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The airway epithelium: more than
just a structural barrier

Anthony Tam, Samuel Wadsworth, Delbert Dorscheid, S.F. Paul Man and Don D. Sin

Abstract: The mammalian airway is lined by a variety of specialized epithelial cells that not
only serve as a physical barrier but also respond to environment-induced damage through
the release of biologically active factors and constant cellular renewal. The lung epithelium
responds to environmental insults such as pathogens, cigarette smoke and pollution by
secreting inflammatory mediators and antimicrobial peptides, and by recruiting immune cells
to the site of infection or damage. When the epithelium is severely damaged, basal cells and
Clara cells that have stem-cell-like properties are capable of self-renewal and proliferation
in the affected area, to repair the damage. In order to effectively fight off infections, the
epithelium requires the assistance of neutrophils recruited from the peripheral circulation
through transendothelial followed by transepithelial migration events. Activated neutrophils
migrate across the epithelium through a series of ligand�receptor interactions to the site of
injury, where they secrete proteolytic enzymes and oxidative radicals for pathogen destruction.
However, chronic activation and recruitment of neutrophils in airway diseases such as chronic
obstructive pulmonary disease and asthma has been associated with tissue damage and
disease severity. In this paper, we review the current understanding of the airway epithelial
response to injury and its interaction with inflammatory cells, in particular the neutrophil.

Keywords: airway epithelium, endothelium, gap junctions, immune barrier, neutrophils,
tight junction

Introduction
The airway epithelium is a dynamic tissue

that undergoes slow but constant renewal

[Crystal et al. 2008]. Since the lung is constantly

exposed to inhaled pathogens (such as bacteria

and viruses) and particulate matter (including

diesel exhaust and wood smoke) from the envi-

ronment, the airway epithelium must play a crit-

ical role in maintaining normal airway function

from the trachea to the alveoli. The airway

epithelium is composed of a variety of cell types

such as ciliated, mucous, basal, and Clara cells in

the bronchial epithelium, and Type I and Type II

cells in the alveolar epithelium (Figure 1).

Pseudostratification of the airway epithelium is

defined by the differing heights of the cells and

nuclei within the cells, yet all of the cells are rest-

ing on the epithelial basement membrane.

In addition to acting as a physical barrier, the

lung epithelium regulates lung fluid balance,

modulates metabolism and clearance of inhaled

agents, and secretes numerous mediators, several

of which recruit and activate inflammatory cells

in response to injury or infection [Knight and

Holgate, 2003]. Dysregulation of airway epithe-

lial cell function related to environmental triggers

may contribute to the pathogenesis of major lung

diseases such as chronic obstructive pulmonary

disease (COPD) and asthma. In this paper, we

review the various roles of the airway epithelium

as an innate immune organ, and its interaction

with inflammatory cells specifically neutrophils,

in response to environmental challenges.

Components of the airway epithelium

Pulmonary neuroendocrine cells
The pulmonary neuroendocrine cell (PNEC)

system originated from the ancestors of air-

breathing vertebrates such as the primitive

phyla (amphibians, reptiles) to advanced (birds,

mammals) organisms [Rogers, 1989]. During

lung development, PNECs are the first cell type

to form and differentiate within the airway
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epithelium, increase in number at birth and peak

during the neonatal period [Gustafsson et al.

2008]. In the postnatal phase, PNEC system rep-

resents the lung stem cell niche that is central to

airway epithelial regeneration and lung carcino-

genesis [Cutz et al. 2007]. In healthy individuals,

there is approximately one PNEC per 2500 epi-

thelial cells [Gosney et al. 1988]. PNECs are typ-

ically tall and pyramidal in shape, extend from

the basal lamina of the epithelium and possess

apical microvilli [Gustafsson et al. 2008].

PNECs are located within the epithelium lining

the larynx, trachea, bronchi, and down to the

bronchiole�alveolar junctions [Lauweryns et al.

1985]. The interaction of PNECs with neural

elements and smooth muscles facilitate the regu-

latory properties of bronchomotor and vascular

tone [Adriaensen et al. 2006].

Bronchial epithelium

Basal cells. Basal cells (BCs) are highly abun-

dant in the large airway (50%) and in the small

airways (81%) [Boers et al. 1998]. They are rel-

atively undifferentiated and characteristically

express transcription factor Trp-63 (p63) and

cytokeratins 5 and 14 (Krt5/14) [Evans et al.

2001]. BCs have sparse electron-dense cytoplasm

and appear to be the only cells that express hemi-

desmosomes, which are firmly attached to the

basement membrane via integrins (a6b4)

[Evans et al. 1989]. In rodents, BCs are popu-

lated among ciliated and secretory cells in the

trachea [Rock et al. 2009], whereas BCs in the

human lungs are present throughout the airways

including the bronchioles [Evans et al. 2001].

However, the cell count decreases as the airways

get progressively smaller [Evans and Plopper,

1988]. There is a correlation between the thick-

ness of the epithelium and the number of basal

cells and columnar cells attached to the basement

membrane [Knight and Holgate, 2003]. BCs

have also been demonstrated to possess stem-

cell-like properties in that they can self-renew

and give rise to secretory and ciliated epithelial

cells in response to epithelial injury [Hong et al.

2004]. In addition to their structural and progen-

itor roles, basal cells have been shown to produce

a variety of bioactive molecules including neutral

endopeptidase, 15-lipoxygenase products and

cytokines [Knight and Holgate, 2003].

Columnar ciliated epithelial cells. Ciliated epi-

thelial cells account for over 50% of all epithelial

cells within the human airways [Spina, 1998].

They are believed to be terminally differentiated

cells that arise from either basal or secretory cells

[Ayers and Jeffery, 1988]. Typically, these cells

possess up to 300 cilia per cell and a large

number of mitochondria are found immediately
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Figure 1. Major cell types of the lung epithelium. In the large airways, the major cell types are ciliated
columnar (C), goblet (G) and basal (B) cells. In the small airways, the cell types are similar with relatively
more Clara cell (Cl) type. The endothelium (En) separates the epithelium (Ep) from the blood stream (BS).
As the small airways merge with the alveolar epithelium, Type I (TI) and Type II (TII) cells become predominant.
Immune cells such as neutrophils are shown to migrate from the blood to the air space through the endo-
thelium, endothelial basement membrane (BM), interstitial tissues (In) containing type I fibroblasts (F) (parallel
to epithelium) and type II myofibroblast (perpendicular to epithelium), and finally through the epithelium via a
series of ligand�receptor interactions discussed in the text. Not shown are a variety of less common cell types
such as cartilage cells and neuroendocrine cells.
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beneath the apical surface, which are responsible

for providing energy to the cilia for mucous clear-

ance up and out of the airways via coordinated

ciliary beating [Harkema, 1991].

Mucous goblet cells. Mucous cells are defined

by electron-lucent acidic-mucin granules that

secrete mucous into the airway to trap foreign

objects such as pathogens and dust particles

[Jeffery, 1983]. In normal human trachea, it is

estimated that there are up to 6800 mucous-

secreting cells/mm2 of surface epithelium

[Lumsden et al. 1984]. The mucous layer present

in the airway from the level of the trachea to the

bronchioles consists of a mixture of highly glyco-

sylated mucin proteins. In the normal airways,

there is a fine equilibrium between mucous pro-

duction and clearance [Evans and Koo, 2009].

However, in chronic airway inflammatory dis-

eases such as chronic bronchitis and asthma,

mucous cell hyperplasia and metaplasia occur,

which lead to excessive sputum production

[Lumsden et al. 1984]. Mucous cells are capable

of self-renewal and may also transdifferentiate

into ciliated epithelial cells [Evans and Plopper,

1988].

Clara cells. In humans, Clara cells contain elec-

tron-dense granules and are found in the small

airways [Knight and Holgate, 2003]. The regula-

tion of the activity of potentially harmful protein-

ases secreted by neutrophils during inflammation

is important for the prevention of excessive tissue

damages [Sallenave et al. 1994]. To regulate

bronchiolar epithelial integrity and immunity,

Clara cells have been shown to produce bronchi-

olar surfactants and specific antiproteases such as

secretory leukocyte protease inhibitor [De Water

et al. 1986]. In addition, Clara cells can produce

p450 mono-oxygenases [De Water et al. 1986],

which are able to metabolize xenobiotic com-

pounds such as aromatic hydrocarbons, which

are found in cigarette smoke (CS). Recent evi-

dence has suggested that these cells may also pos-

sess important stem cell potential and may act

as progenitors for both ciliated and mucous-

secreting cells [Hong et al. 2001].

Basement membrane. The dense basement

membrane of extracellular matrix (ECM) mole-

cules beneath the airway epithelium has several

important roles in maintaining epithelial integ-

rity: (i) it acts as an anchor facilitating adhesion

of epithelial cells; (ii) it establishes and maintains

correct cellular polarity, (iii) it acts as a barrier

between the surface epithelium and the underly-

ing mesenchymal compartment, and (iv) it pro-

vides essential survival signals to the epithelium

[Wadsworth et al. 2004; Boudreau et al. 1996;

Terranova et al. 1980]. The upper layer of the

basement membrane, the lamina densa, consists

of type IV collagen and laminin (predominantly

type V) secreted by epithelial cells [Knight and

Holgate, 2003] (Figure 2). The lower lamina reti-

cularis layer consists of type III and V collagen

and fibronectin and is synthesized by subepithe-

lial fibroblasts [Paulsson, 1992]. It has long been

speculated that infiltrating immune cells migrate

across the epithelium to the site of injury via

enzymatic digestion of the extracellular matrix

within the basement membrane. However,

recent studies have demonstrated that the base-

ment membrane also contains pores, with aver-

age density of 737�863/mm2 and a mean

diameter of 1.76mm, through which immune

cells can transverse without perturbing the extra-

cellular matrix [Howat et al. 2002, 2001].

Alveolar epithelium
Gas exchange occurs in the alveolus. Alveolar

walls comprise greater than 99% of the internal

surface area of the mammalian lung [Dobbs and

Johnson, 2007]. A very thin layer of liquid is

found on the epithelial surface of the alveolus.

The fluid lining the alveolus is composed of sur-

factant phospholipids and an aqueous subphase,

which together has an average thickness that

ranges from 0.1 to 0.9 mm [Bastacky et al.

1995]. Surfactants are responsible for the regula-

tion of surface tension and gas exchange within

the alveolus. Surface tension provided by the sur-

factant is responsible for keeping the alveolar

space open and is important for elastic recoil of

the lung. The volume and contents of alveolar

fluid is tightly regulated by local cellular mecha-

nisms [Dobbs and Johnson, 2007]. The regula-

tion of alveolar ion and liquid transport has been

shown in vivo and in isolated lungs to be depen-

dent on alveolar epithelial cells, which are the

major sites of Naþ transport and fluid absorption

[Olivera et al. 1994]. The alveolar epithelium

facing the air-filled compartment is mostly com-

posed of Type I (TI) and Type II (TII) cells.

TI cells. TI cells have extremely thin cytoplasmic

extensions that cover more than 98% of the inter-

nal surface of the lung, thus providing a narrow

anatomic barrier between the air and blood com-

partment [Dobbs and Johnson, 2007]. Although

TI cells have been thought to be biologically

A Tam, S Wadsworth et al.
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inert, the presence of caveolae [Gumbleton,

2001] and small intracellular vacuoles have sug-

gested that TI cells may have endocytic function

and metabolic activities [Dobbs and Johnson,

2007]. Similar to TII cells, TI cells contain

microvilli, abundant mitochondria, and both

rough and smooth endoplasmic reticulum, sug-

gesting that they may also perform active biosyn-

thetic functions [Dobbs and Johnson, 2007].

TII cells. Unlike TI cells, TII cells are smaller,

cuboidal cells characterized by their distinctive

secretory granules called lamellar bodies, intra-

cellular storage organelles for pulmonary surfac-

tants [Dobbs and Johnson, 2007]. TII cells are

commonly known for the synthesis, secretion,

and reuptake of pulmonary surfactants [Wright

and Hawgood, 1989]. In addition, TII cells can

also act as progenitor cells following injury to the

alveolar epithelium [Wright, 2005].

Mucociliary functions in the airway epithelium
Two primary functions of the airway epithelium

are mucous production and mucociliary trans-

port where mucous cells and ciliated epithelial

cells work in collaboration to trap and remove

inhaled foreign materials from the airways

[Kilburn, 1968].

As the predominant form of mucin in the human

airway, MUC5AC is produced mainly in goblet

cells in the surface epithelium, while MUC5B is

produced mainly in mucous cells of the submu-

cosal glands [Wickstrom et al. 1998; Hovenberg

et al. 1996]. MUC5AC may represent an acute-

response mucin as a result of direct contact with

environmental insults, whereas MUC5B may be

involved in the response to chronic infection and

inflammation [Thornton et al. 2008]. Mucin pro-

duction has been shown to be regulated by

inflammatory mediators, such as lipopolysaccha-

ride (LPS) [Smirnova et al. 2003], tumour necro-

sis factor alpha (TNF-a) [Yoon et al. 1999],

interleukin 1 (IL-1) [Yoon et al. 1999], IL-17

[Chen et al. 2003], IL-13 [Danahay et al. 2002]

and b neutrophil elastase [Voynow et al. 1999],

growth factors such as epidermal growth factor

(EGF), transforming growth factor a (TGF-a)

[Takeyama et al. 1999], and environmental

insults such as CS [Shao et al. 2004] and bacteria

[Kohri et al. 2002]. In addition, it has been

shown that female sex hormone such as estrogen

can upregulate MUC5B gene expression in

normal human nasal epithelial cells [Choi et al.

2009; Fujimoto et al. 2004; Helmi et al. 1975].

According to the mucociliary transport model

proposed by Yates and colleagues in 1980

Ep

BM

In

Basal epithelial cells

Lamina densa

Lamina reticularis Type III and V collagen, fibronectin

Type IV collagen, Type V laminin

Fibroblasts

Hemidesmosomes

Figure 2. The basement membrane (BM) is made up of different types and forms of extracellular matrix
components and is divided in two major layers: lamina densa (type IV collagen, and type V laminin) predom-
inantly secreted by basal epithelial cells and the lamina reticularis (type III and V collagen and fibronectin)
primarily synthesized by subepithelial fibroblasts in the interstitium. Basal epithelial cells adhere to the lamina
densa via specialized structures, hemidesmosomes.
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[Yates et al. 1980], a viscoelastic layer of mucous

floats on the periciliary layer tethered to the

apical cell surface by mucins 1, 4 and 16 and

glycolipids [Sheehan et al. 2006]. Hydration of

the apical epithelial surface has been shown to

be regulated by the release, metabolism and

retention of nucleotides on airway surfaces

[Lazarowski et al. 2003]. The mucous layer acts

as a fluid reservoir by accepting or donating

liquid to maintain normal airway surface liquid

(ASL) level that approximates the height of the

outstretched cilia (6�7mm) [Leopold et al. 2009;

Tarran et al. 2001]. To ensure correct mucous

movement in the airway, cilia beat in a highly

coordinated fashion. During the effective stroke,

the ciliary tips penetrate into the mucous layer,

and during the recovery stroke, they withdraw

from this layer [Yates et al. 1980]. Reverdin and

colleagues have demonstrated the presence of

actin in the basal body region of ciliated cells in

rat trachea [Reverdin et al. 1975], suggesting that

this contractile protein may participate in the cil-

iary movement and in the coordination of the

ciliary beat. Cilia are anchored to the apical sur-

face of ciliated cells via specialized structures

known as basal bodies [Dalen, 1983]. The pres-

ence of claw-like structures on the cilia have been

suggested to serve as a special anchorage device

for pushing the entrapped particulate matter on

the mucous sheet towards the pharynx [Jeffery

and Reid, 1975]. Ciliary beating is an energetic

process, reflected by the high numbers of mito-

chondria found in the apical regions of ciliated

cells [Harkema, 1991].

Regulation of ASL and mucociliary clearance is

critical for maintaining normal airway function.

In normal airways, the cystic fibrosis transmem-

brane conductance regulator (CFTR) and the

epithelial Naþ channel (ENaC) (that coexist in

the apical plasma membrane of airway epithelial

cells with Caþ-activated chloride channel

[CaCC], outwardly rectifying Cl� channel

[ORCC], and Cl� channel 2 [CLC2]) are fully

functional [Zeitlin, 2008]. The combination of

Cl� secretion and reduced Naþ reabsorption

favours a healthy ion composition and depth of

airway surface liquid, which enables effective cil-

iary beat for proper mucociliary clearance

[Zeitlin, 2008]. In chronic airway diseases such

as cystic fibrosis, CFTR is absent or dysfunc-

tional and ENaC is no longer regulated, leading

to hyperabsorption of Naþ and an increased driv-

ing force for fluid reabsorption [Zeitlin, 2008].

The ASL depth is reduced, the mucosal glands

are hypertrophied and excessive mucous is

secreted [Zeitlin, 2008]. The excessive produc-

tion of viscous mucous impairs mucociliary clear-

ance, resulting in airflow obstruction and

bacterial colonization of the lungs [Zeitlin,

2008].

In other rarer diseases, impaired mucociliary

transport is the direct result of defective ciliary

function. Patients with ciliary dyskinesia for

example secrete normal amounts and types of

airway mucous, however clearance from the

airway is compromised due to disordered ciliary

beating [Noone et al. 2004; Bush et al. 1998].

Properties and functions of junctional
complexes in cell�cell communication
In the intact airway epithelium, junctional com-

plexes at cell�cell contact sites are control points

that play important roles in maintaining lung epi-

thelial function by regulating the flow of solute

across the epithelium (through tight junctions)

and from one cell to another (through gap junc-

tions). They form a tight barrier around the

apical membrane of the cells resulting in close

contact with each other [Farquhar and Palade,

1963]. Adhesion junctions including cadherin-

containing adherens junctions and desmosomes

play vital roles in maintaining the structural

integrity of the epithelium by promoting direct

cell�cell adhesion. For the purpose this review,

we briefly address tight junctions and gap junc-

tions on the airway epithelium. For a more exten-

sive review on airway junctional complexes,

please refer to the additional sources

[Green and Jones, 1996; Schneeberger and

Lynch, 1992].

Tight junctions
Several tight-junction-associated proteins have

been identified, including occludin and claudins,

and junctional adhesion molecules such as zonula

occludens (ZO-1, ZO-2 and ZO-3), [Harhaj and

Antonetti, 2004], which are important for epithe-

lial integrity. The ZO family plays a central role in

orchestrating tight junction complexes by inter-

acting with the cytoplasmic C-terminal region of

the occludin for structural stability [Harhaj and

Antonetti, 2004]. ZO-1, in particular, has also

been shown to regulate cell cycle and may be

involved in the genesis of certain malignancies

[Polette et al. 2007; Gonzalez-Mariscal et al.

2000]. ZO-1 has been used extensively as a

marker of epithelial integrity [Bolton et al.

1998] and may be of clinical relevance in
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monitoring morphologic changes and permeabil-

ity of the bronchial epithelium in CS-induced

respiratory diseases such as COPD [Evans et al.

2002]. In an in vitro airway epithelial model, the

addition of matrix metalloproteinase 9 (MMP9)

to the apical epithelium led to an increase in

transepithelial conductance and a decrease in

tight junction protein expression [Vermeer et al.

2009], suggesting that increased levels of MMP9

in asthmatics may play an important role in

airway remodelling.

Gap junctions
Cells in the bronchial and alveolar epithelium are

interconnected by gap junction channels that

enable transport of antioxidants, cytoplasmic

metabolites and signals in neighbouring cells

[Koval, 2002]. TI and TII alveolar cells express

at least six gap junction proteins (connexin) that

are involved in intracellular signalling between

homogenous (TI�TI and TII�TII cells) and het-

erogeneous (TI�TII cells) cultures of alveolar

cells [Boitano et al. 2004]. Alveolar epithelial

cells have the capacity to transmit signals both

directly through gap junctions and indirectly

through nucleotide secretion and paracrine stim-

ulation of purinergic receptors [Boitano et al.

2004]. In one study, mechanical stimulation of

TI cells in situ increased intracellular Caþ2 con-

centrations, which led to an influx of Caþ2 to

pass through gap junctions and stimulated secre-

tion of surfactant proteins in neighbouring TII

cells [Ashino et al. 2000].

The airway epithelium as an immune barrier
In addition to being a physical barrier, the airway

epithelium also acts an immune barrier via spe-

cific Fas (CD95/Apo-1) and Fas-ligand (FasL,

CD95L, CD178) interactions [Hamann et al.

1998; Fine et al. 1997; Uhal et al. 1995]. The

Fas receptor is a type I membrane-receptor pro-

tein belonging to the TNF family, it is ubiqui-

tously expressed on structural and inflammatory

cells [Watanabe-Fukunaga et al. 1992]. Fas

receptor interaction with membrane-bound

FasL results in the activation of a cascade of

intracellular caspases leading to apoptosis of the

Fas-presenting cell [Muzio et al. 1997; Itoh et al.

1991]. FasL is predominantly expressed on

immune cells but has also been shown to be

expressed in some structural cells including the

corneal epithelium, Sertoli cells of the testes

[French et al. 1996; Griffith et al. 1995] and the

airway epithelium [Gochuico et al. 1998] at sites

of ‘immune privilege’.

Experimental data suggest that expression of

FasL at these sites protects against tissue injury

by inducing apoptosis in infiltrating immune cells

during immunologic reactions and infections

[French et al. 1996; Griffith et al. 1995]. For

example, removal of airway epithelium in

guinea pigs results in infiltration of the airway

wall by eosinophils, while restitution of the

epithelium is associated with eosinophilic apo-

ptosis [Erjefalt et al. 1996]. During active

allergen-induced airway inflammation, there is

a downregulation of FasL expression in the

airway epithelium [Gochuico et al. 1998], sug-

gesting that FasL may be a key player in protect-

ing the epithelial barrier from tissue injuries.

Interestingly, bronchial epithelial expression of

MMP7 is increased in asthmatic patients, and

IL-13 stimulation of airway epithelial MMP7

in vitro has been shown to trigger FasL cleavage

from the membrane into a soluble form

[Wadsworth et al. 2010]. Soluble FasL released

after MMP7 cleavage cannot trigger Fas trimer-

ization and apoptosis but can function as

a pro-inflammatory chemokine for neutrophils

[Ottonello et al. 1999; Schneider et al. 1998;

Seino et al. 1998], thus contributing to persistent

chronic airway neutrophilic inflammation and

epithelial damage in asthma.

Responses of epithelium to
environmental factors
The lung epithelium is an important physical bar-

rier, which acts as a shield against airborne toxins

such as CS, airborne pollutants such as particu-

late matter, and foreign pathogens such as bacte-

ria and viruses. However, the epithelium is also

able to respond to injurious stimuli by releasing

soluble factors important in stimulating and

directing the cellular innate immune response.

CS has been shown to trigger the production of

IL-1b and IL-8 from bronchial epithelial cells

in vitro, while TNF-a and IL-6 are released by

CS-treated alveolar macrophages [Mio et al.

1997]. IL-1b produced from the bronchial epithe-

lium can induce the release of neutrophils from

bone marrow, while IL-8 promotes neutrophil

chemotaxis to the site of damage [Chung, 2001].

Elevated protein expressions of MCP-1, TGF-b1,

IL-8 and their mRNA have also been observed in

the bronchiolar epithelium from smokers with

COPD compared with those without COPD

[de Boer et al. 2000]. CS extract has also been

shown to cause disassembly of tight junctions,

which are critical in regulating the flow of solutes
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through the paracellular pathway [Petecchia et al.

2009]. CS condensate-induced tight junction

disassembly were partially blocked by the MEK

inhibitor (U0126) and were completely blocked

by the EGFR inhibitor, suggesting that the

EGFR-MAPK ERK1/2 pathway may be one of

the mechanisms by which toxic chemicals from

CS may cause cellular damage [Luppi et al. 2007].

In addition to the secretion of inflammatory

mediators and chemotactic mediators, the

airway epithelium also exhibits certain features

that enable protection against bacterial infec-

tions. Mechanisms that recognize pathogens by

the airway are essential to mount protective

responses of the innate immune system [Bals

and Hiemstra, 2004]. To date, 10 Toll-like recep-

tors (TLRs) have been well documented in

human airway epithelial cells [Kaisho and

Akira, 2006; Uematsu and Akira, 2006; Akira

and Takeda, 2004], which have been shown to

be involved in a variety of gene regulations

including cytokines, chemokines and antimicro-

bial peptides. TLRs can be broadly divided into

those that exhibit antibacterial (TLR-1, TLR-2,

TLR-4, TLR-5, TLR-6 and TLR-9) and anti-

viral responses (TLR-3, TLR-7 and TLR-8)

[Bals and Hiemstra, 2004]. Under normal resting

conditions, TLR-4 is expressed minimally in the

intracellular compartment of airway epithelial

cells [Guillot et al. 2004], and are generally unre-

sponsive to Gram-negative bacteria endotoxin

(LPS) exposure [Monick et al. 2003]. However,

respiratory syncytial virus (RSV) induced TLR-4

mRNA, proteins and membrane localization in

airway epithelial cells in vitro [Monick et al.

2003]. Unlike primary airway epithelial cells,

when TLR4 positive human airway epithelial

cell lines are challenged with bacterial endotoxin

(LPS), IL-6 and CXCL8/IL-8 proteins become

upregulated, suggesting that TLR4 activation

leads to the production of pro-inflammatory

mediators [Guillot et al. 2004]. TLR-2 has been

shown to respond to lipoproteins and lipoteichoic

acid (LTA) from Gram-positive bacteria [Lien

et al. 1999]. TLR-5 recognises flagellin, which

is a component of the flagellae responsible for

bacterial motility [Hayashi et al. 2001]. For a

more extensive review on TLRs and their mech-

anistic pathways, please refer to these selected

articles [Chaudhuri and Sabroe, 2008; Bals and

Hiemstra, 2004].

Furthermore, epithelial cells secrete small anti-

microbial peptides such as b-defensins and

LL-37, which are involved in the growth inhibi-

tion of inhaled microorganisms until removal by

phagocytosis and/or mucociliary clearance [Bals

and Hiemstra, 2004]. Bacteria, including

Pseudomonas aeruginosa [Li et al. 1997],

Staphylococcus aureus [Lemjabbar and Basbaum,

2002], Streptococcus pneumoniae [Ha et al. 2007],

nontypeable Haemophilus influenzae [Wang et al.

2002] and Mycoplasma pneumoniae [Kraft et al.

2008] can activate cell surface receptors resulting

in nuclear factor (NF)-iB activation and MUC2

and/or MUC5AC transcriptional upregulation

[Rose and Voynow, 2006]. Production of

mucous by the airway epithelium is a natural

defence mechanism against foreign pathogens

such as bacteria by trapping them and facilitating

their clearance through the mucociliary elevator.

Epithelial damage and repair
When the airway epithelium is damaged, tissue

repair becomes critical to re-establish the integ-

rity of the damaged tissue. However, the precise

mechanisms by which the epithelium repairs

itself are still controversial. In an in vivo study

where the tracheal epithelium of guinea pig was

wounded, epithelial cells including the secretory

and ciliated cells near the damaged area began to

dedifferentiate, flatten and migrate over the

denuded area after 15 minutes (Figure 3)

[Erjefalt et al. 1995]. The damaged area then

becomes covered by a tight layer of flattened

undifferentiated epithelium before epithelial

redifferentiation restores the functional integrity

of the tissue [Erjefalt et al. 1995]. These data

suggest that the lung epithelium is capable of

self-renewal and proliferation after injury.

Increased expression of specific integrins such

as avb1 and avb6 are present on the basal surface

of regenerating epithelium to promote regenera-

tion of the physical barrier [Horiba and Fukuda,

1994]. In addition, there is increased expression

of fibronectin, collagen IV and laminin in bovine

tracheal epithelial cell culture lesions, which pro-

mote the restoration of the basement membrane

matrix and allow epithelial cell migration

[Rickard et al. 1993]. Stem cell capacity has

been shown in resident side population cells

(�0.1% of total epithelial cell population) in

the human airways where they had sustained

colony-forming capacity, maintained telomere

length over serial passage, and the ability to

form a differentiated, multilayered epithelium

[Hackett et al. 2008]. Within the population of

epithelium cells, Clara cell secretory protein

(CCSP)-expressing cells of proximal airways
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behaved like classical transit-amplifying (TA)

cells such as those of the intestinal epithelium,

whereas CCSP-expressing cells of bronchiolar

airways behaved more like the self-renewing pro-

genitor cells present within the interfollicular epi-

dermis [Chen et al. 2009].

Regulation of immune cells in the airway

Alveolar macrophages
The alveolar macrophage (AM) is the resident

mononuclear phagocyte in the alveolar air

spaces. It plays an important role in the defence

against microorganisms and pollutants from the

environment. The AM has a large internal com-

partment of organelles and inclusions which con-

tain a vast repertoire of enzymes, which can be

used to destroy organisms encountered from the

external environment [Mehta et al. 2008]. When

the lung is challenged by bacteria, AMs become

activated and produce reactive nitric oxide (NO)

[Pendino et al. 1993], which is regulated through

an inducible form of nitric oxide synthase (iNOS)

by LPS and TNF-a [Lowenstein et al. 1993].

AM mediates bacterial killing by releasing NO

and other reactive oxygen and nitrogen species

[Nathan, 1987]. CS, on the other hand, has dam-

aging effects on AM that lead to compromised

cellular functions. In an in vitro study by

Aoshiba and colleagues, mouse, rat and human

AMs cultured in CS extract experienced a

decrease in the capacity to kill and clear inflam-

matory cells and debris from the lungs [Kirkham

et al. 2004; Aoshiba et al. 2001]. Chronic CS

exposure also increases the production of proteo-

lytic enzymes such as the gelatinases (MMP2 and

MMP9) and macrophage metalloelastase

(MMP12) in AMs, which are involved in lung

tissue destruction [Taraseviciene-Stewart and

Voelkel, 2008]. Mice with knocked out genes

for MMP12 do not develop increased airspace

size after chronic smoke exposure. However, it

should be noted that alveolar macrophages are

just one potential source of MMPs in the

airway, epithelial cells, neutrophils, fibroblasts

and smooth muscle cells also contribute to pro-

tease activity in the lung (refs)

Neutrophils
The neutrophil plays a pivotal role in human host

defence against bacterial infection [Howard et al.

1990]. Polymorphonuclear neutrophils (PMNs)

belong to the innate immune system and consti-

tute the main defence against invading bacteria

and fungi [Zarbock and Ley, 2009]. An early

response to infection is the recruitment of

C

B

G

Cellular
damage

Redifferentiation Dedifferentiation
and proliferation

Figure 3. When the epithelium is damaged by toxic chemicals such as cigarette smoke, cells undergo cell
death. Clara cells (Cl) and basal cells (B) have been shown to have stem-cell-like properties for self-renewal
and re-establishment of the intact epithelium. These cells are able to undergo dedifferentiation, proliferation
and redifferentiation into goblet cells (G) and ciliated epithelial cells.
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neutrophils from the circulation with migration

to the affected tissue. Neutrophil adhesion to

the microvascular endothelium is thus an early

event in the induction of an acute inflammatory

response [Tonnesen et al. 1989]. Neutrophils

respond to these stimulants by secreting granule

contents and generating oxygen radicals in order

to penetrate the tissue barrier to the site of infec-

tion and degrade foreign pathogens [Russo et al.

1981]. However, massive secretion of granule

contents and oxygen radicals during infections

may cause damage to adjacent cells and connec-

tive tissue structures [Fantone and Ward, 1982].

Recent in vitro studies have demonstrated that

human neutrophils exposed to small amounts of

LPS prior to stimulation with FMLP have

enhanced production of granule components

[Haslett et al. 1985] and cause increased

damage to cultured vascular endothelial cells

[Smedly et al. 1986].

Neutrophil migration
In addition to the secretion of powerful proteo-

lytic enzymes to digest microbial pathogens, an

integral function of the neutrophil is the ability to

travel through the vasculature and into the site of

infection [Zemans et al. 2009]. During its jour-

ney into the lung, neutrophils pass through the

endothelium, interstitial tissues and epithelium

before arriving in the airspaces. Neutrophil

migration consists of three major sequential

events: (1) transendothelial migration, (2) base-

ment membrane and interstitial migration, and

(3) transepithelial migration.

Neutrophil transendothelial migration
Neutrophils exit from the circulation and emi-

grate through the endothelium in three major

phases: leukocyte adhesion, rolling and transmi-

gration. The initial step of neutrophil adhesion is

mediated by interactions between L-, E- and

P-selectins that are expressed on leukocytes,

and P-selectin glycoprotein ligand (PSBL1) that

are expressed on the apical surface of vascular

endothelium [Zemans et al. 2009]. Selectin-trig-

gered signalling in neutrophils mediates slow roll-

ing, which is followed by complete arrest of the

neutrophils on the endothelial surface via b1 and

b2 integrins expressed on leukocytes and adhe-

sion molecules (intercellular adhesion molecule

[ICAM] and vascular adhesion molecule

[VCAM]) on the endothelium [Zemans et al.

2009]. The final phase of neutrophil transmigra-

tion involves spreading and crawling, which are

mediated by interactions between CD11b/CD18

(amb2 or Mac-1) on the neutrophil and ICAM

on the endothelium [Zemans et al. 2009].

Neutrophils then migrate across the endothelium

through either a paracellular route involving

platelet endothelial cell adhesion molecules

(PECAM)1 and junctional adhesion molecules

(JAMs), or a transcellular route involving

ICAM1, PECAM1 and caveolins on the endo-

thelium [Zemans et al. 2009]. In vitro studies

have demonstrated that neutrophil adherence to

cultured large vessel endothelial cells (human

umbilical vein, bovine aorta and porcine aorta)

is increased in the presence of a chemotactic

stimulus [Hoover et al. 1978]. These chemotactic

stimuli include chemotactic peptides, formyl-

methionyl-leucyl-phenylalanine (FMLP) and

C5a, and the lipid mediators, leukotriene B4

(LTB4) and platelet activating factor (PAF),

which enhanced human neutrophil adherence to

cultured human microvascular endothelial cells

via expression of Mac-1, LFA-1, p150,95 glyco-

protein family on the neutrophil surfaces

[Tonnesen et al. 1989].

Neutrophil migration across
basement membrane

Proteases
After migrating across the endothelium, neutro-

phils must first penetrate the subendothelial

basement membrane before gaining access to

the interstitial space [Burns et al. 2003].

Whether this process involves proteolytic degra-

dation of the basement membrane is controver-

sial. Observations of neutrophil migration have

not provided evidence of significant disruption

of the basement membrane [Shaw, 1980;

Marchesi and Gowans, 1964]. Although neutro-

phil elastase and gelatinase B have a high capacity

for ECM degradation, normal neutrophil migra-

tion at inflammatory foci has been observed in

mice that are genetically deficient of elastase

[Belaaouaj et al. 1998] or gelatinase B

[Betsuyaku et al. 1999], suggesting that the pen-

etration of neutrophils across the basement mem-

brane does not require proteases. In addition,

reports have shown that fibronectin associated

with subendothelial basement membrane

[Matzner et al. 1990], and type IV collagen (a

major constituent of alveolar capillary basement

membrane) [Amenta et al. 1988; Zibrak et al.

1985; Sage, 1982; Kefalides et al. 1979] act as

protective substrates and inhibit neutrophil acti-

vation, resulting in reduced potential for damage
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as neutrophils migrate from the blood to the

airspaces.

Pores in basement membrane
Neutrophils are believed to gain access to the

interstitium and subsequently the epithelium by

migrating through pre-existing holes in the endo-

thelial and epithelial basement membranes,

respectively [Behzad et al. 1996; Walker et al.

1995]. In control rabbits, neutrophils were

observed to pass through small holes in the endo-

thelial basement membrane at the same loci

occupied by fibroblasts [Walker et al. 1995], sug-

gesting that basement membrane holes occupied

by fibroblasts are sites through which neutrophils

migrate. However, before a neutrophil is allowed

to pass through the hole, the fibroblast extensions

must be withdrawn or displaced [Burns et al.

2003]. This mechanism has been demonstrated

in dermal explants where mechanical stress leads

to fibroblast retraction and causes the long cyto-

plasmic extrusions of myofibroblasts to become

spherical and lose contact with the ECM [Burns

et al. 2003]. Evidence from electron microscopy

suggests that the holes must be at least 1mm in

diameter for neutrophil migration [Walker et al.

1995].

Neutrophil migration across interstitium:
fibroblast as source of contact and stimulation
As neutrophils cross the subendothelial basement

membrane of airway vessels, they emerge into the

interstitium [Burns et al. 2003]. The interstitium

is composed of two main types of fibroblast; the

first is associated with fibrous connective tissues

and is oriented parallel to the epithelium,

whereas the second type is a myofibroblast that

is stellate, perpendicular to the epithelium [Burns

et al. 2003], and capable of contraction [Kapanci

et al. 1992; Leslie et al. 1992]. Myofibroblasts

within the airway wall are connected by adhe-

rens-like junctions on the cytoplasmic extrusions

[Burns et al. 2003]. Myofibroblasts have been

shown to act as a bridge from pre-existing holes

in the subendothelium, through the interstitium,

to the holes in the basement membrane of the

subepithelium [Behzad et al. 1996]. The close

contact between the dense fibrillar cytoplasm of

the neutrophil and the fibroblast supported the

idea that this proximal association is an adhesive

contact [Behzad et al. 1996]. Unlike the myofi-

broblasts, ECM elements including collagen and

elastin are not arranged in a manner that provide

a continuous structure that bridge between holes

in the endothelial and epithelial basement

membrane, suggesting that fibroblasts play a

more directional role in guiding neutrophil

migration than the ECM [Burns et al. 2003].

Several in vitro studies have shown that activated

neutrophils adhere to skin and lung fibroblasts

through a CD18-dependent interaction

[Giuliani et al. 1993; Shock and Laurent,

1991]. Furthermore, fibroblasts have also

shown to respond to TNF-a by secreting IL-8

proteins, which are chemotactic for neutrophils

[Burns et al. 1996]. Collectively, this evidence

suggests that lung fibroblasts can function as an

adhesive substrate and a source of stimulation for

neutrophil migration.

Neutrophil transepithelial migration
Once the neutrophil has traversed the epithelial

basement membrane, the subsequent migration

across the lung epithelia can be categorized into

three sequential stages: adhesion, migration and

postmigration events [Zen and Parkos, 2003].

The initial step of neutrophil transepithelial

migration is characterized by adhesion of neutro-

phils to the basolateral surface of the epithelium

by ligation of CD11b/CD18 on the neutrophil

surface to molecules on the epithelial surface

including fucosylated proteoglycans and JAMs

[Zen and Parkos, 2003]. Unlike transendothelial

migration, neutrophils have only been shown to

travel through the epithelium via the paracellular

route. Neutrophils migrate between cells via

sequential binding to a number of epithelial cell

surface molecules such as CD47 via signal regu-

latory protein (SIRP-a) on the neutrophil [Zen

and Parkos, 2003]. At the level of the tight junc-

tion, neutrophil JAM-L binds to epithelial cox-

sackie and adenovirus receptor (CAR) [Zen and

Parkos, 2003]. After the neutrophils have com-

pletely migrated across the epithelial monolayer,

they bind to the apical surface of the epithelium

and constitute a defence barrier via important

neutrophil�apical cell interactions including the

binding of FcR to apical antigen, neutrophil

CD97 to epithelial DAF, and CD11b/CD18 to

ICAM on the epithelium [Zen and Parkos,

2003].

In vitro models of transepithelial
neutrophil migration

Cell culture model
Much of our knowledge of the mechanism of

neutrophil transepithelial migration has derived

from cell culture models [Walker et al. 1995].

Earlier studies employed alveolar epithelial cells
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cultured on the upper surface of porous tissue

culture inserts where neutrophils were allowed

to migrate in a nonphysiologic apical to basolat-

eral direction [Lin et al. 1995]. More recently,

epithelial cells are cultured on the underside of

the insert such that neutrophils can migrate phys-

iologically from the basolateral surface to the

apical surface [Parkos et al. 1991]. To further

improve the model of neutrophil transendothelial

and transepithelial migration, some groups have

developed a more sophisticated cell culture

model where endothelial cells and alveolar epi-

thelial cells are grown on opposite sides of the

insert to investigate transendothelial and transe-

pithelial neutrophil migration [Hu et al. 2005].

These cell culture models have been used to

examine the effect of respiratory drugs on neu-

trophil migration since they resemble the existing

blood�air barrier in the airway epithelium.

Airway epithelial cell culture in air�liquid
interface models in vivo epithelial properties
Primary human airway epithelial cells grown in

air�liquid interface cultures (Figure 4) have been

shown to express similar properties to the intact

airway epithelium in vivo [Wadsworth et al. 2006;

Choe et al. 2003]. Much of our knowledge from

the interactions between environmental and

inflammatory stimuli, and the airway epithelium

has been derived extensively from in vitro cell cul-

ture models. Some of these functional pheno-

types of the pseudostratified epithelial layer

include tightly packed cells that form a barrier

to the external elements with intercellular junc-

tions such as desmosomes, ciliagenesis and

mucous secretion from goblet cells [Wadsworth

et al. 2006; Choe et al. 2003]. High transepithe-

lial resistance in fully differentiated cell cultures

reflects the tight cellular packing and junctional

adhesions formed in the intact airway epithelium

in vivo [Rowe et al. 2004].

The airway epithelial surface is covered by a thin

layer of fluid, which serves to protect the under-

lying epithelium [Candiano et al. 2007]. One

group has used a proteomics approach to identify

proteins secreted from the airway surface liquid

of differentiated human airway epithelium and

has found that pro-inflammatory mediators

such as IL-4, IL-1b, TNF-a and IFN-g modified

the ion transport properties by changing the

expression and activity of ion channels like the

CFTR, the epithelial sodium channel and, and

the Caþ2-dependent Cl� channel [Candiano

et al. 2007]. Similarly in another in vitro study,

IL-13, an inflammatory mediator associated with

asthma and chronic sinusitis [Humbert et al.

1997; Hamilos et al. 1996; Huang et al. 1995],

alters the volume and composition of epithelial

lining fluid by converting the human bronchial

epithelium from an absorptive to a secretory phe-

notype [Danahay et al. 2002]. In chronic lung

diseases such as asthma and COPD, the airway

may also be subjected to epithelial wounding.

The effect of glucocorticoids on epithelial

wound repair [Wadsworth et al. 2006] and neu-

trophil migration via fibroblasts [Gao and

Issekutz, 1997] have been examined in cell cul-

ture models. Taken together, in vitro studies have

shown that differentiated cell culture is an invalu-

able model in understanding the physiological

properties of the human airway epithelium.

In the next section, we specifically examine the

effect of inhaled steroids on neutrophil migration

in cell culture models.

Effect of drugs on neutrophil migration
Airway inflammation in COPD is associated with

increased numbers of macrophages and T lym-

phocytes in the airway wall [Di Stefano et al.

1996; Keatings et al. 1996], and neutrophils in

the airway lumen [Saetta et al. 2001;

O’Shaughnessy et al. 1997]. Studies have shown

that neutrophils recruited to the site of inflamma-

tion by microbial products are able to recruit

additional neutrophils by secreting IL-8, TNF-a
and IL-1b [van Wetering et al. 2002; Cassatella,

1995]. TNF-a and IL-1b have been shown to

induce endothelial adhesion molecule expression

[Kaiser et al. 1993], suggesting that neutro-

phil�endothelial interactions via inflammatory

cytokines may potentiate inflammation, creating

a cycle of damage to the airways via excessive

release of free radicals and proteases in chronic

airway diseases.

Corticosteroids such as dexamethasone, budeso-

nide, prednisolone, and fluticasone are commonly

used in asthma and COPD patients to reduce

airway inflammation. The primary role by which

glucocorticoids mediate their actions is through

modulating expression of genes, involved in

metabolism, immunological responses and

inflammation [Munck et al. 1990; Schleimer,

1990]. One of the important effects of steroids

is to reduce adherence of polymorphonuclear

cells to endothelial cells [van Overveld et al.

2000; McGillen and Phair, 1979], and infiltra-

tion of inflammatory cells from the blood to the

tissues [McGillen and Phair, 1979]. In vitro
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studies have demonstrated that corticosteroids

are able to inhibit chemotaxis of neutrophils

[Lomas et al. 1991; Rivkin et al. 1976], and super-

oxide anion generation [Fuenfer et al. 1979].

Previous studies have shown that dexamethasone

reduces the binding of P-selectin on endothelial

cells to circulating leukocytes [Yamaki et al.

1998], and inhibits both LPS- and IL-1b-induced

synthesis and expression of E-selectin and

ICAM-1 on endothelial cells [Cronstein et al.

1992]. In another in vitro study, dexamethasone,

budesonide and prednisolone individually

inhibited LPS-induced leukocyte migration in

a dose-dependent manner [van Overveld et al.

2003]. However, more studies must be conducted

to elucidate the exact mechanism of these respi-

ratory drugs.

Conclusion
The airway epithelium is not simply a physical

barrier to environmental pollutants and patho-

gens. The airway epithelium is composed of spe-

cialized cells that have unique structures and

functions. The epithelium is an active part of

the innate immune system that responds to envi-

ronmental challenges by secreting inflammatory

mediators to trigger immune cell recruitment to

sites of injury and by secreting antimicrobial

agents. When the epithelium senses pathogens

or pollutants via specialized receptors, neutro-

phils are recruited to the site of injury through

transendothelial and transepithelial migration

involving a series of ligand�receptor interactions.

Neutrophils, in turn, unleash a series of digestive

enzymes which kill their target. In a normal

healthy individual, airway inflammation as a

result of pathogens or pollutants will subside

when the stimulants are removed. However, in

chronic airway diseases, persistent neutrophilic

infiltration in the lungs may lead to tissue

damage from the unfocussed action of cytotoxins

that they release. Therefore, cell culture models,

in addition to in vivo models, have been used to

examine the effect of drugs on cytokine and che-

mokine production by neutrophils and the airway

epithelium, to examine neutrophil migration

from the blood to the airspaces in various respi-

ratory conditions. By exploiting the growing

understanding of the epithelium and its interac-

tions with inflammatory cells, it may be possible

in the near future to develop pharmacologic com-

pounds to treat the characteristic epithelial dys-

regulation which contributes to or even causes

various inflammatory lung conditions.
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