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ABSTRACT

Respiratory epithelial cells form a selective barrier between the outside environment and
underlying tissues. Epithelial cells are polarized and form specialized cell-cell junctions,
known as the apical junctional complex (AJC). Assembly and disassembly of the AJC regulates
epithelial morphogenesis and remodeling processes. The AJC consists of tight and adherens
junctions, functions as a barrier and boundary, and plays a role in signal transduction.
Endothelial junction proteins play important roles in tissue integrity and vascular
permeability, leukocyte extravasation, and angiogenesis. Air pollutants such as particulate
matter, ozone, and biologic contaminants penetrate deep into the airways, reaching the
bronchioles and alveoli before entering the bloodstream to trigger airway inflammation.
Pollutants accumulating in the lungs exacerbate the symptoms of respiratory diseases,
including asthma and chronic obstructive lung disease. Biological contaminants include
bacteria, viruses, animal dander and cat saliva, house dust mites, cockroaches, and pollen.
Allergic inflammation develops in tissues such as the lung and skin with large epithelial
surface areas exposed to the environment. Barrier dysfunction in the lung allows allergens
and environmental pollutants to activate the epithelium and produce cytokines that promote
the induction and development of immune responses. In this article, we review the impact of
environmental pollutants on the cell barrier in respiratory diseases.

Keywords: Air pollution; environmental pollutants; particulate matter; ozone; barrier;
epithelium; asthmaj; chronic obstructive pulmonary disease; house dust mites

INTRODUCTION

Environmental pollution adversely affects human health and contributes to the disease
burden. Air pollution is the fourth largest risk factor for disability-adjusted life years and
was estimated to be responsible for approximately 5 million deaths worldwide in 2017, 70%
of which were caused by outdoor environmental air pollution.' The impact of air pollution
on human health should not be underestimated. In-depth mechanistic studies, alongside
clinical imaging studies, have shown that air pollution exposure is involved in the onset and
progression of respiratory diseases.”*
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Disclosure Air pollutants constitute a toxic mixture of particles and gases emitted in large quantities

There are no financial or other issues that from many different combustion sources, including vehicles and factories. Indoor pollutants
might lead to conflict of interest.

include smoke from tobacco, cooking, burning of wood and other materials in stoves and
fireplaces, dust particles resuspended during cleaning, and outdoor particles that infiltrate
the indoor environment.> Major pollutants include particulate matter (PM), ozone, nitrogen
dioxide, and sulfur dioxide. Biological contaminants include bacteria, viruses, animal
dander and cat saliva, house dust mites (HDM), cockroaches, and pollen. Some biological
contaminants trigger allergic reactions, including hypersensitivity pneumonitis, allergic
rhinitis (AR), and certain types of asthma.®

PM is the main component of indoor and outdoor air pollution. PM comprises a complex
mixture of materials, such as organic compounds, acids, and fine metal particles, along with
a carbonaceous core.” PM includes coarse, fine, and ultrafine particles. Particles larger than
10 um are generally trapped in the nose and throat, and do not enter the lungs.®® Particles
less than 10 um but greater than 2 um in size reach the tracheobronchial tree and are subject
to mucociliary clearance. Smaller particles can pass through the airways, and are deposited
in the alveolar and centriacinar regions of the lungs, where they induce respiratory diseases
such as asthma and chronic obstructive pulmonary disease (COPD).3° In this region,
phagocytic cells, including neutrophils and macrophages, are recruited by cytokines and
chemokines to engulf the particles by phagocytosis.®® Oxidant-mediated cellular damage,
including the production of reactive oxygen species (ROS) and oxidative stress, innate
immunity and adaptive immunity can lead to PM-mediated adverse health effects.!

Ambient ozone is a common environmental air pollutant that has a considerable impact on
public health. Ozone is highly reactive and oxidizes proteins and lipids in the fluid-lined
compartments of the lungs. This oxidization initiates inflammation and increases lung
permeability through cytotoxic mediators including pro-inflammatory cytokines and ROS
as well as nitrogen intermediates such as peroxynitrite." Distal structures of the lungs,
including the terminal bronchioles, bronchiole-alveolar duct junction, and proximal alveolar
regions, are considered the primary targets of ozone." Epidemiological data indicate that
individuals with chronic airway diseases are highly sensitive to ozone, exhibiting increased
morbidity and mortality.’> Acute inhalation of ozone causes structural alterations in the
lung, including disruption of the alveolar epithelial barrier; this leads to alveolar epithelial
type II cell hypertrophy and hyperplasia.’ Recruitment of inflammatory cells into the lung
following ozone exposure is another potential avenue through which tissue damage can
occur, where toxic mediators are released from activated macrophages and neutrophils,
including cytokines, ROS and nitrogen species, and proteolytic enzymes.™

Respiratory epithelial cells function as a selective barrier between the outside environment
and underlying tissues. Epithelial cells are polarized and consist of membrane-bound

lipids and proteins.” This polarity is partly based on the formation of specialized cell-

cell junctions, which together comprise the apical junctional complex (AJC).” Adherens
junctions (AJs) and tight junctions (TJs) are dynamic structures that undergo constitutive
turnover and recycling. The cytosolic face of the AJC is composed of a large array of distinct
proteins that direct assembly of the AJC.* Assembly and disassembly of the AJC are thought
to regulate epithelial morphogenesis and remodeling processes.'®" TJ form the apical-most
constituents of the AJC in epithelial cell sheets, and are also present in vascular endothelial
and mesothelial cells.”® T] act as semipermeable barriers to the paracellular transport of ions,
solutes, and water, and function as boundaries between apical and basolateral domains of
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plasma membranes.**?° TJ coordinate a variety of signaling and trafficking molecules that
regulate cell differentiation, proliferation, and polarity, thereby serving as multifunctional
complexes.’?! These TJ functions are critical for epithelial and endothelial cell sheets

to establish distinct tissue compartments within the body and maintain homeostasis.
Moreover, disturbance of the functions of TJ causes or contributes to a variety of pathological

conditions, such as infections, cancers, and blood-borne metastasis.?? The barrier function
of TJ also restricts drug delivery to underlying tissues. Overcoming this paracellular barrier
is critical for the treatment of human diseases.? Endothelial cells are the main cellular
constituents of blood vessels; one of their critical functions is to separate blood from the
underlying tissues. Endothelial junction proteins play important roles in tissue integrity
and vascular permeability, as well as leukocyte extravasation and angiogenesis. Endothelial
junctions contain AJ, TJ, and gap junctions that have important roles in tissue integrity,
barrier functions, and cell-cell communication. Cell-cell junctions constitute attachment
sites between endothelial cells, and function as signaling structures that communicate cell
position, limit growth and apoptosis, and regulate vascular homeostasis."”

Junctional complexes trigger intracellular signaling directly (by engaging signaling proteins
or growth-factor receptors) or indirectly (by tethering and retaining transcription factors

at the cell membrane, thereby limiting their nuclear translocation).*® Junctional adhesion
proteins bind to cytoskeletal and signaling proteins through their cytoplasmic tails, enabling
anchoring of the AJ proteins to actin microfilaments and transferring intracellular signals
inside the cell.* An association with actin is required for junction stabilization, and for
dynamic regulation of junction opening and closing. In addition, the interaction of AJ
proteins with the actin cytoskeleton might be important in the maintenance of cell shape
and polarity.* Besides acting as adaptors that mediate the binding of adhesion proteins to
actin, some intracellular junction proteins, when released from junctions, translocate to the
nucleus and modulate transcription (Fig. 1, Table).” Junction proteins might also function as
scaffolds, binding several effector proteins and facilitating reciprocal interactions.??
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Fig. 1. Structure of the AJC. The AJC consisting of the TJ and AJ resides at the interface between the apical and basolateral membrane.
AJC, apical junctional complex; TJ, tight junction; AJ, adherens junction.
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Table. The apical junctional components

Junctional components Binding moieties Function'®:2+2>2
Tight Junctions
Claudins Z0-1, Z0-2, ZO-3, Afadin, Cingulin Regulation of paracellular permeability
JAMs Z0-1, Z0-2, ZO-3, PAR3/PAR6/aPKC, MAGI-1, Afadin, Cingulin Regulation of cell polarity, permeability, and transendothelial migration
Homophilic and heterophilic trans-dimers
Occludin Z0-1, Z0-2, ZO-3, JEAP Sealing neighboring cells
Adherens Junctions
Cadherins a-Catenin, B-Catenin, y-Catenin, P120 catenin Ca*-dependent cell adhesion
Homophilic trans-dimers
Nectins Afadin Homophilic and heterophilic trans-dimers
PAR3/PARG/aPKC Regulation of cell polarity

Formation of primordial junctions

Z0, zonula occludens; JAMs, junctional adhesion molecules; PAR, partitioning-defective; aPKC, atypical protein kinase C; MAGI-1, membrane associated
guanylate kinase, WW and PDZ domain containing 1; JEAP, junction-enriched and associated protein.

IMPACT OF ENVIRONMENTAL POLLUTANTS ON BARRIER
DYSFUNCTION IN RESPIRATORY DISEASE

Allergic diseases

TJ are essential components of the barrier between the mucosa or skin and the environment,
connecting adjacent epithelial cells.” TJ prevent particles and pathogens from penetrating
tissues. They control extracellular fluid and the paracellular flux of molecules, and are
involved in the establishment of antigen-presenting cells (APC).? Epithelial barrier defects
due to disruptions in TJ have been reported in several allergic and inflammatory diseases,
including atopic dermatitis (AD), asthma, and chronic rhinosinusitis.? However, research is
lacking on the interplay between air pollutants and the bronchial epithelial barrier, and on
the impact of PM on epithelial barrier function. PM-induced disruption of barrier function
in a bronchial epithelial cell line provided some insight into the role of epithelial barrier
dysfunction in asthma.* It remains unclear whether TJ are affected by PM in patients with
asthma. Nanoparticles (NPs) such as titanium dioxide (TiO,) may cause cell and tissue
damage, leading to local and systemic inflammatory responses and adverse effects on asthma
due to the inhalation of PM.*

Protease-activated receptor-2 (PAR-2), a major receptor of activated factor X, is known to
contribute to the pathogenesis of inflammatory diseases. PAR-2-modulated T] were involved
in the pathogenesis of chronic inflammatory diseases, and can downregulate the expression
of zonula occludens-1 (Z0-1) and claudin (CLDN) 1, which are involved in epithelial barrier
dysfunction in AR.* Increased epithelial permeability has been reported in AR, with
histamine and type-2 inflammation being responsible for TJ dysfunction. Epithelial barrier
dysfunction facilitates transepithelial allergen passage, allergic sensitization, and allergen-
induced mast cell degranulation even in the absence of an inflammatory environment.
These results emphasize the crucial role of an intact epithelial barrier for the prevention of
allergy.”> Mucin 1 (MUC1)-deficiency in the nasal epithelium of patients with AR exacerbates
symptoms and affects nasal epithelial barrier functions in AR. Depletion of MUC1 suppresses
the expression of epithelial cell junction proteins, which may be a promising therapeutic
target in patients with AR.* Changes in epithelial barrier functions are also documented in
AR, including in the physical epithelial barrier, mucus production, antimicrobial defense,
microbiome, and immune responses.>
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Children with a disrupted skin barrier become allergic to peanuts through environmental
exposure to peanut protein in household dust.® Environmental and climatic factors can also
adversely impact skin barrier integrity, increasing the risk and severity of AD. Mechanical
damage caused by repetitive scratching, detergents, humidity, exogenous proteases, and air
pollution negatively impacts filaggrin expression.*® Subjects from 5 to 15 years old whom were

sensitized to environmental allergens demonstrate that the levels for occludin, CLDN, ZO-1,
e-cadherin and f catenin of intra-epithelial junctional proteins in the lymphoepithelium of
the adenoid tissue in the upper respiratory tract are lower in subjects with sensitization to
inhalant antigens.* Skin barrier dysfunctions are complex and driven by a combination of
genetic, environmental, and immunologic factors that affect gene expression, structural
proteins, and lipid profiles.® Impaired skin barrier function is caused by changes in the
expression of key structural cornified barrier proteins and skin barrier lipids.* Barrier
dysfunction is an important feature of AD that involves interleukin (IL)-4 and IL-13. Periostin,
a matricellular protein induced by IL-4 or IL-13, plays a crucial role in the onset of allergic
skin inflammation, including barrier dysfunction. The IL-13/periostin pathway induces IL-24
production in keratinocytes and plays an important role in barrier dysfunction in AD.*°

Asthma

The bronchial epithelium is constantly exposed to a wide range of environmental materials
present in inhaled air, including noxious gases and anthropogenic and natural particulates,
such as gas and particles from car emissions, tobacco smoke, pollens, animal dander, and
pathogens.* The airway epithelium not only provides a physical barrier, but also modulates
allergic responses and airway inflammation.* Epithelial barrier dysfunction is involved

in allergic inflammation and asthma due to increased exposure of sub-epithelial tissues

to inhaled allergens and air pollutants. The TJ CLDN proteins are important regulators of
paracellular permeability. PM contributes to airway epithelial barrier dysfunction, which
results in airway inflammation and responsiveness.*

Impaired airway epithelium allows pathogens to remain in situ, which induces aberrant
immunological reactions.* Airway epithelium is the first line of defense between the external
air and internal body. It acts as a physical barrier, and senses signals to coordinate the
immunological responses associated with signal transduction, thus excluding pathogens
such as bacteria, viruses, fungi, and allergens.* Airway epithelial cells also play pivotal

roles in the immunological coordination of defense mechanisms, by transmitting signals to
immunologic cells to eliminate external pathogens from the airways.*

Dysregulated functions of asthmatic airway epithelium have been reported in the context
of impaired wound repair, fragile TJ, and excessive proliferation, which lead to airway
remodeling (i.e., aberrant airway responses caused by external pathogens).* Increased
sensitivity of asthmatic airway epithelia to environmental stressors and oxidative stress
reduces the threshold for epithelial damage.*” Increased barrier permeability in asthma
promotes allergic sensitization, reduces the threshold for epithelial damage, activates type
2 responses, and affects the microbial diversity of asthmatic airways.* Impaired epithelial
barrier repair in asthmatics leads to a failure to resolve inflammatory responses.*#>°
Respiratory syncytial virus (RSV) is the leading cause of lower respiratory tract infections in
children worldwide. While most develop a mild, self-limiting illness, some develop severe
acute lower respiratory infection and persistent airway disease. Exposure to ambient PM has
been linked to asthma, bronchitis, and viral infection in multiple epidemiological studies.
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TiO,-NP exposure exacerbates RSV-induced APC dysfunction and increases inflammation via

mechanisms that involve the generation of ROS.>

Plasma CLDNY7 levels are lower in patients with asthma compared to healthy individuals.
CLDNT7 levels are associated with the forced expiratory volume in 1 second/forced vital
capacity (FEV1/FVC) ratio; the proportion of blood eosinophils in patients with asthma and
the expression of CLDN7 were elevated in the lungs of mice with asthma, and in normal
human bronchial epithelial cells treated with HDM extracts. CLDN7 expression was
suppressed by exposure to TiO,, suggesting that PM contributes to airway epithelial barrier
dysfunction, and results in airway inflammation and responsiveness.” CLDN4, 5, and 17 were
affected in the nose and lung of mice exposed to diesel exhaust particles,” suggesting that
cell barrier integrity changed similarly between the upper and lower airways; this raises the
possibility that modulation of cell barriers in the nose and lung could be a useful alternative
treatment for airway disease.*

N-acetylcysteine (NAC) affects the signaling pathways involved in apoptosis, angiogenesis,
cell growth and arrest, redox-regulated gene expression, and the inflammatory response.
NAC diminished ovalbumin (OVA)-induced airway hyperresponsiveness and inflammation.
Levels of CLDN18 protein were higher in lung tissue from OVA-induced asthma mice than
control and were increased by treatment with NAC or dexamethasone. Soluble CLDN18 levels
were lower in patients with asthma than controls, and were correlated with the percentage of
neutrophils, the FEV1/FVC ratio, and FEV1% predicted. Those results suggest that CLDN18 is
involved in the pathogenesis of asthma.*

Acrolein, an o/B-unsaturated aldehyde, is volatile at room temperature. It is a respiratory
irritant found in tobacco smoke and can be generated during cooking or endogenously at
injury sites. Acrolein induces reactive airway dysfunction syndrome, ROS, and angiogenesis,
and TJ proteins such as CLDN4 and CLDN17 were involved in reactive airways dysfunction
syndrome in a mouse model.>*

CLDNSs are major transmembrane protein components of TJs in endothelia and epithelia.
CLDNss are essential in the role of TJs in cell permeability and cell signaling, through protein-
protein interactions. Ozone induces oxidative stress and lung inflammation in humans and
animal models, but the impact of ozone on CLDNs remains poorly understood. CLDNs

such as CLDN3, CLDN4, and CLDN14 are involved in airway inflammation following ozone
exposure, suggesting that ozone affects TJ proteins through oxidative mechanisms.>

CLDN4 has been reported to function as a paracellular sodium barrier and is one of three
major CLDNs expressed in lung alveolar epithelial cells. Blood from asthmatic patients
showed increased CLDN4 levels compared to healthy control subjects (Fig. 2A). Plasma
CLDN4 levels were significantly higher in patients with bronchial asthma than in control
patients (Fig. 2A). Plasma CLDN4 levels correlated with eosinophils and total IgE level,
and inversely correlated with FEV1% predicted and the FEV1/FVC ratio. Moreover, lung
tissues from OVA-OVA mice showed significant increases in CLDN4 staining, transcripts,
and proteins, as well as TJ breaks. Following CLDN4 knockdown by siRNA transfection,
the expression of inflammatory cytokines induced by Der pl treatment were significantly
increased. These findings raise the possibility that regulation of lung epithelial barrier
proteins may constitute a therapeutic approach for asthma.>
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Fig. 2. (A) Plasma CLDN4 level between stable and exacerbated states of asthmatic subjects and control
subjects. (B) Plasma CLDNS levels in patients with COPD and control subjects, and in patients with stable or
exacerbated COPD.

COPD, chronic obstructive pulmonary disease; CLDN, claudin.

*P < 0.05, compare to control; TP < 0.05, stable vs. exacerbated (modified from references®®*?).

Inhaled corticosteroids are currently the most effective anti-inflammatory therapy for
persistent asthma. Corticosteroid therapy might also suppress the increase in bronchial
vascularity and edema observed in asthmatic patients. In our mouse model of airway
inflammation, airway responsiveness and cytokine levels were reduced by corticosteroid
treatment, and CLDNS5 expression recovered (in terms of transcript and protein levels, and
endothelial integration), supporting the idea that regulation of endothelial TJ could be a
therapeutic target to decrease airway inflammation and responsiveness.”

Chronic obstructive pulmonary disease (COPD)

Airway epithelial barrier function is maintained by the formation of TJ and AJ. Inhalation of
cigarette smoke (CS) causes airway epithelial barrier dysfunction and may contribute to the
pathogenesis of chronic lung diseases, such as asthma and COPD.

CS extract (CSE) causes airway epithelial barrier dysfunction and simultaneously downregulates
multiple TJ and AJ proteins.*® Combining corticosteroids and long-acting bronchodilators

had no additive effect on reducing CSE-induced transepithelial electrical resistance (TEER).*
LL-37 counteracted CSE-induced TEER reduction and prevented the disruption of occludin and
Z0O-1. The use of LL-37 to counteract airway epithelial barrier dysfunction may have significant
benefits for respiratory diseases, such as asthma and COPD.>

Wildfire smoke induces acute pulmonary distress and is of particular concern to at-risk
groups, such as the sick and elderly. Woodsmoke (WS) contains many of the same toxic
compounds as CS, including polycyclic aromatic hydrocarbons, carbon monoxide, and free
radicals. CS is a well-established risk factor for respiratory diseases such as asthma and
COPD. WS may contribute to the breakdown of alveolar structure and function through a
p44/42 MAPK-dependent pathway, with chronic exposure leading to the development and/
or exacerbation of respiratory pathologies.® Wildfire smoke extract inhibits autophagic flux
and induces barrier dysfunction in the airway epithelium. As autophagy is a central regulator
of cellular repair, viability, and inflammation, targeting autophagic flux blockade may
ameliorate the consequences of wildfire smoke exposure for individuals with pre-existing
respiratory conditions.®
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The barrier function of airway epithelium in COPD can be potentiated by dysregulating TJ
protein complexes.® Zinc (Zn) is a vital cytoprotective factor for the airway epithelium, and
its depletion by CS produces disease-related modifications consistent with the inflammatory
changes seen in COPD. Zn deficiency, alongside CSE, potentiates the leaky barrier phenotype
and increased airway epithelial permeability exhibited in COPD. Zn dyshomeostasis has been

reported in airway epithelium exposed to chronic CS and inflammation. Therefore, targeting
these mechanisms has promise for ameliorating the leaky barrier phenotype synonymous
with COPD.®

The epithelial lining of the airway is the first barrier against environmental attack, such

as inhaled CS, which is the primary risk factor for COPD development. Destruction of

the epithelial barrier exposes the subepithelial layers to hazardous agents in the inspired
air, and alters the normal function of epithelial cells, which increases the likelihood of
COPD. Disruption of the epithelial junctions may modulate signaling pathways involved in
differentiation, repair, and pro-inflammatory responses.*®

CLDNS is a critical TJ in the control of endothelial cell polarity and pericellular permeability.
Mean plasma CLDNS levels of patients with COPD are often lower than in healthy controls
and are increased in exacerbated versus stable COPD patients (Fig. 2B). Plasma CLDNS5 levels
among COPD subjects were correlated with the amount of smoking. Plasma CLDNS5 levels in
stable COPD patients were correlated with the FEV1% predicted. These results suggest that
CLDNS5 may be involved in the pathogenesis of COPD.

CLDNS is an integral membrane protein that constitutes a critical component of endothelial
TJ, controlling pericellular permeability. Acrolein is a major irritant in smoke that can induce
acute lung injury (ALI), possibly by altering CLDNS expression. Sensitive and resistant mouse
strains showed different levels of CLDN5 expression following acrolein exposure, suggesting
that preservation of endothelial CLDN5 may be a novel clinical approach for treating ALL.*

THERAPEUTIC TARGETS FOR CELL BARRIERS

Strategies to repair epithelial barrier function include the use of prescription emollients that
mimic skin barrier lipid composition, biologics such as anti-IL-4R, anti-IgE, anti-IL 13, and
environmental interventions such as dietary changes, avoidance of allergens and detergents,
the use of humidifiers, protective measures against pollution, and various microbiomes.*
HDM disrupts the airway barrier function through the PAR2/TLR4/PGC-la-dependent
pathway. Thus, modulation of this pathway could represent a new approach to treat asthma.
To date, no medication has shown efficacy for restoring airway barrier function.®

The airway epithelial layer is disrupted in asthma, as indicated by the detachment of
ciliated cells, presence of epithelial cell aggregates in the sputum, increased permeability
to allergens, and reduced expression of the cell-cell adhesion molecule E-cadherin.*®¢
The inability to repair epithelial barrier function has significant pathophysiological
consequences, and results in increased permeability to allergens and the propagation of
pro-inflammatory and abnormal repair responses in the airways, in turn leading to airway
hyperresponsiveness and remodeling.®® Therapies targeting epithelial barrier defects

are attractive. Current approved therapies are aimed at restoring or improving epithelial
permeability in chronic airway diseases.®”® However, novel experimental in vitro and in vivo
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mouse models have reported reconstitution of the epithelial barrier.”” These approaches
focus on TJ regulation and have the potential to prevent the onset of upper and lower airway
pathologies, such as asthma and respiratory disease.”

CONCLUSION

In this review, we discussed the impact of environmental pollutants on cell barriers in
respiratory diseases. Airway epithelial cells, which form the initial airway barrier, play pivotal
roles in asthma and COPD pathogenesis, and are potential therapeutic targets to maintain
airway integrity. Their disruption enables environmental pollutants to remain in contact with
the airway epithelium, leading to airway inflammation, bronchoconstriction, and airway
remodeling. Airway epithelial cells also contribute to the coordination of immune responses,
to eliminate pathogens. Further basic and clinical research is warranted to gather data on
environmental pollutants and airway cell barriers, which would aid the identification of novel
therapeutic targets for respiratory diseases.
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