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ADAM33: A disintegrin and metalloproteinase domain 33

AGER: Advanced glycosylation end-product receptor

AHR: Airways hyperresponsiveness
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ERK: Extracellular signal-regulated kinase

ESR1: Estrogen receptor 1

FVC: Forced vital capacity

GWA: Genome-wide association

HHIP: Hedgehog interacting protein

LD: Linkage disequilibrium

OVA: Ovalbumin

PAI: Plasminogen activator inhibitor

PAS: Plasminogen activation system

PLAUR: Urokinase plasminogen activator receptor

SNP: Single nucleotide polymorphism

VEGF: Vascular endothelial growth factor
There has been great progress in identifying new asthma
susceptibility genes. In asthmatic subjects there is variable
airway remodeling that includes features such as smooth muscle
hypertrophy/hyperplasia, basement membrane thickening, and
increased extracellular matrix deposition. Does airway
remodeling have a genetic contribution in asthma? Data from
different murine strains suggest there is a genetic contribution
to the development and progression of airway remodeling. In
human subjects it is important to consider what surrogate
markers of remodeling have been used in genetic studies.
Baseline FEV1 and airway hyperresponsiveness are determined
by a complex interplay of factors, including nonremodeling
mechanisms; however, we consider a decline in FEV1 as a robust
marker of remodeling. To date, single nucleotide
polymorphisms spanning ADAM33, ESR1, PLAUR, and VEGF
have been associated with an excess decline in lung function in
asthmatic subjects carrying the rare alleles (FEV1,213.0 to 55.2
mL/y excess). Interestingly these genes have overlapping
functions in proteolytic pathways in the airways. There is
accumulating evidence that genetic factors are important in the
development of airway remodeling in asthmatic subjects, and
further longitudinal studies with additional remodeling
phenotypes and genome–wide association studies will identify
novel susceptibility genes, leading to new approaches to target
remodeling in asthmatic subjects. (J Allergy Clin Immunol
2011;nnn:nnn-nnn.)
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Asthma is a chronic inflammatory disease that is characterized
by respiratory symptoms, variable airway obstruction, and air-
ways hyperresponsiveness (AHR). Asthma involves the interac-
tion of genetic and environmental components leading to disease,
with heritability estimates varying between 36% to 79%.1 Recent
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years have shown rapid progress in mapping novel asthma loci by
using genome-wide association (GWA) approaches, such as chro-
mosome 17q21 (including ORMDL3), IL33, IL1RL1/IL18R1,
HLA-DQ, IL2RB, SMAD3, PDE4D, RAD50, and DENND1B.2

These findings expand on previously identified genes using posi-
tional cloning, such as a disintegrin and metalloproteinase
domain 33 (ADAM33), NPSR1, HLA-G, protocadherin-1
(PCDH1), and urokinase plasminogen activator receptor
(PLAUR).2 Thus far, it remains largely unknown how these genes
predispose subjects to specific clinical phenotypes that contribute
to the expression and progression of asthma. The observation that
many novel asthma genes are specifically expressed in airway
structural cells suggests an important role for airway cells in
asthma development.3 In this review we consider airway remod-
eling as a specific disease process leading to subphenotypes of
asthma, such as accelerated lung function decline over time. We
will discuss the current evidence supporting a role for genetic fac-
tors in predisposing subjects to airway remodeling.
AIRWAY REMODELING IN ASTHMA
Structural alterations termed ‘‘airway remodeling’’ occur in

asthmatic subjects, and the extent of remodeling is variable.
Airway remodeling is characterized by smooth muscle hypertro-
phy/hyperplasia, subepithelial fibrosis, basement membrane
thickening, increased extracellular matrix deposition, and angi-
ogenesis, and more recently, alterations in epithelial functions
have been identified, including metaplasia and goblet cell hyper-
plasia.4 These structural changes have been observed in both chil-
dren and adults with asthma, suggesting they are an early feature
of the disease.5 The consequences of airway remodeling include
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FIG 1. Possible mechanisms underlying airway remodeling in asthmatic subjects. A combination of genetic
and environmental factors leads to the development of asthma. In those subjects with genetic predispo-
sition to airway remodeling, damage to the airways leads to structural changes, which manifest in clinical
outcomes, including accelerated decline in lung function, severe disease, and AHR. Airway-remodeling
genes include those genes showing association with lung function decline in asthmatic subjects. ECM, Ex-

tracellular matrix.
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increased AHR, fixed airway obstruction, and an accelerated de-
cline in lung function. It remains to be determined how airway re-
modeling in asthmatic children affects lung growth and whether
reduced lung growth is a marker of remodeling as well. Impor-
tantly, the degree of airway remodeling has been associated
with the severity of asthma; for example, airway smooth muscle
(ASM) mass is increased in subjects with severe versus moderate
asthma.6 The mechanisms underlying the remodeling process re-
main to be defined. It is thought that this process is initiated by ep-
ithelial barrier damage as a result of inflammation caused by
allergic or noxious stimuli or mechanical stress leading to aber-
rant repair in genetically susceptible subjects (Fig 1). These repair
responses are associated with a series of alterations in resident
cells of the airways, such as epithelial cells, fibroblasts, and
ASM cells. For example, epithelial cells differentiate into
mucus-producing goblet cells; fibroblasts develop an altered se-
cretory profile, including production of collagens III and V; and
fibronectin and smooth muscle develop a proliferative phenotype.
It has also been suggested that epithelial mesenchymal transition
is a feature of these processes.7 Therefore we consider airway re-
modeling to be a key feature of asthma that might distinguish how
asthma presents in different subjects, potentially involving a dis-
tinct set of genes and pathways important in those genetically pre-
disposed subjects.
EVIDENCE FOR A GENETIC CONTRIBUTION TO

AIRWAY REMODELING? MICE AND MEN
A genetic contribution to the development of structural

remodeling of the airways in allergic airway disease has been
exquisitely demonstrated by using 4 different strains of mice.8

Mice have an eosinophil-driven inflammation of the airways after
immunization with ovalbumin (OVA)/alum (sensitization) fol-
lowed by intranasal administration of OVA (challenge). However,
when the murine strains C57BL/6, BALB/C, C3H/HeJ, and A/J
were compared, both overlapping and distinct features of airway
remodeling were induced. Of particular relevance, collagen depo-
sition, a feature of remodeling, was more prominent in A/J mice
compared with that seen in the other strains of mice over a 12-
week chronic OVA exposure period. Interestingly, bronchial air-
way wall thickening was also most prominent in A/J mice, with
some thickening seen in BALB/c mice but a total absence in
the C57BL/6 and C3H/HeJ strains over the same period.8 AHR
(methacholine) was present in all strains; however, it was signif-
icantly increased in the A/J mice that had features of airway re-
modeling. More recently, a similar study has confirmed these
strain-dependent differences; for example, there was significantly
greater collagen and elastic fiber content in lung parenchymal
samples from BALB/c and A/J mice compared with C57BL/10
mice at baseline and during OVA sensitization/challenge.9

These data clearly demonstrate that the genetic background is
important for the initiation and extent of airway remodeling in
allergic airway disease, albeit in a murine model. They also
highlight the complex interplay between different outcome
measures that are genetically driven. For example, the A/J mice
showed an increase in both remodeling andAHRmeasures, and in
contrast, the BALB/c showed increased remodeling without an
increase in AHR.

In human subjects, because of the limitations of invasive
measures, there are no hereditary estimates for basement mem-
brane thickening in asthma, although there is extensive evidence
that surrogate markers of airway remodeling, namely baseline
FEV1 and AHR, have a clear genetic component. Hereditary esti-
mates for baseline FEV1 have been reported to be as high as
77%.10 Similarly, in asthmatic twin studies AHR (methacholine)
showed a greater correlation in monozygotic wins, with an intra-
pair correlation coefficient of 0.67 compared with 0.34 for dizy-
gotic twins.11 In asthmatic subjects there is evidence that
differences in cell functions that are potentially genetically driven
underlie airway-remodeling mechanisms. A recent study further
confirmed dysregulated repair in epithelial cells isolated from
asthmatic subjects, and expression array and functional analyses
identified defective fibronectin expression as at least in part un-
derlying this mechanism.12 This provides further support that ge-
netic mechanisms driving altered gene expression underlie the
remodeling process.
PHENOTYPIC MARKERS OF AIRWAY REMODELING

FOR GENETIC STUDIES
The multicellular nature and interplay of different mechanisms

make airway remodeling a complex phenotype for genetic



TABLE I. Genes associated with accelerated lung function decline in asthmatic subjects

Gene Key SNPs Functional significance Association Reference

ADAM33* rs528557G/C(S_2) Gly/Gly in transmembrane domain Excess FEV1 decline Jongepier et al21

rs2280091A/G(T_1) Met/Thr in cytoplasmic domain Rare alleles: 246.9 to 55.2 mL/y

rs2280090G/A(T_2) Pro/Ser in cytoplasmic domain

ESR1* rs4870056A/G (IVS1-1505) Intron 1, regulatory? Excess FEV1 decline Dijkstra et al22

rs9322331T/C (IVS1-1415) Intron 1, regulatory? Rare alleles: 213.0 to 16.1 mL/y

rs2234693 C/T (IVS1-397) Intron 1, regulatory? Female subjects more significant

rs9340799G/A (IVS1-351) Intron 1, regulatory? Haplotype: 225.8 to 29.2 mL/y

rs2077647T/C (IVS1130) Ser/Ser in exon 1

PLAUR* rs2356338G/T 2649 promoter, PLAUR levels Excess FEV1 decline Barton et al23

rs4802189C/A 39 Region, function? Rare alleles: 214.6 to 17.4 mL/y

rs4803648T/A 39 Region, function?
VEGF� rs4711750A/T 39 Region, function? Excess FEV1/FVC decline Sharma et al24

ARG1* rs2781667C/T Intron 1, regulatory? Excess FEV1 decline in the

presence of corticosteroids

Vonk et al26

*The Dutch sample represents 200 adult asthmatic subjects followed for a mean of approximately 22 years with a median number of measurements of approximately 29 (see main

text). Analyses in the Dutch population used a linear mixed effects models, and the excess decline values are shown in the table.

�Childhood AsthmaManagement Program subjects were followed for 4 years. Note that the decline in lung function in the general population is approximately 18.7 and 12.7 mL/y in

female and male subjects, respectively.25 ARG1 is included for completeness, although this gene might be a modifier gene influencing corticosteroid effects on FEV1 decline. No

evidence exists that ARG1 is a susceptibility gene for airway remodeling.26
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association studies. Studies assessing the genetic association of
candidate genes with airway remodeling are very limited,13 and
GWA studies of markers of airway remodeling have not been pub-
lished to date. This has led to the use of surrogate markers that re-
flect ongoing pathology in the airways, such as baseline FEV1,
AHR, and decline in lung function.

The correlation of baseline FEV1withmarkers of airway remod-
eling remains controversial. For example, it has been shown that
ASM mass negatively correlates with baseline FEV1 in subjects
with moderate and severe asthma.6 Moreover, baseline FEV1 neg-
atively correlates with subepithelial layer thickening14; however,
therewas nocorrelation between the ratio of intermediarybronchial
wall thickness to outer diameter and FEV1.

15 Thus cross-sectional
FEV1measurements have significant limitations as a marker of air-
way remodeling because they reflect a single time-point measure-
ment of airway diameter that is determined by edema, mucus,
thickening of the airway wall, and ASM contraction.

Similarly, AHR has been postulated to be a marker of ongoing
remodeling processes in the airways; however, this correlation is
complex. In a recent study of 50 subjects with severe asthma, there
was a significant negative correlation between AHR (histamine)
and ASM thickness; however, there was no correlation for AHR
(methacholine) or FEV1 with ASM thickness.16 We will therefore
not consider cross-sectional studies of FEV1 orAHR in this review.

The importance of FEV1 decline in asthmatic subjects has been
exemplified in seminal articles demonstrating an accelerated de-
cline in asthmatic subjects. For example, FEV1 was followed over
a 15-year period in 1,095 asthmatic subjects from a total of 16,411
subjects. In male subjects there was an excess decline of216mL/
y in asthmatic subjects versus control subjects.17 An excess de-
cline in lung function in asthmatic subjects was also observed
in the Busselton Health Study.18 A subsequent study showed
that excess FEV1 decline might be ameliorated by the use of cor-
ticosteroids.19 Finally, a subset of asthmatic subjects (ie, 15%)
might have irreversible airflow obstruction. In this 26-year
follow-up study, the development of irreversible airway obstruc-
tion was associated with low baseline FEV1, less reversibility, and
less severe AHR but not smoking.20
GENETIC DETERMINANTS OF LUNG FUNCTION

DECLINE IN ASTHMATIC SUBJECTS
Although we consider lung function decline (in milliliters per

year) to be the most robust noninvasive indicator of airway
remodeling in asthmatic subjects for genetic studies, very few
studies have the longitudinal data in asthmatic subjects required
for these analyses. The literature is therefore limited to candidate
gene studies completed by a few research groups (Table I).21-26

Our studies have used a unique cohort of 200 adult Dutch asth-
matic probands identified in 1962 to 1975 and followed up to
30 years. All had AHR at baseline, and 81.9% were atopic. Asso-
ciations between FEV1 decline and single nucleotide polymor-
phisms (SNPs) spanning ADAM33,21 estrogen receptor
1 (ESR1),22 and PLAUR23 have been reported by using this pop-
ulation. Similarly, in a study by Sharma et al,24 longitudinal post-
bronchodilator FEV1/forced vital capacity (FVC) data spanning
approximately 4 years identified an association with vascular
endothelial growth factor (VEGF) polymorphisms.24 This study
was composed of 493 children with mild-to-moderate asthma
with AHR.
ADAM33
By using a positional cloning approach in both asthma-

enriched families and a case-control design, ADAM33 was iden-
tified as an asthma susceptibility gene and a determinant of
AHR and total IgE levels.27 This association has been extensively
replicated in additional populations with varying magnitudes of
effect.2 ADAM33 is a complex protein and is a member of the
zinc-dependent metalloproteinase superfamily ADAM, members
of which regulate their own function and a wide range of other
proteins through proteolytic cleavage.28 ADAM33 is a multido-
main protein, including prodomain, catalytic, metalloprotease,
disintegrin (binds integrins), cysteine-rich/epidermal growth fac-
tor (cell-cell contact), transmembrane, and cytoplasmic domains
and importantly exists in multiple splice forms containing various
combinations of these domains. ADAM33 is expressed predomi-
nantly in airway structural cells, including airway epithelium,



J ALLERGY CLIN IMMUNOL

nnn 2011

4 KOPPELMAN AND SAYERS
ASM, myofibroblasts, and fibroblasts, and is thought to have a
wide spectrum of functions, including protease-dependent and in-
dependent mechanisms. ADAMs cleave proteins from the cell
surface and might facilitate release of cytokines and growth fac-
tors; similarly, ADAMs are thought to regulate cell-cell and cell–
extracellular matrix interactions. Soluble ADAM33 has been im-
plicated in angiogenesis.29 Therefore on the basis of the expres-
sion profile and predicted function, it was postulated that
ADAM33 might be involved in airway remodeling in asthmatic
subjects.

As shown in Table I, 3 SNPs demonstrated an association with
excess FEV1 decline in asthmatic subjects, rs528557G/C(S_2),
rs2280091A/G(T_1), and rs2280090G/A(T_2), which supports
the hypothesis that genetic alterations in this protease predispose
asthmatic subjects to remodeling.21 The rs528557G/C(S_2) and
rs2280091A/G(T_1) SNPs are in high linkage disequilibrium
(LD) and potentially reflect the same causative mechanism, al-
though the functional basis of these transmembrane and cytoplas-
mic domain polymorphisms remains to be determined. It is
important to note that ADAM33 SNPs have also shown associa-
tion with excess FEV1 decline in a general population sample
(n5 1390) followed for 25 years.25 The main SNPs identified in-
cluded rs612709C/T(Q_1) (cysteine-rich domain), rs3918336G/
A(S_1) (transmembrane domain), and rs528557G/C(S_2), with
excess decline of 23.6 to 9.6 mL/y.25 rs3918336G/A(S_1)
(transmembrane domain) and rs528557G/C(S_2) were associated
with chronic obstructive pulmonary disease in this population, re-
flecting the potential role of ADAM33 in airway remodeling in
multiple respiratory diseases.
ESR1
It is well documented that asthma in male and female subjects

presents differently at different times of life (ie, the prevalence of
asthma is higher inmale children); however, by adulthood, female
subjects more frequently have asthma and more commonly have
severe asthma. These observations led to the hypothesis that the
mechanism underlying this increased susceptibility to severe
asthma in adult female subjects is hormone driven and that ESR1
polymorphisms might be of significance.

As shown in Table I, 5 SNPs within ESR1 have been shown to
be risk factors for excess decline in FEV1 in asthmatic subjects
(range, 213.0 to 16.1 mL/y), which was driven by the presence
of haplotypes of these SNPs in female subjects (eg,
rs2077647TT/rs2234693TT/rs9340799AA carriers have an ex-
cess decline in FEV1 of 240.1 mL/y [vs homozygous refer-
ence]).22 These SNPs are intronic in ESR1 and in high LD with
the functional significance of the polymorphisms remaining to
be resolved. Multiple ESR1 SNPs, including rs9322331T/C
(IVS1-1415), are also genetic determinants of active plasmin con-
centrations in women undergoing hormone replacement.30 This
links ESR1 polymorphisms with the plasminogen activation sys-
tem (PAS).

Plasmin has many downstream proteolytic effects, such as
extracellular matrix degradation and matrix metalloproteinase
activation, which might influence remodeling of the airways.
Similarly, the plasmin pathway has been implicated in angiogen-
esis. We have identified the pivotal receptor in this pathway
involved in the generation of plasmin (ie, PLAUR) as containing
genetic determinants of decline in FEV1 in asthmatic subjects (see
below).23 Both ESR1 and ESR2 are known to be expressed in the
lung. Importantly, structural cells, including lung myofibroblasts,
express ESR1, and activation of these cells with estrogen leads to
phosphorylation of Raf1 and extracellular signal-regulated kinase
(ERK) 1/2 and a decrease in proliferation.31
PLAUR
We identified an association between multiple SNPs spanning

the PLAUR gene and asthma susceptibility, decline in FEV1, and
PLAUR serum levels by using 587 asthma-enriched families.23

PLAUR is the pivotal GPI-linked serine protease receptor in the
PAS. The interaction between PLAU-PLAUR is critical for the
conversion of plasminogen to plasmin (through activation of the
protease activity of PLAU) and is regulated by a series of proteins,
including plasminogen activator inhibitor (PAI) 1, PAI-2, and
PAI-3. Plasmin has many downstream proteolytic effects related
to tissue remodeling, as described above, and PLAU-PLAUR
have been linked to angiogenesis. In addition, PLAUR interacts
with several membrane receptors, leading to the activation of mul-
tiple signaling cascades (phosphoinositide 3-kinase, ERK1/2, and
mitogen-activated protein kinase), which leads to plasmin-
independent effects that are important for normal airway cell func-
tions, such as migration, proliferation, and adhesion.32

The link between the PAS and structural changes in the airways
in vivo has been clearly demonstrated in a recent study, showing
that inhalation of PLAU in amurinemodel of asthma significantly
attenuates subepithelial fibrosis and decreases AHR to methacho-
line.33 We have also demonstrated that PLAUR is extensively ex-
pressed in both inflammatory and structural cells of the airways,
including bronchial epithelial cells and ASM, and exists in mul-
tiple splice forms.34 In addition to the genetic association between
lung function decline in asthmatic subjects, we have also demon-
strated that PLAUR is a susceptibility gene for the impairment of
lung function in smokers.35 As commented above,ESR1might in-
fluence plasmin generation, and a recent article has also impli-
cated ADAM proteins in mediating PLAUR activation by using
the ADAM inhibitors TNF-a protease inhibitor (TAPI)-0, and
TAPI-1,36 suggesting there might be functional relationship be-
tween the mechanisms underlying the associations with
ADAM33, ESR1, and PLAUR.

It is important to note that several polymorphisms spanning
PLAU37 and PAI1/SERPINE138 have shown association with
asthma susceptibility, and as for PLAUR, the asthma risk alleles
within SERPINE1 were associated with increased PAI-1 plasma
levels.39 These data suggest that genetic predisposition to the al-
tered pathway activity might contribute to the development and
progression of asthma; however, the contribution of PLAU and
SERPINE1 SNPs to airway remodeling and decline in lung func-
tion remains to be determined.
VEGF
VEGF is a critical angiogenic factor thought to lead to

obstruction of the airways through alterations in inflammation,
mucous metaplasia, smooth muscle hyperplasia, and parenchy-
mal and vascular remodeling, as demonstrated in mice.40 Impor-
tantly, increased levels of VEGF and its 2 receptors (VEGFR1/2)
have been documented in asthmatic subjects in the airway mu-
cosa.41 All 3 proteins were correlated with measures of remodel-
ing, including vascularity.41 This and other studies led to the
hypothesis that SNPs spanning VEGF might be important
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susceptibility markers for airway remodeling in asthmatic sub-
jects. VEGF SNP rs833058 (59 region) was associated with child-
hood asthma,24 and rs4711750TT was associated with excess
decline in FEV1/FVC in asthmatic subjects followed for 4 years,
indicating fixed airway obstruction.24 This SNP is located in the
39 region of the VEGF gene, and the mechanism underlying this
association remains to be resolved, although it might be hypoth-
esized that this SNP influences expression levels of VEGF or is in
LD with a causative SNP. Recently, it has been shown that IL-25
generated from T cells during airway inflammation can stimulate
endothelial cells to induce VEGF and VEGF receptor expression
through the phosphoinositide 3-kinase/Akt and ERK1/2–mito-
gen-activated protein kinase pathways, linking inflammation to
airway remodeling in asthmatic subjects.42 It has been shown
that VEGF can induce expression of ADAM33, leading to migra-
tion in cancer cell lines,43 and a role for PLAUR in mediating
VEGF-induced migration of vascular endothelial cells has been
identified.44
IMPLICATIONS FOR ASTHMA
Although the current evidence for a genetic contribution to

airway remodeling is driven by candidate gene studies, there is
compelling evidence that these genes (ie, ADAM33, ESR1,
PLAUR, and VEGF) influence pathways and cell functions that
are codependent and might be envisaged to culminate in airway
remodeling, as suggested by excess decline in FEV1 in carriers
of ‘‘risk alleles.’’ This interplay, particularly driven by proteolytic
activity in the airways, might be a therapeutic opportunity if these
complex codependencies can be further dissected at the DNA,
RNA, protein, and cellular levels. Importantly, ESR1, VEGF,
and PLAUR have been identified as having significantly altered
mRNA expression in airway epithelial cells isolated from asth-
matic subjects,12 supporting the potential central role of the epi-
thelium in remodeling processes.
LUNG FUNCTION GWA STUDIES
There have been several recent large-scale GWA studies to

identify genetic determinants of lung function in the general
population. A GWA study with 20,288 subjects of European
decent (phase 1) and 32,184 or more additional subjects (phase 2)
identified association with common variants in TNS1, GSTCD,
andHTR4 for FEV1 and hedgehog interacting protein (HHIP), ad-
vanced glycosylation end-product (AGER), and THSD4 for FEV1/
FVC ratio.45 In parallel, a second study with 20,890 participants
confirmed the associations within HHIP, GSTCD, AGER, and
HTR4 and suggested a role for additional loci: GPR126,
ADAM19, FAM13A, PTCH1, and PID1.46 These large-scale stud-
ies extended previous smaller studies that also identified
HHIP.47,48 The basis of these associations remains to be resolved;
for example,HHIP is a type I transmembrane glycoprotein with a
potential role in lung morphogenesis, suggesting a mechanism in-
volving lung development. The contribution of lung function
genes to airway remodeling also remains to be resolved, although
it has been demonstrated that AGER2/2 mice have age-related
pulmonary fibrosis.49 Initial data suggest common variants within
these genes are not major determinants of asthma susceptibility.50

However, associations with lung function within asthmatic popu-
lations have been reported for individual loci, such as HHIP and
combinations of loci (HHIP, PTCH1, FAM13A, PID1, and
AGER).51 Thus these lung function loci might be at least in part
involved in airway remodeling. Future studies should be directed
to determine whether low lung function is the result of decreased
lung function growth, progressive loss of lung function, or both.
CONCLUSIONS
Candidate gene studies have been useful in providing support

for a genetic contribution to airway remodeling; however, there
has been limited replication of these findings, except for
ADAM33. The next few years will see the publication of GWA
analyses in existing longitudinal asthma cohorts and, although in-
sightful, will be limited to existing phenotypic measures. There is
a compelling need for large-scale longitudinal studies examining
multiple markers of airway remodeling in conjunction with a de-
cline in FEV1 to be used for GWA analyses. Furthermore, the as-
sociation of SNPs with their expression (expression quantitative
trait loci) in airway tissue might provide more insight into the
functional role of these SNPs in patients with airway disease. Cur-
rent therapeutic options for asthma do not adequately target
airway-remodeling processes. As the genetic predisposition to
airway remodeling is further defined, there is potential to identify
new pathways and targets that might lead to the identification of
susceptible subjects within the asthmatic population and new
therapeutic targets to attenuate remodeling in these subjects.
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