
TRANSATLANTIC AIRWAYCONFERENCE

Fungi in Mucoobstructive Airway Diseases
Evan Li1, Cameron T. Landers1,2, Hui-Ying Tung3, J. Morgan Knight1,3,4, Zachary Marshall1, Amber U. Luong5,
Antony Rodriguez1,4, Farrah Kheradmand1,3,4,6, and David B. Corry1,3,4,6

1Department of Medicine, 2Translational Biology and Molecular Medicine Program, 3Department of Pathology and Immunology,
and 4Biology of Inflammation Center, Baylor College of Medicine, Houston, Texas; 5Department of Otolaryngology, McGovern Medical
School of the University of Texas Health Science Center at Houston, Houston, Texas; and 6Michael E. DeBakey VA Center for Translational
Research on Inflammatory Diseases, Houston, Texas

Abstract

Asthma, chronic rhinosinusitis, and related incurable allergic
afflictions of the upper and lower airways are medically important
because of their association with the disabling symptom of dyspnea
and, at least for asthma, the potential to cause fatal asphyxiation.
Extensive research over the past two decades has uncovered
both the physiological basis of airway obstruction in asthma
and key governing molecular pathways. Exaggerated airway
constriction in response to diverse provocative stimuli, termed
airway hyperresponsiveness, is mediated through the cytokines
interleukin 4 (IL-4) and IL-13 and the transcription factor
signal transducer and activator of transcription 6 (STAT6).
Overproduction of mucus has long been known to be an essential
second component of airway obstruction and is also mediated

in part through the IL-4/IL-13/STAT6 pathway. In this review,
we discuss a secondmajor signaling pathway which underlies mucus
production that is mediated through proteinase-cleaved fibrinogen
signaling through Toll-like receptor 4. Unexpectedly, our analysis
of human sputum and paranasal sinus fluid indicates that in
most cases of severe allergic airway disease, a unique type of
airway fungal infection, termed airway mycosis, is pathogenically
linked to these conditions. We further discuss how fungal and
endogenous proteinases mediate the fibrinogenolysis that is
essential to both Toll-like receptor 4 signaling and fibrin
deposition that, together with mucus, contribute to airway
obstruction.
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Asthma and related allergic disorders
of the lower airways (e.g., allergic
bronchopulmonary aspergillosis, chronic
eosinophilic pneumonitis, Löffler’s
syndrome, eosinophilic granulomatosis with
polyangiitis) are medically significant
conditions often due to their association
with the uniquely disabling symptom of
dyspnea that is in turn often a result of
widespread but usually reversible airway
obstruction. In its most severe form, airway
obstruction in asthma can lead to lethal
asphyxiation, with respiratory arrest

resulting in death (1). Accompanying
asthma in most cases is chronic
rhinosinusitis (CRS), a chronic
inflammatory disorder of the paranasal
sinuses that occurs either with or without
nasal polyposis (2, 3). CRS with nasal
polyposis (CRSwNP) most frequently
occurs with asthma, whereas CRS without
nasal polyposis is often seen as an isolated
disorder (4–6).

Like asthma, CRSwNP is a type 2
immune disorder marked by local mucosal
inflammation that includes abundant

eosinophils, T-helper type 2 (Th2) cells,
type 2 innate lymphoid cells (ILC2),
and immunoglobulin E (IgE)-secreting
B cells accompanied by proallergenic
cytokines such as interleukin 4 (IL-4),
IL-5, IL-13, IL-25, IL-33, and thymic
stromal lymphopoietin (6–10) (Figure 1).
Asthma and CRSwNP are clearly strongly
related conditions, because successful
treatment of sinusitis often results in
improvement in asthma (11–13).

The core medical importance of asthma
lies in the airway obstruction that is the
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sine qua non of disease expression (14). In
mild disease, airway obstruction can present
as a minimally disturbing condition that
perhaps impedes maximal athletic
performance. In progressively more

severe forms of disease, however, airway
obstruction exerts progressively greater
morbidity and can be lethal in the most
severe cases by causing asphyxiation (1).
Understanding the causes of airway

obstruction in asthma, therefore, becomes
paramount to designing optimally effective
preventive and therapeutic strategies.

In addition to physical obstruction
of the airways due to inflammatory
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Figure 1. Environmental and immune factors mediating airway obstruction in asthma. Many inhaled substances, including mites, various pollutants,
and proteases, can either induce or exacerbate asthma. These factors enter the airway lumen to trigger innate immune allergic responses by activating
pattern recognition receptors (PRRs), including Toll-like receptor 4 (TLR4) and others expressed on airway epithelial cells. Epithelial cells then secrete
cytokines such as interleukin 25 (IL-25), IL-33, and thymic stromal lymphopoietin (TSLP) into the subepithelial space to promote the development of innate
lymphoid cell type 2 (ILC2) and dendritic cells that migrate to draining lymph nodes and to promote development of T helper type 2 (TH2) cells and
immunoglobulin E (IgE)-secreting B cells. At the same time, inhaled proteinases promote the breakdown of fibrinogen into fibrinogen cleavage products
(FCP) that signal through TLR4 to initiate airway hyperreactivity, eosinophilia, and mucus hypersecretion. Proteinases may also interact with protease-
activated receptor 2 (PAR2) to either promote or attenuate asthma. With sustained exposure to allergens or establishment of airway mycosis, the low-grade
innate allergic inflammation that characterizes healthy lungs converts to an activated lung phenotype characterized by more persistent and intense allergic
inflammation. When combined with certain host susceptibility factors, this inflammation evolves further into the asthmatic lung that is dominated by
the recruitment and effects of TH2 cells (via chemokine [C-Cmotif] ligand 26 [CCL26]) and TH17 cells, eosinophils (under the direction of IL-5), andmast cells
(under the direction of IL-4 and IgE), which promote severe allergic inflammation, airway hyperreactivity, and mucus hypersecretion. APC = antigen-
presenting cell. Image courtesy of J. Morgan Knight. Reprinted by permission from Reference 62.
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exudate, including often-profound
airway eosinophilia and airway wall
narrowing resulting from edema, two major
mechanisms have been identified that
contribute to airway obstruction. The first of
these is airway hyperresponsiveness (AHR),
in which diverse environmental stimuli lead
to exaggerated airway constriction (15).
Ultimately a neurological response
mediated by vagal parasympathetic efferent
impulses, AHR nonetheless is strongly
related to the type 2 inflammation occurring
within the lungs (16, 17). The second major
form of airway obstruction is physical
obstruction due to material that is secreted
or produced directly in the airways. This
airway-blocking material has long been
known to consist in part of mucins derived
from the Muc5 gene family (18, 19). Parallel
research, however, firmly documents that
fibrin derived from fibrinogen is a second,
and potentially far more important,
material that accumulates in and blocks the
asthmatic and sinusitic airways (20–22). For
example, unlike the loose and gelatinous
nature of even crosslinked mucins, fibrin,
when crosslinked, becomes much stiffer.
When extensively deposited in the majority
of the airways, fibrin can produce life-
threatening respiratory compromise that is
very difficult to resolve (21, 23). In this
review, we describe the signaling pathways
that contribute to both AHR and airway
obstruction and further discuss the
surprising role that environmental fungi
play in both of these processes.

The IL-4/IL-13 Signaling
Pathway in Airway Obstruction

The first major evidence that airway
obstruction in allergic asthma is mediated
through a distinct signaling pathway came
with the discovery that two closely related
cytokines, IL-4 and IL-13, were the major
mediators of AHR and airway goblet cell
metaplasia in mice (24, 25). In part, these
cytokines are related because they signal
through the same receptor signaling
chain, IL-4 receptor-a (IL-4Ra), and the
same transcription factor, STAT6 (signal
transducer and activator of transcription 6),
and both IL-4Ra and STAT6 were also
shown to be essential for antigen-induced
AHR and goblet cell metaplasia (24, 26),
although not in all instances (27). This
signaling paradigm has proven to be both
relevant and extremely important in asthma

because blocking monoclonal antibodies
against IL-4Ra have been shown to be
effective in controlling symptoms of asthma
in late-phase clinical trials (28, 29).

Initial studies indicated that Th2 cells
were the dominant sources of IL-4 and
IL-13, although eosinophils, basophils, and
mast cells are also known to produce these
cytokines. More recently, a second major
type of IL-13–secreting cell, ILC2, has
emerged. ILC2 are innate lymphocytes that
rapidly secrete IL-5 and IL-13 at mucosal sites
upon initial allergenic challenge (30). Under
some experimental conditions, ILC2 can be
the dominant source of airway Th2 cytokines
controlling allergic airway disease (31, 32), but
in others, they appear to be dispensable for full
expression of allergic airway disease (33).
Nonetheless, discovery of these cells only
reinforces the need to neutralize STAT6-
activating cytokines at all phases in the
evolution of allergic airway disease (Figure 1).

Fibrinogen and Proteinases
Are Linked to Airway
Obstruction in Experimental
Asthma

Although STAT6-activating cytokines are
elicited at both innate (early) and adaptive
(late) phases of the allergic airway disease
response, the main importance of STAT6
is likely to be its requirement to support
the maturation of long-lived memory Th2
cells that are capable of sustaining allergic
inflammation for extended periods (34). We
thus turned our attention to defining further
the earliest signals, likely operating at an
innate immune level, that were driving
allergic airway disease. The first insight
came with our discovery that environmental
proteinases were essential to the expression
of allergic airway disease in mice (35). Even
as single molecules, proteinases derived
from fungi (e.g., the proteinase derived from
Aspergillus oryzae, PAO [35]) as well as from
plants (e.g., papain [36]) are potent allergens
that are capable of driving robust allergic
airway disease and Th2 responses, even
when the cognate antigens are not defined.
All allergens that are now commonly given
intranasally to induce allergic airway disease
(e.g., house dust mite allergen, fungus-
derived allergens) are potent sources of
active proteinases (35, 37, 38).

The one exception to the “proteinase”
rule until recently has been ovalbumin.
Probably the most widely used experimental

allergen, ovalbumin has no proteinase
activity, and in fact has no biochemical
activity at all. However, immunization
with ovalbumin, usually in the context of
aluminum-containing adjuvants such as
alum, followed by intranasal challenge with
adjuvant-free ovalbumin produces robust,
if transient (39), allergic airway disease
in many experimental systems. To address
this paradox, we showed, using the broad-
spectrum proteinase antagonist hirudin,
that even with this proteinase-free allergen,
proteinase activity is still required for robust
ovalbumin-dependent allergic airway disease
(40). In this unique context, the proteinase is
endogenous, likely thrombin itself. Thus, an
important insight gained from the detailed
analysis of the biochemistry of allergens is
that regardless of the allergen, proteinase
activity, either exogenously or endogenously
derived, is required to induce allergic
inflammation and disease (Figure 1).

Cleaved Fibrinogen Signals
through TLR4 to Coordinate
Allergic Responses

Our studies thus far naturally raised
questions about the endogenous substrates
that allergenic proteinases presumably act
on and the receptors recognizing these
proteinase-modified ligands. The first key
insight into these important issues came
with the discovery that TLR4 was linked to
asthma and was required for expression
of allergic airway disease induced by
diverse allergens (41, 42). We confirmed
that TLR4 was indeed required for full
expression of AHR, airway eosinophilia, and
secretion of IL-5 and IL-13 in response to
diverse allergens, including ovalbumin (40).
Interestingly, though, we showed that TLR4
was not required for lung IL-4 production
and IgE responses, but was needed for
robust recruitment of lung ILC2 (40). These
findings indicated that although TLR4 was
not required for Th2 and IgE responses, it
was required for optimal ILC2 responses,
without which mice failed to generate a
complete allergic airway disease phenotype
in response to allergen challenge (Figure 1).

Before these findings by diverse
laboratories, TLR4 had been firmly linked to
the generation of strong Th1 and Th17
responses after challenge with bacterial
lipopolysaccharide (LPS) (43), although
under some conditions even LPS can induce
allergic responses (41). Linking TLR4 to
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allergic responses thus suggested that this
pattern recognition receptor signaled in a
way fundamentally distinct from the well-
understood LPS signaling pathway, but few
examples of variable receptor signaling
existed to suggest possible mechanisms. We
reasoned, however, that biased agonism
could be occurring, a phenomenon in which
the same receptor signals in substantially
different ways to effect distinct biological
outcomes based on different ligands (44).
Biased agonism is perhaps best exemplified
by the b2-adrenergic receptor, an allergic
disease–relevant G protein–coupled
receptor that “normally” activates a
cAMP-generating pathway in response
to epinephrine and related ligands,
but in addition engages a b-arrestin
2–dependent signaling pathway in response
to structurally distinct activating ligands
(45, 46).

To determine if biased agonism might
be occurring through TLR4, we developed
an in vitro system to test relevant TLR4-
dependent outcomes, ideally pertinent to
allergic airway disease. We discovered that
bone marrow–derived macrophages (and
subsequently airway epithelial cells) respond
to proteinases added to the tissue culture
media by converting into potent fungus-
killing or fungus-arresting cells (40). That is,
addition of spores of Aspergillus niger to
cultures of naive macrophages resulted in
rapid fungal growth and the death of the
macrophages, but pretreatment of the
macrophages with fungal proteinase
resulted in the complete arrest of fungal
growth. At first glance, this fungistasis assay
might not seem to be highly relevant to
asthma, but we previously showed that
eosinophils, Th2 cells, IL-13, and IL-5 are
either directly fungicidal or contribute
in some way to the control of fungal
growth in vitro or in vivo (47, 48). This
suggests that allergic airway disease, which
includes proteinase-activated macrophages,
is simply a complex inflammatory and
physiologic response that has evolved to
control infections caused by proteinase-
secreting organisms such as fungi but also
helminths.

We used our in vitro fungistasis assay to
determine the likely ligands the proteinases
were acting on that, after proteolysis,
became competent to engage TLR4. On the
basis of extensive work conducted by Jules
Hoffman’s laboratory that determined the
ligand for Toll in Drosophila melanogaster,
we reasoned that a novel ligand for TLR4

was likely fibrinogen. Hoffman and
colleagues had previously shown that
prospaetzle, a protein found in D.
melanogaster hemolymph, signaled through
Toll to elicit antifungal responses (49).
Other investigators had pointed out that
prospaetzle, termed coagulogen in horseshoe
crabs, was the functional, albeit not
structural, equivalent of mammalian
fibrinogen (50). We confirmed that
fibrinogen alone could induce both
fungistatic responses from macrophages
and in part elicit allergic airway disease
when given to mice intranasally without
cognate antigen or proteinases, but these
responses absolutely required the presence
of TLR4 (40).

In subsequent studies, we showed
that the same fungistatic response could
be elicited simply by adding to cultured
macrophages proteinase activity–free
fibrinogen fragments, termed fibrinogen
cleavage products (FCP), extracted from the
clots that result when thrombin is added to
highly purified fibrinogen (40). Again,
macrophages derived from mice with an
inactivated Tlr4 gene could not be induced
to arrest fungal growth in response to FCPs.
We further compared other activating
stimuli in addition to FCPs to determine
their ability to induce macrophage
fungistatic responses. Interferon-g (IFN-g)
induced degrees of fungistatic activity
similar to those of FCPs, but macrophages
challenged with IL-4 (inducing alternatively
activated macrophages; M2) and LPS
(inducing classically activated macrophages;
M1) failed entirely to induce this response.
IFN-g–dependent fungistasis did not
require TLR4, indicating that this response
was elicited through a separate, IFN-
g–receptor-dependent pathway. Finally, we
showed that FCPs, again without cognate
antigen or exogenous proteinases, were
sufficient to induce a partial allergic
airway disease phenotype marked by
airway eosinophilia and mucus gene
upregulation (40).

Together, these findings showed that
cleaved fibrinogen signaling through TLR4
was important to the induction of both
macrophage fungistatic responses and
allergic airway disease. Moreover, they
demonstrate that macrophages respond
entirely differently to two distinct TLR4
ligands, LPS and FCPs, with only the latter
inducing fungistasis. Although these studies
do not shed light on the downstream
signaling events that regulate these distinct

biological outcomes, they nonetheless
suggest that TLR4 signals in a biased way to
integrate diverse microbial signals to direct
immune responses tailored to the correct
type of infectious challenge (e.g., bacterial or
fungal).

Airway Mycosis Is Linked to
Allergic Disease of the Upper
and Lower Airways

The ability of proteinases to induce
antifungal allergic responses and the well-
known association of proteinase activity
with fungi raised the intriguing possibility
that fungal infection of some type might
underlie serious allergic diseases such as
severe asthma and CRSwNP. To determine
if this association might be genuine, we first
examined unstained sputum or tracheal
aspirate samples derived from patients with
long-standing moderate to severe asthma
and discovered that most of these samples
contained hyphal and sporelike structures
(51). Given these findings, we would have
expected that sputum fungal cultures would
readily yield fungal growth, but sputum
samples cultured under standard conditions
are notoriously unreliable, often failing to
yield fungi (52).

We reasoned that numerous
elements present in asthmatic sputum,
including eosinophils, proteinase-activated
macrophages, antimicrobial peptides, and
mucus, are sufficiently fungistatic or
fungicidal to prevent fungal growth under
standard culture conditions in which no
attempt is made to separate fungal from
antifungal elements. We therefore
developed a modified sputum culture
method that includes a mucolysis step
followed by centrifugation that allows us to
isolate solid fungal elements (spores,
hyphae) from most other sputum elements.
After culture under these conditions on
antibiotic-impregnated Sabouraud’s media,
we succeeded in isolating fungi in greater
quantities and diversity from five asthmatic
sputum samples than in the reference
mycology laboratory (51). We then used
these results to guide antifungal therapy
in these patients, all of whom were
subsequently weaned off mechanical
ventilatory support.

We then applied this new culture
technique in a controlled context involving
patients seeking endoscopic sinus surgery
for advanced CRS. After opening the medial
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wall of the maxillary sinuses, lavage material
was cultured using our improved technique.
We found that in approximately 75% of
patients with CRSwNP with and without
asthma, these cultures yielded fungi,
whereas cultures were positive for fungi
in only 18% of those with no allergic
disease (53).

To further distinguish nonconsequential
fungal colonization from actual infection,
we further determined in these same
patients whether they were immunologically
sensitized to fungi. Although antifungal
IgE responses proved to be relatively
insensitive, we found that fungus-specific
IL-4 responses from peripheral blood T
cells, representing memory recall Th2
responses against any one of a panel of nine
fungal allergens, were strongly linked to
patients with CRSwNP with and without
asthma, occurring in 73% of this subset.
In contrast, no patient without allergic
disease reacted positively in this new
immunological assay. Moreover, if an
allergen was derived from a fungus that was
actually recovered from a specific patient
with CRSwNP and used to restimulate their
T cells, positive reactions were found in
a remarkable 89% (53). These data support
the concept that fungi, which are very
commonly isolated from respiratory tract
secretions of patients with CRSwNP
with and without asthma, are not mere
colonizers, but rather are participating in
a novel type of fungal airway infection
that we term airway mycosis (Figure 1).

Asthma Is Responsive to
Antifungal Therapy

To gain further insight into the role of
airway mycosis in asthma, we challenged
wild-type mice with the spores of many
different fungi isolated from house dust and
the yeast Candida albicans. These extensive
studies demonstrated that all fungi tested are
capable of eliciting allergic airway disease,
but that some species (e.g., Aspergillus spp.,
Penicillium spp.) are more potent than
others (47). Perhaps surprisingly, C. albicans
was just as potent as Aspergillus niger in
inducing allergic airway disease (51).

We further confirmed that the vast
majority (86%) of the sputa collected from
patients with asthma seen at the Michael E.
DeBakey VA Medical Center allergy clinic
had positive results for fungal growth
(54). Over the past five years, we have

increasingly emphasized the use of
antifungal antibiotics in sputum fungal
culture–positive patients with asthma who
are otherwise refractory to standard therapy.
Our retrospective analysis of these patients
indicates that the vast majority respond
favorably to antifungal therapy, variously
improving lung function (peak flows) and
general well-being and reducing use of
bronchodilators and inhaled corticosteroids
(54). We further observed significant
declines in serum IgE levels and blood
eosinophils in patients treated with
antifungals, especially azole-based antifungals
such as voriconazole. These findings are in
keeping with some (55), but not all (56),
controlled studies of antifungals in asthma.

Conclusions and Future Directions
Recent studies done by diverse groups
are painting a more coherent view of the
mucoobstructive allergic diseases asthma
and CRSwNP. Previously viewed as a
collection of immunologically related
disorders with distinct etiologies, newer
studies now firmly implicate fungi, and
specifically airway mycosis, as being the root
cause of these disorders in many individuals.
Fungi identified from airway specimens
are usually interpreted by clinicians as
“colonizers” or “commensals,” especially
when specific allergic testing fails to reveal
hypersensitivity (IgE-specific reactivity) to
any fungus. We have shown, however, that
the majority (90%) of patients with asthma
and CRS exhibit specific Th2 recall
responses to fungi directly cultured from
their sinus mucus (53). This observation
supports an etiologic, and not commensal,
role for fungi in asthma/CRSwNP and also
suggests a novel diagnostic strategy based on
T-cell recall responses to fungal antigens.

A key finding from these investigations
is the diverse importance of fibrinogen
to allergic airway disease. Fibrinogen can
deposit as fibrin to contribute, together with
mucus, to airway obstruction, and FCPs can
simultaneously signal through TLR4 to
coordinate allergic inflammation, mucus
gene induction, and antifungal responses.
These findings suggest that interrupting
fibrinogenolytic pathways, perhaps through
the use of heparin-like products that have
previously been shown to be beneficial in
asthma (57–59), might be therapeutically
useful, perhaps combined with antifungal
therapy, in multiple allergic airway
diseases. For the most severe cases of status
asthmaticus marked by plastic bronchitis

with potentially lethal accumulations
of fibrin in the airways, future research
should also focus on the potential utility of
fibrinolytic therapy such as recombinant
tissue plasminogen activator (60), particularly
in relation to recently approved therapies
that target IgE and IL-5.

Many additional questions remain
unanswered, however, and should be
addressed as part of future studies. It
remains unclear how FCPs signal through
TLR4 to elicit allergic airway disease and
macrophage antifungal immunity. Whether
these represent the end result of the same
signal or distinct TLR4-derived signals
remains an open question. We also do not
understand how FCPs engage TLR4: Is this a
direct interaction or an indirect process
involving intermediate molecules that bind
FCPs directly? We are finalizing results of
studies designed to address these fundamental
issues and hope to report themwithin the next
year.

Clinically, the most important issue
suggested by these studies is the precise
role that antifungal therapy plays in the
management of allergic asthma and
CRSwNP. Although we found that airway
mycosis is extremely common in our
patients seen at a single site (54), it is not
clear how widely applicable these findings
are. Other than sputum culture using a
technique that no commercial laboratories
are yet willing to adopt, it will be important
to establish acceptable standards for
diagnosing airway mycosis as a prelude
to beginning potentially toxic antifungal
therapy.

Two small prospective clinical
trials have assessed the efficacy of oral
itraconazole (Fungal Asthma Sensitization
Trial [FAST]) or fluconazole in patients
with moderate to severe asthma with
proven fungal sensitization and found
benefit (55, 61). Significant improvements
in both objective measures of lung
function and subjective symptom and
quality-of-life scores were recorded in
patients receiving oral itraconazole
relative to matched control patients
receiving placebo (55).

However, the effectiveness of
voriconazole was also assessed for the
treatment of Aspergillus fumigatus–
associated asthma in the EVITA3
(effectiveness of voriconazole in the
treatment of Aspergillus fumigatus–
associated asthma) trial over 12 weeks, and
this study did not detect a beneficial effect in
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respiratory symptoms or number of
exacerbations (56). However, EVITA3 was
underpowered for its primary endpoints
and included active and heavy former
smokers, which likely confounded data
interpretation. Furthermore, none of these
studies examined the lung fungal burden
in their study subjects, leaving open to
speculation the possibility that the beneficial
effect of itraconazole might have been
secondary to its ability to potentiate
corticosteroid antiinflammatory effect, not
in reducing fungal burden (56).

Our own retrospective studies indicate
that the longer antifungals are continued in
asthma, the better patients respond (54). In

addition to resolving or markedly reducing
eosinophilia and serum IgE levels, patients
with asthma treated with antifungals
typically stop producing sputum, a clear
indication that fungal burdens are lessened,
suggesting that the primary effect of the
antifungals in asthma is to reduce or
eliminate the fundamental cause of
disease—fungi—and not to promote the
antiinflammatory effects of steroids (54).
Nonetheless, firm guidelines on the use of
antifungals in asthma and interpretation of
their beneficial effects should be based on
the results of optimized controlled trials.

Assuming that antifungals are
eventually proven to be useful in the

primary therapy of asthma and CRS,
additional issues needing resolution will
include deciding which antifungals are
optimal for use in asthma versus CRSwNP,
the role that surgery plays in resolving
CRSwNP, the duration of an initial course
of antifungal therapy, and optimal
management of refractory and relapsed
disease. Answers to these questions will
come at considerable cost and take many
years, but they promise to radically
transform and improve the management of
diverse mucoobstructive airway diseases. n

Author disclosures are available with the text
of this article at www.atsjournals.org.
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