most widely recognized cause of COPD pathogenesis is however
exposure to repeated environmental insults such as tobacco smoke, which is associated with repetitive injury and
persistent inflammation and imbalanced protease/anti-protease activities within the lung 12, thus leading to progressive
lung tissue damage, abnormal tissue remodelling, and tissue fibrosis 28], As a result, COPD is characterized primarily by
thickening of (large and small) airways due to subepithelial fibrosis and mucus plugging, and a related obstruction of the
small airway lumen, and with alveolar emphysema due to alveolar wall destruction and loss of alveolar surface area.

At the cellular and molecular level, COPD is characterized by various alterations of cell biology such as telomere
shortening 24155 and senescence/SASP in many cell types 28 including endothelial B4 and (alveolar and bronchial)
epithelial cells 28 as well as fibroblasts 9. Furthermore, COPD is characterized by altered/impaired innate immune
function that may contribute to infection and exacerbations in this disease. These various alterations and decline in
function are greatly impacted by cigarette smoking 2458l For example, cigarette smoking may contribute to basal cell
hyperplasia as one of the initial events of altered epithelial cell biology in COPD €9, Such alterations in the basal cell
population also contribute to airway epithelial remodelling phenotypes including mucous cell hyperplasia, epithelial-
mesenchymal transition (EMT), altered cell differentiation, and impaired epithelial barrier integrity ©62],

More recent transcriptional profiling studies of airway basal cells from COPD patients and non-COPD controls revealed a
marked heterogeneity indicating a continuum of basal cell status that may represent gradually evolving trajectories of
basal cell phenotypes as COPD develops 83l Transcriptional analyses also indicated that smoking can induce a distal-to-
proximal repatterning of small airway epithelial cells, which was attributed to increased activation of the epidermal growth
factor (EGF)/epidermal growth factor receptor (EGFR) pathways [©4. Transcriptional analysis also suggested a
reprogramming of alveolar macrophages in COPD, with relatively less M1 polarization and a shift towards partial M2
polarization. These alterations appear to correlate with COPD severity 3], and to be driven by oxidative stress induced by
smoking, as they lead to impaired innate macrophage activation in response to e.g., infection 81671 Mechanistic studies
suggested a potential for acrolein, a major electrophile of CS, in such macrophage alterations, due to the reactivity of
acrolein towards thiols within critical proteins involved in macrophage activation/polarization such as nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-kB) and c-Jun N-terminal kinase 2 (JNK2) [€8]. COPD may develop through
variable lung function trajectories. Indeed, while some COPD patients may display accelerated age-related lung function
decline following normal lung growth, others show evidence of abnormal lung growth with normal age-related lung
function decline 29, Fyrthermore, the ageing lung is characterized by ‘senile emphysema’, which is characterized by a
loss of elasticity, enlargement of alveoli as well as low-grade inflammation. However, it is not a result of destruction of the
alveolar walls, which does underlie emphysema in COPD. Cellular senescence is observed during lung ageing and may
suggest a predisposition to COPD development. As such, examining and understanding the underlying molecular
mechanisms involved in normal lung ageing (e.g., based on available insights from public databases such as Tabula Muris
Senis) may help to understand how tobacco smoke and other oxidative stressors may accelerate lung ageing and result in
COPD development. Indeed, many of the known hallmarks of ageing are also thought to contribute to COPD
pathogenesis, such as epigenetic alterations (e.g., due to dysregulation of histone deacetylases), loss of proteostasis
(regulation of protein biogenesis, folding, trafficking and degradation), mitochondrial dysfunction, and cellular senescence
(B4l Altered intercellular communication (e.g., adaptive immune responses), and abnormal extracellular matrix (ECM)
turnover and deposition further contribute to COPD pathogenesis 4!,



| 4. NOX Enzymes in COPD Pathology

Similar to the relative lack of available studies addressing associations of NOX enzymes with ageing, a rather limited
number of previous studies have attempted to address the specific role(s) of NOX enzymes in COPD pathology. Not
surprisingly, increased numbers of NOX2-positive inflammatory cells have been observed in lung tissues from COPD
patients, and a contributing role of macrophage NOX2 in elastase-induced emphysema has been reported using NOX2-
deficient mice 89, However, while NOX2 contributes to macrophage-mediated oxidative stress and inflammation due to
cigarette smoke exposure 29, genetic deletion of NOX2 in mice was actually found to aggravate CS-induced emphysema,
which was associated with increased inflammation that was perhaps worsened due to NOX2 deficiency [1lZ2, These
discrepant findings may be related to the different animal models used, variable roles of NOX2 in limiting chronic
inflammation through e.g., Nrf2 4 or promoting injury during acute inflammation (e.g., in the case of the elastase model),
and diverse functions of NOX2 in different cell types, which would be best dissected using cell- or tissue-specific NOX2
knockout strategies. Some studies have reported elevated levels of NOX4 in airway smooth muscle of COPD patients 23],
which were found to correlate with disease severity 4 and to be associated with pulmonary hypertension 3],
Furthermore, RTP801/REDD1, which negatively regulates mammalian target of rapamycin (mTOR), is upregulated in
response to cigarette smoke, and enhances inflammation and alveolar destruction by increasing NOX4 activity 78, In a
genetic mouse model of emphysema (due to TLR4 deficiency), elastolytic activity was found to be increased due to
induction of NOX3 in the pulmonary endothelium and resultant oxidant generation [, but the relevance for human COPD
is unclear.

Analysis of tracheal and bronchial epithelium collected by airway brushing or laser capture micro-dissection, revealed that
DUOX1 was significantly suppressed in the airways of healthy smokers and patients with COPD, when compared to age-
matched control subjects, implying that chronic smoking leads to decreased airway epithelial expression of DUOX1 as a
potential contributing factor in COPD development 829 Our group expanded on these findings, by showing a gradual
downregulation of DUOX1 protein in the small airways of GOLD II-IV COPD patients, which was found to be strongly
correlated with various measures of lung function decline, and several markers of small airway remodeling and
destruction [, On one hand, these results may imply that variable DUOX1 downregulation as a result of normal aging
(see above) or smoking history may predispose for COPD development and progression. Alternatively, it is also possible
that DUOX1 downregulation may be a consequence of COPD, for example secondary to production of inflammatory
mediators or growth factors such as TGF-[. Indeed, we observed that chronic exposure of bronchial epithelial cells to
TGF-B also downregulates DUOX1 B9, Downregulation of DUOX1 may be related to smoking history, although some
studies suggest that exposure to CS extract can actually enhance DUOX1 expression B In contrast, chronic exposure of
mice to the CS-component acrolein was found to result in DUOX1 downregulation, a response that could be mimicked by
chronic in vitro exposure of epithelial cells to acrolein Y. Nevertheless, the relationship between airway or alveolar
DUOX1 and smoking status/history is complex, and observed correlations of airway DUOX1 with lung function parameters
in our recent studies were largely independent of smoking status Y, suggesting the contribution of other factors to
DUOX1 downregulation in COPD. To address a potential causal effect of DUOX1 down-regulation in COPD development
or progression, we assessed the impact of DUOX1 deletion in a mouse model of elastase-induced emphysema or in a
mouse model of small airway remodeling due to chronic acrolein exposure. In both cases, we observed worse disease
phenotypes in DUOX1-deficient mice suggesting that DUOX1 down-regulation in COPD may actively contribute to
disease progression, likely related to altered epithelial biology and homeostasis, as well as neutrophilic inflammation and
degranulation (9 Moreover, in light of recent work indicating a role for DUOX1 in antiviral innate immunity 82 decreased
DUOX1 in the lung of COPD patients may also promote susceptibility to viral infection and may thereby enhance
exacerbations 83, Overall, the apparent roles of NOX enzymes in COPD pathology are variable, with some NOX
enzymes (e.g., NOX2 and NOX4) contributing to aspects of COPD pathogenesis, whereas others (most notably DUOX1,
Figure 1) may actually help to prevent COPD progression.
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Figure 1. Normal lung ageing versus accelerated lung aging in COPD, with a role for the NADPH oxidase dual oxidase 1
(DUOX1). Various recognized events of normal lung aging (left lung) are described, with additional events occurring only
during accelerated lung ageing such as COPD (right lung). The recognized impact of ageing and COPD on DUOX1 and
its influence on airway remodeling, lung elasticity, alveolar enlargement, mucociliary clearance and regenerative
responses are illustrated therein.
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