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AM: Airway macrophage
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ICS: Inhaled corticosteroid

IP-10: Human IFN-inducible protein 10

MCP: Monocyte chemoattractant protein

MDC: Macrophage-derived chemokine

MIP: Macrophage inflammatory protein
Background: Although the clinical attributes of severe asthma
in children have been well described, the differentiating features
of the lower airway inflammatory response are less understood.
Objectives: We sought to discriminate severe from moderate
asthma in children by applying linear discriminant analysis, a
supervised method of high-dimensional data reduction, to
cytokines and chemokines measured in the bronchoalveolar
lavage (BAL) fluid and alveolar macrophage (AM) lysate.
Methods: Bronchoalveolar lavage fluid was available from 53
children with asthma (severe asthma, n 5 31) undergoing
bronchoscopy for clinical indications and 30 nonsmoking adults.
Twenty-three cytokines and chemokines were measured by
using bead-based multiplex assays. Linear discriminant
analyses of the BAL fluid and AM analytes were performed to
develop predictive models of severe asthma in children.
Results: Although univariate analysis of single analytes did not
differentiate severe from moderate asthma in children, linear
discriminant analyses allowed for near complete separation of
the moderate and severe asthmatic groups. Significant
correlations were also noted between several of the AM and
BAL analytes measured. In the BAL fluid, IL-13 and IL-6
differentiated subjects with asthma from controls, whereas
growth-related oncogene (CXCL1), RANTES (CCL5), IL-12,
IFN-g, and IL-10 best characterized severe versus moderate
asthma in children. In the AM lysate, IL-6 was the strongest
discriminator of all the groups.
Conclusion: Severe asthma in children is characterized by a
distinct airway molecular phenotype that does not have a clear
TH1 or TH2 pattern. Improved classification of children with
severe asthma may assist with the development of targeted
therapeutics for this group of children who are difficult to treat.
(J Allergy Clin Immunol 2010;125:851-7.)
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Severe or difficult-to-treat asthma in children is a complicated
disorder characterized by ongoing symptoms and persistent
airway inflammation and oxidant stress despite corticosteroid
treatment.1-4 Although severe asthma is likely a heterogeneous
disorder,5,6 affected children share many similar clinical features,
including gas trapping, bronchial hyperresponsiveness, and aero-
allergen sensitization.1,2 However, the molecular and cellular pat-
terns of inflammation in children with severe asthma are less
uniform. Whereas some investigators have found increased
eosinophils and TH2-derived cytokines in the airways of children
with severe asthma,2,7 others have noted noneosinophilic patterns
of airway inflammation with increased neutrophils and biomarkers
of neutrophil activation.8,9 Given the heterogeneity of the inflam-
matory response in children with severe asthma,10,11 additional
methods to distinguish severe from moderate asthma are needed.

Airway macrophages (AMs) are secretory cells that play a vital
role in the regulation of airway inflammation and the immune
response. Although AMs have traditionally received little atten-
tion in the field of asthma,12 there are increasing reports of AM
dysfunction in patients with severe asthma characterized by ongo-
ing AM activation13 and abnormal secretion of inflammatory me-
diators14,15 despite corticosteroid treatment. We have further
demonstrated impaired AM phagocytosis and increased AM apo-
ptosis in children with severe versus moderate asthma after a mi-
crobial stimulus.16 Together, these data suggest that AM
dysfunction may be an important regulator of the ongoing airway
inflammation associated with severe asthma. To test this hypoth-
esis, we applied a supervised classification method to the patterns
of cytokine and chemokine expression measured in the broncho-
alveolar lavage (BAL) fluid and AMs of children with severe
asthma, children with moderate asthma, and healthy controls. Us-
ing linear discriminant analysis, predictive models of severe
asthma were generated. Our findings provide the first preliminary
evidence of the molecular phenotype of severe asthma in children,
which is associated with AM dysfunction.
METHODS

Sample
A convenience sample of asthmatic children 5 to 17 years of age

undergoing bronchoscopy for clinical indications was obtained. All children
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met criteria for persistent asthma17 and had a history of at least a 12% change

in FEV1 after bronchodilator administration.18 Severe asthma was diagnosed

according to criteria developed by the Severe Asthma Research Program,1,5

which were adapted from the American Thoracic Society’s Report (see this ar-

ticle’s Table E1 in the Online Repository at www.jacionline.org).19 Thresholds

for high-dose inhaled corticosteroids (ICSs) were defined as >_440 mg flutica-

sone equivalent per day for children younger than 12 and >_880 mg for children

12 to 17 years of age.17 The pharmacy records of all participants were re-

viewed, and children with fewer than 4 ICSs or oral corticosteroid refills in

the previous 6 months were excluded. Other exclusion criteria included immu-

nodeficiency, recent pneumonia, chronic aspiration syndromes, birth before 35

weeks of gestation, or a positive BAL culture. Informed consent and assent to

share the BAL fluid between the clinical and research laboratories were

obtained.

Children with severe asthma underwent flexible bronchoscopy with BAL as

indicated for persistent asthma symptoms despite corticosteroid treatment.20

Children with moderate asthma underwent bronchoscopy for suspected for-

eign body aspiration (n 5 3), noisy breathing and suspected upper airway ob-

struction (n 5 3), recurrent pneumonia (n 5 5), suspected aspiration (n 5 5),

evaluation of chest mass/suspected endobronchial lesion (n 5 2), and sus-

pected congenital anomalies (n 5 4). Participants were clinically stable. To

enhance classification, nonsmoking, healthy adult volunteers were also re-

cruited. Bronchoscopy with BAL was performed in these subjects for research

purposes after informed consent.
Procedures
Spirometry was performed with a portable spirometer (KoKo Legend;

Ferraris, Louisville, Colo)21 and interpreted with population reference stan-

dards.22 Fraction of exhaled nitric oxide was collected with a reservoir bag

and analyzed offline by chemiluminescence (Sievers NOA 280-I; Ionic Instru-

ments, Boulder, Colo).23 Smoking status was verified in adults by using a uri-

nary cassette test (Accutest; Jant Pharmacal, Encino, Calif) with a cotinine

cutoff of 200 ng/mL.

Pediatric bronchoscopy was performed under general anesthesia by using a

laryngeal mask airway and flexible bronchoscope (Olympus BF-3C160 or BF-

P160; Olympus America Inc, Melville, NY). BAL fluid was collected from the

right middle lobe with three 1-mL/kg (50 mL maximum) saline lavages. For

adults, conscious sedation was administered, and a flexible bronchoscope

(Olympus BF-1T20D) was passed transnasally into the right middle lobe.

Three 50-mL saline aliquots were instilled. For children, the BAL fluid was

pooled and divided between the research and clinical laboratories. The

samples submitted to the clinical laboratories were subjected to standard

culture and sensitivity testing.

Bronchoalveolar lavage was centrifuged at 1200 rpm for 7 minutes at 48C

within 1 hour of collection. The supernatant was divided into 250-mL aliquots

and frozen with protease inhibitors at –808C before analysis. Total cell counts

were performed with a hemocytometer, and cellular differentials were

determined from 300 consecutive cells after Wright staining. Cell pellets

with <90% AM purity were excluded from further analysis. The AM pellets

were frozen at –808C with protease inhibitors. The protein content of the AM

cell lysate was determined by using a Coomassie (Bradford) protein assay

(Pierce Biotechnology, Rockford, Ill) with absorbance of 595 nm and a lower

detection limit of 1 mg/mL.

Concentrations of the cytokines IL-1b, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8,

IL-10, IL-12p70, IL-13, IFN-g, GM-CSF, and TNF-a were determined by

using a bead-based multiplex cytokine assay (HSCYTO-60SK; Millipore,

Billerica, Mass). The chemokines growth-related oncogene (GRO [CXCL1]),

IL-8 (CXCL8), human IFN-inducible protein 10 (IP-10 [CXCL10]), mono-

cyte chemoattractant protein (MCP)–1 (CCL2), macrophage inflammatory

protein (MIP)–1a (CCL3), MIP-1b (CCL4), RANTES (CCL5), MCP-3

(CCL7), eotaxin (CCL11), macrophage-derived chemokine (MDC

[CCL22]), and fractalkine (CX3CL1) were quantified by using a similar

bead-based multiplex kit (MPXHCYTO-60K; Millipore). These analytes

were selected for their biological relevance to asthma and their associations

with AM activation (see this article’s Table E2 in the Online Repository at

www.jacionline.org). For the assays, duplicate samples and serial dilutions
of the cytokine standards were added to 96-well plates and incubated

overnight. Data were analyzed by using the BioRad Bio-Plex System (Bio-

Rad Laboratories, Hercules, Calif) with gates of 4335 and 10,000. Sample

concentrations were determined using a 5-point logistic curve fitting algorithm

(Bio-Plex Manager 3.0 Software; Bio-Rad Laboratories). The sensitivity and

prevision of each assay are listed in this article’s Table E3 in the Online Repos-

itory at www.jacionline.org.
Statistical analysis
Data analysis was performed by using SPSS software (Version 15; SPSS

Inc, Chicago, Ill). Wilks l tests were used to test the equality of group means

for each individual cytokine and chemokine. Because of the large number of

comparisons, the threshold of significance was adjusted using a Bonferroni

correction (for BAL analytes, a 5 0.002; for AM analytes, a 5 0.005).

Variables that differed significantly between groups were further analyzed by

ANOVA with Tukey post hoc tests using a 2-tailed a of 0.05.

Linear discriminant analysis was performed using the Fisher method,24

which is relatively robust against departures from normality.25 Linear discrim-

inant analysis is similar to logistic regression and is useful for building a pre-

dictive model of group membership based on observed characteristics. The

procedure yields a set of discriminant functions based on the linear combina-

tions of variables that provide the best discrimination between groups. These

functions can be plotted to visualize the proximity of that subject to others in

the same group.

Linear discriminant analysis was used to generate 2 predictive models of

severe asthma. The first model was generated from the linear combination of

all 23 cytokines and chemokines measured in the raw BAL fluid without

correction for the protein content or dilution of the BAL fluid. Because 12 of

the 23 cytokines and chemokines measured were undetectable in the AM

lysate, the second model was generated from the linear combination of only

those 11 analytes expressed by the AMs, which included IL-6, TNF-a, GRO

(CXCL1), IL-8 (CXCL8), IP-10 (CXCL10), MCP-1 (CCL2), MIP-

1a (CCL3), MIP-1b (CCL4), RANTES (CCL5), MDC (CCL22), and

fractalkine (CX3CL1). To account for differences in total AM cell counts,

the AM cytokine and chemokine concentrations were adjusted for the protein

content of the cell lysate and expressed as picograms per milligram of protein.

Cross-validation of the models was performed by randomly selecting subjects

with a random number generator and repeating the analyses. To determine fur-

ther the strongest discriminators of severe asthma, stepwise linear discrimi-

nant analysis was used with an F-value entry probability of 0.05 and

removal probability of 0.10. Additional statistical details are provided in

this article’s Online Repository at www.jacionline.org.
RESULTS
Sixty children with asthma (severe asthma, n 5 35) and 30

healthy adult controls participated in this study. However, 7
children (severe asthma, n 5 4) infected with Streptococcus pneu-
moniae or Haemophilus influenzae were excluded from data anal-
ysis (see this article’s Table E4 in the Online Repository at www.
jacionline.org). The resulting sample included 30 controls, 22
subjects with moderate asthma, and 31 subjects with severe
asthma. Children with moderate asthma had no evidence of endo-
bronchial lesions or chronic aspiration. Children with severe
asthma were more likely to be of African American descent and
had lower pulmonary function despite treatment with higher
doses of ICS (Table I).

The BAL procedure was well tolerated in all participants. The
BAL return volume, expressed as the percentage of saline
recovered, was similar between controls and subjects with
moderate asthma but tended to be lower in children with severe
asthma (control vs moderate vs severe asthma, 48% vs 48% vs
39%; P 5 .051). However, there were no differences in the BAL
fluid protein content between children with moderate and severe
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TABLE I. Features of the sample

Feature

Adult

control

(n 5 30)

Moderate

asthma

(n 5 22)

Severe

asthma

(n 5 31)

Age (y) 38 6 10 10 6 4* 11 6 8*

Male 9 (30) 11 (50) 17 (55)

White 17 (56) 20 (91)* 10 (32)*�
Black 13 (43) 2 (9)* 21 (68)*�
ICS dose (fluticasone

equivalents/d)

0 332 6 235* 904 6 244*�

Asthma medications

Budesonide 0 4 (18)* 8 (26)*

Fluticasone 0 3 (14)* 1 (3)

Fluticasone/salmeterol 0 11 (50)* 21 (68)*

Montelukast 0 13 (59)* 30 (97)*�
Prednisone 0 0 15 (48)*�
Asthma medical history

Emergency department

visit (previous year)

0 4 (18)*� 28 (90)

Hospitalization (ever) 0 3 (14)* 26 (84)*�
Intensive care unit

admission (ever)

0 0 14 (45)*�

Intubation (ever) 0 0 6 (19)*�
Pulmonary function
FVC (% predicted) 94 6 15 99 6 16 86 6 19�
FEV1 (% predicted) 97 6 16 97 6 18 74 6 21*�
FEV1:FVC 0.86 6 0.08 0.87 6 0.09 0.75 6 0.14*�
FEF25-75 (% predicted) 115 6 33 95 6 36 57 6 31*�
FENO (offline, ppb) 5 6 3 12 6 10* 13 6 10*

BAL cellular

differential (%)

Macrophages/monocytes 90.2 6 4.4 90.7 6 5.3 88.1 6 5.8

Neutrophils 2.6 6 2.0 5.0 6 3.3* 5.1 6 3.8*

Eosinophils 0.5 6 0.5 0.5 6 0.7 1.9 6 3.2*�
Lymphocytes 4.9 6 1.8 3.8 6 2.9 4.7 6 3.1

FENO, Fraction of exhaled nitric oxide; FEF25-75, forced expiratory flow at 25% to

75% of forced vital capacity; FVC, forced vital capacity.

Data represent the mean 6 SD or the frequency (%).

*P < .05 vs controls.

�P < .05 versus subjects with moderate asthma.
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asthma (197 vs 204 mg/mL). Total cell counts were decreased in
both groups of subjects with asthma compared with controls (7.98
vs 3.73 vs 3.30 3 106 cells; P < .001) and were accompanied by a
shift in the percentage of neutrophils and eosinophils (Table I).
BAL cytokines and chemokines
The concentrations of the cytokines and chemokines measured

in the raw BAL fluid are shown in Tables II and III. Of the cyto-
kines, only IL-6 and IL-13 differed between subjects with asthma
and controls after correction for multiple comparisons. However,
these cytokines were not significantly different between subjects
with moderate and severe asthma. Similarly, whereas GRO
(CXCL1), IL-8 (CXCL8), IP-10 (CXCL10), MIP-1b (CCL4),
RANTES (CCL5), MCP-3 (CCL7), MDC (CCL22), and fractal-
kine (CX3CL1) were elevated in subjects with asthma versus con-
trols, no differences were seen between the asthmatic groups.
However, when linear discriminant analysis was performed, the
model resulted in good separation of each of the 3 groups (Fig
1), with correct identification of 100% of the controls, 86% of
the subjects with moderate asthma, and 91% of the children
with severe asthma (see this article’s Tables E5-E8 in the Online
Repository at www.jacionline.org). Similar separation was ob-
served with the validation model, with an accurate prediction
rate of 83.3% (Tables E7 and E8). To highlight further the differ-
ences between the moderate and severe asthma groups, discrimi-
nant analysis was repeated excluding the controls. This resulting
model was also statistically significant (Wilks l 5 0.327;
x2 5 34.682; P 5 .046) and provided correct classification of
96% of the children with moderate asthma and 82% of the
children with severe asthma (see this article’s Fig E1 in the Online
Repository at www.jacionline.org).

To determine which cytokines and chemokines in the BAL fluid
best discriminated controls, subjects with moderate asthma, and
subjects with severe asthma, linear discriminant analysis was
repeated using a stepwise approach. With this method, GRO
(CXCL1), IL-13, IL-6, RANTES (CCL5), IL-12, IL-10, and
IFN-g were identified as the most important predictors to include
in the model (see this article’s Table E9 in the Online Repository
at www.jacionline.org). These 7 markers explained 81.7% of the
variance (x2 5 94.785; P < .001) in the first discriminant function
(which separated subjects with asthma from controls) and 18.3%
of the remaining variance (x2 5 24.124; P < .001) in the second
discriminant function (which separated subjects with severe
asthma from subjects with moderate asthma). Whereas IL-13
and IL-6 provided the strongest separation of subjects with
asthma from controls in the stepwise analysis, GRO (CXCL1),
RANTES (CCL5), IL-12, IFN-g, and IL-10 best differentiated se-
vere from moderate asthma in children (see this articles Table E10
in the Online Repository at www.jacionline.org). When the step-
wise analysis was repeated excluding the healthy controls, only
RANTES (CCL5) was identified as the strongest differentiating
factor between subjects with moderate and severe asthma (Wilks
l 5 0.891; x2 5 4.573; P 5 .032).
AM cytokines and chemokines
To determine whether AM activation might contribute to

airway inflammation in severe asthma, these same cytokines
and chemokines were measured in AM lysates from a subset of
the original sample (control, n 5 14; moderate asthma, n 5 6;
severe asthma, n 5 6). Concentrations of these analytes are shown
in Table IV. IL-1b, IL-2, IL-4, IL-5, IL-7, IL-10, IL-12p70, IL-13,
IFN-g, GM-CSF, eotaxin (CCL11), and MCP-3 (CCL7) were un-
detectable. IL-6 and IL-8 were again elevated in the AMs from
children with moderate and severe asthma, but no significant dif-
ferences were observed between the asthmatic groups. The con-
centrations of IL-6 and IL-8 measured in the AMs were highly
correlated with the concentrations measured in the BAL fluid
(IL-6: r 5 0.815, P < .001; IL-8: r 5 0.817, P < .001). Significant
correlations between AM and BAL chemokine expression were
also observed for GRO (CXCL1; r 5 0.630; P 5 .003), IP-10
(CXCL10; r 5 0.704; P 5 .001), RANTES (CCL5; r 5 0.784;
P < .001), and MDC (CCL22; r 5 0.542; P 5 .014).

Linear discriminant analysis was performed by entering the 11
cytokines and chemokines detected in the AM lysate into the
model. The resulting model again provided separation of the
groups (Fig 2), with correct identification of 93% of the controls,
83% of the subjects with moderate asthma, and 100% of the sub-
jects with severe asthma. The validation model further resulted in
correct classification of 100% of the subjects in each group, al-
though the sample size was small (see this article’s Tables E11-
E14 in the Online Repository at www.jacionline.org). IL-6 was
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TABLE II. Cytokine concentrations (pg/mL) in the BAL fluid

Cytokine Adult control (n 5 30) Moderate asthma (n 5 22) Severe asthma (n 5 31) Wilks l* P valuey

IL-1b 0 0.07 6 0.07§ 0.06 6 0.07§ 0.742 <.001�
(0-0.01) (0-0.23) (0-0.36)

IL-2 0.05 6 0.08 0.07 6 0.05 0.08 6 0.11 0.975 .386

(0-0.37) (0-0.21) (0-0.62)

IL-4 0.53 6 0.73 0.65 6 0.84 0.55 6 0.74 0.950 .798

(0-2.76) (0-2.40) (0-2.08)

IL-5 0.06 6 0.16 0.29 6 0.56 0.39 6 1.03 0.947 .225

(0-0.75) (0-2.03) (0-4.53)

IL-6 0.59 6 0.48 5.60 6 3.73§ 8.27 6 11.65§ 0.744 .001�
(0.18-2.11) (1.23-17.09) (0.93-56.15)

IL-7 0.76 6 1.69 1.24 6 1.30 0.94 6 0.98 0.983 .459

(0-8.52) (0.03-6.55) (0.01-4.53)

IL-10 0.01 6 0.03 0.81 6 1.86 0.69 6 1.46 0.934 .082

(0-0.15) (0-8.19) (0-7.33)

IL-12 (p70) 0.04 6 0.06 0.10 6 0.11 0.14 6 0.18 0.893 .030

(0-0.19) (0-0.39) (0-0.81)

IL-13 0.02 6 0.12 0.62 6 0.52§ 1.04 6 1.40§ 0.690 <.00�
(0-0.55) (0-2.32) (0-5.96)

IFN-g 0.03 6 0.13 0.26 6 0.38 0.14 6 0.21 0.876 .008

(0-0.60) (0-1.41) (0-0.91)

GM-CSF 0.21 6 0.21 0.34 6 0.29 0.22 6 0.25 0.929 .119

(0-0.75) (0-1.00) (0-1.32)

TNF-a 0.19 6 0.17 0.51 6 0.91 1.47 6 5.04 0.953 .259

(0.04-0.74) (0.04-4.44) (0.06-25.71)

Data represent the mean 6 SD with minimum and maximum concentrations shown in parentheses.

*Smaller values indicate better discrimination between groups.

�To adjust for multiple comparisons, significance was defined as a <_0.002.

�Indicates significant differences between groups after Bonferroni correction.

§P <.01 vs adult control.
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identified as the single differentiator of all the groups using step-
wise methods (F 5 6.952; P 5 .004) and explained 100% of the
variance through 1 discriminant function (Wilks l 5 0.623; x2 5

10.875; P 5 .004).
DISCUSSION
To our knowledge, this is the first study to use high-dimensional

data reduction techniques on BAL and AM inflammatory markers
in children with severe asthma. By using the supervised method of
linear discriminant analysis, we provide the first preliminary
evidence of the molecular phenotype of severe asthma in children.
Whereas cytokine and chemokine concentrations in the BAL and
AM cell lysate did not differ between children with moderate and
severe asthma, the linear combination of these biomarkers
resulted in clear separation of the 2 asthmatic groups. Thus we
conclude that severe asthma in children is associated with unique
patterns of airway inflammation that persist despite corticosteroid
treatment.

Airway macrophages are abundant in the airways and are
important regulators of the innate immune response. These vital
AM functions are compromised in patients with severe asthma.
We and others have previously demonstrated a 2-fold reduction in
AM phagocytosis14,16 accompanied by increased AM apopto-
sis.14 Although it might appear that AM function is suppressed
in patients with severe asthma, these same patients are character-
ized by paradoxical AM activation. Compared with controls,
AMs from subjects with asthma have increased basal spontaneous
generation of superoxide anion,26,27 an increased ratio of proin-
flammatory to anti-inflammatory cytokines,15,28,29 and increased
inflammatory gene expression evidenced by increased histone
acetyl-transferases and decreased histone deacetylases.30

Whereas corticosteroids suppress LPS-induced AM inflammation
in subjects with mild to moderate asthma,28 this same effect is not
observed in patients with severe asthma.15,29 This unopposed se-
cretion of inflammatory mediators, combined with impaired AM
phagocytosis of apoptotic toxic granulocytes, may ultimately
contribute to the airway inflammation we observed in the BAL
fluid of children with severe asthma. Alternatively, the inflamma-
tory products released by other cell types such as airway epithelial
cells may induce AM inflammation and dysfunction in patients
with severe asthma.

Although the models generated by this study result in relatively
discrete clustering of children with severe asthma, they do not
address the issue of multiple phenotypes that may exist within this
group of children. Whereas children with severe asthma share
similar clinical features (eg, airflow obstruction and increased
bronchial hyperreactivity despite corticosteroid treatment), their
airway cellular profiles may differ considerably.7-9 Indeed, both a
neutrophilic phenotype and an eosinophilic phenotype have been
reported in similar samples of children with severe asthma.2,7-9

The results from this study do not provide clear evidence to
support of one pattern of airway inflammation over the other. Al-
though the neutrophil chemoattractants GRO (CXCL1) and IL-8
(CXCL8) were highly expressed in children with severe asthma,
we also observed high concentrations of the TH1 cytokine IFN-g
as well as the TH2 cytokine IL-13, which is associated with eosin-
ophilia and airway remodeling.31 Other chemoattractants and
leukocyte activation products such as IL-6, IP-10 (CXCL10),
MIP-1b (CCL4), RANTES (CCL5), MCP-3 (CCL7), MDC



TABLE III. Chemokine concentrations (pg/mL) in the BAL fluid

Chemokine Adult control (n 5 30) Moderate asthma (n 5 22) Severe asthma (n 5 31) Wilks l* P valuey

GRO 455 6 391 3,054 6 1,971§ 2,657 6 1,615§ 0.600 <.001�
(CXCL1) (126-1,596) (166-10,000) (111-6,363)

IL-8 2.8 6 2.9 28.3 6 26.6§ 45.2 6 49.1§ 0.780 <.001�
(CXCL8) (0.7-11.7) (4.0-104) (6.1-245)

IP-10 248 6 284 762 6 637§ 1,302 6 2,145§ 0.902 <.001�
(CXCL10) (16-1294) (114-2,674) (46-10,000)

MCP-1 27.6 6 19.5 43.5 6 34.2 177 6 603 0.961 .090

(CCL2) (8.3-82.5) (5.9-1,494) (3.52-2,934)

MIP-1a 1.2 6 1.2 5.3 6 8.8 57.9 6 268 0.970 .076

(CCL-3) (0-2.9) (0-37.8) (0-1,288)

MIP-1b 3.0 6 3.2 20.8 6 23.6§ 19.1 6 32.3§ 0.881 <.001�
(CCL-4) (0-15.0) (1.6-106) (0-161)

RANTES 25.6 6 49.1 108 6 78.2§ 201 6 235§ 0.776 <.001�
(CCL5) (0.04-199) (15.1-266) (7.6-1,145)

MCP-3 0 8.7 6 7.8§ 12.2 6 15.3§ 0.771 <.001�
(CCL7) (0) (0-27.9) (0-73.5)

Eotaxin 0.1 6 0.4 0.8 6 2.9 6.8 6 29.9 0.967 .175

(CCL11) (0-1.5) (0-13.4) (0-144)

MDC 34.3 6 24.2 57.4 6 26.5§ 90.8 6 98.2§ 0.885 .002�
(CCL22) (0-85.9) (16.6-106) (6.1-357)

Fractalkine 60.7 6 26.8 142 6 88.1§ 141 6 79.4§ 0.744 <.001�
(CX3CL1) (20.7-132) (0-358) (0-312)

Data represent the mean 6 SD, with minimum and maximum concentrations shown in parentheses.

*Smaller values indicate better discrimination between groups.

�To adjust for multiple comparisons, significance was defined as a <_.002.

�Indicates significant differences between groups after Bonferroni correction.

§P <.01 vs adult control.

FIG 1. Scatterplot of the discriminant functions generated from 23 BAL

fluid cytokines and chemokines. Each data point represents a single

subject. The plot depicts clustering and clear separation of children with

severe asthma (white diamonds) from children with moderate asthma

(black triangles) and healthy controls (gray circles).
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(CCL22), and fractalkine (CX3CL1) were also elevated. Whereas
IL-13 and IL-6 differentiated subjects with asthma from controls
by using stepwise methods, GRO (CXCL1), RANTES (CCL5),
IL-12, IFN-g, and IL-10 differentiated severe from moderate
asthma in children. These data confirm that severe asthma in chil-
dren is not simply a TH2-mediated disease with relative loss of
TH1-mediated cytokine production. Furthermore, given that
both neutrophils and eosinophils were elevated in this sample of
children with severe asthma, the patterns of cellular inflammation
are also complex and likely do not involve one cell type indepen-
dent of others.
This study had a number of limitations. First, although the AM
was the primary cell of interest, our findings may also reflect
activation of other airway cells, including epithelial cells. Indeed,
other cell types aside from AMs are equally relevant in the
pathogenesis of severe asthma and warrant further study. Second,
because bronchoscopy cannot be ethically performed in healthy
asymptomatic children, our sample was restricted to children with
moderate and severe asthma undergoing bronchoscopy with BAL
for clinical indications. This likely biased the sample toward
children with more severe disease. Third, the lack of a healthy
pediatric control group does raise the question whether age is a
confounding factor in our results. Fourth, because the American
Thoracic Society criteria for severe asthma are based primarily on
high-dose corticosteroid treatment,19 our moderate asthma group
may have included children who were undertreated. However, the
fact that pulmonary function in this group of patients was similar
to that of healthy controls discredits this notion. Furthermore, the
relatively discrete grouping of subjects with moderate and severe
asthma by our linear discriminant analyses suggests that moderate
and severe asthma are indeed phenotypically distinct.

The pathophysiology of severe asthma is complex and not
completely understood. The defining feature of severe asthma is
the need for high doses of corticosteroids to achieve an acceptable
level of asthma control.19 Because corticosteroids are the corner-
stone for the diagnosis of severe asthma, we cannot exclude the
possibility corticosteroids influenced our results. Although we
did not strictly measure corticosteroid adherence with digital dos-
ing meters or systemic cortisol concentrations, we did attempt to
monitor asthma prescription refills. Therefore, to our knowledge,
all of the children included in this study were compliant with their
prescribed asthma medications. Given the immunosuppressive
properties of corticosteroids, it is possible that our AM findings



TABLE IV. Cytokine and chemokine concentrations (pg/mg protein) in the BAL macrophages

Cytokine/chemokine Adult control (n 5 14) Moderate asthma (n 5 6) Severe asthma (n 5 6) Wilks l* P valuey

IL-6 0.4 6 0.6 1.1 6 0.5§ 1.7 6 1.1§ 0.623 .002�
(0-1.8) (0.5-1.7) (0.2-2.9)

TNF-a 0.9 6 0.6 0.5 6 0.4 1.1 6 1.5 0.931 .332

(0.2-2.7) (0.2-1.1) (0.1-4.1)

GRO 824 6 923 1218.8 6 798 1480 6 1095 0.911 .200

(CXCL1) (61.2-3777) (381-2329) (354-2894)

IL-8 29.8 6 50.4 58.1 6 53.4§ 199 6 190§ 0.655 <.001�
(CXCL8) (2.7-200) (25.9-164) (21.8-536)

IP-10 120 6 117 232 6 314 1202 6 1985 0.799 .236

(CXCL10) (0-401) (19.2-858) (7.6-5192)

MCP-1 60.4 6 46.2 33.4 6 21.3 76.2 6 58.9 0.893 .578

(CCL2) (7.4-176) (8.8-72.9) (4.4-150)

MIP-1a 37.2 6 32.3 31.4 6 13.1 104 6 116 0.789 .809

(CCL3) (6.5-125) (7.6-43.9) (0-320)

MIP-1b 34.1 6 30.5 47.7 6 10.5 118 6 123 0.747 .471

(CCL4) (8.1-30.5) (38.0-63.0) (0-303)

RANTES 180 6 123 352 6 327 218 6 309 0.907 .253

(CCL5) (54.6-417) (23.1-901.4) (5.3-793)

MDC 17.2 6 11.7 23.8 6 4.7 45.4 6 48.24 0.802 .031

(CCL22) (7.0-45.1) (15.7-28.9) (14.4 6 142)

Fractalkine 156 6 75.9 165 6 12.2 165 6 135 0.997 .728

(CX3CL1) (73.6-319) (153-183) (77.4-438)

Data represent the mean 6 SD, with minimum and maximum concentrations shown in parentheses.

*Smaller values indicate better discrimination between groups.

�To adjust for multiple comparisons, significance was defined as a <_.005.

�Indicates significant differences between groups after Bonferroni correction.

§P <.01 vs adult control.

FIG 2. Scatterplot of the discriminant functions generated from 11 AM

lysate cytokines and chemokines. Each data point represents a single

subject. The plot depicts clustering and clear separation of children with

severe asthma (white diamonds) from children with moderate asthma

(black triangles) and healthy controls (gray circles).
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were influenced by these medications. However, the fact that BAL
inflammatory cytokines and chemokines were also elevated is in-
teresting and may reflect altered corticosteroid sensitivity in chil-
dren with severe asthma.

In summary, we have demonstrated a unique molecular phe-
notype of severe asthma characterized by increased BAL inflam-
mation and biomarkers of AM activation. Whereas single
biomarkers for severe asthma such as airway eosinophils and
exhaled nitric oxide have limited discriminatory ability,32 this
study provides further support for the use of multiple
discriminators for distinguishing severe from moderate asthma
in children. The supervised method of linear discriminant analy-
sis used here provides a possible means for classifying severe
asthma in children based on the patterns of BAL and AM cytokine
and chemokine expression. However, further testing of our
models in an independent study population is necessary to deter-
mine the validity of our findings. We hope these findings and fu-
ture ones will permit better understanding of the severe asthma
phenotype in children. Although these data likely will not aid
clinical diagnosis, they might convey a risk for exacerbations or
response to clinical treatment. As we and others pursue the rele-
vance of these results, other high-dimensional methods of data
analysis in children with severe asthma are warranted. Ultimately,
high-dimensional methods may be needed to develop targeted in-
terventions for children with severe asthma who are otherwise
very difficult to treat.
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Clinical implications: Children with severe asthma are charac-
terized by unique patterns of airway inflammation, which may
account for ongoing symptoms despite corticosteroid treatment.
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METHOD OF LINEAR DISCRIMINANT ANALYSIS
Data analysis was performed by using SPSS software (Version 15; SPSS

Inc, Chicago, Ill) after graphical screening of the data for normality. Wilks l

tests were used to test the equality of group means for each individual cytokine

and chemokine. Because of the large number of comparisons, the threshold of

significance was adjusted using a Bonferroni correction (for BAL analytes,

a 5 0.002; for AM analytes, a 5 0.005). Variables that differed significantly

between groups were further analyzed by ANOVA with Tukey post hoc tests

using a 2-tailed a of 0.05.

To determine whether the combinations of BAL and AM cytokines and

chemokines could discriminate between children with severe versus moderate

asthma and healthy controls, a linear discriminant analysis was performed by

using the Fisher method, which is robust against departures from normality.

Linear discriminant analysis is similar to logistic regression and is useful for

building a predictive model of group membership based on observed

characteristics. The procedure yields a set of discriminant functions based

on the linear combinations of variables that provide the best discrimination

between groups. The resulting model takes the form

D 5 a1x1 1 a2x2 1 . aixi;

where D is the discriminant function (a number generated from the equation), x

is the predictor variable, and a is the coefficient. With 3 groups, there are 2 re-

sulting discriminant functions produced. The procedure automatically chooses

a first function that will separate the groups as much as possible. It then choo-

ses a second function that is both uncorrelated with the first function and pro-

vides as much further separation as possible. The discriminant functions can be

plotted to visualize the proximity of that subject to others in the same group.
Discriminant analysis was performed by using the raw concentrations of

cytokines and chemokines measured in the BAL supernatant and AM lysate.

Data were not logarithmically transformed because of acceptable power that

was achieved by using the nontransformed data. Power was confirmed by

entering the covariance matrix and group means into PASS software (Version

2008; NCSS, Kaysville, Utah) and calculating the power for a multivariate

analysis of variance. For the BAL and AM lysate models, powers of 0.97 and

0.70 were achieved, respectively, to test differences between groups with a

Wilks l approximate F test and a 5% significance level. Effect sizes were

further generated using the Wilks l for the entire model such that

h2 5 1 � l1=3:

The effect sizes (h2) for the BAL analysis and AM lysate analysis were 0.56

and 0.63, respectively.
For the BAL analysis, the first model was generated from the linear

combination of all 23 cytokines and chemokines measured in the raw BAL

fluid without correction for the protein content or dilution of the BAL fluid.

Because of some missing data points, 24 healthy adult controls, 22 subjects

with moderate asthma, and 22 subjects with severe asthma were included in

the linear discriminant model of the raw BAL fluid markers.

For the AM analysis, 12 of the 23 cytokines and chemokines measured

were undetectable in the AM lysate. Therefore, the second model was

generated from the linear combination of only those 11 analytes expressed

by the AMs, which included IL-6, TNF-a, GRO (CXCL1), IL-8 (CXCL8),

IP-10 (CXCL10), MCP-1 (CCL2), MIP-1a (CCL3), MIP-1b (CCL4),

RANTES (CCL5), MDC (CCL22), and fractalkine (CX3CL1). These AM

concentrations were adjusted for the protein content of the cell lysate and

are expressed as picograms per milligram of protein. The second linear dis-

criminant model of the AM cell lysate markers included 14 healthy adult

controls, 6 children with moderate asthma, and 6 children with severe

asthma.

Variables were entered simultaneously and were not subjected to stepwise

methods because of no a priori knowledge of logical ordering. Previous prob-

abilities for group assignment were adjusted for the number of cases included

in the analysis. Covariance of the predictor variables was assessed using

pooled within-groups matrices and Box M tests. The ability of the canonical

discriminant functions to distinguish between groups was further evaluated

by Wilks l and x
2 tests. Cut-points for group membership are depicted in

Table E15.
Cross-validation of the models was performed in randomly selected

subjects by using Bernoulli variates with a probability parameter of 0.7. For

cross-validation, a preset number of cases was extracted once and treated as

the test data. For the validation model of the BAL markers, the new dataset

(extracted from the existing database) included 14 adult controls, 17 subjects

with moderate asthma, and 16 subjects with severe asthma. The validation

model of the AM markers included 10 adult controls, 3 children with mod-

erate asthma, and 3 children with severe asthma.

To determine the strongest discriminators of the groups, 2 stepwise

linear discriminant analyses were performed. For the first model, all 23

cytokines and chemokines measured in the BAL fluid were entered as

predictors. For the second model, the 11 analytes expressed by the AMs,

including IL-6, TNF-a, GRO (CXCL1), IL-8 (CXCL8), IP-10 (CXCL10),

MCP-1 (CCL2), MIP-1a (CCL3), MIP-1b (CCL4), RANTES (CCL5),

MDC (CCL22), and fractalkine (CX3CL1), were entered as predictors.

Variables were entered simultaneously using the Wilks l method. Entry

and removal probabilities for the F statistic were set at 0.05 and 0.10,

respectively.
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FIG E1. Predicted group membership of children with a priori–defined

moderate and severe asthma by linear discriminant analysis of 23 cytokines

and chemokines in the BAL fluid. To demonstrate the utility of the discrim-

inant analysis in distinguishing asthma severity in children, the analysis

was performed excluding healthy controls. The unstandardized cut-point

of the canonical discriminant function for the classification of patients

was 1.403 (standardized is 0).
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TABLE E1. Criteria for severe asthma in children, as defined by

the National Institutes of Health/National Heart, Lung, and Blood

Institute’s Severe Asthma Research Program

Major criteria for severe asthma (must have at least 1)

Daily high-dose ICS (at least 6 continuous mo)

Children <12 y: >_440 mg fluticasone equivalent/d

Children >_12 y: >_880 mg fluticasone equivalent/d

Daily oral corticosteroid use (at least 6 continuous mo)

Minor criteria for severe asthma (must have at least 2)

Treatment with a daily controller medication in addition to ICS

Daily short-acting bronchodilator use (at least 5 of 7 d)

Airway obstruction with FEV1 <80% predicted at baseline

One or more emergency department visits in the previous 12 mo

Three or more oral corticosteroid bursts in the previous 12 mo

History of worsening symptoms with a reduction in corticosteroid dose

History of intubation
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TABLE E2. Rationale for cytokine and chemokine selection

Cytokine/chemokine Biological actions relevant to asthma Reference

IL-1b Activates T-cells and macrophages, inhibits relaxation of airway smooth muscle E1

IL-2 Regulates endogenous regulatory T cells, which suppress airway inflammation E2

IL-4 Activates B cells; induces differentiation into TH2 cells, airway eosinophilia, remodeling, and airway

hyperresponsiveness

E3

IL-5 Primary cytokine involved in the production, differentiation, maturation and activation of the eosinophils E4

IL-6 Promotes T-cell and B-cell growth and differentiation, may promote transition from acute to chronic airway

inflammation

E5

IL-7 Promotes maturation and survival of T cells, enhances eosinophil activation and survival E6

IL-10 Potent suppressor of macrophage functions, downregulates TH1 cytokines, enhances antibody production E7

IL-12 (p70) Activates NK cells, induces CD4 T-cell differentiation into TH1-like cells E8

IL-13 Contributes to airway hyperresponsiveness, mucous secretion, inflammation, and fibrosis E9

IFN-g Macrophage activation, increased expression of MHC molecules, inhibits late airway responses and airway

eosinophils

E10

GM-CSF Stimulates growth and differentiation of myelomonocytic lineage cells, enhances TH2 cell development E11

TNF-a Induces airway hyperresponsiveness, activates epithelial/endothelial cells, promotes neutrophil and eosinophil

recruitment

E12

GRO (CXCL1) Potent neutrophil chemoattractant, promotes angiogenesis and macrophage adhesion E13

IL-8 (CXCL8) Potent neutrophil chemoattractant E14

IP-10 (CXCL10) Inhibits angiogenesis, promotes viral clearance and leukocyte recruitment E15

MCP-1 (CCL2) Promotes mast cell degranulation, signals leukocyte infiltration, promotes smooth muscle formation E16

MIP-1a (CCL-3) Enhances T-cell chemotaxis and monocyte migration, modulates TH differentiation E17

MIP-1b (CCL-4) Enhances T-cell chemotaxis and monocyte migration E17

RANTES (CCL5) Promotes mast cell, macrophage, and eosinophil infiltration to sites of inflammation E18

MCP-3 (CCL7) Signals leukocyte infiltration and eosinophil recruitment, regulates macrophage function E19

Eotaxin (CCL11) Potent eosinophil chemoattractant E20

MDC (CCL22) Potent TH2 cell chemoattractant, activates eosinophils E21

Fractalkine (CX3CL1) Promotes leukocyte recruitment and adhesion, activates NK cells E22

NK, Natural killer.
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TABLE E3. Assay sensitivities and precision as reported by the

manufacturer

Cytokine/chemokine

Minimal detectable

concentration

(pg/mL)

Intra-assay

precision

(% CV)

Interassay

precision (% CV)

IL-1b 0.06 3.11 2.16

IL-2 0.16 4.27 7.48

IL-4 0.13 4.16 9.12

IL-5 0.01 4.50 14.27

IL-6 0.10 3.51 4.48

IL-7 0.12 4.75 6.24

IL-10 0.15 3.31 11.84

IL-12 (p70) 0.11 4.31 5.08

IL-13 0.48 5.86 11.99

IFN-g 0.10 4.60 5.80

GM-CSF 0.46 4.14 5.03

TNF-a 0.05 3.49 3.78

GRO (CXCL1) 10.10 5.10 11.60

IL-8 (CXCL8) 0.11 3.26 6.48

IP-10 (CXCL10) 1.20 4.70 11.20

MCP-1 (CCL2) 0.90 6.10 12.0

MIP-1a (CCL-3) 3.50 5.70 14.40

MIP-1b (CCL-4) 4.50 5.30 10.60

RANTES (CCL5) 1.00 6.20 15.70

MCP-3 (CCL7) 2.00 7.10 13.10

Eotaxin (CCL11) 1.20 7.40 15.0

MDC (CCL22) 3.70 5.10 9.30

Fractalkine (CX3CL1) 6.0 5.30 10.10

CV, Coefficient of variation.
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TABLE E4. Features of children with BAL colonization who were excluded from data analysis

Subject Asthma severity Sex Race Age (y) ICS dose* FEV1 (%) BAL neutrophils (%) Bacteria identified

1 Moderate Male White 16 600 106 51.0 S pneumoniae

2 Moderate Female White 11 200 82 12.1 H influenzae
3 Moderate Male White 10 200 81 88.7 S pneumoniae

4 Severe Male White 8 500 104 13.0 H influenzae
5 Severe Male White 7 1000 115 5.2 H influenzae
6 Severe Male White 9 1000 70 20.8 H influenzae
7 Severe Female Black 7 1000 92 6.7 S pneumoniae

*ICS dose is expressed as micrograms of fluticasone equivalents/day.
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TABLE E5. Canonical discriminant function coefficients for the

linear discriminant model generated from the cytokine and

chemokine concentrations measured in the BAL fluid*

Standardized

Cytokine/chemokine Function 1 Function 2

IL-1b 0.332 0.583

IL-2 20.046 20.281

IL-4 20.195 0.410

IL-5 0.659 20.167

IL-6 0.590 0.382

IL-7 20.140 0.071

IL-10 20.864 0.737

IL-12 (p70) 0.463 20.280

IL-13 0.848 20.560

IFN-g 0.158 0.709

GM-CSF 20.366 0.323

TNF-a 0.196 20.673

GRO (CXCL1) 0.470 1.151

IL-8 (CXCL8) 20.021 21.007

IP-10 (CXCL10) 0.576 20.868

MCP-1 (CCL2) 24.081 1.476

MIP-1a (CCL-3) 5.470 3.205

MIP-1b (CCL-4) 20.426 0.686

RANTES (CCL5) 0.524 20.638

MCP-3 (CCL7) 0.648 20.376

Eotaxin (CCL11) 22.061 24.208

MDC (CCL22) 20.131 0.059

Fractalkine (CX3CL1) 20.177 20.222

The standardized discriminant function coefficients are similar to the b weights in

multiple regression and indicate the partial contribution of each variable to the

discriminant functions, controlling for the other independent variables that are entered

into the equation. The standardized functions permit comparison of variables that are

measured on different scales. Larger absolute values correspond to greater

discriminating ability.

*Subjects with missing data because of insufficient BAL volume were excluded.
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TABLE E6. Classification function coefficients for the linear

discriminant model generated from the cytokine and chemokine

concentrations measured in the BAL fluid

Cytokine/chemokine

Adult control*

(n 5 24)

Moderate

asthma

(n 5 22)

Severe

asthma*

(n 5 22)

IL-1b 15.549 61.152 32.632

IL-2 4.370 –3.530 5.087

IL-4 1.936 2.205 0.682

IL-5 1.014 3.332 4.924

IL-6 0.299 0.869 0.750

IL-7 0.531 0.326 0.075

IL-10 20.311 20.746 21.913

IL-12 (p70) 1.165 7.594 17.428

IL-13 22.991 0.256 5.877

IFN-g 22.951 2.349 22.922

GM-CSF 7.695 5.925 0.800

TNF-a 20.249 20.489 0.177

GRO (CXCL1) 20.002 0.001 20.001

IL-8 (CXCL8) 0.003 20.065 0.029

IP-10 (CXCL10) 6.71 3 1025 4.79 3 10-5 0.003

MCP-1 (CCL2) 0.069 0.042 0.017

MIP-1a (CCL-3) 20.160 20.005 20.032

MIP-1b (CCL-4) 0.075 0.080 20.029

RANTES (CCL5) 20.004 20.002 0.015

MCP-3 (CCL7) 20.418 20.290 20.104

Eotaxin (CCL11) 0.055 20.831 20.219

MDC (CCL22) 0.019 0.014 0.009

Fractalkine (CX3CL1) 0.049 0.034 0.041

Constant 24.950 211.893 212.544

The resulting discriminant model takes the form D 5 a1x1 1 a2x2 1 . aixi, where D

is the discriminant function, x is the predictor variable, and a is the coefficient. The

coefficients here are the ones used to generate the discriminant functions. For each

person in the dataset, the concentration of each analyte was multiplied by the

coefficients given here (depending on a priori group assignment).

*Subjects with missing data because of insufficient BAL volume were excluded from

the model.
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TABLE E7. Eigenvalues and Wilks l values for the linear discriminant model generated from the cytokine and chemokine

concentrations measured in the BAL fluid

Discriminant function Eigenvalue Percent of variance Canonical correlation Wilks l x2 df P value

Original model

1 3.402 67.3 0.879 0.086 132.71 46 <.001

2 1.652 32.7 0.789 0.377 52.67 22 <.001

Validation model

1 4.725 68.2 0.908 0.054 97.50 44 <.001

2 2.208 31.8 0.830 0.312 39.05 21 .010

Both canonical discriminant functions (1 and 2) were used for the original model and the validation model.

In the original model, the first discriminant function provides separation of controls and subjects with asthma and explains 67% of the total variance in the BAL cytokine and

chemokine data. The second discriminant function provides separation of subjects with moderate and severe asthma and explains the remaining 33% of the variance in the BAL

analytes. Both discriminant functions are statistically significant. Thus, there are differences between the controls and subjects with asthma, and also between the moderate and

severe asthmatic groups.
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TABLE E8. Classification results for the original and validation models generated from the cytokine and chemokine concentrations

measured in the BAL fluid

Predicted group membership

Model Group Adult control Moderate asthma Severe asthma Total

Original model* Adult control 24 0 0 24

Moderate asthma 3 19 0 22

Severe asthma 0 2 20 22

Validation model� Adult control 14 0 0 14

Moderate asthma 1 15 1 17

Severe asthma 0 1 15 16

*Of the original group cases, 92.6% were correctly classified.

�Of the validation cases, 83.3% were correctly classified.
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TABLE E9. Results of stepwise linear discriminant analysis of cytokines and chemokines in the BAL fluid

Step Variables included Tolerance Significance of F to remove Wilks l Exact F value P value

1 GRO 1.000 <0.001 21.632 <.001

2 GRO 0.997 <0.001 0.690 15.470 <.001

IL-13 0.997 <0.001 0.600

3 GRO 0.997 <0.001 0.532 13.200 <.001

IL-13 0.988 <0.001 0.494

IL-6 0.991 0.003 0.454

4 GRO 0.892 <0.001 0.431 11.578 <.001

IL-13 0.981 <0.001 0.432

IL-6 0.988 0.003 0.395

RANTES 0.885 0.013 0.377

5 GRO 0.821 0.001 0.368 10.392 <.001

IL-13 0.970 <0.001 0.388

IL-6 0.951 <0.001 0.363

RANTES 0.837 0.004 0.350

IL-12 0.869 0.029 0.328

6 GRO 0.786 0.001 0.315 10.028 <.001

IL-13 0.703 <0.001 0.367

IL-6 0.748 <0.001 0.341

RANTES 0.810 0.002 0.309

IL-12 0.799 0.005 0.297

IL-10 0.615 0.009 0.292

7 GRO 0.775 0.001 0.277 9.673 <.001

IL-13 0.689 <0.001 0.317

IL-6 0.743 <0.001 0.296

RANTES 0.790 0.001 0.275

IL-12 0.717 0.002 0.268

IL-10 0.607 0.007 0.256

IFN-g 0.853 0.016 0.249
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TABLE E10. Canonical discriminant function coefficients for the

stepwise linear discriminant model generated from the cytokine

and chemokine concentrations measured in the BAL fluid*

Standardized

Cytokine/chemokine Function 1 Function 2

IL-6 0.718 20.174

IL-10 20.429 0.632

IL-12 0.396 20.705

IL-13 0.788 20.338

IFN-g 0.095 0.675

GRO (CXCL1) 0.317 0.813

RANTES (CCL5) 0.388 20.714

The standardized discriminant function coefficients are similar to the b weights in

multiple regression and indicate the partial contribution of each variable to the

discriminant functions, controlling for the other independent variables that are entered

into the equation. The standardized functions permit comparison of variables that are

measured on different scales. Larger absolute values correspond to greater

discriminating ability.

*Subjects with missing data because of insufficient BAL volume were excluded.
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TABLE E11. Canonical discriminant function coefficients for the

linear discriminant model generated from the cytokine and

chemokine concentrations measured in the AM lysate

Standardized

Cytokine/chemokine Function 1 Function 2

IL-6 20.725 20.986

TNF-a 20.424 0.116

GRO (CXCL1) 22.482 20.447

IL-8 (CXCL8) 2.156 0.289

IP-10 (CXCL10) 0.688 0.889

MCP-1 (CCL2) 20.894 0.842

MIP-1a (CCL-3) 21.519 20.254

MIP-1b (CCL-4) 4.975 0.565

RANTES (CCL5) 0.930 20.822

MDC (CCL22) 1.144 20.162

Fractalkine (CX3CL1) 1.619 20.006

Constant — —

The standardized discriminant function coefficients are similar to the b weights in

multiple regression and indicate the partial contribution of each variable to the

discriminant functions, controlling for the other independent variables that are entered

into the equation. The standardized functions permit comparison of variables that are

measured on different scales. Larger absolute values correspond to greater

discriminating ability.
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TABLE E12. Classification function coefficients for the linear

discriminant model generated from the chemokine concentra-

tions measured in the AM cell lysate

Cytokine/chemokine

Adult

control

(n 5 14)

Moderate

asthma

(n 5 6)

Severe

asthma

(n 5 6)

IL-6 24.064 23.352 211.745

TNF-a 0.244 21.185 23.981

GRO (CXCL1) 20.008 20.013 20.028

IL-8 (CXCL8) 0.072 0.111 0.236

IP-10 (CXCL10) 0.001 0.000 0.006

MCP-1 (CCL2) 20.010 20.089 20.161

MIP-1a (CCL-3) 20.131 20.175 20.325

MIP-1b (CCL-4) 0.258 0.406 0.870

RANTES (CCL5) 0.023 0.038 0.054

MDC (CCL22) 0.152 0.264 0.512

Fractalkine

(CX3CL1)

0.079 0.119 0.224

Constant 28.934 220.027 260.069

The resulting discriminant model takes the form D 5 a1x1 1 a2x2 1 . aixi, where D

is the discriminant function, x is the predictor variable, and a is the coefficient. The

coefficients here are the ones used to generate the discriminant functions. For each

person in the dataset, the concentration of each analyte was multiplied by the

coefficients given here (depending on a priori group assignment).
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TABLE E13. Eigenvalues and Wilks l values for the linear discriminant model generated from the cytokine and chemokine

concentrations measured in the AM cell lysate

Discriminant function Eigenvalue* Percent of variance Canonical correlation Wilks l x2 df P value

Original model

1 10.645 92.8 0.956 0.05 54.983 22 <.001

2 0.822 7.2 0.672 0.549 10.795 10 .374

Validation model

1 21.690 78.9 0.978 0.006 40.30 22 .010

2 5.791 21.1 0.923 0.147 15.33 10 .121

In the original model, the first discriminant function provides separation of controls and subjects with asthma and explains 93% of the total variance in the AM cytokine and

chemokine data. The second discriminant function provides separation of subjects with moderate and severe asthma and explains the remaining 7% of the variance in the AM

analytes.

*Both canonical discriminant functions (1 and 2) were used for the original model and the validation model.
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TABLE E14. Classification results for the original and validation models generated from the cytokine and chemokine concentrations

measured in the AM cell lysate

Predicted group membership

Model Group Adult control Moderate asthma Severe asthma Total

Original model* Adult control 13 1 0 14

Moderate asthma 1 5 0 6

Severe asthma 0 0 6 6

Validation model� Adult control 10 0 0 10

Moderate asthma 0 3 0 3

Severe asthma 0 0 3 3

*Of the original group cases, 92.3% were correctly classified.

�Of the validation cases, 100% were correctly classified.
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TABLE E15. Cut-points (ie, functions at group centroids) for the

classification of patients according to group

Model Function 1 Function 2

BAL fluid (original model)

Adult controls 22.377 20.390

Subjects with moderate asthma 0.782 1.733

Subjects with severe asthma 1.810 21.308

BAL fluid (stepwise model)

Adult controls 21.643 0.024

Subjects with moderate asthma 0.799 20.452

Subjects with severe asthma 0.950 0.407

AM lysate (original model)

Adult controls 22.240 0.485

Subjects with moderate asthma 20.165 21.556

Subjects with severe asthma 5.392 0.423

Values represent the canonical discriminant functions evaluated at group means.

The information presented in this table is used to establish the cut-points for

classification of patients into their appropriate groups. These values represent the

weighted average of the paired values.
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