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Rationale: Gene expression profiling of airway epithelial and
inflammatory cells can be used to identify genes involved in environ-
mental asthma.

Methods: Airway epithelia and inflammatory cells were obtained via
bronchial brush and bronchoalveolar lavage (BAL) from 39 subjects
comprising three phenotypic groups (nonatopic nonasthmatic,
atopic nonasthmatic, and atopic asthmatic) 4 hours after instillation
of LPS, house dust mite antigen, and saline in three distinct subseg-
mental bronchi. RNA transcript levels were assessed using whole
genome microarrays.

Measurements and Main Results: Baseline (saline exposure) differences
in gene expression were related to airflow obstructionin epithelial cells
(C3, ALOX5AP, CCL18, and others), and to serum IgE (innate immune
genes and focal adhesion pathway) and allergic—asthmatic phenotype
(complement genes, histone deacetylases, and GATAT1 transcription
factor) in inflammatory cells. LPS stimulation resulted in pronounced
transcriptional response across all subjects in both airway epithelia
and BAL cells, with strong association to nuclear factor-xB and IFN-
inducible genes as well as signatures of other transcription factors
(NRF2, C/EBP, and E2F1) and histone proteins. No distinct transcrip-
tional profile to LPS was observed in the asthma and atopy phenotype.
Finally, although no consistent expression changes were observed
across all subjects in response to house dust mite antigen stimulation,
we observed subtle differences in gene expression (e.g., GATA1 and
GATA?2) in BAL cells related to the asthma and atopy phenotype.
Conclusions: Our results indicate that among individuals with allergic
asthma, transcriptional changes in airway epithelia and inflammatory
cells are influenced by phenotype as well as environmental exposures.

Keywords: environmental asthma; microarray; house dust mite; lipo-
polysaccharide; atopy

Asthma is a chronic airway disorder that is characterized by var-
iable reversible airflow obstruction and airway hyperresponsive-
ness. Although host factors that make one susceptible to asthma
are complex and poorly understood, it is clear that a genetic com-
ponent to asthma susceptibility exists (1-3). Although genes and
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

To identify genes involved in regulating environmental
asthma, we performed gene expression profiling on airway
epithelial and inflammatory cells obtained by bronchoscopy
from 39 patients with asthma after exposure to LPS or house
dust mite antigen.

What This Study Adds to the Field

We found that among subjects with allergic asthma, tran-
scriptional changes in airway epithelia and inflammatory
cells are influenced by phenotype but are also substantially
affected by environmental exposures, such as LPS and to
a much smaller extent house dust mite allergen.

genetic loci that have been implicated in asthma are numerous,
validation in independent cohorts and populations has been
largely unsuccessful (1). This is likely due to complex gene—gene
interactions, environmental exposures, varying phenotypic def-
initions, and genetic admixture of study populations.

The environment plays an important role in the development
and progression of asthma. Environmental agents with direct and
indirect effects on asthma include aeroallergens, tobacco expo-
sure, agents in the workplace, indoor and outdoor air pollution,
viruses, and domestic and occupational exposure to endotoxin
(4). Given the unique aspects of these agents, it is likely that
distinct biological pathways are stimulated when the airway is
challenged with each of these agents. This leads us to speculate
that genes with altered expression in the airways of individuals
with asthma after specific subsegmental airway challenges may
provide a way of identifying asthma susceptibility genes.

Whole-genome transcriptional analysis is well suited for iden-
tifying genes involved in the pathogenesis of asthma, as well as
other complex diseases. Lilly and colleagues described a number
of genes differentially expressed in the airway epithelia of individ-
uals with allergic asthma after environmental challenge with aller-
gens, indicating that multiple genes and gene pathways are
involved in such a response (5). Woodruff and colleagues used
gene expression profiles of airway epithelia from subjects with
mild-to-moderate asthma and healthy control subjects to classify
subjects with asthma on the basis of high or low expression of IL-
13-inducible genes (6). Finally, gene expression signatures of mild
and severe asthma in induced sputum (7) and peripheral blood
have been also described (8, 9).

In this investigation, we have analyzed the transcriptional re-
sponse in airway epithelia and bronchoalveolar lavage (BAL) cells
obtained from human subjects with or without allergies and/or
asthma after airway instillation of saline, LPS, or house dust mite
antigen (HDM). Our findings identify genes associated with airflow
obstruction and indicate that classes of immune genes differentiate
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normal subjects from individuals with allergic asthma. Moreover,
LPS induces a clear biological response in airway epithelia and in-
flammatory cells irrespective of allergic or asthmatic phenotype,
whereas HDM induces a subtle transcriptional response in subjects
with asthma or atopy in airway inflammatory cells but not epithelia.

METHODS

Subject Recruitment and Sample Acquisition

This protocol was approved by the Institutional Review Board at Duke
University Medical Center (Durham, NC). Volunteers between 18 and 40
years of age underwent a comprehensive screening protocol to define
asthma and atopy phenotypes. Subjects with asthma were identified on
the basis of a physician diagnosis of asthma and airway hyperresponsive-
ness, defined as a 20% decrease in FEV after inhalation of methacholine
at less than 8 mg/ml. Atopy was defined as having seasonal symptoms
requiring medications and a positive skin-prick reaction to house dust
mite and at least three other aeroallergens (wheal : 3 mm). Normal
subjects must have had no diagnosis of asthma or allergic rhinitis, neg-
ative methacholine challenge, and negative allergen skin tests.

Airway Challenge Protocol

Each subject had two bronchoscopies performed, separated by 4 hours.
During the first bronchoscopy, 39 subjects had all three subsegmental air-
ways instilled with saline, LPS, and HDM. Four hours later, BAL was per-
formed on three subsegmental airways in all subjects. Thirty-seven subjects
had subsegmental bronchi that were successfully sampled for airway
epithelia (via endobronchial brushing) 4 hours after instillation of saline,
LPS and HDM. The following numbers of RNA samples and arrays passed
quality control and were included in the analyses: (1) epithelial cells: 37
saline, 37 LPS, and 34 HDM; and (2) inflammatory cells: 29 saline, 33
LPS, and 31 HDM.

Microarray Data Analysis

A total of 21,316 and 30,696 probes passed the signal-intensity filter, re-
spectively, in airway epithelial and inflammatory data sets. Details related
to quality-control screening, data normalization, and statistical analysis of
the microarray data are provided in the online supplement. The microar-
ray hybridizations were performed in two batches separated by approxi-
mately 1 year. To control for differences between batches, we included
a batch term in all statistical models, following the approach described
in Reference 10. Principal components analysis figures in Table E1 (see
the online supplement) demonstrate successful removal of batch effects.
We also included sex as a covariate in all statistical models. Models
including age and race showed that these factors did not contribute sig-
nificantly to variance in gene expression and were therefore not included
in the final analyses. Expression associations were identified by analysis of
variance/covariance models with repeated measures in some cases. These
analyses were performed in Partek (St. Louis, MO). Overrepresented
Gene Ontology (GO) categories, Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways, and TRANSFAC transcription factor—
binding sites (TFBSs) were identified using the GATHER utility (11).
The microarray data have been deposited in the publicly accessible Gene
Expression Omnibus (GEO) database under accession numbers
GSES8190 (airway epithelia) and GSES272 (inflammatory cells).
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RESULTS
Study Subject Demographics

Demographics for subjects enrolled in the study are presented in
Table 1. As expected, subjects with atopy (with or without
asthma) had more positive skin-prick test reactions (P <
0.0001) and higher serum IgE levels (P < 0.001). Distributions
of age, sex, and race were similar among the study groups.

Bronchoalveolar Lavage Fluid Inflammatory Cell
and Cytokine Analysis

The BAL neutrophil count was increased in LPS-instilled seg-
ments compared with saline control in all three phenotypes (Fig-
ure 1A). The concentrations of helper T-cell type 1 (Thl)
cytokines IL-6, tumor necrosis factor-a, and IFN-y in the BAL
fluid were significantly increased in LPS-instilled segments versus
saline-instilled segments (Figures 1B-1D). No significant differ-
ences in neutrophil infiltration or cytokine concentrations were
observed between phenotypes in the LPS-challenged airways. No
significant changes in BAL neutrophil count or Thl cytokines
were observed for the HDM-instilled airways (data not shown).
We also examined eosinophil infiltration and Th2 cytokines IL-4,
IL-5, and IL-13 after HDM challenge and, surprisingly, observed
no consistent differences compared with saline-challenged air-
ways. Collectively, these data demonstrate that instillation of
LPS, but not HDM, induces a robust airway inflammatory re-
sponse that is not modulated by the asthma or atopy phenotype.

Gene Expression Profiles

We focus on several aspects of the gene expression data: (1) genes
associated with asthma and atopy, including clinically diagnosed
or measured phenotypes identified in samples exposed to the sa-
line control; (2) exposure associations regardless of phenotype;
and (3) exposure—phenotype interaction associations. All analy-
ses are summarized in Table 2. Table 2 includes information on
the model that was used in the analysis and numbers of signifi-
cant genes along with thresholds used to define significance.
Analyses that yielded no significant findings (HDM exposure
for both epithelial cells and BAL cells, and exposure—phenotype
interaction in epithelial cells) are not discussed further in this
article.

Gene Expression Changes Associated with Asthma
and Atopy

Gene expression changes associated with asthma and atopy in
epithelial cells. Transcriptional changes in subjects with atopic
asthma compared with those without atopic asthma are generally
small in magnitude (17 of 259 genes with >1.5-fold change) but
include genes previously associated with asthma (ADAMTSL1),
innate immunity (GSK3, DEFB114, MAPK13), complement com-
ponents (CFB, C4B), and transcription factors (GATA2, SP2).

TABLE 1. SUBJECT DEMOGRAPHICS AND CLINICAL CHARACTERISTICS

Atopy/Asthma Status

—/— (Control) +/— (Atopy Only) +/+ (Atopy/Asthma)

Number 13 12 14

Sex: male/female 8/5 7/5 6/8

Age (yr), mean + SD 24+ 6 26 =10 26 =8

Race: Caucasian/African American 10/3 8/4 9/5

Height, in 69 * 4 68 + 3 68 + 4
Weight, kg 78 = 25 75 =14 77 =18

log IgE, 1U/ml 1.0 = 0.6 1.8 0.6 2.2 +0.6
FEV,/FVC, % 83 +8 84 5 78 =5
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Figure 1. Inflammatory response in the lung is
increased in response to LPS instillation. (A) LPS
instillation induced significant increases in neu-
trophils (PMNs) in bronchoalveolar lavage (BAL)
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The top up-regulated gene is fibromodulin, a proteoglycan involved
in extracellular matrix (ECM) deposition.

Gene expression changes after saline instillation associated
with airflow obstruction and serum IgE in epithelial cells. Among
all study subjects, we considered whether gene expression changes
were associated with measures of airflow obstruction (FEV,/
FVC ratio) and serum IgE concentrations. Among 114 genes

TABLE 2. SUMMARY OF GENE EXPRESSION ANALYSES

associated with FEV{/FVC are C3 and CCL18. Figure 2 shows
increased baseline expression of CCL18 and decreased expres-
sion of C3 in subjects with higher degrees of airflow obstruction.
To identify genes expressed by airway epithelia more specific to
asthma, we ranked the airflow obstruction genes by the strength
of association and found that the top genes are as follows: C3 (P =
0.00004, twofold decreased expression in subjects with asthma vs.

Data Used P Value FDR Significant Supplementary
Model Factor of Interest* (Exposure; Phenotype) Cell Type Cutoff Cutoff (%) Genes Table No.
RM-ANOVA Asthma/atopy vs. All exposures; +/+ Epithelial 0.05 5 259 E1
nonasthma/nonatopy and —/— groups
ANCOVA FEV,/FVC Saline; all three groups Epithelial 0.001 20 114 E2
ANCOVA FEV,/FVC Saline; +/+ group Epithelial 0.05 20 0 NA
ANCOVA IgE Saline; all three groups Epithelial 0.05 5 42 E3
RM-ANOVA Asthma/atopy vs. All exposures; +/+ BAL 0.01 5 1,767 E4
nonasthma/nonatopy and —/—
phenotypic groups
ANCOVA FEV,/FVC Saline; all three groups BAL 0.001 20 58 ES5
ANCOVA FEV,/FVC Saline; +/+ group BAL 0.05 20 0 NA
ANCOVA IgE Saline; all three groups BAL 0.05 5 432 E6
ANOVA LPS exposure LPS and saline; all three Epithelial 0.001 5 388 E7
groups
ANOVA HDM exposure HDM and saline; all three Epithelial 0.05 20 0 NA
groups
ANOVA LPS exposure LPS and saline; all three BAL 0.001 5 5,518 E8
groups (only >2-fold)
ANOVA HDM exposure HDM and saline; all three BAL 0.05 20 0 NA
groups
RM-ANOVA LPS X asthma and HDM X All exposures; all three Epithelial 0.05 20 0 NA
asthma interactions groups
RM-ANOVA LPS X atopy and HDM X All exposures; all three Epithelial 0.05 20 0 NA
atopy interactions groups
RM-ANOVA LPS X asthma and HDM X All exposures; all three BAL 0.05 5 1,529 (LPS); E9 (LPS); E10
asthma (compared with groups 251 (HDM) (HDM)
saline X nonatopy)
RM-ANOVA LPS X atopy and HDM X All exposures; all three BAL 0.05 5 1,868 (LPS); E11 (LPS);
atopy (compared with groups 52 (HDM) E12 (HDM)

saline X nonatopy)

Definition of abbreviations: ANCOVA = analysis of covariance; ANOVA = analysis of variance; BAL = bronchoalveolar lavage; FDR = false discovery rate; HDM = house
dust mite allergen; NA = not applicable; RM-ANOVA, repeated measures-analysis of variance.

*All models included batch and sex as cofactors.
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Figure 2. lllustration of association between airflow ob-

1.00 struction and baseline expression of two genes selected
from Table E1: (top) C3 and (bottom) CCL18. The expres-

sion values are as observed in airway epithelia after expo-
sure to the saline control (relative to the mean overall
1 subjects).
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those without asthma), lactotransferrin (LTF) (P = 0.003, 70%
decreased), and CCL18 (P = 0.003, 60% increased). When we
performed these analyses in subjects with asthma alone, we did
not identify any significant gene expression changes. This is likely
due to the small sample size and we therefore were not able to
identify relative contributions of disease status and lung function
in these individuals. Alternatively, these gene expression changes
may differentiate asthma from nonasthma rather than affect lung
function specifically. Interestingly, one of the most negatively cor-
related genes (partial correlation coefficient, —0.34) with serum

saline LPS

12x 1x  2x  4x
expression relative to
mean in saline

1.00

IgE levels is IRAK4, a kinase that activates nuclear factor
(NF)-kB in both the Toll-like receptor (TLR) and T cell receptor
(TCR) signaling pathways.

Gene expression changes associated with asthma and atopy in
inflammatory cells. Expression changes in subjects with atopic
asthma compared with individuals without atopic asthma were
found for several genes relevant to the immune response
(CXCL9, CIITA, HMGBI, IL17RB, NALP1, HLA-DQA?2),
complement (C2, CR1), and histone deacetylases (HDACH,
HDACI10). Other differentially expressed genes associated with

2x IL6 interleukin 6 (interferon, beta 2)

3x TNF tumor necrosis factor (TNF superfamily, member 2)

2x CCL3L3 chemokine (C-C motif) ligand 3-like 3

3x IFIT1 interferon-induced protein with letratricopeptide repeats 1
2x G1P2 interferon, alpha-inducible protein (clone IFi-15K)

5x IFIT2 interferon-induced protein with letratricopeptide repeats 2
2x DDX58 DEAD (Asp-Glu-Ala-Asp) box polypeplide 58

4x IL1B interleukin 1, beta

3x CCL4 chemokine (C-C motif) ligand 4

3x CCL20 chemokine (C-C molif) ligand 20

6x CCL3 chemokine (C-C motif) ligand 3

4x TNFAIPS tumor necrosis faclor, alpha-induced protein 6

2x AQP9 aquaporin 9

2x PBEF1 pre-B-cell colony enhancing faclor 1

3x SOD2 superoxide dismulase 2, mitochondrial

3x IL1RN interfeukin 1 receplor antagonist

2x NFKBIA nuclear factor of kappa light polypeplide gene enhancer in B-cells inhibitor, alpha
2x PLEK pleckstrin

3x BCL2A1 BCL2-related protein A1

2x APOBEC3A apolipoprotein B mRNA editing enzyme, calalytic polypeptide-like 3A
3x SOCS3 suppressor of cytokine signaling 3

2x TNFAIP2 tumor necrosis factor, alpha-induced protein 2

2x GBPS guanylate binding protein 5

2x CD69 CD69 antigen (p60, early T-celf activation antigen)

3x HBD hemoglobin, delta

Figure 3. A heatmap of the LPS-responsive genes in airway epithelia with a greater than twofold change in expression versus saline. The genes are
clustered by similarity in expression as quantified by the Pearson correlation using average linkage hierarchical clustering. The three study groups are
as follows: —/— (nonatopic nonasthmatic), +/— (atopic nonasthmatic), and +/+ (atopic asthmatic).
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Figure 4. The top 20 LPS-responsive genes and the top 20
genes associated with airflow obstruction in airway epithe-
lia. The plot indicates the approximate degree of associa-
tion of the various genes with each factor. For example,
C3, LTF, ALOX5AP, and FNT1 appear specific to airflow
obstruction; IL6 and IFIT1 are more specific to the LPS
R response; and many (IFIT2, CCL3, IL1B) show a relation
to both.
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allergic asthma were involved in housekeeping processes such as
protein synthesis (data not shown). The top overrepresented
TFBSs in the gene list include NF-Y and GATAI.

Gene expression changes after saline instillation associated
with airflow obstruction and serum IgE in inflammatory cells.
Fewer genes were associated with airway obstruction in the inflam-
matory cells compared with the epithelial cells. The MHC class II
gene HLA-DQB2 was the only identified biologically relevant
gene found to be associated with baseline FEV,/FVC in inflam-
matory cells. As for the epithelial cells, our sample size was too
small to identify significant changes only in subjects with asthma.
Finally, many more genes were associated with serum IgE concen-
trations in airway inflammatory cells compared with epithelial cells.
Two genes whose expression was positively associated with serum

IgE in inflammatory cells, chitinase domain containing 1 (CHID1)
and IFN, a-inducible protein 27 (IFI27) have potential relevance to
asthma (12). Pathway analysis of the transcript data set found the
focal adhesion KEGG pathway also to be associated with serum
IgE (P = 0.008) in inflammatory cells.

Transcriptional Response to LPS

Gene expression response to LPS in airway epithelia. The gene ex-
pression data reveal a clear response to LPS for subjects in all
phenotypic groups in samples of airway epithelia. Almost all
388 significant transcripts had heightened expression after LPS
exposure, with only 20 showing attenuated expression as a result
of LPS treatment (Figure 3 for transcripts with a greater than
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twofold change). According to an analysis of GO terms, airway
epithelial gene transcription after LPS exposure is characteristic
of an inflammatory immune response, including elevated ex-
pression of various cytokines and chemokines. TFBS analysis
identified several transcription factors known to regulate the
innate immune response, including IFN-stimulated response el-
ement (ISRE), NF-«kB, NRF2, Ikaros, IRF7, and E2F1.

Although no clear relationship exists between LPS-induced
changes in airway epithelia gene expression and asthma, our anal-
ysis identified several LPS-induced genes that were associated with
the FEV{/FVC ratio. The top 20 LPS response and the top 20
airflow obstruction genes were plotted to indicate both the strength
of association with FEV{/FVC and fold change induced by LPS
(Figure 4). The figure identifies genes more specific to airflow ob-
struction (e.g., C3, CCL18, LTF, TREM1, ALOX5AP, and FN1),
to the LPS response (IL6, IFIT1, HBD, and TNFAIP6), and those
showing a strong relation to both factors (IFIT2, IL1B, and CCL3)
in airway epithelia.

Gene expression response to LPS in inflammatory cells. As ex-
pected, the most dramatic response in the airway inflammatory
cell expression data was that associated with the exposure to
LPS. We identified 5,518 differentially expressed transcripts be-
tween LPS- and saline-exposed samples, with 268 transcripts
having a greater than 2-fold difference in expression. According
to GO annotations, LPS-induced genes with increased expres-
sion relative to saline are involved in inflammation, the immune
response, chemotaxis, apoptosis, and chromosome organization.
Genes with decreased expression are largely involved in ATP
synthesis; these include mitochondrial genes (GO) and genes
in the oxidative phosphorylation pathway (KEGG). Similar to
the epithelial cell gene expression data, TFBS analysis identified
transcription factors known to regulate innate immunity, specif-
ically IFN consensus sequence-binding protein (ICSBP), ISRE,
IRF, NF-kB, NRF2, C/EBP, and E2F1.

To identify groups of possible concordantly expressed genes
that may be associated with more specific processes initiated after
instillation of LPS, we performed k-means clustering (k = 30) on
the expression data for the 5,518 LPS-response genes we identi-
fied. The three clusters of genes with highest average change in
expression induced by LPS are shown in Figure 5; the first is en-
riched with genes associated with activation of NF-«B, the second
with IFN-inducible genes, and the third with histone genes.

Interaction Analysis of Phenotype and Exposure
in Inflammatory Cells

Our final set of analyses contrasted exposure-specific (LPS or
HDM; compared with saline) transcriptional profiles in two pheno-
types (asthma compared with nonasthma, or atopy compared with
nonatopy). This analysis revealed significant changes in subjects
with asthma versus subjects without asthma in response to LPS
as well as moderate changes in response to HDM in inflammatory
cells. Genes with significant differential expression in response to
LPS in subjects with asthma compared with subjects without asthma
include those associated with immune defense and stress response
GO categories; apoptosis, cytokine—cytokine receptor interaction,
and TLR signaling KEGG pathways; as well as binding sites for
NF-«kB, ELK-1, ICSBP, ISRE, E2F1, and IRF7 transcription fac-
tors. The majority of the genes are induced or repressed by less
than twofold in response to LPS compared with saline in subjects
with asthma compared with subjects without asthma. The excep-
tion to this are many cytokines and chemokines, IFN-inducible
genes, and NF-kB subunits, all of which are induced between 2-
and 11-fold. Adrenomedullin was one of the top differentially
expressed genes in response to LPS in subjects with asthma as
compared with subjects without asthma (3.1-fold up-regulation).
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On the other hand, protein biosynthesis and metabolism GO cate-
gories, purine and amino acid KEGG pathways, as well as binding
sites for GATA1 and GATAZ2 transcription factors are differentially
expressed in response to HDM in subjects with asthma compared
with subjects without asthma. Almost all genes are differentially ex-
pressed by 20-40% (1.2- to 1.4-fold up- or down-regulation), sug-
gesting that transcriptional response to HDM in subjects with
asthma compared with subjects without asthma is minimal, not
only in the number of genes but also in the magnitude of changes.
In comparing subjects with atopy with subjects without atopy,
there were significant transcriptional changes in response to LPS
as opposed to minimal changes in response to HDM. Genes that
are differentially expressed in response to LPS in subjects with at-
opy compared with subjects without atopy overlap significantly with
genes that are induced by LPS in subjects with asthma compared
with subjects without asthma (~1,000 genes in common to the two
analyses), suggesting that the transcriptional response to LPS is
robust and not strongly influenced by phenotype. As expected, on
the basis of the overlap of the two gene lists, the same GO cate-
gories, KEGG pathways, TFBSs, and top up-regulated genes are
present in response to LPS in subjects with atopy compared with
subjects without atopy and in individuals with asthma compared
with individuals without asthma. Finally, genes that are signifi-
cantly differentially expressed in response to HDM in individuals
with atopy compared with individuals without atopy are associated
with similar GO categories and KEGG pathways as those in indi-
viduals with asthma compared with individuals without asthma but
included different TFBS (E2F1:DP1, HIFla, and ¢c-ETS1).

DISCUSSION

Our results indicate that among individuals with allergic asthma,
transcriptional changes in airway epithelia and inflammatory
cells are influenced by phenotype as well as environmental expo-
sures. For instance, we demonstrated that HDM induces a subtle
but perceptible transcriptional response in subjects with asthma
or atopy in inflammatory cells (adrenomedullin, GATA1, and
GATAZ2) but not in airway epithelia. Our results demonstrate
a strong and clear biological response to LPS in airway epithelia
and inflammatory cells irrespective of phenotype, with some var-
iation in gene expression noted with asthma and atopy. Further-
more, phenotype and exposure are interactive, and demonstrate
expression changes in the inflammatory cells of subjects with
asthma versus those without asthma in response to LPS, as well
as HDM.

Transcriptional differences in allergic—asthmatic versus nonal-
lergic—nonasthmatic groups are enriched for NF-Y, a transcription
factor that regulates MHCII gene expression (13) and GATAI,
a member of the family of transcription factors involved in Th2 cell
differentiation (14). Overexpression of fibromodulin and other
ECM genes is consistent with enhanced ECM deposition in asth-
matic airways (15).

Among genes associated with airflow obstruction, the elevated
expression of 5-lipoxygenase-activating protein (ALOX5AP) ob-
served in subjects with more extensive obstruction is consistent with
the bronchoconstrictive properties of leukotrienes. Genetic associ-
ation studies of polymorphisms in ALOXSAP and ALOXS (16,17)
also suggest an influence more specifically on lung function rather
than asthma. The association of complement component 3 (C3) ex-
pression with airflow obstruction and asthma is consistent with re-
sults from several mouse and human studies. C3-deficient mice show
diminished airway hyperresponsiveness after allergen challenge
(18), and C3 single-nucleotide polymorphism genotype associa-
tions with asthma have been identified in Japanese and African-
Caribbean populations (19, 20). The observed decreased expression
of C3 in individuals with asthma (vs. individuals without asthma)
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might seem to contradict what would be expected for a condition
associated with heightened inflammation. However, there is no
reason to expect a simple relationship between gene expression
in one specific cell type and the levels and activities of the associ-
ated proteins and of the states of neighboring cells. The data of
Spira and colleagues (21) also show decreased expression of C3 in
airway epithelia in response to an exposure, cigarette smoking, also
associated with increased inflammation.

In addition to genes previously associated with airway obstruc-
tion in individuals with asthma, our study also identified novel can-
didates. For example, CCL18, which shows the strongest
association with airflow obstruction in epithelial cells, has been pre-
viously associated with various inflammatory diseases (22), but its
involvement in asthma has been explored only more recently (23).
Similarly, HLA-DQB2, an MHC class II gene, has previously
been associated with asthma but not specifically with airflow ob-
struction. In addition to immune-related genes associated with
serum IgE, we also observed enrichment in the focal adhesion
pathway, a finding that has not been previously reported.

Although gene expression changes are observed in associa-
tion with clinical phenotypes of asthma, both airway epithelial
and inflammatory cell gene transcription appears to be much
more strongly influenced by exposure to LPS. Epithelial cells
show a greater than twofold up-regulation of key inflammatory
cytokines and chemokines, and broadly reveal a pattern of ex-
pression consistent with NF-kB activation and IFN regulation.
These data also identify a number of less well-characterized
genes such as IFIT2, which had the greatest fold induction
(~fivefold) by LPS. TFBS analysis revealed an association with
transcription factors with established roles in cellular response
to LPS, namely NF-kB and IFN signaling. IRF7, found both by
expression and TFBS analysis, has been described as the “mas-
ter” regulator of the type I IFN-dependent immune response
(24). The ISRE motif was also identified by analysis of genes
associated with neutrophil recruitment to the lung in mice after
LPS inhalation (25).

The transcriptional response of inflammatory cells to instilled
LPS was robust and consistent across study groups. After LPS,
there was significant (>fourfold) differential expression of genes
involved in cell-cell signaling and innate and adaptive immune
mechanisms, and also a number of chemokines thought to be
involved in T-cell chemoattraction (CXCL11, CCL20, CD69),
endothelial cell activity (EDN1), oxygen metabolism (SOD2),
and cell cycle initiation (G0S2). In addition to genes involved in
inflammation and innate immunity and various mechanisms
of cell injury and repair, there are a host of other genes that
have only more recently been recognized as being involved in
asthma pathogenesis, such as genes involved in histone activity
(26) and with metalloproteinase activity (27). One particularly
interesting candidate gene in asthma pathogenesis is adrenome-
dullin, which was up-regulated after exposure to LPS. One
study found that plasma adrenomedullin levels correlate with
the severity of human asthma (28) whereas another found
that plasma levels of adrenomedullin were increased during
acute attacks of asthma (29). Overall, it is thought that adreno-
medullin may have important bronchodilating effects in human
airways.

Our analysis of interactions between phenotype (asthma or
atopy) and exposure (LPS or HDM) has identified specific genes
that are modulated by asthma or atopy. The LPS response con-
sisted of largely the same genes, albeit with variable expression,
underscoring the robustness of the response of both airway ep-
ithelia and inflammatory cells to LPS. Although analysis of the
response to HDM in all subjects did not reveal any consistent
changes across all phenotypic groups, the interaction analysis
identified genes that are differentially expressed specifically in

subjects with asthma compared with subjects without asthma
or in individuals with atopy compared with those without atopy.
Both GATA1 and GATA?2 transcription factors (14) were in-
volved in the transcriptional response to HDM.

There are several potential reasons that the response to HDM
was subtle. First, inconsistent response to HDM may be a result of
different degrees of sensitization to HDM, which may have lim-
ited transcriptional response to this allergen. Second, the HDM
response may have been more pronounced at a time point distinct
from when the second bronchoscopy was performed. Third, it is
possible that our instilled dose of HDM may have been insuffi-
cient to stimulate an allergic response in the airway. Modest doses
of HDM were employed to ensure patient safety and we did not
observe an eosinophilic or Th2 response to instilled HDM. Finally,
some of our analyses may suffer from small sample sizes.

In conclusion, we have identified specific gene expression sig-
natures in response to LPS and to a lesser extent HDM in human
airway epithelial and inflammatory cells. There is variable ex-
pression of these genes dependent on the asthmatic and atopic
phenotype. These findings suggest that gene expression profiling
can help identify those cell signaling pathways that are specific to
environmental exposures and objective signs of allergic airway
disease. These gene expression profiles may be useful in the fu-
ture in tailoring therapy based on specific environmental expo-
sures and susceptibility genes.

Author disclosures are available with the text of this article at www.atsjournals.org.
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