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Secretory Hyperresponsiveness and Pulmonary
Mucus Hypersecretion

Bruce K. Rubin, MD, MEngr, MBA, Kostas N. Priftis, MD, PhD, H. Joel Schmidt, MD, FCCP, and Markus O. Henke, MD

The term bronchial hyperresponsiveness is generally used to describe a heightened airway
smooth muscle bronchoconstrictor response measured by bronchoprovocation testing. How-
ever, the airway also responds to inflammation or bronchoprovocation with increased mucus
secretion. We use the term “secretory hyperresponsiveness” to mean increased mucus secre-
tion either intrinsically or in response to bronchoprovocation. This is not the same as retained
phlegm or sputum. Unlike smooth muscle contraction, which is rapidly reversible using a
bronchodilator, mucus hypersecretion produces airflow limitation that reverses more slowly
and depends upon secretion clearance from the airway. Certain groups of patients appear to
have greater mucus secretory response, including those with middle lobe syndrome, cough-
dominant (“cough-variant”) asthma, and severe asthma. Secretory hyperresponsiveness also
is a component of forms of lung cancer associated with bronchorrhea. An extreme form of
secretory hyperresponsiveness may lead to plastic bronchitis, a disease characterized by rigid
branching mucus casts that obstruct the airway. Secretory hyperresponsiveness and mucus
hypersecretion appear to be related to activation of the extracellular-regulated kinase 1/2,
signaling through the epidermal growth factor receptor, or secretory phospholipases A2. Rec-
ognizing secretory hyperresponsiveness as a distinct clinical entity may lead to more effective
and targeted therapy for these diseases. CHEST 2014; 146(2):496-507

ABBREVIATIONS: BAC = bronchoalveolar carcinoma; BHR = bronchial hyperresponsiveness; CDA = cough-
dominant asthma; CF = cystic fibrosis; EGFR = epidermal growth factor receptor; ERK = extracellular-
regulated kinase; LPS = lipopolysaccharide; MEC = mucoepidermoid carcinoma; MLS = middle lobe
syndrome; OPEP = oscillatory positive expiratory pressure; PB = plastic bronchitis; PBB = protracted
bacterial bronchitis; ROS = reactive oxygen species; TKI = tyrosine kinase inhibitor; TNF = tumor
necrosis factor; tPA = tissue plasminogen activator

dramatically increased mucus secretion in
response to a known secretagogue. Unbe-
knownst to us at the time, Webber and
colleagues? first used this term in 1997, to
describe greatly increased mucus secretion

In animal studies, exposure to secretory
phospholipases A2 can make the airway
hyperresponsive to secretagogues such as
neutrophil elastase or bacterial endotoxin
(lipopolysaccharide [LPS]).! In 2007, we
named this “secretory hyperresponsiveness”
to denote that the ferret airway produced

with platelet-activating factor stimulation,
remarkably also in the ferret trachea.
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Bronchial hyperresponsiveness (BHR) is a term gener-
ally used to describe increased airway smooth muscle
contraction producing obstruction in people with
asthma. In the pulmonary function laboratory, BHR is
usually measured by bronchoprovocation tests using
drugs like methacholine or osmotic agents, exercise, or
cold air. The airway responds to these challenges not
only with smooth muscle contraction but also with
mucus secretion. Thus, although BHR involves each of
these phenomena, because BHR is defined by the
smooth muscle contraction, we use the term secretory
hyperresponsiveness to refer to the increased mucus
secretion. Unlike smooth muscle contraction, which is
rapidly reversible using a bronchodilator, mucus hyper-
secretion produces airflow limitation that is more slowly
reversible as secretions are cleared from the airway.
While bronchospasm and its reversal with bronchodila-
tors are straightforward measurements, secretory hyper-
responsiveness is more difficult to quantify and is, thus,
underrecognized.

Some people with asthma have a more predominant
secretory response. This includes patients with middle
lobe syndrome and airway obstruction because of
mucus secretions, severe and fatal asthma, and possibly
those with cough-dominant asthma (CDA). Secretory
hyperresponsiveness also is a component of lung cancer
associated with bronchorrhea. An extreme form of
secretory hyperresponsiveness may lead to plastic bron-
chitis (PB), a condition characterized by rigid mucus
bronchial casts that obstruct the airway.

Physiology of Mucus Hypersecretion

In health, mucus is secreted to coat the airway, prevent
water loss, and trap inhaled material, which is removed
by mucociliary clearance. Normal mucus is a mixture of
mucin glycoproteins, electrolytes, water, and secreted
lipids and peptides. Mucins are linearly linked core
proteins encoded by mucin (MUC) genes. These core
mucin proteins are heavily glycosylated. Of the identi-
fied human MUC genes, 11 are expressed in the airway
at the messenger RNA or protein level. The principal
airway gel-forming mucins are MUC5AC and MUC5B.?

Although acute mucus secretion is an effective airway
defense, pathologic mucus hypersecretion and poor
mucus clearance can lead to airway obstruction. Mucus
secretion is increased in response to inhaled allergens,
irritants including tobacco smoke, and infectious
agents.* There can also be a chronic response with
increased basal secretion rate and goblet cell
hyperplasia.s
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Mucins are stored in a highly compacted state in cyto-
plasmic granules of airway goblet cells and submucosal
glands.s As the calcium in the granular contents dilutes,
the compacted polyanionic mucin threads expand many
hundredfold, filling the airway lumen. If the trigger
remains or is repetitive, continued exocytosis is stimu-
lated, resulting in hyperplasia, hypertrophy, and meta-
plasia of goblet cells or hyperplasia and metaplasia of
submucosal glands.

Mucus accumulation in the airway can be the result of
increased mucin production and secretion’ or decreased
mucociliary clearance.® Degradation can change mucin
concentration after secretion. Airway mucins from
patients with cystic fibrosis (CF) are rapidly degraded by
bacterial serine proteases® causing a profound reduction
in the mucin concentration.!* During an exacerbation of
asthma, there is inhibition of normal protease-driven
mucus degradation leading to mucus accumulation;
however, mucin degradation is restored during recovery."
In patients with COPD, we noted that protease-driven
mucus degradation is inhibited at the beginning of

an exacerbation and is restored during recovery

(M. O. Henke, MD, unpublished data, 2009).

Mucin production and secretion can be initiated by sig-
naling through the epidermal growth factor receptor
(EGFR) activated by epidermal growth factor and also
by transforming growth factor «, heparin-binding epi-
dermal growth factor, amphiregulin, epiregulin, and
B-cellulin. Each of these activators begins as proligands
that are cleaved by proteases to release the active ligand
to create the larger active complex with EGFR.> Many
stimuli have been shown to increase the expression of
these EGFR ligands but the mechanism of this expres-
sion has not been elucidated.’* Mucin secretion can also
be initiated by and signaled through the Toll-like recep-
tors as part of the innate immune response. This has
been established as important for host defense against
gastrointestinal parasites' and in cancer.'s This also
appears to be a key mechanism for mucin production in
airway bacterial infections.

Downstream of both EGFR and Toll-like receptor sig-
naling, phosphorylation of the extracellular-regulated
kinase (ERK) 1/2 with subsequent activation of tran-
scription factors like nuclear factor kB is a common sig-
naling pathway leading to mucin production and
secretion. Mucoregulatory medications like the 14- and
15-member macrolide antibiotics that decrease excessive
mucin production appear to do so by inhibition of

ERK phosphorylation.'s
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Tobacco smoke exposure can induce mucin production
and goblet cell hyperplasia in part due to generation of
reactive oxygen species (ROS). Induction of mucin pro-
duction by tobacco smoke is (1) the result of ROS activa-
tion of EGFR through ERK phosphorylation activating
the Fra-2 transcription factor and (2) via c-Jun N-terminal
kinases through JunD activation in an EGFR-independent
signaling cascade that is also ROS initiated.’” ROS gener-
ated by tobacco smoke or by xanthine/xanthine oxidase
can also activate EGFR, resulting in goblet cell proliferation
and increased MUCS5AC gene and protein expression.'®

IL-13 and Mucus Hypersecretion in Asthma

Patients with asthma who have chronic cough and spu-
tum production have worse clinical control as measured
by the Asthma Control Questionnaire (ACQ) and more
frequent exacerbations'®; additionally, there is dramatic
mucus obstruction in the airways of patients with asthma
who are dying.202! Helper T-cell type 2 cytokines, includ-
ing IL-13, are implicated in mucus production and gob-
let cell hyperplasia in asthma,?? and IL-13 induces goblet
cell hyperplasia with mucus hypersecretion in the mouse
airways.?? IL-13 also induces goblet cell hyperplasia in
human airway epithelial cells in vitro.*

Airway goblet cell hyperplasia induced by IL-13 is ste-
roid insensitive?® but can be attenuated by 14- and
15-member macrolide antibiotics by inhibition of ERK
phosphorylation.?s These data are consistent with clin-
ical reports that there is IL-13 overexpression in bron-
chial tissue and induced sputum from patients with
severe asthma.?” In patients with steroid-resistant
asthma, increased IL-13 messenger RNA expression is
not reduced by steroid inhalation.?

There is evidence that IL-13 can induce goblet cell hyper-
plasia via the IL-13 receptor «,-Janus kinase-signal
transducer and activator of transcription 6 (JAK-STAT6)
pathway independent of EGFR signaling.?? However, it
has also been reported that EGFR signaling can enhance
goblet cell hyperplasia by IL-13 because administration
of the EGFR inhibitor, BIBX1522, can decrease goblet cell
hyperplasia in mice given IL-13.3° Because mucus hyper-
secretion in severe asthma appears to be largely regulated
by IL-13 and is often steroid resistant, inhibition of IL-13
has been proposed as a potential target for novel therapy.?!

Secretory Hyperresponsiveness
in Clinical Practice

Allergic Bronchopulmonary Aspergillosis

Fungi in the genus Aspergillus are ubiquitous. They can
be found wherever there is decomposing organic matter
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and on surfaces that get wet. Spores from some species
in this genus, particularly Aspergillus fumigatus, can
cause human disease. The spores are 2 to 3 pm in diam-
eter, small enough to reach the alveoli in humans. Host
defenses are normally able to clear Aspergillus spores
without disease but hosts with propensity for airway
mucus plugging, such as patients with asthma, are sus-
ceptible to mycotic colonization. One disease that can
develop from this colonization is allergic bronchopul-
monary aspergillosis. The mucus hypersecretion creates
airway obstruction, expectoration of brown mucus
plugs, and pulmonary infiltrates on chest radiograph.
The impacted and expectorated plugs are made up of
layered mucus, inflammatory cells (primarily eosino-
phils), and cellular debris. Charcot-Leyden crystals can
be abundant but fragmented fungal hyphae may be the
only fungal evidence. The airway tissue demonstrates
asthma-like remodeling with inflammatory infiltrates,
goblet cell hyperplasia, squamous metaplasia, and thick-
ening of the basement membrane.?

MUCS5AC expression has been closely associated with
the epithelial cell immune response with a serine pro-
tease from A fumigatus being an essential trigger of
mucin synthesis. This MUC5AC expression is depen-
dent on Aspergillus triggering activation of cellular
tumor necrosis factor (TNF)-a-converting enzyme,
cleavage of membrane-bound TNF-a, and transactiva-
tion of the EGFR. EGFR-neutralizing antibody blocks
MUCS5AC expression and treatment with a serine pro-
tease inhibitor prevents TNF-a-converting enzyme
activation.

Asthma

Airway mucus hypersecretion has long been recognized
as an important cause of death in asthma, and wide-
spread airway mucus plugging has been consistently
identified in asthma autopsy studies.** CDA, sometimes
referred to as cough-variant asthma, appears to be asso-
ciated with mucus hypersecretion. CDA is characterized
by a prolonged nonproductive cough with variable
response to bronchodilator therapy. Although the degree
of airway narrowing is modest,* the airways in CDA
show structural changes of goblet cell hyperplasia.’ Spu-
tum production is more prevalent in patients with CDA
than in control subjects.’” CDA appears to be a more
common cause of chronic cough in children living in
countries with higher levels of tobacco smoke exposure
and air pollution, suggesting that this may be a harbin-
ger of COPD. Secretory hyperresponsiveness in CDA
would be consistent with this speculation.
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There is goblet cell hyperplasia and submucosal gland
hypertrophy in asthmatic airways that can be seen even
in some patients with newly diagnosed asthma3 and in
most,* but not all,* patients with moderate asthma;
mucin levels are higher in secretions from asthmatic as
compared with normal airways.*! The helper T-cell type
2 cytokines IL-9 and IL-13 have been associated with
mucus hypersecretion and severe asthma.*244 Clinical
data confirm the overexpression of IL-13 in severe
asthma,”” and experimental evidence suggests that corti-
costeroids not only do not inhibit the effects of IL-13 on
goblet cell differentiation, but under some circum-
stances, they may also further increase IL-13 induced
mucin production.?>26

Other mechanisms may contribute to increased mucus
production in asthma. These involve inflammatory
mediators, including secretory phospholipases A2,' LPS,*
neutrophil elastase,* TNF-a, and IL-1f3,% which regu-
late MUC expression and mucin secretion. Mucin gene
expression, can be increased by inflammatory mediators
released in chronic asthma.* Inflammatory mediators,
abundant during allergy-related respiratory disease, may
alter MUC5AC expression.*64-5! When patients have a
positive airway provocation challenge test with metha-
choline or histamine but fail to reverse fully and rapidly
with the use of an inhaled bronchodilator, this may be
due, in part, to mucus hypersecretion causing persistent
obstruction.

Chronic Cough and Protracted Bacterial Bronchitis

Inflammation in conducting airways with wet cough
lasting > 4 weeks is referred to as a protracted bacterial
bronchitis (PBB).52 Bacterial colonization of the airway
is thought to be responsible for the persistent cough.
Impaired mucociliary clearance, especially after viral
infections, seems to be a significant risk factor for the
establishment of bacterial infection.? Children with PBB
have mucus and neutrophils but no frank purulence in
bronchial lavage fluid.>** PBB may respond to antibi-
otics.’ The characteristic wet cough suggests that PBB is
in part a manifestation of increased secretions. Histo-
logic signs of chronic airway disease, including mucus
obstruction, goblet cell hyperplasia, and chronic inflam-
matory cell infiltration, have been reported.®5”

COPD

Chronic productive cough has historically been felt to be
a manifestation of secretory hyperresponsiveness in the
subset of patients with COPD commonly called chronic
bronchitis. The etiologic association of this phenotype
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with cigarette smoking and environmental exposures
has confounded any conclusive assessment of an associ-
ation between COPD and mucus hypersecretion. The
“British hypothesis” advanced the theory that smoking
caused mucus hypersecretion and impaired lung defense
mechanisms and these two effects fed into a cycle of
obstruction, infection, and parenchymal damage. Others
believed that mucus hypersecretion in some with COPD
was a primarily a nuisance and did not contribute to
disease progression.

Epidemiologic studies beginning in the mid-1980s
showed a correlation between COPD progression and
chronic cough with sputum production.?% Histologic
studies have confirmed mucus obstruction in the distal
airways of patients with COPD, even those without
chronic productive cough.®s! The Copenhagen City
Heart Study retrospective data analysis suggests that
chronic mucus hypersecretion was significantly associ-
ated with both greater FEV decline and an increased
risk of hospitalization.®s2 COPD exacerbations are asso-
ciated with goblet cell hyperplasia,’ mucus hypersecre-
tion,* and “mucus plugging” in the airway lumen.ss In
COPD, chronic mucus hypersecretion has been shown
to be an independent risk factor for death from obstruc-
tive lung disease.® In a study analyzing the severity of
luminal occlusion in resected lung tissues from patients
with COPD after lung volume reduction surgery, it

was found that subjects with the greatest luminal occlu-
sion died earlier than subjects who had the least
occlusion.®”

Cholinergic nerves are the dominant neural stimulant to
mucin secretion in the airways.®® Mucin secretion is
mediated via muscarinic M3 receptors on the secretory
cells, with water secretion mediated via M1 recep-
tors.®7° Stimulation with cholinergic agonists can
increase mucociliary clearance.””7* Anticholinergics
block muscarinic receptors on airway secretory cells and
smooth muscle and so, theoretically in COPD, may
reduce vagal tone and mucus secretion and facilitate
cough-induced mucus clearance.”+7¢ Consistent with
this suggestion is the observation that oxitropium
bromide reduces the amount of mucus secretion in
patients with COPD.”” However, the onset of inhibition
was slow and the mechanism by which it was mediated
was unclear. Effects on mucociliary clearance with
ipratropium bromide in patients with COPD have been
difficult to demonstrate.”s In fact in one study, tiotro-
pium bromide reduced the effectiveness of cough for
clearing mucus from the airways compared with pla-
cebo.” This may reflect changes in airflow dynamics
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caused by bronchodilation, or altered depth of airway
secretions following treatment.

Plastic Bronchitis

PB is a disease characterized by the formation of
branching airway casts that are cohesive and quite dif-
ferent from the purulent sputum plugging described

in CE® Patients will sometimes expectorate large casts
of their tracheobronchial tree. The casts can cause mild
symptoms or can be life-threatening. The diagnosis may
overlap with diseases such as asthma, and the airway
plugging sometimes seen in allergic bronchopulmonary
aspergillosis, although PB is characteristically refractory
to asthma therapy.®*#! Diseases such as congenital heart
disease with single ventricle physiology, lymphatic
anomalies, influenza infections, and sickle cell acute
chest syndrome have all been associated with PB.80-85

PB is currently classified based on underlying disease.
Casts from patients with structural congenital heart
disease, especially with Fontan physiology, can be
mucinous or chylous. Lymphatic disorders are generally
associated with chylous casts and can accompany con-
genital heart disease. People with PB and atopy usually
have eosinophilic casts with Charcot-Leyden crystals in
a fibrinous background. These casts appear similar to
those seen in severe asthma. Sickle cell acute chest
syndrome is associated with fibrinous casts surrounded
by a thin, yellow-colored fluid.?!

The clinical management of PB comes primarily from
observational reports. PB is not likely to be a single
disease so therapy is not likely to be uniformly effective.
When there are abnormalities of lymphatic flow to the
heart, thoracic duct ligation has decreased cast forma-
tion; in patients with cardiac disease, Fontan physiology,
and heart failure, cardiac transplantation leads to resolu-
tion of cast formation. All casts appear to contain inflam-
matory cells regardless of underlying disease. Those that
have eosinophils are often associated with chronic eosin-
ophilic bronchitis and only occasionally with true asthma.
Fibrinolytic agents have been used to acutely reduce cast
burden?® and aerosol heparin has been used to decrease
fibrin leak, presumably by inhibiting Tissue Factor.

Recurrent Atelectasis, Middle Lobe Syndrome

Atelectasis can result from obstruction of bronchial air-
flow due to intrinsic airway narrowing, mucus secretion,
airway compression, or surfactant dysfunction. Obstruc-
tive atelectasis is the most common type and results
from alveolar gas absorption when communication
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with the major airways is obstructed.” Mucus hyperse-
cretion contributes to recurrent or persistent atelec-
tasis primarily in patients with the middle lobe
syndrome (MLS).

MLS is characterized by persistent or recurrent atelec-
tasis of the middle lobe, lingula, or both.s8 Atelectasis of
the middle lobe may persist for months, and repeated
episodes of infection, inflammation, and obstruction
may lead to bronchiectasis. MLS is often thought to be
due to asthma.® In a case-control study, 53 children with
persistent MLS were compared with subjects with cur-
rent asthma without MLS and to nonasthmatic control
subjects.® A positive response to methacholine bron-
chial challenge was more prevalent among children with
MLS, even when compared with subjects with known
asthma, despite the fact that the prevalence of sensitiza-
tion to common inhaled allergens was similar among
patients with MLS and those without asthma. These
findings suggest that in children with MLS, factors
other than allergic inflammation are responsible for
BHR. It may be that in people with MLS, methacholine
produces airflow obstruction because of mucus plugging
rather than bronchospasm. These data may provide
insight as to a cause of BHR in people who do not have
asthma.®

Tumors

There are a number of lung tumors, primarily adenocar-
cinomas that can cause mucus hypersecretion. Severe
bronchorrhea is reported in invasive mucinous adeno-
carcinoma, also called mucinous bronchoalveolar carci-
noma.! The nomenclature for lung tumors has
undergone recent changes to address advances in cyto-
genetics, molecular biology, immunohistochemistry, and
therapy. In 2004, the World Health Organization
(WHO) updated the classification system?? for invasive
malignant epithelial lung tumors. There are five variants
of adenocarcinoma and a mixed type of the adenocarci-
noma subtype “solid adenocarcinoma with mucin pro-
duction”: mucinous (“colloid”) adenocarcinoma,
mucinous cystadenocarcinoma, signet ring adenocarci-
nomas, fetal adenocarcinoma, and clear cell adenocarci-
noma.? Additional mucus-secreting tumors include
mucoepidermoid carcinoma (MEC) and mucinous
bronchoalveolar carcinoma (BAC). More recently, the
International Association for the Study of Lung Cancer,
American Thoracic Society, and the European Respira-
tory Society sponsored an international multidisci-
plinary classification specifically for adenocarcinomas.*
The terms BAC and mixed subtype adenocarcinoma are
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no longer used. Mucinous BAC is now called invasive
mucinous adenocarcinoma.

This 2011 classification proposal is, in part, based on
literature supporting the finding that EGFR inactivation
with monoclonal antibody inhibitors or tyrosine kinase
inhibitors (TKIs) has demonstrated meaningful antitu-
mor activity in some patients with adenocarcinomas.?7
Data from 223 patients enrolled in five separate clin-
ical trials demonstrated that EGFR-TKI treatment in
those with EGFR mutations was associated with a 67%
response rate and a time to progression of 11.8 months.
Importantly, EGFR genotype was more effective than
clinical characteristics at selecting appropriate patients
for consideration of first-line therapy with an
EGFR-TKI.*®

A study of the pathophysiology of each mucus-secreting
tumor is beyond the scope of this review; MEC, how-
ever, can be demonstrative. MEC is a salivary gland
tumor and not an adenocarcinoma. Although this type
of mucus-secreting tumor is common in the salivary
glands, it is extremely rare in the lung. It has a reported
incidence of 0.1% to 0.2% of all lung tumors and has
preponderance in the pediatric age group. Cytogenetic
studies have drawn attention to translocations involving
the pro-oncogene cyclin-D1 and dysregulation of Notch
signaling as explanations for the unchecked cellular
reproduction.®'® This tumor usually presents as an
intraluminal polypoid mass causing luminal occlusion,
typically, of the large airways. The presenting symptom
is of airway obstruction, and there is usually a history of
recurrent pneumonia. Current therapy for bronchial
MEQC is surgical and largely curative but metastatic
disease is described and clinical follow-up is necessary.!!
EGEFR inactivation with specific TKIs has demonstrated
meaningful antitumor activity in patients with MEC.
In 2009, Han and colleagues'®> demonstrated an EGFR
mutation in two of five cases studied and response to
EGFR TKI in one case without an EGFR mutation or
evidence of amplification.

The significance of mucins in oncology then is not
limited to the obstructive symptoms caused by the
mucus hypersecretion. The antitumor activity of
EGER inactivation is just one example of the role of
mucin in neoplastic disease. Further immunohisto-
chemical studies have demonstrated that expression
of certain core mucin proteins can be correlated with
the aggressiveness of tumors and can be used as a marker
for the detection of precancerous and neoplastic
conditions.!%?
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Therapy

Management of secretory hyperresponsiveness involves
identifying underlying causes and treating these when
possible, reducing exposure to irritants like tobacco
smoke, and potentially using mucoactive medications
and airway clearance therapy; although for most of these
conditions, data are few (Table 1).

Medications

Medications used to alter the properties and volume of
mucus and sputum are referred to as mucoactive medi-
cations. This broad term includes mucolytic drugs that
degrade mucin polymer bonds or the DNA-actin bonds
in sputum. Mucolytics are meant to promote mucus clear-
ance. With the exception of dornase alfa (which is specific
for DNA polymers in sputum and pus and has only been
shown to be effective in the treatment of CF), few drugs
have been shown to be beneficial in treating mucus hyper-
secretion or retention.!* N-acetylcysteine given orally is
ineffective in promoting mucus clearance in patients
with chronic bronchitis.!o5 In people with COPD, there
are no clinically important improvements in lung func-
tion or quality of life with mucolytic therapy.!

Expectorants are intended to increase the volume of
secretions, making them easier to expectorate. Medica-
tions like guaifenesin (Robitussin, Mucinex) are meant
to promote secretion clearance in patients with either
acute or chronic airway disease but studies have failed to
show that these are clinically effective.!0%.1% However,
hypertonic saline (7% saline for CF) and dry powder
mannitol have been shown to be effective in promoting
sputum clearance in people with CF or non-CF bronchi-
ectasis, probably by inducing an effective cough and
drawing water into the airway surface liquid, unbinding
secretions that are stuck to the epithelium.!0%110

Secretions appear to stick to the airway epithelium in
part because of surfactant inactivation. The surface ten-
sion of secretions in chronic bronchitis and in CF spu-
tum is much higher than normal mucus; aerosol
surfactant has been shown to be effective in improving
pulmonary function and promoting sputum clearance
in people with chronic bronchitis.!!

The mucoregulatory medications should be specific for
secretory hyperresponsiveness as they reduce mucus hyper-
secretion. Anticholinergics are bronchodilators, and they
also have a direct effect on secretions, reducing muscarinic-
driven hypersecretion without changing the viscosity of
secretions.!'2 Aerosol oxitropium bromide has been
shown to significantly decrease the volume of airway
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TABLE 1 | Mucus Hypersecretion Treatment Summary

Treatment

Advantages

Disadvantages

Medication classes

Mucolytics

Expectorants

Aerosolized surfactant

Anticholinergics

Macrolide antibiotics

EGFR inhibitors

Aerosolized tPA

Aerosolized heparin

Devices

High-frequency chest
wall compression

OPEP (eg, Flutter, Quake,
Cornet and Acapella)

Sound-generating
oscillatory airflow device
(Lung Flute)

Only dornase alfa has been shown to
be effective (in infected sputum in CF).

Hypertonic saline and dry powder mannitol
are shown to be effecting in promoting
sputum clearance in CF and non-CF
bronchiectasis.

Improves pulmonary function and promotes
sputum clearance in chronic bronchitis.

Reduce muscarinic-driven hypersecretion.

Does not increase the viscosity of secretions.

Decrease inflammation-driven hypersecretion.

Do not decrease the protective baseline level
of mucus secretion.

Show promise in inhibiting mucus
hypersecretion associated with secretory
adenocarcinomas.

Show potential for decreasing mucus
hypersecretion from cigarette smoke and
irritant-induced hypersecretion.

Show promise for acute improvement of
plastic bronchitis.

Effective in patients with plastic bronchitis.
Shown to reduce mucin secretion.

Has antiinflammatory properties.

Little irritation to the airway.

Relative low cost.

No therapist needed.

Less reliant on active participation.

Can be used in toddlers.

Useful in people with an effective cough.
Promotes sputum expectoration.

No therapist needed.

Promotes sputum expectoration.

Can induce sputum in chronic bronchitis.

Few drugs demonstrate a benefit for
treatment of mucus hypersecretion
or retention.

No clinically important changes seen
with COPD.

Studies have failed to show
clinical benefit from medicines
like guaifenesin.

Off-label use.

Off-label use.

Off-label use.

Off-label use.

Expensive.
Can be irritating to the airway.
Off-label use.

No effect on preformed fibrin.

Risk of mobilizing secretions in person
with weakness or impaired cough.

Few long-term studies evaluating use.

No long-term studies demonstrating
clinical benefit.

Active participation required.

No published studies demonstrating
benefit in airway disease.

Active participation required.
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TABLE 1 | (continued)

Treatment Advantages

Disadvantages

Mechanical insufflator/ Effective when cough is ineffective. May cause airway collapse in infants,

exsufflator (Cough Assist)

small children and those with known
airway malacia.

May decrease secretion clearance
and promote atelectasis by reducing
airway diameter.

CF = cystic fibrosis; EGFR = epidermal growth factor receptor; OPEP = oscillatory positive expiratory pressure; tPA = tissue plasminogen activator.

secretions in patients with chronic bronchitis.”” Similarly,
atropine and other anticholinergics can decrease mucus
hypersecretion in animal models of airway inflammation.!?

The 14- and 15-member macrolide antibiotics have also
been shown to attenuate mucus secretion, in part by
inhibition of ERK1/2.1614 These drugs are mucoregula-
tory as they do not decrease the protective baseline level
of mucus secretion but will decrease inflammation-
driven hypersecretion. Although corticosteroids are
effective antiinflammatory medications, they are less
effective mucoregulators in neutrophil-driven airway
inflammation.? Corticosteroids have no effect on
IL-13-induced goblet cell metaplasia and mucin hyper-
secretion.?” On the other hand, the macrolide antibiotics
have been shown to effectively reduce both IL-13 and
LPS-stimulated mucus hypersecretion.2

EGFR inhibitors also have potential for decreasing
mucus hypersecretion.'>!'s EGFR is a common pathway
for hypersecretion that is induced by cigarette smoke
and irritants''é; EGFR inhibitors have shown promise in
inhibiting the mucus hypersecretion associated with the
secretory adenocarcinoma as discussed earlier.

There have been several case reports that the inhalation
of tissue plasminogen activator (tPA) can acutely
improve plastic bronchitis, most probably through fibrin
depolymerization. tPA is expensive and can be very irri-
tating to the airway with hemoptysis or dyspnea being
reported after inhalation, so it cannot be recommended
for chronic use.® Inhaled heparin has also been effective
in patients with plastic bronchitis. Heparin has no effect
on preformed fibrin but has been shown to reduce
mucin secretion and prevent Tissue Factor activation of
the fibrin pathway. Heparin also has antiinflammatory
properties and is less irritating to the airway and less
expensive than other drugs.!”

Devices

Physical therapy, when properly applied, has been
shown to slow the decline in lung function in people
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with CF!8 but has not been shown to be more effec-
tive than other forms of airway clearance.? Airway
clearance can also be promoted using high-frequency
chest wall compression but this is useful only in
people who have an effective cough. There is some
risk of mobilizing of central airway secretions
patients with weakness and impaired cough.!2
Although there are many high-frequency chest wall
compression devices on the market, there are few
long-term data evaluating their use.

There are even fewer data on the oscillatory positive
expiratory pressure (OPEP) devices (Flutter, Quake,
Cornet, and Acapella).'212> When studied in the pulmo-
nary function laboratory with acute single application
of OPEP, these devices promote sputum expectoration.
However, there are no long-term studies demonstrating
clinical benefit of using these devices.'>* Whether this is
due to the devices being ineffective or to poor adher-
ence is not clear. The Lung Flute (Medical Acoustics, LLC)
is another form of an oscillatory airflow device.
Although it is claimed that this device helps mobilize
secretions by sound, this has not been demonstrated.
The Lung Flute can induce sputum expectoration in
patients with chronic bronchitis and is as effective as
hypertonic saline inhalation for sputum induction.!?s
There are no published studies demonstrating the
benefit of the Lung Flute in patients with airway
disease.

In people who have a weak or ineffective cough, the
Cough Assist device (Philips Respironics/Koninklijke
Philips N.V.) may promote airway clearance and expec-
toration. Case reports suggest that people who are intu-
bated, those with profound weakness, and those who are
unable to use chest wall compression devices, may ben-
efit from the use of the Cough Assist. This device
expands the chest with positive pressure, followed by a
rapid negative pressure “exhalation” of air and secre-
tions. This device should be used with caution in infants
and small children with collapsible airways (especially
collapsible pharyngeal airway) and in patients with
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known airway malacia. Negative pressure can reduce
airway diameter, not only decreasing secretion clear-
ance, but also potentially promoting the development of
atelectasis.

Summary

Mucus hypersecretion is a distinct component of
many airway diseases including inflammatory dis-
eases and some forms of airway cancer. Although
mucus secretion is an effective airway defense, secre-
tory hyperresponsiveness can lead to airway obstruc-
tion and poor clearance. Therapy targeted at
inflammation may be less effective in decreasing
pathologic hypersecretion. There is a need for effec-
tive mucoregulatory medications to treat secretory
hyperresponsiveness.

Acknowledgments

Financial/nonfinancial disclosures: The authors have reported to
CHEST the following conflicts: Dr Rubin holds patents for the use of
aerosol surfactant as mucokinetic medications and aerosolized
Dapsone as a mucoregulatory therapy in airway hyperinflation. VCU
has licensed this to InspiRx. Dr Rubin also holds research grants from
the Cystic Fibrosis Foundation and the Denny Hamlin Foundation for
studying mucus clearance as well as research grants from Fisher &
Paykel, GlaxoSmithKline, and Pfizer Home Health to study airway
mucus clearance and therapy. Dr Rubin serves as a consultant to
Philips for development of airway mucus clearance devices. Dr Rubin’s
laboratory maintains the international registry and speciman reposi-
tory for the study of plastic bronchitis. Drs Priftis, Schmidt, and Henke
report no potential conflicts of interest exist with any companies/orga-
nizations whose products or services may be discussed in this article.

References

1. Okamoto K, Kim JS, Rubin BK. Secretory phospholipases
A2 stimulate mucus secretion, induce airway inflammation,
and produce secretory hyperresponsiveness to neutrophil
elastase in ferret trachea. Am J Physiol Lung Cell Mol Physiol.
2007;292(1):L62-L67.

2. Webber SE, Kitt A, Yurdakos E, Widdicombe JG. PAF-induced
secretory hyperresponsiveness in the ferret trachea to bradykinin
and its pharmacological inhibition. Pulm Pharmacol Ther. 1997;
10(3):157-166.

3. Rose MC, Voynow JA. Respiratory tract mucin genes and mucin
glycoproteins in health and disease. Physiol Rev. 2006;86(1):
245-278.

4. Voynow JA, Rubin BK. Mucins, mucus, and sputum. Chest. 2009;
135(2):505-512.

5. Rogers DE. Physiology of airway mucus secretion and pathophysi-
ology of hypersecretion. Respir Care. 2007;52(9):1134-1146.

6. LiY, Martin LD, Spizz G, Adler KB. MARCKS protein is a key mol-
ecule regulating mucin secretion by human airway epithelial cells in
vitro. J Biol Chem. 2001;276(44):40982-40990.

7. Burgel PR, Nadel JA. Epidermal growth factor receptor-mediated
innate immune responses and their roles in airway diseases. Eur
Respir J. 2008;32(4):1068-1081.

8. Randell SH, Boucher RC; University of North Carolina Virtual
Lung Group. Effective mucus clearance is essential for respiratory
health. Am ] Respir Cell Mol Biol. 2006;35(1):20-28.

9. Henke MO, John G, Rheineck C, Chillappagari S, Naehrlich L,
Rubin BK. Serine proteases degrade airway mucins in cystic fibro-
sis. Infect Immun. 2011;79(8):3438-3444.

504 Translating Basic Research Into Clinical Practice

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Henke MO, Renner A, Huber RM, Seeds MC, Rubin BK. MUC5AC
and MUC5B mucins are decreased in cystic fibrosis airway secre-
tions. Am J Respir Cell Mol Biol. 2004;31(1):86-91.

Innes AL, Carrington SD, Thornton DJ, et al. Ex vivo sputum
analysis reveals impairment of protease-dependent mucus degrada-
tion by plasma proteins in acute asthma. Am J Respir Crit Care Med.
2009;180(3):203-210.

Kim JS, McKinnis VS, Nawrocki A, White SR. Stimulation of
migration and wound repair of guinea-pig airway epithelial cells
in response to epidermal growth factor. Am ] Respir Cell Mol Biol.
1998;18(1):66-74.

Burgel PR, Nadel JA. Roles of epidermal growth factor receptor
activation in epithelial cell repair and mucin production in airway
epithelium. Thorax. 2004;59(11):992-996.

Moncada DM, Kammanadiminti SJ, Chadee K. Mucin and Toll-
like receptors in host defense against intestinal parasites. Trends
Parasitol. 2003;19(7):305-311.

Tarang S, Kumar S, Batra SK. Mucins and Toll-like receptors:
kith and kin in infection and cancer. Cancer Lett. 2012;321(2):
110-119.

Shinkai M, Foster GH, Rubin BK. Macrolide antibiotics modulate
ERK phosphorylation and IL-8 and GM-CSF production by human
bronchial epithelial cells. Am J Physiol Lung Cell Mol Physiol.
2006;290(1):L75-L85.

Gensch E, Gallup M, Sucher A, et al. Tobacco smoke control of
mucin production in lung cells requires oxygen radicals AP-1 and
JNK. ] Biol Chem. 2004;279(37):39085-39093.

Casalino-Matsuda SM, Monzén ME, Forteza RM. Epidermal
growth factor receptor activation by epidermal growth factor
mediates oxidant-induced goblet cell metaplasia in human airway
epithelium. Am J Respir Cell Mol Biol. 2006;34(5):581-591.

Thomson NC, Chaudhuri R, Messow CM, et al. Chronic cough and
sputum production are associated with worse clinical outcomes in
stable asthma. Respir Med. 2013;107(10):1501-1508.

Aikawa T, Shimura S, Sasaki H, Ebina M, Takishima T. Marked
goblet cell hyperplasia with mucus accumulation in the airways
of patients who died of severe acute asthma attack. Chest. 1992;
101(4):916-921.

Wills-Karp M, Luyimbazi J, Xu X, et al. Interleukin-13: central
mediator of allergic asthma. Science. 1998;282(5397):2258-2261.

Fahy JV, Dickey BF. Airway mucus function and dysfunction.
N Engl ] Med. 2010;363(23):2233-2247.

Zhu Z, Homer R], Wang Z, et al. Pulmonary expression of inter-
leukin-13 causes inflammation, mucus hypersecretion, subepithelial
fibrosis, physiologic abnormalities, and eotaxin production. J Clin
Invest. 1999;103(6):779-788.

Atherton HC, Jones G, Danahay H. IL-13-induced changes in the
goblet cell density of human bronchial epithelial cell cultures: MAP
kinase and phosphatidylinositol 3-kinase regulation. Am J Physiol
Lung Cell Mol Physiol. 2003;285(3):L730-L739.

Kanoh §, Tanabe T, Rubin BK. IL-13-induced MUC5AC produc-
tion and goblet cell differentiation is steroid resistant in human
airway cells. Clin Exp Allergy. 2011;41(12):1747-1756.

Tanabe T, Kanoh S, Tsushima K, Yamazaki Y, Kubo K, Rubin
BK. Clarithromycin inhibits interleukin-13-induced goblet cell
hyperplasia in human airway cells. Am ] Respir Cell Mol Biol.
2011;45(5):1075-1083.

Saha SK, Berry MA, Parker D, et al. Increased sputum and bron-
chial biopsy IL-13 expression in severe asthma. J Allergy Clin
Immunol. 2008;121(3):685-691.

Naseer T, Minshall EM, Leung DY, et al. Expression of IL-12
and IL-13 mRNA in asthma and their modulation in response
to steroid therapy. Am ] Respir Crit Care Med. 1997;155(3):
845-851.

Zhen G, Park SW, Nguyenvu LT, et al. IL-13 and epidermal growth
factor receptor have critical but distinct roles in epithelial cell mucin
production. Am J Respir Cell Mol Biol. 2007;36(2):244-253.

Tyner JW, Kim EY, Ide K, et al. Blocking airway mucous cell meta-
plasia by inhibiting EGFR antiapoptosis and IL-13 transdifferentia-
tion signals. J Clin Invest. 2006;116(2):309-321.

[ 146#2 CHEST AUGUST 2014 |

Downloaded From: http://journal.publications.chestnet.or g/ by a Tufts University User on 08/06/2014



31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

52.

Brightling CE, Saha S, Hollins F. Interleukin-13: prospects for new
treatments. Clin Exp Allergy. 2010;40(1):42-49.

Zander DS. Allergic bronchopulmonary aspergillosis: an overview.
Arch Pathol Lab Med. 2005;129(7):924-928.

Oguma T, Asano K, Tomomatsu K, et al. Induction of mucin and
MUCS5AC expression by the protease activity of Aspergillus fumiga-
tus in airway epithelial cells. J mmunol. 2011;187(2):999-1005.

Kuyper LM, Paré PD, Hogg JC, et al. Characterization of airway
plugging in fatal asthma. Am J Med. 2003;115(1):6-11.

Mochizuki H, Arakawa H, Tokuyama K, Morikawa A. Bronchial
sensitivity and bronchial reactivity in children with cough variant
asthma. Chest. 2005;128(4):2427-2434.

Niimi A, Torrego A, Nicholson AG, Cosio BG, Oates TB, Chung
KF. Nature of airway inflammation and remodeling in chronic
cough. J Allergy Clin Immunol. 2005;116(3):565-570.

Jinnai M, Niimi A, Ueda T, et al. Induced sputum concentra-
tions of mucin in patients with asthma and chronic cough. Chest.
2010;137(5):1122-1129.

Laitinen A, Laitinen LA. Cellular infiltrates in asthma and in
chronic obstructive pulmonary disease. Am Rev Respir Dis.
1991;143(5 pt 1):1159-1160.

Ordonez CL, Khashayar R, Wong HH, et al. Mild and moderate
asthma is associated with airway goblet cell hyperplasia and
abnormalities in mucin gene expression. Am J Respir Crit Care
Med. 2001;163(2):517-523.

Lozewicz S, Wells C, Gomez E, et al. Morphological integrity of the
bronchial epithelium in mild asthma. Thorax. 1990;45(1):12-15.

Kirkham S, Sheehan JK, Knight D, Richardson PS, Thornton D]J.
Heterogeneity of airways mucus: variations in the amounts and gly-
coforms of the major oligomeric mucins MUC5AC and MUCS5B.
Biochem J. 2002;361(pt 3):537-546.

Temann UA, Laouar Y, Eynon EE, Homer R, Flavell RA. IL9 leads
to airway inflammation by inducing IL13 expression in airway
epithelial cells. Int Immunol. 2007;19(1):1-10.

Longphre M, Li D, Gallup M, et al. Allergen-induced IL-9 directly
stimulates mucin transcription in respiratory epithelial cells. J Clin
Invest. 1999;104(10):1375-1382.

Tanabe T, Fujimoto K, Yasuo M, et al. Modulation of mucus
production by interleukin-13 receptor alpha2 in the human airway
epithelium. Clin Exp Allergy. 2008;38(1):122-134.

Li D, Gallup M, Fan N, Szymkowski DE, Basbaum CB. Cloning of
the amino-terminal and 5’-flanking region of the human MUC5AC
mucin gene and transcriptional up-regulation by bacterial exoprod-
ucts. ] Biol Chem. 1998;273(12):6812-6820.

Koo JS, Kim YD, Jetten AM, Belloni P, Nettesheim P.
Overexpression of mucin genes induced by interleukin-1 beta,
tumor necrosis factor-alpha, lipopolysaccharide, and neutrophil
elastase is inhibited by a retinoic acid receptor alpha antagonist.
Exp Lung Res. 2002;28(4):315-332.

Song KS, Lee WJ, Chung KC, et al. Interleukin-1 beta and tumor
necrosis factor-alpha induce MUC5AC overexpression through a
mechanism involving ERK/p38 mitogen-activated protein kinases-
MSK1-CREB activation in human airway epithelial cells. J Biol
Chem. 2003;278(26):23243-23250.

Turner J, Jones CE. Regulation of mucin expression in respiratory
diseases. Biochem Soc Trans. 2009;37(pt 4):877-881.

Gray T, Coakley R, Hirsh A, et al. Regulation of MUC5AC mucin
secretion and airway surface liquid metabolism by IL-1(beta) in
human bronchial epithelia. Am ] Physiol Lung Cell Mol Physiol.
2004;286(2):1.320-L330.

Gray T, Nettesheim P, Loftin C, et al. Interleukin-1beta-induced
mucin production in human airway epithelium is mediated by

cyclooxygenase-2, prostaglandin E2 receptors, and cyclic AMP-
protein kinase A signaling. Mol Pharmacol. 2004;66(2):337-346.

. Fujisawa T, Ide K, Holtzman M], et al. Involvement of the p38

MAPK pathway in IL-13-induced mucous cell metaplasia in mouse
tracheal epithelial cells. Respirology. 2008;13(2):191-202.

Chang AB, Redding GJ, Everard ML. Chronic wet cough: pro-
tracted bronchitis, chronic suppurative lung disease and bronchiec-
tasis. Pediatr Pulmonol. 2008;43(6):519-531.

journal.publications.chestnet.org

53.

54.

55.

56.

57.

58.

59.

60.

61.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Craven V, Everard ML. Protracted bacterial bronchitis: reinventing
an old disease. Arch Dis Child. 2013;98(1):72-76.

Marchant JM, Masters IB, Taylor SM, Cox NC, Seymour GJ,
Chang AB. Evaluation and outcome of young children with
chronic cough. Chest. 2006;129(5):1132-1141.

Zgherea D, Pagala S, Mendiratta M, Marcus MG, Shelov SP,
Kazachkov M. Bronchoscopic findings in children with chronic wet
cough. Pediatrics. 2012;129(2):e364-¢369.

Marchant J, Masters IB, Champion A, Petsky H, Chang AB.
Randomised controlled trial of amoxycillin clavulanate in children
with chronic wet cough. Thorax. 2012;67(8):689-693.

Everard ML. ‘Recurrent lower respiratory tract infections’ - going
around in circles, respiratory medicine style. Paediatr Respir Rev.
2012;13(3):139-143.

Speizer FE, Fay ME, Dockery DW, Ferris BG Jr. Chronic obstruc-
tive pulmonary disease mortality in six US cities. Am Rev Respir
Dis. 1989;140(3 pt 2):S49-S55.

Vestbo J, Prescott E, Lange P; Copenhagen City Heart Study Group.
Association of chronic mucus hypersecretion with FEV1 decline
and chronic obstructive pulmonary disease morbidity. Am J Respir
Crit Care Med. 1996;153(5):1530-1535.

Caramori G, Di Gregorio C, Carlstedt I, et al. Mucin expression in
peripheral airways of patients with chronic obstructive pulmonary
disease. Histopathology. 2004;45(5):477-484.

Hogg JC, Chu F, Utokaparch S, et al. The nature of small-airway

obstruction in chronic obstructive pulmonary disease. N Engl
J Med. 2004;350(26):2645-2653.

. Melton L. Does mucus hypersecretion matter in airway disease?

Lancet. 2002;359(9321):1924.

Takeyama K, Dabbagh K, Lee HM, et al. Epidermal growth factor
system regulates mucin production in airways. Proc Natl Acad Sci
U S A. 1999;96(6):3081-3086.

Prescott E, Lange P, Vestbo J. Chronic mucus hypersecretion in
COPD and death from pulmonary infection. Eur Respir J. 1995;
8(8):1333-1338.

Voelkel NF, Tuder R. COPD: exacerbation. Chest. 2000;
117(5_suppl_2):376S-379S.

Lange P, Nyboe ], Appleyard M, Jensen G, Schnohr P. Relation of
ventilatory impairment and of chronic mucus hypersecretion to
mortality from obstructive lung disease and from all causes. Thorax.
1990;45(8):579-585.

Hogg JC, Chu FS, Tan WC, et al. Survival after lung volume reduc-
tion in chronic obstructive pulmonary disease: insights from small
airway pathology. Am J Respir Crit Care Med. 2007;176(5):454-459.

Rogers DE Pharmacological regulation of the neuronal control of
airway mucus secretion. Curr Opin Pharmacol. 2002;2(3):249-255.

Ramnarine SI, Haddad EB, Khawaja AM, Mak JC, Rogers DF. On
muscarinic control of neurogenic mucus secretion in ferret trachea.
J Physiol. 1996;494(pt 2):577-586.

Nakaya M, Yuasa T, Usui N. Immunohistochemical localization
of subtypes of muscarinic receptors in human inferior turbinate
mucosa. Ann Otol Rhinol Laryngol. 2002;111(7 pt 1):593-597.

Cammer P, Strandberg K, Philipson K. Increased mucocili-

ary transport by cholinergic stimulation. Arch Environ Health.
1974;29(4):220-224.

Gatto LA. Cholinergic and adrenergic stimulation of mucociliary
transport in the rat trachea. Respir Physiol. 1993;92(2):209-217.

Berger J, Albert RE, Sanborn K, Lippmann M. Effects of atropine
and methacholine on deposition and clearance of inhaled particles
in the donkey. J Toxicol Environ Health. 1978;4(4):587-604.

Abad Santos F, Novalbos J, Gallego Sandin S, Gélvez Mugica MA.
Regulation of bronchial tone in chronic obstructive pulmonary
disease (COPD): role of muscarinic receptors [in Spanish]. Med
Interna. 2003;20(4):201-205.

Coulson FR, Fryer AD. Muscarinic acetylcholine receptors and
airway diseases. Pharmacol Ther. 2003;98(1):59-69.

Belmonte KE. Cholinergic pathways in the lungs and anticholin-
ergic therapy for chronic obstructive pulmonary disease. Proc Am
Thorac Soc. 2005;2(4):297-304.

505

Downloaded From: http://journal.publications.chestnet.or g/ by a Tufts University User on 08/06/2014


http://journal.publications.chestnet.org

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Tamaoki J, Chiyotani A, Tagaya E, Sakai N, Konno K. Effect of
long term treatment with oxitropium bromide on airway secre-
tion in chronic bronchitis and diffuse panbronchiolitis. Thorax.
1994;49(6):545-548.

Pavia D, Sutton PP, Lopez-Vidriero MT, Agnew JE, Clarke SW.
Drug effects on mucociliary function. Eur J Respir Dis Suppl.
1983;128(pt 1):304-317.

Hasani A, Toms N, Agnew JE, Sarno M, Harrison AJ, Dilworth
P. The effect of inhaled tiotropium bromide on lung mucociliary
clearance in patients with COPD. Chest. 2004;125(5):1726-1734.

Madsen P, Shah SA, Rubin BK. Plastic bronchitis: new insights and
a classification scheme. Paediatr Respir Rev. 2005;6(4):292-300.

Kruger J, Shpringer C, Picard E, Kerem E. Thoracic air leakage in
the presentation of cast bronchitis. Chest. 2009;136(2):615-617.

Brogan TV, Finn LS, Pyskaty DJ Jr, et al. Plastic bronchitis in
children: a case series and review of the medical literature. Pediatr
Pulmonol. 2002;34(6):482-487.

Deng J, Zheng Y, Li C, Ma Z, Wang H, Rubin BK. Plastic bronchitis
in three children associated with 2009 influenza A(H1N1) virus
infection. Chest. 2010;138(6):1486-1488.

Moser C, Nussbaum E, Cooper DM. Plastic bronchitis and the role
of bronchoscopy in the acute chest syndrome of sickle cell disease.
Chest. 2001;120(2):608-613.

Mateos-Corral D, Cutz E, Solomon M, Ratjen F. Plastic bronchitis
as an unusual cause of mucus plugging in cystic fibrosis. Pediatr
Pulmonol. 2009;44(9):939-940.

Heath L, Ling S, Racz J, et al. Prospective, longitudinal study of
plastic bronchitis cast pathology and responsiveness to tissue plas-
minogen activator. Pediatr Cardiol. 2011;32(8):1182-1189.

Peroni DG, Boner AL. Atelectasis: mechanisms, diagnosis and
management. Paediatr Respir Rev. 2000;1(3):274-278.

Priftis KN, Mermiri D, Papadopoulou A, Anthracopoulos MB,
Vaos G, Nicolaidou P. The role of timely intervention in middle
lobe syndrome in children. Chest. 2005;128(4):2504-2510.

Sekerel BE, Nakipoglu F. Middle lobe syndrome in children with
asthma: review of 56 cases. ] Asthma. 2004;41(4):411-417.

Rubin BK. Editorial: respecting the middle lobe syndrome. Pediatr
Pulmonol. 2006;41(9):803-804.

Popat N, Raghavan N, McIvor RA. Severe bronchorrhea in a patient
with bronchioloalveolar carcinoma. Chest. 2012;141(2):513-514.

Brambilla E, Travis WD, Colby TV, Corrin B, Shimosato Y. The
new World Health Organization classification of lung tumours. Eur
Respir ]. 2001;18(6):1059-1068.

Travis WD, Brambilla E, Muller-Hermlink HK, Harris CC, eds.
Pathology and genetics of tumours of the lung, pleura, thymus and
heart. In: World Health Organization Classification of Tumours.
Lyon, France: IARC Press; 2004.

Travis WD, Brambilla E, Noguchi M, et al. International
Association for the Study of Lung Cancer/American Thoracic
Society/European Respiratory Society International multidisci-
plinary classification of lung adenocarcinoma. J Thorac Oncol.
2011;6(2):244-285.

Kitazaki T, Fukuda M, Soda H, Kohno S. Novel effects of gefitinib

on mucin production in bronchioloalveolar carcinoma; two case
reports. Lung Cancer. 2005;49(1):125-128.

Paez JG, Janne PA, Lee JC, et al. EGFR mutations in lung cancer:
correlation with clinical response to gefitinib therapy. Science.
2004;304(5676):1497-1500.

Mok TS, Wu YL, Thongprasert S, et al. Gefitinib or carboplatin-
paclitaxel in pulmonary adenocarcinoma. N Engl ] Med. 2009;
361(10):947-957.

Jackman DM, Miller VA, Cioffredi LA, et al. Impact of epidermal
growth factor receptor and KRAS mutations on clinical outcomes
in previously untreated non-small cell lung cancer patients: results
of an online tumor registry of clinical trials. Clin Cancer Res.
2009;15(16):5267-5273.

Dahlenfors R, Gertzen H, Wedell B, Mark J. Cytogenetical obser-
vations in a cultured polymorphous low-grade adenocarcinoma

originating from the minor salivary glands. Anticancer Res.
1997;17(1A):105-106.

506 Translating Basic Research Into Clinical Practice

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

11

—_

112.

113.

114.

115.

116.

117.

118.

119.

120.

12

—

122.

Tonon G, Gehlhaus KS, Yonescu R, Kaye FJ, Kirsch IR. Multiple
reciprocal translocations in salivary gland mucoepidermoid carci-
nomas. Cancer Genet Cytogenet. 2004;152(1):15-22.

Dinopoulos A, Lagona E, Stinios I, Konstadinidou A, Kattamis
C. Mucoepidermoid carcinoma of the bronchus. Pediatr Hematol
Oncol. 2000;17(5):401-408.

Han SW, Kim HP, Jeon YK, et al. Mucoepidermoid carcinoma of
lung: potential target of EGFR-directed treatment. Lung Cancer.
2008;61(1):30-34.

Yonezawa S, Higashi M, Yamada N, et al. Mucins in human neo-
plasms: clinical pathology, gene expression and diagnostic applica-
tion. Pathol Int. 2011;61(12):697-716.

Rubin BK. Who will benefit from DNase? Pediatr Pulmonol.
1999;27(1):3-4.

Decramer M, Rutten-van Molken M, Dekhuijzen PN, et al. Effects
of N-acetylcysteine on outcomes in chronic obstructive pulmo-
nary disease (Bronchitis Randomized on NAC Cost-Utility Study,
BRONCUS): a randomised placebo-controlled trial. Lancet.
2005;365(9470):1552-1560.

Poole P, Black PN, Cates C]J. Mucolytic agents for chronic bronchi-
tis or chronic obstructive pulmonary disease. Cochrane Database
Syst Rev. 2012;8:CD001287.

LaForce C, Gentile DA, Skoner DP. A randomized, double-blind,
parallel-group, multicenter, placebo-controlled study of the safety
and efficacy of extended-release guaifenesin/pseudoephedrine
hydrochloride for symptom relief as an adjunctive therapy to
antibiotic treatment of acute respiratory infections. Postgrad Med.
2008;120(2):53-59.

Taylor JA, Novack AH, Almquist JR, Rogers JE. Efficacy of cough
suppressants in children. J Pediatr. 1993;122(5 pt 1):799-802.

Daviskas E, Anderson SD, Gomes K, et al. Inhaled mannitol for the
treatment of mucociliary dysfunction in patients with bronchiec-
tasis: effect on lung function, health status and sputum. Respirology.
2005;10(1):46-56.

Daviskas E, Rubin BK. Effect of inhaled dry powder mannitol on
mucus and its clearance. Expert Rev Respir Med. 2013;7(1):65-75.

. Anzueto A, Jubran A, Ohar JA, et al. Effects of aerosolized sur-

factant in patients with stable chronic bronchitis: a prospective
randomized controlled trial. JAMA. 1997;278(17):1426-1431.

Bateman ED, Rennard S, Barnes PJ, et al. Alternative mechanisms
for tiotropium. Pulm Pharmacol Ther. 2009;22(6):533-542.

Kishioka C, Okamoto K, Kim ], Rubin BK. Regulation of secretion
from mucous and serous cells in the excised ferret trachea. Respir
Physiol. 2001;126(2):163-171.

Shinkai M, Henke MO, Rubin BK. Macrolide antibiotics as
immunomodulatory medications: proposed mechanisms of action.
Pharmacol Ther. 2008;117(3):393-405.

Basbaum C, Li D, Gensch E, Gallup M, Lemjabbar H. Mechanisms
by which gram-positive bacteria and tobacco smoke stimulate
mucin induction through the epidermal growth factor receptor
(EGFR). Novartis Found Symp. 2002;248:171-176.

Adcock IM, Caramori G, Barnes P]. Chronic obstructive pulmo-
nary disease and lung cancer: new molecular insights. Respiration.
2011;81(4):265-284.

Eason DE, Cox K, Moskowitz WB. Aerosolised heparin in the
treatment of Fontan-related plastic bronchitis. Cardiol Young.
2014;24(1):140-142.

Reisman JJ, Rivington-Law B, Corey M, et al. Role of conventional
physiotherapy in cystic fibrosis. ] Pediatr. 1988;113(4):632-636.

Main E, Prasad A, Schans C. Conventional chest physiotherapy
compared to other airway clearance techniques for cystic fibrosis.
Cochrane Database Syst Rev. 2005;25(1):CD002011.

Willis LD, Warren RH. Acute hypoxemia in a child with neurologic

impairment associated with high-frequency chest-wall compres-
sion. Respir Care. 2007;52(8):1027-1029.

. Konstan MW, Stern RC, Doershuk CF. Efficacy of the Flutter device

for airway mucus clearance in patients with cystic fibrosis. J Pediatr.
1994;124(5 pt 1):689-693.

Pryor JA. Physiotherapy for airway clearance in adults. Eur Respir J.
1999;14(6):1418-1424.

[ 146#2 CHEST AUGUST 2014 |

Downloaded From: http://journal.publications.chestnet.or g/ by a Tufts University User on 08/06/2014



123. Volsko TA, DiFiore J, Chatburn RL. Performance comparison of 125. Morsch AL, Amorim MM, Barbieri A, Santoro LL, Fernandes AL.

two oscillating positive expiratory pressure devices: acapella versus Influence of oscillating positive expiratory pressure and the forced
flutter. Respir Care. 2003;48(2):124-130. expiratory technique on sputum cell counts and quantity of induced
124. Morrison L, Agnew J. Oscillating devices for airway clearance in people sputum in patients with asthma or chronic obstructive pulmonary
with cystic fibrosis. Cochrane Database Syst Rev. 2009;(1):CD006842. disease. J Bras Pneumol. 2008;34(12):1026-1032.
journal.publications.chestnet.org 507

Downloaded From: http://journal.publications.chestnet.or g/ by a Tufts University User on 08/06/2014


http://journal.publications.chestnet.org

