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Background: Important features of airway remodeling in asth-
ma include the formation of subepithelial fibrosis and
increased deposition of types I and III collagen. TGF-f, IL-11,
and IL-17 are profibrotic cytokines involved in the formation
of subepithelial fibrosis and are increased in patients with
asthma, particularly in those with severe disease.

Objective: The purpose of this study was to investigate the
effect of corticosteroids on the expression of these profibrotic
cytokines and on extracellular matrix deposition.

Methods: We used immunocytochemistry to measure the
expression of TGF-f3, IL-11, IL-17, and collagen types I and III
in the airways of patients with mild asthma (n = 9), patients
with moderate-to-severe asthma (n = 10), and control subjects
without asthma (n = 6). Baseline bronchial biopsy specimens
were obtained in all groups. In addition, repeat biopsies were
obtained in the patients with moderate-to-severe asthma after
a 2-week course of oral corticosteroids.

Results: TGF-f expression was significantly higher in all
groups with asthma, and it did not decrease after treatment
with oral corticosteroids. Levels of IL-11 and IL-17 were
increased in patients with moderate-to-severe asthma com-
pared with patients with mild asthma and normal controls (P
< .05). The expression of these cytokines decreased with oral
corticosteroids in the moderate-to-severe group to levels that
were comparable to those seen in the patients with mild asth-
ma and in the normal controls (P < .005). Expression of types I
and III collagens was higher in the patients with moderate-to-
severe asthma than in the patients with mild asthma and the
controls (P < .05; P < .001). Treatment with corticosteroids did
not decrease the expression of types I and III collagens.
Conclusions: These results confirm the association of increased
levels of TGF-f, IL-11, IL-17, and types I and III collagens
with severe disease and suggest that the failure of cortico-
steroids to decrease collagen deposition might be due to per-
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sistently elevated TGF-3 expression. (J Allergy Clin Immunol
2003;111:1293-8.)
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Asthma has a wide clinical spectrum, ranging from
mild disease to severe, intractable disease. In its severe
form, asthma is characterized by significant loss of lung
function and frequent dependence on oral cortico-
steroids. The airway obstruction observed in asthma is
thought to be secondary to airway remodeling. The
histopathologic features of this process include epithelial
changes, subepithelial fibrosis (thickening of the base-
ment membrane), inflammatory cell infiltration, hyper-
plasia, and hypertrophy of the bronchial smooth muscle
and mucus hypersecretion. One of the most prominent
features of airway remodeling is subepithelial fibrosis,
and this characteristic is reportedly a potential marker for
disease severity.l:2 Important mediators involved in the
process of airway remodeling are TGF-f3, IL-11, and IL-
17. TGF-B is a profibrotic cytokine, and the TGF-f iso-
forms are implicated in the extracellular matrix (ECM)
changes observed in fibrosis. In vitro, TGF-$ has been
shown to stimulate fibroblasts to secrete a number of
ECM proteins, including collagen types I and III,
fibronectin, tenascin, and proteoglycans.3-9 Basal levels
of TGF- are increased in bronchoalveolar lavage fluids
of patients with asthma, and these levels are further
increased in response to allergen exposure.!0 In addition,
expression of TGF-f is increased in the airways of
patients with asthma and seems to correlate with disease
severity and degree of subepithelial fibrosis.!1

IL-11 is produced by many cell types, including
human lung fibroblasts and alveolar and airway epithelial
cells.12.13 Tang et all4 demonstrated that overexpression
of IL-11 in the lungs results in subepithelial fibrosis and
promotes the accumulation of myocytes and myofibro-
blasts. More recently, IL-11 expression was found to be
increased in the airways of patients with asthma com-
pared with normal controls and seems to correlate with
disease severity and a reduced FEV .15 IL-17 is a newly
described cytokine and is present in higher levels in the
sputum, bronchoalveolar lavage fluid, and eosinophils of
patients with asthma compared with controls without
asthma. In vitro, IL-17 stimulates human bronchial
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TABLE I. Subjects’ characteristics
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n Age (y) Sex (F/M) FEV, (% predicted) PCy (mg/mL) Atopy (yes/no)
Normal controls 6 26+ 1 2/4 1105 152 £ 35 1/5
Patients with mild asthma 9 27 +2 0/9 92 +3.1 2+21 8/1
Patients with moderate-to-severe asthma 10 313 4/6 585+3 — 10/0
All values are expressed as means = SEMs.
TABLE II. Clinical and physiologic responses to oral cor- METHODS
ticosteroid treatment in patients with moderate-to- Subjects

severe asthma

Values

Before oral corticosteroid treatment
FEV, pre-BD (% prednisolone) 585+3
FEV, post-BD (% prednisolone)* 94 +1

Percent change vs pre-BD 64.7 =12
Serum cortisol (nmol/L) 512 + 61
On oral corticosteroids{
FEV, pre-BD (% prednisolone) 73.1+6
% change vs precorticosteroid 25.04 £2
FEV, post-BD (% prednisolone)* 913+4
% change vs pre-BD 29.7+4
Cortisol (nmol/L) 242 +4

All values are expressed as means + SEMs.
*BD, inhaled salbutamol 200 pg.
TTwo weeks on 40 mg/day methylprednisolone.

Abbreviation used
ECM: Extracellular matrix

fibroblasts to synthesize and release higher amounts of
IL-6 and IL-11, which are 2 profibrotic cytokines.!©

Although a number of reports describe the effects of
steroids on subepithelial fibrosis, the impact of cortico-
steroids on the expression of profibrotic cytokines in
severe asthma has not yet been explained.!” The objec-
tive of this study was to investigate the expression of
TGF-B, IL-11, IL-17, and types I and III collagens in
patients with asthma with varying disease severity. In
addition, we studied the effect of oral corticosteroids on
the expression of these profibrotic cytokines. Our data
provide additional evidence that a correlation exists
between disease severity in asthma and the expression of
TGF-B, IL-11, IL-17, and types I and III collagens. Fur-
thermore, we show for the first time that IL.-17 levels also
correlate with disease severity. In addition, our data
demonstrate that treatment with oral corticosteroids sig-
nificantly reduces the expression of IL-11 and IL-17 in
the airways of patients with moderate-to-severe asthma.
In contrast, this treatment did not affect type I and type
III collagen deposition or the expression of TGF-P. This
suggests that the failure of oral corticosteroids to
decrease collagen deposition might be related, in part, to
the ongoing expression of TGF-p.

Nineteen patients with asthma, as defined by the American Tho-
racic Society criteria,!8 were recruited from the Asthma Clinic at the
Laval Hospital (Laval, Quebec, Canada) (Table I). Atopy was defined
as a positive skin reaction to at least 1 common allergen. Patients in
the mild asthma group (n =9) had a baseline FEV of >75% and were
treated with a short-acting [3,-agonist as needed and less than 3 doses
a week. The patients in the moderate-to-severe asthma group (n = 10)
had a baseline FEV | of <80% predicted with a >30% bronchodilator
response (Table II). None of these subjects had been treated with oral
prednisone during the 6 months preceding the study. All subjects
were treated with inhaled P,-agonists and were not exposed to
inhaled steroids or leukotriene receptor antagonist during the month
preceding the study. Patients in the moderate-to-severe group were
treated with a 2-week course of oral corticosteroids (methylpred-
nisolone 40 mg/day). Compliance with oral corticosteroid therapy
was confirmed with plasma morning cortisol levels. The control
group (n = 6) consisted of healthy volunteer subjects with no history
of allergies or asthma with the exception of 1 patient who was atopic
(Table I). All subjects were lifelong nonsmokers. Subjects with a his-
tory of respiratory tract infection within the previous 6 weeks or who
had received immunotherapy within the previous 12 months were
excluded. The study was approved by the Ethics Committee at the
Laval Hospital, and written informed consent was obtained from all
subjects before entry into the study.

Fiberoptic bronchoscopy and processing of
tissues

Bronchial biopsy specimens were obtained from all patients as
per the American Thoracic Society guidelines.!9 Biopsies were per-
formed on the patients with moderate-to-severe asthma on two sep-
arate occasions: at baseline and again after the 2-week course of
oral corticosteroids. Specimens were obtained from the bronchial
segmental divisions using alligator forceps (Olympus, Tokyo,
Japan) and were blocked immediately by embedding the tissue in
optimal cutting temperature medium and snap-freezing it in liquid
nitrogen—cooled isopentane. Blocks were stored at —80°C until use.

Immunocytochemistry

For mAbs, the alkaline phosphatase/antialkaline phosphatase
procedure was used as previously described.20 For polyclonal
mAbs, a biotinylated rabbit antigoat antibody (1/500; Sigma Chem-
ical, St Louis, Mo) was used and was developed by an alkaline
phosphatase—conjugated streptavidin solution (1/100; Sigma Chem-
ical). For all subjects, cryostat sections (6 m) were cut from the
frozen biopsy specimens, air-dried for 1 hour, fixed in an ace-
tone/methanol (60:40) solution, and stained with the following anti-
bodies: TGF B polyclonal antibody (1 pg/mL), mouse antihuman
IL-11 mAb (20 ng/mL), and goat antihuman IL-17 from R&D sys-
tems (Minneapolis, Minn); mouse antihuman type I collagen and
mouse antihuman type III collagen mAbs (5 pg/mL) from
MediCorp Inc (Montreal, Quebec, Canada). An enhancement was
performed for the IL-17 immunostaining by repeating the incuba-
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tions with the secondary and tertiary antibodies. All of the slides
were then developed in Fast Red (1 mg/mL; Sigma Chemical) and
counterstained in hematoxylin. For negative control preparations,
the primary antibody was replaced by TRIS-buffered saline solution
or the irrelevant isotype and species-matched primary antibody.

Quantitation

Slides were counted blindly. Positive cells within the epithelium
were counted, and the results were expressed as the percentage of pos-
itive epithelial cells on a 0.5-mm basement membrane length. Positive
cells in the subepithelium were counted and expressed as the number
of positive cells per square millimeter of submucosa. The extent of col-
lagen staining in the subepithelium and the thickness of the collagen
layer below the basement membrane were quantified with an image
analysis system (Image Pro-Plus software, Media Cybernetics, Silver
Spring, Md). These data are expressed as the mean of 3 measurements.

Statistical analysis

Significant differences among groups and conditions for Inter-
national Certification Commission experiments were determined
through use of the nonparametric Kruskal-Wallis test and subse-
quently through use of a Mann-Whitney U test. Correlation coeffi-
cients were obtained by Pearson’s rank method with Bonferroni
correction (Systat v7.0; SPSS, Chicago, Ill). In each case, a P value
of less than .05 was considered statistically significant.

RESULTS
Expression of TGF-3

The expression of TGF-f3 was low in the bronchial
submucosa of subjects in the control group. The
immunoreactivity for TGF-$ was significantly higher in
the patients with mild asthma and the patients with mod-
erate-to-severe asthma than in the controls (P < .05, Fig
1). Most of the TGF- immunoreactivity was localized to
the inflammatory cells in the subepithelial tissues. When
we compared expression of TGF-B in the moderate-to-
severe group before and after oral corticosteroids, no sig-
nificant difference was found in the TGF-§ immunoreac-
tivity after oral corticosteroids.

Expression of IL-11

The expression of IL-11 in the subepithelium was sim-
ilar in the controls and the subjects with mild asthma (40
+ 24 and 46 +12 positive cells/mm? of tissue, respective-
ly). In turn, the immunoreactivity of IL-11 was signifi-
cantly higher in the patients with moderate-to-severe
asthma (111 + 31 positive cells/mm? of tissue; P < .05 in
comparison with controls and patients with mild asthma;
Fig 2, A). After treatment with oral corticosteroids, the
expression of IL-11 in the subepithelium of patients with
moderate-to-severe asthma was decreased to levels (23 +
11 positive cells/mm?2 of tissue) that were significantly
lower than their baseline levels (P < .005). In the epithe-
lium, higher levels of IL-11 were observed in the patients
with moderate-to-severe asthma (28.7% + 9.3% of posi-
tive epithelial cells/0.5 mm of basement membrane) than
in the controls and the patients with mild asthma in
whom the levels were low (0% and 2.5% + 2.0% of pos-
itive epithelial cells/0.5 mm of basement membrane for
controls and patients with mild asthma, respectively; P <
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FIG 1. Comparison of TGF-f immunoreactivity in the bronchial
submucosa of control subjects, patients with mild asthma, and
patients with moderate-to-severe asthma (before and after the 2-
week course of oral corticosteroids).

.001; Fig 2, B). The high epithelial expression of IL-11 in
the patients with moderate-to-severe asthma was
decreased after corticosteroid treatment (P = .005) to lev-
els that were similar to those in the epithelium of patients
with mild asthma (4.5% + 2.4% of epithelial cells/0.5
mm of basement membrane; Fig 2, B).

Expression of IL-17

The immunoreactivity for IL-17 in the subepithelium
of control subjects and patients with mild asthma was
similar in both groups (31 + 9 and 42 + 9 positive
cells/mm? of tissue for controls and patients with mild
asthma, respectively, Fig 3, A). No staining was detected
in the epithelial compartment for either group (Fig 3, B).
In contrast, high levels of IL-17 were found both in the
subepithelial (Fig 3, A) and epithelial (Fig 3, B) com-
partments of the patients with moderate-to-severe asthma
(181 + 53 positive cells/mm? of tissue and 79.4% + 3.9%
of positive epithelial cells/0.5 mm of basement mem-
brane, respectively). These levels were significantly dif-
ferent from those detected in the control and subjects
with mild asthma (P < .001 for all). After a 2-week
course of oral corticosteroids, IL-17 immunoreactivity
decreased significantly in the subepithelium and the
epithelium of the patients with moderate-to-severe asth-
ma (29 =+ 2 positive cells/mm? of tissue and 4.9% + 1.6%
of positive epithelial cells/0.5 mm of basement mem-
brane, respectively, Fig 3, A and B). These levels were
significantly different from those measured before corti-
costeroid treatment (P < .001 in both subepithelium and
epithelium) and were similar to the levels in the controls
and patients with mild asthma.

Expression of collagens

Fig 4 shows results for type I collagen. The expression
of collagen was higher in patients with mild asthma than
in controls (scores: 1.56 = 0.41 and 0.8 + 0.4 for type I
collagen, respectively; 7.56 = 0.22 and 6.19 + 2.07 for
type III collagen, respectively); however, the differences
were not statistically different. In contrast, both types of
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FIG 2. A, Comparison of IL-11 immunoreactivity in the bronchial submucosa of control subjects, patients
with mild asthma, and patients with moderate-to-severe asthma (before and after the 2-week course of oral
corticosteroids). B, Comparison of IL-11 immunoreactivity in the bronchial epithelium of control subjects,
patients with mild asthma, and patients with moderate-to-severe asthma (before and after the 2-week
course of oral corticosteroids).
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FIG 3. A, Comparison of IL-17 immunoreactivity in the bronchial submucosa of control subjects, patients
with mild asthma, and patients with moderate-to-severe asthma (before and after the 2-week course of oral
corticosteroids). B, Comparison of IL-17 immunoreactivity in the bronchial epithelium of control subjects,
patients with mild asthma, and patients with moderate-to-severe asthma (before and after the 2-week
course of oral corticosteroids).

collagen were significantly increased in patients with
moderate-to-severe asthma (5.75 + 0.56 and 8.53 + 0.26

o <0001 for type I and type III, respectively) compared with either
09 patients with mild asthma (P < .001 and P = .05 for type
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course of corticosteroid treatment did not alter these lev-
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g 1 DISCUSSION

v
v

v In this study, we confirmed that bronchial biopsy spec-
¢ e imens of patients with moderate-to-severe asthma are
% characterized by increased deposition of types I and III
Control Mild  BeforeCS  AferCS collagens compared with patients with mild asthma and
Moderate-to-Severe normal controls. We also showed that there is preferential
FIG 4. Immunoreactivity of type | collagen in the submucosa of upregulation of the expres'swn (.)f prOﬁbrOtlc cytokines
control subjects, patients with mild asthma, and patients with TGF_B’ IL-11, and IL-17 in patients with moderate-to-
severe asthma compared with patients with mild asthma

moderate-to-severe asthma (before and after the 2-week course
of oral corticosteroids). and normal controls. As such, our data are the first to
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demonstrate that as with TGF-B and IL-11, the
immunoreactivity of IL-17 correlates with disease sever-
ity. In addition, we have shown that treatment with oral
corticosteroids significantly reduces the expression of
IL-11 and IL-17 in the airways of patients with moder-
ate-to-severe asthma. In contrast, TGF-J expression was
not altered by the 2-week course of oral corticosteroids.

Subepithelial fibrosis is an important feature of airway
remodeling and has been extensively studied, because it
is easy to identify and measure in bronchial biopsy spec-
imens. Historically, subepithelial fibrosis was referred to
as “thickening of the basement membrane,” until Jef-
fery2! demonstrated that these changes are related to
deposition of fibrous tissue and extracellular proteins
below the basement membrane. We and others have
shown a correlation between the severity of asthma and
the degree of subepithelial fibrosis.!522

The ECM is composed of a complex network of
macromolecules, including collagen, elastin, fibronectin,
tenascin, and proteoglycan. Collagen, in particular, is a
major protein of the ECM. Interestingly, the subepithelial
tissues of patients with asthma have been shown to con-
tain significantly more type I and type III collagen than
those of normal control subjects.23 We have previously
demonstrated a positive correlation between the expres-
sion of types I and III collagen and the severity of dis-
ease.!5 A more recent publication from our group showed
a similar association between proteoglycan deposition
and increased airway responsiveness.24 It should be
noted, however, that the correlation between subepithe-
lial fibrosis and disease severity in asthma is still a point
of debate in the literature, because other groups have
failed to observe these associations.2> The disparities in
the reports might be explained by the varying definitions
of disease severity and differences in the methods used to
detect extracellular proteins between the groups. In this
study, we provide additional evidence to support the
association between the extent of subepithelial fibrosis as
measured by the staining of types I and III collagens and
the disease severity in asthma.

TGF-f represents a profibrotic cytokine that is pro-
duced by a number of cells, including macrophages,
epithelial cells, fibroblasts, and eosinophils. The expres-
sion of TGF-f in patients with asthma has varied among
investigators, and whether its level correlates with dis-
ease severity is controversial.20.27 We have previously
demonstrated an association between the level of expres-
sion of TGF-PB and severity of disease; however, other
groups did not observe this association.!! In this study,
we have confirmed that TGF-3 expression is increased in
patients with asthma compared with controls, and we
also showed that the degree of expression is significantly
higher in the patients with moderate-to-severe disease
than in patients with mild asthma. Although we did not
do any colocalization studies to detect the site of the
TGF-B, earlier studies reported that most of the TGF-f3
expression in patients with asthma comes from
eosinophils, which are increased in patients with asthma
and likely correlate with disease severity.28 Epithelial
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cells might be an additional source of TGF-f3; however,
we observed only minimal amounts of TGF-B in the
epithelial cells in our biopsy specimens (data not shown).
This might be explained by damage of epithelial cells
after endobronchial biopsies.

IL-11 is a member of the IL-6 family of cytokines. It
has been previously shown that IL-11 has fibrogenic
potential in an animal model and is involved in the for-
mation of subepithelial fibrosis and the local accumula-
tion of fibroblasts, myofibroblasts, and smooth muscle
cells. We have previously shown that though IL-11 is not
increased in patients with mild asthma compared with
controls, its expression is significantly higher in the
patients with more severe disease, and we have con-
firmed this observation in this study.!5

IL-17 is a newly described cytokine that has been iden-
tified as a T-cell product of the T2 type and is increased
in patients with mild asthma compared with normal con-
trols.16 In this study, we observed upregulation of the
expression of this cytokine in patients with moderate-to-
severe disease with a pattern similar to that of IL-11. Fur-
thermore, the response of IL-17 to corticosteroids seems
to be similar to IL-11 in that its expression was decreased
significantly after treatment with oral steroids.

Although we did not do double-staining in this study
to identify which cells express IL-11, IL-17, or TGF-,
we have reported previously the major cellular pheno-
types that produce these cytokines in asthma. These
profibrotic cytokines are produced in large part by
inflammatory cells, such as eosinophils, as well as by
structural cells, including epithelial cells.!1.15

The effects of corticosteroids on airway remodeling
and subepithelial fibrosis have not been fully explained.
In this study, we showed that a 2-week course of oral cor-
ticosteroids does not produce a decline in the expression
for types I and III collagen. Fibroblasts seem to be resis-
tant to steroids in terms of their ability to produce colla-
gen of types I and III in response to IL-11 and 1L.-17.16
Although we have not measured the degree of subepithe-
lial fibrosis by van Giemsa staining, our findings are con-
sistent with the previous studies from our group and
other groups that corticosteroids are not effective in
reducing subepithelial fibrosis and inhibiting fibroblast
function.?® Fibroblast function is controlled by a number
of mediators such as IL-11, IL-17, and TGF-B. The
cytokines IL-11 and IL-17 do not seem to be the key fac-
tors that lead to the resistance of fibroblasts to cortico-
steroids, because their immunoreactivity was reduced
after the 2-week course of oral corticosteroids. In con-
trast, the expression of TGF- was not suppressed by
treatment with oral corticosteroids. This finding might
explain the persistent collagen production from fibro-
blasts in patients with severe asthma despite treatment
with oral corticosteroids.

It is also important to note that the deposition of col-
lagen is regulated by levels of matrix metalloproteinases,
a family of enzymes that is responsible for cleaving pro-
tein constituents of the ECM. This degradation process is
balanced by a number of specific inhibitors of matrix
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metalloproteinases, including tissue inhibitor of metallo-
proteinases. In this study, we did not examine the expres-
sion of matrix metalloproteinases or tissue inhibitor of
metalloproteinases, and it is conceivable that they play a
role in producing the apparent insensitivity of collagen to
corticosteroids.

In conclusion, despite the ability of corticosteroids to
reduce airway inflammation and cytokine gene expres-
sion, they do not seem to inhibit fibroblast function, air-
way remodeling, and subepithelial fibrosis. These data
emphasize the need in clinical practice for a therapy that
will target fibroblast function. Recently, some reports
have indicated that leukotriene receptor antagonists
might have antifibrotic effects.30 If this is true, further
studies will be necessary to investigate the effect of
leukotriene antagonists on fibroblast function and their
impact on airway remodeling.

We thank Luce Trépanier for recruiting the subjects and Doris
Cantin and Nathalie Pagé for their excellent technical assistance.
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