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Augmented epithelial endothelin-1 expression
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Background: Airway remodeling in patients with severe

steroid-refractory asthma might result from a reduced ability

of steroid therapy to limit the transcription of remodeling

factors by the bronchial epithelium.

Objective: We sought to compare the levels of transcripts

encoding remodeling factors in bronchial epithelium of healthy

volunteers and of asthmatic patients with either steroid-

sensitive or steroid-refractory disease and to correlate these

levels with hallmarks of airway remodeling.

Methods: By means of real-time quantitative PCR, we assessed

the levels of 14 transcripts encoding remodeling factors, matrix

metalolproteinases, and extracellular matrix proteins in laser-

capture microdissected bronchial epithelium of healthy

volunteers, patients with mild steroid-untreated asthma, and

patients with steroid-sensitive and steroid-refractory asthma

(n 5 8-10 in each group). Histologic features of airway

remodeling and endothelin-1 (EDN1) immunolocalization were

determined by using frozen specimens.

Results: Patients with steroid-refractory asthma had greater

levels of EDN1 transcripts (4.1-fold increase, P 5 .026) and

protein (P 5 .0009) in their bronchial epithelium compared

with patients with steroid-sensitive asthma. EDN1 mRNA levels

and protein expression in asthmatic patients were negatively

correlated with prebronchodilator and postbronchodilator

FEV1 value (r2 $ 0.193, P # .03), and they were positively

related to airway smooth muscle areas (r2 5 0.253, P 5 .01 and

r2 5 0.281, P 5 .005 for EDN1 mRNA and protein expression,

respectively).

Conclusion: Increased EDN1 synthesis by the bronchial

epithelium characterizes severe refractory asthma and

correlates with airway remodeling and airflow obstruction.

Clinical implications: Targeting EDN1 might represent a novel

therapeutic strategy for severe steroid-refractory asthma.
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Refractory asthma is a heterogeneous condition with
different patterns of severity and diverse reasons for loss
of control. Clinically, patients with refractory asthma can
present with a variety of separate or overlapping condi-
tions, including frequent exacerbations, irreversible air-
flow obstruction, and reduced sensitivity or resistance to
corticosteroids.1 The mechanisms behind the inability of
corticosteroids to reverse airflow obstruction in refractory
asthma are unclear. Persistent architectural alterations, de-
fined as airway remodeling, might increase the thickness
of the bronchial wall, thus contributing to irreversible
airway narrowing in these patients.2,3

Airway remodeling is characterized by subepithelial
fibrosis, with thickening of the subepithelial basement
membrane (SBM), fibroblast and myofibroblast accumu-
lation, greater expression of fibrogenic growth factors, and
augmented extracellular matrix (ECM) protein deposition
in the subepithelial areas of the proximal airways.2 Other
features of airway remodeling include an increase in air-
way smooth muscle (ASM) mass caused by hypertrophy
and hyperplasia, goblet cell hyperplasia, and new blood
vessel formation.2 Notably, steroid-based therapy poorly
affects the fibrotic response and the increase in ASM
mass in patients with severe asthma,4-7 suggesting that
certain molecular pathways involved in the onset of these
processes are less suppressible with corticosteroids.

Studies with bronchial biopsy samples and with isolated
cells suggested that an aberrant repair of the airway
epithelium to injury is a major event that precipitates
airway remodeling in asthma.8 Thus abnormally repaired
epithelium becomes a prominent source of ECM compo-
nents, fibrogenic cytokines, chemokines, and growth fac-
tors that sustain activation and proliferation of fibroblasts
and ASM cells and promote the differentiation of fibro-
blasts into myofibroblasts.8 Although this hypothesis has
been widely discussed in the literature, only a limited num-
ber of studies addressed this issue in patients with refrac-
tory asthma.9-13 In addition, none of these reports has
used a quantitative approach targeting specifically epithe-
lial cell transcript expression.

In the present study we hypothesized that the epithelial
expression of certain transcripts encoding remodeling
factors would be relatively resistant to suppression by
steroid therapy in patients with refractory asthma. We
1
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Abbreviations used

ASM:
 Airway smooth muscle
CCL2:
 Chemokine (C-C motif) ligand 2
CXCL8:
 Chemokine (C-X-C motif) ligand 8
ECM:
 Extracellular matrix
EDN1:
 Endothelin-1
MCP:
 Monocyte chemotactic protein
MMP:
 Matrix metalloproteinase
SBM:
 Subepithelial basement membrane
applied the technique of laser-capture microdissection to
collect bronchial epithelial cells from endobronchial
biopsy samples of healthy control individuals, patients
with mild steroid-untreated asthma, and patients with
severe steroid-sensitive and steroid-refractory asthma. We
assessed quantitatively the levels of the transcripts en-
coding fibrogenic cytokines, chemokines, and growth
factors, namely IL-8/chemokine (C-X-C motif) ligand 8
(CXCL8),14 monocyte chemotactic protein (MCP) 1/che-
mokine (C-C motif) ligand 2 (CCL2),15 TGF-a, TGF-
b1 and TGF-b2,16 the fibrotic and ASM-proliferating
peptide endothelin-1 (EDN1),2,17 and some ECM proteins
and their degrading matrix metalloproteinases (MMPs).18

The immunolocalization of selected encoded proteins was
determined in frozen tissue sections. The expression of the
epithelial transcripts encoding factors involved in airway
remodeling was correlated with the degree of airflow
obstruction and with hallmarks of airway remodeling,
including the thickness of the SBM, the accumulation of
fibroblasts/myofibroblasts in the bronchial submucosa,
and the increase in ASM area.

METHODS

Subjects

Ten healthy volunteers, 10 patients with mild steroid-untreated

asthma, and 18 patients with severe steroid-treated asthma fulfilling

National Institute of Health criteria19 were recruited (see Table E1 in

the Online Repository at www.jacionline.org). All subjects had never

smoked. A flow-volume curve was performed in all subjects, and

FEV1 was assessed before and after the inhalation of 400 mg of

salbutamol. All subjects provided written informed consent, and

the protocol was approved by the Hôtel Dieu hospital Ethics

Committee (CP 02819). Patients with severe steroid-treated asthma

were further classified as steroid sensitive (n 5 10) or steroid refrac-

tory (n 5 8) on the basis of the reversibility of their airflow obstruc-

tion (prebronchodilator and postbronchodilator FEV1 of �80% and

�60% of predicted value, respectively) on 12 to 18 months of short-

and long-lasting b2-agonist and high-dose inhaled steroid therapy

(mean daily dose of inhaled beclomethasone equivalents, 3200 and

3600 mg in patients with steroid-sensitive and steroid-refractory

asthma, respectively) and at least 1 course of oral prednisone (see

Table E1 and the Methods section of the Online Repository at

www.jacionline.org).1

Fiberoptic bronchoscopy and laser-capture
microdissection

Bronchial biopsy specimens were obtained by means of fiberoptic

bronchoscopy,7,20 and bronchial epithelial cells were collected by
means of laser-capture microdissection (PALM Microlaser Technol-

ogies, Bernried, Germany) on toluidine blue–stained frozen tissue

sections (see Fig E1 in this article’s Online Repository at www.

jacionline.org). Total RNA was extracted, and RNA polyA was

amplified and reverse transcribed with Moloney Murine Leukemia

Virus enzyme (Invitrogen, Cergy-Pontoise, France). The expression

of 17 transcripts, including 3 housekeeping genes, was evaluated by

using quantitative real-time PCR with the Mx 3000P apparatus (Stra-

tagene Europe, Amsterdam, The Netherlands). Only genes with cycle

thresholds of less than 35 were included in the analysis. The expres-

sion of each transcript was normalized to the geometric mean of the

levels of transcripts encoding the 3 selected most stable housekeeping

genes: ubiquitin C, succinate dehydrogenase, and ribosomal protein

13a. Selection of housekeeping genes, calculation, and normalization

were performed with geNorm software.21 Primers were designed with

Primer Express 2 Software (Applied Biosystems, Foster City, Calif)

and were synthesized with Genosys (Sigma, Lyon, France) (see Table

E2 in this article’s Online Repository at www.jacionline.org).

Immunohistochemistry and morphometry

Five-micrometer frozen biopsy sections were incubated with

mouse mAbs directed against EDN1, a-actin, or propyl-4-hydroxy-

lase (fibroblasts/myofibroblasts).7 An anti-mouse antibody conju-

gated to biotin was then added, followed by the avidin–alkaline

phosphatase complex from the Vectastain kit (Vector, Burlingame,

Calif), Fast Red staining, and light nuclear Mayer’s hematoxylin

counterstaining.8 Epithelial cells expressing EDN1 (in percentage

of total epithelial cells) and propyl-4-hydroxylase (fibroblasts/myofi-

broblasts)–positive cells per millimeter of SBM were enumerated.7

Computer-assisted image analysis was used to assess morphologi-

cally intact epithelium (in percentages), SBM thickness (in microm-

eters) and ASM area (in percentage of total biopsy area) on Mayer’s

hematoxylin– and a-actin–stained tissue sections, respectively.7,22

Statistical analysis

Data were analyzed statistically by using the StatView

SE1Graphics program for Macintosh (Abacus Concepts, Berkeley,

Calif). Results are expressed as medians (interquartile ranges). A

nonparametric Kruskal-Wallis analysis of variance with the

Benjamini and Hochberg correction for multiple testing of the 14

transcripts was performed. When the results of this test were signif-

icant, the Mann-Whitney U test, followed by the Benjamini and

Hochberg correction, was used to determine significance across the

groups. An overall P value of .05 or less was considered significant.

Additional information on the methods used is provided in the

Online Repository at www.jacionline.org.

RESULTS

Transcript levels in microdissected bronchial
epithelium

Using quantitative real-time PCR, we found detectable
amounts of the transcripts encoding all the factors tested
(Table I; Table E3 in the Online Repository at www.
jacionline.org). The highest expression was found for ten-
ascin C, TGF-a, MMP-2, and fibronectin 1 (values of cycle
threshold ranging from 22.6 to 25.6, Table I). Exemplary
original quantitative real-time PCR amplification plots
are shown in Fig E2 of the Online Repository at
www.jacionline.org.

By using the correction for multiple testing, only the
differences in levels of the transcripts encoding IL-8/
CXCL8 and EDN1 across the 4 study groups reached

http://www.jacionline.org
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http://www.jacionline.org
http://www.jacionline.org
http://www.jacionline.org
http://www.jacionline.org
http://www.jacionline.org
http://www.jacionline.org


TABLE I. Levels of transcripts in laser-capture microdissected bronchial epithelium from control subjects and patients

with steroid-untreated and steroid-treated asthma

Asthmatic patients

Control subjects Steroid untreated Steroid sensitive Steroid refractory

Transcript Basal Ct* Relative intensityy Fold change over control subjects (mean ratio) P valuez

MCP-1/CCL2 26.4 (25.5-28.4)§ 0.2 (0.1-0.8) 12.60k 1.30{ 1.80{ .011

IL-8/CXCL8 29.9 (26.2-30.7) 0.2 (0.1-1.8) 4.65 2.40 7.26# .001

MMP-2 25.3 (24.7-26.7) 0.4 (0.3-0.6) 4.12 2.34 2.38 .329

EDN1 27.7 (27.4-30.3) 0.3 (0.1-0.4) 2.59k 2.07k 8.80k{# .002

FN1 25.6 (25.5-26.8) 1.4 (1.1-1.8) 2.24 0.47 1.28 .525

TNC 22.6 (21.3-26.9) 0.4 (0.1-0.8) 1.91 1.54 1.80 .369

COL1A1 28.8 (28.2-30.0) 4.4 (2.9-6.4) 1.68 1.17 1.42 .660

TGF-a 23.9 (23.2-26.6) 0.9 (0.4-2.2) 1.49 1.34 1.15 .878

TGF-b2 30.3 (29.8-30.9) 1.7 (1.5-2.1) 1.02 0.63 0.80 .112

MMP-9 28.2 (28.1-32.4) 11.4 (6.8-17.1) 0.79 0.13 0.01 .040

COL3A1 26.5 (26.2-30.0) 8.3 (5.8-9.2) 0.59 1.06 0.99 .873

TGF-b1 28.9 (28.1-34.5) 1.2 (0.2-2.6) 0.44 0.28 0.18 .344

MMP-1 26.6 (26.8-33.7) 2.6 (0.1-4.4) 0.18 0.03 0.01 .259

COL4A1 26.7 (25.5-28.3) 0.5 (0.3-1.1) 0.19 1.98 2.49 .286

Ct, Cycle threshold; FN1, fibronectin 1; TNC, tenascin C; COL, collagen.

*Basal cycle threshold corresponds to the cycle threshold values measured in laser-capture microdissected bronchial epithelium from control subjects.

�Data represent the ratio of mRNA encoding each transcript over the geometric average of mRNA expression of the housekeeping genes ubiquitin C, succinate

dehydrogenase, and ribosomal protein 13a.

�Significance between the relative intensities of each transcript was assessed by using the nonparametric Kruskal-Wallis test with the Benjamini and Hochberg

correction for multiple testing. Only P values in boldface are significant.

kSignificant compared with control subjects.

{Significant compared with patients with steroid-untreated asthma.

#Significant compared with patients with steroid-sensitive asthma (Mann-Whitney U test and Benjamini and Hochberg correction if global test result is

significant).

§Data are presented as medians (interquartile ranges).
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statistical significance (Table I; Table E3). Changes in
the epithelial expression of MCP-1/CCL2 and MMP-9
mRNA was not significant by using the correction for
multiple comparisons, despite the overall significance
with use of the Kruskal-Wallis test (P 5 .011 and P 5 .04,
respectively; Table I; Table E3).

When compared with control subjects, patients with
mild steroid-untreated asthma had significantly higher
epithelial amounts of the transcripts encoding EDN1 (2.6-
fold increase, P 5 .038) and a 4.7-fold increase in IL-8/
CXCL8 mRNA expression, although this latter difference
failed to reach significance (P 5 .227). The levels of IL-8/
CXCL8 and EDN1 mRNA were similar in patients with
steroid-sensitive asthma compared with those in their
counterparts with mild steroid-untreated asthma (Table
I). In contrast, patients with steroid-refractory asthma
had greater epithelial expression of EDN1 mRNA com-
pared with tat seen in control subjects, patients with
mild steroid-untreated asthma, and patients with steroid-
sensitive asthma (8.8-, 3.2-, and 4.1-fold increase and
P 5 .001, P 5 .024, and P 5 .026, respectively; Table
I). This was accompanied by higher levels of IL-8/
CXCL8 transcripts in relation to those seen in patients
with steroid-sensitive asthma (P 5 .021, Table I).

Assessment of protein expression by means
of immunohistochemistry

As the most relevant and novel finding related to
changes in the epithelial levels of the transcripts encoding
EDN1, the immunolocalization of the corresponding
encoded protein was assessed in frozen biopsy sections
collected from the same control and asthmatic subjects
used for microdissection studies (Fig 1).

Normal bronchial epithelium failed to show signifi-
cant immunoreactivity for EDN1 (Fig 1, A), and scarce
positive cells were found in patients with mild steroid-
untreated asthma (Fig 1, B). Patients with steroid-sensi-
tive asthma exhibit an irregular pattern of expression,
with the majority of EDN1 expression being confined
on the luminal surface of the epithelium (Fig 1, C).
Some weak and discontinuous EDN1 immunostaining
was also seen in basal cells, irrespective of the group
of asthmatic patients analyzed (ie, patients with mild ste-
roid-untreated or steroid-sensitive asthma; Fig 1, B and
C). In patients with steroid-refractory asthma EDN1
immunostaining was visibly increased and occurred
uniformly throughout the epithelial layer (Fig 1, D).
Quantification analysis showed a significantly greater
proportion of epithelial cells staining for EDN1 in the se-
vere asthma groups compared with that in the control
group (1.9- and 2.6-fold increase and P 5 .0002 and
P 5 .0004, respectively; Fig 1, E). EDN1 epithelial
immunostaining was significantly increased in patients
with steroid-refractory asthma in relation to that seen
in patients with mild steroid-untreated asthma (1.7-fold
increase and P 5 .002; Fig 1, E) and patients with ste-
roid-sensitive asthma (1.4-fold increase and P 5 .0009;
Fig 1, E).



FIG 1. Representative immunostaining of EDN1 in bronchial biopsy specimens from control subjects (A),

a patient with mild steroid-untreated asthma (B), and patients with severe steroid-sensitive (C) and steroid-

refractory (D) asthma is shown. Scale bars 5 250 mm. E, proportion of EDN1-positive epithelial cells per

millimeter of SBM in bronchial biopsy specimens from control subjects and the 3 groups of asthmatic

patients. Bars represent median values, and error bars denote interquartile ranges.

FIG 2. Epithelial integrity (A), SBM thickness (B), and ASM areas (C) in bronchial biopsy specimens from con-

trol subjects and asthmatic patients are shown. Bars represent median values, and error bars denote inter-

quartile ranges.
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Epithelial integrity and features of airway
remodeling

A significant decrease in the proportion of the epithelial
layer with an intact structure was seen in patients with mild

steroid-untreated asthma compared with that seen in

control subjects (Fig 2, A). Patients with severe steroid-

sensitive and steroid-refractory asthma showed an

apparent epithelial restitution, and the extent of morpholo-

gically intact epithelium in these latter groups was compa-

rable with that measured in control subjects (Fig 2, A).

SBM was thicker in the 3 groups of asthmatic patients

than in the control subjects. Both patients with steroid-

sensitive and steroid-refractory asthma had greater SBM

thickness in relation to patients with mild steroid-

untreated asthma (Fig 2, B). Scant mucosal fibroblasts/my-

ofibroblasts (propyl-4-hydroxylase–positive cells) were

enumerated in control individuals (Figs 1, E, and 3, C).

These numbers were similar in patients with mild

steroid-untreated asthma (Fig 3, B and E), and they were
significantly augmented in patients with severe asthma
with either steroid-sensitive or steroid-refractory disease
(Fig 3, C, D, and E). ASM area was larger in patients
with steroid-sensitive and steroid-refractory asthma in re-
lation to that seen in control subjects (Fig 2, C). However,
patients with steroid-refractory asthma had the highest
ASM areas, with values statistically significant compared
with those of patients with mild steroid-untreated asthma
(P 5 .049) but not those of patients with severe steroid-
sensitive asthma (P 5 0.112; Fig 2, C).

Correlation analyses

By means of univariate regression analysis (the
Spearman rank-order method), we found that the individ-
ual epithelial levels of the transcripts encoding IL-8/
CXCL8 and EDN1 correlated negatively with prebron-
chodilator and postbronchodilator FEV1, whereas a posi-
tive correlation was found for MCP-1/CCL2 mRNA
(Table II). In addition, EDN1 and IL-8/CXCL8 transcripts



TABLE II. Univariate correlation analyses in asthmatic patients (n 5 28, Spearman rank-order method)

Prebronchodilator FEV1 Postbronchodilator FEV1 SBM thickness

Fibroblasts/

myofibroblasts ASM area

Marker r2 P value r2 P value r2 P value r2 P value r2 P value

IL-8/CXCL8 mRNA 0.280 .005 0.232 .01 0.043 NS 0.001 NS 0.058 NS

EDN1 mRNA 0.193 .03 0.225 .003 0.016 NS 0.069 NS 0.253 .01

EDN1 epithelial staining 0.484 <.001 0.399 <.001 0.419 <.001 0.204 .02 0.281 .005

NS, Not significant.

FIG 3. Representative immunostaining of fibroblasts and myofibroblasts (propyl-4-hydroxylase–positive cells)

in bronchial biopsy specimens from a control subject (A), a patient with mild steroid-untreated asthma (B), and

patients with severe steroid-sensitive (C) and refractory (D) asthma is shown. Scale bars 5 250 mm. E, Num-

bers of fibroblasts/myofibroblasts per millimeter of SBM in bronchial biopsy specimens from control subjects

and the 3 groups of asthmatic patients. Bars represent median values, and error bars denote interquartile

ranges.
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correlated positively between each other (r2 5 0.323, P 5

.005), and EDN1 mRNA was positively related to ASM
areas (Table II).

None of these transcripts correlated with the extent of
epithelial integrity. In addition, the proportion of epithelial
cells expressing EDN1 negatively correlated with pre-
bronchodilator and postbronchodilator FEV1 values (P 5

.0004 and P 5 .022, respectively; Table II) and was pos-
itively related to ASM areas (P 5 .002, Table II) and to
EDN1 mRNA (r2 5 0.195, P 5 .02).

The main significant correlations are shown in Figs E3
and E4 in the Online Repository at www.jacionline.org.
DISCUSSION

Using laser-capture microdissection coupled to quanti-
tative real-time PCR, we demonstrated that the levels of IL-
8/CXCL8 and EDN1 mRNA were significantly augmented
in the bronchial epithelium from patients with refractory
asthma. These subjects’ FEV1 values failed to improve to
greater than 70% of predicted value and less than 15%
from baseline value after 14 days of treatment with 0.75
mg/kg/d oral prednisone, and they maintain severe airflow
obstruction despite long-term treatment with high doses of
inhaled steroids. A group of patients with sensitive asthma
(ie, asthmatic patients normalizing their lung function on a
similar treatment regimen) was examined in parallel to es-
tablish whether the observed transcriptional modulations
were due to asthma severity or to steroid use. Finally, a
group of patients with mild steroid-untreated asthma was
included to determine the levels of the expression of the dif-
ferent transcripts in the absence of a potential confounding
effect linked to steroid therapy. The expression of EDN1
mRNA was correlated with epithelial integrity and with
hallmarks of airway remodeling that have been previously
associated with asthma severity, such as SBM thickness,
mucosal fibroblast numbers, and ASM area.7,10,23

When compared with healthy control individuals, pa-
tients with mild asthma had significantly higher epithelial
levels of the transcripts encoding EDN1 and a trend
toward a greater expression IL-8/CXCL8 mRNA. This
was accompanied by a significant SBM thickness, thus
corroborating previous observations showing that the
production of these molecules, together with features of
airway remodeling, are present in patients with mild
asthma with normal respiratory function.24-26 In our hands
the levels of TGF-a, TGF-b1, TGF-b2, and MMP-9
mRNA were not significantly modulated in patients with
mild asthma, suggesting that the bronchial epithelium

http://www.jacionline.org
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might not represent the main source of these factors in the
airways. Supporting this hypothesis, previous studies have
shown that TGF-b1, TGF-b2, and MMP-9 originate from
mucosal eosinophils23,27 and that neutrophils contribute
substantially to MMP-9 production in the airways.4

An increase in the epithelial levels of IL-8/CXCL8 was
observed in patients with steroid-refractory asthma com-
pared with that seen in patients with steroid-sensitive
asthma, a finding that extends previous observations
showing a greater immunoreactivity for this chemokine
in the bronchial epithelium and higher levels in induced
sputum of patients with severe asthma.12,28 IL-8/CXCL8
overexpression is believed to contribute to neutrophilic in-
flammation but also to airway remodeling by promoting
ASM cell contraction and migration.14

The most salient finding of the current report relates
to epithelial EDN1 transcript, the increased levels of
which distinguished patients with steroid-refractory asthma
from patients with steroid-sensitive asthma. Immunohisto-
chemical analysis corroborated the data obtained with
quantitative real-time PCR because they illustrate a striking
disease-related increase in the proportion of epithelial
cells expressing EDN1, with the highest immunostaining
observed in patients with refractory asthma.

EDN1 is a potent bronchoconstrictor 21-amino-acid
peptide that plays an important role in the pathogenesis of
airway remodeling through the activation of several func-
tions in structural cells.17 These functions include the syn-
thesis of ECM proteins from lung fibroblasts and bronchial
epithelial cells,29-31 the differentiation of fibroblasts into
myofibroblasts,32 and the proliferation of ASM cells, fi-
broblasts, and myofibroblasts.33-35 Studies with bronchial
biopsy samples demonstrated that EDN1 is weakly
expressed by the normal airway epithelium and that
this expression is upregulated in mild and moderate
asthma.36,37 Conflicting observations, however, have
been reported concerning the effect of corticosteroids on
EDN1 expression. Hence although immunoreactive
EDN1 was downregulated in vivo by steroid therapy,37

in vitro studies with human bronchial epithelial cells dem-
onstrated failure by dexamethasone to prevent EDN1 syn-
thesis in response to TNF-a, most likely because of the
absence of any identifiable glucocorticoid-responsive ele-
ment in the EDN1 promoter region.38 It was speculated
that in vivo inhibition of epithelial EDN1 expression ob-
served in patients with steroid-treated asthma resulted
from an indirect suppressive effect on the synthesis of
TNF-a,38 a cytokine the levels of which continue to be in-
creased in the airways of patients with severe asthma de-
spite steroid therapy.39 Although the expression of TNF-a
has not been examined in this study, these observations
suggest that sustained local generation of this cytokine
might contribute to the epithelial EDN1 overexpression
presently reported.

Finally, we ascertained whether the epithelial levels of
transcripts encoding IL-8/CXCL8 and EDN1 varied in
relation with asthma severity and with the extent of
epithelial integrity and airway remodeling. Although the
assessment of airway epithelium integrity by means of
bronchial biopsy is confounded by an artifactual cell

desquamation caused by tissue sampling,40 we found a
loss of epithelial integrity in patients with mild steroid-

untreated asthma, whereas in patients with severe asthma

with either sensitive or refractory disease, the airway

epithelium appeared fully restored, probably as a result

of high-dose long-term steroid therapy.7,41

The assessment of airway remodeling demonstrated the
existence of larger ASM areas, greater SBM thickness,

and higher mucosal fibroblast/myofibroblast numbers in

patients with severe steroid-refractory and steroid-sensi-

tive asthma compared with that seen in patients with mild

asthma and control subjects. These results substantiate in
part our previous observations performed in distinct

subjects and showing that the main bronchial wall changes

seen in patients with severe asthma consist of fibroblast/

myofibroblast accumulation beneath the SBM and in

increased ASM mass.7

Univariate regression analyses demonstrated that epi-
thelial IL-8/CXCL8 and EDN1 transcripts, as well as the

proportion of EDN1-positive epithelial cells, negatively

correlated with prebronchodilator and postbronchodilator

FEV1 values. However, only EDN1 transcript and protein

showed positive correlation with ASM areas. These corre-
lations argue for an important role played by EDN1 in the

pathogenesis of the remodeling response in the airways,

particularly of ASM hypertrophy and hyperplasia, and in

the respiratory function abnormalities seen in patients

with refractory asthma. Finally, neither the levels of the

EDN1 and IL-8/CXCL8 transcripts nor the extent of
EDN1 immunostaining correlated with the proportion of

morphologically intact epithelium, suggesting that the

observed differences in the expression of these molecules

between patients with severe steroid-sensitive and patients

with steroid-refractory asthma reflect functional abnormal-

ities of the bronchial epithelium rather than a disparity of
its integrity.

Phase III trials are ongoing on the effects of selective
EDN1 receptor antagonists in idiopathic pulmonary fibro-

sis,42 a severe and irreversible lung disease characterized

by an abnormal repair of the alveolar epithelium and by
the accumulation of fibroblasts and ECM components in

the peripheral airways.43 The current report proposes the

new concept that limiting EDN1 production might also

represent a novel and valuable therapeutic tool for attenu-

ating airway remodeling and respiratory function deterio-

ration in patients with severe steroid-refractory asthma.
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Fédératif de Recherche 02, Centre Hospitalier Universitaire Robert
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Pégorier et al 7

ARTICLE IN PRESS
REFERENCES

1. Proceeding of the ATS workshop on refractory asthma. Am J Respir Crit

Care Med 2000;162:2341-51.

2. Bousquet J, Jeffery P, Busse WW, Johnson M, Vignola AM. Asthma.

From bronchoconstriction to airways inflammation and remodeling.

Am J Respir Crit Care Med 2000;161:1720-45.

3. Wenzel SE. Severe asthma in adults. Am J Respir Crit Care Med 2005;

172:149-60.

4. Cundall M, Sun Y, Miranda C, Trudeau JB, Barnes S, Wenzel SE. Neu-

trophil-derived matrix metalloproteinase-9 is increased in severe asthma

and poorly inhibited by glucocorticoids. J Allergy Clin Immunol 2003;

112:1064-71.

5. Chakir J, Shannon J, Molet S, Fukakusa M, Elias J, Laviolette M, et al.

Airway remodelling-associated mediators in moderate to severe asthma:

effect of steroids on TGF-beta, IL-11, IL-17, and type I and type III col-

lagen expression. J Allergy Clin Immunol 2003;111:1293-8.

6. Pepe C, Foley S, Shannon J, Lemiere C, Olivenstein R, Ernst P, et al.

Differences in airway remodeling between subjects with severe and mod-

erate asthma. J Allergy Clin Immunol 2005;116:544-9.

7. Benayoun L, Druilhe A, Dombret MC, Aubier M, Pretolani M. Airway

structural alterations selectively associated with severe asthma. Am J

Respir Crit Care Med 2003;167:1360-8.

8. Knight DA, Lane CL, Stick SM. Does aberrant activation of the epithe-

lial-mesenchymal trophic unit play a key role in asthma or is it an unim-

portant sideshow? Curr Opin Pharmacol 2004;4:251-6.

9. Minshall E, Chakir J, Laviolette M, Molet S, Zhu Z, Olivenstein R, et al.

IL-11 expression is increased in severe asthma: association with epithe-

lial cells and eosinophils. J Allergy Clin Immunol 2000;105:232-8.

10. Puddicombe SM, Polosa R, Richter A, Krishna MT, Howarth PH, Hol-

gate ST, et al. Involvement of the epidermal growth factor receptor in

epithelial repair in asthma. FASEB J 2000;14:1362-74.

11. Polosa R, Puddicombe SM, Krishna MT, Tuck AB, Howarth PH, Hol-

gate ST, et al. Expression of c-erbB receptors and ligands in the bronchial

epithelium of asthmatic subjects. J Allergy Clin Immunol 2002;109:

75-81.

12. Hamilton LM, Torres-Lozano C, Puddicombe SM, Richter A, Kimber I,

Dearman RJ, et al. The role of the epidermal growth factor receptor in

sustaining neutrophil inflammation in severe asthma. Clin Exp Allergy

2003;33:233-40.

13. Puddicombe SM, Torres-Lozano C, Richter A, Bucchier F, Lordan JL,

Howarth PH, et al. Increased expression of p21(waf) cyclin-dependent

kinase inhibitor in asthmatic bronchial epithelium. Am J Respir Cell

Mol Biol 2003;28:61-8.

14. Govindaraju V, Michoud MC, Al-Chalabi M, Ferraro P, Powell WS,

Martin JG. Interleukin-8: novel roles in airway smooth muscle cell con-

traction and migration. Am J Physiol Cell Physiol 2006;291:C957-65.

15. Smith RE, Strieter RM, Zhang K, Phan SH, Standiford TJ, Lukacs NW,

et al. A role for C-C chemokines in fibrotic lung disease. J Leukoc Biol

1995;57:782-7.

16. Vignola AM, Chiappara G, Chanez P, Merendino AM, Pace E, Spatafora

M, et al. Growth factors in asthma. Monaldi Arch Chest Dis 1997;52:

159-69.

17. Goldie RG. Potential role of the endothelins in airway remodelling in

asthma. Pulm Pharmacol Ther 1999;12:79-80.

18. Gueders MM, Foidart JM, Noel A, Cataldo DD. Matrix metalloprotei-

nases (MMPs) and tissue inhibitors of MMPs in the respiratory tract: po-

tential implications in asthma and other lung diseases. Eur J Pharmacol

2006;533:133-44.

19. Guidelines for the Diagnosis and Management of Asthma. Expert Panel

Report 2. Atlanta (GA) National Institute of Health; National Heart, Lung

and Blood Institute; 1997. Publication no. 97-4051A.

20. Summary and recommendations of a workshop on the investigative use

of fiberoptic bronchoscopy and bronchoalveolar lavage in asthmatics.

Am Rev Respir Dis 1985;132:180-2.

21. Vandesompele J, De Preter K, Pattyn F, Poppe B, Van Roy N, De Paepe

A, et al. Accurate normalization of real-time quantitative RT-PCR data

by geometric averaging of multiple internal control genes. Genome

Biol 2002;3:1-11.

22. Amin K, Ludviksdottir D, Janson C, Nettelbladt O, Björnsson E, Room-

ans GM, et al. Inflammation and structural changes in the airways of
patients with atopic and nonatopic asthma. Am J Respir Crit Care Med

2000;162:2295-301.

23. Balzar S, Chu HW, Silkoff P, Cundall M, Trudeau JB, Strand M, et al.

Increased TGF-beta2 in severe asthma with eosinophilia. J Allergy

Clin Immunol 2005;115:110-7.

24. Miotto D, Christodoulopoulos P, Olivenstein R, Taha R, Cameron L,

Tsicopoulos A, et al. Expression of IFN-gamma-inducible protein;

monocyte chemotactic proteins 1, 3, and 4; and eotaxin in TH1- and

TH2-mediated lung diseases. J Allergy Clin Immunol 2001;107:664-70.

25. Mattoli S, Soloperto M, Marini M, Fasoli A. Levels of endothelin in the

bronchoalveolar lavage fluid of patients with symptomatic asthma and re-

versible airflow obstruction. J Allergy Clin Immunol 1991;88:376-84.

26. Nocker RE, Schoonbrood DE, van de Graaf EA, Hack CE, Lutter R, Jan-

sen HM, et al. Interleukin-8 in airway inflammation in patients with

asthma and chronic obstructive pulmonary disease. Int Arch Allergy

Immunol 1996;109:183-91.

27. Minshall EM, Leung DYM, Martin RJ, Song YL, Cameron L, Ernst P,

et al. Eosinophil-associated TGF-b1 mRNA expression and airways fi-

brosis in bronchial asthma. Am J Respir Cell Mol Biol 1997;17:326-33.

28. Vachier I, Bonnans C, Chavis C, Farce M, Godard P, Bousquet J, et al.

Severe asthma is associated with a loss of LX4, an endogenous anti-

inflammatory compound. J Allergy Clin Immunol 2005;115:55-160.

29. Xu SW, Howat SL, Renzoni EA, Holmes A, Pearson JD, Dashwood MR,

et al. Endothelin-1 induces expression of matrix-associated genes in lung

fibroblasts through MEK/ERK. J Biol Chem 2004;279:23098-103.

30. Marini M, Carpi S, Bellini A, Patalano F, Mattoli S. Endothelin-1 induces

increased fibronectin expression in human bronchial epithelial cells. Bio-

chem Biophys Res Commun 1996;220:896-9.

31. Dawes KE, Cambrey AD, Campa JS, Bishop JE, McAnulty RJ, Peacock

AJ, et al. Changes in collagen metabolism in response to endothelin-1:

evidence for fibroblast heterogeneity. Int J Biochem Cell Biol 1996;28:

229-38.

32. Sun G, Stacey MA, Bellini A, Marini M, Mattoli S. Endothelin-1 induces

bronchial myofibroblast differentiation. Peptides 1997;18:1449-51.

33. Glassberg MK, Ergul A, Wanner A, Puett D. Endothelin-1 promotes mi-

togenesis in airway smooth muscle cells. Am J Respir Cell Mol Biol

1994;10:316-21.

34. Shahar I, Fireman E, Topilsky M, Grief J, Schwarz Y, Kivity S, et al.

Effect of endothelin-1 on alpha-smooth muscle actin expression and on

alveolar fibroblasts proliferation in interstitial lung diseases. Int J Immu-

nopharmacol 1999;21:759-75.

35. Zhang S, Smartt H, Holgate ST, Roche WR. Growth factors secreted by

bronchial epithelial cells control myofibroblast proliferation: an in vitro

co-culture model of airway remodeling in asthma. Lab Invest 1999;79:

395-405.

36. Ackerman V, Carpi S, Bellini A, Vassalli G, Marini M, Mattoli S. Con-

stitutive expression of endothelin in bronchial epithelial cells of patients

with symptomatic and asymptomatic asthma and modulation by hista-

mine and interleukin-1. J Allergy Clin Immunol 1995;96:618-27.

37. Redington AE, Springall DR, Meng QR, Tuck AB, Holgate ST, Polak

JM, et al. Immunoreactive endothelin in bronchial biopsy specimens: in-

creased expression in asthma and modulation by corticosteroid therapy.

J Allergy Clin Immunol 1997;100:544-52.

38. Aubert JD, Juillerat-Jeanneret L, Leuenberger P. Expression of endothe-

lin-1 in human broncho-epithelial and monocytic cell lines: influence of

tumor necrosis factor-alpha and dexamethasone. Biochem Pharmacol

1997;53:547-52.

39. Berry MA, Hargadon B, Shelley M, Parker D, Shaw DE, Green RH,

et al. Evidence of a role of tumor necrosis factor alpha in refractory

asthma. N Engl J Med 2006;354:697-708.

40. Ordonez C, Ferrando R, Hyde DM, Wong HH, Fahy JV. Epithelial des-

quamation in asthma. Artifact or pathology? Am J Respir Crit Care Med

2000;162:2324-9.

41. Vignola AM, Chiappara G, Siena L, Bruno A, Gagliardo R, Merendino

AM, et al. Proliferation and activation of bronchial epithelial cells in cor-

ticosteroid-dependent asthma. J Allergy Clin Immunol 2001;108:738-46.

42. Walter N, Collard HR, King TE. Current perspectives on the treatment of

idiopathic pulmonary fibrosis. Proc Am Thorac Soc 2006;3:330-8.

43. Gross TJ, Hunninghake GW. Idiopathic pulmonary fibrosis. N Engl J

Med 2001;345:517-25.



METHODS

Subjects

Twenty-eight asthmatic subjects who never smoked, mainly

atopic subjects fulfilling the criteria of the ‘‘Guidelines for the

diagnosis and management of asthma’’ of the National Heart, Lung,

and Blood Institute/World Health Organization,E1 were recruited

(Table E1). Not all asthmatic patients experienced exacerbations within

the 2 months preceding the bronchoscopy. A flow-volume curve was

performed in all subjects on at least 3 occasions before bronchoscopy,

and each measurement was separated by a 6-month interval. FEV1 and

forced vital capacity were assessed before and after the inhalation of

400 mg of salbutamol. Each subject had documented reversibility of

FEV1 (15% from baseline value) after inhalation of 400 mg of salbuta-

mol at least once within the 18 months before bronchoscopy. A group

of 10 healthy volunteers receiving no medication was also studied. All

of them had never smoked, had normal pulmonary function, had no

bronchodilator response, had no chronic illness, had no had history

of allergy or asthma, and had negative skin prick test responses. All sub-

jects provided written informed consent, and the protocol was approved

by the Hôtel Dieu hospital Ethics Committee (CP 02819).

The 28 asthmatic patients were distributed into 2 groups as

follows: 10 patients with mild asthma and 18 patients with severe

asthma. Patients with mild asthma had normal baseline lung function

(prebronchodilator FEV1 �80% of predicted values) and required

only inhaled short-acting b2-agonists, taken as needed, to achieve

control. Patients with severe asthma were defined on the basis of

the requirement of high-dose inhaled steroids (>1000 mg of flutica-

sone or equivalent per day) and a long-acting b2-agonist as add-on

therapy to achieve control.E1 These patients with severe asthma

were further subdivided into those with steroid-sensitive asthma

(n 5 10) and those with steroid-refractory asthma (n 5 8), according

to the guidelines of the American Thoracic Society on refractory

asthma.E2 The criteria used for defining refractory asthma was a failure

of FEV1 to improve to greater than 70% of predicted value and less than

15% from baseline value after 14 days of treatment with 0.75 mg/kg/d

prednisone taken orallyE2 and the persistence of airflow obstruction (ie,

prebronchodilator FEV1 <70% of predicted value). Patients with re-

fractory asthma also met at least 2 of the following criteria: (1) daily

use of a rescue inhaler, (2) 3 or more courses of oral steroids in the

last year, (3) clinical deterioration on reduction of inhaled or oral steroid

use, and (4) a history of a near-fatal asthma event.E3

Twelve to 18 months before fibroscopy, patients with steroid-

sensitive asthma had prebronchodilator median FEV1 values of

60.0% of predicted value (interquartile range, 51.8% to 70.0%) and

median postbronchodilator FEV1 values of 72.5% of predicted value

(interquartile range, 64.8% to 84.0%). Respiratory function in these

subjects was improved after 12 to 18 months of treatment with

short- and long-acting b2-agonists and a mean daily dose of 3200 mg

of inhaled beclomethasone equivalents. At the time of fibroscopy, these

subjects had a median prebronchodilator FEV1 value of 81.0% (inter-

quartile range, 80.3% to 88.3%) and a median postbronchodilator

FEV1 value of 96.5% (interquartile range, 88.0% to 101.8%; Table E1).

Patients with steroid-refractory asthma had a median prebroncho-

dilator FEV1 value of 44.5% (interquartile range, 44.0% to 49.0%)

and a median postbronchodilator FEV1 value of 52.0% (interquartile

range, 48.0% to 57.8%) that persisted during 12 to 18 months, despite

treatment with a mean daily dose of 3600 mg of inhaled beclometha-

sone equivalents in association with short- and long-acting b2-ago-

nists on a regular basis or at least 1 course of oral steroids (0.75

mg/kg/d prednisone for 14 days).E3 Their median prebronchodilator

FEV1 value at the time of the fibroscopy was 42.0% (interquartile

range, 38.5% to 49.5%) and the median postbronchodilator FEV1

value was 51.5% (interquartile range, 45.0% to 61.0%; Table E1).
Fiberoptic bronchoscopy and biopsy
collection

The bronchoscopy was performed by the same operator, accord-

ing to the guidelines outlined by the American Thoracic Society,E4 as

previously described.E5 The subjects were premedicated with 200 mg

of inhaled salbutamol, and the nose and larynx were anesthetized with

2% and 0.5% xylocaine spray, respectively. Six biopsy specimens

were then taken from the subcarinae of the right middle lobe

(B4-B5) and the lower lobe (troncus basalis bifurcations: B7-B8,

B8-B9, and B9-BI0). A standard-type biopsy forceps and an

OLYMPUS bronchoscope (model BF P20; Olympus Optical,

Tokyo, Japan) were used. Four bronchial biopsy specimens were im-

mediately put on cork disks, covered by Tissue-Tek compound

(Sakura Finetek, Zoeterwoude, The Netherlands), and snap-frozen

in liquid nitrogen. The frozen blocks were kept at 2808C until the as-

sessment of immunohistochemistry and morphometry, as described

below. The remaining 2 biopsy specimens were immediately put in

RNA-DNA–free tubes and frozen at 2808C until use.

Laser-capture microdissection

Adjacent 7-mm tissue sections were cut in a cryostat (Leica

CM3000; Leica, Rueil-Malmaison, France), immediately mounted

on DNAse-RNAse–free glass slides (Palm Microlaser Technologies,

Bernried, Germany), fixed in 70% ethanol for 30 seconds, rinsed, air-

dried, rapid stained with toluidine blue, and dried in 100% ethanol.

Intact areas of the bronchial epithelium were microdissected with a

Laser Microdissector (PALM Microlaser Technologies, Bernried,

Germany), placed immediately in PCR tubes containing 15 mL of

RNAlater (Qiagen, Courtaboeuf, France), and frozen at 2808C until

use. Injured bronchial epithelium (ie, a single layer of basal cells with

no intact ciliated cells) was excluded.

Between 50 and 80 sections from each biopsy specimen were

microdissected (median of 0.025 mm2 of dissected epithelial area in

each biopsy section), and the collected epithelium from a single bi-

opsy specimen was pooled in the same tube. One biopsy specimen

was used for each subject, and approximately 5000 epithelial cells,

corresponding to 5 ng of total RNA, were obtained.

Exemplary photomicrographs showing selection and removal of

bronchial epithelial areas by means of laser-capture microdissection

are shown in Fig E1.

Epithelial cell RNA isolation, reverse
transcription, and quantitative real-time PCR

Total RNA was lysed and isolated with a RNAqueous-Micro kit

(Ambion, Cambridgeshire, United Kingdom) according to the

manufacturer’s instructions, and RNA quality was assessed with

RNA PicoChips (Agilent Technologies, Waldbronn, Germany).

Forty-four biopsy specimens were microdissected, and 6 of them

were discarded because RNA quantity and quality were insufficient

for performing adequate quantitative real-time PCR analyses. RNA

polyA was amplified with the MessageAmp aRNA kit (Ambion), and

reverse transcription was performed in a final volume of 50 mL for 2

hours at 378C by using Moloney Murine Leukemia Virus reverse

transcriptase (Invitrogen). The obtained cDNAs were diluted 10

times and amplified by using quantitative real-time PCR using

SybrGreen JumpStart Taq Ready Mix detection kit (Sigma). In all

assays cDNAs were amplified by using a standardized program

(JumpStart Taq Polymerase activation step; 40 cycles of 30 seconds

at 948C and 1 minutes at 608C and a dissociation step). All assays

were performed in a volume of 20 mL, and primers were used at a final

concentration of 0.33 mmol/L. Reactions were carried out with the

PCR Mx 3000P apparatus (Stratagene Europe, Amsterdam, The

Netherlands).



Genes with cycle thresholds of greater than 35 were considered

insufficiently expressed to perform an accurate analysis, and there-

fore they were excluded. The intensity of gene expression was

calculated by using a cycle threshold of less than 35, and it was

normalized to the geometric mean of the levels of transcripts

encoding the 3 most stable housekeeping genes: ubiquitin C,

succinate dehydrogenase A, and ribosomal protein L13a.E6,E7

These transcripts were highly expressed in laser-capture microdis-

sected bronchial epithelium from control subjects (median cycle

threshold, 15.4 [interquartile range, 15.0-16.3], 15.4 [interquartile

range, 15.3-16.1], and 21.9 [interquartile range, 20.4-21.4] for ubiq-

uitin C, succinate dehydrogenase A and ribosomal protein L13a,

respectively). These values showed less than 8% variation across

the 4 patient groups (data not shown).

The final results represent the mean of 1 to 3 independent

quantitative real-time PCRs performed in duplicate. Primer se-

quences (Table E2) were designed with Primer Express software

(Applied Biosystems) and were synthesized by using Genosys

(Sigma). Their sequences were blasted against Basic Local

Alignment Search Tool (BLAST) database (http://www.ncbi.nlm.

nih.gov/BLAST). The quality of primers was verified by performing

dissociation curves (1 minute at 958C, 30 seconds at 608C, 20 minutes

to reach 958C, and 1 minute at 958C) in samples with cycle thresholds

of 35 or less. When RNA from microdissected bronchial epithelium

had a cycle threshold of greater than 35, RNA extracted from pooled

bronchial biopsies was amplified by means of quantitative real-time

PCR to ensure primer quality.

Exemplary original quantitative real-time PCR amplification plots

are shown in Fig E2.

Immunohistochemistry and morphology

Serial 5-mm sections of bronchial biopsy specimens collected

from the same subjects were cut in a cryostat (Leica CM3000),

collected on glass slides previously coated with b- methacrylox-

ypropyltrimethoxysilane (Sigma, St Quentin Fallavier, France), and

fixed in acetone for 10 minutes at room temperature.

Immunohistochemistry was performed as described previouslyE5

by using monoclonal mouse anti-human antibodies directed against

EDN1 (clone 1C4, 1:100 dilution; Chemicon, Abcys, Paris,

France), a-actin (clone 1A4, 1:200 dilution, Sigma), or propyl-4-hy-

droxylase (fibroblasts/myofibroblasts; clone 5B5, 1:250 dilution;

DakoCytomation, Trappes, France).E5 An anti-mouse antibody con-

jugated to biotin and the avidin–alkaline phosphatase complex from

the Vectastain kit (Vector) were next used, followed by Fast Red

staining (DakoCytomation) and light nuclear Mayer’s hematoxylin

counterstaining. The specificity of the immunostaining was assessed

by using the corresponding isotype (ie, mouse IgG; DakoCytoma-

tion) instead of the primary antibody.

EDN1 immunostaining was quantified in intact areas of the

bronchial epithelium, and results were expressed as positive cells per

millimeter of SBM. Propyl-4-hydroxylase–positive cells were enu-

merated in the bronchial submucosa, excluding glands and ASM, in a

zone of 60 mm in depth, along the length of the SBM.E5

The proportion of epithelium with apparent normal morphology

was assessed by using morphometric analysis with computer-assisted

image analysis (Microvision Instruments; Histolab, Evry, France).

Biopsy sections were stained with Mayer’s hematoxylin, and mor-

phologically intact epithelium (in percentages) was defined as the

total length of the SBM with intact epithelium divided by the total

length of the SBM.E5,E8 SBM thickness (in micrometers) was as-

sessed on tissue sections stained with Mayer’s hematoxylin by using

computer-assisted image analysis from the base of the bronchial ep-

ithelium to the outer limit of the reticular lamina of the basement

membrane. Measurements (20-50) were made at regular intervals

of 50 mm along the length of the SBM (median value, 4150 mm).E5
The area of the bronchial submucosa occupied by the ASM was de-

termined by using computer-assisted image analysis on a-actin–

stained tissue sections, and final results are expressed as percentages

of ASM area over the total biopsy area.E5 Similar biopsy areas were

found in control subjects (median, 0.31 mm2 [interquartile range,

0.23-0.43 mm2]), in patients with mild steroid-untreated asthma (me-

dian, 0.29 mm2 [interquartile range, 0.20-0.33 mm2]), in patients with

steroid-sensitive asthma (median, 0.28 mm2 [interquartile range,

0.23-0.39 mm2]), and in patients with steroid-refractory asthma

(median, 0.35 mm2 [interquartile range, 0.24-0.39 mm2]).

All parameters were examined in 2 to 6 serial sections from the

same biopsy specimen, at 3 different depths for each biopsy

specimen, and in sections from 3 to 4 different biopsy specimens.

Sections were randomly assigned and analyzed by an observer who

was unaware about the clinical group assignment. The final figure

was the mean of all the measurements obtained for each subject. For

all parameters, the coefficients of variation between biopsy speci-

mens from the same subject and between areas of the same biopsy

specimen were of 5% to 10% and 6% to 9%, respectively.

Immunohistochemical measurements and SBM thickness were

made at a magnification of 3400. Total biopsy and ASM areas

were assessed at a magnification of 360.

Statistical analysis

Data were analyzed statistically by using the StatView

SE1Graphics program for Macintosh (Abacus Concepts). Results

are expressed as medians (interquartile ranges). The nonparametric

Kruskal-Wallis ANOVA test was used to compare the 4 groups of

subjects. To account for multiple tests because of the 14 transcripts,

we used a Benjamini and Hochberg correction to assess the signif-

icance of the global Kruskal-Wallis test for each transcript. This

correction is a common approach to control the increased false-

discovery rate with a large number of tests.E9 A family-wise error rate

of 0.05 was selected. The P values for each test were sorted in ascend-

ing order: P1 < P2 < . < P14. The smallest P value, P1, was com-

pared with (0.05 3 1)/14 5 0.0036, and if P1 was less than .0036, P2

was compared with (0.05 3 2)/14, etc. If P13 was lower than (0.05 3

13)/14, then the highest P value, P14, was compared with (0.05 3

14)/14 and was considered significant if P14 was less than .05. If

the global test was significant with this correction for a given tran-

script, then 6 pairwise comparisons using the nonparametric Mann-

Whitney U test for unpaired values were performed. Again, a

Benjamini and Hochberg correction was used to assess the signifi-

cance of the 6 comparisons across groups within the transcript. For

the other statistical analyses, no correction for multiple testing was

performed because they were mainly exploratory. Correlation coeffi-

cients (r2) were calculated by using the nonparametric Spearman

rank-order method. Only asthmatic subjects were included in the cor-

relation analysis. P values of .05 or less were considered significant.
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FIG E1. Laser-capture microdissection of bronchial epithelium from control subjects and asthmatic patients.

Toluidine blue–stained frozen tissue sections from a control subject (A and E), a patient with mild asthma

(B and F), a patient with severe steroid-sensitive asthma (C and G), and a patient with severe steroid-refractory

asthma (D and H) are shown. Arrows in Fig E1, A through D, point to intact areas of bronchial epithelium,

which were subsequently removed, as shown in Fig E1, E through H. Bars indicate 100 mm.



FIG E2. Exemplary real-time PCR amplification plots showing cycle threshold values for the 14 transcripts

analyzed and for the housekeeping gene ubiquitin C (UBC) in laser-capture microdissected bronchial epithe-

lium from a control healthy subject. TNC, Tenascin C; FN1, fibronectin 1; COL, collagen.



FIG E3. Correlation analyses (Spearman rank-order method) in asthmatic patients (n 5 28). Prebronchodilator

FEV1 value (in percent predicted values) was correlated with the epithelial levels of the transcripts encoding

IL-8/CXCL8 (A) and EDN1 (B) and with the number of EDN1-positive epithelial cells per square millimeter of

SBM in bronchial biopsy specimens (C).



FIG E4. Correlation analyses between epithelial EDN1 mRNA (A) and protein (B-D) expression and hallmarks

of airway remodeling in asthmatic patients (n 5 28). The epithelial levels of the transcript encoding EDN1 was

correlated with ASM area (Fig E4, A), and the number of EDN1-positive epithelial cells per square millimeter of

SBM in bronchial biopsy specimens was related to ASM area (Fig E4, B), SBM thickness (Fig E4, C), and the

number of fibroblasts beneath the SBM (Fig E4, D).



TABLE E1. Characteristics of control and asthmatic subjects

Asthmatic patients

Characteristic Control subjects Steroid untreated Steroid sensitive Steroid refractory P value*

Subjects examined (n) 10 10 10 8 —

Age (y)� 50.0 (42.5-52.8) 41.5 (37.5-52.5) 53.0 (37.5-56.5) 53.0 (36.0-71.0) .449

Sex (male/female) 4/6 4/6 6/4 4/4 —

Atopy 0 10 9 7 —

Asthma duration (y) NA 17.5 (7.3-23.5) 23.0 (18.5-39.3) 24.5 (13.5-33.8) .357

FEV1 before b2-agonists (%) 101.0 (100.0-107.3) 98.5 (87.0-111.5) 81.0 (80.3-88.3)�§ 42.0 (38.5-49.5)�§k .0001

FEV1 after b2-agonists (%) 107.0 (104.5-112.5) 99.5 (91.0-115.3) 96.5 (88.0-101.8) 51.5 (45.0-61.0)�§k .0001

On short-acting b2-agonists 0 10 10 8 —

On long-acting b2-agonists 0 0 10 8 —

On inhaled steroids 0 0 10 8 —

Mean daily dose of BDP equivalents 0 0 3200 mg 3600 mg —

On oral steroids 0 0 0 0 —

NA, Not applicable; BDP, beclomethasone dipropionate.

*Data were analyzed statistically by using the nonparametric Kruskal-Wallis test.

�Age, asthma duration, and percent predicted pre-b2-agonist and post-b2-agonist FEV1 value are expressed as medians (interquartile ranges).

�P < .05 compared with control subjects.

§P < .05 compared with patients with steroid-untreated asthma.

kP < .05 compared with patients with steroid-sensitive asthma (Mann-Whitney U test).



TABLE E2. Primer sequences used for quantitative real-time PCR

GeneBank identifier Transcript Forward sequence/reverse sequence

NM_000584 IL-8/CXCL8 GGCCAAGGGCCAAGAGAA

GGGTTGCCAGATTTAACAGAAAAA

NM_002982 MCP-1/CCL2 AAGCTGTGATCTTCAAGACCATTGT

GTTAGCTGCAGATTCTTGGGTTGT

NM_003236 TGF-a GACAGCAGCCAACCCTGATC

AAGCACAAATTCTCCTCCCTTACC

NM_000660 TGF-b1 ACTCATTCAGTCACCATAGCAACACT

CGCCTGGCCTGAACTACTACTTT

NM_003238 TGF-b2 CTGCTAATGTTATTGCCCTCCTACA

CACCCTAGATCCCTCTTGAAATCA

NM_001845 COL1A1 CTTTGCATTCATCTCTCAAACTTAGTTTT

CCCCGCATGGGTCTTCA

NM_000090 COL3A1 CGAAGAATCCATCCTTGCCATCTTCG

ACGCGGTGAGGCTGGTATTC

NM_001845 COL4A1 CTAATCACAAACTGAATGACTTGACTTCA

AAATGGCCCGAATGTGCTTA

X02761 FN1 TGGACCAGAGATCTTGGATGTTC

CGCCTAAAACCATGTTCCTCAA

X56160 TNC GGTCCACACCTGGGCATTT

TTGCTGAATCAAACAACAAAACAGA

NM_004530 MMP-1 ACCCTCAGAGCCACCCCTAA

GCCCTCTTGAGACAGTCTCCATT

NM_004530 MMP-2 CTGCTGGCTGCCTTAGAACCT

AACCATCACTATGTGGGCTGAGA

NM_004994 MMP-9 CGAACTTTGACAGCGACAAG

TCAGGGCGAGGACCATAGA

NM_001955 EDN1 TGGGATCAGAGCAGGAGCAT

AGATGAAAGAAGAGACCAAAGCAGTTAC

NM_004168 SDHA TGTGTCCATGTCATAACTGTCTTCATA

AAGAATGAAGCAAGGGACAAAGG

NM_012423 RPL13a CCTGGAGGAGAAGAGGAAAGAGA

TTGAGGACCTCTGTGTATTTGTCAA

NM_004168 Ubiquitin C CACTTGGTCCTGCGCTTGA

TTTTGGGAATGCAACAACTTT

COL, Collagen; FN1, fibronectin 1; TNC, tenascin C; SDHA, succinate dehydrogenase complex, subunit A; RPL13a, ribosomal protein 13a.



TABLE E3. Levels of transcripts in laser-capture microdissected bronchial epithelium from control subjects and patients

with steroid-untreated and patients with steroid-treated asthma

Asthmatic patients

Control subjects

Transcript Relative intensity* Steroid untreated Steroid sensitive Steroid refractory P valuey

MCP-1/CCL2 0.20 (0.15-0.81)� 2.52 (0.86-3.59)§ 0.26 (0.02-0.64)k 0.36 (0.27-0.43)k .011

IL-8/CXCL8 0.21 (0.12-1.79) 0.98 (0.59-1.99) 0.50 (0.25-0.93) 1.53 (1.03-3.66){ .001

MMP-2 0.37 (0.27-0.57) 1.52 (0.38-4.83) 0.77 (0.18-1.55) 0.88 (0.46-1.64) .329

EDN1 0.25 (0.07-0.36) 0.65 (0.31-1.43)§ 0.62 (0.48-0.88)§ 2.20 (1.36-5.91)§k .002

FN1 1.39 (1.13-1.75) 3.12 (1.00-5.15) 0.65 (0.19-3.46) 1.78 (0.55-17.32) .525

TNC 0.38 (0.04-0.78) 0.73 (0.15-1.56) 0.59 (0.28-0.84) 0.69 (0.37-2.02) .369

COL1A1 4.42 (2.89-6.39) 7.41 (3.20-17.81) 5.19 (2.48-8.61) 6.28 (2.51-26.30) .660

TGF-a 0.94 (0.36-2.25) 1.40 (0.86-1.85) 1.26 (0.95-1.58) 1.09 (0.69-1.62) .878

TGF-b2 1.66 (1.48-2.09) 1.70 (1.60-4.62) 0.63 (0.46-1.12) 1.33 (0.29-1.75) .112

MMP-9 11.41 (6.78-17.12) 9.03 (4.64-15.91) 1.52 (0.93-4.29/) 1.03 (0.30-1.65) .040

COL3A1 8.27 (5.77-9.23) 4.91 (3.94-8.86) 8.75 (3.92-37.24) 8.15 (3.72-32.28) .873

TGF-b1 1.22 (0.22-2.57) 0.54 (0.32-2.19) 0.34 (0.22-1.64) 0.22 (0.05-0.96) .344

MMP-1 2.62 (0.02-4.44) 0.47 (0.09-2.03) 0.09 (0.02-1.87) 0.04 (0.01-0.89) .259

COL4A1 0.51 (0.31-1.08) 0.10 (0.05-0.27) 1.50 (0.20-2.55) 1.27 (0.17-7.33) .286

FN1, Fibronectin 1; TNC, tenascin C; COL, collagen.

*Data represent the ratio of mRNA encoding each transcript over the geometric average of mRNA expression of the housekeeping genes ubiquitin C, succinate

dehydrogenase, and ribosomal protein 13a.

�Significance between the relative intensities of each transcript was assessed by using the nonparametric Kruskal-Wallis test with the Benjamini and Hochberg

correction for multiple testing. Only P values in bold are significant.

§Significant compared with control subjects.

kSignificant compared with patients with steroid-untreated asthma.

{Significant compared with patients with steroid-sensitive asthma (Mann-Whitney U test and Benjamini and Hochberg correction if global test is significant).

�Data are presented as medians (interquartile ranges).
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