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A wealth of recent studies points to the importance of airway
epithelial cells in the orchestration of inflammatory responses in
the allergic inflamed lung. Studies also point to a role of oxidative
stress in the pathophysiology of chronic inflammatory diseases. This
article provides a perspective on the significance of airway epithelial
cells in allergic inflammation, and reviews the relevance of the
transcription factor, nuclear factor kB, herein. We also provide the
reader with a perspective on the role that oxidants can play in lung
homeostasis, and address the concept of ‘‘redox biology.’’ In
addition, we review recent evidence that highlights potential in-
hibitory roles of oxidants on nuclear factor kB activation and in-
flammation, and discuss recent assays that have become available to
probe the functional roles of oxidants in lung biology.
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INFLAMMATION, ALLERGIC AIRWAYS DISEASE, AND
THE IMPORTANCE OF AIRWAY EPITHELIUM

Numerous cell types have been demonstrated to play a cardinal
role in the pathophysiology of asthma (1). Bronchial epithelial
cells represent an essential component of the innate immune
system, and have emerged as a critical cell type that transduces
proinflammatory signals in response to inhaled antigen or
allergens. Bronchial epithelial cells are in direct contact with
inhaled materials, including pollutants, allergens, proteases,
microbes, and other factors that are relevant to the develop-
ment of human asthma. Epithelial cells are capable of sensing
and mounting a rapid response to these inhaled materials, and
they express a variety of pattern recognition receptors (PRR)
such as Toll-like receptors (TLR), and protease-activated
receptors (PAR), which recognize microbial motifs and aller-
gens (2) (Figure 1). Activation of Nod-like receptors (NLR) in
response to microbial proteins or metabolic stress and sub-
sequent inflammasome activation causes processing and release
of the cytokine interleukin (IL)-1b (3). The activation of
epithelial cells through these diverse pathways results in the
production of chemokines and cytokines with the potential to
attract inflammatory dendritic cells (DCs) to the lung and to
induce the maturation of these and resident DCs so that they

can activate T cells in the draining lymph nodes. Another
important facet of the airway epithelium constitutes its barrier
function, the first line of defense that prevents access of
allergens to resident DCs. Loss of epithelial barrier function
as a consequence of proteases associated with allergens, envi-
ronmental pollutants, and so on results in the enhanced access
of antigen to DCs. Uptake of antigens by DCs and their
maturation through epithelial-derived factors promotes the
interaction of DCs with T cells, and the differentiation of naı̈ve
T cells to Th2-polarized effectors. Th2 cells produce a range of
mediations that have the potential to cause airway remodeling
and hyperresponsiveness (2) (Figure 1).

NUCLEAR FACTOR kB, ACTIVATION, AND REGULATION

The transcription factor, nuclear factor kB (NF-kB), has been
considered the master regulator of both innate and adaptive
immune responses and has been demonstrated to play a cardinal
role in allergic airways disease. Therefore, understanding the
various facets of regulation of NF-kB and its targets offers the
potential to advance our understanding of immune processes in
asthma. The family of NF-kB comprises five related proteins:
p50, p52, RelA (also known as p65), c-Rel, and RelB. These
factors can homo- and heterodimerize through the rel homology
domain. Only RelA, c-Rel, and RelB contain a transcriptional
activation domain, while p50 and p52 lack this, and can only
activate transcription through heterodimerization with RelA,
c-Rel, or RelB (4, 5). NF-kB is kept sequestered in the
cytoplasm of unstimulated cells bound to IkB proteins. In res-
ponse to a wide array of stimuli, IkB proteins are phosphory-
lated by the serine kinase; inhibitor of kappa B kinase (IKK).
Phosphorylated IkBs are ubiquitinated and degraded by the 26S
proteosome, unmasking the NF-kB nuclear localization signal,
allowing NF-kB to accumulate in the nucleus. IKK functions in
a large molecular weight complex, the IKK signalsome (see
below) that contains IKKa and IKKb, which contain kinase
activity, and IKKg, also known as NEMO, which acts as
a regulatory protein (6). At least two parallel pathways of
IKK-induced NF-kB have been described (Figure 2). In the
canonical pathway, activation of IKKb by many stimuli, in-
cluding cytokine TNF-a, TLR agonists, and IL-b leads to the
phosphorylation of IkBa at Serines 32 and 36 (7). In the
noncanonical pathway, NF-kB–inducing kinase (NIK) phos-
phorylates IKKa. IKKa subsequently phosphorylates p100,
which causes its proteolytic processing to p52 (8), allowing
p52/RelB dimeric complexes to translocate to the nucleus (4).
Activators of the noncanonical pathway include subsets of
stimuli that include B cell–activating factor (BAFF), lympho-
toxin b (LTb), and CD40 ligand (CD40L), as well as lipopoly-
saccharide (LPS). It is generally held that the noncanonical
pathway is necessary for the adaptive immune response, while
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the canonical pathway is required for the onset of the innate
immune response (9), although crosstalk between these path-
ways exists to control of the strength and duration of the
transcriptional response (10). Noncanonical p52/RelB dimers

use a unique consensus site. This site, PuGGAGAPyTTPu (Pu;
purine, Py; pyrimidine), contrasts the consensus NF-kB–binding
sequence of the canonical pathway, GGGPuNNPyPyCC (Pu;
purine, Py; pyrimidine, N; any base) (Figure 2). The use of

Figure 1. Schematic presentation of the

functional role of airway epithelium in

the pathogenesis of asthma. Epithelial
cells, which are positioned at the inter-

face with the environment, can sense

and respond to inhaled antigens, aller-

gens, pollutants, proteases, microbes,
through the activation of Toll-like recep-

tors (TLR), Nod-like receptors (NOD),

and protease activated receptors (PAR),
and others, leading to the activation of

nuclear factor kB (NF-kB). Activation of

NF-kB leads to the transcriptional activa-

tion of many proinflammatory genes that
include cytokine and chemokines, gran-

ulocyte macrophage–colony-stimulating

factor (GM-CSF), and CC chemokine

ligand 20 (CCL20). Disruption of the
epithelial barrier as a result of inhaled

pollutants, or proteases present in aller-

gens, results in enhanced access of anti-
gens to dendritic cells (DCs). The increased recruitment and activation of DCs through the actions of CCL20 and GM-CSF, and enhanced
accessibility of antigen result in maturation of DCs, and their polarization, leading to subsequent Th2 immune responses, critical to airway

remodeling.

Figure 2. Overview of NF-

kB activation pathways. In
the canonical NF-kB acti-

vation pathway, which is

stimulated by ligands such

as tumor necrosis factor
(TNF)-a, lipopolysaccha-

ride (LPS), and interleukin

(IL)-1b, IKKb is responsible

for the phosphorylation of
IkBa, leading to its subse-

quent ubiquitination and

degradation through the
proteasome pathway. This

allows for translocation of

RelA/p50 to the nucleus,

and the subsequent activa-
tion of transcription of

genes important in innate

immunity and protection

from apoptosis. In the non-
canonical (alternative) NF-

kB activation pathway,

which is activated through

ligands such as lympho-
toxin b (LTB), B cell–acti-

vating factor (BAFF), and
CD40 ligand (CD40L), among others, NF-kB–inducing kinase (NIK)-dependent activation of IKKa leads to phoshorylation of p100, subsequent

ubiquitination, and proteolytic processing to p52. This results in nuclear translocation of p52/RelB complexes, and activation of distinct

transcriptional programs. For illustrative purposes, this is a simplified overview. Additional phosphorylation events are induced by IKK proteins,

notably the phosphorylation of histone H3, CREB-binding protein, and silencing mediator of retinoic acid and thyroid hormone receptor by IKKa.
Additional post-translational modifications of NF-kB members that include phosphorylation, ubiquitination and acetylation, function of

transcriptional co-activators and repressors, and chromatin remodeling events are collectively important to shape the nature, strength, and

duration of the NF-kB transcriptional response. While the canonical and noncanonical pathways are drawn separately for illustrative purposes, we

point out that these pathways do not act independently. Both cooperative and inhibitory roles in reciprocal regulation have been reported,
indicated by arrows (see References 10 and 47 for recent reviews).
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distinct DNA-binding sites by different NF-kB subunits in
response to activation of distinct kinases illuminates the exqui-
site regulation of gene expression by the NF-kB pathway.

REGULATION OF IKKb ACTIVITY

IKKa and -b dimerize into large signalsomes of approximately
900 kD that contain dimeric complexes of IKKa and IKKb,
tetrameric oligomers of IKKg (11), and HSP90 and CDC37
(12), and potentially other proteins. The kinase domain of
IKKb contains an activation loop, which contains serine resi-
dues 177 and 181, whose phosphorylation is essential to acti-
vation of its kinase activity (Figure 2). The relevance of serines
177 and 181 in activating IKKb has been established through
mutagenesis studies showing that IKKb containing serine to
alanine mutations at these sites prevents activation of IKKb,
whereas mutation to phosphomimetic glutamic acid residues
causes constitutive activation (13). It is worthy of mention that
the latter serine to glutamic acid mutation was used to generate
a transgenic mouse that inducibly expresses active IKKb in
airway epithelium, as will be discussed below.

REGULATION OF NF-kB TRANSCRIPTIONAL ACTIVITY

Nuclear regulation of NF-kB represents a critical component of
NF-kB activation that dictates the strength and duration of the
NF-kB transcriptional response, in addition to dictating pro-
moter occupancy (14). NF-kB members become phosphory-
lated and acetylated, which alters the ability of NF-kB dimers to
bind to DNA, and initiates the recruitment of transcriptional
co-activators. These modifications also influence the binding of
NF-kB to its inhibitor IkBa (4, 14). RelA can be phosphory-
lated by multiple kinases that include IKK, which enhances its
transactivation potential (see Reference 5 for review). Phos-
phorylation of RelA by IKK demonstrates that the biological
roles of IKK exceed their well-known action in phosphorylation
of IkBs. Indeed, recent data suggest that IKK can also regulate
other signaling proteins and transcription factors, suggesting
that its role far exceeds is function as IkB kinase (15). Of
notable significance are observations demonstrating that IKKa

causes phosphorylation of histone H3, silencing mediator of
retinoic acid and thyroid hormone receptor (SMRT), and
CREB-binding protein (CBP), all important in the control of
NF-kB–dependent gene transcription (10) (Figure 2). NF-kB
relies on the lysine acetylation of histones by histone acetyl-
transferases (HAT) to initiate DNA uncoiling to enable access
and binding of the transcriptional machinery. Both RelA and
p50 themselves are acetylated on multiple lysine residues, which
regulates different functions of NF-kB, including transcriptional
activation, DNA binding, IkBa assembly, and subcellular
localization (16). Acetylation of RelA is reversed by histone
deacetylases, which cause a loss of transcriptional activation,
increases in association with IkBa, and enhanced nuclear export
of NF-kB (5).

THE ROLE OF ACTIVATION OF NF-kB IN AIRWAY
EPITHELIAL CELLS IN ALLERGIC AIRWAY DISEASE

Lessons from Mouse Models

Numerous clinical studies have provided solid evidence to
support the significance of activation of NF-kB in human
asthma (17, 18). The murine ovalbumin (OVA) sensitization
and challenge model of allergic airway disease has been
extensively used by many investigators, including our own
laboratory, to unravel the critical cell types, pulmonary com-

partments, genes, and molecular signals relevant to the patho-
physiology of asthma. In response to sensitization and challenge
with OVA (OVA/OVA), mice develop increased airways
hyperresponsiveness (AHR) to methacholine, compared with
nonsensitized controls (alum/OVA), in association with in-
creases in Th2 cytokines IL-4, IL-5, and IL-13, and eosinophilia
(19). Airway remodeling also occurs, exemplified by mucous
cell metaplasia, smooth muscle hyperplasia, and enhanced
deposition of collagen around the airways (20) (Figure 1). The
earliest evidence to support the functional relevance of NF-kB
in the development of allergic airways disease stemmed from
observations in mice that globally lacked members of the NF-
kB family. For instance, mice that lacked p50 or c-Rel subunits
of NF-kB were protected from the development of allergic
airway disease (21, 22). While those studies provided insights
into the functional importance of NF-kB in allergic airways
disease, they did not provide information about the cell types,
the location, or timing of NF-kB activation. Work from our
laboratory initially demonstrated that NF-kB activation oc-
curred rapidly in the OVA model of allergic airways disease,
and that NF-kB activation occurred predominantly in the epi-
thelial cells of the conducting airways, in association with
enhanced mRNA expression of NF-kB–regulated chemokine
genes, including MIP-2 and eotaxin (19). To address the
functional significance of epithelially derived NF-kB activation
in the causation of allergic airways disease, a number of mouse
models have been developed that took advantage of expression
profiles of the rat CC10 promoter, which is largely restricted to
nonciliated bronchial epithelial cells. Our laboratory developed
a transgenic mouse expressing a dominant interfering version of
IkBa in the epithelium of conducting airways, using the rat CC10
promoter. Compared with wild-type mice, CC10-DN-IkBa–
expressing mice demonstrated markedly attenuated inflamma-
tory responses to OVA, in association with less immunoglobin
production and mucus metaplasia. Despite these prominent
protective effects, CC10-DN-IkBa–transgenic mice were not
protected from the development of AHR (23). A complimen-
tary approach of conditional deletion of IKKb in airway
epithelium, achieved through CC10-promoter–controlled expres-
sion of CRE recombinase, revealed similar protective effects
(24). In the latter study the authors demonstrated marked
attenuations in inflammatory responses, including CD41 T cells,
and airway remodeling based on amelioration of mucus meta-
plasia and dampening of subepithelial fibrosis. To directly
evaluate the impact of activation of the canonical NF-kB path-
way in epithelial cells in the development of allergic airways
disease, in absence of other stimuli, our laboratory more recently
generated a transgenic mouse model. As described earlier, IKKb,
the prerequisite enzyme in the canonical NF-kB activation
cascade by most stimuli, requires phosphorylation of serines
177 and 181 in the activation loop to become catalytically active.
Thus, a mutant form of IKKb where serines 177 and 181 are
mutated to phosphomimetic glutamic acids (IKKbS177/181E)
has intrinsic catalytic activity (13). This construct was used to
create a bi-transgenic mouse that expresses a transgene consist-
ing of the Tet operon driving expression of IKKbS177/181E, and
a transgene expressing the doxycycline-inducible reverse tetra-
cycline transactivator under control of the ratCC10 promoter, to
induce expression of active IKKb after the administration of the
tetracycline analog, doxycycline. Induction of the IKKb trans-
gene in the airway epithelium caused a predominantly neutro-
philic inflammatory response, and was sufficient to induce AHR.
Interestingly, AHR occurred in the absence of eosinophils,
mucus metaplasia, or production of Th2-associated cytokines
(25). However, mice expressing IKKb in airway epithelium
displayed evidence of smooth muscle thickening, suggesting
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a potential mechanistic link between airway epithelial activa-
tion and smooth muscle cell biology that is critical to the
induction of AHR, the details of which remain to be unraveled.
Other findings from the latter study with potential relevance
to allergic disease were increases in expression of CC chemokine
ligand 20 (CCL20) and granulocyte macrophage–colony-stimulating
factor (GM-CSF) (25), mediators important in the attraction
and activation of DCs, loss in inhalational tolerance, and
promotion of Th2 immune responses (2) (Figure 1). It will be
of interest to determine whether inhalational tolerance is lost in
IKKb-expressing mice, which awaits the outcome of ongoing
experiments. Of relevance is a recent study that used pharmaco-
logic approaches to inhibit the IKK signalsome, which resulted in
dampening of tissue inflammation, fibrosis, and alveolar remodel-
ing in mice expressing IL-13 in the lung (26). In aggregate, these
complimentary transgenic, knock-out, and pharmacologic ap-
proaches conclusively define the functional significance of IKKb-
and NF-kB–driven processes within the airway epithelium in the
orchestration of a number of events relevant to human asthma.

REDOX CHANGES IN ALLERGIC AIRWAYS DISEASE

It is well known that asthma and other chronic inflammatory lung
disease are associated with enhanced oxidative stress exemplified
by elevated levels of nitric oxide (NO) and hydrogen peroxide
(H2O2) in exhaled breath condensates in patients with asthma
(27, 28). These oxidants can arise after the activation of NADPH
oxidases and nitric oxide synthases present in inflammatory, but
also in structural lung cells (29). Increased levels of the stable
oxidation endproducts, such as 3-nitrotyrosine, in general corre-
late directly with the intensity of inflammation and asthma
severity (30), and the fraction of exhaled NO is currently used
as a marker of disease severity. Environmental agents that are
known to cause asthma exacerbations, like nitrogen dioxide,
ozone, cigarette smoke, and pollen, also increase the oxidative
burden in the lung. Inactivation of antioxidant enzymes and loss
of glutathione levels that have been observed in patients with
asthma further contribute to the increased oxidative stress in the
lung tissue (31). These collective observations, coupled to studies

Figure 3. Overview of the biochemical events

that control protein S-nitrosylation (SNO) and

S-glutathionylation. Nitric oxide synthases

(NOS) produce nitric oxide (NO), which can
become converted to S-nitrosothiols, includ-

ing S-nitrosoglutathione (GSNO). S-nitrosothiols

can cause protein S-nitrosylation, which exerts

important regulatory functions in target pro-
teins. The enzyme, GSNO reductase, metabo-

lizes GSNO and produces ammonia (NH4
1) and

oxidized glutathione (GSSG), and indirectly
controls protein S-nitrosylation. Hydrogen per-

oxide (H2O2) can oxidize protein cysteines that

are in the thiolate state (S2), causing the

formation of unstable sulfenic acid (S-OH) intermediates, which are targets for S-glutathionylation (P-SSG). In physiologic settings, mammalian
glutaredoxins serve to reduce the S-glutathionylated proteins, restoring the sulfhydryl (SH) group, thus regulating the extent of PSSG. For detailed

information see Reference 29.

Figure 4. Overview of activa-
tion of the canonical (classical)

NF-kB pathway, and visualiza-

tion of the inhibitory effect of
cysteine oxidation of IKKb at

cysteine 179 on activation of

the NF-kB pathway. We have

also highlighted that the same
cysteine is targeted by the

antiinfammatory prostaglan-

dins, PGA1 and 15dPGJ2.

15dPGJ2 5 15-deoxy-D12–14-
prostaglandin J2; PGA1 5

prostaglandin A1; SNO 5 S-

nitrosylation; SSG 5 S-gluta-

thionylation. Inhibition of RelA
and p50 after S-nitrosylation

and S-glutathionylation is also

highlighted.
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demonstrating that compounds with antioxidant properties ame-
liorate the severity of disease in mouse models (32), have led to
the widely held notion that enhanced oxidative stress contributes
to the pathogenesis of asthma. While certain redox changes that
occur in the inflamed lung may well contribute to the disease
process, the exact mode whereby oxidants contribute to lung
disease has remained elusive. One plausible scenario is the
causation of cell injury, or necrotic cell death, which cause
barrier disruption and subsequent proinflammatory responses
due the stimulation of receptors that sense and respond to
danger signals.

However, a completely different view is currently emerging
that is centered around the role of oxidants as signaling
molecules critical to tissue homeostasis and innate host defense.
This concept of ‘‘redox biology’’ is based on the recently gained
appreciation that nitric oxide and hydrogen peroxide cause
specific oxidations in target cysteines within proteins, which
exert regulatory functions, dependent on the protein that is
being targeted. NO, through the formation of S-nitrosothiol
intermediates (SNO), can lead to a post-translational modifica-
tion of protein cysteine residues known as S-nitrosylation
(Figure 3, left). H2O2 can react with select protein cysteines to
give rise to sulfenic acid intermediates (SOH), which sub-
sequently can become glutathionylated (Figure 3, right). Note
that S-nitrosothiols can also cause S-glutathionylation. S-
glutathionylation thus represents the covalent modification of
protein cysteines with the tri-peptide, glutathione (also known
as protein mixed disulfides or protein [P]-SSG). It is important
to recognize that not all cysteines are oxidizable; only low pKa

cysteines in the thiolate form (S2), referred to as reactive
cysteines, can be oxidized, conferring substantial specificity to
these oxidation events. The enzyme GSNO reductase decom-
poses the S-nitrosothiol, S-nitrosoglutathione (GSNO), and
indirectly controls the tone of protein S-nitrosylation. Further-
more, mammalian glutaredoxins under physiologic conditions
act to specifically reverse S-glutathionylated proteins (Figure 3).
Similarly, the thioredoxin (Trx) system of enzymes catalyzes the
reversible reduction of disulfides, thereby resulting in a dithiol-
containing target protein, and a disulfide in Trx, which is

subsequently reduced by thioredoxin reductase. The existence
of these and other enzymes to directly or indirectly regulate the
oxidation state of protein cysteines gives additional credence
to the relevance of protein oxidation events in cell biology and
disease (reviewed in Reference 29). Indeed, many proteins
with signaling functions that range from membrane proteins
and proteases to transcription factors, are regulated via S-
nitrosylation, S-glutathionylation, or disulfides. While the role
of S-glutathionylation in asthma remains to be unraveled, a wealth
of compelling observations have illuminated a loss of S-nitro-
sothiols and S-nitrosylation, in allergic airways disease (33).
Loss of S-nitrosothiols is potentially due to increases in GSNO
reductase, the aforementioned enzyme that controls decomposi-
tion of S-nitrosothiols, which has been identified as a key
regulator of AHR (29, 34). These significant recent observations
raise the intriguing possibility that loss of protective or homeo-
static oxidative events is critical in the pathogenesis of allergic
airways disease.

REDOX REGULATION OF NF-kB

Activation or Inhibition by Oxidants?

It has been known for well over a decade that NF-kB is a redox-
sensitive transcription factor, a topic that has been reviewed
extensively (5). NF-kB activation by diverse proinflammatory
stimuli, including IL-1b, has been demonstrated to require
reactive oxygen species (ROS) in part after activation of
NADPH oxidases (35, 36), and mitochondrial ROS in certain
contexts also can lead to activation of NF-kB (37, 38). However,
is it not clear whether the oxidative events triggered by those
stimuli are specific to components of the NF-kB pathway, and
information about the cysteine residues that are being targeted
remain unraveled. In fact, the physiologic role for oxidants in
the activation of NF-kB has extensively questioned by studies
demonstrating that redox activation is cell type specific (39, 40),
and that various antioxidants were nonspecific in their actions
(41). Evidence also exists that NADPH oxidase–induced ROS
do not mediate NF-kB signaling, but lower the magnitude of its

Figure 5. Detection of protein S-nitrosylation (PSNO) and

protein S-glutathionylation (PSSG) in intact C10 lung epithelial

cells. Control cells were fixed and subjected to thiol blocking,

ascorbate dependent decomposition of S-nitrosylated pro-
teins, and subsequent biotin labeling of newly generated

reduced sulfhydryls using a biotin-conjugated probe, incuba-

tion with streptavidin-conjugated fluorophore, and detection

via confocal laser scanning flow cytometry. S-glutathionylated
proteins were visualized after glutaredoxin-catalyzed reduc-

tion of S-glutathionylated proteins. Details of these proce-

dures were reviewed elsewhere (29).
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activation (41). Indeed, a number of reports, including work
from our laboratory demonstrate that oxidants can spe-
cifically inhibit the NF-kB pathway in lung epithelial cells via
S-nitrosylation or S-glutathionylation of cysteine 179 of IKKb

(42, 43), the same cysteine also targeted by antiinflammatory
cyclopentenone prostaglandins (44) (Figure 4). It is likely that
additional cysteine oxidative events that include modification of
p50 (45) and RelA (46) also contribute to oxidative inhibition of
NF-kB. These observations suggest that certain regulatory oxida-
tive events could play important antiinflammatory roles in lung
and other tissues by limiting the activation of NF-kB.

CONCLUDING REMARKS AND RECOMMENDATIONS
FOR FUTURE STUDIES

Guilt by association has linked the activation of NF-kB and
increases in oxidative stress in asthma. However, despite many
years of investigation into the mechanism whereby oxidants affect
the pathophysiology of asthma, their exact roles in the disease
process has remained enigmatic. This in part stems from the fact
that multiple interconnected redox changes occur simultaneously
in inflamed lung disease. Furthermore, an inability to probe
oxidative events that have biological relevance, notably S-nitro-
sylation and S-glutathionylation, due to lack of specific tools to
detect these oxidative events in biological settings impeded
scientific progress. Exciting new momentum was initiated recently
based on approaches to trap and label proteins that are targeted
by S-nitrosylation and S-glutathionylation, which enables inves-
tigators to determine for the first time which proteins are regulated
via cysteine oxidations and furthermore allows the detection of
S-nitrosylation and S-glutathionylation in intact cells and tissues
(Figure 5) (29). These approaches may have significance based on
a wealth of observations demonstrating that NF-kB can indeed be
inhibited via cysteine oxidative events. Documentation that cyste-
ine oxidative events, targeted to the NF-kB pathway, occur in vivo,
and are affected in allergic lung disease may provide new thera-
peutic opportunities to regulate certain facets of its activation.
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