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Abstract Airway epithelial cell migration is essential for
lung development and growth, as well as the maintenance
of respiratory tissue integrity. This vital cellular process is
also important for the repair and regeneration of damaged
airway epithelium. More importantly, several lung diseases
characterized by aberrant tissue remodeling result from the
improper repair of damaged respiratory tissue. Epithelial
cell migration relies upon extracellular matrix molecules
and is further regulated by numerous local, neuronal, and
hormonal factors. Under inflammatory conditions, cell
migration can also be stimulated by certain cytokines and
chemokines. Many well-known environmental factors
involved in the pathogenesis of chronic lung diseases (e.g.,
cigarette smoking, air pollution, alcohol intake, inflam-
mation, viral and bacterial infections) can inhibit airway
epithelial cell migration. Further investigation of cellular
and molecular mechanisms of cell migration with advanced
techniques may provide knowledge that is relevant to
physiological and pathological conditions. These studies
may eventually lead to the development of therapeutic
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interventions to improve lung repair and regeneration and
to prevent aberrant remodeling in the lung.
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Introduction

In the lung, epithelial cell migration plays a key role in
both physiological and pathophysiological conditions.
Airway epithelial cell migration is involved in lung
development, airway branching, lung growth, and regula-
tion of homeostasis. The airway epithelial lining can be
damaged by various environmental insults, including
inhaled toxins, cigarette smoking, infection of airborne
microorganisms, chemicals, and physical force. In response
to these insults, epithelial cell migration, proliferation, and
differentiation are required for proper tissue repair. Aber-
rant airway remodeling contributes to the pathogenesis of
several lung disorders. In comparison to other cellular and
molecular processes in the respiratory system, our under-
standing on airway epithelial cell migration is limited. In
comparison to other cell types, little is known regarding the
mechanisms of airway epithelial cell migration. This
review will shed light on this overlooked but highly sig-
nificant subject in lung diseases. We will briefly introduce
the molecular mechanisms of cell migration, emphasize the
complex process of airway epithelial injury and repair,
present the factors that can promote airway epithelial cell
migration, and discuss the pathological conditions that
inhibit airway epithelial cell migration. We hope this dis-
cussion will translate knowledge gained from basic
research into the clinical spotlight to promote future studies
and collaborations between clinicians and scientists.
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The cell migration process

Cell migration involves many steps, and the ability of a cell
to move is dependent upon cell-cell and cell-matrix
interactions. Cell migration is a cyclical process that can be
divided into five phases [1, 2]. The first step is morpho-
logical polarization, which is described as a clear
distinction between cell front and rear, or, in other words,
the cell acquires motility-driven directionality. This is
important for the formation of membrane processes
involved in cell movement, such as lamellipodia and filo-
podia. Lamellipodia are broad, flat, sheet-like structures,
whereas filopodia are thin, cylindrical, needle-like projec-
tions [2].

The next step is membrane extension. Cell migration
proceeds with an initial protrusion or extension of the
plasma membrane at the leading edge of the cell, driven by
polymerization of the cytoskeletal network of actin fila-
ments, and stabilized by adhesive complexes [1]. The
molecular machinery and detailed mechanism of mem-
brane extension and lamellipodial formation is available in
the literature [2, 3]. During membrane extension, the net-
work of actin filaments at the leading edge pushes the
membrane forward via actin polymerization.

The third step in the cell migration process is formation
of cell-substratum attachments or adhesions. Once the cell
membrane has been extended and the cytoskeleton has
been assembled, the plasma membrane must become firmly
attached to the substratum. These membrane extensions at
the leading edge of the cell are stabilized by attachment or
adhesion complexes, in which actin bundles in the leading
edge become anchored to structures known as focal adhe-
sions or primordial contacts. Primordial contacts are
transient structures that enable cell protrusions to anchor
for a short period of time and are rapidly remodeled during
migration. Adhesion complexes are composed of many
proteins, including adhesion receptors, kinases, adaptor
proteins, and structural molecules [4]. The attachment
serves two purposes: it prevents the leading lamella from
retracting, and it attaches the cell to the substratum,
allowing the cell to move forward by using adhesions as
sites of traction.

The fourth step is represented by contractile force and
traction. Movement requires extension and contraction
forces. As cells move, the weak transient focal complexes
transform into stronger, more organized focal adhesions
that act as forces of traction for cell migration [5]. After
the forward attachments have been made, the bulk con-
tents of the cell body are translocated forward. It is
believed that the nucleus and the other organelles
embedded in the cytoskeleton are moved forward by
myosin-dependent cortical contraction in the rear part of
the cell [6].
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The last step in the cyclical process of cell migration is
the release or breaking of cell attachments, also known as
de-adhesion, at the rear or tail-end of the cell, thereby
allowing for net movement in the forward direction [4].
Adhesive contacts may be broken by extracellular proteo-
lytic enzymes, such as serine proteinases of the plasmin
system or matrix metalloproteinases (MMPs). The base-
ment membrane is generally composed of type IV collagen,
which can be degraded by gelatinases (MMP-2 and MMP-
9) and other MMP subtypes. The integrins at the rear are
recycled via internalization by endocytosis, and transported
using both the microfilament and microtubule cytoskele-
tons to the front of the cell to make new adhesions at the
leading edge. The freed tail is brought forward, and this
retraction of the rear also involves a myosin-dependent
mechanism. Under light microscopy, the tail is seen to snap
loose from its connections, either by contraction of stress
fibers in the tail or by elastic tension, and occasionally
leaves parts of its membrane behind, still firmly attached to
the substratum [7].

One unique feature of the epithelia is that the cell—cell
contacts are maintained by cadherins [8]; thus, they can
undergo collective migration while maintaining intact
junctional complexes [9]. In collective migration, cells
move as sheets, strands, clusters, or ducts rather than
individually. The collective migration is essential for tissue
remodeling events that underlie embryonic morphogenesis,
wound repair, and is also involved in cancer invasion [10].

Molecular mechanisms of cell migration

Like a switch, the processes of cell migration can be turned
on and off by regulatory changes of molecular components,
including soluble factors (growth factors, cytokines, etc.),
adhesion molecules, and extracellular matrix (ECM) mol-
ecules. The mechanisms that regulate these processes into
directional migration vary among cell types under different
conditions. Scratching confluent cell monolayers can ini-
tiate polarization of cells towards the wound, suggesting
that the lack of cell—cell contact inhibition is a strong signal
for cell spreading and migration. The cell-cell and cell-
ECM interactions could be considered as the initial “out-
side-in” signals that employ the cell adhesion molecules
and the integrins to link the ECM to the cytoskeleton [11-
13]. Monolayer wounding triggers multiple stimuli,
including activation of integrins and release of growth
factors. Growth factors, cytokines, chemokines, and other
soluble mediators may provide signals to further direct
cells for migration through their specific receptors and
intracellular signal pathways, such as protein kinase A
(PKA) [14, 15], protein kinase C (PKC) [16, 17], mitogen-
activated protein kinases (MAPK, such as extracellular



Airway epithelial cell migration and respiratory diseases

4151

Direction of cell migration
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Fig. 1 Signaling mechanisms for cell migration and invasion. / The
change of physicochemical conditions in the surrounding area of the
cell may initiate cell spreading and migration due to lack of contact
inhibition. Cell—cell and cell-matrix interaction may initiate “outside-
in” signals. 2 Soluble mediators may further influence the direction

signal-regulated kinase (ERK), c-Jun amino-terminal pro-
tein kinase (JNK) and p38) [18] (Fig. 1).

The Rho/Rac family of signaling molecules, such as
Cdc42 and Rac, play key roles in the regulation of cell
motility. Cdc42 can stimulate actin polymerization to form
filopodia, and the activation of Rac can stimulate lamelli-
podial formation. Additionally, these molecules can
regulate contractile forces at the leading edge of the cell by
regulating the myosin light chain phosphorylation [19], and
by its interactions with PAK (p21 activated kinase) [20],
and Rho kinase [21, 22]. Furthermore, protein tyrosine
phosphorylation is involved in the formation of adhesive
structures, and the focal adhesion kinase (FAK), paxillin,
and tensin are among the phosphoproteins known to con-
stitute adhesive complexes [23-25] (Fig. 1).

Phosphatidylinositol 3-kinase (PI3K) and its down-
stream signals, particularly Akt, are important regulators
for directional cell migration. When cells are exposed to a
gradient of chemoattractant, PI3K is recruited to the
plasma membrane at the front. PI3K activation at the
leading edge results in the formation of PIP3-PIP2-enri-
ched lipid complex, as a docking site for diverse PH
domain-containing proteins [26], including Akt [27, 28]. In
chemotaxis neutrophils, PI3K, Rac, and F-actin form a
positive feedback loop to sustain amplification of PIP3 at
the cell front, to maintain polarity, and the actin assembly
at the leading edge for driving membrane protrusion [29-
32]. PI3K and Akt also participate in the regulation of cell
adhesion and de-adhesion, cell extension, and invasion [33]
(Fig. 1). A positive feedback loop between Cdc42 and H+
efflux by Na-H exchanger 1 (NHE1) has been found for
maintaining polarity in migrating fibroblasts [34, 35] and
epithelial cells [36]. In addition to the regulation of cell
polarity, NHE1 also contributes to cell migration by
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and velocity of cell migration. 3 Activation of intracellular signal
transduction pathways coordinates multiple cellular functions related
to cell motility. 4 Alteration of phosphorylation status of cytoskel-
eton-associated proteins may further control the formation of cellular
protrusions and focal adhesions, and activities of proteases

affecting the cell volume, regulating the intracellular pH
and thereby affecting the assembly and activity of cyto-
skeletal elements, and anchoring the cytoskeleton to the
plasma membrane, which are important for both traction
and retraction during cell migration. NHE1 is also involved
in regulating expression of genes related to cell adhesion
[36].

Airway epithelial cell migration is an early event
for tissue repair after injury

The epithelium of the respiratory tract is subject to various
chemical, physical, environmental, and inflammatory
insults, which can vary in severity from temporary induc-
tion of surface epithelium permeability, to cell death and
denudation of the epithelial cell lining (Fig. 2). Migration
of the epithelial cells to cover the wounded area is an early
event of lung repair after injury.

Experiments carried out in the 1950s by Wilhelm [37]
demonstrated that after an acute injury of the airway epi-
thelium, the surviving epithelial cells neighboring the edge
of the wound undergo a sequence of events to heal the
wound. Keenan, McDowell [38—40] and their colleagues
further characterized the airway epithelial repair. Their
work provided much of the initial basis of our knowledge
in this field. They removed airway epithelium in vitro by
scraping it with a blunt probe. At 2 h, almost all cells
sloughed off from the injured area leaving bare basal
lamina. At 6 and 12 h, flattened cells migrated from adja-
cent uninjured epithelium, and partially covered the
denuded basal lamina. At 24 h, one or two layers of
squamous cells covered the denuded area. Many of those
cells were in division, and cell division was also increased
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Pseudostratified
Trachea/bronchi

Fig. 2 Epithelial cells in the lung and cellular mechanisms of lung
epithelial repair after injury. The respiratory tract is covered by highly
differentiated epithelial cells. Pseudostratified, columnar, ciliated
epithelial cells line the upper respiratory tree. In the trachea and main
bronchi, bronchial epithelial cells provide a physical barrier against
microorganisms. In the proximal bronchioles, epithelial cells take on
a more cuboidal shape, with both ciliated cells, and secretory non-
ciliated Clara cells. In the distal bronchioles, only Clara cells can be
identified. Type I pneumocytes are flattened squamous epithelial cells
covering most of the surface of alveoli. Type II pneumocytes at the

in mucous cells and basal cells in the uninjured epithelium.
By 96 h, the regenerated epithelium was fully differenti-
ated and was indistinguishable from normal epithelium
[38]. Cells at the wound edge traveled 2.5 times farther
[41] at a higher rate compared to cells at distal locations
[42]. On the other hand, cell mitotic activity typically does
not peak until 24—48 h after wounding and mainly involves
cells located close to the wound edge [41, 43].

The repair and regeneration of the airway epithelium is
accomplished with the cell de-differentiation, migration,
cell proliferation, active mitosis, squamous metaplasia,
and finally, re-differentiation of cells to pseudo-stratified
mucociliary epithelium [44] (Fig. 2). Shimizu et al. inves-
tigated epithelial regeneration in mechanically injured rat
trachea using phenotypic markers that identify unique
differentiation stages of epithelial cells. After generating
the wound, cells from the adjacent epithelium flattened and
migrated into the wounded site during the first 12 h. At
24 h, these cells dedifferentiated into poorly differentiated
cells that did not precisely resemble any of the mature
tracheal cells. Proliferation of these poorly differentiated
cells produced a multilayered epithelium by 48 h [45].
These poorly differentiated cells expressed cytokeratin 14
and GSI-B4 (Griffonia simplicifolia I-isolectin B4) binding
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corners of alveoli function as local progenitors for type I cells. The
respiratory epithelium is subjected to various chemical, physical,
environmental, and inflammatory injuries, which can vary in severity
from temporary induction of surface epithelium permeability, to cell
death and complete denudation of the epithelial cell lining. The
epithelial repair has three steps in common: (1) epithelial cell
migration toward the wound; (2) proliferation of the lung epithelial
progenitor cells; (3) differentiation. Epithelial cell migration is an
early event of the lung repair after injury. PNEC: pulmonary
neuroendocrine cells

sites, which are specific markers for basal cells in normal
airway epithelium. At 72 h, the wound was covered with a
pseudo-stratified epithelium; secretory cell markers were
present at the apex of differentiating columnar cells, and a
few pre-ciliated cells that expressed ciliated cell markers.
Basal cells also became distinctly recognizable and
expressed cytokeratin 14 and GSI-B4 binding sites. Newly
appearing secretory or ciliated cells also expressed these
markers but lost them gradually as they acquired new sets
of specific markers [45].

Taken together, these studies demonstrate that airway
epithelial cell migration is a critical component of wound
healing post-injury in airways. The de-differentiation and
re-differentiation processes before and after cell migration
and proliferation are important steps. The molecular
mechanisms that regulate these steps should be further
investigated.

Regulation of airway epithelial cell migration
Migration of airway epithelial cells is a highly regulated

biological process, controlled by cell-ECM interactions,
and local, neuronal, and hormonal factors. Certain
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Table 1 Regulation of airway epithelial cell migration

Regulatory mechanisms References
Local regulators
Adenosine [14]
ATP [47, 48]
Fibronectin [49-51]
Laminin [51, 66]
Collagen-IV [51, 66]
Collagen-I [53]
Trefoil factor family peptides [57, 59]
Gastrin-releasing peptide, neuromedin B [60]
Neuronal and hormonal regulators
Tachykinins [61]
Catecholamine [63]
Insulin [67]
Growth factors
EGF [59, 66]
IGF-1 [67]
Cytokines and chemokines
TNF-o [68, 69]
IL-18 [71]
IFN-y [72]
-4 [73]
IL-6 [74]
Chemokines that activate CXCR3 [75]

cytokines can also stimulate airway epithelial cells for
migration (Table 1).

Mechanical wound initiates airway epithelial cell
migration through autocrine mechanisms

Mechanical wound of airway epithelium initiates cell
migration for airway repair. Scratching cultured bronchial
epithelial cells activates PKC, inhibits GSK3/ and leads to
the activation of downstream signaling through f-catenin
[46]. Wounding of airway epithelial cell monolayer results
in the release of ATP. Eliminating extracellular ATP, ADP,
and adenosine attenuates mechanical wounding-induced
rapid activation of PI3K and ERK pathways in human
airway epithelial BEAS2B cells [47]. ATP, ADP, and
adenosine activate purinergic receptors. Adenosine uses P1
receptors, ADP and ATP use P2Y receptors, and ATP is
also able to use P2X receptors. Mechanical wounding-
induced ATP, ADP, and adenosine may facilitate cell
migration through these receptors. In human airway bron-
chial epithelial BEAS2B cells and bovine bronchial
epithelial cells, adenosine (the breakdown products of
ATP) stimulates wound repair in a dose-dependent manner.
5'-(N cyclopropyl) carboxamido adenosine, an A(2A)
adenosine receptor agonist, augmented wound closure;

whereas inhibition of A(2A) adenosine receptor with ZM-
241385, a known antagonist, impeded wound healing [14].
ATP-initiated signal is mediated intracellularly through
Duox1, a newly identified NADPH oxidase homolog
within the tracheobronchial epithelium. Activation of
Duoxl1 is associated with activation of ERK1/2 and MMP-9
[48]. Furthermore, ATP, released upon epithelial scratch-
ing also triggers cell migration through HB-EGF (heparin-
binding EGF-like growth factor) shedding and subsequent
EGF receptor activation [47]. These mechanisms may
function as an autocrine regulation for mechanical wound-
induced airway epithelial cell migration (Fig. 3).

Cell-ECM interaction and activation of MMPs in cell
migration

The ECM provides an important substratum for cells to
adhere. ECM-related molecules, such as fibronectin, col-
lagen and laminin, also affect migration of airway
epithelial cells. For example, fibronectin secreted by
fibroblasts exhibits chemotactic activity for bronchial epi-
thelial cells and enhances cell migration [49]. Antibodies
against fibronectin, or against a5/f1 integrin (fibronectin
receptor), reduce cell migration [50]. In Boyden chambers,
a model system to study cell migration across a filter, filters
pre-coated with fibronectin significantly stimulate cell
migration, whereas, laminin- and type IV collagen-pre-
coated filters are less effective [51]. PKC activation
enhances human airway epithelial BEAS2B cell invasion
through fibronectin pre-coated filters [52]. In a separate
study, type I collagen coated filters also increases bovine
bronchial epithelial cell migration [53].

The activation of proteases is an essential step for cell—
matrix interaction during cell migration. MMP-9 [54] and
MTI1-MMP [55] have been identified as important regula-
tors for airway epithelial cell migration. MMP-9 is
accumulated at the leading edge of a wound in migrating
human bronchial epithelial cells and is activated in the
ECM. When MMP-9 activation is suppressed, cells
remained fixed on primordial contacts and do not move
forward [54]. Small airway injury induce by naphthalene (a
toxicant of non-ciliated airway epithelial cells) is unable to
reconstitute a normal, fully differentiated airway epithe-
lium even after 28 days in the MT1-MMP-knockout mice
[55]. Urokinase-type plasminogen activator (uPA) is
another protease that is detected in migrating cells at
wound edges. It is also located at crucial sites for cell-ECM
interactions. Antibody against uPA significantly reduces
airway epithelial cell migration. The ability of uPA to
promote human bronchial epithelial cell migration is
mediated by the generation of plasmin, which in turn
activates MMP-9 [56]. MMPs and proteases regulate air-
way epithelial cell migration in a coordinated fashion.
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Fig. 3 ATP mediates airway
epithelial cell migration.

Direction of cell migration

Mechanical wound induces
release of ATP. Extracellular
ATP, ADP, and adenosine
function through purinergic
receptors to activate Duoxl, a
newly identified NADPH
oxidase homolog, to enhance
cell migration via ERK1/2 and
MMP-9. ATP also triggers cell
migration through HB-EGF
shedding and subsequent EGF )
receptor activation =t = ——

Regulation of airway epithelial cell migration by local,
neuronal, and hormonal factors

Secretory products of epithelial cells also regulate airway
epithelial cell migration. Trefoil factor family (TFF) pep-
tides are secretory products of many mucous epithelia and
are aberrantly secreted during chronic inflammatory dis-
eases [57]. TFF peptides (TFF1, TFF2, and TFF3) are
known for their protective or healing effects in vivo, par-
ticularly in the gastrointestinal mucosa [58]. Recombinant
human TFF2 stimulated human bronchial epithelial
BEAS2B cell migration in wound healing assays. A syn-
ergistic effect was noticed between TFF2 and a low
concentration of EGF. TFF2 and TFF3 also enhanced
migration of BEAS2B cells in Boyden chamber assays
[59]. The chemotaxis effect of TFF2 on bronchial epithelial
cell migration is mediated by PKC, ERK and Src protein
tyrosine kinase regulated signal transduction pathways
[57]. Gastrin-releasing peptide and neuromedin B are also
small peptides produced by mucous epithelia. They stim-
ulated guinea pig tracheal epithelial cell migration, which
was attenuated by their receptor antagonist [60].
Tachykinins, including substance P and neurokinin A
(NKA), are neuropeptides located at the sensory nerves
within the airway mucosa. NKA stimulated migration of
guinea pig tracheal epithelial cells and human bronchial
epithelial cells. NKA-induced cell migration was attenu-
ated substantially by the NKA-receptor antagonist SR-
48968 [61]. Neuropeptide depletion in guinea pigs with
capsaicin significantly attenuated both epithelial cell pro-
liferation and epithelial repair in the first 72 h after
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mechanical injury to the trachea [62]. f-adrenergic recep-
tor mediates a variety of physiological functions of airway
epithelial cells [15]. When bovine bronchial epithelial cells
were stimulated with isoproterenol, a f-adrenergic receptor
agonist, cell migration was accelerated, which can be
blocked by PKA inhibitor [63]. In contrast, f-adrenergic
receptor agonists delay corneal epithelial cell migration
and decrease corneal wound healing, whereas f-adrenergic
receptor antagonists accelerate corneal epithelial cell
migration, and promote corneal wound repair [64]. The
opposite effects of these molecules indicate the importance
of studying cell-type-specific regulatory mechanisms on
cell migration. Furthermore, ff-adrenergic receptor agonists
and antagonists are commonly used in medical practice;
thus, cell migration related to f-adrenergic receptors pro-
vides opportunities for pharmacological interventions for
airway repair.

Growth factors can regulate airway epithelial cell
migration. EGF elicited migration of guinea pig tracheal
epithelial cells in Boyden chamber chemotaxis assays and
in wound closure assays. Effects of EGF did not depend on
the underlying matrix coated by laminin, fibronectin, or
collagen [65]. EGF also stimulated human airway epithelial
16HBE140- cells on collagen-IV, or a laminin-coated
surface, which requires f1 integrin. Antibodies to o2, a3
and o6 integrin reduced EGF-induced cell migration on
collagen-IV, but not on a laminin-coated surface [66].
Bronchial epithelial cells from human biopsy migrated in
response to insulin and insulin-like growth factor-1 [67].
When insulin was used as a chemoattractant, the fibro-
nectin-precoated filters facilitated migration of bovine
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bronchial epithelial cells more effectively than laminin or
type IV collagen coatings [51]. These results indicate that
growth factor-induced airway epithelial cell migration is
further determined by the interaction between ECM com-
ponents and their integrin receptors, which requires further
investigations.

Cytokines and inflammatory mediators

Persistent inflammation in the airway is an important
underlying mechanism of various chronic lung diseases,
including asthma, chronic obstructive pulmonary disease
(COPD), and cystic fibrosis. Certain inflammatory cyto-
kines are known to alter bronchial epithelial cell
attachment and migration.

TNF-o and IL-1f are acute phase cytokines in inflam-
mation. Mononuclear cell conditioned medium enhances
bronchial epithelial cell migration through TNF-o [68].
Further studies confirmed that recombinant TNF-o stimu-
lates bovine bronchial epithelial cell migration, which is
associated with activation of PKC. Inhibition of PKC with
pharmacological inhibitors reduced TNF-a induced cell
migration [69]. TNF-o induced airway epithelial cell
migration requires MMP-9 release, EGF shedding, sub-
sequent EGF receptor transactivation, and K + channel
stimulation [70]. IL-1f (<10 ng/ml) significantly acceler-
ated migration of primary human airway epithelial cells or
16HBE144_ cells grown in air-liquid interface culture,
which is mediated through NF-xB. However, IL-1§ did not
accelerate migration in primary airway epithelial cells
collected from asthmatic donors [71]. Further comparison
between cells isolated from non-asthmatic and asthmatic
donors may reveal the mechanisms by which abnormal
airway remodeling occurs.

IFN-7y can be produced by TH1 cells and is involved in
viral and bacterial infection. In wound-healing assays of
Calu-3 human airway epithelial cells grown on collagen I,
IFN-y treatment enhanced cell migration and promoted
epithelial restitution. IL-4 and IL-13 are cytokines pro-
duced by TH2 cells. They decreased cell migration and
reduced barrier function [72]. However, the migration of
primary human airway epithelial cells grown in air-liquid
interface culture was increased by IL-4. This effect was not
mediated through STAT6 (signal transducer and activator
of transcription 6), a well-known IL-4 receptor-associated
signaling pathway, but was through either insulin receptor
substrate (IRS)-1 or IRS-2 [73]. The opposite observations
of IL-4 on airway epithelial cell migration may be due to
the differences between primary cells and immortalized
cell lines. However, since air-liquid interface culture may
promote better differentiation of airway epithelial cells, the
differentiation status of cells may alter cellular respon-
siveness to IL-4 and other mediators.

IL-6 is a cytokine that has both pro-inflammatory and
anti-inflammatory functions. IL-6 and other IL-6-related
polypeptides (IL-11, leukemia inhibitory factor, ciliary
neurotrophic factor, oncostatin M, and cardiotropin 1) bind
to the transmembrane receptor GP130 (glycoprotein 130),
activating Janus-associated kinase, and enhancing STAT3
phosphorylation. STAT3 phosphorylation was enhanced
during the early phase of small airway epithelial repair in
vivo induced by naphthalene. After cell-selective deletion
of STAT3 or GP130 gene in airway epithelial cells,
recovery after airway injury was incomplete, with persis-
tent areas of squamous metaplasia and failure to restore
normal morphology of ciliated and non-ciliated bronchiolar
epithelial cells along the terminal bronchioles [74].
Therefore, IL-6-related polypeptides and the GP130-
STAT3 pathway are essential to promote small airway
epithelial repair in response to naphthalene and perhaps
other toxins.

Chemokines are small cytokines that can induce directed
chemotaxis in responsive cells. Human airway epithelial
cells express CXC chemokine receptor 3 (CXCR3). All three
CXCR3ligands, I-TAC/CXCL11, IP-10/CXCL10, and Mig/
CXCL9, induced migration of human airway epithelial cells.
CXCR3 activation induced rapid phosphorylation of p38 and
ERK1/2. Chemotactic response to I-TAC was blocked by
p38 or PI3K inhibitor [75]. Chemokines are well known for
their functions of recruiting inflammatory cells and immune
cells in the innate and adaptive immune responses. The
finding of CXCR3 and its ligands mediate airway epithelial
cell migration is intriguing. The roles of other types of che-
mokines and their receptors in mediating airway epithelial
cell migration should be determined. These studies may help
to determine the relationship between inflammation and
tissue repair and remodeling.

Although inflammatory cytokines and chemokines could
accelerate airway epithelial cells to migrate, overexpres-
sion of these molecules might result in aberrant airway
remodeling. For example, IL-4 is an abundant inflamma-
tory cytokine in chronic inflammatory airways diseases
such as asthma, which stimulates overproduction of mucins
and secretion of chemokines from airway epithelial cells
[73]. Its role in airway repair and remodeling should be
interpreted with caution. Further in vivo studies are
required to elucidate the airway epithelial repair in
response to inflammatory mediators.

Multiple pathological conditions inhibit airway
epithelial cell migration
Airway epithelial cell migration is important for airway

repair and maintenance of homeostasis. Impaired airway
epithelial cell migration is associated with chronic lung
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Table 2 Factors that inhibit airway epithelial cell migration

Inhibitory factors References
P. aeruginosa [76, 77, 79]
Bovine herpesvirus-1 [83]

Inhale factors

Cigarette smoke [86-89]

Hog barn dust [90]

Feedlot dust [92]

Arsenic [93]

Air pollution and ozone exposure [94]

Cold draught air [95]
Ethanol [95, 97, 98]
Inflammation factors

Endothelin-1 [99]

Nitric oxide (NO) [102]

IL-4, IL-13 [72]

Mechanical ventilation [105, 106, 109, 123]

diseases, such as COPD, cystic fibrosis, chronic bronchitis,
emphysema, and asthma. Bacterial and viral infection,
inhaled toxins, pollutants, cigarette smoking, alcohol
abuse, and inflammatory mediators are contributing factors
for these chronic lung diseases, and can inhibit airway
epithelial cell migration (Table 2).

Bacterial and viral infection

In the normal respiratory tract, the airway surface is pro-
tected from pathogenic bacteria by mucociliary clearance.
When this mechanism is impaired, attachment of bacteria
to epithelial cells may provide pathways for bacterial col-
onization. Spreading and migrating human airway
epithelial cells showed higher affinity to Pseudomonas
aeruginosa [76]. Asialo GM1 (gangliotetraosylceramide
containing the GalNAcbl-4Gal sequence) is an apical
membrane receptor for P. aeruginosa adherence to
migrating respiratory epithelial cells [77]. Fibronectin and
its receptor («5f1 integrin) can also be used by P. aeru-
ginosa 50-kDa outer membrane protein as sites of bacterial
adherence [78]. P. aeruginosa virulence factors, especially
elastase may impede airway epithelial wound closure by
altering actin cytoskeleton and inducing imbalance
between MMP-2 and its endogenous inhibitor, TIMP-2
[79]. The function of tight junctions can be disturbed by
airway inflammation, resulting in leaky barriers, which
facilitate invasion of bacteria and release of their virulence
factors. Additionally, bacterial toxins can degrade junc-
tional adhesion molecules and directly cause damage to
epithelial integrity [80, 81]. The epithelium function
actually remains suboptimal for several days even after the
wound closure, known as the “vulnerable period” [82].
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Bovine herpesvirus-1 reduced the bovine bronchial air-
way epithelial cells to migrate as well as their ability to
adhere to various ECM substrates such as fibronectin and
vitronectin [83]. Immunofluorescence analysis shows that
focal contact points become diffuse after viral infection
with disorganized actin filaments. Inhibition of viral rep-
lication via DNA polymerase inhibitor prevented the focal
contact dissociation and disruption [83]. Many pathogenic
bacteria have been found in the airway of patients with
chronic respiratory diseases, which may also damage the
airway epithelium and to prevent its repair. With the pan-
demics of respiratory viral infections, further investigations
on viral-related alteration of cell migration are necessary.

Cigarette smoking

The respiratory tract is subject to damage by many envi-
ronmental irritants and toxins, of which cigarette smoking
is one of the most common irritants. Exposure to cigarette
smoke is responsible for a number of pulmonary diseases
including chronic bronchitis, emphysema, COPD, and lung
carcinoma. The specific injurious effects of cigarette smoke
on the bronchial epithelium include loss of cilia, hyper-
trophy of submucosal bronchial glands, ulceration,
squamous metaplasia, and malignant transformation. Cig-
arette smoke can predispose to infections, by disrupting
ciliary action of the respiratory epithelium, and by direct
damage to airway epithelium, which ultimately inhibits the
reparative properties of the respiratory epithelium. Ciga-
rette smoke also inhibits the clearance of bacteria operated
by leukocytes and macrophages [84, 85].

Cigarette smoke extract inhibited human and bovine
bronchial epithelial repair processes, by inhibiting epithe-
lial cell chemotaxis, proliferation, and contraction of 3D
collagen gels [86]. Cigarette smoke also inhibits the ability
of airway epithelial cells to release TGF-f and fibronectin,
known to be important for the processes of cell migration
in wound healing [87]. Cigarette smoke can induce cellular
senescence (cells can no longer replicate themselves
through mitosis) and impairment of cell migration via
down-regulation of Werner’s syndrome protein, which is a
member of the RecQ helicase family and plays a key role
in DNA metabolism, including replication, recombination,
and repair [88]. Expose lung epithelial cells with aqueous
extract of cigarette smoke resulted in the loss of both
structural and functional properties of microtubules, such
as proliferation, migration, and maintenance of the cellular
morphology [89].

Occupational and environmental exposures

Agricultural work and other occupational exposures are
responsible for about 15 % of COPD cases. Dust extract



Airway epithelial cell migration and respiratory diseases

4157

from hog confinement barns specifically activated PKCo
and PKCe¢ in bronchial epithelial cells. PKCa (but not
PKCe¢) activation appears to be responsible for decreased
cell migration in wound repair [90]. Dust extract from hog
confinement barns also increased production and release of
IL-6 and IL-8 through PKC activation [91]. Cattle feedlot
dust extract also stimulated significant IL-6 and IL-8
release in airway epithelial cells. Interestingly, this effect
was mediated through the activation of PKCe¢ (but not
PKCo) [92]. PKC is a family with different isozymes. The
PKC family members may play different roles in mediating
cell migration.

Arsenic is a naturally occurring metalloid found in
water, soil, and air. Exposure to inorganic arsenic occurs
worldwide via environmental (e.g., contaminated drinking
water, air, food, domestic fuel sources) and occupational
exposures (e.g., smelting industries, pesticide production).
Notably, in human bronchial epithelial cell line
(16HBE14o0-), arsenic at concentrations as low as 30 ppb
inhibited cell migration and wound healing [93].

The common air pollutant ozone causes acute toxicity to
human airways [94]. Similarly, exposures to cold and
draught air in working environment or lifestyle are asso-
ciated with chronic bronchitis, which may also reduce
airway epithelial cell migration [95].

Alcohol intake

Excessive alcohol intake increases the risk of developing a
variety of respiratory diseases [95, 96]. In bovine bronchial
epithelial cells, ethanol causes a concentration-dependent
inhibition on the closure of mechanical wound of cell
monolayers [97]. Prolonged treatment of cells with ethanol
slows wound closure via down-regulating and de-sensitiz-
ing cAMP-dependent PKA signaling [97]. Alcohol abuse is
closely associated with smoking cigarettes. In bronchial
epithelial cells, malondialdehyde, an inflammation product
of lipid peroxidation, and acetaldehyde, a component of
both ethanol metabolism and cigarette smoke, form protein
adducts that greatly inhibited cell wound closure in a dose-
dependent manner [98].

Inflammatory mediators

In pulmonary inflammatory diseases such as asthma,
mediators like Endothelin-1 are released by active airway
epithelium. Endothelin-1 modulates the activation and
proliferation of fibroblasts and myofibroblasts, thus con-
tributing to collagen deposition and remodeling of the
airways. In human bronchial epithelial cells, Endothelin-1
slows the proliferation and migration of human bronchial
epithelial cells [99]. Elevated concentrations of exhaled
nitric oxide (NO) and increased epithelial expression of

NOS2 are characteristic features of chronic inflammatory
airway diseases such as asthma [100]. Physiological levels
of NO can promote airway epithelial cell migration and
wound repair in vitro, associated with increased expression
and activation of MMP-9 [101]. When human bronchial
epithelial cells were exposed to the NO donor (diethyl-
enetriamine NONOQate) at concentrations representative of
inflammatory conditions, cell migration was significantly
reduced. This process was mediated through the inhibition
of ERK, stabilization, and activation of hypoxia-inducible
factor-1 (HIF-1), HIF-1a-dependent induction of PAI-1 and
activation of p53. PAI-1 and p53 are negative regulators of
epithelial cell migration [102].

Mechanical ventilation-induced injury

For critically ill patients, mechanical ventilation is a com-
monly used life-supporting modality, however, ventilation
per se may also induce lung injury [103]. Mechanical force-
induced cell damage and inflammatory responses have been
considered as one of the major mechanisms of ventilator-
induced lung injury [104]. Ventilator-induced mechanical
trauma can lead to injury of the airway epithelium.
Mechanical ventilation likely induces over-distension and
compression of the airway epithelium. Both cyclic stretch
and cyclic compression decreased cell motility in human
and cat airway epithelial cells cultured on flexible mem-
branes [105]. Keratinocyte growth factor (KGF) effectively
overcomes the inhibitory effect of cyclic stretch and com-
pression on human airway epithelial cell migration [106].
Mechanical force can be transmitted along the cytoskeleton,
and interaction between cytoskeletal associated proteins
and enzymes related to signal transduction may convert
physical forces into biochemical reactions [107, 108].
Cyclic mechanical stretch impairs airway cell migration via
a pathway that involves FAK, JIP3 (JNK-interacting protein
3) and JNK [109]. Further identification of these signaling
pathways will improve our understanding of molecular
mechanisms involved in cell migration, airway repair, and
remodeling after ventilator-induced lung injury.

Airway epithelial cell migration deficient in cystic
fibrosis

Cystic fibrosis is a genetic disease resulting from mutations
in the gene that encodes the cystic fibrosis transmembrane
conductance regulator (CFTR), which is an anion channel
that participates in electrolyte and fluid transport in airways
and other epithelia. In the airways, CFTR mutations may
reduce fluid secretion, resulting in viscous mucus accu-
mulation, impaired mucociliary clearance, and
microorganism colonization in the lung. Using a human-
ized xenograft mouse model of cystic fibrosis, it was found
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that airway epithelial regeneration is impaired in bronchial
epithelial cells even in the absence of airway infection
[110]. Using normal human bronchial epithelial (NHBE)
cells and a human airway epithelial cell line (Calu-3) of
serous gland origin, Schiller and coworkers found that
selective inhibition of CFTR activity with CFTRinh-172 or
short hairpin RNA to reduce CFTR expression resulted in a
significant delay in wound repair. They further used an
immortalized human bronchial epithelial cell line isolated
from a CF patient (homozygous AF508), UNCCFIT [111].
The CF cell line also exhibited significantly slower
migration. CFTR inhibition or silencing significantly
reduced lamellipodial protrusion. Schiller et al. [112]
suggest that the anion transport function of CFTR is cou-
pled to the regulation of lamellipodial protrusion at the
leading edge of the cell, and thus is involved in the cell
migration and airway epithelial repair. This hypothesis is
further supported by new evidence from Sun and
coworkers. Using time-lapse video microscopy, they
showed that applied electric fields induced robust direc-
tional migration of primary tracheobronchial epithelial
cells from rhesus monkeys, towards the cathode, which can
be attributed to a voltage difference referred to as the
transepithelial potential. The endogenous electric currents
at sites of tracheal epithelial injury may benefit the repair
of damaged airway mucosa. Interestingly, inhibiting CFTR
with CFTR(Inh)-172 significantly reduced wound currents,
implicating an important role of ion transporters (such as
CFTR) in wound-induced electric potentials [113].

Perspective: insight from airway epithelial cell
migration

A deeper understanding of the process and regulatory
mechanisms in airway epithelial cell migration is essential
for further development of strategies to promote airway
repair and to prevent aberrant airway remodeling. The
pathological conditions that affect the airway epithelial cell
migration are important to the development of lung dis-
eases. The effects of similar conditions (e.g., cytokines and
inflammatory mediators) on other types of epithelial cells
should be studied, which will contribute to our under-
standing of repair and remodeling in other organ systems
and pathogenesis.

Further exploration of the cellular and molecular
mechanisms

In comparison to other cell types, mechanistic studies in
airway epithelial cell migration are far from comprehen-
sive. Advanced cell biology techniques have become
available to explore intracellular signal transduction
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pathways in mediating airway epithelial cell migration.
The combined effects between different growth factors,
cytokines, or other mediators on cell migration should be
determined. Air-liquid interface culture is an excellent
model system to promote the differentiation of airway
epithelial cells. It should be further employed to explore
the relationship between cell migration and cell differen-
tiation status. Cells from transgenic mice with a particular
gene knocked out or over-expressed will help to address
the role of individual molecules in cell migration.

Cell invasion is a complex process for cells to cross
through 3D biological barriers. Cellular structures, called
podosomes and invadopodia, are used by cells for invasion
in 3D space (Fig. 1) [114]. Primary human bronchial epi-
thelial cells can form podosomes in response to PKC
activation [52]. Conventional PKCs control podosome
formation, whereas atypical PKC{ controls the recruitment,
release, and activation of MMP-9 at podosomes for matrix
degradation. The novel PKCs function as intermediate
regulators between conventional and atypical PKC [115].
Cytoskeleton components, such as actin filament-associ-
ated protein (AFAP), play a critical role in the regulation of
actin filament integrity, formation and maintenance of the
actin network, and formation of podosomes [116]. Airway
repair requires both cell migration and cell invasion. The
discovery of podosome/invadopodia in human airway
epithelial cells opens a new area of studies.

Combining our research both in vitro and in vivo

Using a single cell type in culture may provide insight of
direct responses of these cells to a particular stimulus.
However, the cell—cell and cell-matrix interactions in vivo
are complicated and play important roles to regulate cel-
lular responses. Moreover, many clinical features of lung
diseases cannot be completely reproduced in cell culture
models. Therefore, it is absolutely necessary to further
study cell migration/invasion in vivo. Recently, many new
technologies (such as real-time confocal microscopy,
intravital imaging, two-photon microscopy, and real-time
multiphoton microscopy) have been developed. Applica-
tion of these methods could lead to the uncovering of a
wealth of knowledge with direct clinical relevance in lung
diseases.

Stem cell migration and airway repair

Recent research in the area of tissue engineering and epi-
thelial regeneration holds great promise for disorders
where epithelial damage and aberrant remodeling are the
major underlying mechanisms for further development of
lung diseases. Adult bone marrow-derived stem cells may
have the plasticity and ability to differentiate into bronchial
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and alveolar epithelial cells [117-120]. Circulating pro-
genitor epithelial cells may also be recruited to the lung
and participate in the repair and regeneration of epithelium
after injury [121]. Targeted delivery of short-term cultured
bone marrow cells into a reversible airway injury milieu
favored cell engraftment, and may be used for cell-based
therapy [122]. How these cells migrate, invade, and inte-
grate in the airway epithelia has not been well studied.
Both in vivo and in vitro studies are required for this
exciting area of research.

In summary, airway epithelial cell migration is crucial to
prevent the initiation and progression of many chronic lung
diseases. Research on the promotion of epithelial repair and
regeneration may lead to new therapeutic strategies,
allowing for the reconstitution of well-differentiated and
functional airway/alveolar epithelium.
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