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Asthma is an inflammatory condition for which anti-inflammatory
glucocorticoids are the standard of care. However, similar efficacy
has not been shown for agents targeting inflammatory cells and
pathways. This suggests a noninflammatory cell contributor (e.g.,
epithelium) to asthmatic inflammation. Herein, we sought to define
the intrinsic and glucocorticoid-affected properties of asthmatic
airway epithelium compared with normal epithelium. Human pri-
mary differentiated normal and asthmatic airway epithelia were
cultured in glucocorticoid-free medium beginning at —48 hours.
They were pulsed with dexamethasone (20 nM) or vehicle for 2hours
at —26, —2, +22, and +46 hours. Cultures were mechanically scrape-
wounded at 0 hours and exposed continuously to bromodeoxyur-
idine (BrdU). Cytokine secretions were analyzed using cytometric
bead assays. Wound regeneration/mitosis was analyzed by micros-
copy and flow cytometry. Quiescent normal (n = 3) and asthmatic
(n = 6) epithelia showed similar minimal inflammatory cytokine
secretion and mitotic indices. After wounding, asthmatic epithelia
secreted more basolateral TGF-B1, IL-10, IL-13, and IL-1B (P < 0.05)
and regenerated less efficiently than normal epithelia (+48 h wound
areareduction = [mean = SEM] 50.2 = 7.5% versus 78.6 = 7.7%; P =
0.02). Asthmatic epithelia showed 40% fewer BrdU* cells at +48
hours (0.32 + 0.05% versus 0.56 = 0.07% of total cells; P= 0.03), and
those cells were more dyssynchronously distributed along the cell
cycle (52 + 10,25 = 4,23 = 7%for G1/GO, S, and G2/M, respectively)
than normal epithelia (71 = 1,12+ 2,and 17 = 2% for G1/G0, S, and
G2/M, respectively). Dexamethasone pulses improved asthmatic
epithelial inflammation and regeneration/mitosis. In summary, we
show that inflammatory/fibrogenic cytokine secretions are corre-
lated with dyssynchronous mitosis upon injury. Intermittent gluco-
corticoids simultaneously decreased epithelial cytokine secretions
and resynchronized mitosis. These data, generated in an airway
model lacking inflammatory cells, support the concept that epithe-
lium contributes to asthmatic inflammation.
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Asthmais a chronic inflammatory disease of the lower respiratory
tract characterized by airway hyperresponsiveness and mucus
obstruction (1). Pharmacologic analogs of cortisol (e.g., predni-
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CLINICAL RELEVANCE

These data, generated in an airway model lacking inflam-
matory cells, support the concept that asthmatic epithelium
is intrinsically inflammatory, fibrogenic, and mitotically
dyssynchronous. These results support our previously pro-
posed model predicting that asthmatic inflammation is
driven by intrinsic inflammatory, fibrogenic, and regener-
ative characteristics of epithelia that are rescued by gluco-
corticoids. If extended by further studies, antiinflammatory
treatment of asthma with glucocorticoids may best be
redirected to target pathological lung remodeling directly.

sone) have been used clinically since 1948 and remain the
standard of care for the treatment of a variety of inflammatory
diseases, including asthma (2). These glucocorticoids reduce the
pathological inflammation that is central to asthma, and they are
thought to control clinical asthma symptoms through their anti-
inflammatory effects (3). For example, Martinez and coworkers
report that inhaled fluticasone shows sustained (albeit reversible)
improvement in the proportion of asthma episode-free days,
a reflection of reduced inflammation when compared with
a placebo over a 2-year study period (4). Many agents, such as
recombinant IL-12 and IFN-v, that specifically target inflamma-
tory cells and their intercellular signaling pathways have not
shown similar efficacy to glucocorticoids in human trials
(reviewed in 5, 6). This argues against the idea that asthmatic
inflammation is merely the result of interactions between external
stimuli and classic inflammatory cells like eosinophils and T cells.
Rather, it is likely to involve complex interactions among mul-
tiple cell types, including noninflammatory resident cells of the
lung (i.e., airway epithelium, fibroblasts, and smooth muscle).

To clarify this inconsistency, we recently proposed a model
placing airway epithelium at the center of a network of interacting
inflammatory mediators (7). Due to its ability to simultaneously
respond to airborne pathogens and environmental challenges and
to interact with its tissue environments, airway epithelium is
regarded as a key lung tissue in asthma (8-10). In addition, airway
epithelium communication with lamina propria fibroblasts (11)
and smooth muscle has been described (12). Our model predicts
that asthmatic inflammation is driven by the intrinsic inflamma-
tory, fibrogenic, and regenerative characteristics of epithelium
that are rescued by glucocorticoids.

In the current paper we present data that support this pro-
posed model. We used a well established in vitro system wherein
human primary airway epithelial cells, lacking inflammatory cells,
from normal and asthmatic individuals are differentiated at an
air-liquid interface to morphologically mimic conducting airway
epithelium (13, 14). Our experiments showed that when induced
to regenerate, asthmatic epithelium is intrinsically inflammatory,
fibrogenic, and mitotically dyssynchronous. Furthermore, inter-
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mittent glucocorticoid exposures simultaneously reduced asth-
matic inflammation and resynchronized epithelial mitotic re-
generation. Some of the results of these studies have been
previously reported in the form of an abstract (15).

MATERIALS AND METHODS

Further details on several aspects of these experiments can be found in
the online supplement.

Cell Culture and Intermittent Glucocorticoid Exposures

Normal (n = 3) and asthmatic (» = 6) primary differentiated human
airway (i.e., bronchial) epithelia grown in 12-well plates on collagen-
coated Transwell membrane inserts at an air-liquid interface were
obtained commercially (#AIR-606 and #AIR-606-Asthma; MatTek
Corp., Ashland, MA). Donors underwent bronchoscopic brushing to
provide epithelial cells. Descriptive donor information provided by
MatTek Corporation for the individuals from whom cells were obtained
is shown in Table 1.

On arrival, the in vitro epithelia were washed with PBS, and the basal
medium was replaced with proprietary defined medium supplied by the
manufacturer. Cells were equilibrated at 37°C and 5% CO, for 16 hours,
followed by medium replacement with identical proprietary medium
lacking glucocorticoids and epidermal growth factor (EGF). This con-
dition was maintained for an additional 22 hours. Upon completion (i.e.,
—26 h on the experimental timeline shown in Figure 1), intermittent
glucocorticoid exposures began. Dexamethasone (DEX) (20nM) or PBS
vehicle (VEH) was added to the apical and basolateral epithelial surfaces
for 2 hours. At —24 hours, the medium was replaced with glucocorticoid-
and EGF-free medium. This 2-hour DEX/VEH pulse was repeated every
24 hours (i.e., at —2, +22, and +46 h) until cell harvest at +48 hours.

Mechanical Injury Model

An in vitro epithelial injury model that allows for the study of epithelial
repair processes in the lung was adapted for use in this study (16-18).
Briefly, at 0 hours on the timeline in Figure 1, epithelia were scraped in
two perpendicular lines with a pl000 pipette tip and placed in bromo-
deoxyuridine (BrdU)-containing (10 M) medium. BrdU-containing
medium was changed at +24 hours after the DEX/VEH pulse. Epithelia
were incubated at 37°C and 5% CO, until +48 hours. In some ex-
periments, wounds were imaged daily (i.e., at 0, +24, and +48 h) using
a 16X phase contrast objective lens, and wound area was measured in
triplicate by a single operator blinded to the culture conditions using
ImageJ Software (19). Contrast was enhanced equally in all images to
improve wound visualization.

Analysis of Inflammatory Mediators and Cell Cycle Analysis

Inflammatory (i.e., IL-1B, IL-6, IL-10, and IL-13) and fibrogenic (i.e.,
transforming growth factor [TGF]-B1) cytokines were measured in
apical and basolateral secretions at 0, +24, and +48 hours by flow
cytometry. These cytokines were selected as an initial screening set for
these experiments because of their prominent role in asthmatic in-
flammation and remodeling (5).

At +48 hours, cells were simultaneously labeled with the following
according to the manufacturers’ protocols: () a Carboxyfluorescein

-26
BrdU—

+46] +48 phours

A [nflammation

DEX—» Histology

Figure 1. Experimental design for in vitro wounding of respiratory
epithelia. Epithelia were pulsed for 2 hours every 24 hours with 20 nM
dexamethasone (DEX) or vehicle (VEH) at the times shown. Mechanical
scrape-wounding occurred at 0 hours with continuous apical and
basolateral bromodeoxyuridine (BrdU) exposure until cell harvest at
+48 hours for histological and mitotic analyses. Media samples were
frozen before measurement of inflammatory cytokines.

FLICA Apoptosis Poly-Caspase Detection Kit (Immunochemistry
Technologies, LLC, Bloomington, MN) and (2) an APC BrdU Flow
Kit containing 7-amino-actinomycin-D (BD Biosciences, San Jose,
CA). Data were analyzed by means of the cell cycle analysis feature
of FlowJo 7.6 (Tree Star, Inc., Ashland, OR).

Statistical Analysis

Statistical comparisons were performed in SPSS 17.0 software (SPSS
Inc., Chicago, IL) using ¢ test functions within time points. Results are
reported as mean = SEM unless otherwise noted.

RESULTS

Injured Asthmatic Epithelium Is Inflammatory and Fibrogenic

Flow cytometric bead assays were used to quantify a select
screening group of inflammatory (i.e., IL-1B, IL-6, IL-10, and
IL-13) and fibrogenic (i.e., TGF-B1) cytokines in apical and
basolateral secretions from asthmatic and normal epithelia at 0,
+24, and +48 hours after wounding. Normal and asthmatic
epithelia at time O hours (i.e., before wounding) exhibited
statistically similar levels of the cytokines investigated except
for higher basolateral secretion of IL-10. However, asthmatic
epithelia basolaterally secreted significantly higher levels of four
of the five cytokines during wound healing (Figure 2). In
particular, there was a significant between-group (i.e., asthma >
normal) difference for secretion of TGF-B1, IL-10, IL-13, and
IL-1B (all P < 0.05) for at least one time point during wound
healing (Figure 2). IL-6 was the only cytokine for which baso-
lateral secretion was not significantly different between asthmatic
and normal epithelia. With DEX pulses, asthmatic TGF-f1 and
IL-13 basolateral secretion were significantly reduced. Although
generally higher than in basolateral secretions, cytokine levels in
apical secretions were not different between wounded untreated
asthmatic and normal epithelia (data not shown).

TABLE 1. DESCRIPTION OF HUMAN BRONCHIAL EPITHELIAL CELL DONORS*

Donor Age (yr) Gender Race Smoking Medications
Asthmatic 7 Female Caucasian No Albuterol
9 Female African American No Albuterol, fluticasone, salmeterol

27 Female African American No Unknown

43 Female African American No Oral and inhaled steroids

45 Female Caucasian Yes Albuterol, fluticasone, salmeterol

46 Female Caucasian Yes None
Normal 5 Female Caucasian No None

13 Male Caucasian No None

33 Female Caucasian No None

* Provided by MatTek, Inc. (Ashland, MA).
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Figure 2. Asthmatic epithelial basolateral secretions are relatively
inflammatory after wounding. Levels of specific cytokines (TGF-B1,
IL-10, IL-6, IL-13, and IL-1B) measured by cytometric bead assay are
shown for basolateral epithelial secretions from asthmatic and normal
epithelia at 0, +24, and +48 hours. Asthmatic epithelia had signifi-
cantly higher basolateral secretion of TGF-g1, IL-10, IL-13, and IL-1B at
one or more time points. Dexamethasone (DEX) pulses decreased
secretion of TGF-B1 and IL-13 in asthmatic epithelia. Data are shown as
mean * SEM in pg/mL.

Asthmatic Epithelial Cell Mitosis Is Slow and Dyssynchronous

Epithelia were harvested into single-cell suspensions at +48 hours
for flow cytometry. Nonwounded asthmatic and normal epithelia
showed similar minimal background levels of BrdU™ cells,
an indicator of mitosis (Figure 3A). Due to the lack of mitotic
cells, no cell cycle analysis was performed on samples from this
condition.

Wounded asthmatic epithelia showed 40% fewer BrdU* cells
than wounded normal epithelia (mean + SEM: 0.32 + 0.05%
versus 0.56 = 0.07% of total cells; P = 0.03). Exposure of normal
cells to pulses of DEX did not significantly alter the quantity of
BrdU* cells in normal epithelia, whereas the quantity of asth-
matic epithelial mitosis approximated normal levels with DEX
pulses (0.55 = 0.13%; P = 0.19 versus wounded untreated
asthmatic cells) (Figure 3A).

To evaluate normal and asthmatic epithelial mitosis during
wound repair, flow cytometric cell cycle analysis for DN A content
(i.e., 7-amino-actinomycin-D) was performed by gating on BrdU*
cells with no detectable caspase activation (i.e., apoptosis) (Figure
3B). Caspase™ (i.., apoptotic) cells were rare in all conditions.
Cells in active mitosis were presumed to be regenerating the scrape
wound because of the extremely low rate of background mitosis in
nonwounded cultures. Normal epithelial mitosis was fairly syn-
chronous (e.g., > 70% of cells in G1/GO0) in the absence and
presence of pulse DEX (Figure 3C). Conversely, mitotically active

asthmatic epithelial cells exhibited a dyssynchronous distribution
among the cell cycle phases (53 = 5,21 = 3, and 26 + 4% for G1/
GO, S, and G2/M, respectively) compared with normal epithelia
(71 = 1,12 £ 2, and 17 £ 2% for G1/GO, S, and G2/M, re-
spectively). DEX-pulsed asthmatic cells showed similarly syn-
chronous mitotic activity to normal cells.

Normal and Asthmatic Epithelia Exhibit Differential
Wound Healing

Wounded normal and asthmatic epithelia were imaged by bright
field microscopy daily at 0, +24, and +48 hours using a 16X
phase-contrast objective lens. Normal epithelial wounds showed
visible healing regardless of DEX pulse (Figure 4A). Alterna-
tively, the asthmatic scars appeared relatively thin and were still
visible at +48 hours regardless of DEX pulses. This was evaluated
quantitatively by measurement of the wound area. Normal
wound area decreased from 0 to +48 hours by 78.6 = 7.7% with
vehicle alone and by 86.8 * 5.4% with DEX pulses. However, in
the absence of DEX, asthmatic epithelial wound area decreased
by significantly less (50.2 = 7.5%; P = 0.02) than normal epithelia.
With DEX pulses, asthmatic wound narrowing improved signif-
icantly (75.7 = 9%; P = 0.04) (Figure 4B).

DISCUSSION

We studied cultures of human primary differentiated asthmatic
and normal airway epithelia cultured at an air-liquid interface.
As in a recent study (20), we found that confluent, quiescent
normal, and asthmatic epithelial cultures were similar, with
minimal secretion of cytokines and mitotic activity as evidenced
by BrdU labeling. However, upon mechanical wounding, asth-
matic and normal epithelia exhibited different responses. The
asthmatic epithelial cultures showed increased basolateral secre-
tion of inflammatory/fibrogenic cytokines (as exemplified by
TGF-B1, IL-10, IL-13, and IL-1B) and showed slow, poorly
synchronized mitosis relative to normal controls. This was
associated with the poor wound repair observed for asthmatic
epithelia. Those markers of inflammation and dyssynchronous
regeneration were attenuated by intermittent glucocorticoid
pulses. These results support our proposed model that predicts
asthmatic inflammation is driven by intrinsic inflammatory,
fibrogenic, and regenerative characteristics of airway epithelium
that are rescued by glucocorticoids (7).

Cytokine (i.e., TGF-1, IL-10, IL-13, and IL-1B) secretion in
our experiments in response to epithelial injury is important given
accumulating evidence for airway epithelium-induced inflamma-
tory cell recruitment (21, 22) and the proliferation of fibroblasts
(23-25) and smooth muscle (12). In particular, basolateral
secretion of TGF-B1, which was increased in asthmatic epithelia
in our experiments, is one of the key mediators of fibroblast and
smooth muscle proliferation (26) and is a central component of
our previously published airway epithelial stress response gene/
protein network (27). Furthermore, IL-18 activates many in-
flammatory genes in asthma (28), and IL-13 is a critical mediator
of the classical Th2 asthmatic inflammation (29, 30). Conversely,
IL-10 is a potent immunoregulatory and antiinflammatory cyto-
kine that suppresses eosinophils (31), decreases airway hyper-
responsiveness (32, 33), and is increased during acute viral
exacerbations of asthma (34). The elevated basolateral secretion
of IL-10 from asthmatic epithelium at all time points suggests
a constitutive epithelial counter-regulation of inflammation
in vitro. This runs counter to reports of decreased IL-10 in BAL
fluid from individuals with asthma (35, 36). However, this
difference may be accounted for by BAL fluid cytokines reflect-
ing both apical epithelial and inflammatory cell secretions.
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hood asthma (38). In fact, airway epithelial injury, in the forms
of physical damage to the columnar cell layer and apoptosis (39,
40), is a hallmark of asthma (41). Puchelle and colleagues have
shown that regeneration of normal human airway epithelium in
response to injury includes three stages: cell spreading/migration,
proliferation, and differentiation (42, 43). Using a similar in vitro
mechanical injury model to the one used in our study, Wadsworth
and colleagues showed that normal human differentiated airway
epithelial wounds closed over the initial 16 to 24 hours. This pri-
marily reflected cell migration mediated by autocrine EGF
secretion that subsequently led to mitosis of epithelial cells within
the wound (18). Our results for normal epithelium wound repair
were temporally similar to those described by Wadsworth and
colleagues (18). However, the thinly repaired wounds in asth-
matic cultures observed in our study are consistent with effective
migration without effective regeneration. This needs to be de-
fined in future studies.

The simultaneous resolution of inflammation and resynchro-
nization of epithelial mitotic regeneration on exposure to in-
termittent glucocorticoids after in vitro injury addresses an
important inconsistency in asthma. That is, despite well demon-
strated antiinflammatory efficacy, inhaled glucocorticoids have
not been shown to improve long-term pathologic airway remod-
eling. The classic model is that asthmatic inflammation leads to
long-term pathological lung function decline (i.e., remodeling).
However, this is not supported by several trials that have shown
inhaled glucocorticoids improve lung function in the short-term,
but lung function regresses toward the placebo group over the
course of several years (4,44, 45). Recently, this was confirmed by
a large trial comparing inhaled budesonide with placebo in
children and adults with recent-onset, mild persistent asthma.
In this study, the initial pre- and postbronchodilator differences in
FEV, between the treatment and placebo groups disappeared by
the fourth year of the study (46). Furthermore, asthmatic bron-
chial biopsy reticular layer thickness does not decrease with
inhaled glucocorticoid treatment unless given at relatively high
doses (47). These patients were only studied for 2 years, so any
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sustained long-term effect of relatively high-dose glucocorticoids
remains unclear. Therefore, our data address this inconsistency in
asthma by supporting our proposed alternative model of gluco-
corticoid efficacy in asthma (Figure 5). In our model, direct
antiinflammatory effects of intermittent glucocorticoid dosing
are accompanied by simultaneous resynchronization of epithe-
lial mitosis, thereby reducing pathological lung remodeling in
asthma.

Pulsatile secretion of endogenous adrenal glucocorticoids
(i.e., cortisol in humans) can reset an organism’s internal and
peripheral circadian clocks (48), and this has been shown to occur
in the bronchiolar epithelium, where it is mediated by Clara cells
(49). The result of this is synchronous progression of a tissue’s
cells through normal regeneration/mitosis. The intermittent
glucocorticoid exposure scheme used in our experiments was
a gross reflection of a circadian peak in circulating endogenous
glucocorticoid levels. Although crude by comparison to in vivo
glucocorticoid circadian fluctuations, a 2-hour-pulse glucocorti-
coid exposure is sufficient to induce precursors to the inhibition of
mitosis, including cyclin-dependent kinase inhibitor p57%iP? (50)
and clock gene Per1 (51).

This study is the first step to validate our proposed model for
airway epithelial-derived inflammation in asthma (6), and we
acknowledge several limitations. First, the use of commercially
available epithelia limited the clinical information available for
each donor. Second, despite our attempts to age-, gender-, and
race-match the normal donors to the donors with asthma, the
limited sample availability prevented this. Third, this limited
availability resulted in heterogeneity among the donors with
asthma with regard to their smoking status and treatment
regimens at the time of tissue availability. In fact, one adult donor
with asthma was taking oral and inhaled glucocorticoids, suggest-
ing particularly severe asthma. Epithelial cells from this donor
showed comparatively less resynchronization with pulse DEX
exposures, raising the possibility of a glucocorticoid-resistant
phenotype. Finally, our data only show correlations between
inflammation and dyssynchronous mitosis in response to acute

Figure 5. Proposed model for glucocor-
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injury and therefore do not directly address the long-term
remodeling consequences implicated by our model. Measure-
ment of inflammatory cytokines at time points interval to the 24-
hour time points studied in these experiments as well as chronic
and repeated wounding experiments need to be performed to
address this.

In summary, these data, generated in an airway model lacking
inflammatory cells, support the concept that asthmatic epithelium
is intrinsically inflammatory, fibrogenic, and mitotically dyssyn-
chronous. These results support our previously proposed model
predicting that asthmatic inflammation is driven by the intrinsic
inflammatory, fibrogenic, and regenerative characteristics of
epithelium that are rescued by glucocorticoids (7). If extended
by further studies, antiinflammatory treatment of asthma with
glucocorticoids may best be redirected to target pathological lung
remodeling directly.
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