
Translational Review

Advances in Mucous Cell Metaplasia
A Plug for Mucus as a Therapeutic Focus in Chronic Airway Disease
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Mucous cell metaplasia is induced in response to harmful insults and
provides front-line protection to clear the airway of toxic substances
and cellular debris. In chronic airway diseases mucous metaplasia
persists and results in airway obstruction and contributes signifi-
cantly to morbidity and mortality. Mucus hypersecretion involves
increased expression of mucin genes, and increased mucin pro-
duction and release. The past decade has seen significant advances
in our understanding of the molecular mechanisms by which these
events occur. Inflammation stimulates epidermal growth factor
receptor activation and IL-13 to induce both Clara and ciliated cells
to transition into goblet cells through the coordinated actions of
FoxA2, TTF-1, SPDEF, and GABAAR. Ultimately, these steps lead to
up-regulation of MUC5AC expression, and increased mucin in goblet
cell granules that fuse to the plasma membrane through actions of
MARCKS, SNAREs, and Munc proteins. Blockade of mucus in exacer-
bations of asthma and chronic obstructive pulmonary disease may
affect morbidity. Development of new therapies to target mucus
production and secretion are now possible given the advances in our
understanding of molecular mechanisms of mucous metaplasia. We
now have a greater incentive to focus on inhibition of mucus as
a therapy for chronic airway diseases.
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Airway mucus serves critical functions in host defense. The
airway luminal surface is coated by a multiphase mucus film that
has a superficial periciliary layer and an overlying gel layer. In
healthy subjects, the viscoelastic gel layer is propelled from the
lower airways toward the larynx by the constant beating of cilia
in the underlying, less viscous, periciliary layer. This mucociliary
escalator thus permits inhaled particles and pathogens entrapped
in the gel layer to be eliminated through coughing or swallowing
upon reaching the upper airway.

Since the dawn of medicine, mucus has been central to good
health. The Hippocratic Corpus taught that maintenance of
normal phlegm was crucial to the health of the individual (1). In
infection Osler described how ‘‘catarrhal inflammation and a
heavy coating of mucus lessen (ciliated epithelial cell) activity
and hence reduce their protective power’’ (2). Mucus hyper-
production causes cough and wheezing, can impair mucociliary
clearance causing retention of pathogens and toxic particles,
and may also result in airway obstruction leading to ventilation–
perfusion mismatching. Chronic airway diseases, such as

asthma, cystic fibrosis (CF), and chronic obstructive pulmonary
disease (COPD) are associated with a mucus hypersecretory
phenotype, which contributes significantly to the morbidity and
mortality related to these conditions. Does excess mucus produc-
tion in chronic lung disease provide any benefit? What would
happen if mucus were inhibited? These questions can now be
more carefully assessed given the past decade’s advances in our
understanding of the pathways regulating mucus production and
secretion.

MUCUS COMPOSITION

Mucus is composed of water, ions, lipids, proteins, and complex,
macromolecular glycoproteins called mucins, which impart visco-
elastic and gel-forming properties to mucus (3). More than 20
mucin genes have been identified, and 12 of these have been
shown to be expressed in the respiratory epithelium (4). There
are two structurally and functionally distinct classes of mucin:
membrane-bound mucins and secreted mucins. Membrane mu-
cins, which have transmembrane and cytosolic domains, are teth-
ered to the plasma membrane, where they participate in functions
such as cellular adhesion, pathogen binding, and signal trans-
duction (5, 6). Shearing forces, proteolytic cleavage, or synthesis
of alternative splice variants lacking the transmembrane domain
can result in release of membrane mucins into the mucous layer
(7). Secreted mucins are synthesized in epithelial cells and stored
in intracellular secretory granules until stimulated for release
by regulated exocytosis. The gel-forming mucins, MUC5AC and
MUC5B, are the most prominent secreted mucins in the re-
spiratory tract. These are huge molecules characterized by multi-
domain polypeptide chains with thousands of amino acid residues;
large, heavily O-glycosylated apoprotein cores; and cysteine-
rich N- and C- terminal domains that permit disulfide-bond
mediated oligomerization. When secreted, gel-forming mucins
form a dense macromolecular matrix providing the adhesive
and space-occupying properties of the mucous gel layer (8).

MUCUS SECRETION

In the normal human airway, mucus is produced and secreted
by ‘‘mucous’’ or ‘‘goblet’’ cells. The submucosal glands in the
larger airways also contribute to mucus production. Gel-forming
mucins are synthesized and stored in a condensed form as large,
covalent disulfide-linked oligomers and multimers in cytoplasmic

CLINICAL RELEVANCE
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worth of studies to enhance our understanding of the
processes by which mucous metaplasia occurs in health
and chronic airway diseases.
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vesicles at the apical surface of the goblet cell. Numerous inflam-
matory and humoral mediators have been shown to stimulate
mucin secretion including cholinergic agonists, lipid mediators,
oxidants, cytokines, neuropeptides, ATP and UTP, bacterial
products, neutrophil elastase, and inhaled pollutants (9). Mucin
exocytosis is a complex process controlled by a key regula-
tory molecule, myristoylated alanine-rich C kinase substrate
(MARCKS), which is bound to the cytoplasmic surface of the
plasma membrane in the constitutive state. MARCKS was shown
to be essential for mucin release in vitro (10) and in vivo in a
mouse model of allergic airway inflammation (11). When phos-
phorylated by activated protein kinase C, MARCKS translocates
from the plasma membrane to the cytoplasm, where subsequent
dephosphorylation by protein phosphatase 2A restores its mem-
brane-binding capability (10). MARCKS is targeted to bind to the
membranes of intracellular mucin granules through interactions
with the chaperones, heat shock protein 70, and cysteine string
protein (12). Binding to MARCKS facilitates recruitment of
mucin granules to actin, and transport to the apical surface is
thus mediated by the contractile cytoskeleton. Docking and fusion
of the mucin granules with the plasma membrane are the final
steps in exocytosis and are mediated by soluble N-ethylmaleimide
sensitive factor attachment receptor (SNARE) proteins that are
present on the secretory vesicles (v-SNARE) and their target
membranes (t-SNARE). The v- and t-SNAREs interact, in a pro-
cess that requires the accessory molecules Munc-13 and Munc-18,
to form a core complex that brings together the opposing mem-
branes, allowing fusion to occur and releasing mucin into the
airway lumen (13). Before release, the densely packed, poly-
anionic mucin molecules are bound together by high intragranular
concentrations of Ca21. Upon exocytosis, progressive dilution of
Ca21 occurs and the resulting electrostatic repelling forces, com-
bined with water uptake, allow rapid expansion of mucin into the
airway (14) (Figure 1).

MUCUS PRODUCTION IN AIRWAY INFLAMMATION

Goblet cells have many mucin granules, each 1 to 2 mm in
diameter, that typically occupy more than 75% of their
cytoplasmic volume. They are found throughout the glandular
and surface airway epithelia and can be detected histochemi-
cally using alcian blue (AB) and periodic acid Schiff’s (PAS)
stains (15). Submucosal glands, which contain a mixture of
goblet cells and serous cells, are distributed throughout the
cartilaginous airways in humans, but in mice are limited to the
laryngeal region of the trachea. They contribute to mucus
secretion but are also an important source of antimicrobial
peptides (16). In the small airways of humans and in all
intrapulmonary airways in mice, there are very few goblet cells
under basal conditions. In mice, for example, ciliated cells
(z 40%) and nonciliated cells (z 60%), which are mostly Clara
cells, account for the vast majority of airway epithelial cells
(17). Although traditionally mucus-producing goblet cells have
been defined by their aforementioned histochemical staining
properties, these stains are relatively insensitive for the de-
tection of mucins. In fact, recent studies indicate that mucus is
also secreted by nongoblet cells in the airways. Mice deficient in
the exocytic priming protein, Munc 13-2, were shown to
accumulate enough Muc5b in airway Clara cells to stain
positively with AB and PAS (18). Furthermore, Muc5b was
detected in smaller quantities in the Clara cells of wild-type
mice. These data suggest that Clara cells produce mucins at
baseline, which are secreted so rapidly by a Munc 13-2–de-
pendent exocytic pathway, that insufficient mucin accumulates
in the cell to be detected by conventional histochemical staining
techniques. While it is likely that Clara cells contribute

a fraction of the total amount of mucins secreted, it is now
clear that gel-forming mucin production is not strictly limited to
goblet cells and submucosal glands.

During airway inflammation, the number of goblet cells
within the airway epithelium and the amount of mucin pro-
duced are significantly increased. Extreme pathological mani-
festations of these changes have been well described in lung
biopsies of individuals with severe asthma and in autopsy
specimens from patients with fatal asthma, where obstructing
plugs of mucus and cellular debris have been identified in the
small and medium sized airways (19). While less than 5% of
airway epithelial cells are goblet cells in healthy individuals, in
fatal asthma 20 to 25% of airway epithelial cells have this
phenotype (20). Morphometric analysis of lung sections at
autopsy from patients with fatal asthma demonstrated a 20-fold
increase in goblets cells in the peripheral airways when com-
pared with those from control subjects without asthma (21).
Furthermore, the amount of intralumenal mucus was markedly
increased in fatal asthma and correlated significantly with the
number of goblet cells in the airway epithelium.

There is also evidence of mucus hypersecretion and in-
creased goblet cell number in patients with mild to moderate
asthma. Endobronchial biopsies from patients with mild to
moderate asthma showed a 2-fold increase in goblet cells
compared with normal control subjects (22). Goblet cell mucin
stores in the airway epithelium were 3-fold higher in the
subjects with asthma, and this finding was accounted for by
increased goblet cell number rather than goblet cell hypertro-
phy. While the number of goblet cells in airway biopsies of
individuals with mild to moderate asthma was comparable,
induced sputum samples showed that those with moderate
disease had three times more secreted mucin than those with
mild asthma. Goblet cells in the airway epithelium at autopsy
were demonstrated to be 30-fold higher in patients with fatal
asthma than those with asthma who died of other causes (21).
Thus, mucus hypersecretion related to increased goblet cell
number appears to be associated with disease severity in
asthma. In the most severe cases of asthma these effects can
be dramatic, and pathologic evidence suggests that mucus
plugging may be the cause of death in fatal asthma.

Figure 1. Apical surface of a goblet cell releasing mucin. Electron

micrograph of a murine goblet cell. A mucin-containing vesicle has
fused to the plasma membrane of the apical airway surface. Note the

electron-dense, dark granules that become flocculent and less dense as

mucin extrusion occurs and the mucin becomes hydrated. Cross-

sections of cilia in the airway lumen are from adjacent ciliated cells.
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MUCUS METAPLASIA

The increase in goblet cell numbers in the respiratory epithe-
lium during airway inflammation has been described both as
mucous metaplasia and as goblet cell hyperplasia. Metaplasia
implies a change in cell phenotype, while hyperplasia suggests
cell proliferation as the mechanism for the increase in goblet
cell numbers. In human airways, a detailed analysis of the epi-
thelial transition to a mucus-secreting phenotype has not been
undertaken. In a murine model of asthma, there was a dramatic
increase in goblet cell number after sensitization and allergen
challenge, while the number of epithelial cells per unit surface
area of the basal lamina remained constant (23). Furthermore,
this change was accompanied by a 75% decrease in Clara cells
and a 25% decrease in ciliated cells, suggesting that Clara and
ciliated cells can convert to goblet cells and that metaplasia is
the dominant mechanism mediating the expansion in goblet cell
numbers. In the airways of smokers, goblet cells are increased
compared with the airways of nonsmokers. This occurs at sites
normally occupied by Clara cells, suggesting a transition of
Clara to goblet cells in human disease (24). Ciliated cells have
also been observed to transition to goblet cells in murine models
of chronic viral infection and in COPD (25). Therefore, it is
likely that the goblet cell, which was defined histologically, is of
variable lineage. In both murine and human airway epithelia,
mucus metaplasia appears to serve a critical host protective
function in response to many forms of airway damage. Mucus
metaplasia leads to an increase in mucus secretions, thus in-
creasing clearance of dead cells and pathogens in an attempt to
restore a healthy respiratory tract. When the damaging stimulus
is gone, goblet cells undergo apoptosis and are replaced by the
normal epithelium consisting mostly of Clara and ciliated cells.
In chronic airway diseases, these danger signals persist, pro-
moting continued mucus metaplasia, mucous gland hypertro-
phy, and mucus hypersecretion.

MECHANISMS OF MUCUS METAPLASIA

Th2 Cytokines

Mucus hypersecretion is induced by airway inflammation and is
caused by a variety of different stimuli associated with different
cytokine expression profiles. Asthma is believed to be caused, in
part, by allergen-specific T helper 2 (Th2) lymphocytes that
produce the cytokines IL-4, IL-5, IL-9, IL-10, and IL-13 (26).
Many studies into the mechanisms of mucous metaplasia have
thus focused on mouse models of Th2 cell–mediated airway
inflammation. Chronic overexpression of individual Th2 cyto-
kines has been achieved using lung-specific promoters. Over-
expresser transgenic mice with the Clara cell 10-kD (CC10)
promoter driving the Th2 cytokines IL-4, IL-5, IL-9, or IL-13
exhibited the characteristic features of allergic airway inflam-
mation, including eosinophilia, mast cell activation, and mucus
overproduction (27–30). Together these studies indicated that
allergic airway inflammation in various models led to mucous
metaplasia.

A number of studies addressed which particular Th2 in-
flammatory cells and mediators resulted in mucous metaplasia.
Initial studies in antigen-challenged animals suggested that both
IL-4 and eosinophils correlated with mucus hypersecretion (31–
33). However, mucus hypersecretion and goblet cell metaplasia
were still readily inducible, after antigen challenge, in mice
genetically deficient in eosinophils (34, 35). Furthermore, Th2
cells from IL-42/2 mice could induce mucus production as
effectively as wild-type Th2 cells (36). Thus, neither IL-4 nor
eosinophils are essential for induction of mucous metaplasia in
Th2-mediated airway inflammation.

IL-4 and IL-13 share a common receptor subunit: IL-4Ra1.
Blockade of IL-4/IL-13 signaling, through knockout of IL-4Ra1,
resulted in failure of IL-13 or Th2 cells to induce mucous
metaplasia (37–39). In the absence of IL-13, Th2 cells that
produced IL-4 and IL-5 could no longer stimulate mucus pro-
duction (40, 41). Furthermore, mucus hypersecretion in trans-
genic mice with lung-specific overexpression of IL-4, IL-5, or IL-9
was found to be IL-13 dependent (41–43). For example, mucous
metaplasia was abolished in transgenic mice overexpressing IL-9
when IL-13 signaling was inhibited through STAT6 deletion.
Ablation of lymphocytes, eosinophils, and mast cells in transgenic
IL-9 mice did not reduce IL-13 levels or mucous metaplasia, and
in situ hybridization indicated that airway epithelial cells were the
source of IL-13 (44). These studies showed that IL-13 is necessary
for Th2-mediated airway inflammation in mice. Furthermore,
IL-13 is highly potent and very low levels can effectively promote
mucous metaplasia (41).

IL-13 appears to act via direct effects on airway epithelial
cells. STAT62/2 mice with transgenic overexpression of IL-13
did not develop mucus overproduction, but mucin gene expres-
sion and mucous metaplasia were restored after selective
reconstitution of STAT6 in airway epithelial cells (45). These
findings were extended to the allergen-induced model of airway
inflammation, where Th2 cells failed to induce the mucous
phenotype in mice with conditional deletion of IL-4Ra in Clara
cells, and in bone marrow chimeras where the host mice were
IL-4Ra12/2 (41, 46). Thus, IL-13 is essential for Th2 cell–
induced mucous metaplasia through direct effects on the airway
epithelium. Downstream epithelial cell signaling events are
mediated by STAT6-dependent de novo protein synthesis,
resulting in activation of p38 mitogen-activated protein kinase,
which appears to be essential for IL-13–induced mucous meta-
plasia (47). Studies in airway epithelial cell cultures using
specific inhibitors also suggest that phosphatidylinositol 3 kinase
(PI3K) is required for IL-13–induced mucin gene expression
and mucus staining (48).

In humans, it is not clear whether IL-13 has the same
exclusive role in inducing mucus production that it has in mouse
models. Human airway epithelial cells cultured in the presence
of IL-13 develop a mucous phenotype over a period of days.
However, IL-4 can also induce mucin gene expression and
mucus staining in these cells (48, 49), although the concentra-
tions of IL-4 used in these studies are likely supraphysiologic,
which may explain the differences observed between the murine
in vivo and the human in vitro systems.

Although IL-13 is synonymous with an adaptive Th2-medi-
ated immune response, recent work suggests the role of IL-13 in
mucous metaplasia is not limited to allergic inflammation. In
Sendai virus–infected mice, mucous metaplasia was induced by
IL-13 produced by macrophages, which were stimulated by in-
variant natural killer T cells. This innate immune axis may also be
activated in the lungs of humans with asthma and COPD (50).

Epidermal Growth Factor Receptor

Epidermal growth factor receptor (EGFR) has critical functions
in growth, differentiation, and repair of airway epithelial cells
(51, 52). Human airway epithelial cells stimulated with the
EGFR ligands, transforming growth factor-a (TGF-a) and EGF,
developed a mucous phenotype (53). Intratracheal administra-
tion of these ligands after TNF-a–induced up-regulation of air-
way epithelial cell EGFR in rats resulted in mucous metaplasia.
Pharmacologic inhibition of EGFR tyrosine kinase activity abol-
ished the effects of EGFR ligands on mucus production both
in vivo and in vitro. Subsequent studies showed that EGFR acti-
vation is required for inducing mucous metaplasia in animal
models and for up-regulation of mucin expression in human
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airway epithelial cells in response to allergens, viruses, neutro-
phils, and cigarette smoke (25, 53–56). EGFR expression was also
shown to be up-regulated in the airway epithelium of humans
with asthma (57, 58), COPD (59), and CF (60). Thus, EGFR is
another necessary signal for mucous metaplasia.

EGFR and IL-13 Control Transition to Goblet Cell

A two-step model showing that goblet cell transition requires
both EGFR and IL-13 was demonstrated in studies using
a mouse model of chronic mucous metaplasia after Sendai virus
infection (25). EGFR activation of ciliated epithelial cells led to
anti-apoptotic effects and ciliated cell hyperplasia. IL-13 treat-
ment resulted in cells that transiently shared characteristics of
both ciliated and goblet cells, followed by the later expansion of
mature goblet cells. This work suggests that EGFR activation
inhibits ciliated cell apoptosis and primes the cell to respond to
a second signal, IL-13, which induces transition from a ciliated
to goblet cell phenotype. IL-13 not only induces Muc5ac gene
expression leading to mucin synthesis, a defining characteristic
of the goblet cell phenotype, but also induces other genes, some
of which are important for goblet cell function, including the
genes for the calcium activated chloride channel and the trefoil
factor family (61–63) (Figure 2).

A number of transcription factors that are important in lung
development have been identified in the airway epithelium and
have been shown to play key roles in mucous metaplasia. The
forkhead box transcription factor, FOXA2, regulates genes that
are involved in lung maturation and epithelial cell differentia-
tion. Targeted deletion of Foxa2 in the airway epithelium of
mice results in spontaneous mucous metaplasia, and in vitro
reporter assays show that FOXA2 inhibits muc5ac gene expres-
sion (64). Allergen challenge or transgenic overexpression of
IL-4 or IL-13 in mice resulted in pulmonary inflammation and
goblet cell metaplasia, which was associated with significant
inhibition of Foxa2 expression in the airway epithelium (64, 65).

FOXA2 expression has also been demonstrated in normal
human airways, but was absent in mucous cells of patients with
bronchiectasis and cystic fibrosis. Thus, FOXA2 is required for
maintenance of normal differentiation of the airway epithelium
and inhibition of FOXA2 appears to be an important early step
in the initiation of mucous metaplasia.

Thyroid transcription factor 1 (TTF-1) plays a critical role in
peripheral lung morphogenesis and is an important regulator of
genes involved in many biological functions in the lung, in-
cluding host defense, fluid balance, surfactant homeostasis, lung
vasculogenesis, and epithelial cell differentiation (66). Sam
pointed domain-containing ETS transcription factor (SPDEF),
an epithelial specific transcription factor that is markedly
induced by a phophorylation mutant of TTF-1, was shown to
be constitutively expressed in proximal airway epithelial cells
and submucosal glands in the adult mouse lung (67). Transgenic
overexpression of SPDEF in the murine airway epithelium
caused spontaneous mucous metaplasia. Interestingly, SPDEF
appeared to interact with TTF-1 to have a synergistic effect on
the promoters of a number of genes but had no direct effect on
the Muc5AC gene promoter. SPDEF overexpression did, how-
ever, result in down-regulation of FoxA2 expression, placing it
upstream of FoxaA2 in goblet cell differentiation. Furthermore,
allergen and IL-13 exposure caused mucous metaplasia and
SPDEF induction that was Stat6 dependent. These findings
support a role for SPDEF in allergen-mediated mucous meta-
plasia, but it is unclear whether SPDEF is required for goblet
cell differentiation in the lung. (Note Added in Proof [Dec
2009]: SPDEF has now been shown to be both necessary and
sufficient for induction of a transcriptional program that results
in goblet cell differentiation [88]).

g-Aminobutyric acid (GABA) has also been identified as an
important regulator of goblet cell metaplasia. The GABAA

receptor (GABAAR) is a pentameric chloride channel that
mediates inhibitory signals in the brain (68). GABAAR and

Figure 2. Goblet cell differen-
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GABA synthetic enzymes were also shown to be expressed in
airway epithelial cells (69). In vitro studies demonstrated that
GABA enhanced airway epithelial cell proliferation and in-
creased mucin production and secretion. GABAAR antagonists
significantly inhibited goblet cell metaplasia in antigen-challenged
mice, despite having no effect on the influx of inflammatory cells
or IL-13 levels. Furthermore, IL-13 induced GABAAR expression
in airway epithelial cells both in vitro and in vivo. Thus, the airway
epithelial GABAergic system promotes mucous metaplasia by
effects that are downstream of IL-13.

Calcium-activated chloride channels (CLCAs) also appear to
control airway mucus. CLCA proteins are no longer thought to
function as chloride channels, but may enhance calcium signal-
ing and are secreted into the airway and cleaved into peptides
that may signal the epithelium to induce mucus (70, 71). These
effects of CLCA are downstream of Th2 cytokines and are Stat6
dependent. There may be overlapping functions of CLCA
proteins explaining why ClCa3-deficient mice were still able
to produce mucus in the airways comparable to wild-type mice,
yet siRNA blockade, which may have inhibited expression of
multiple orthologous CLCA genes, led to inhibition of mucus in
a mouse model of allergic airway disease (70). CLCA1 expres-
sion is increased in human inflammatory airway diseases and is
associated with mucus production. Further investigations will
define where in the signaling cascade, downstream of Stat6,
CLCA proteins impact on mucus production.

IL-13 does not appear to directly regulate Muc5AC gene
expression since the consensus motif for STAT6 was not iden-
tified in the Muc5AC 59 flanking region (72). However, IL-13
was shown to induce Muc5AC expression via a mechanism
requiring a secondary TGF-b2/SMAD-mediated signal in air-
way epithelial cell cultures (73). Furthermore, mutation of the
Smad4 and hypoxia-inducible factor-1 (HIF-1) consensus motifs
were shown to impair Muc5AC promoter function in vitro (72).
HIF-1 is known to contain a conserved STAT6 motif in its
promoter, and binding of HIF-1 to the Muc5AC promoter is
induced by IL-13 and EGF stimulation. These studies highlight
a complex process by which goblet cell differentiation occurs.
An inflammatory stimulus causes EGFR activation, promoting
epithelial cell survival and facilitating a response to IL-13,
which in turn controls multiple steps in the differentiation and
function of goblet cells.

GOBLET CELL INHIBITION

Mucous metaplasia does not occur in all immune responses,
particularly those rich in IFN-g. Th1 cell–induced airway in-
flammation did not stimulate mucous metaplasia (36). It was
initially believed that Th1 cells did not produce the factors
necessary to induce this effect. Yet, when IFN-g effects were
blocked in Th1-induced airway inflammation, mucus was read-
ily induced, indicating that all of the necessary signals for mucus
induction were provided in the respiratory tract in Th1 in-
flammation (74). The ability of Th1 cells to stimulate mucous
metaplasia was due to IL-13 production but could only be
observed when IFN-g responses were blocked. IFN-g inhibits
mucous cell transition, even in the presence of high levels of
Th2 cytokines (L. Cohn, unpublished data). Thus, IFN-g may
inhibit airway epithelial mucus by blocking steps required for
IL-13 to act, such as inhibiting EGFR actions to promote cell
survival. Alternatively, IFN-g may act by inhibiting downstream
effects of IL-13.

The molecular mechanisms by which IFN-g inhibits mucus
are still being defined. In cultured human airway epithelial cells,
IFN-g was shown to inhibit IL-4–induced STAT6 phosphoryla-
tion and to reduce the expression of IL-4 target genes (75).

Furthermore, IFN-g also induced expression of suppressor of
cytokine signaling-1 and IL-13Ra2, inhibitors of IL-4/IL-13
signaling, as well as increasing the decay of IL-4 target gene
mRNA. Thus, IFN-g may inhibit Th2-induced responses in epi-
thelial cells through a number of pathways. IFN-g also promotes
resolution of allergen-induced mucous metaplasia by stimulating
airway epithelial apoptosis via Bax- and caspase-dependent
mechanisms (76). IFN-g2induced cell death involves STAT1-
dependent translocation of Bax to the endoplasmic reticulum
(77). IFN-g thus appears to both inhibit development of goblet
cells and accelerate their loss.

THERAPIES FOR EXCESS MUCUS PRODUCTION

Under normal circumstances mucous metaplasia serves a crucial
function in host defense and repair by increasing elimination of
dead and dying cells and pathogens in the airways. However, in
diseases with mucus hypersecretion, excess mucus becomes part
of the pathophysiology. Reducing mucus should improve symp-
toms and airway obstruction. The goals for mucus control should
be (1) to reduce but not eliminate lower respiratory tract mucus
secretions, (2) to maintain a reasonable mucus viscosity to facil-
itate effective clearance, and (3) to act locally and maintain
normal mucous secretions at other mucosal surfaces.

Anti-Inflammatory Therapies

Inhibition of mucus may occur in concert with conventional
treatment of chronic airway diseases that are aimed at reducing
inflammation. In asthma and COPD, corticosteroids are central
to the treatment of acute exacerbations and in maintaining
chronic disease control. In CF and COPD, treatment of inter-
current infections is a mainstay of therapy. Since mucus hyper-
production is a result of inflammatory stimuli, these treatments
are often effective in reducing mucus production in exacerba-
tions. Yet, reducing inflammation by these methods may take
days, as mucous glands and goblet cells take time to involute,
thus delaying the response. Furthermore, the inflammatory
response in COPD may not be inhibited by corticosteroids
(78). Other anti-inflammatory drugs, such as leukotriene block-
ers, phosphodiesterase inhibitors, NSAIDS, and macrolides may
augment anti-inflammatory effects and translate into improved
mucus control.

Novel anti-inflammatory therapies with specific targets that
impact on mucus are currently in development. Drugs that
block IL-13 or both IL-4 and IL-13 are being tested in asthma
and have shown efficacy (79). Specific data on the effects on
mucus, though, are not available. EGFR small molecule
inhibitors such as erlotinib or gefitinib, or monoclonal anti-
bodies such as cetuximab, are approved for use in malignan-
cies. Their utility in mucus control in asthma and COPD has
been hypothesized but not tested (51). Small molecule in-
hibitors of pathways downstream of EGFR and IL-13, in-
cluding inhibitors of MEK, p38 mitogen-activated protein
kinase, and PI3K are other potential pathways whereby specific
blockade might impact on mucus hypersecretion. Inhaled IFN-g
has been tested in subjects with asthma over a short period of
exposure (80), but never tested for its long-term efficacy in
asthma or mucus hypersecretion.

Chronic administration of b-blockers in allergen-challenged
mice has recently been shown to attenuate mucous metaplasia
(81, 82). b-adrenoceptor inverse agonists are a subset of
b-blockers that not only inhibit agonist-induced signaling, but
also inhibit signaling produced by constitutively active recep-
tors. In a mouse model of allergic asthma, b-adrenoceptor null
mice or wild-type mice that received chronic administration
of b-adrenoceptor inverse agonists exhibited reduced airway
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inflammation and mucous metaplasia. These studies suggest
that signaling via constitutively active, unligated b-adrenocep-
tors contributes significantly to mucous metaplasia. b-blockers
are currently contraindicated in asthma because their acute
administration may cause increased airway resistance (83, 84),
but a small, open-label pilot study in subjects with mild asthma
showed that escalating doses of nadolol were well tolerated and
treatment resulted in a dose-dependent improvement in airway
hyperresponsiveness, as assessed by PC20 to methacholine (85).

Bronchodilators

Other conventional therapies in chronic airway diseases include
bronchodilators, anticholinergic and b-agonist drugs, and the-
ophylline, which may enhance mucus expulsion through bron-
chodilatory effects or increased mucociliary function (86, 87).
Weighing the importance of b-agonist drugs for their broncho-
dilatory functions and their less studied but likely positive
effects on mucus clearance versus their potential negative role
in inflammation highlights the complexities of treating these
life-threatening respiratory conditions.

Blockade of Mucus Secretion

Inhibition of mucus secretion is another alternative to limiting
mucus. Inhibiting MARCKS, SNAREs, Munc-13, or Munc-18
are possible molecular targets. Two concerns surround in-
hibition of mucus secretion. If mucus secretion is blocked,
but mucus production is ongoing, it is unclear what will happen
to the goblet cells. The effects could include goblet cell
swelling and airway obstruction. Furthermore, numerous cells
in the respiratory tract that have secretory functions share
components of the mucous secretory apparatus. Thus, if
blockade of mucus secretion can be achieved, it could alter
other essential secretory functions in the respiratory tract. As
inhibitors of these pathways are developed, their effects in vivo
will be revealed.

CONCLUSIONS

Over the past decade there have been significant advances in
our understanding of the cellular and molecular mechanisms
that regulate airway mucus. Investigators can now take advan-
tage of these insights to devise new strategies to block mucus.
More effective blockade of mucus early in acute exacerbations
of asthma, COPD, and CF will reduce hospitalizations, mor-
bidity and mortality, and long-term inhibition of mucus may
lessen the burden of these diseases. Therapies in development,
such as new anti-inflammatory agents, might have considerable
efficacy in the inhibition of mucus, yet this has not been an
endpoint in such studies. Given the consensus that mucous
hypersecretion contributes significantly to the pathophysiology
of chronic airway diseases, inhibition of mucus should be a
therapeutic focus in the future.
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