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Abstract

Chronic exposure to environmental pollutants is a major contributor to the development and
progression of obstructive airway diseases, including asthma and COPD. Understanding the
mechanisms underlying the development of obstructive lung diseases upon exposure to inhaled
pollutants will lead to novel insights into the pathogenesis, prevention and treatment of these
diseases. The respiratory epithelial lining forms a robust physicochemical barrier protecting the
body from inhaled toxic particles and pathogens. Inhalation of airborne particles and gases may
impair airway epithelial barrier function and subsequently lead to exaggerated inflammatory
responses and airway remodelling, which are key features of asthma and COPD. In addition, air
pollutant-induced airway epithelial barrier dysfunction may increase susceptibility to respiratory
infections, thereby increasing the risk of exacerbations and thus triggering further inflammation. In
this review, we discuss the molecular and immunological mechanisms involved in physical barrier
disruption induced by major airborne pollutants and outline their implications in the pathogenesis
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of asthma and COPD. We further discuss the link between these pollutants and changes in

the lung microbiome as a potential factor for aggravating airway diseases. Understanding these
mechanisms may lead to identification of novel targets for therapeutic intervention to restore
airway epithelial integrity in asthma and COPD.

Shareable abstract (@ERSpublications)

Exposure to air pollution induces airway epithelial barrier dysfunction through several
mechanisms including increased oxidative stress, exaggerated cytokine responses and impaired
host defence, which contributes to development of asthma and COPD. https://bit.ly/3DHL1CA

Introduction

Obstructive airway diseases, including COPD and asthma, are respiratory diseases
characterised by airflow limitation, chronic airway inflammation and progressive decline

in lung function [1]. By 2015, more than half a billion individuals were diagnosed with
asthma or COPD worldwide [2]. Although asthma cases account for up to two-thirds of
these cases, the mortality rate in COPD is twice that of asthma, which is in part explained
by the fact that COPD is mostly diagnosed among elderly patients [2]. Environmental
exposures, including air pollutants from burning biomass and fossil fuels, dust, nanoparticles
that are emitted by chemical industries, microplastics in textiles, emissions from large farms,
and detergents used for laundry, expose a large population to health risks both in developed
and developing countries [3]. These environmental factors in combination with genetic
susceptibility factors constitute the major risk factors for chronic airway diseases [4]. In
addition, such pollutants can worsen the symptoms and exacerbate asthma and COPD, as
demonstrated by the observation that each year many patients are being admitted to hospital
at times of reduced air quality during both extremely high and low temperature days [5-7].
These exposures may increase susceptibility to airway infections with viral and bacterial
pathogens, which are considered to be the major driving factors for exacerbations [8]. The
airway epithelium functions as a mechanical and immunologic barrier by its physical barrier
function, removal of noxious agents by employing mucociliary machinery, metabolism

of pollutants and production of antimicrobial and immune mediators, collectively serving

to protect the gas exchange unit, 7.e. the alveoli, as well as the submucosal layers from

the inhaled environment [9]. Due to its anatomical location as the first point in the
respiratory system encountering these exposures, it is more susceptible to damage than the
alveoli. Indeed, there is increasing evidence to suggest that COPD cases that are linked to
exposure to the emissions released by burning biomass fuels show a distinct phenotype with
more prominent airway disease and less alveolar damage (emphysema) [10, 11]. Impaired
airway epithelial barrier function is involved in the complex pathogenesis of both asthma
and COPD, both of which are obstructive airway diseases [9, 12]. Many air pollutants

inflict epithelial damage by inducing oxidative stress [13], propagating barrier dysfunction,
pro-inflammatory responses and remodelling. Impaired epithelial repair mechanisms may
lead to persistent barrier disruption [9]. Prolonged exposure to many of the inhaled air
pollutants directly or indirectly causes airway epithelial barrier dysfunction [12], which may
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subsequently facilitate colonisation and invasion of respiratory pathogens, and thus may
contribute to the development and progression of COPD and asthma.

In this review, we provide a comprehensive, up-to-date overview on the mechanisms of air
pollutant-induced airway epithelial barrier dysfunction and outline how this contributes to
airway epithelial remodelling, epithelial innate immune dysfunction and infections in asthma
and COPD. Furthermore, by discussing potential therapeutics that have been experimentally
found to resolve airway epithelial barrier dysfunction induced by air pollutants in different
airway disease models, we aim to stress the clinical implications of this novel insight.

Sources, compositions and respiratory hazards of air pollutants

Air pollutants are generally categorised based on their nature (gas or particles), sources
(indoor and outdoor) and size (ultrafine, fine and coarse) [14]. Air pollutants with either
indoor or outdoor air origin are a mixture of gas and solid-phase varied-size particles but
with different origins [14]. Indoor air pollution mainly originates from stoves, biologic
materials (such as mould), microplastics and household dust [15], whereas outdoor
pollutants originate from vehicles and industrial (urban)/agricultural activities (rural) [14].
Outdoor particulate matter (PM) is a heterogenous mixture that can consist of airborne dust
and heavy metals as well as nanoparticles emitted by vehicles, wildfire smoke, volcano
eruptions and chemical industries [16]. The majority of outdoor urban PM originates from
incomplete burning of fossil fuels by transport vehicles in cities [17].

PM ranges from ultrafine particles with diameters <0.1 um or PMg 1 (e.g. nanoparticles),
fine particles or PM5 5 <2.5 um (e.g. vehicle exhaust) and coarse particles or PM1g_p 5 2.5—
10 pm (e.g. dust) [16]. Fine PM is particularly harmful to inhale as it travels deeper into the
small airways than coarse PM [16]. Indeed, inhalation of fine PM has been associated with
the progression of asthma and COPD [18-20]. In addition to black carbon, PM, 5 carries
chemical components such as sulfate, nitrate, ammonium and silicon, as well as gas phase
polyaromatic hydrocarbon (PAH), mainly originating from either industrial sources such as
chemical industries or burning of fossil fuels as well as emissions from large farms [14].
Apart from PAH, other gas phase pollutants such as ozone, sulphur dioxide (SO5), nitrogen
oxides (NO,), carbon monoxide (CO) and methane appear separately from PM, 5 in ambient
air pollution [14]. Ozone is formed as a by-product of a reaction between volatile organic
compounds and NOy originated from outdoor air pollution in the presence of sunlight [17]
and PAH originates from burning of organic materials such as oil, woods and coal [14].

The average concentrations of PMg 1, PM> 5, PM1g_s 5 in outdoor air have been reported

to be affected by season and have been calculated as 16-58, 27-58 and 20—42 pug-m=3,
respectively [21, 22]. Recent World Health Organization (WHO) air quality guidelines
recommend the daily levels of PM, 5 and PM1g_» 5 in the air to be kept lower than 15 pg-m=3
and 45 pg-m~3, respectively [23]. A 10 pg-m~3 increase in PM, 5 and PM1q_5 5 levels was
associated with higher mortality and prevalence of respiratory diseases [24]. Furthermore,
short- or long-term exposure to air pollutants is closely linked to respiratory diseases such as
asthma and COPD [14]. Increased levels of outdoor pollution, in particular NO,, PM, 5 and
black carbon levels, have also been associated with the onset and progression of childhood
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asthma [18]. Additionally, a recent large cross-sectional study revealed a strong association
between increased levels of PM5 s and NO» and decreased lung function and prevalence

of COPD [19]. Volcano ash released upon volcanic eruptions has been considered as an

air pollutant with a potential hazardous impact on respiratory function [25]. Volcano ash

is composed of many known air pollutants, including fine PM, iron, silica (SiO,) and
SO,.1t has been shown that volcanic emission exposure, specifically SO, is associated with
increased hospitalisation in patients with respiratory diseases, particularly in those with
COPD and asthma [26].

Airway epithelial barrier function in health and obstructive lung diseases

The pseudostratified human airway epithelium is composed of several subsets of cells,
including secretory goblet and club cells, ciliated cells, basal cells and more rare cell types
such as tuft cells, neuroendocrine cells and recently identified ionocytes, each responsible
for a specific function (figure 1a) [27]. Mucus produced by goblet cells trap and neutralise
noxious particles that can subsequently be cleared by ciliary movement of the ciliated

cells. Basal cells can regenerate these secretory subsets and ciliated cells [27]. Airway
epithelial cells (AECs) protect the submucosal layer against noxious particles, allergens and
respiratory pathogens, by forming both physical, mucosal and innate immune barriers [9].
The physical airway epithelial barriers include junctions between the adjacent cells. At the
apical side of the cells, tight junctions (TJs) including zona occludens (ZO)-1, ZO-2, claudin
family members, the junctional adhesion molecule (JAM) family, occludin, tricellulin and
marvelD3, stabilise the barrier. At the basolateral side of TJs, adherens junctions (AJs),
comprising the transmembrane protein E-cadherin, attach the cells to each other [12]. AJs
and TJs are linked together via ZOs and the cell polarity proteins Par complex (Par1-6) [9]
and to the cytoskeleton machinery through scaffolding proteins, e.g. actin filaments, cingulin
and B-catenin [12]. TJs serve as ionic gates which chiefly regulate the passage of ions and
small peptides between the epithelial cells, yet function as fences which compartmentalise
apical and basal parts of the cell establishing cell polarity [12]. In contrast, AJs attach the
adjacent AECs at the basolateral side, providing a robust attachment that facilitates the
formation of other junctional complexes. Together AJs and TJs keep the sub-epithelium
protected from penetration of noxious particles and respiratory pathogens [12]. Although
both AJs and TJs are expressed by all subsets of AECs, specific subsets may be more
susceptible to barrier dysfunction resulting from air pollutants. For instance, since ciliated
cells are located on the luminal surfaces, and are in direct contact with the inhaled particles,
they are likely to be more susceptible to damaging insults than basal cells [28].

Loss of epithelial cell-cell contact has been observed in several obstructive airway diseases,
including asthma and COPD [9, 12, 29]. Of note, decreased expression of several TJs and
Als, including E-cadherin, B-catenin, occludin and ZO-1 in the airway epithelium of patients
with asthma and patients with COPD was reported to be accompanied by diminished ciliary
function [9, 12]. Airway epithelial damage and loss of barrier function may not only lead

to increased antigen uptake and antigen-presenting immune cells such as dendritic cells,

but also to increased pro-inflammatory activity of the epithelium, leading to secretion of
danger-associated molecular patterns (DAMPS), cytokines and chemokines and recruitment
of innate and adaptive immune cells (figure 1b) [9]. Further, loss of barrier function is
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accompanied by impaired antimicrobial activity [30]. Meanwhile, other changes in epithelial
function are observed in obstructive lung diseases, such as mucociliary dysfunction with

the loss of cilia, impaired ciliary beating and mucus hypersecretion contributing to airway
obstruction [9].

Molecular mechanisms involved in air pollutant-induced airway epithelial

barrier dysfunction

Mechanisms of physical barrier disruption by particulate matter

Numerous studies showed that air pollutants, as one of the major risk factors for
development of asthma and COPD, induce airway epithelial barrier disruption [31-35].
PM, 5 present in e.g. traffic-related air pollution is among the most studied outdoor

air pollutants affecting epithelial integrity [36]. In addition, atmospheric gases such as
ozone, ammonia and SO, have been shown to induce airway epithelial barrier dysfunction
[33, 34, 37-39]. Studies show that repetitive short sub-toxic exposures to soluble PM, g
induces airway epithelial barrier disruption by downregulation of TJs, E-cadherin, decline
in transepithelial electrical resistance (TEER) and an increase in paracellular permeability
in vitro[34, 35, 40]. Furthermore, diesel exhaust as one of the major sources of PM in
cities was shown to decrease TEER and reduce the expression of ZO-1 and E-cadherin

in AECs in vitroand in vivo [31, 32, 41]. An increase in reactive oxygen species

(ROS) production following exposure to air pollutants may serve as a key mechanism

in airway epithelial barrier dysfunction. This resulting increase in oxidative stress can
originate either from direct free radical activity of components (e.g. metals in PM),

from the activation of cellular ROS-generating systems such as nicotinamide adenine
dinucleotide phosphate (NADPH) and dual oxidase, or by altering mitochondrial function
[42]. Moreover, air pollutants can enhance ROS levels by suppressing lung antioxidant
mechanisms. While oxidative stress responses usually lead to activation of the antioxidant
machinery, such as superoxide dismutase (SOD), nuclear factor E2-related factor 2 (Nrf2)
and antioxidant responsive element (ARE)-mediated transcriptional responses, PM reduced
these mechanisms particularly at higher doses [43]. Furthermore, a decrease in SOD2
expression has been observed in the lungs of mice repeatedly exposed to high concentration
of PM,, 5 prior to a haze period [44]. In addition, polymorphisms in antioxidant enzyme
genes (GSTM1, GSTPI1, GSTT1and NQOI) have been associated with higher susceptibility
to lung function decline upon exposure to air pollutants, highlighting the role of redox
imbalance in the development of respiratory disease upon exposure to air pollutants [45, 46].

In urban areas the fine and ultrafine PM organic carbon-derivative components such as PAH
and quinones (e.g. benzene and naphthalene) are largely responsible for oxidative damage
[47]. PMy 5 and PAH induces ROS via the aryl hydrocarbon receptor and subsequent
cytochrome p450 activation [48]. However, inorganic materials in PM> 5 such as transition
metals (iron, copper, silicon efc.) and nanoparticles as well as gas phase NO, and ozone
display free radical activity and may thus increase the oxidative burden [47]. In contrast,
coarse particles are mainly composed of transition metals, which have been described to
induce oxidative stress in the lung [49], either v/a direct free radical activity [47] or via
increased lipid peroxidation in the lung [50].
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Co-exposure to PM1_o 5 and lipopolysaccharide attenuated E-cadherin and claudinl in
ALl-cultured AECs /n vitro possibly via ROS-mediated activation of aryl hydrocarbon
receptor (AhR) and through mitochondrial cytochrome p450 activation [51]. ROS-mediated
activation of epidermal growth factor receptor (EGFR) and downstream extracellular signal-
regulated kinase (ERK) signalling is one of the molecular mechanisms that has been
implicated in airway epithelial barrier disruption by affecting both TJs and AJs [9]. While
high E-cadherin expression limits EGFR activity, activation of EGFR leads to redistribution
of E-cadherin and vice versa, by causing tyrosine phosphorylation of p-catenin through

Src kinases [52], internalisation of E-cadherin and increased paracellular permeability by
Rac1/c-jun N-terminal kinase (JNK)-mediated decrease in ZO-1 and occludin junctional
localisation [53]. Of note, PM-induced EGFR activation in AECs was shown to induce
airway epithelial barrier disruption in AECs [54, 55]. Non-toxic doses of whole PM, s,

and organic extract of PM, 5 mainly containing PAH, were shown to increase the release

of the EGFR ligand amphiregulin over 24 h up to 48 h post-exposure in AECs in vitro

[56, 57]. This increased release of EGFR ligands upon PM exposure was reported to be
dependent on metalloproteinases such as metalloproteinase 17 (ADAM17) also known as
(TNF-a)-converting enzyme (TACE) [58], which proteolytically cleaves the active form of
amphiregulin. PM-induced ROS release has been implicated in the increase of amphiregulin
release in AECs [55], which may subsequently lead to EGFR/ERK activation and airway
epithelial barrier disruption by the destabilisation of junctional proteins. The activation of
EGFR by PM was shown to lead to further release of amphiregulin in an ERK1-dependent
manner [59]. Cytoplasmic release of high-mobility group box 1 (HMGB1), a chromatin-
binding protein and DAMP released upon cellular damage, has also been shown to cause

a disruption in TJs and AJs via activation of ERK in AECs in vitro [60]. Short-term (2
days) exposure to PM, s increases HMGBL release in the airways of mice [61], which

may subsequently lead to airway epithelial barrier disruption. The PM-mediated release of
HMGB1 and subsequent ERK-induced barrier disruption may be dependent on ROS levels,
as oxidative stress was reported to enhance the release of HMGBL1 from epithelial cells in
vitro [62]. Therefore, ROS may not only lead to EGFR activation, but may also induce the
release of HMGB1 and thus increase ERK signalling, leading to disassembly of AJs and TJs
(figure 1c).

The oxidative damage induced by air pollutants is thought to be mainly mediated

through the mitochondria that are responsible for oxidative phosphorylation (OXPHOS)
and concomitant ROS production [63]. Mitochondria are also highly sensitive to oxidative
stress damage, and mitochondrial damage leads to higher ROS production. It has been
proposed that PAH present in PM triggers oxidative damage to mitochondria [64, 65].
Mitochondrial dysfunction has been reported in the airway epithelium upon environmental
exposures [63]. Notably, transcriptomic analysis of AECs exposed to PM> 5 revealed a
significant alteration in the expression of genes regulating metabolic functions [66]. A
metabolic shift from OXPHOS to glycolysis has been observed in AECs stimulated with
organic soluble fraction of PM, 5 for 24 h [67]. In line with these findings, repeated
exposure of AECs from both patients with COPD and non-COPD subjects to PM, 5 for
24 h induced mitochondrial dysfunction with increased mitochondrial (mt) ROS levels and
reduced OXPHQOS activity [68]. Similar mitochondrial abnormalities with enhanced ROS
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production have been observed in the lung tissues of mice and rats that received PM5 5
intranasally for 1 month [69, 70] and PMyq_, 5 for 3 weeks [71]. Increased levels of mtROS
may contribute to airway epithelial barrier disruption through the activation of EGFR and
ERK (figure 1c) [9, 70].

Air pollutant-induced mucociliary dysfunction in airway epithelium

Mucociliary clearance is mediated by the airway surface liquid (ASL) as well as ciliary
function [72]. Both mucus and hydration of the ASL affect the airway epithelial layer, and
both are impacted by cigarette smoke (CS) in patients with COPD [73], and possibly by
air pollutants. Ciliary function is dependent on ciliary length, beat frequency and numbers
of cilia, all of which are affected in COPD and asthma [74] as well as in response to air
pollutants [75]. Diesel exhaust-derived PM has been shown to induce ciliary dysfunction
by reducing ciliary beat in AECs from both healthy individuals and patients with asthma
[76, 77]. Furthermore, while 24 h exposure with higher concentrations of PM, 5 (6 and

12 pg-mm~2) reduced ciliary beat in ALI-cultured nasal epithelial cells, 12 h exposure
with lower concentrations of PM5 5 (1.5 pg-mm~2) promoted ciliary beating, suggesting
involvement of an adaptive response in ciliary beat upon exposure to lower concentrations
and shorter PM exposures [78]. Furthermore, genome-wide analysis of human AECs
exposed to high doses of PM, 5 organic extract showed attenuation of cilia and enrichment
of mucus marker genes, suggesting PM, s-induced impairment of mucociliary clearance
[79]. In line with this, loss of cilia has been observed in mice exposed to PM 5 for 28
days [80]. Chronic exposure of rats to airborne PM for 7 months induced COPD-like
phenotypes in the airways with an increase in mucin 5AC (MUC5AC) expression and
mucus metaplasia [81]. MUC5AC expression is partly regulated by the EGFR pathway.
Of note, low-dose PM, 5 was shown to increase MUC5AC expression in mice trachea and
human AECs which was associated with an increase in the EGFR ligand amphiregulin [82].
This PM-induced increase in MUCS5AC was further shown to be mediated by activation

of the EGFR-PI3K-AKT axis /n vitro [83]. Additionally, PM from wood smoke increase
MUCS5AC expression in AECs v/aactivation of EGFR and downstream signalling p38/
mitogen-activated protein kinase (MAPK), glycogen synthase kinase 3p (GSK3p) and
B-catenin [84]. Activation of MAPK and ERK was also associated with PM-induced
increase in the expression of MUC5B and MUCS5AC in AEC [85, 86]. Oxidative stress may
contribute to this mucus hypersecretion in AECs, as ROS-mediated activation of ERK1/2
aggravates MUCS5A overexpression in AECs exposed to PM [87]. Nevertheless, mucus
hypersecretion could be transiently beneficial in acute exposures, since it efficiently traps
PM and impedes its transportation to the epithelium as evidenced by attenuation in ROS in
differentiated AECs exposed to iron-rich PM from an underground railway [88]. In line, it
was shown that MUC5AC expression was unaffected by acute exposure of AECs to PM;
instead, the accumulation of mucus-containing vesicles within the cytoplasm of goblet cells
was associated with PM exposure [89]. Therefore, chronic exposure to air pollutants may
more pathologically contribute to airway obstruction by inducing ciliary destruction and a
shift to hypersecretory phenotype in the epithelium.
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Dysregulation of non-coding RNAs: a potential mechanism for air pollutant-induced airway
epithelial barrier disruption

Non-coding RNAs, including microRNAs (miRs) and long non-coding RNAs (IncRNAs),
are single-stranded RNA sequences regulating many homeostatic processes in the lung

such as cellular differentiation, remodelling, host defence and mucociliary function by
post-transcriptional modifications of MRNAs [90, 91]. Differentially-regulated miRs have
been observed in airway diseases and linked to the pathogenesis of asthma and COPD

[92]. More importantly, several miRs, such as miR34c, miR145, miR146a, miR155, miR223
and miR4516, were reported to regulate epithelial barrier function in intestinal and airway
epithelium [93-98]. For instance, TGFp-mediated increase in expression of miR-145, which
is also highly expressed in the airway epithelium of patients with asthma and patients with
COPD [92, 99], was shown to reduce E-cadherin, p-catenin and claudin-1 gene expression
in airway epithelium in mice [98]. Ambient PM is also shown to disturb miRs and InNcRNAs
regulation in AECs, leading to dysregulated expression of miR-29-3 bp, miR-375 and
metastasis-associated lung adenocarcinoma transcript 1 (MALTAL) [100-102]. Extracellular
vesicles (EVs) are a group of membrane-derived cellular cargo transporters promoting
paracrine signalling during homeostasis and diseases by regulating apoptosis and innate
immune responses to foreign particles and pathogens including by transferring miRs [103,
104]. 1t was shown that ambient PM increases the release of thiol-dependent EVs in AECs
in vitro [105]. This may alter EV properties, for example, by modifying miR profiles,

as it has been observed in CS-stimulated AECs [106, 107]. In addition to miRs, specific
IncRNAS have been demonstrated to affect airway epithelial barrier dysfunction, including
MALTAL. Notably, ambient PM, 5 was shown to reduce E-cadherin gene expression in AEC
in vitro, in which an NF-xB-mediated increase in MALTAL expression was proposed to be
involved [100, 108]. Moreover, PM, 5 may induce airway epithelial barrier disruption via
another INcRNA, maternally expressed gene 3 (MEG3). Higher expression of MEG3 has
been observed in the lungs of patients with COPD and this was associated to disease severity
[109]. Both PM> 5 and CS induce apoptosis and autophagy in AECs via a similar mechanism
through MEG3 [109, 110], which may lead to loss of airway barrier integrity. In addition,
MEG3 overexpression has been shown to induce barrier disruption in AECs by decreasing
E-cadherin gene expression, leading to inhibition of basal cell differentiation to club, goblet
and ciliated cells [111]. In summary, these observations show that non-coding RNAs may
mediate various of the effects of air pollution on airway epithelial barrier function.

Mechanisms underlying barrier disruptive effects of airborne nanoparticles

The extensive use of nanotechnology has caused a massive increase in engineered
nanoparticle production, which has led to increased atmospheric levels of these particles
[112]. Evidence suggests that a broad range of physicochemical properties of engineered
nanoparticles can influence lung epithelial cell responses and barrier integrity [113]. Long-
term inhalation of atmospheric nanoparticles, such as carbon nanotubes, copper oxide
(CuO), titanium dioxide (TiO,) and silver nanoparticles, potentially causes airway injuries
which my lead to the development of asthma and COPD [114]. Of note, CuO nanoparticles
that have diverse applications in industrial products were shown to increase mucus secretion
via MAPK-mediated increase in MUCS5AC expression both in healthy donor-derived AECs
and in a murine asthmatic model, suggesting a potential contribution of CuO to the
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pathogenesis of asthma [115, 116]. TiO, nanoparticles are the most abundantly produced
nanomaterial in commercial products [117, 118]. These particles have been shown to induce
dose-dependent inflammation and injury of the lower airways [96, 119]. A recent study
showed that TiO, nanoparticles also disrupt airway epithelial barrier structure and function
through oxidative stress-mediated loss of TJs and AJs as well as inducing inflammation

and enhanced multiple pro-inflammatory cytokines /in vitro and in vivo [120]. Furthermore,
TiO, induces mucociliary dysfunction in AECs through mucus hypersecretion via MAPK-
mediated increase in expression of MUCSB [121]. /n vitro studies have shown that SiO,
nanoparticles disrupt TJs through ROS-mediated activation of ERK [122] and impair ciliary
beat activity through inhibition of a calcium-permeable channel in AECs [123]. Aerosolised
graphene oxide, an emerging nanomaterial, also impairs airway epithelial barrier function as
1-month exposed ALI-cultured AECs showed reduced TEER levels, which were likely to be
mediated through blockage of autophagy and lysosomal-mediated alteration in trans-cellular
ions flux (figure 1c) [124]. These studies put forth the notion that nanoparticles not only
contribute to the development of airway diseases but may also aggravate pre-existing airway
diseases by provoking airway barrier disruption.

It should be noted that many /n vitro studies used high deposited PM doses on a surface
by exposing submerged cultures to concentrated PM [31, 34, 35, 125]. These studies have
mimicked PM exposure by using concentrations that reflect exposure accumulated over
multiple years in a short exposure model. Therefore, the impact of lower concentrations of
PM in a longer exposure time should be considered in future experimental studies.

Immune-mediated alterations in airway epithelial barrier function upon
exposure to air pollutants

Air pollutant-induced airway barrier dysfunction may lead to altered immune responses
and increased susceptibility to infection, and thus plays a major role in the pathogenesis

of asthma and COPD. Immune mediators including cytokines, chemokine and proteases
produced by innate immune cells, including AECs, may contribute to airway epithelial
barrier disruption. As such, air pollutants may not only directly induce disruption of
cell—cell contacts, but may also lead to barrier disruption by stimulating release of these
immune mediators (table 1). In particular, long-term exposures to these factors may induce
exaggerated pro-inflammatory responses, which may compromise cell contacts. Notably,
chronic exposure of rats to PM from biomass fuels induced an inflammatory phenotype
with increased neutrophils in the bronchoalveolar lavage (BAL), which was accompanied
with airway epithelial barrier disruption [81]. Accumulation of neutrophils in the airway
submucosa can lead to epithelial barrier disruption by the release of neutrophil-derived
cytokine oncostatin M and serine proteases, which were shown to disrupt cell-cell contacts
in the AECs [140, 141]. PM, 5 induces an increase in interleukin (IL)-1p levels through
mtROS-mediated NLRP3 inflammasome activation in lung tissue and BAL of mice, which
may also trigger airway barrier disruption [142]. IL-1 family members, including IL-1p
and IL-33, directly or indirectly regulate airway barrier function [9] and are upregulated

in AECs in response to air pollutants [39, 134, 143]. IL-1p induces ADAM17-mediated
activation of human epidermal growth factor receptor 2 (HER2) through increased release
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of neuregulin (NRG1), leading to airway barrier dysfunction as demonstrated by a reduction
in TEER and a decrease in claudinl8 /n vitro[131, 132]. Activation of HER2 has also been
shown to induce disassembly of AJs by phosphorylating -catenin leading to segregation
from E-cadherin in AECs [133]. The inflammasome is known to subsequently cleave IL-1f
into its active form. Inhibition of the NLRP3 inflammasome, NRG1 and HER2 kinase was
shown to prevent IL-1p-induced airway epithelial permeability [144]. Higher inflammasome
activity has been observed in patients with asthma and patients with COPD [145, 146], and
the air pollutants ozone, PM> 5 and PM1_ 5 have been shown to induce inflammasome
activation in the airways /n vitroand in vivo[71, 147, 148].

Moreover, IL-1p and IL-17A augment mucus production by activation of NF-xB subunit
p65, leading to hypersecretion of MUC5B and MUCS5AC [127, 128], which together with air
pollutant-induced ciliary dysfunction may aggravate airway obstruction. By contrast, several
cytokines were shown to induce epithelial barrier protective effects and yet their release was
increased upon exposure to air pollutants. 1L-33 is such a cytokine that was shown to be
released upon exposure to ozone, diesel exhaust and PM1g_» 5 [39, 149] and to exert airway
epithelial barrier protective effects in ozone-induced lung injury model /n vivo by restoring
expression of E-cadherin, ZO-1 and claudin-4 proteins possibly via regulating neutrophil
recruitment [39].

Activation of adaptive immune system may contribute to airway epithelial barrier
dysfunction. T-helper cytokines that play a key role in pathogenesis of asthma and COPD,
such as those produced by T-helper (Th)1, Th2 and Th17 cells, have been shown to
contribute to epithelial damage [9, 150]. Exposure to air pollutants has been shown to
activate these adaptive immune responses and increase release of their mediators, including
pro-inflammatory cytokines such as IFN-y, TNF-a, IL-13, IL-17A and IL-22 (figure 1b)
[81, 129, 149, 151]. The receptors of these cytokines are expressed by AECs and all of
these cytokines have been reported to induce airway epithelial barrier disruption upon CS
exposure [9]. For instance, the expression of Th1l-type cytokines IFN-y and TNF-a was
induced by air pollutants in airways of rats [81], and both cytokines have been shown

to disrupt TJs in AECs in vitro through EGFR-mediated activation of ERK [126]. Air
pollutant-induced Th17 cytokines IL-17A and IL-17F may also disrupt airway barrier
function [9]. PM exposure induced an upregulation in IL-17A in AECs /in vitro[129].
IL-17A upregulation was shown to suppress E-cadherin expression in AEC in vitro[130].
PM s-induced elevation of IL-17A in AECs has also been shown to promote mitochondrial
dysfunction, which may lead to increased mtROS levels and further reduction in cell
integrity [130]. Furthermore, IL-22 as a key effector in Th17 differentiation was also
shown to contribute to airway barrier dysfunction by reducing E-cadherin in AECs from
patients with severe asthma [152]. IL-22 levels increased in the airways of both patients
with severe asthma and severe COPD [152, 153]. The barrier disruptive action of 1L-22
only occurs with TGF-B co-stimulation [152], suggesting the additive action of IL-22

on TGF-B, as exogenous IL-22 increases TGF-B expression in the lungs of mice [154].
Interestingly, 1L-22-gene deleted mice had improved barrier function with decreased IFN-
v in BAL [155], further suggesting that complex interaction with other cytokines may
choose the effect on barrier function. Mice exposed to urban PM for 4 days also showed

a AhR-dependent increase in IL-22 in their lungs, which may affect barrier function [156].
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Th2-driven responses as a dominant phenotype in allergic asthma have also been linked

to dysregulated airway barrier function [150]. This Th2 phenotype is also observed upon
exposure to air pollutants as observed by an increase in Th2 cytokines IL-4 and IL-13 upon
PM exposure [149, 151]. Notably, mice that chronically inhaled PM, 5 showed disrupted
sinonasal epithelial barriers as demonstrated by a decrease in E-cadherin and claudin-1
expression, which was accompanied with an increase in IL-13 in the sinonasal epithelium
[143]. IL-13 and IL-4 were shown to disrupt airway epithelial barriers /n vitro through

the Janus-associated kinase [157]. Together, dysregulated pro-inflammatory and immune
responses upon long-term exposure to air pollutants may exacerbate airway epithelial barrier
dysfunction in patients with asthma and COPD.

Air pollutant-induced airway epithelial dysfunction and susceptibility to

microbial infection

Dysregulated innate immune responses and susceptibility to respiratory infections

Disrupted airway epithelium with impaired innate immune responses as a consequence

of exposure to air pollutants may increase the risk of airway infections by facilitating
respiratory pathogens to invade the epithelium [9, 158]. ROS-mediated epithelial barrier
disruption induced by air pollutants may directly enhance pathogen entrance through a more
permeable epithelium. Indeed, it was shown that PM exposure increases internalisation and
colonisation of Pseudomonas aeruginosain airway epithelium, which was associated with
ROS-mediated disassembly of TJs [159]. In addition to increasing bacterial internalisation
through disruption of barrier function, air pollution impairs airway epithelial antimicrobial
responses to respiratory pathogens leading to decreased clearance of pathogens and disease
exacerbation (table 1). Airway epithelial-derived host defence peptides (HDPs) are a group
of antimicrobial agents released into the extracellular space in response to pathogens [30].
Altered secretion of certain HDPs such as p-defensins has been observed in patients with
asthma and patients with COPD as well as in response to noxious particles and was
associated with pathogenesis of the diseases [135, 160-162]. Whole diesel exhaust was
shown to downregulate host defence peptide p-defensin-2 in AECs from patients with
COPD stimulated with Haemophilus influenzae [136]. In line with these observations,

PM was shown to decrease airway epithelial HDPs and in particular p-defensinl/2 and
stimulate P, aeruginosa growth /n vitroand in vivo [163], which was reported to be
mediated by ROS [158]. More clinically relevant, a study revealed that children exposed

to PM> 5 in a polluted area had decreased airway epithelial-derived salivary agglutinin, an
antimicrobial glycoprotein, suggesting that PM-exposed individuals may potentially be more
vulnerable to respiratory infections. PM also reduces P, aeruginosa clearance in the airway
epithelium by altering HDPs and impairing mucociliary function via thyroid transcription
factor 1 which regulates club cell-derived HDPs [164]. In line, PM was shown to enhance
respiratory syncytial virus (RSV) infection in mice by attenuating club cell-derived secretory
proteins (CCs) [137]. This air pollutant-induced impairment in HDPs may lead to increased
inflammatory responses to pathogens as observed in the airway epithelium of patients

with asthma exposed to PM and RSV [165]. Additionally, PM upregulates host cell

surface proteins that can be hijacked by respiratory pathogens to colonise and enter the
epithelial cells. Indeed, it was shown that PM1_, 5 increases attachment of Streptococcus
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pneumoniae to the airway epithelium vigan increase in platelet-activating factor receptor

in vitro, thereby promoting airway infection [166]. Furthermore, nitrogen dioxide as a gas
component of ambient air pollution increases airway epithelial expression of intercellular
adhesion molecule-1 (ICAM1) [167], which is exploited by major pathogens involved in
COPD exacerbation, f.e. rhinovirus and non-typeable H. influenzae, to attach to AECs [168,
169]. Interestingly, high expression of ICAM1 was notable in the goblet cells of patients
with airway complications [170], suggesting a potential link between air pollutant-induced
increase in pathogen attachment and mucus overproduction in COPD exacerbation. The air
pollutant-induced susceptibility to respiratory pathogens upon exposure to air pollutants may
either be caused by or lead to altered composition of microbiota in the airways.

Air pollutant-induced dysbiosis in lung microbiome

Over the past decade, the involvement of the lung microbiome in the maintenance of
respiratory health and the development and progression of respiratory disease has gained

an increasing amount of attention. The core constituents of the healthy human lung
microbiome are the phyla Bacteroidetes and Firmicutes, with Prevotella (Bacteroidetes),
Streptococcus and Veillonella (Firmicutes) as the most abundant genera (figure 2a) [171].
The lung microbiome composition can be influenced by environmental and lifestyle factors.
In contrast to the gut, where decreased microbial richness has been associated with disease,
in the lung increased diversity has been associated with disease, including asthma [172].
Moreover, alterations in the composition of the bacterial constituents in the lung has been
observed in different lung disease states including, but not limited to, asthma, COPD, cystic
fibrosis, respiratory infections and pulmonary fibrosis [173]. Of note, overrepresentation of
Proteobacteria and Firmicutes has been reported in the lung of both asthma and COPD
patients [9, 174]. Understanding the influence of airborne toxicants on lung microbiome
composition is an area of ongoing research. However, to date there are only few descriptive
studies which provide the first insights in this field. Exposure of experimental animals

to high doses of PM,, 5 via Intratracheal instillation was shown to increase diversity

and richness of the lung microbiome when compared with medium dose-treated controls
[175, 176]. Specifically, in rats, Proteobacteria were decreased following PM, 5 exposure,
whereas Bacteroidetes, Cyanobacteria and Firmicutes increased significantly with increasing
PM,, 5 concentrations [176]. Normal lung microbiome in mice and rats predominantly
include Proteobacteria following with other phyla such as Actinobacteria, Firmicutes and
Bacteroidetes in rat and Bacteroidetes, Cyanobacteria and Firmicutes in mice [175, 176].

In contrast, chronic exposure of mice to lower doses of concentrated PM, 5 was shown

to decrease richness and diversity of the lung microbiome compared with that in mice

who were exposed to filtered-air [177]. In humans, short-term exposure to ozone led to

a decreased airway epithelial barrier function as observed by an elevation in serum CC16
and an altered composition of nasal flora with a decrease in abundance of Firmicutes

and Actinobacteria [138]. In line, short-term exposure to both PM5 5 and PM1g_o 5 was
negatively associated with abundance of Firmicutes, Actinobacteria and Proteobacteria in
human nasal passage [178]. Moreover, children living in polluted areas had higher microbial
diversity in the sputum than those living in less-polluted areas (figure 2b) [179]. The

PM, s-induced changes in the sputum microbiome has been linked to a decline in respiratory
function, and these changes lasted for at least 14 days following exposure [180]. In addition,
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PM, 5 has been suggested to increase the risk of developing respiratory infections [181],
and thus may lead to alterations in the lung microbiome and promote acute exacerbations
of asthma and COPD, which are often associated with microbial infections. Intriguingly,
there is evidence suggesting that PM, 5 can carry both airborne bacteria and bacteria-derived
components to the lung [182]. However, whether this directly contributes to changes in the
lung microbiome and the development of respiratory infections or exacerbations of chronic
lung diseases warrants further research. A shift in microbiota towards Proteobacteria and
Firmicutes including S. pneumoniae, H. influenzae and P. aeruginosa has been observed

in the sputum of patients undergoing COPD exacerbations. Several of these pathogens
have been reported to induce an increase in the permeability of AECs [9]. In addition to
outdoor pollutants such as PM, household air pollution in Malawi was linked to alterations
in the lung microbiome, with elevated proportions of NeJsseria and Streptococcus in the
lung [183], although bacterial diversity and relative abundance at the phyla level were

not significantly different. Overall, the air pollutant-induced airway dyshiosis may provide
a therapeutic insight into controlling airway epithelial barrier dysfunction in asthma and
COPD.

Therapeutic strategies for restoration of airway epithelial barrier function in

air pollutant-induced asthma and COPD

Due to the complex pathogenesis of airway diseases involving a plethora of factors, single
therapy may not be as effective as combinational therapy. Although combinational therapy
with inhalational corticosteroid (ICS) and long-acting bronchodilators (LABA/LAMA) is
routinely prescribed to asthmatics and patients with COPD to control airway obstruction
and inflammation, its potential to reverse barrier disruption induced by air pollutants is
not evident. Budesonide, as a FDA-approved corticosteroid frequently used in asthma

and COPD to suppress inflammation, failed to show any effect on PM5 5-induced barrier
dysfunction in ALI-cultured AECs [35]. Moreover, tiotropium, a widely used LAMA, was
unable to reduce excessive ROS produced in response to PM in an ovalbumin-induced
mouse model of asthma [184], suggesting that it may not be effective on ROS-mediated
barrier dysfunction. Therefore, considering supplementary therapeutics aimed at restoring
airway epithelial barrier function may counteract mucosal and submucosal damage induced
by air pollutants and as such may improve lung function in patients with progressive airway
diseases. This barrier protective strategy can be triggered by inhibiting excessive oxidative
burden, reducing autophagy and suppressing pathways involved in hyper-inflammatory
response. Of note, eliminating PM-induced excessive ROS in nasal epithelial cells of
mice by ROS scavengers including N-acetyl-cysteine (NAC) has been described to restore
TJ assembly /in vivo[32]. In line with this, pre-treatment of nasal epithelial cells with
NAC exerted similar protective effects on TJs in response to PM, 5 in vitro [159, 185].
Interestingly, treatment with an antioxidant was effective in inhibition of AhR activation
as the upstream regulator of ROS production in AECs in response to air pollutants [48],
which may thus also restore defects in epithelial barrier function. Furthermore, it may
suppress pro-inflammatory signals leading to barrier dysfunction, as excess ROS activates
NF-xB signalling by phosphorylating the IxB subunit and increasing translocation to

the nucleus, which may trigger further barrier dysfunction by inducing pro-inflammatory
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cytokine release [186]. Treatment with NAC also reduced PM-induced increase in ROS

in AECs in vitro, which subsequently inhibited 1B phosphorylation and release of pro-
inflammatory cytokines [186]. Furthermore, oral pre-treatment of mice with the macrolide
Azithromycin was shown to reduce airway barrier dysfunction induced by short-term
inhalation of SO, by suppressing inflammatory responses [38]. Inhibition of autophagy

and ROS production by an antioxidant resveratrol may be an additional effective strategy to
simultaneously overcome PM-induced cell junction disruption and mucus overproduction in
AECs [125]. Resveratrol as an antioxidant and sirtuin 1 activator restored airway epithelial
integrity viatargeting mitochondrial function and reducing ROS, thus it may be similarly
effective against air pollutant-induced airway epithelial damage [187, 188]. Furthermore,
co-inhalation of hydrogen gas as an antioxidant, which has already been shown to improve
lung function in a CS-induced rat model of COPD [189], was shown to reduce MUC5AC
expression and oxidative damage in the airways of rats exposed to PM, 5 v/ia amelioration
of AhR-Nrf2 [190]. Lower levels of dietary antioxidants such as a-tocopherol have been
observed in the airways of individuals exposed to air pollution [191], while their intake

has been shown to suppress the air pollution-induced decline in lung function in patients
with asthma [191, 192]. This suggests that receiving sufficient antioxidants in the diet may
help to prevent respiratory disease in patients living in polluted areas, although controlled
dietary intervention studies are needed to further support this conclusion. In addition to
antioxidants, vitamin D3 (VitD3) supplementation may also restore airway epithelial barrier
function by upregulating the expression of TJ proteins and in a broader sense by stimulating
epithelial HDPs production [193]. Low levels of VitD3 observed in the serum of infants
and women have been associated with high levels of air pollution [194, 195], making it

a potential target for therapy. Of note, 1 day pre-treatment with VitD3 diminished PM5 5-
induced increase in ROS and activation of NF-xB in AECs [196], which may lead to
reduction in ROS-mediated barrier damage. Furthermore, VitD3 supplementation suppressed
TGFB-induced decrease in E-cadherin in AECs and inhibited epithelial-mesenchymal
transition (EMT) [197]. In addition, transcriptomic analysis of AECs exposed to PM
revealed that VitD3 reduces PM-induced increase in claudin7 expression as a TJ component
that known to promote EMT in intestinal epithelial cells [198, 199], suggesting a protective
role for VitD3 against EMT. Together, employing these therapeutic strategies along with
conventional ICS and LABA/LAMA may reduce the mucosal damage and improve lung
function in the patients with asthma and COPD, particularly for those who reside in highly
polluted areas.

Conclusion

Inhalation of PM and noxious gases that are emitted into the air in cities on a daily basis

is a risk factor for the development of asthma and COPD. Current knowledge on the
pathogenesis of these lung diseases confirms the negative impacts of air pollutants on lung
function in patients with airway diseases. Airway epithelial barrier disruption is one of

the central features of asthma and COPD, and air pollution is considered to be a major
trigger for its development. We have summarised the key mechanisms regulating airway
epithelial barrier disruption upon exposure to various air pollutants, of which ROS-mediated
mechanisms appear to be the common mechanism. Airway epithelial barrier dysfunction
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induced by air pollutants perpetuates inflammation and airway remodelling and increases
susceptibility to infections which may explain the higher rate of exacerbations observed in
the patients with asthma and patients with COPD living in polluted areas. As high levels of
urban gas phase air pollutants were shown to be particularly associated with occurrence of
COPD exacerbations [200], it is essential to widely scrutinise the impacts of these pollutants
on airway epithelial barriers. Although changes in the lung microbiome induced by air
pollutants may facilitate airway infection and as such exacerbations, the direct link with
barrier dysfunction is unknown and requires further investigations. Furthermore, due to the
role of viral and fungal pathogens in airway epithelial barrier dysfunction, it is relevant to
investigate the impact of air pollutants on the lung virome and mycobiome and to delineate
how putative changes may contribute to barrier dysfunction. Restoring barrier function by
therapeutic compounds, particularly those suppressing excessive ROS production by AECs,
such as resveratrol and for instance VitD3 in combination with the routine ICS/LABA/
LAMA medications, may be an effective strategy to prevent development of new cases as
well as exacerbations in current patients with asthma and patients with COPD residing in
polluted areas.

Conflict of interest:

M. Aghapour reports personal fees from Kommission zur Férderung des wissenschaftlichen Nachwuchses, Medical
Faculty, Otto-von-Guericke University, Magdeburg, non-financial support from German Research Foundation,
funded by grant 361210922/RTG 2408, outside the submitted work. N.D. Ubags has nothing to disclose. D. Bruder
reports grants from German Research Foundation, grant number 361210922/RTG 2408, outside the submitted
work. P.S. Hiemstra reports grants from Boehringer Ingelheim, outside the submitted work. V. Sidhaye has nothing
to disclose. F. Rezaee has nothing to disclose. I.H. Heijink has nothing to disclose.

References

1. Singh D, Agusti A, Anzueto A, et al. Global strategy for the diagnosis, management, and prevention
of chronic obstructive lung disease: the GOLD science committee report 2019. Eur Respir J 2019;
53: 1900164. [PubMed: 30846476]

2. GBD 2015 Chronic Respiratory Disease Collaborators. Global, regional, and national deaths,
prevalence, disability-adjusted life years, and years lived with disability for chronic obstructive
pulmonary disease and asthma, 1990-2015: a systematic analysis for the Global Burden of Disease
Study 2015. Lancet Respir Med 2017; 5: 691-706. [PubMed: 28822787]

3. Moitra S, Puri R, Paul D, et al. Global perspectives of emerging occupational and environmental
lung diseases. Curr Opin Pulm Med 2015; 21: 114-120. [PubMed: 25575364]

4. Postma DS, Kerkhof M, Boezen HM, et al. Asthma and chronic obstructive pulmonary disease:
common genes, common environments? Am J Respir Crit Care Med 2011; 183: 1588-1594.
[PubMed: 21297068]

5. Liang L, Cai Y, Barratt B, et al. Associations between daily air quality and hospitalisations for acute
exacerbation of chronic obstructive pulmonary disease in Beijing, 2013-17: an ecological analysis.
Lancet Planet Health 2019; 3: e270-e279. [PubMed: 31229002]

6. Samoli E, Nastos PT, Paliatsos AG, et al. Acute effects of air pollution on pediatric asthma
exacerbation: evidence of association and effect modification. Environ Res 2011; 111: 418-424.
[PubMed: 21296347]

7. Chen C, Liu X, Wang X, et al. Risk of temperature, humidity and concentrations of air pollutants on
the hospitalization of AECOPD. PLoS ONE 2019; 14: e0225307. [PubMed: 31770406]

8. Ni L, Chuang C-C, Zuo L. Fine particulate matter in acute exacerbation of COPD. Front Physiol
2015; 6: 294. [PubMed: 26557095]

Eur Respir Rev. Author manuscript; available in PMC 2022 May 24.



Aghapour et al. Page 16

9. Aghapour M, Raee P, Moghaddam SJ, et al. Airway epithelial barrier dysfunction in chronic
obstructive pulmonary disease: role of cigarette smoke exposure. Am J Respir Cell Mol Biol 2018;
58: 157-169. [PubMed: 28933915]

10. Camp PG, Ramirez-Venegas A, Sansores RH, et al. COPD phenotypes in biomass smoke- versus

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26

217.

28.

29.

30.

tobacco smoke-exposed Mexican women. Eur Respir J 2014; 43: 725-734. [PubMed: 24114962]

Zhao D, Zhou Y, Jiang C, et al. Small airway disease: a different phenotype of early stage COPD
associated with biomass smoke exposure. Respirology 2018; 23: 198-205. [PubMed: 28906034]

Rezaee F, Georas SN. Breaking barriers. New insights into airway epithelial barrier function in
health and disease. Am J Respir Cell Mol Biol 2014; 50: 857-869. [PubMed: 24467704]

Sidhaye VK, Holbrook JT, Burke A, et al. Compartmentalization of anti-oxidant and anti-
inflammatory gene expression in current and former smokers with COPD. Respir Res 2019; 20:
190. [PubMed: 31429757]

Manisalidis I, Stavropoulou E, Stavropoulos A, et al. Environmental and health impacts of air
pollution: a review. Front Public Health 2020; 8: 14. [PubMed: 32154200]

Van Tran V, Park D, Lee Y-C. Indoor air pollution, related human diseases, and recent trends in the
control and improvement of indoor air quality. Int J Environ Res Public Health 2020; 17: 2927.

Falcon-Rodriguez CI, Osornio-Vargas AR, Sada-Ovalle I, et al. Aeroparticles, composition, and
lung diseases. Front Immunol 2016; 7: 3. [PubMed: 26834745]

Pénard-Morand C, Annesi-Maesano I. Air pollution: from sources of emissions to health effects.
Breathe 2004; 1: 108-119.

Khreis H, Cirach M, Mueller N, et al. Outdoor air pollution and the burden of childhood asthma
across Europe. Eur Respir J 2019; 54: 1802194. [PubMed: 31391220]

Doiron D, de Hoogh K, Probst-Hensch N, et al. Air pollution, lung function and COPD: results
from the population-based UK Biobank study. Eur Respir J 2019; 54: 1802140. [PubMed:
31285306]

Liu S, Zhou Y, Liu S, et al. Association between exposure to ambient particulate matter and
chronic obstructive pulmonary disease: results from a cross-sectional study in China. Thorax 2017;
72: 788-795. [PubMed: 27941160]

Vecchi R, Marcazzan G, Valli G, et al. The role of atmospheric dispersion in the seasonal variation
of PM1 and PM3 5 concentration and composition in the urban area of Milan (Italy). Atmos
Environ 2004; 38: 4437-4446.

Dédelé A, Miskinyté A. Seasonal and site-specific variation in particulate matter pollution in
Lithuania. Atmos Pollut Res 2019; 10: 768-775.

WHO. Ambient (outdoor) air pollution. www.who.int/news-room/fact-sheets/detail/ambient-
(outdoor)-air-quality-and-health. Date last updated: September 23, 2021. Date last accessed:
October 29, 2021.

Xing YF, Xu YH, Shi MH, et al. The impact of PM> 5 on the human respiratory system. J Thorac
Dis 2016; 8: E69-E74. [PubMed: 26904255]

Hlodversdottir H, Petursdottir G, Carlsen HK, et al. Long-term health effects of the Eyjafjallajokull
volcanic eruption: a prospective cohort study in 2010 and 2013. BMJ Open 2016; 6: e011444.

. Carlsen HK, Valdimarsdéttir U, Briem H, et al. Severe volcanic SO exposure and respiratory

morbidity in the Icelandic population — a register study. Environ Health 2021; 20: 23. [PubMed:
33639965]

Alysandratos K-D, Herriges MJ, Kotton DN. Epithelial stem and progenitor cells in lung repair and
regeneration. Annu Rev Physiol 2020; 83: 529-550. [PubMed: 33074772]

Wansleeben C, Bowie E, Hotten DF, et al. Age-related changes in the cellular composition and
epithelial organization of the mouse trachea. PLoS ONE 2014; 9: €93496. [PubMed: 24675804]
Nishida K, Brune KA, Putcha N, et al. Cigarette smoke disrupts monolayer integrity by altering
epithelial cell-cell adhesion and cortical tension. Am J Physiol Lung Cell Mol Physiol 2017; 313:
L581-L591. [PubMed: 28642260]

Hiemstra PS, McCray PBJ, Bals R. The innate immune function of airway epithelial cells in
inflammatory lung disease. Eur Respir J 2015; 45: 1150-1162. [PubMed: 25700381]

Eur Respir Rev. Author manuscript; available in PMC 2022 May 24.


http://www.who.int/news-room/fact-sheets/detail/ambient-(outdoor)-air-quality-and-health
http://www.who.int/news-room/fact-sheets/detail/ambient-(outdoor)-air-quality-and-health

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Aghapour et al.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Page 17

Rynning I, Neca J, Vrbova K, et al. /n vitrotransformation of human bronchial epithelial cells

by diesel exhaust particles: gene expression profiling and early toxic responses. Toxicol Sci 2018;
166: 51-64. [PubMed: 30010986]

Fukuoka A, Matsushita K, Morikawa T, et al. Diesel exhaust particles exacerbate allergic rhinitis
in mice by disrupting the nasal epithelial barrier. Clin Exp Allergy 2016; 46: 142-152. [PubMed:
26201369]

Byun J, Song B, Lee K, et al. Identification of urban particulate matter-induced disruption of
human respiratory mucosa integrity using whole transcriptome analysis and organ-on-a chip. J
Biol Eng 2019; 13: 88. [PubMed: 31788025]

Zhao C, Wang Y, Su Z, et al. Respiratory exposure to PM> 5 soluble extract disrupts mucosal
barrier function and promotes the development of experimental asthma. Sci Total Environ 2020;
730: 139145. [PubMed: 32402975]

Zhang L, Ma S, Wang K, et al. Particulate matter 2.5 causes deficiency in barrier integrity in
human nasal epithelial cells. Allergy Asthma Immunol Res 2020; 12: 56-71. [PubMed: 31743964]
Comunian S, Dongo D, Milani C, et al. Air pollution and Covid-19: the role of particulate matter
in the spread and increase of Covid-19’s morbidity and mortality. Int J Environ Res Public Health
2020; 17: 4487.

Wang X, Wang M, Chen S, et al. Ammonia exposure causes lung injuries and disturbs pulmonary
circadian clock gene network in a pig study. Ecotoxicol Environ Saf 2020; 205: 111050. [PubMed:
32827960]

Joelsson JP, Kricker JA, Arason AJ, et al. Azithromycin ameliorates sulfur dioxide-induced airway
epithelial damage and inflammatory responses. Respir Res 2020; 21: 233. [PubMed: 32912304]

Michaudel C, Mackowiak C, Maillet I, et al. Ozone exposure induces respiratory barrier biphasic
injury and inflammation controlled by IL-33. J Allergy Clin Immunol 2018; 142: 942-958.
[PubMed: 29331644]

Sidhaye VK, Chau E, Breysse PN, et al. Septin-2 mediates airway epithelial barrier function in
physiologic and pathologic conditions. Am J Respir Cell Mol Biol 2011; 45: 120-126. [PubMed:
20870893]

Zarcone MC, Duistermaat E, Van Schadewijk A, et al. Cellular response of mucociliary
differentiated primary bronchial epithelial cells to diesel exhaust. Am J Physiol Lung Cell Mol
Physiol 2016; 311: L111-L.123. [PubMed: 27190060]

Cooper DM, Loxham M. Particulate matter and the airway epithelium: the special case of the
underground? Eur Respir Rev 2019; 28: 190066. [PubMed: 31554704]

Pardo M, Qiu X, Zimmermann R, et al. Particulate matter toxicity is Nrf2 and mitochondria
dependent: the roles of metals and polycyclic aromatic hydrocarbons. Chem Res Toxicol 2020; 33:
1110-1120. [PubMed: 32302097]

Liu X, Wang J, Fan Y, et al. Particulate matter exposure history affects antioxidant defense
response of mouse lung to haze episodes. Environ Sci Technol 2019; 53: 9789-9799. [PubMed:
31328514]

Bowatte G, Erbas B, Lodge CJ, et al. Traffic-related air pollution exposure over a 5-year period is
associated with increased risk of asthma and poor lung function in middle age. Eur Respir J 2017,
50: 1602357. [PubMed: 29074540]

Chen C, Arjomandi M, Tager IB, et al. Effects of antioxidant enzyme polymorphisms on ozone-
induced lung function changes. Eur Respir J 2007; 30: 677-683. [PubMed: 17652311]

Lodovici M, Bigagli E. Oxidative stress and air pollution exposure. J Toxicol 2011; 2011: 487074.
[PubMed: 21860622]

Harmon AC, Hebert VY, Cormier SA, et al. Particulate matter containing environmentally
persistent free radicals induces AhR-dependent cytokine and reactive oxygen species production in
human bronchial epithelial cells. PLoS ONE 2018; 13: e0205412. [PubMed: 30308017]

Li N, Xia T, Nel AE. The role of oxidative stress in ambient particulate matter-induced lung
diseases and its implications in the toxicity of engineered nanoparticles. Free Radic Biol Med
2008; 44: 1689-1699. [PubMed: 18313407]

Eur Respir Rev. Author manuscript; available in PMC 2022 May 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Aghapour et al.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Page 18

Rizzo AM, Corsetto PA, Farina F, et al. Repeated intratracheal instillation of PM1q induces lipid
reshaping in lung parenchyma and in extra-pulmonary tissues. PLoS ONE 2014; 9: e106855.
[PubMed: 25259850]

Kim N, Han DH, Suh MW, et al. Effect of lipopolysaccharide on diesel exhaust particle-induced
junctional dysfunction in primary human nasal epithelial cells. Environ Pollut 2019; 248: 736-742.
[PubMed: 30849591]

Heijink IH, Van Oosterhout A, Kapus A. Epidermal growth factor receptor signalling contributes
to house dust mite-induced epithelial barrier dysfunction. Eur Respir J 2010; 36: 1016-1026.
[PubMed: 20351035]

Terakado M, Gon Y, Sekiyama A, et al. The Rac1/JNK pathway is critical for EGFR-dependent
barrier formation in human airway epithelial cells. Am J Physiol Lung Cell Mol Physiol 2011,
300: L56-L63. [PubMed: 21036915]

Pourazar J, Blomberg A, Kelly FJ, et al. Diesel exhaust increases EGFR and phosphorylated C-
terminal Tyr 1173 in the bronchial epithelium. Part Fibre Toxicol 2008; 5: 8. [PubMed: 18460189]
Blanchet S, Ramgolam K, Baulig A, et al. Fine particulate matter induces amphiregulin secretion
by bronchial epithelial cells. Am J Respir Cell Mol Biol 2004; 30: 421-427. [PubMed: 14701705]
Boublil L, Martinon L, Baeza-Squiban A. The secretome of human bronchial epithelial cells
exposed to fine atmospheric particles induces fibroblast proliferation. Challenges 2013; 4: 188—
200.

Rumelhard M, Ramgolam K, Hamel R, et al. Expression and role of EGFR ligands induced

in airway cells by PM> 5 and its components. Eur Respir J 2007; 30: 1064-1073. [PubMed:
17804444]

Nordgren TM, Heires AJ, Bailey KL, et al. Docosahexaenoic acid enhances amphiregulin-
mediated bronchial epithelial cell repair processes following organic dust exposure. Am J Physiol
Lung Cell Mol Physiol 2018; 314: L421-L431. [PubMed: 29097425]

Mishra R, Foster D, Vasu VT, et al. Cigarette smoke induces human epidermal receptor 2-
dependent changes in epithelial permeability. Am J Respir Cell Mol Biol 2016; 54: 853-864.
[PubMed: 26600084]

Huang W, Zhao H, Dong H, et al. High-mobility group box 1 impairs airway epithelial barrier
function through the activation of the RAGE/ERK pathway. Int J Mol Med 2016; 37: 1189-1198.
[PubMed: 27035254]

Liu L, Song C, Li J, et al. Fibroblast growth factor 10 alleviates particulate matter-induced

lung injury by inhibiting the HMGB1-TLR4 pathway. Aging 2020; 12: 1186-1200. [PubMed:
31958320]

Min HJ, Kim J-H, Yoo JE, et al. ROS-dependent HMGBL1 secretion upregulates IL-8 in upper
airway epithelial cells under hypoxic condition. Mucosal Immunol 2017; 10: 685-694. [PubMed:
27624778]

Aghapour M, Remels AHV, Pouwels SD, et al. Mitochondria: at the crossroads of regulating lung
epithelial cell function in chronic obstructive pulmonary disease. Am J Physiol Lung Cell Mol
Physiol 2020; 318: L149-L164. [PubMed: 31693390]

Ferecatu I, Borot MC, Bossard C, et al. Polycyclic aromatic hydrocarbon components contribute to
the mitochondria-antiapoptotic effect of fine particulate matter on human bronchial epithelial cells
via the aryl hydrocarbon receptor. Part Fibre Toxicol 2010; 7: 18. [PubMed: 20663163]

Gurbani D, Bharti SK, Kumar A, et al. Polycyclic aromatic hydrocarbons and their quinones
modulate the metabolic profile and induce DNA damage in human alveolar and bronchiolar cells.
Int J Hyg Environ Health 2013; 216: 553-565. [PubMed: 23735462]

Enomoto Y, Orihara K, Takamasu T, et al. Tissue remodeling induced by hypersecreted epidermal
growth factor and amphiregulin in the airway after an acute asthma attack. J Allergy Clin Immunol
2009; 124: 913-920.e7. [PubMed: 19895983]

Song Y, Li R, Zhang Y, et al. Mass spectrometry-based metabolomics reveals the mechanism

of ambient fine particulate matter and its components on energy metabolic reprogramming in
BEAS-2B cells. Sci Total Environ 2019; 651: 3139-3150. [PubMed: 30463164]

Eur Respir Rev. Author manuscript; available in PMC 2022 May 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Aghapour et al.

68.

69.

70.

71.

72.

73.

74.
75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Page 19

Leclercq B, Kluza J, Antherieu S, et al. Air pollution-derived PM> g5 impairs mitochondrial
function in healthy and chronic obstructive pulmonary diseased human bronchial epithelial cells.
Environ Pollut 2018; 243: 1434-1449. [PubMed: 30278417]

Guo Z, Hong Z, Dong W, et al. PM> s-induced oxidative stress and mitochondrial damage in the
nasal mucosa of rats. Int J Environ Res Public Health 2017; 14: 134.

Jin X, Xue B, Zhou Q, et al. Mitochondrial damage mediated by ROS incurs bronchial epithelial
cell apoptosis upon ambient PM» 5 exposure. J Toxicol Sci 2018; 43: 101-111. [PubMed:
29479032]

Chan YL, Wang B, Chen H, et al. Pulmonary inflammation induced by low-dose particulate
matter exposure in mice. Am J Physiol Lung Cell Mol Physiol 2019; 317: L424-1.430. [PubMed:
31364371]

Mall MA. Role of cilia, mucus, and airway surface liquid in mucociliary dysfunction: lessons from
mouse models. J Aerosol Med Pulm Drug Deliv 2008; 21: 13—-24. [PubMed: 18518828]

Seys LIM, Verhamme FM, Dupont LL, et al. Airway surface dehydration aggravates cigarette
smoke-induced hallmarks of COPD in mice. PLoS ONE 2015; 10: e0129897. [PubMed:
26066648]

Yaghi A, Dolovich MB. Airway epithelial cell cilia and obstructive lung disease. Cells 2016; 5: 40.
Cao Y, Chen M, Dong D, et al. Environmental pollutants damage airway epithelial cell cilia:
implications for the prevention of obstructive lung diseases. Thorac Cancer 2020; 11: 505-510.
[PubMed: 31975505]

Bayram H, Devalia JL, Sapsford RJ, et al. The effect of diesel exhaust particles on cell function
and release of inflammatory mediators from human bronchial epithelial cells /n vitro. Am J Respir
Cell Mol Biol 1998; 18: 441-448. [PubMed: 9490663]

Bayram H, Devalia JL, Khair OA, et al. Comparison of ciliary activity and inflammatory mediator
release from bronchial epithelial cells of nonatopic nonasthmatic subjects and atopic asthmatic
patients and the effect of diesel exhaust particles /n vitro. J Allergy Clin Immunol 1998; 102:
771-782. [PubMed: 9819294]

Jia J, Xia J, Zhang R, et al. Investigation of the impact of PM> 5 on the ciliary motion of human
nasal epithelial cells. Chemosphere 2019; 233: 309-318. [PubMed: 31176132]

Montgomery MT, Sajuthi SP, Cho S-H, et al. Genome-wide analysis reveals mucociliary
remodeling of the nasal airway epithelium induced by urban PM» 5. Am J Respir Cell Mol Biol
2020; 63: 172-184. [PubMed: 32275839]

Li X, Lv Y, Gao N, et al. microRNA-802/Rnd3 pathway imposes on carcinogenesis and metastasis
of fine particulate matter exposure. Oncotarget 2016; 7: 35026—35043. [PubMed: 27144337]

He F, Liao B, Pu J, et al. Exposure to ambient particulate matter induced COPD in a rat model and
a description of the underlying mechanism. Sci Rep 2017; 7: 45666. [PubMed: 28361885]

Val S, Belade E, George I, et al. Fine PM induce airway MUC5AC expression through the
autocrine effect of amphiregulin. Arch Toxicol 2012; 86: 1851-1859. [PubMed: 22820758]

Wang J, Zhu M, Wang L, et al. Amphiregulin potentiates airway inflammation and mucus
hypersecretion induced by urban particulate matter via the EGFR-PI3Ka-AKT/ERK pathway.
Cell Signal 2019; 53: 122-131. [PubMed: 30291869]

Memon TA, Nguyen ND, Burrell KL, et al. Wood smoke particles stimulate MUC5AC
overproduction by human bronchial epithelial cells through TRPA1 and EGFR signaling. Toxicol
Sci 2020; 174: 278-290. [PubMed: 31944254]

Na HG, Kim YD, Choi YS, et al. Diesel exhaust particles elevate MUC5AC and MUC5B
expression via the TLR4-mediated activation of ERK1/2, p38 MAPK, and NF-xB signaling
pathways in human airway epithelial cells. Biochem Biophys Res Commun 2019; 512: 53-59.
[PubMed: 30857636]

Seriani R, Junqueira MDS, de Toledo AC, et al. Diesel exhaust particulates affect cell signaling,
mucin profiles, and apoptosis in trachea explants of Balb/C mice composition of diesel exhaust
particles. Environ Toxicol 2015; 30: 1297-1308. [PubMed: 24777914]

Kim SS, Kim CH, Kim JW, et al. Airborne particulate matter increases MUC5AC expression

by downregulating Claudin-1 expression in human airway cells. BMB Rep 2017; 50: 516-521.
[PubMed: 28946937]

Eur Respir Rev. Author manuscript; available in PMC 2022 May 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Aghapour et al.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Page 20

Loxham M, Morgan-Walsh RJ, Cooper MJ, et al. The effects on bronchial epithelial mucociliary
cultures of coarse, fine, and ultrafine particulate matter from an underground railway station.
Toxicol Sci 2015; 145: 98-107. [PubMed: 25673499]

Yang HS, Sim HJ, Cho H, et al. Alpha-tocopherol exerts protective function against the
mucotoxicity of particulate matter in amphibian and human goblet cells. Sci Rep 2020; 10: 6224.
[PubMed: 32277121]

Salamo O, Mortaz E, Mirsaeidi M. Noncoding RNASs: new players in pulmonary medicine and
sarcoidosis. Am J Respir Cell Mol Biol 2018; 58: 147-156. [PubMed: 28850258]

Walentek P, Song R, He L. MicroRNAs and cilia: an ancient connection. Cell Cycle 2014; 13:
2315-2316. [PubMed: 25483177]

Dutta RK, Chinnapaiyan S, Unwalla H. Aberrant microRNAomics in pulmonary complications:
implications in lung health and diseases. Mol Ther Nucleic Acids 2019; 18: 413-431. [PubMed:
31655261]

Hu Y, Song J, Liu L, et al. MicroRNA-4516 contributes to different functions of epithelial
permeability barrier by targeting Poliovirus receptor related protein 1 in enterovirus 71 and
coxsackievirus A16 infections. Front Cell Infect Microbiol 2018; 8: 110. [PubMed: 29686973]
Hiranuma H, Gon Y, Maruoka S, et al. DsSRNA induction of microRNA-155 disrupt tight junction
barrier by modulating claudins. Asia Pac Allergy 2020; 10: e20. [PubMed: 32411585]

Chen T, Xue H, Lin R, et al. MiR-34c and PIncRNA1 mediated the function of intestinal epithelial
barrier by regulating tight junction proteins in inflammatory bowel disease. Biochem Biophys Res
Commun 2017; 486: 6-13. [PubMed: 28153728]

Wang H, Chao K, Ng SC, et al. Pro-inflammatory miR-223 mediates the cross-talk between the
IL23 pathway and the intestinal barrier in inflammatory bowel disease. Genome Biol 2016; 17: 58.
[PubMed: 27029486]

Miyata R, Kakuki T, Nomura K, et al. Poly(l:C) induced microRNA-146a regulates epithelial
barrier and secretion of proinflammatory cytokines in human nasal epithelial cells. Eur J
Pharmacol 2015; 761: 375-382. [PubMed: 25959385]

Xiong T, Du Y, Fu Z, et al. MicroRNA-145-5p promotes asthma pathogenesis by inhibiting
kinesin family member 3A expression in mouse airway epithelial cells. J Int Med Res 2019; 47:
3307-3319. [PubMed: 31264490]

Dutta RK, Chinnapaiyan S, Rasmussen L, et al. A neutralizing aptamer to TGFBR2 and miR-145
antagonism rescue cigarette smoke- and TGF-pB-mediated CFTR expression. Mol Ther 2019; 27:
442-455. [PubMed: 30595527]

100. Huang Q, Chi Y, Deng J, et al. Fine particulate matter 2.5 exerted its toxicological effect by

regulating a new layer, long non-coding RNA. Sci Rep 2017; 7: 9392. [PubMed: 28839203]

101. Wang J, Zhu M, Ye L, et al. MiR-29b-3p promotes particulate matter-induced inflammatory

responses by regulating the CLQTNF6/AMPK pathway. Aging 2020; 12: 1141-1158. [PubMed:
31955152]

102. Bleck B, Grunig G, Chiu A, et al. MicroRNA-375 regulation of thymic stromal lymphopoietin

by diesel exhaust particles and ambient particulate matter in human bronchial epithelial cells. J
Immunol 2013; 190: 3757-3763. [PubMed: 23455502]

103. Phinney DG, Di Giuseppe M, Njah J, et al. Mesenchymal stem cells use extracellular vesicles to

outsource mitophagy and shuttle microRNAs. Nat Commun 2015; 6: 8472. [PubMed: 26442449]

104. Schorey JS, Cheng Y, Singh PP, et al. Exosomes and other extracellular vesicles in host-pathogen

interactions. EMBO Rep 2015; 16: 24-43. [PubMed: 25488940]

105. Stassen FRM, van Eijck PH, Savelkoul PHM, et al. Cell type- and exposure-specific modulation

of CD63/CD81-positive and tissue factor-positive extracellular vesicle release in response to
respiratory toxicants. Oxid Med Cell Longev 2019; 2019: 5204218. [PubMed: 31485294]

106. Corsello T, Kudlicki AS, Garofalo RP, et al. Cigarette smoke condensate exposure changes RNA

content of extracellular vesicles released from small airway epithelial cells. Cells 2019; 8: 1652.

107. Benedikter BJ, Bouwman FG, Heinzmann ACA, et al. Proteomic analysis reveals procoagulant

properties of cigarette smoke-induced extracellular vesicles. J Extracell Vesicles 2019; 8:
1585163. [PubMed: 30863515]

Eur Respir Rev. Author manuscript; available in PMC 2022 May 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Aghapour et al.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Page 21

Luo F, Wei H, Guo H, et al. LncRNA MALAT1, an IncRNA acting via the miR-204/ZEB1
pathway, mediates the EMT induced by organic extract of PM> 5 in lung bronchial epithelial
cells. Am J Physiol Lung Cell Mol Physiol 2019; 317: L87-L98. [PubMed: 31042084]

Song B, Ye L, Wu S, et al. Long non-coding RNA MEG3 regulates CSE-induced apoptosis and
inflammation via regulating miR-218 in 16HBE cells. Biochem Biophys Res Commun 2020;
521: 368-374. [PubMed: 31668807]

Li X, Zheng M, Pu J, et al. Identification of abnormally expressed IncRNAs induced by PM> 5 in
human bronchial epithelial cells. Biosci Rep 2018; 38: BSR20171577.

Gokey JJ, Snowball J, Sridharan A, et al. MEG3 is increased in idiopathic pulmonary fibrosis and
regulates epithelial cell differentiation. JCI insight 2018; 3: €122490.

Kumar S, Verma MK, Srivastava AK. Ultrafine particles in urban ambient air and their health
perspectives. Rev Environ Health 2013; 28: 117-128. [PubMed: 24192498]

Chau E, Galloway JF, Nelson A, et al. Effect of modifying quantum dot surface charge on airway
epithelial cell uptake /n vitro. Nanotoxicology 2013; 7: 1143-1151. [PubMed: 22783847]

Lu X, Zhu T, Chen C, et al. Right or left: the role of nanoparticles in pulmonary diseases. Int J
Mol Sci 2014; 15: 17577-17600. [PubMed: 25268624]

Ko JW, Park JW, Shin NR, et al. Copper oxide nanoparticle induces inflammatory response

and mucus production via MAPK signaling in human bronchial epithelial cells. Environ Toxicol
Pharmacol 2016; 43: 21-26. [PubMed: 26934431]

Park JW, Lee IC, Shin NR, et al. Copper oxide nanoparticles aggravate airway inflammation and
mucus production in asthmatic mice via MAPK signaling. Nanotoxicology 2016; 10: 445-452.
[PubMed: 26472121]

. Weir A, Westerhoff P, Fabricius L, et al. Titanium dioxide nanoparticles in food and personal care
products. Environ Sci Technol 2012; 46: 2242-2250. [PubMed: 22260395]

Baan R, Straif K, Grosse Y, et al. Carcinogenicity of carbon black, titanium dioxide, and talc.
Lancet Oncol 2006; 7: 295-296. [PubMed: 16598890]

Hussain S, Vanoirbeek JAJ, Luyts K, et al. Lung exposure to nanoparticles modulates an
asthmatic response in a mouse model. Eur Respir J 2011; 37: 299-309. [PubMed: 20530043]
Smallcombe CC, Harford TJ, Linfield DT, et al. Titanium dioxide nanoparticles exaggerate
respiratory syncytial virus-induced airway epithelial barrier dysfunction. Am J Physiol Lung Cell
Mol Physiol 2020; 319: L481-L.496. [PubMed: 32640839]

Kim GO, Choi YS, Bae CH, et al. Effect of titanium dioxide nanoparticles (TiO> NPs) on

the expression of mucin genes in human airway epithelial cells. Inhal Toxicol 2017; 29: 1-9.
[PubMed: 28183201]

Liu Y, Wei H, Tang J, et al. Dysfunction of pulmonary epithelial tight junction induced by silicon
dioxide nanoparticles via the ROS/ERK pathway and protein degradation. Chemosphere 2020;
255: 126954. [PubMed: 32387908]

Sanchez A, Alvarez JL, Demydenko K, et al. Silica nanoparticles inhibit the cation channel
TRPV4 in airway epithelial cells. Part Fibre Toxicol 2017; 14: 43. [PubMed: 29100528]

Di Cristo L, Grimaldi B, Catelani T, et al. Repeated exposure to aerosolized graphene oxide
mediates autophagy inhibition and inflammation in a three-dimensional human airway model.
Mater Today Bio 2020; 6: 100050.

Li Y, Qian W, Wang D, et al. Resveratrol relieves particulate matter (mean diameter <2.5
um)-induced oxidative injury of lung cells through attenuation of autophagy deregulation. J Appl
Toxicol 2018; 38: 1251-1126. [PubMed: 29781141]

Petecchia L, Sabatini F, Usai C, et al. Cytokines induce tight junction disassembly in airway cells
via an EGFR-dependent MAPK/ERK1/2-pathway. Lab Invest 2012; 92: 1140-1148. [PubMed:
22584669]

Fujisawa T, Chang MM-J, Velichko S, et al. NF-xB mediates IL-1p- and IL-17A-induced
MUCS5B expression in airway epithelial cells. Am J Respir Cell Mol Biol 2011; 45: 246-252.
[PubMed: 20935193]

Fujisawa T, Velichko S, Thai P, et al. Regulation of airway MUC5AC expression by IL-1beta and
IL-17A,; the NF-kappaB paradigm. J Immunol 2009; 183: 6236-6243. [PubMed: 19841186]

Eur Respir Rev. Author manuscript; available in PMC 2022 May 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Aghapour et al.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

Page 22

Weng C-M, Lee M-J, He J-R, et al. Diesel exhaust particles up-regulate interleukin-17A
expression via ROS/NF-xB in airway epithelium. Biochem Pharmacol 2018; 151: 1-8. [PubMed:
29499168]

Cong L-H, Li T, Wang H, et al. IL-17A-producing T cells exacerbate fine particulate matter-
induced lung inflammation and fibrosis by inhibiting P13 K/Akt/mTOR-mediated autophagy. J
Cell Mol Med 2020; 24: 8532-8544. [PubMed: 32643865]

Finigan JH, Faress JA, Wilkinson E, et al. Neuregulin-1-human epidermal receptor-2 signaling is
a central regulator of pulmonary epithelial permeability and acute lung injury. J Biol Chem 2011;
286: 10660-10670. [PubMed: 21247898]

Ma X, Yu X, Zhou Q. The IL1B-HER2-CLDN18/CLDN4 axis mediates lung barrier damage in
ARDS. Aging 2020; 12: 3249-3265. [PubMed: 32065780]

Finigan JH, Vasu VT, Thaikoottathil JV, et al. HER2 activation results in p-catenin-dependent
changes in pulmonary epithelial permeability. Am J Physiol Lung Cell Mol Physiol 2015; 308:
L199-L207. [PubMed: 25326580]

Gabryelska A, Kuna P, Antczak A, et al. IL-33 mediated inflammation in chronic respiratory
diseases-understanding the role of the member of IL-1 superfamily. Front Immunol 2019; 10:
692. [PubMed: 31057533]

Thijs W, Janssen K, van Schadewijk AM, et al. Nasal levels of antimicrobial peptides in allergic
asthma patients and healthy controls: differences and effect of a short 1,25(0OH), vitamin D3
treatment. PLoS ONE 2015; 10: e0140986. [PubMed: 26545199]

Zarcone MC, van Schadewijk A, Duistermaat E, et al. Diesel exhaust alters the response of
cultured primary bronchial epithelial cells from patients with chronic obstructive pulmonary
disease (COPD) to non-typeable Haemophilus influenzae. Respir Res 2017; 18: 27. [PubMed:
28129777]

Harrod KS, Jaramillo RJ, Rosenberger CL, et al. Increased susceptibility to RSV infection by
exposure to inhaled diesel engine emissions. Am J Respir Cell Mol Biol 2003; 28: 451-463.
[PubMed: 12654634]

Niu Y, Chen R, Wang C, et al. Ozone exposure leads to changes in airway permeability,
microbiota and metabolome: a randomised, double-blind, crossover trial. Eur Respir J 2020;
56: 200165.

Laucho-Contreras ME, Polverino F, Gupta K, et al. Protective role for club cell secretory
protein-16 (CC16) in the development of COPD. Eur Respir J 2015; 45: 1544-1556. [PubMed:
25700379]

Pothoven KL, Norton JE, Suh LA, et al. Neutrophils are a major source of the epithelial

barrier disrupting cytokine oncostatin M in patients with mucosal airways disease. J Allergy Clin
Immunol 2017; 139: 1966-1978.e9. [PubMed: 27993536]

Kao SS-T, Ramezanpour M, Bassiouni A, et al. The effect of neutrophil serine proteases on
human nasal epithelial cell barrier function. Int Forum Allergy Rhinol 2019; 9: 1220-1226.
[PubMed: 31403754]

Wang H, Song L, Ju W, et al. The acute airway inflammation induced by PM> 5 exposure and the
treatment of essential oils in Balb/c mice. Sci Rep 2017; 7: 44256. [PubMed: 28276511]

Ramanathan MJ, London NRJ, Tharakan A, et al. Airborne particulate matter induces nonallergic
eosinophilic sinonasal inflammation in mice. Am J Respir Cell Mol Biol 2017; 57: 59-65.
[PubMed: 28245149]

Venugopal R, Galam L, Cox R, et al. Inflammasome inhibition suppresses alveolar cell
permeability through retention of neuregulin-1 (NRG-1). Cell Physiol Biochem 2015; 36: 2012—
2024. [PubMed: 26202361]

Simpson JL, Phipps S, Baines KJ, et al. Elevated expression of the NLRP3 inflammasome in
neutrophilic asthma. Eur Respir J 2014; 43: 1067-1076. [PubMed: 24136334]

Faner R, Sobradillo P, Noguera A, et al. The inflammasome pathway in stable COPD and acute
exacerbations. ERJ Open Res 2016; 2: 00002-2016. [PubMed: 27730204]

Li F, Zhang P, Zhang M, et al. Hydrogen sulfide prevents and partially reverses ozone-induced
features of lung inflammation and emphysema in mice. Am J Respir Cell Mol Biol 2016; 55:
72-81. [PubMed: 26731380]

Eur Respir Rev. Author manuscript; available in PMC 2022 May 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Aghapour et al.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

Page 23

Jia H, Liu Y, Guo D, et al. PMy 5-induced pulmonary inflammation via activating of the NLRP3/
caspase-1 signaling pathway. Environ Toxicol 2021; 36: 298-307. [PubMed: 32996690]

Shadie AM, Herbert C, Kumar RK. Ambient particulate matter induces an exacerbation of airway
inflammation in experimental asthma: role of interleukin-33. Clin Exp Immunol 2014; 177: 491—
499. [PubMed: 24730559]

Georas SN, Rezaee F. Epithelial barrier function: at the front line of asthma immunology and
allergic airway inflammation. J Allergy Clin Immunol 2014; 134: 509-520. [PubMed: 25085341]

Pourazar J, Frew AJ, Blomberg A, et al. Diesel exhaust exposure enhances the expression of
IL-13 in the bronchial epithelium of healthy subjects. Respir Med 2004; 98: 821-825. [PubMed:
15338792]

Johnson JR, Nishioka M, Chakir J, et al. IL-22 contributes to TGF-p1-mediated epithelial-
mesenchymal transition in asthmatic bronchial epithelial cells. Respir Res 2013; 14: 118.
[PubMed: 24283210]

Zhang L, Cheng Z, Liu W, et al. Expression of interleukin (IL)-10, IL-17A and IL-22 in serum
and sputum of stable chronic obstructive pulmonary disease patients. COPD 2013; 10: 459-465.
[PubMed: 23537276]

Li J, Zhou W, Huang K, et al. Interleukin-22 exacerbates airway inflammation induced by
short-term exposure to cigarette smoke in mice. Acta Pharmacol Sin 2014; 35: 1393-1401.
[PubMed: 25345745]

Ahn D, Wickersham M, Riquelme S, et al. The effects of IFN-A on epithelial barrier function
contribute to K/lebsiella pneumoniae ST258 pneumonia. Am J Respir Cell Mol Biol 2019; 60:
158-166. [PubMed: 30183325]

van Voorhis M, Knopp S, Julliard W, et al. Exposure to atmospheric particulate matter enhances
Th17 polarization through the aryl hydrocarbon receptor. PLoS ONE 2013; 8: e82545. [PubMed:
24349309]

Saatian B, Rezaee F, Desando S, et al. Interleukin-4 and interleukin-13 cause barrier dysfunction
in human airway epithelial cells. Tissue Barriers 2013; 1: e24333. [PubMed: 24665390]

Chen X, Liu J, Zhou J, et al. Urban particulate matter (PM) suppresses airway antibacterial
defence. Respir Res 2018; 19: 5. [PubMed: 29310642]

Liu J, Chen X, Dou M, et al. Particulate matter disrupts airway epithelial barrier via oxidative
stress to promote Pseudomonas aeruginosa infection. J Thorac Dis 2019; 11: 2617-2627.
[PubMed: 31372298]

Wei C, Tang X, Wang F, et al. Molecular characterization of pulmonary defenses against bacterial
invasion in allergic asthma: the role of Foxa2 in regulation of p-defensin 1. PLoS One 2019; 14:
€0226517. [PubMed: 31881038]

Amatngalim GD, Schrumpf JA, Henic A, et al. Antibacterial defense of human airway
epithelial cells from chronic obstructive pulmonary disease patients induced by acute exposure to
nontypeable Haemophilus influenzae: modulation by cigarette smoke. J Innate Immun 2017; 9:
359-374. [PubMed: 28171878]

Persson LJP, Aanerud M, Hardie JA, et al. Antimicrobial peptide levels are linked to airway
inflammation, bacterial colonisation and exacerbations in chronic obstructive pulmonary disease.
Eur Respir 2017; 49: 1601328.

Borcherding JA, Chen H, Caraballo JC, et al. Coal fly ash impairs airway antimicrobial peptides
and increases bacterial growth. PLoS ONE 2013; 8: 4-11.

Harrod KS, Jaramillo RJ, Berger JA, et al. Inhaled diesel engine emissions reduce bacterial
clearance and exacerbate lung disease to Pseudomonas aeruginosa infection in vivo. Toxicol Sci
2005; 83: 155-165. [PubMed: 15483187]

Hackett T-L, Singhera GK, Shaheen F, et al. Intrinsic phenotypic differences of asthmatic
epithelium and its inflammatory responses to respiratory syncytial virus and air pollution. AmJ
Respir Cell Mol Biol 2011; 45: 1090-1100. [PubMed: 21642587]

Mushtag N, Ezzati M, Hall L, et al. Adhesion of Streptococcus pneumoniae to human airway
epithelial cells exposed to urban particulate matter. J Allergy Clin Immunol 2011; 127: 1236-
42.e2. [PubMed: 21247619]

Eur Respir Rev. Author manuscript; available in PMC 2022 May 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Aghapour et al.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

Page 24

Ayyagari VN, Januszkiewicz A, Nath J. Effects of nitrogen dioxide on the expression of
intercellular adhesion molecule-1, neutrophil adhesion, and cytotoxicity: studies in human
bronchial epithelial cells. Inhal Toxicol 2007; 19: 181-194. [PubMed: 17169865]

Traub S, Nikonova A, Carruthers A, et al. An anti-human ICAM-1 antibody inhibits rhinovirus-
induced exacerbations of lung inflammation. PLoS Pathog 2013; 9: €1003520. [PubMed:
23935498]

Novotny LA, Bakaletz LO. Intercellular adhesion molecule 1 serves as a primary cognate receptor
for the Type IV pilus of nontypeable Haemaophilus influenzae. Cell Microbiol 2016; 18: 1043-
1055. [PubMed: 26857242]

Shukla SD, Mahmood MQ, Weston S, et al. The main rhinovirus respiratory tract adhesion site
(ICAM-1) is upregulated in smokers and patients with chronic airflow limitation (CAL). Respir
Res 2017; 18: 6. [PubMed: 28056984]

Dickson RP, Erb-Downward JR, Martinez FJ, et al. The microbiome and the respiratory tract.
Annu Rev Physiol 2016; 78: 481-504. [PubMed: 26527186]

Marri PR, Stern DA, Wright AL, et al. Asthma-associated differences in microbial composition of
induced sputum. J Allergy Clin Immunol 2013; 131: 343-346.

Ubags NDJ, Marsland BJ. Mechanistic insight into the function of the microbiome in lung
diseases. Eur Respir J 2017; 50: 1602467. [PubMed: 28893867]

Chung KF. Airway microbial dysbiosis in asthmatic patients: a target for prevention and
treatment? J Allergy Clin Immunol 2017; 139: 1071-1081. [PubMed: 28390574]

LiJ, Hu Y, Liu L, et al. PM» 5 exposure perturbs lung microbiome and its metabolic profile in
mice. Sci Total Environ 2020; 721: 137432. [PubMed: 32169651]

Li N, He F, Liao B, et al. Exposure to ambient particulate matter alters the microbial composition
and induces immune changes in rat lung. Respir Res 2017; 18: 143. [PubMed: 28743263]

Ran Z, An'Y, Zhou J, et al. Subchronic exposure to concentrated ambient PM» 5 perturbs gut

and lung microbiota as well as metabolic profiles in mice. Environ Pollut 2020; 272: 115987.
[PubMed: 33213950]

Mariani J, Favero C, Spinazzé A, et al. Short-term particulate matter exposure influences nasal
microbiota in a population of healthy subjects. Environ Res 2018; 162: 119-126. [PubMed:
29291434]

Niemeier-Walsh C, Ryan PH, Meller J, et al. Exposure to traffic-related air pollution and bacterial
diversity in the lower respiratory tract of children. PLoS One 2021; 16: e0244341. [PubMed:
34166366]

Wang L, Cheng H, Wang D, et al. Airway microbiome is associated with respiratory functions
and responses to ambient particulate matter exposure. Ecotoxicol Environ Saf 2019; 167: 269—
277. [PubMed: 30342360]

Li R, Jiang N, Liu Q, et al. Impact of air pollutants on outpatient visits for acute respiratory
outcomes. Int J Environ Res Public Health 2017; 14: 47.

Alghamdi MA, Shamy M, Redal MA, et al. Microorganisms associated particulate matter: a
preliminary study. Sci Total Environ 2014; 479-480: 109-116.

Rylance J, Kankwatira A, Nelson DE, et al. Household air pollution and the lung microbiome
of healthy adults in Malawi: a cross-sectional study. BMC Microbiol 2016; 16: 182. [PubMed:
27514621]

Kurai J, Watanabe M, Sano H, et al. A muscarinic antagonist reduces airway inflammation and
bronchoconstriction induced by ambient particulate matter in a mouse model of asthma. Int J
Environ Res Public Health 2018; 15: 1189.

Zhao R, Guo Z, Zhang R, et al. Nasal epithelial barrier disruption by particulate matter <2.5 pm
via tight junction protein degradation. J Appl Toxicol 2018; 38: 678-687. [PubMed: 29235125]
Zhao Y, Usatyuk PV, Gorshkova IA, et al. Regulation of COX-2 expression and IL-6 release

by particulate matter in airway epithelial cells. Am J Respir Cell Mol Biol 2009; 40: 19-30.
[PubMed: 18617679]

Maurice NM, Bedi B, Yuan Z, et al. Pseudomonas aeruginosa induced host epithelial cell
mitochondrial dysfunction. Sci Rep 2019; 9: 11929. [PubMed: 31417101]

Eur Respir Rev. Author manuscript; available in PMC 2022 May 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Aghapour et al.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

Page 25

Wang X, Liu M, Zhu M-J, et al. Resveratrol protects the integrity of alveolar epithelial barrier via
SIRT1/PTEN/p-Akt pathway in methamphetamine-induced chronic lung injury. Cell Prolif 2020;
53: €12773. [PubMed: 32020692]

Liu X, Ma C, Wang X, et al. Hydrogen coadministration slows the development of COPD-like
lung disease in a cigarette smoke-induced rat model. Int J Chron Obstruct Pulmon Dis 2017; 12:
1309-1324. [PubMed: 28496315]

Feng S, Duan E, Shi X, et al. Hydrogen ameliorates lung injury in a rat model of subacute
exposure to concentrated ambient PM» 5 via aryl hydrocarbon receptor. Int Immunopharmacol
2019; 77: 105939. [PubMed: 31718930]

Menni C, Metrustry SJ, Mohney RP, et al. Circulating levels of antioxidant vitamins correlate
with better lung function and reduced exposure to ambient pollution. Am J Respir Crit Care Med
2015; 191: 1203-1207. [PubMed: 25978575]

Romieu I, Sienra-Monge JJ, Ramirez-Aguilar M, et al. Antioxidant supplementation and lung
functions among children with asthma exposed to high levels of air pollutants. Am J Respir Crit
Care Med 2002; 166: 703-709. [PubMed: 12204869]

Schrumpf JA, van der Does AM, Hiemstra PS. Impact of the local inflammatory environment
on mucosal vitamin D metabolism and signaling in chronic inflammatory lung diseases. Front
Immunol 2020; 11: 1433. [PubMed: 32754156]

Manicourt D-H, Devogelaer J-P. Urban tropospheric ozone increases the prevalence of vitamin D
deficiency among Belgian postmenopausal women with outdoor activities during Summer. J Clin
Endocrinol Metab 2008; 93: 3893-3899. [PubMed: 18628525]

Agarwal KS, Mughal MZ, Upadhyay P, et al. The impact of atmospheric pollution on vitamin
D status of infants and toddlers in Delhi, India. Arch Dis Child 2002; 87: 111-113A. [PubMed:
12138058]

Xin L, Che B, Zhai B, et al. 1,25-dihydroxy vitamin Dy attenuates the oxidative stress-mediated
inflammation induced by PM> 5 via the p38/NF-xB/NLRP3 pathway. Inflammation 2019; 42:
702-713. [PubMed: 30430362]

Fischer KD, Agrawal DK. Vitamin D regulating TGF-p induced epithelial-mesenchymal
transition. Respir Res 2014; 15: 146. [PubMed: 25413472]

Pfeffer PE, Lu H, Mann EH, et al. Effects of vitamin D on inflammatory and oxidative stress
responses of human bronchial epithelial cells exposed to particulate matter. PLoS ONE 2018; 13:
€0200040. [PubMed: 30157189]

Wang K, Xu C, Li W, et al. Emerging clinical significance of claudin-7 in colorectal cancer: a
review. Cancer Manag Res 2018; 10: 3741-3752. [PubMed: 30288105]

Evangelopoulos D, Chatzidiakou L, Walton H, et al. Personal exposure to air pollution and
respiratory health of COPD patients in London. Eur Respir J 2021; 58: 2003432. [PubMed:
33542053]

Eur Respir Rev. Author manuscript; available in PMC 2022 May 24.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Aghapour et al.

Page 26

Small
airway

Airway ()
epithelium HDPs

Endothelial Th2 Activated % T-cell expansion
cell APC
e ——— ]
c)  Mucus PM ..
|
| ' Shortened
B = =S e e = 1 -- - Cilia v -~ ~cilia
- | ' @5
| ) ' | zo
1)
A Q ....... >
l (.'X ‘ ) % | I eas '-MGB
| cii . : s Claudin
Ciliated Neuroendocrine Basal Club Goblet ! |
| cell cell cell cell cell | | %
|
i : .
s [N )
| ; ; PUR S
L SR
FIGURE 1.

Inhalation of air pollutants promotes airway epithelial barrier dysfunction. a) Healthy airway
epithelium is protected against pathogens by physical junctions between the adjacent cells
and by releasing innate immune HDPs. b) By exposure to airborne PM, the TJs and AJs
between the AECs, including ZO-1, occludin and E-cadherin, are disrupted. Furthermore,
PM induces mucociliary dysfunction by reducing cilia number, loss of cilia as well as goblet
cell metaplasia leading to increased mucus production. PM entering the airway submucosa
is presented to adaptive immune cells by APCs. PM-induced increase in MHCII on APCs
leads to expansion of adaptive immune cells and production of inflammatory cytokines that
further inflict airway epithelial barrier dysfunction. PM exposure also induces submucosal
accumulation of neutrophils which may lead to barrier dysfunction by secretion of SPs.

¢) PM-induced barrier dysfunction is in part triggered by AhR-mediated increase in ROS
generation by mitochondria and subsequent activation of EGFR and ERK or ROS-mediated
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increase in cytoplasmic HMGB1 and ROS-mediated increase in autophagy in AECs.
Activation of EGFR either by PM-induced increase in AREG or ROS leads to disassembly
in AJs by disrupting E-cadherin/p-catenin, and increased TJs permeability by Rac1/JNK-
mediated disruption in ZO-1 and occludin. Activation of ERK in turn triggers airway barrier
dysfunction through HER2-mediated increase in IL-6. AEC: airway epithelial cell; AhR:
aryl hydrocarbon receptor; AJ: adherens junction; APC: antigen-presenting cell; AREG:
amphiregulin; p-cat: B-catenin; E-cad: E-cadherin; EGFR: epidermal growth factor receptor;
ERK: extracellular signal-regulated kinase; HDP: host defence proteins and peptide; HER2:
human epidermal receptor 2; HMGB1: high-mobility group box 1; IFN: interferon; IL:
interleukin; JNK: c-jun N-terminal kinase; MHCII: major histocompatibility complex class
II; MUC5AC: mucin 5AC; OCLDN: occludin; PAH: polyaromatic hydrocarbon; PM:
particulate matter; ROS: reactive oxygen species; SP: serine protease; Th: T-helper cell;

TJ: tight junction; TNF: tumour necrosis factor; ZO-1: zonula occludens-1. Figure partially
created with BioRender.com.

Eur Respir Rev. Author manuscript; available in PMC 2022 May 24.


http://BioRender.com

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Aghapour et al. Page 28

Bacteroidetes Microbial
Firmicutes diversity
Proteobacteria lml (] m m

a) Als =T :: ;, == > ::
{ \ A { J
\ /\ AN
PM
W g % M
'm/“" Q% e Microbial
YA diversity
s < Firmicutes
S ye
{;\§ / "¢’ ﬁ Proteobacteria
- W 5 Actinobacteria
R Other bacteria
b)

Airway epithelium

FIGURE 2.
Air pollutant-induced microbial dysbiosis in airway epithelium may enhance airway

epithelial permeability. a) Healthy human airway microbiome is mainly composed of
Firmicutes, Proteobacteria and Bacteroidetes. b) Upon acute exposure to various air
pollutants, the composition of the microbiome in the upper airways changes, with

an increased abundance of Firmicutes, Bacteroidetes and Cyanobacteria in rats, while

fewer Actinobacteria, Proteobacteria and Firmicutes are observed in humans. PM induces
dissemination of microbiome from upper to the lower airways where it exerts pathogenic
actions, as observed by the abundance of Firmicutes and Proteobacteria in the lower airways
of individuals exposed to PM. PM-induced dysbiosis in lung microbiome may induce airway
barrier disruption as pathogenic Firmicutes and Proteobacteria, including Streptococcus
pneumoniae and Pseudomonas aeruginosa, that are known to disrupt airway barriers are
overrepresented in the lower airways, which may exacerbate pre-existing epithelial damage
in patients with asthma and patients with COPD. AJ: adherens junction; PM: particulate
matter; TJ: tight junction. Figure partially created with BioRender.com.
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TABLE 1

Immune mediators and host defence molecules involved in air pollutant-induced physicochemical airway
epithelial barrier disruption in asthma and COPD

Innate/ Cytokine/ Levelsupon air Levelsin the Effectson M echanism of effect on References
adaptive chemokine pollutant exposure airways of airway barrier
immune patientswith epithelial
response COPD/asthma barrier
Thl TNF-a * AECs (PM) * COPD Disruptive EGFR-mediated ERK [81, 126]
IFN-y activation
Th17 IL-17A T AECs (PM) 1 COPD Disruptive PM-induced increase in [127-130]
mtROS Increased mucus
production
IL-1 family IL-1B T AECs (PM) 1 COPD Disruptive ADAM17-mediated [127, 128, 131-
activation of HER2 133]
Increased mucus
production
I1L-33 T AECs (ozone, * COPD/ asthma Protective Reduction in recruitment [39, 134]
PM) of neutrophils
HDPs B-defensin 1 I AECs (diesel | COPD/allergic Protective Reduction in bacterial [135, 136]
exhaust, PM) asthma clearance
CC16 | AECs (PM) | COPD Protective Reduction in bacterial and [137-139]
Tserum (ozone) viral clearance

Th: T-helper cells; TNF: tumour necrosis factor; IFN: interferon; AEC: airway epithelial cell; PM: particulate matter; EGFR: epidermal
growth factor receptor; ERK: extracellular signal-regulated kinase; IL: interleukin; mtROS: mitochondrial reactive oxygen species; ADAM17:
A disintegrin and metalloprotease 17; HER2: human epidermal growth factor receptor 2; HDP: host defence peptide; CC16: club cell secretory
protein 16.
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