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Airway immunopathology of asthma with
exercise-induced bronchoconstriction

Teal S. Hallstrand, MD, MPH,a Mark W. Moody, BS,a Moira L. Aitken, MD,a and

William R. Henderson, Jr, MDb Seattle, Wash
Background: Exercise-induced bronchoconstriction (EIB) is

a common cause of symptoms in a subgroup of asthmatic

subjects. The pathobiology that makes this group of asthmatic

subjects susceptible to bronchoconstriction after a brief period

of exercise remains poorly understood.

Objective: We sought to determine whether there are

differences in lower airway inflammation and production of

cytokines and eicosanoids between asthmatic subjects with and

without EIB.

Methods: Two distinct groups of asthmatic subjects based on

a priori definitions were identified, one with moderate-to-severe

EIB and the other without significant bronchoconstriction

after exercise challenge. Both groups met the definition of

asthma on the basis of bronchodilator response, bronchial

hyperresponsiveness, or both. A comparative

immunopathology study was conducted by using induced

sputum to identify differences in lower airway inflammation

and production of cytokines and eicosanoids.

Results: The groups had similar baseline lung function and

bronchodilator response and did not have any asthma

exacerbations within the prior year. The concentration of

columnar epithelial cells was markedly higher in the group

with EIB (1.4 3 105 vs 2.9 3 104 cells/mL, P = .01). The

concentration of eosinophils was higher in the group

with EIB (3.6 3 104 vs 4.9 3 103 cells/mL P = .04). Cysteinyl

leukotrienes (CysLTs; 727.7 vs 151.9 pg/mL, P = .01) and the

ratio of CysLTs to prostaglandin E2 (1.85 vs 1.04, P = .002)

in the airways were higher in the group with EIB.
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Conclusion: Injury to the airway epithelium, overexpression of

CysLTs, relative underproduction of prostaglandin E2, and

greater airway eosinophilia are distinctive immunopathologic

features of asthma with EIB. (J Allergy Clin Immunol

2005;116:586-93.)

Key words: Asthma, exercise-induced bronchoconstriction, epithe-
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Asthma is a complex syndrome with a number of
clinical phenotypes.1 Exercise-induced bronchoconstric-
tion (EIB) is a highly prevalent but discrete clinical
phenotype that shares common features with other mea-
sures of indirect bronchial hyperresponsiveness (BHR).2

Among triggers of indirect BHR, exercise is particularly
important because it generally cannot be avoided. Recent
studies indicate that EIB occurs in less than half of
asthmatic subjects tested with a standardized exercise
challenge.3,4 Compared with other features of asthma,
EIB has distinct pathophysiology. There is no relationship
between baseline lung function and severity of EIB.4 Only
a weak relationship exists between direct BHR and
severity of EIB.5,6 The presence of EIB in children might
precede the development of other features of asthma,
representing an early stage of the disease.7 Some asthmatic
subjects susceptible to EIB have severe bronchoconstric-
tion and hypoxemia after a brief period of exercise.8

Furthermore, asthma triggered during sports is a common
cause of sports-related deaths in children.9

The pathobiology that makes this group of asthmatic
subjects susceptible to bronchoconstriction after a short
period of exercise remains poorly understood. Because the
exercise challenge test used to identify EIB is the maxi-
mum stimulus for EIB,10 asthmatic subjects with and
without EIB can be readily identified by threshold re-
sponses to a standardized exercise challenge test.10 The
stimulus for EIB involves drying and cooling of the
intrathoracic airways as a result of increased ventilation
during exercise.11 After exercise challenge in human
subjects with EIB, increased levels of cysteinyl leukotri-
enes (CysLTs; leukotriene E4)

12,13 are detected in the
urine, although these findings have not been seen in all
studies.14 In a canine model of EIB, epithelial disruption
occurs during dry air challenge, which is correlated with
the amount of bronchoconstriction and release of CysLTs
into the airways.15,16 Airway eosinophilia is correlated
with the severity of EIB in asthmatic subjects with EIB.6

To determine whether there are differences in lower
airway inflammation and production of cytokines and
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Abbreviations used
AUC: Area under the FEV1-time curve

BHR: Bronchial hyperresponsiveness

CysLT: Cysteinyl leukotriene

EIB: Exercise-induced bronchosontriction

PG: Prostaglandin

eicosanoids between asthmatic subjects with and without
EIB, we identified 2 distinct groups of asthmatic subjects
on the basis of a priori definitions, one with moderate-
to-severe EIB and the other without significant broncho-
constriction after exercise challenge. Both groups met the
definition of asthma on the basis of bronchodilator
response, BHR, or both.17 We conducted a comparative
immunopathology study by using induced sputum. The
primary objective of the study was to determine whether
asthmatic subjects with EIB have epithelial injury, leading
to airway eosinophilia and release of CysLTs into airway
fluid.

METHODS

Subjects

The University of Washington Institutional Review Board ap-

proved the study protocol, andwritten informed consent was obtained

from all participants. Subjects 18 to 59 years of age were recruited

who had a physician’s diagnosis of asthma for 1 year or longer and

used only an inhaled b2-agonist for asthma treatment. In accordance

with a priori definitions, asthmatic subjects with EIB (EIB1 group)

were identified with a 30% or greater decrease in FEV1 after exercise

challenge, and asthmatic control subjects without EIB (EIB2 group)

were identified with a 7% or less decrease in FEV1 after exercise

challenge. A diagnosis of asthma was established in the EIB2 group

on the basis of either a change in FEV1 of 12% or greater after the

administration of a b2-agonist or a methacholine PC20 of 8 mg/mL or

less. Potential participants were excluded if baseline FEV1 was 65%

of predicted value or less, if there was history of smoking cigarettes

within the prior year or a 7 pack-years or longer smoking history, if

the patient was treated for acute asthma within the prior month, if the

patient was hospitalized for asthmawithin the prior 3months, or if the

patient had a history of life-threatening asthma. Participants were

excluded if they had used an inhaled corticosteroid, leukotriene

modifier, long-acting antihistamine, cromone, or long-acting b2-

agonist in the 30 days before the study.

Study protocol

The first visit consisted of a physical examination, spirometry, and

exercise challenge to determine eligibility for the study. Participants

with a 30% or greater maximum decrease in FEV1 after exercise

challenge were enrolled in the EIB1 group. Participants with a 7% or

smaller maximum decrease in FEV1 after exercise challenge were

eligible for inclusion in the EIB2 group. On the second visit,

conducted at the same time of day 4 to 10 days later, all participants

had spirometry before and 15 minutes after administration of 180 mg

of albuterol through a metered-dose inhaler, followed by induced

sputum. Participants in the EIB2 group with less than a 12%

improvement in FEV1 after the administration of albuterol had a

third study visit for a methacholine challenge 4 to 10 days later.
Subjects were asked not to exercise, not to use short-acting antihis-

tamines for 48 hours, and not to use b2-agonists and caffeinated

beverages for 6 hours before each study visit. All participants in the

EIB1 group were enrolled in a subsequent study.18

Spirometry, exercise, and methacholine
challenge

Spirometry, exercise, and methacholine challenges were con-

ducted in accordance with American Thoracic Society standards.10,19

Exercise challenge was performed on a motorized treadmill such that

each subject sustained 85% or more of their maximum heart rate for

the final 6 minutes of exercise.10 Subjects wore nose clips and

breathed dry air (0% relative humidity, 22�C) delivered from a

weather balloon reservoir through a 1-way valve (Hans Rudolph,

Kansas City, Mo) during exercise. Spirometry was conducted 20 and

5 minutes before each exercise challenge and repeated at 0, 3, 6, 10,

15, and 30 minutes after the end of exercise. The better of at least 2

FEV1 maneuvers within 5% of each other was recorded at each time

point. Methacholine challenge was conducted with a dosimeter.10

Sputum induction

Induced sputum was conducted with 3% hypertonic saline

administered through an ultrasonic nebulizer (DeVilbiss, Somerset,

Pa), as previously described.20 At 2-minute intervals, subjects were

asked to clear saliva from their mouth and then expectorate sputum.

Sputum was collected over 12 minutes and was pooled into a single

sample container. The induced sputum was placed on ice immedi-

ately and processed within 30 minutes of collection. Samples were

coded with a subject number, visit number, and date. The link

between the clinical characteristics of the participants and the coded

label was maintained in a separate file by the principal investigator.

Total and differential cell counts were performed by an investigator

(MWM) who was blinded to the clinical characteristics of each

participant. The levels of histamine, CysLTs, leukotriene B4, pros-

taglandin (PG) E2, IL-4, IL-5, IL-8, IL-13, TNF-a, vascular endo-

thelial growth factor, and RANTES were determined in induced

sputum supernatants. Details of induced sputum processing and

analysis are presented in the Online Repository in the online version

of this article at www.mosby.com/jaci.

Statistical analysis

The sample size was based on the percentage of eosinophils

because of the relationship between the percentage of eosinophils in

induced sputum and the severity of EIB.6 The sample size in this

study was selected to detect a 2% difference in the percentage of

eosinophils with 95% power on the basis of data from Crimi et al.21

The characteristics of the study participants were compared with

unpaired t tests for continuous variables and x2 tests for categoric

variables. The area under the FEV1-time curve (AUC)22 quantified

the severity of EIB over a 30-minute period after exercise (AUC30).

Comparison of the severity of EIB between the groups wasmadewith

an unpaired t test. The relationship between lung function and

bronchodilator response and the severity of EIB was assessed within

each group with the Pearson correlation coefficient. The medians of

differential cell counts and concentrations of cellular constituents and

inflammatory mediators were compared between different groups

with the Mann-Whitney U test. On the basis of the study by Szefler

et al,23 indicating that age might be a factor in the response to the

CysLT1 antagonists, a regression analysis (see the Online Repository

in the online version of this article at www.mosby.com/jaci) was also

performed to account for the possible effects of age and sex on the

levels of cellular constituents and inflammatory mediators in induced

sputum.
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RESULTS

Subject characteristics

The characteristics of each of the groups are listed in
Table I. The diagnosis of asthma was confirmed in the
EIB2 group by a 12% or greater bronchodilator response
in 4 participants and by a methacholine PC20 of 8 mg/mL
or less (mean, 2.8 mg/mL; range, 0.25-8 mg/mL) in 6
participants. There were no differences in baseline lung
function or response to the administration of a broncho-
dilator between the 2 groups. None of the patients in either
group reported an asthma-related emergency department
visit, acute-care visit, or hospitalization within the prior
year. Both groups reported asthma symptoms primarily
during activity, including 4 of 10 from each group who
had no asthma symptoms except during activity. There
were no differences in the rate of allergic rhinitis or prior
use of inhaled corticosteroids between the groups (Table
I). A past history of cigarette smoking was present in none
of the EIB1 group and 3 of the EIB2 group (range, 1-5
pack-years; P = .21). The reduction in FEV1 after exercise
challenge was much greater in the EIB1 group compared
with that seen in the EIB2 group (P < .001, Fig 1). The
relationship between baseline lung function and the

TABLE I. Characteristics of study participants*

Asthma

Characteristic EIB1 (n = 10) EIB2 (n = 10) P value

Age (y)

Mean 26.6 32.5 .21

Range 20-28 20-54

Sex (% male) 60 30 .18

Race

White 9 8

African American 0 1

Asian 1 0

Hispanic 0 1

Clinical features

Asthma Exacerbations/y 0 0 NS

Prior ICS use (%) 50 40 .50

Allergic rhinitis (%) 40 20 .31

Baseline

FEV1 (%) 81.7 6 10.3 80.9 6 11.3 .87

FVC (%) 99.1 6 10.9 97.8 6 10.1 .79

FEV1/FVC 0.7 6 0.1 0.7 6 0.1 .96

FEF25-75 (%) 54.0 6 16.5 55.0 6 14.7 .89

After bronchodilator

D FEV1 (%) 13.3 6 7.1 14.3 6 11.3 .81

D FVC (%) 3.7 6 9.0 2.4 6 7.7 .72

D FEV1/FVC (%) 11.0 6 6.8 11.8 6 7.7 .79

D FEF25-75 (%) 38.8 6 20.4 32.9 6 20.9 .53

After exercise

Maximum decrease

in FEV1

237.2 6 5.3 23.1 6 3.1 <.001

Area under FEV1 curve�2879.3 6 220.6 48.5 6 96.1 <.001

FVC, Forced vital capacity; FEF25-75, forced expiratory flow, midexpiratory

phase.

*Values are reported as means 6 SD unless otherwise specified.

�Area under the FEV1 curve over the first 30 minutes after exercise

(percentage change 3 min).
severity of EIB was assessed separately within each
group, showing that there was no relationship between
baseline FEV1 and severity of EIB assessed on the basis of
the AUC30 (EIB

1, r2 = 0.087, P = .41; EIB2, r2 = 0.201,
P = .19; Fig 2, A). Similarly, there was no relationship
between the response to the administration of a broncho-
dilator at baseline and the severity of EIB in either group
(EIB1, r2 = 0.139, P = .29; EIB2, r2 = 0.009, P = .79;
Fig 2, B).

Comparison of lower airway cellular
constituents

The induced sputum volume was higher in the EIB1

group compared with that in the EIB2 group (7.7 vs 3.4 mL,
P = .003). The concentration of columnar epithelial cells was
higher in the EIB1 group (1.43 105 vs 2.93 104 cells/mL,
P = .01; Fig 3, A). The concentration of eosinophils was
higher in the group with EIB (3.6 3 104 vs 4.9 3 103

cells/mL, P = .04; Fig 3, B). There were no differences
in the concentrations of lymphocytes, macrophages, or
neutrophils between the groups (Table II). There was a
trend toward a higher concentration of inflammatory
cells in induced sputum in the group with EIB (1.3 3

106 vs 7.8 3 105 cells/mL, P = .14). There were no
differences in the percentage of inflammatory cells in the
lower airways between the 2 groups, but there was a trend
toward higher percentages of eosinophils and columnar
epithelial cells (Table II). A regression analysis account-
ing for the possible effects of age and sex on the levels of
columnar epithelial cells and eosinophils is presented in
theOnline Repository in the online version of this article at
www.mosby.com/jaci. Addition of age and sex had no
significant effect on the observed differences in columnar
epithelial cells and eosinophils between the groups.

Comparison of airway inflammatory
mediators

The concentration of CysLTs in the airways was higher
in the EIB1 group compared with in the EIB2 group
(727.7 vs 151.9 pg/mL, P = .01; Fig 4, A), and the ratio of
CysLTs to PGE2 was higher in the EIB

1 group compared
with that seen in the EIB2 group (1.85 vs 1.04, P = .002;
Fig 4, B). There were no differences in the levels of
histamine, LTB4, PGE2, IL-5, IL-8, and vascular endo-
thelial growth factor between the groups (Table III). The
levels of IL-4, IL-13, TNF-a, and RANTESwere less than
the level of detection. A regression analysis accounting for
the possible effects of age and sex on the levels of CysLTs
and the CysLT/PGE2 ratio is presented in the Online
Repository in the online version of this article at
www.mosby.com/jaci. Addition of age and sex did not
affect the differences in CysLTs and the CysLT/PGE2

ratio between the groups.

DISCUSSION

Asthma is a phenotypically diverse syndrome that is
defined in part by the presence of increased BHR.1 The
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FIG 1. Comparison of lung function response after exercise challenge in asthmatic subjects with EIB and an

asthmatic control group without EIB. The severity of EIB measured on the basis of the AUC30 was markedly

greater in the EIB1 group (P < .001).

FIG 2. Relationship between lung function and severity of EIBmeasured on the basis of the AUC30 (A) and lung

function response to a short-acting b2-agonist and severity of EIB (B). No relationship was identified between

either of these 2 physiologic parameters and the severity of EIB.
degree and type of BHR is variable among patients with
asthma. The severity of direct BHR is related to baseline
lung function,24 possibly indicating structural remodeling
of the lung. In contrast, indirect BHR is measured by the
response to stimuli, such as exercise, hypertonic aerosols,
and AMP, and is thought to act indirectly through the
release of inflammatory mediators into the airways.2

Indirect BHR is not related to baseline lung function4,24

andmight indicate greater airway inflammation.25 There is
limited information about the distinct immunopathology
that leads to indirect BHR. The present study examined
EIB, a measure of BHR that overlaps with other measures
of indirect BHR and is a distinct phenotypic manifestation
of asthma that is only weakly associated with severity of
direct BHR5,6,26 and is not associated with baseline lung
function.4 Several cross-sectional studies have shown that
the severity of EIB and methacholine BHR are not
strongly related. In 27 asthmatic children there was no
relationship between the methacholine PC20 and the
maximum decrease in FEV1 after exercise (r =20.2,
P = .40).5 Another cross-sectional study showed no re-
lationship between methacholine PC20 and maximum
decrease in FEV1 after exercise (r =20.2, P = .31) in 21
young adults with asthma.6 Only 9 of 25 elite athletes with
positive results on eucapnic voluntary hyperpnea chal-
lenge, a surrogate for exercise challenge, had a positive
methacholine challenge result.27 Inhaled corticosteroid
treatment causes a progressive improvement in methacho-
line BHR over 24weeks that is greater with high-dose than
with moderate-dose inhaled corticosteroid treatment,
whereas the maximum inhibition of EIB during inhaled
corticosteroid treatment occurs after 3 weeks and is the
same for high- and moderate-dose inhaled corticosteroid
treatment.26 The results of this study show that the airway
immunopathology associated with asthma with EIB in-
cludes greater injury to the airway epithelium, overex-
pression of CysLTs, relative underproduction of PGE2,
and greater airway eosinophilia.

The amount of epithelial disruption identified in studies
of asthma has been inconsistent, leading to controversy
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FIG 3. Comparison of the concentration of columnar epithelial cells (A) and the concentration of eosinophils

(B) in induced sputum between asthmatic subjects with EIB and asthmatic control subjects without EIB. The

median concentration of columnar epithelial cells and eosinophils was higher in the group with EIB.

TABLE II. Cellular findings in induced sputum*

Asthma

EIB1 (n = 10) EIB2 (n = 10) P valuey

Percentage

Eosinophils� 2.07 (0.58-3.49) 0.44 (0.00-1.49) .123

Lymphocytes� 1.50 (0.78-4.36) 1.20 (0.88-1.74) .353

Macrophages� 36.89 (26.02-51.44) 43.80 (16.14-52.22) 1.000

Neutrophils� 36.20 (24.40-56.41) 35.29 (28.50-64.86) .579

Columnar epithelial cells� 7.07 (3.65-14.35) 2.43 (1.40-10.16) .143

Squamous epithelial cells§ 18.51 (10.41-25.70) 34.99 (14.46-46.49) .190

Other cells{ 4.77 (3.15-8.42) 7.26 (3.56-10.14) .393

Concentration (3 104)

Eosinophils� 3.58 (12.06-68.71) 0.49 (0.00-1.10) .043

Lymphocytes� 2.73 (0.90-7.38) 0.99 (0.63-2.27) .105

Macrophages� 49.63 (23.18-119.01) 22.59 (15.05-65.88) .123

Neutrophils� 45.33 (23.60-127.58) 44.03 (14.35-69.73) .247

Columnar epithelial cells� 13.70 (5.91-20.13) 2.91 (1.78-7.65) .011

Squamous epithelial Cells 32.42 (20.43-62.47) 38.62 (15.15-70.03) .912

Other cells{ 6.68 (3.52-17.62) 5.60 (3.67-10.05) .579

*Data are expressed as medians (interquartile ranges).

�Mann-Whitney U test.

�Inflammatory cells and columnar epithelial cells expressed as the percentage of nonsquamous epithelial cells.

§Squamous epithelial cells expressed as the percentage of total cells.

{Cells that could not be classified.
over the role of epithelial disruption in asthma pathogen-
esis.28 Disruption of the airway epithelium has been in-
directly associated with EIB in previous studies. Sputum
albumin level, a marker of permeability, was associated
with the severity of EIB.29 Similarly, a population-based
study showed that another marker of epithelial permea-
bility, serum surfactant levels, was associated with the
presence of EIB in schoolchildren.30 This alteration in
epithelial permeability might be responsible for the higher
volume of induced sputum in asthmatic subjects with EIB.
Disruption of the epithelium also increases the transit of
granulocytes into the airways,31 which might be respon-
sible for the higher concentration of eosinophils in asth-
matic subjects with EIB.

High levels of ventilation alone might be sufficient to
injure the epithelium, leading to EIB. Dry air delivered
repeatedly to canine lower airways injures the airway
epithelium leading to a process similar to EIB.15 Isocapnic
hyperpnea in human subjects with asthma leads to the
release of columnar epithelial cells into bronchoalveolar
lavage fluid.32 Winter athletes exposed to recurrent epi-
sodes of high ventilation with dry cold air, leading to the
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FIG 4. Comparison of the levels of CysLTs (A) and the ratio of CysLT to PGE2 (B) in the airways of asthmatic

subjects with EIB compared with those seen in asthmatic control subjects without EIB. The median

concentrations of CysLT and the CysLT/PGE2 ratio were higher in the group with EIB.

TABLE III. Mediator concentrations in induced sputum*

Asthma

EIB1 (n = 10) EIB2 (n = 10) P valuey

Histamine (ng/mL) 24.2 (13.9-200.3) 28.4 (12.1-74.8) .853

CysLT (pg/mL) 727.7 (164.0-1122.0) 151.9 (106.5-195.0) .015

LTB4 (pg/mL) 1050.0 (520.0-3369.0) 1564.0 (176.0-3249.0) .912

PGE2 (pg/mL) 225.8 (77.1-225.8) 125.2 (58.6-231.9) .218

IL-5 (pg/mL) 1.9 (1.9-7.5) 1.9 (1.9-1.9) .143

IL-8 (pg/mL) 882.3 (424.0-2389.0) 550.9 (227.0-1066.0) .353

VEGF (pg/mL) 342.2 (175.0-712.0) 502.1 (160.0-991.0) .631

VEGF, Vascular endothelial growth factor.

*Data are expressed as medians (interquartile ranges).

�Mann-Whitney U test.
development of BHR, have increased epithelial disruption
and metaplasia on airway biopsy specimens.33

Injury to the airway epithelium might increase the
susceptibility to EIB through several mechanisms. Studies
in isolated airways show that the contractile responses to a
number of stimuli, such as acetylcholine and histamine,
are increased in areas in which the epithelium is dis-
rupted.34 Although this partly represents a reduction in the
barrier function of epithelium, the predominant mecha-
nism is an inhibition of the production of epithelial derived
substances, such as PGE2, that are inhibitory to smooth
muscle contraction.35 The airway epithelium is a key
regulator of airway surface liquid osmolarity,36 a critical
factor in the initiation of EIB.11 Disruption of the airway
epithelium alters the normal regulation of water loss,
which, under normal circumstances, is regulated by
changes in epithelial cell volume and water flow through
the columnar cell basolateral membrane and tight junc-
tions between apical cells.36 In addition, mast cells, which
have been implicated in the pathogenesis of EIB, infiltrate
areas of epithelial injury and persist after repeated dry air
challenges to the lower airways in the canine model of
EIB, even after other abnormalities resolve.15

PGE2 is the predominant eicosanoid synthesized by
the airway epithelium. Epithelial-derived PGE2 has impor-
tant bronchodilatory, anti-inflammatory, and antifibrotic
effects.37 Injury to the airway epithelium decreases the
production of PGE2.

37 The alteration in the ratio of
CysLTs to PGE2 identified in the present study is indic-
ative of airway epithelial injury. Because of transcellular
metabolism, relative underproduction of epithelial PGE2

leads to an overproduction of CysLTs by leukocytes, such
as bronchial macrophages.37 Alteration in this ratio leads
to a predominance of the effects of CysLTs, which are
counteracted in part by PGE2 under normal circumstances.
A similar alteration in the ratio of CysLTs to PGE2 has
been identified in aspirin-sensitive asthma. Taken together
with the epithelial disruption identified in the asthmatic
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subjects with EIB, these data implicate epithelial injury,
relative underproduction of PGE2, and overproduction of
CysLTs as important factors in the development of EIB.

Higher levels of CysLTs in asthmatic subjects with EIB
compared with asthmatic subjects without EIB were
demonstrated in induced sputum in the present study
and in exhaled breath condensate in another recent
study.38 Overproduction of CysLTs might increase the
susceptibility to EIB through a number of proinflamma-
tory mechanisms. CysLTs mediate airway smooth muscle
constriction, mucus release, and increased vascular per-
meability.39 The pathogenesis of EIB involves the release
of CysLTs, demonstrated by the release of CysLTs into the
airways,18,40 an increase in leukotriene E4 in the urine,13

and the inhibition of EIB pharmacologically by drugs that
antagonize CysLTs.22 CysLTs increase direct BHR to
histamine in patients with asthma but not in nonasthmatic
individuals.41 Eosinophils, which have been associated with
the severity of EIB,41 have increased survival induced by
CysLTs through antiapoptic effects.42 Smooth muscle
proliferation is increased in vitro in response to CysLTs in
the presence of epidermal growth factor or TGF-b,37 an
effect that can be inhibited in a mouse model by treatment
with a CysLT1 receptor antagonist.

43 CysLTs also poten-
tiate the release of neuropeptides from airway sensory
nerves, which modulate bronchoconstriction in the canine
model of EIB.44

Several limitations should be considered when inter-
preting the results of this study. Because of the small
sample size, the study had 95% power to detect 2-fold
differences in airway immunopathology, such as that
identified for columnar epithelial cells, eosinophils, and
CysLTs, but was insufficiently powered to detect smaller
differences, such as the difference in levels of IL-8.
Although the groups were matched for lung function
and bronchodilator response, there might have been
differences in the distribution of age and sex between
the groups. To account for these differences, we per-
formed regression analysis (see the Online Repository in
the online version of this article at www.mosby.com/jaci)
and found the same results after accounting for the
possible effects of age and sex. Because the study did
not include a group of asthmatic subjects with frequent
exacerbations or frequent asthma symptoms, we cannot
state specifically how the findings in this study relate to
poor asthma control.

In summary, EIB is an important component of the
asthma syndrome that is correlated with other measures of
indirect BHR. EIB is a distinct phenotype that is not
related to baseline lung function, bronchodilator response,
or frequency of exacerbations, indicating that the suscep-
tibility to EIB is regulated independently from these other
features of asthma. By comparing persons with asthma
with andwithout EIB, the present study identified injury to
the airway epithelium, overexpression of CysLTs, relative
underproduction of PGE2, and greater airway eosinophilia
as distinctive immunopathology leading to EIB. These
data suggest that treatments within this subgroup should
target epithelial disruption and overproduction of CysLTs.
Because EIB has been identified in children before the
development of other features of asthma,7 treatments
targeting theses features of asthma could influence the
persistence of asthma.
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