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Research on the biology of airway epithelium in the last
decades has progressively uncovered the many roles of this cell
type during the immune response. Far from the early view of the
epithelial layer simply as a passive barrier, the airway epithelium
is now considered a central player in mucosal immunity,
providing innate mechanisms of first-line host defense as well as
facilitating adaptive immune responses. Alterations of the
epithelial phenotype are primarily involved in the pathogenesis
of allergic airways disease, particularly in severe asthma.
Appreciation of the epithelium as target of glucocorticoid
therapy has also grown, because of studies defining the pathways
and mediators affected by glucocorticoids, and studies
illustrating the relevance of the control of the response from
epithelium in the overall efficacy of topical and systemic therapy
with glucocorticoids. Studies of the mechanism of action of
glucocorticoids within the biology of the immune response of the
epithelium have uncovered mechanisms of gene regulation
involving both transcriptional and posttranscriptional events.
The view of epithelium as therapeutic target therefore has plenty
of room to evolve, as new knowledge on the role of epithelium in
immunity is established and novel pathways mediating
glucocorticoid regulation are elucidated. (J Allergy Clin
Immunol 2007;120:1247-63.)
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EPITHELIAL RESPONSES IN ALLERGIC
AIRWAYS AND IN THE ANTI-
INFLAMMATORY ACTION OF
GLUCOCORTICOID

The airway epithelium is a multifunctional, highly
organized cellular layer separating the host tissue from
the atmosphere. It provides many crucial homeostatic
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respiratory functions, such as gas and fluid transport,
oxidant defense, mucociliary clearance, and innate anti-
microbial defense. At the same time, it is able to respond to
either external factors brought by inhalation, such as
viruses, pollutants, and allergens, or to molecular signals
from neighboring or infiltrating cells, such as cytokines,
chemokines, or lipid mediators, by producing a wide array
of mediators contributing to key effector functions, such
as inflammatory and immune responses, proliferation, and
healing, ultimately to preserve the integrity of the airway
mucosa.'

The involvement of epithelial responses in the patho-
genesis of inflammatory and allergic diseases of the
airways—such as asthma and rhinitis—is now a well
established paradigm. The identification of pattern recog-
nition receptors (PRRs), recognizing conserved compo-
nents of microbial organisms, and their downstream
signaling pathways provide molecular clues to the key
participation of the epithelial layer in innate immune
responses. Similarly, the synthesis of a host of proinflam-
matory and immunomodulatory molecules documented in
vitro and in vivo in response to inflammatory stimuli—such
as lipid mediators, growth factors, adhesion molecules, cat-
abolic enzymes and enzyme inhibitors, and a wide array of
cytokines, chemokines, and their receptors—clearly indi-
cate that epithelial cells have a central role in mounting
and amplifying the adaptive immune response. In particu-
lar, epithelial cells are key controllers of the recruitment
and activation of inflammatory cells within the respiratory
mucosa, a response that becomes pathogenic in the context
of chronic allergic inflammation.

Mounting evidence suggests that besides the key par-
ticipation in the adaptive response and in the maintenance
of chronic mucosal inflammation, the airway epithelium
displays a host of altered functions, such as an aberrant
innate response to viral infection, alteration of barrier
function, and defective wound repair. These features are
now viewed as primary pathophysiological factors in
asthma, especially in the more severe phenotype of the
disease.”* In support of this view, a number of genes iden-
tified as linked to asthma susceptibility, such as dipeptidyl
peptidase 10 and G protein—coupled receptor for asthma
susceptibility, are uniquely expressed in terminally dif-
ferentiated bronchial epithelium, suggesting that their
function, although yet unknown, may be related to the
maintenance of the epithelial barrier.”

The therapeutic role of glucocorticoids in allergic
diseases is chiefly attributable to their powerful antiin-
flammatory properties, which have been further exploited
in the treatment of airway allergic diseases by the devel-
opment of inhaled corticosteroids (ICSs), topically active
synthetic molecules with far fewer side effects than
those carried by orally administered glucocorticoids.
Central among the many mechanisms of the anti-inflam-
matory properties of glucocorticoids is the ability to blunt
the infiltration of inflammatory cells within the affected
tissue, which has been well documented in disease as well
as in experimental models (see review®”). Importantly,
recent analyses of mechanisms of glucocorticoid action
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in airway epithelium have highlighted a concomitant pro-
tective action of glucocorticoids on innate immune re-
sponses that could be equally relevant in the ability of
glucocorticoid therapy to diminish the occurrence of ex-
acerbations brought by respiratory infections®” (Fig 1).

The goal of this review is to summarize in vitro and
in vivo studies demonstrating the effect of glucocorticoid
therapy on those immune responses of the epithelial cell
particularly relevant to allergic diseases. We then focus
on more basic studies on the effects of glucocorticoids
on airway epithelium by reviewing the changes in gene ex-
pression underlying glucocorticoid action and the molec-
ular mechanisms mediating these events. At the end, we
highlight emerging molecules and regulatory pathways
that could be relevant in defining the specific response
of the epithelium to glucocorticoid therapy. We refer
(Fig 1) to epithelial innate responses as those involving
molecules that function in host defense; and epithelial
adaptive responses as those conveyed by molecules that
principally function to amplify or modulate host immune
function, both adaptive (eg, proinflammatory genes and
mediators) and innate (eg, mucus hypersecretion, epithe-
lial proliferation, and wound repair/remodeling).

PHENOTYPES AND FUNCTIONS OF NORMAL
AND ASTHMATIC AIRWAY EPITHELIAL
CELLS: COMPLEXITY OF GLUCOCORTICOID
EFFECT ON THE AIRWAY EPITHELIAL LAYER

Action of glucocorticoids on the different
epithelial phenotypes

In nondiseased state, the respiratory epithelium is
composed of cellular components of different origin and
phenotypes, whose discrete roles integrate in performing
homeostatic and inducible functions. Embryologically, the
airway epithelium derives from the endodermal layer of
the embryo; histologically, it presents in the upper airways
as a pseudostratified columnar layer containing basal,
ciliated, and mucus-producing goblet cells, transitioning in
the bronchioli into a cuboidal, single cell layer interspersed
with secretory Clara cells, which is replaced in the lung
alveoli by a squamous monolayer of type I and type II
alveolar epithelial cells. From a structural and functional
point of view, airway epithelial cells have been categorized
in basal cells, ciliated cells, and nonciliated cells with
secretory functions.'

The basal cells, firmly attached to the basement mem-
brane of all but the very distal part of the airways, are a
very important part of the epithelial-mesenchymal trophic
unit of the airways. They function as primary progenitors
of the ciliated and mucus-secreting cells and are highly
metabolically active, producing 15-lypooxygenase pro-
ducts, cytokines, and endopeptidases.' Basal cells are
important for the attachment to the basement membrane
of the columnar epithelium and for many epithelial func-
tions, from regulation of inflammatory response to protec-
tion from oxidative damage and to the transepithelial
transport of water and fluids.'® High levels of the cyclin-
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dependent kinase inhibitor p21Waf in basal cells of patients
with severe asthma, but not in patients with mild asthma or
healthy subjects, suggest their involvement in an antiapop-
totic response in epithelial repair."’

The columnar ciliated cells, which account for more
than 50% of the epithelial layer of the proximal airways,
play a key role in innate immune host defense by carrying
out mucociliary clearance and by responding, through
multiple Toll-like receptor (TLR)-mediated and non—
TLR-mediated pathways, to a host of pathogens. Colum-
nar epithelium is the selective target of airway rhinovirus
infections and is a potent producer of a host of proin-
flammatory mediators secreted in response to viruses and
many other inflammatory stimuli.'® The vast majority of
such cellular responses are affected by glucocorticoids
through selective, often stimulus-specific mechanisms.

Among the cells with secretory functions, goblet cells
chiefly contribute to mucociliary clearance through pro-
duction of mucins, and alteration of their number and
secretory pattern are key pathophysiological features of
asthma and other inflammatory airway diseases (see
review'*!'%). Goblet cell function is affected by glucocor-
ticoids both directly and indirectly as part of the com-
plex control exerted by glucocorticoids on airway
hypersecretion.

Clara cells are secretory epithelial cells responsible for
the production of bronchiolar surfactant; they also retain
stem cell potential in the lower airways, where basal
cells are scarce.'” In inflammatory settings, Clara cells
can secrete cytokines in response to LPS stimulation'?
and undergo metaplastic transformation by differentiating
into goblet cells, contributing to the goblet cell hyperplasia
(GCH).'® These cells can undergo profound phenotypic
changes during inflammation, such as the selective induc-
tion of the acidic mammalian chitinase gene."” Suggestive
of an effect of glucocorticoids on this pathway, the increase
in mouse bronchoalveolar lavage levels of acidic mamma-
lian chitinase induced by ovalbumin challenge was in-
hibited by treatment with dexamethasone.'® Accounting
for the role of endogenous glucocorticoid in regulating
airway surface tension since the fetal stages of lung de-
velopment, glucocorticoids upregulate in Clara cells the
synthesis of phospholipids and surfactant proteins C and
D.'” Besides being key components of the pulmonary sur-
factant liquid, surfactant proteins C and D also play a role
in innate immune responses.20

Pulmonary neuroendocrine cells (PNECs) are secre-
tory, highly innervated cells dispersed within the epithelial
layer, mostly in organized clusters defined as neuroepithelial
bodies.?' They contain, stored in secretory granules, several
amines and neuropeptides such as serotonin, bombesin-like
peptide, calcitonin gene-related peptide, substance P, and
others. These cells exert complex functions throughout
lung development and in the adult stage, including oxy-
gen-sensing chemoreception, epithelial regeneration, and
neuroendocrine function (see review?>). Recently, PNEC-
derived bombesin-like peptide was shown to target mast
cells and mediate lung injury in baboon models of broncho-
pulmonary dysplasia, indicating a possible role of the
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FIG 1. The immune response of airway epithelium as target of
glucocorticoid therapy. The photographic inset shows the pseu-
dostratified airway epithelium of a nasal polyp, with submucosal
and intraepithelial eosinophilic infiltration (reprinted with permis-
sion from Beck LA, Stellato C, Beall LD, Schall TJ, Leopold D, Bickel
CA, et al. Detection of the chemokine RANTES and endothelial
adhesion molecules in nasal polyps. J Allergy Clin Immunol
1996,98:766-80."7%). The epithelial layer of the respiratory system
is formed by different cell phenotypes that integrate in providing
important immune functions. Residing at the interface between
the tissue and the external environment, airway epithelial cells
perform multiple functions related to both innate and adaptive
immune responses. These cells are primary targets of ICSs and
of their anti-inflammatory action, which is mediated by coordinate
modulation of both arms of the immune response.

pulmonary NE system in innate immunity.> Very little is
known about glucocorticoid control of PNECs and their im-
mune functions. Antenatal exposure to glucocorticoids in-
creased the number of neuroepithelial bodies in animals,**
whereas calcitonin secretion was inhibited in normal but
not in neoplastic PNECs.”

Altered phenotype of epithelial cells
in asthma: differential sensitivity to
glucocorticoids

Examination of bronchial biopsies by electron micros-
copy combined with ex vivo studies using cultured pri-
mary epithelial cells have clearly established that airway
epithelium displays a wide range of structural damage
and functional alterations throughout the different stages
of asthma.?® Assessment of the amount and type of epithe-
lial damage, however, has been hampered at the level of
gross anatomy by a degree of shedding caused by the bi-
opsy procedure itself. The occurrence of GCH with meta-
plasia of Clara cells is already detectable in the early phase
of disease.?” The damage to the ciliated cells is complex,
including weakened attachment to the basal lamina,?®?°
damage to the cilia,*® and cell shedding, detectable either
in the sputum as cellular clumps (Creola bodies) or in
bronchial biopsies, particularly in moderate chronic types
of asthma. Airway epithelial cells of patients with asthma
are more susceptible to oxidative stress—driven apoptosis31
and display an activated phenotype with constitutively
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active transcription factors (nuclear factor-kB [NF-kB],
activator protein 1 [AP-1], signal transducer and activation
of transcription [STAT]-1, STAT-6), and increased pro-
duction of cytokines, growth factors, and other proinflam-
matory mediators (see reviewedl). In severe asthma, the
balance between epithelial cell proliferation and apoptosis
is profoundly altered. Epithelial desquamation is replaced
by an increase in epithelium thickness caused by increased
cell proliferation, although data on markers of epithelial
apoptosis and cell survival are dissimilar.*** These
components of the epithelial repair process, activated in re-
sponse to cell damage and activation, have been identified
as key contributing factors for airway remodeling.32’33
In fact, epithelial damage appears to correlate with
bronchial hyperreactivity,® and increased thickening of
epithelium and of the lamina reticularis is inversely corre-
lated with baseline lung function (expressed as FEV%)
in patients with severe asthma.”® These morphological
changes are also mirrored at molecular level in in vitro cul-
tured asthmatic epithelial cells, which display increased/
altered expression of transcription factors, heat shock
proteins, proinflammatory mediators, adhesion molecules,
collagen deposition, and several markers of cell prolifera-
tion and survival.*>>>* Alteration of important regulatory
molecules for cell proliferation, such as the cyclin-depen-
dent kinase inhibitor p21™*' and—in patients with severe
asthma—the epithelial growth factor receptor (EGFR) ex-
pression and activation state, are underlying the altered
pattern of epithelial repair seen in severe asthma.''="%*
Given the persistence of discrete phenotypic changes in
cultured asthmatic epithelial cells, and the absence of
similar epithelial damage in other inflammatory disorders
like bronchitis, cystic fibrosis, and chronic obstructive
pulmonary disease, an abnormal epithelial response is
now seen as an intrinsic factor in the pathophysiology of
severe asthma.® Along with this primary defect, chronic
exposure to allergens, viral infections, stress stimuli, and
inflammatory mediators participates in determining struc-
tural and functional changes in the epithelial layer of
susceptible individuals, sustaining the chronic inflamma-
tion and triggering the activation of an abnormal repair
response.

How much of this altered epithelial phenotype is
targeted by glucocorticoids? Evaluation of bronchial
biopsies before and after glucocorticoid treatment of
different lengths and courses of administration has clearly
shown that glucocorticoids promote, to various degrees,
restoration of the epithelial integrity in mild to moderate
asthma. An increase in the number of ciliated cells, with
restoration of the ciliated/goblet cell ratio, was documented
by electron microscopy after a 3-month treatment with
ICSs in newly diagnosed patients with asthma,* and epi-
thelial cells in sputum decreased after glucocorticoid treat-
ment.* In a small study, glucocorticoid treatment had a
positive effect on ciliogenesis.*' However, only a partial re-
duction of epithelial damage was seen after 10 years of
daily ICS treatment in patients with severe asthma.*?

The mechanism behind glucocorticoid restoration
of epithelium integrity is just as complex as the cause of
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epithelial distress. Clearly, the inhibition of expression of
inflammatory and chemotactic genes from many cellular
sources and the control of leukocyte infiltration by gluco-
corticoids largely prevents the damage to epithelium that
is secondary to the cytokines and mediators secreted by
infiltrating leukocytes. A key direct component of gluco-
corticoid action is the potent suppression by glucocorti-
coids of epithelial-derived cytokines and chemoattractants
that promote the recruitment, survival, and activation of T
cells, eosinophils, and other effector cells (see reviewg’“).
This action blunts an important source of alteration of the
epithelial phenotype caused by cytopathic or proinflam-
matory effects of mediators secreted by the recruited
leukocytes.44

Furthermore, glucocorticoids support epithelial integ-
rity by promoting the maintenance of proper cell-cell
adhesion. Treatment of primary airway epithelial cells
with dexamethasone potently reversed the TNF-a—medi-
ated decrease of expression of E-cadherin, 3-catenin, and
v-catenin, adhesion molecules important in the mainte-
nance of proper intercellular junction.*’

In contrast, as the epithelium of patients with severe
asthma appears intrinsically different from milder forms
of the disease, so does the response to glucocorticoids.
Markers of epithelial activation and proliferation are
persistently elevated in glucocorticoid-dependent patients
with asthma®?33; glucocorticoid treatment in vivo and
in vitro fails to inhibit the increase in expression and phos-
phorylation of the EGFR, and to inhibit EGFR-mediated
IL-8 expression.” The increased expression of p21“*' in
the airway epithelium of patients with either mild or se-
vere asthma is also specifically resistant to glucocorticoid
treatment in vivo and in vitro, whereas other glucocorti-
coid responses are preserved.'! A 2-week oral glucocorti-
coid regimen in patients with moderate to severe asthma
led to inhibition of the epithelial expression of the profi-
brotic cytokines IL-11 and IL-17, but not of TGF-f3 and
collagen deposition.*® Overall, it appears that glucocorti-
coids have a marginal direct influence on the epithelial
component of the remodeling process.

EFFECT OF GLUCOCORTICOIDS ON MUCUS
PRODUCTION AND AIRWAY MUCOCILIARY
CLEARANCE

Together with the cough reflex, mucociliary clearance
(MCQO) is an essential nonspecific mechanism of defense
of the airways that is carried out by the ciliated cells and
by goblet cells. Evaluation of bronchial specimens from
asthmatic deaths*’ as well as bronchial biopsies from
moderate and mild asthma*® shows that the epithelial
cell types involved in this function display various degrees
of damage. Besides the alterations of ciliated cells,*® there
is hyperplasia of goblet cell as well as of submucosal
glands, which leads to increased storage and degranulation
of the main secreted mucins of the respiratory tract, whose
protein backbones are encoded by the MUC5AC and
MUCSB genes.*” Mucus is also altered in composition
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and viscosity by the presence of components of the inflam-
matory plasma exudate, by increased water and electrolyte
passage in the airway lumen, and by increased cellular
debris caused by local cell death.” 3 Allergen challenge stud-
ies confirmed that factors driving the hypersecretory state
are the inflammatory mediators released mainly from infil-
trating CD4™" T cells, as well as the alteration of epithelial
fluid exchange and the release of neuropeptides from intra-
epithelial innervation. These events in turn affect the ciliary
apparatus structurally and functionally (see review'>9).
Because the efficacy of MCC relies on the integrity of the
ciliary activity as well as on optimal physicochemical and
rheologic characteristics of the mucus, these epithelial
changes lead to various degrees of impairment of the
MCC process and become a major cause of airway obstruc-
tion, a key pathophysiological event in asthma exacerba-
tions and asthma deaths (see review!? 1).

Comparison of airway mucosa in biopsies of patients
with asthma before and after glucocorticoid therapy shows
an amelioration or normalization of this hypersecretory
phenotype, with an increase in ciliated cells and restoration
of the normal ratio of ciliated/goblet cells.* The mechanism
of this effect is complex and not completely understood; it
can be ascribed in part to indirect effects, such as the inhibi-
tion by glucocorticoids of the expression of inflammatory
mediators that stimulate GCH and/or mucin production.
Among these, Ty2 cell-derived cytokines such as IL-4,
IL-13, and IL-9 are major inducers of GCH, as well as the
potent proinflammatory cytokines TNF-o, IL-1-, and
IL-6 (see review'**). The inhibition of chemokine-driven
recruitment of inflammatory cells®* and the effect on mi-
crovascular leakage52 also play important but indirect roles
in the control of GCH by glucocorticoids.

The mechanisms controlling GCH, the expression of
airway MUC genes, and the process of goblet cell degran-
ulation are distinct,"* and glucocorticoids differentially
affect these events in a direct fashion. In a model of
ovalbumin-induced lung inflammation, systemic adminis-
tration of dexamethasone (at 1 wg/kg/d) for 8 days, in
parallel with the allergen challenge, reduced the increase
in goblet cell numbers seen in sham-treated animals,
inhibited inflammatory cell recruitment, and significantly
reduced the severity of established GCH when adminis-
tered postchallenge.53 However, a shorter (3-day) treat-
ment regimen in the same mouse model did not affect
GCH.’* Dexamethasone inhibited MUCSAC expression
in human and rodent primary epithelial cells and in the
human cell lines A549 and NCI-H292, but it did not affect
its secretion in rodent primary cells.>>>” In contrast, a
6-day administration of 0.5 mg/kg dexamethasone failed
to reduce MUCSAC overexpression and GCH in a mouse
model of IL-13 overexpression while fully inhibiting
CCL11/eotaxin expression and eosinophil accumulation
in the lung.>® Importantly, IL-13—dependent hypersecre-
tory changes were found to be STAT-6—dependent58; in
airway epithelial cells, both the expression and the activa-
tion of STAT-6 induced by IL-4 are not sensitive to gluco-
corticoid action.”® In human asthma, Groneberg et al*®
found no difference in the expression and distribution of
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MUCSAC and MUCSB in bronchial biopsies from patients
with mild asthma after a 1-month period of daily treatment
with 1600 pg of the ICS budesonide.

Mucus cell metaplasia has also been associated with the
overexpression of a Na™ /K /CI cotransporter, a regulator
of transepithelial Cl secretion, and of a member of the
Ca2 " -activated CI” channel family, although the function
of the latter molecule as CI™ channel is still controver-
sial.%*%% The effect of glucocorticoids on these molecules
is not known; however, some of the antisecretory effects
of glucocorticoids could be mediated by the inhibition of
CI secretion occurring through rapid, nongenomic mech-
anisms documented in human bronchial epithelial cells in
vitro within 15 minutes of exposure to low concentrations
of dexamethasone.®?

Studies looking at MCC in an allergen challenge sheep
model and in patients with mild asthma showed that short-
term courses of ICS and systemic glucocorticoids affected
MCC only transiently, or did not have any effect, respec-
tively, despite improvement of patients’ FEV/ in the latter
study.®*®> However, an earlier study reported a significant
improvement of MCC in outpatient, steroid-responsive
patients with asthma after a 4-week treatment with sys-
temic glucocorticoids.®®

Together, these data suggest that glucocorticoids can
directly affect goblet cells by modulating mucin gene
expression, but such an inhibitory effect appears to be
time-dependent, concentration-dependent, and stimulus-
dependent. The lack of effect of short-term glucocorti-
coid treatment found by in vivo studies suggests that
the global anti-inflammatory effects of glucocorticoids
on the mediators and processes driving hypersecretory
changes, over the course of chronic treatment, may
chiefly dictate the drug’s ability to normalize GCH and
mucus hypersecretion, allowing the epithelium to regain
an efficient MCC function through restoration of its nor-
mal structure.

New insights on the pathways involved in mucus
hypersecretion warrant more studies on the effects of
glucocorticoids on goblet cells. Activation of the EGFR
induces MUCS5AC expression and goblet cell metaplasia,
an event inhibited by specific EGFR tyrosine kinase inhibi-
tion.®” The specific effect of glucocorticoids on EGFR-
mediated mucin production is not known; however, the
increased epithelial expression or activation of EGFR in
patients with mild or severe asthma was not modified by
glucocorticoid treatment in vivo or in vitro.””* Given the
potential relevance of the EGFR signaling pathway in reg-
ulating mucin expression in innate immune responses,’®
this lack of direct glucocorticoid effect may be consistent
with the hypothesis of a sparing effect of glucocorticoids
on innate immunitys; on the other hand, it constitutes one
of the most important glucocorticoid-insensitive epithelial
pathways in severe asthma.>*® Given the insensitivity to
glucocorticoids of IL-13—induced GCH and of STAT-6
expression and activation in airway epithelium,””? it can
be hypothesized that glucocorticoids would not affect the
IL-13—dependent and STAT-6—dependent expression of
the SAM pointed domain-containing ETS transcription
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factor, recently identified in mouse airway epithelium in as-
sociation with GCH.®

EFFECTS OF GLUCOCORTICOID ON
EPITHELIAL INNATE IMMUNE RESPONSES

Standing at the edge of the respiratory tree and facing
the outside world, epithelial cells are the prime protagonist
of the innate immune surveillance in the airways. Once
past the mucus barrier, a large host of innate antimicrobial
responses are carried by epithelial cells on cell activation
mediated by transmembrane and cytoplasmic PRRs, be-
longing to either TLR and non-TLR families, or other
entry receptors recognizing a wide spectrum of microbial
components and proteins, named collectively pathogen-
associated molecular patterns.”®

The epithelial response that follows pathogen recogni-
tion by PRRs is complex and includes increased expres-
sion of molecules that function in host defense such as
cytokines, chemokines, adhesion pathways, enzymes, and
compounds with antimicrobial properties. Comprehensive
reviews of the receptors, pathways, and mediators used by
epithelial cells to mediate their innate immune response
have been published recently.®”"’? The innate immune
response has been found to be profoundly impaired in
the epithelium of patients with asthma. After infection
with rhinovirus, asthmatic epithelium displays a defi-
ciency in production of IFN type I and a deficiency in
induction of apoptosis, permitting infected cells to live
longer and shed more viruses.’*’* Aberrant innate epithe-
lial responses are thought to be a primary factor of asthma
pathophysiology, together with a viral and allergic compo-
nent, because research by Holtzman et al” indicates that a
subset of genes triggered by the innate response of epithe-
lial cells to fight viral infections (STAT-1, intercellular ad-
hesion molecule [[CAM]-1, CCL5/RANTES, IL-12p40)
appears to be also aberrantly expressed in asthma, and to
be only partially sensitive to glucocorticoids. Overall,
the response elicited by viral infection is less glucocorti-
coid-sensitive in the asthmatic epithelium. Treatment
with high doses of glucocorticoids does not rescue the
diminished expression of IFN-f induced by rhinovirus
in vitro in ICS-naive epithelial cells obtained by bronchial
brushing from patients with mild asthma, whereas double-
stranded RNA-induced upregulation of IFN-f is signifi-
cantly inhibited in cultured primary epithelial cells and
in 2 epithelial cell lines by treatment with the potent topi-
cal glucocorticoid fluticasone propionate (FP).? Epithelial
expression of ICAM-1 is profoundly inhibited in vitro in-
normal primary cells or cell lines.”>"’® However, a 2-week
regimen of the ICS budesonide in steroid-naive patients
with mild asthma did not inhibit the increase in epithelial
ICAM expression induced by an experimental infection
with rhinovirus 16, as assessed by immunohistochemical
evaluation of bronchial biopsies.”” Collectively, these
data suggest that some features of the epithelial phenotype
in asthma are selectively resistant to glucocorticoids.
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The major culprit of exacerbations of asthma and other
chronic allergic airway diseases are indeed microbial
infections, in particular those driven by viruses.”® The cy-
tokines and mediators, generated in response to microbial
invasion by the epithelium and by the recruited inflamma-
tory cells, activate the hypothalamic-pituitary axis. This
event produces a rise in the endogenous corticosteroids
from the adrenal cortex, which limits the overexpression
of inflammatory responses.”” Because regular ICS ther-
apy consistently decreases the overall frequency of
disease exacerbations (see review®®) without favoring
susceptibility to respiratory infections, it is relevant to un-
derstand the mechanism of action of glucocorticoids on
the pathways of innate immunity. Mounting data indicate
that glucocorticoids have a global protective effect on in-
nate immunity through an enhanced expression of genes
involved in host defense.®' ™ Regarding the epithelial
innate immune response, Schleimer® proposes that al-
though glucocorticoids are potent inhibitors of epithe-
lial-derived adaptive proinflammatory responses, they
spare or enhance the expression of epithelial genes in-
volved in innate immunity. A recent proof-of-concept
study by Zhang et al’ shows that the TLR-3-mediated ep-
ithelial expression of many molecules with host defense
functions was either unchanged or increased by cell co-
treatment with FP. At the same time, TLR-3—induced ex-
pression of inflammatory cytokines and chemokines was,
as expected, significantly inhibited by FP. Furthermore,
they identify the transcription factor CCAAT/enhancer
binding protein 3 as a selective mediator of glucocorticoid
action on molecules involved in host defense. Combined
cell treatment with FP and TLR-3 ligands induced the
epithelial expression and function of CCAAT/enhancer
binding protein 3, and silencing of this transcription
factor significantly reduced the induction of host defense
genes without affecting the concomitant inhibitory activity
of FP on inflammatory cytokines and chemokines.” Some
of the effects of glucocorticoids on host defense molecules
reported in this study are summarized in Table 1.

Another process used by glucocorticoids to boost
epithelial innate immune responses is the upregulation
of TLR-2, which has been reported to occur in vitro in syn-
ergism with either bacterial products or with inflammatory
cytokines®*®” and to mediate an increased production of
cytokines and chemokines.®**” TLR-2 recognizes several
products of Gram-positive bacteria and is upregulated by
TNF-a through an NF-kB-mediated pathway.®® TLR-2
is also expressed in the adrenal tissue, and TLR-2 defi-
ciency is associated with an impaired glucocorticoid
response.®” The molecular mechanism of glucocorticoid-
induced TLR-2 in epithelium consists of distinct mecha-
nisms, including induction of enzymes that act on negative
regulators of the TLR pathways or TLR-driven transcrip-
tional regulation (see review”®). Glucocorticoids were
found synergistically to enhance TLR-2 expression in-
duced by nontypeable Haemophilus influenzae in primary
epithelial cells through a selective upregulation of the
mitogen-activated protein kinase (MAPK) phosphatase
1 (MKP-1), which inactivated p38 MAPK, a negative
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regulator for TLR-2 expression.m’85 Glucocorticoid-in-
duced potentiation of epithelial TLR-2 is also triggered by
IL-1 B.84‘85 In this case, in addition to p38, glucocorticoid-
induced MKP-1 inactivated the c-Jun N-terminal kinase
(JNK), which also was found to be a negative regulator
of TLR-2 expression.

Coexisting with the negative cross-talk between gluco-
corticoid-induced MKP-1 and MAPKs, Hermoso et al®®
demonstrated that upregulation of TLR-2 in A549 lung
epithelial cells by dexamethasone is also a result of a com-
plex control exerted at transcriptional level by a coopera-
tive interaction between NF-kB and STAT, each engaging
their respective consensus sequences on the TLR-2 pro-
moter and recruiting the glucocorticoid receptor (GR),
through its activation function domain 1, to a glucocorti-
coid response element-like element present in the 3" end
of the TLR-2 promoter.

EFFECTS OF GLUCOCORTICOIDS ON
EPITHELIAL FUNCTIONS INVOLVED IN
ADAPTIVE IMMUNE RESPONSES

After the triggering of a direct, innate immune response,
pathogen recognition elicits a shift toward higher adaptive
immune responses, and epithelial cells actively participate
in this process. In response to PRR engagement, epithelial
cells secrete factors that recruit and activate dendritic cells
(DCs) as well as leukocytes, serving as an essential bridge
between innate and adaptive responses; subsequently,
the epithelium is able to respond to the cytokine milieu
established by the recruited inflammatory cells with the
expression of discrete patterns of chemokines, cytokines,
growth factors, and inflammatory mediators that maintain
and amplify an inflammatory loop established between
Ty2-driven epithelial activation and selective, epithelial-
driven leukocyte recruitment.®*?

Effect of glucocorticoids on the cross-talk
of epithelium-DCs

The proximity of DC and epithelium within the airway
mucosa and the wide range of mediators with potential
reciprocal regulation make the epithelial-DC interaction a
critical component of the airway response to antigens,”'
although most of these interactions are still ill-defined.
Activation of epithelial cells by allergen, bacterial pro-
teins, and cytokines leads to the upregulation of ICAM-
1, GM-CSF, and chemokines such as CCL20/macrophage
inflammatory protein 3o (MIP-3at), CCL5/RANTES, and
CXCL10/TFN-y—inducible protein 10 (IP-10) shown to in-
fluence the recruitment and/or maturation of DC precur-
sors within the airway mucosa.”>”* Moreover, a variety
of TLR ligands, Ty2-derived cytokines, and rhinovirus in-
fection induce in vitro in airway epithelium the production
of the IL-7-like cytokine thymic stromal lymphopoietin
(TSLP).**°% TSLP induces CD11c* DCs to drive naive
Ty cells toward a T2 phenotype via the OX40-OX40L
pathway. 7 The expression of TSLP is increased in vivo
in the epithelium of patients with asthma compared with
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TABLE I. Glucocorticoid regulation of the expression of
molecules involved in host defense in human primary
bronchial epithelial cells*

Primary bronchial
epithelial cells:
host defense

Basal expression
or induction (+)
by treatment

Response to
glucocorticoid
in dsRNA-treated

molecules with dsRNA cellst
Complement

C3 + Enhanced

Factor B + Preserved
Defensins

HBD-1 + Preserved
Collectins

MBL Basal Preserved

SpD + Preserved
Pentraxins

CRP - Induced
Other antimicrobial

proteins

Lysozyme Basal Preserved

Lactoferrin Basal Preserved

SLPI Basal Preserved

SAA + Preserved

CCL20/MIP3-a + Preserved

Based on Zhang N, Truong-Tran QA, Tancowny B, Harris KE, Schleimer
RP. Glucocorticoids enhance or spare innate immunity: effects in airway
epithelium are mediated by CCAAT/enhancer binding proteins. J Immunol
2007;179:578-89.°

*Gene expression is defined as basal when detected in unstimulated cells
and unchanged by treatment; (+) indicates significant stimulus-dependent
upregulation; (—) indicates lack of expression in resting and stimulated
samples in the absence of glucocorticoids.

FGlucocorticoid responses were significantly increased (enhanced) or
spared (preserved).

healthy subjects, and it correlates with disease severity
and with the expression of Ty2-recruiting cytokines.”®
The expression of TSLP is therefore a critical link between
the initial epithelial response and the establishment and
maintenance of the allergic response in the airways, eli-
cited both in the setting of innate and adaptive responses,
and clearly represents an important therapeutic target.4
Other epithelial-derived products such as 3-defensin-2,
potent chemoattractant and activator of immature DC,
TGF-, and prostaglandin E,’* have the potential to mod-
ulate DC function as well.

Glucocorticoids negatively regulate the epithelial ex-
pression of many of these molecules, such as GM-CSF,
which acts on DCs as a potent growth factor and activa-
tor,loo’101 TSLP,96 and B-defensins.9 These data indicate
that inhibition of epithelial-derived signals enabling the
recruitment and activation of DCs is an important compo-
nent of the anti-inflammatory effect of glucocorticoids.
However, the expression of CCL20/MIP-3«, another po-
tent chemoattractant for immature DCs and CCR6 ligand,
is increased by glucocorticoid treatment in vitro in primary
epithelial cells.” Given the potent antibacterial function of
CCL20/MIP-3a, the authors of this study hypothesize that
such regulation favors the protective effect of glucocorti-
coids on host defense responses. Further clarification of
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the pathways and molecules responsible for DC accumu-
lation in the lungs will be necessary to establish the rele-
vance of glucocorticoid-regulated changes in epithelial-
derived DC chemoattractants.

Effect of glucocorticoids on epithelial-driven
leukocyte recruitment and activation

The inhibition of leukocyte infiltration is a key compo-
nent of the anti-inflammatory action of glucocorticoids,
and of the control of the severity of asthma and other
allergic airway diseases.'%% It is well established that this
particular effect of glucocorticoids is achieved in large
part by inhibiting the expression of cytokines, chemokines,
and inflammatory mediators promoting the recruitment,
proliferation, activation, and survival of inflammatory
cells such as T2 cells, eosinophils, and basophils.m2
Airway epithelial cells are a key source of such factors,
and inhibition of epithelial gene expression relevant to leu-
kocyte recruitment and activation is indeed a major target
of therapy with ICSs.*** Blockade of airway eosinophilic
infiltration by glucocorticoid treatment relies largely on the
inhibition—observed both in vitro and in vivo—of epithe-
lial-derived GM-CSF, which promotes eosinophil sur-
vival, and of the expression of eosinophilic chemokines
and CCR3 ligands such as CCL11/eotaxin-1, CCL24/
eotaxin-2, and CCL13/monocyte chemoattractant protein
(MCP)—4 (see review™). Inhibition of Ty52 cell recruitment
relies as well on the glucocorticoid inhibition of epithelial
CCR4 ligands such as CCL17/thymus- and activation-reg-
ulated chemokine.'® Importantly, overexpression of both
eosinophilic and Ty2 cell-specific chemokines is mostly
under the joined control of TNF-a and of Ty2-derived cy-
tokines, like IL-4 and IL-13.'9%19% Therefore, glucocorti-
coid inhibition of epithelial CCR3 and CCR4 ligands
blunts an important inflammatory loop between epithe-
lial-activating signals from T cells and T cell-recruiting
signals from epithelium.

Similarly, when activated by IFN-v in the context of
a Tyl-driven response, epithelial response is relatively
skewed toward the recruitment of CXCR1-bearing neutro-
phils and CXCR3-bearing Ty cells through the induction
of the appropriate ligands, CXCL8/IL-8, CXCL1/growth-
regulated oncogene o, CXCL5/epithelial neutrophil acti-
vating peptide-78, CXCL9/monokine induced by IFN-y
(Mig), CXCL10/IP-10, and CXCL11/IFN-inducible T-cell
chemoattractant (ITAC), as well as of potent monocyte
chemoattractants like CCL5/RANTES (see review®).
The CXCR3 ligand chemokines are upregulated during
viral responses105 and in Ty 1-driven diseases such as tuber-
culosis.'% Although the production of CCL5/RANTES is
significantly inhibited by glucocorticoid both in vitro and
in vivo,'0""108 expression of the IFN-y—induced CXCR3
ligands CXCL9/Mig, CXCL10/IP-10, and CXCL11/
ITAC, which are possibly the most abundant chemokines
secreted by epithelium, were found to be insensitive to
dexamethasone in epithelial cell lines as well as in primary
cells,'% although a later in vitro study found CXCL10 to
be suppressed in primary epithelial cells by the more potent
glucocorticoid fluticasone.'” Similarly, the inhibition of

J ALLERGY CLIN IMMUNOL
DECEMBER 2007

CXCLS8/IL-8 by glucocorticoid treatment has been re-
ported in vitro®'® and in bronchial biopsies of patients
with mild asthma,''® but other studies found unaltered, or
even enhanced, expression of CXCLS8/IL-8 and CXCL10/
IP-10 after glucocorticoid treatment in bronchial biopsies
from patients with moderate-to-severe asthma.”®''" The
neutrophilic CXCL5/ENA-78 was enhanced as well by
treatment with fluticasone.'” Clearly more studies are
needed to establish the glucocorticoid sensitivity of CXC
chemokine expression according to the trigger, severity,
and treatment regimen of asthma. It is possible that a rela-
tive lack of glucocorticoid sensitivity of key neutrophilic
chemokines may have a permissive role for the persistent
neutrophilia observed in more severe asthma and during
acute viral infections, which are clinical settings with a
known limited response to glucocorticoids. Similarly,
lack of suppression of CXCR3 ligands may underline the
coexistence of a Tyl-driven component in mucosal in-
flammation after viral infection.”

The mechanisms regulating glucocorticoid action on
epithelial-derived chemokines entail both transcriptional
and posttranscriptional regulation43’1 12 however, the mo-
lecular basis of the unresponsiveness to glucocorticoids
of some CXC chemokines in epithelium are yet to be
uncovered.

Effect of glucocorticoids on cytokine-
inducible enzymes: COX-2 and inducible
nitric oxide synthase

Epithelial cells express 5-lipooxygenase, 2-lipooxyge-
nase, and 15-lipooxygenase and inducible COX enzymes,
enabling them to generate lipid mediators that influence
vascular and smooth muscle tone.''? Inhibition of COX-2
by glucocorticoids in airway epithelium has been de-
scribed in vitro and in vivo.''*"'> In the epithelial cell
line BEAS-2B, the inhibitory effect of glucocorticoid on
COX-2 was found to be specific, because neither COX-
1 nor the constitutive and inducible forms of phospholi-
pase 2 were affected, and a generation of prostaglandin
E; induced by bradykinin was inhibited by cell treatment
with fluticasone, budesonide, or triamcinolone in this rank
order of potency.' 16

Endogenous nitric oxide (NO) is a physiological
component of exhaled air. Levels of exhaled NO are
increased in patients with asthma by de novo synthesis,
through the activation of the inducible form of the NO
synthase (iNOS), which is highly expressed in airway
epithelium."'” The upregulation of iNOS in the epithe-
lium of patients with asthma, as well as the levels of
exhaled NO, are controlled by ICS therapy.''> However,
the ultimate proinflammatory or anti-inflammatory role
of this pathway—and therefore the relevance of its control
by glucocorticoids—is not fully established yet.'"

Table II summarizes the results of several in vitro and
in vivo studies showing glucocorticoid modulation—at
the mRNA and/or protein level—of the main epithelial
products acting on recruitment and activation of inflam-
matory cells (see review8’43).
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MOLECULAR DETERMINANTS OF
GLUCOCORTICOID ACTION IN AIRWAY
EPITHELIUM

Integrated mechanisms of action for a
multitasking hormone

Glucocorticoids exert their anti-inflammatory action
through a global, integrated action on the mechanisms that
regulate gene expression, from early signaling events to
the nuclear, transcriptional mechanisms and to posttrans-
criptional and posttranslational regulatory events occur-
ring mainly in the cytoplasm. The study of glucocorticoid
action in genome-wide studies has clearly shown that
the net result of this complex regulation, which acts in a
highly context-specific, cell-specific, and gene-specific
fashion, is a global change in gene expression patterns
that coordinately affect different aspects of immune
responses.gl’82 Many recent and thorough reviews have
critically analyzed the current knowledge on established
and emerging mechanisms of the anti-inflammatory action
of glucocortic:oids.8’90’1 8122 11 this review, we briefly re-
fer to the main areas of gene regulation affected by gluco-
corticoids and then focus in particular on pathways of
glucocorticoid regulation that are emerging as potentially
relevant for therapeutic modulation of the airway epithe-
lial response.

The influence of glucocorticoids on gene expression is
initiated by binding of endogenous or synthetic glucocor-
ticoid ligands, which freely pass the cellular membrane, to
the GR in the cell cytoplasm. Two main isoforms of the
human GR are generated by alternative splicing of the GR
transcript: the predominant isoform is GRo, which dis-
plays steroid-binding and transactivating activity and is
present, in complex with chaperon proteins, within the
cytoplasm of the majority of cell types. The isoform GRf3
possess a shortened ligand binding domain and is ex-
pressed less ubiquitously and at far lower levels (see
review'>?). Although GR has been found to be devoid of
DNA-binding and transactivating activity and is function-
ally characterized as a dominant negative of GRa activ-
ity,'* recent data identified the binding of a unique
ligand, the glucocorticoid antagonist RU-486, to GRf3
and the ability of this isoform to regulate gene expression
in the absence of GRa.'**

Ligand binding leads to phosphorylation and confor-
mational changes of the GRa (from now on referred to as
GR), which disassociates from a multimeric complex with
heat shock proteins within the cytoplasm and translocates
in the nucleus. Homodimers of ligand-activated GR act as
a transcription factor that can influence gene transcription
through DNA-dependent mechanisms by binding to a set
of structurally and functionally diverse consensus se-
quences, the GRE, present within the 5’ promoter region
of target genes.125 The functional outcome—activation
or repression—of DNA-dependent transcriptional regula-
tion by GR is contingent on the type and sequence of each
GRE, the presence of other cofactors interfacing with the
GR through distinct regulatory domains, and the local
conformation of the chromatin structure.”® Studies in the
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last decades have shown, however, that transcriptional
inhibition of proinflammatory genes by glucocorticoid
can also be mediated by DNA-independent ‘‘transrepres-
sion,”” mediated by interactions with other DNA-binding
transcription factors such as AP-1 and members of the
NF-«B family.l%’128 Other transcription factors, like
members of the STAT and Forkhead box families, interact
with glucocorticoids and modulate aspects of the immune
response.''®!?? Downstream of transcription factor bind-
ing, glucocorticoids may also prevent gene transcription
by altering chromatin structure, by either increasing his-
tone deacetylation or decreasing histone acetylation, and
by hindering the access of transcription factors to their
response elements by causing DNA to remain bound to
histones (see review'*°).

Positive transcriptional regulation or ‘‘transactivation”
of gene expression is rapidly rising in ranking as arelevant
mechanism in controlling the action of glucocorticoid
on immune responses.m’82 Some of the glucocorticoid-
induced genes, which are discussed in the following para-
graphs, mediate effects on MAPK-mediated signaling
and posttranscriptional regulatory events, extending the
mechanism of glucocorticoid control on gene expression
to pathways of cell signaling and to control of mRNA turn-
over and translation, '?%!3!-133

Glucocorticoids can also produce rapid nongenomic
effects, which are defined as biological actions that
precede or do not influence gene expression, and are
mediated by the activation of signaling cascades.'** The
role of nongenomic mechanisms in the glucocorticoid
therapy of asthma is still controversial and represents
a growing area of investigation (see review®'??),
Nongenomic effects appear to be particularly relevant
for glucocorticoid action on endothelium.'* In airway ep-
ithelium, nongenomic mechanisms regulate intracellular
pH, Ca’>*, and protein kinase A activity and inhibit CI™
secretion, potentially mediating some of the antisecretory
effects of glucocorticoids.®®

Glucocorticoid receptor in airway epithelium

Early in vitro studies demonstrated through Northern
and Western blot analysis that primary airway epithelial
cells as well as the cell line BEAS-2B express a functional
GR, to which radiolabeled ligands bound with high affin-
ity. In BEAS-2B cells, treatment with glucocorticoid-
activated a GRE-mediated reporter activation, as well as
the transrepression of AP-1 and NF-kB reporters, substan-
tiating the hypothesis that epithelial cells were a target of
the anti-inflammatory effects of ICSs."*® Localization of
GR in airway epithelium was detected in normal and asth-
matic bronchial biopsies at the mRNA and protein
levels.'*” A decreased GRa/GRP ratio correlates with
the development of glucocorticoid resistance in asthma
and other inflammatory diseases.'*1%% A preferential in-
crease of GR[3 protein levels over GRa followed by a
loss of glucocorticoid response was generated in vitro
by treatment of HeLa cells with inflammatory cytokines,
indicating a mechanism by which inflammation may
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T
% g' TABLE Il. Effect of glucocorticoid (GC)* on expression of epithelial-derived genes acting on recruitment, survival,
° g and activation of inflammatory cells
]
3 : Growth factors/ Adhesion, enzymes,
% g_ Cytokines GC receptors GC Chemokines GC other GC
“ CXC
IL-18 1 GM-CSF ! CXCL1/Gro-a 1 ICAM =
IL-6 | TGF-B | CXCL5/ENA-78 1 Vascular cell |
adhesion molecule
1L-9 l CXCLS/IL-8 let E-cadherin l
IL-11 l EGFR - CXCL9/Mig « B-Catenin l
IL-12gp120 l CXCL10/1P-10 | vy-Catenin l
IL-16 | CXCLI1I/ITAC R
TNF-a ! iNOS 1
cc COX2 !
CCL2/MCP-1 l
CCL5/RANTES l B-Defensin 1
CCL11/eotaxin-1 |
CCL13/MCP+4 l
CCL17/thymus- and |

activation-regulated chemokine
CCL24/eotaxin-2 |

*Up, down, and bidirectional arrows denote, respectively, upregulation, inhibition, and no change described at mRNA and/or protein level after GC treatment in in
vitro and in vivo studies (see reviews by Schleimer® and Stellato and Schleimer*?). For some genes, different outcomes have been reported in different studies.

induce glucocorticoid resistance.'* Although the correl-
ative value of this finding with glucocorticoid resistance
is established in several diseases treated with glucocorti-
coids, the pathophysiological relevance of this finding
in glucocorticoid-resistant asthma is still controver-
sial,"**'*? as is its occurrence in airway epithelium.
Immunohistochemical studies on expression of GRf in
cases of severe or fatal asthma and nasal polyposis
showed that increased protein levels of GR3 were mostly
in CD3" T cells, eosinophils, and macrophages.'**'** A
subsequent study did find immunohistochemical evidence
of a selective increase of GR[ in patients with severe
asthma compared with patients with asthma with moder-
ate disease.'*> However, an earlier study evaluating the
expression of GR in bronchial epithelium in patients
with asthma—and extended later by the same group to
PBMCs—found no difference in GR expression among
control subjects and glucocorticoid-responsive and glu-
cocorticoid-dependent patients with asthma, despite the
loss of glucocorticoid inhibition of GM-CSF expression
found only in the epithelium of glucocorticoid-depen-
dent patients with asthma.**'* More studies will be
necessary to establish unequivocally whether the GRf3
isoform is in fact predominant in epithelial cells of glu-
cocorticoid-resistant patients with asthma, what level of
GRp overexpression is needed in vivo to tip cells over
glucocorticoid resistance, and what are the mechanisms,
beyond the action as dominant negative of GRa func-
tion, that are carried out by GRP in the context of glu-
cocorticoid-resistant response during inflammation, also
in light of the recent data on specific transactivating
properties of GRB.124

Another layer of complexity in glucocorticoid regula-
tion was added by the important discovery of multiple
GRa isoforms arising from the GR gene by translational

mechanisms.'*® These isoforms display tissue-specific
patterns of distribution and only partially overlapping tran-
scriptional profiles. The data suggest that the ratios of var-
ious GR isoforms in a given cell type can modify
glucocorticoid transcriptional activity. It is likely that fu-
ture studies will focus on the characterization of the profile
of GRa isoforms expressed in airway epithelial cells, be-
cause this would greatly advance the understanding
of epithelial-specific responses to glucocorticoids and their
potential alterations in glucocorticoid resistance in asthma.

DNA-independent gene regulation in
epithelium: beyond transrepression

Interaction of the GR with AP-1 and with members
of the NF-kB family leading to repression of the tran-
scriptional activation of proinflammatory genes is an
established mechanism of the anti-inflammatory activity
of glucocorticoids.'*”-'*® However, evidence of gluco-
corticoid-driven transrepression of AP-1-mediated or
NF-kB-mediated regulation has been very discordant in
epithelial cells, suggesting that this mechanism may occur
according to discrete conditions of cell stimulation and
the timing or concentration of the glucocorticoid.
Epithelial immunostaining for activated NF-kB was in-
hibited by an 8-week treatment with budesonide in pa-
tients with mild asthma, in conjunction with inhibition
of the NF-kB—driven genes GM-CSF, TNF-a, and vascu-
lar cell adhesion molecule 1“0; similarly, a 6-week regi-
men with ICSs led to a reduction, observed by
electromobility shift assay, of NF-kB binding to nuclear
extracts obtained from bronchial biopsies of patients
with mild asthma.'*’ In contrast, a 4-week course of treat-
ment with inhaled fluticasone did not influence epithelial
NF-kB expression and DNA-binding activity.148 Invitro,
cytokine-induced NF-«kB binding to the iNOS promoter
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was inhibited by glucocorticoid treatment in A549 cells' -

however, several studies found that NF-kB expression, its
nuclear translocation, or its binding to DNA, which medi-
ated the expression of cytokines and chemokines, was not
modified by glucocorticoid treatment.'*'*? Interestingly,
another key transcriptional activator of Ty2-skewed
immune responses, STAT-6, is not a direct target of gluco-
corticoid action in epithelial cells.”'>?

It is important to underscore that protein:protein inter-
actions between GR and transcription factors do not occur
only in the context of transrepression, but can also occur to
implement cooperative transcriptional regulation between
proinflammatory and anti-inflammatory signals. As in the
case of activation function domain 1-dependent tethering
of GR to DNA-bound NF-kB and STAT in inducing
transactivation of the TLR-2 gene.86 Along with this novel
signaling pathway, highlighting the complex cross-talk
between glucocorticoids and the innate immune re-
sponses, new insights obtained in mouse macrophages in-
dicate that glucocorticoids interfere with TLR signaling
also by competition of GR for binding with corepressor
molecules like glucocorticoid receptor interacting protein
1, used by the transcription factor interferon regulatory
factor 3 in mediating TLR-3/4 activation of several IFN
and chemokine genes.153 It will be of interest to ascertain
whether this pathway is targeted by glucocorticoids in
epithelium as well.

DNA-dependent transcriptional regulation in
epithelium: new insights on the role of
transactivation in the effect of glucocorticoids
on immune responses

The advent of genome-scale hybridization studies has
been critical to achieve a global view of the effect of
glucocorticoids on gene expression. In different experi-
mental settings, the use of microarray technology has
clearly shown that glucocorticoid action displays a parallel
inhibitory and enhancing effect on gene expression, with
the activation effect equally represented, or even quanti-
tatively larger than the inhibitory effect.®'* Most impor-
tantly, in these studies, glucocorticoid-regulated gene
induction—validated by PCR and functional assays—is
elicited at glucocorticoid concentrations considered sub-
optimal or low (10"7 to 10~® mol/L) and believed so far
to be associated almost exclusively with transrepression.
Comprehensive reviews on glucocorticoid-induced genes
have been published recently.''®'>* Recent studies have
identified the induction, in airway epithelial cells, of 2
known glucocorticoid-inducible genes, glucocorticoid-
induced leucine zipper (GILZ) and MKP-1, and have
also identified the RNA-binding protein tristetraprolin as
a glucocorticoid-induced gene. We discuss their diverse
functions and potential relevance in the epithelial response
to glucocorticoids, because they represent well the multi-
plicity of mechanisms implemented by glucocorticoids to
carry out their anti-inflammatory action (Fig 2).

Glucocorticoid-induced leucine zipper is expressed on
glucocorticoid treatment in T cells, mast cells, eosinophils,
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monocytes, and epithelial cells. 3136 Overexpression
of GILZ in T cells, monocytes, and DCs in vitro, as well
as in T-cell-transgenic mice, mimics some of the anti-
inflammatory and immunomodulatory effects that gluco-
corticoid exerts on these cells (see review’*!'!®). The
induction of GILZ by glucocorticoids occurs through
binding of dimerized GR to its promoter region, which
contains several GREs (see review’®). GILZ mediates
transcriptional control by glucocorticoids by interaction
with Fos, Jun, and p65. Association of GILZ inhibits
both DNA binding and transcriptional activation by
AP-1 and NF-«kB in vitro and in GILZ-transgenic
mice,'>”1® thus providing glucocorticoids with potential
transcriptional control on a large number of immune me-
diators. Furthermore, GILZ inhibits phosphorylation of
the protein kinase Raf-1, therefore blocking the down-
stream activation of the MAP kinases, extracellular sig-
nal-regulated kinase (Erk) 1 and Erk 2."°° In airway
epithelial primary cells and cell lines (A549 and BEAS-
2B), GILZ expression was upregulated by glucocorticoids
and partially inhibited by IFN-y, IL-1f3, and TNF-« alone
or in combination. Overexpression of GILZ inhibited cy-
tokine-induced activation of a luciferase NF-«kB reporter
construct. Silencing of glucocorticoid-induced GILZ ex-
pression abrogated the inhibitory effect of glucocorticoid
on IL-1B-induced IL-8/CXCL8 mRNA expression in
BEAS-2B cells.'* Therefore, GILZ has a potentially rel-
evant anti-inflammatory role as a negative regulator of
NF-«kB activity in airway epithelium. However, GILZ
also increases the expression and activity of the epithelial
sodium channel a,mo which is thought to contribute to
glucocorticoid-mediated hypertension. Future availability
of a GILZ ™/~ mouse model could help clarify the net con-
tribution of GILZ to glucocorticoid action and to the con-
trol of NF-kB—mediated epithelial responses.

Carrying the glucocorticoid effect beyond
the nucleus: glucocorticoid induction of
MKP-1 and tristetraprolin

The action of glucocorticoids over immune responses
is achieved in part through inhibition of the activity of
members of the MAPK family, in particular of the stress-
activated protein kinase (SAPK)/INK, and p38/SAPK2.
These kinases regulate gene expression through transcrip-
tional as well as posttranscriptional mechanisms, by
phosphorylation of transcription factors and RNA-binding
proteins.'®" The inhibitory effect of glucocorticoids on
these pathways is mediated at least in part by the induc-
tion, in many cell types including airway epithelium, of
the MAPK phosphatase MKP-1 (also named dual-speci-
ficity phosphatase 1). By limiting MAPK signaling
through dephosphorylation of MAPK members, glucocor-
ticoid-induced MKP-1 limits the expression of inflamma-
tory genes. Studies with transgenic and knockout models
of MKP-1 have confirmed that this molecule is an
important negative regulator of inflammation (see re-
view'®>19%) Induction of MKP-1 by glucocorticoids is
potentially a relevant anti-inflammatory mechanism, as
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FIG 2. Mechanisms of glucocorticoid action in epithelial cells as discussed in this review. Glucocorticoids exert
their anti-inflammatory action through multiple mechanisms mediating coordinate changes in gene expres-
sion. Binding of glucocorticoids activates the GR, which disassociates from a multimeric complex with chape-
rone proteins and translocates in the nucleus. Ligand-activated, dimerized GR acts as a transcription factor,
controlling gene expression at transcriptional level (purple boxes) by either DNA-dependent mechanisms,
mediated by binding to GRE—or in rare instances to nGRE—or by DNA-independent mechanisms. In the latter
case, GR engages in protein:protein interactions with subunits of NF-kB, AP-1, and other transcription factors
and cofactors, producing either transcriptional repression (—) of inflammatory genes, or induction (+) of
genes involved in host defense such as TLR-2. Glucocorticoid-induced genes can also carry an inhibitory func-
tion by acting as transcriptional inhibitors (GILZ) or by mediating inhibitory glucocorticoid effects downstream
of transcription. Among these, induction of MKP-1 mediates inhibition of cytokine signaling, mediated by
members of the Erk/SAPK family; induction of tristetraprolin and MKP-1 mediates posttranscriptional effects
of glucocorticoids (green boxes) on mRNA turnover. Finally, some antisecretory effects of glucocorticoids in
epithelium appear to be mediated by rapid, nongenomic mechanisms (yellow boxes) independently from
modulation of gene expression. PKA, Protein kinase A.

suggested by the significant impairment of glucocorticoid
response in macrophages of MKP-17" mice.”*! As
mentioned, the induction of MKP-1 mediates the gluco-
corticoid-induced increase in epithelial TLR-2.%%%
Studies by Lasa et al'® indicated that glucocorticoid-
induced MKP-1 could extend glucocorticoid control to
posttranscriptional gene regulatory mechanisms. In fact,
MKP-1 was found to inhibit the p38-mediated process
of stabilization of COX-2 mRNA. The mechanism of
the induction of MKP-1 by glucocorticoids is yet unclear,
because its promoter region is devoid of canonical
GREs.” Given the large effect of MAPK signaling in
epithelial response in inflammation, further studies on
this glucocorticoid-induced pathway will likely yield
important mechanistic insights on how epithelial gene
expression is controlled by glucocorticoids.
Transcriptional control by glucocorticoids is integrated
with action on posttranscriptional gene regulation, which
modulates the rates of mRNA transport, decay, and trans-
lation and is critical in determining the timing and magni-
tude of the inflammatory response.'** Inflammatory stimuli
lead to phosphorylation-dependent transcript stabilization
of cytokines and other inflammatory mediators, leading
to a rapid rise of steady-state levels and protein translation;
in balance with this action, pathways promoting mRNA de-
cay are in place to limit the amplitude and the duration of

the inflammatory response.'®" Genome-wide studies indi-
cate that as many as 50% of genes induced during a stress
response are mainly regulated through posttranscriptional
means.' Studies in the airway epithelial cell line BEAS-
2B indicate that a similar percentage of genes appear to
be regulated by glucocorticoids through a posttranscrip-
tional component.'®® The RNA binding protein tristetrap-
rolin (also known as TIS11, Nup475, and GOS24), is a
member of a family of CCCH zinc finger proteins that in-
clude tristetraprolin, butyrate-response factor (BRF)-1,
and BRE-2.'¢7 Tristetraprolin is an early response gene in-
duced in many cell types by inflammatory mediators'®® and
promotes the mRNA decay of inflammatory mediators
such as TNF-o,'” GM-CSF, COX-2, iNOS, and
more'”*!'”! through binding to an adenylate-urydilate-
rich element (ARE) motif containing the UAUUUAU
heptamer, which is present in the 3’ untranslated region
(UTR) of the mRNA.!”? Mice deficient in tristetraprolin
display early onset of cachexia, severe inflammatory arthri-
tis, autoimmune dysfunction, and myeloid hyperplasia
through the deregulated expression of TNF-a and GM-
CSF,'” clearly indicating the importance of tristetraprolin
in limiting the inflammatory response.

In a study screening the effect of glucocorticoids on the
expression of RNA-binding proteins, tristetraprolin and
BRF-1 were found to be induced by glucocorticoids in
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primary airway epithelial cells and in the bronchial
epithelial cell line BEAS-2B.'* Pawliczak et al'’* re-
ported tristetraprolin among the transcripts induced by
glucocorticoids in normal human bronchial epithelial cells
in a genome-wide analysis of glucocorticoid-mediated
gene expression. Furthermore, Smoak and Cidlowski'**
have recently demonstrated that glucocorticoids induce
the production of tristetraprolin in vivo in several organs
in mice, including the lungs, as well as in the airway
A549 human epithelial cell line. Nuclear run-on experi-
ments in A549 cells indicated that dexamethasone induced
transcription of tristetraprolin, and chromatin immunopre-
cipitation assay identified association of the GR with areas
of the 5’ DNA flanking region of the tristetraprolin gene
containing consensus sites for STAT, SMA mothers
against decapentaplegic, and NF-kB, and with an area
on the 3’ end containing a GRE half-site. Silencing of tris-
tetraprolin expression by siRNA in A549 cells signifi-
cantly impaired glucocorticoid inhibition of TNF-a
expression; this process was dependent on the ARE-bear-
ing TNF-a 3" UTR, because treatment with dexametha-
sone selectively decreased the expression of a luciferase
reporter carrying the TNF-a 3’ UTR. Together with stud-
ies on the posttranscriptional effect of glucocorticoids on
COX-2 expression,164 these data point at ARE-mediated
control of transcript stability as an important yet under-
studied aspect of glucocorticoid action in epithelium.
Along these lines, a genome-wide study indicated that glu-
cocorticoid response in tristetraprolin '~ mouse embry-
onic fibroblasts is profoundly impaired, because about
85% of the overall changes after glucocorticoid treatment
were lost in comparison with the robust response elicited
in wild-type mouse embryonic fibroblasts.'**

As in the case of GILZ, tristetraprolin is also induced
both by glucocorticoid and inflammatory stimuli, the latter
presumably serving as an endogenous mediator that limits
the inflammatory response. To establish firmly the rele-
vance of glucocorticoid-induced proteins such as GILZ,
MKP-1, and tristetraprolin as mediators of glucocorticoid
action in epithelium, it will be important to implement
clinical studies to examine the levels of these proteins
in the airways of normal and well characterized patients
with asthma and their modulation after glucocorticoid
therapy, and to test their role in different murine models of
inflammation.

An epithelial gene controlled by
glucocorticoids through a negative GRE

Within DNA-dependent control of gene expression,
the occurrence of an inhibitory effect of glucocorticoid
mediated by a GRE, indicated as a negative (n) GRE, is
rare. Edwards et al'” report that in airway epithelial
cells, induction of IL-6 by rhinovirus is dependent on
a single nGRE site proximal to the TATA box and to
the transcription start site. Mutation of this consensus
site led to a loss of inhibition by fluticasone of a func-
tional IL-6 promoter construct. The authors of this
study speculate that binding of the dimerized GR to
the nGRE element could block the function of the
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RNA polymerase at the transcription start site, either
by steric hindrance or by preventing the binding of
other transcription factors and the subsequent formation
of the complex with coactivators, such as CBP or p300,
which are necessary to implement transcription.

SUMMARY

Glucocorticoids exert a profound effect on the immune
functions performed by epithelial cells in innate and
adaptive immunity. It is now well established by studies
in vitro and in vivo that glucocorticoids provide a substan-
tial inhibition of the proinflammatory response mounted
by the epithelium in response to triggers produced by in-
flammatory cells, and that the control of this epithelial-
driven response is an important component of the efficacy
of glucocorticoid therapy in asthma and other allergic
diseases of the airways. More recent studies have charac-
terized the equally relevant protective role that gluco-
corticoids play in the innate immune response of the
epithelium, which is a function of key importance in the
biology of this cell type, given its direct contact with
the external world. Primary alterations of the epithelial
layer, caused by genetic susceptibility and/or by early ex-
posure to viruses, as well as alteration of signaling brought
by inflammation may converge to create a distinct cell
phenotype displaying a lack of response to glucocorticoids
in epithelial cells of patients with severe asthma. As
genomic and biochemical studies keep extending the
complexity of the effect of glucocorticoid on gene expres-
sion, it is clear that the mechanisms mediating GR effects
involve multiple complex regulatory interactions, such as
those between glucocorticoid-induced MKP-1 and nega-
tive regulatory MAPKs, that are yet to be fully uncovered.
The contribution of the different mechanisms of gene reg-
ulation implemented by glucocorticoids, discussed in this
review, may integrate in a dynamic fashion, according to
the type of ongoing response, the cellular target, and the
genes involved.

To exploit the epithelial response to glucocorticoids for
therapeutics, we will need a better understanding of
these complex interactions among regulatory proteins—
transcription factors, coactivators and corepressors, and
RNA-binding proteins—occurring during the allergic re-
sponse at the transcriptional and posttranscriptional levels
of gene regulation; similarly, a better understanding of
the role of GR(3 and additional knowledge on the identity
of the epithelial isoforms of GRa will help define the
specific range of response that glucocorticoids exert in
epithelial cells, as well as their contribution to the multicel-
lular phenotypic changes underlying resistance to gluco-
corticoid therapy.

I'sincerely thank Dr John A. Cidlowski for critically reviewing the
manuscript. I am indebted to all authors’ work, from which I learned a
great deal in preparing this review, and I apologize for not including
all of the relevant publications in the reference list (because of space
limitations).
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