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Abstract

Background—Bronchial airway expression profiling has identified inflammatory subphenotypes

of asthma, but invasiveness of this technique has limited its application to childhood asthma.
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Objectives—To determine if the nasal transcriptome can proxy expression changes in the lung

airway transcriptome in asthma. To determine if the nasal transcriptome can distinguish

subphenotypes of asthma.

Methods—Whole transcriptome RNA-sequencing (RNA-seq) was performed on nasal airway

brushings from 10 controls and 10 subjects with asthma, which was compared to established

bronchial and small airway transcriptomes. Targeted RNA-seq nasal expression analysis was used

to profile 105 genes in 50 subjects with asthma and 50 controls for differential expression and

clustering analyses.

Results—We found 90.2% overlap in expressed genes and strong correlation in gene expression

(ρ=0.87) between the nasal and bronchial transcriptomes. Previously observed asthmatic bronchial

differential expression was strongly correlated with asthmatic nasal differential expression

(ρ=0.77, p=5.6×10−9). Clustering analysis identified Th2-high and Th2-low subjects differentiated

by expression of 70 genes including IL-13, IL-5, POSTN, CLCA1, and SERPINB2. Th2-high

subjects were more likely to have atopy (O.R.=10.3, p=3.5×10−6), atopic asthma (OR=32.6,

p=6.9×10−7), high blood eosinophils (OR=9.1, 2.6×10−6), and rhinitis (OR=8.3, p=4.1×10−6)

compared to Th2-low subjects. Nasal IL-13 expression levels were 3.9-fold higher in asthmatic

participants who experienced asthma exacerbation in the past year (p=0.01). Several differentially

expressed nasal genes were specific to asthma and independent of atopic status.

Conclusion—Nasal airway gene expression profiles largely recapitulate expression profiles in

the lung airways. Nasal expression profiling can be used to identify individuals with IL13-driven

asthma and a Th2-skewed systemic immune response.

Clinical Implications—Nasal airway gene expression profiling can be used to easily identify

the Th2-high subphenotype of asthma in children and also other genes dyregulated in the

asthmatic airway but independent of atopic status.
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INTRODUCTION

Asthma is the most common chronic childhood disease, affecting ~8.7 million children in

the United States, and is characterized by chronic inflammation in the airways leading to

reversible airway obstruction1. Microarray-based expression profiling of bronchial airway

epithelium brushings has revealed multiple genes whose expression is dysregulated in adult

asthma2. These studies found a pattern of Th2-driven inflammation that was characterized

by expression of calcium-activated chloride channel regulator 1 (CLCA1), periostin

(POSTN), and serpin peptidase inhibitor, clade B (SERPINB2)2, 3. This so-called “Th2-high”

pattern was restricted to a subgroup (~50%) of the asthmatics screened, reflective of the

known phenotypic heterogeneity of asthma3. The Th2-high subphenotype appeared to have

clinical significance due to its association with improved inhaled corticosteroid response,

higher IgE levels, and higher peripheral blood eosinophils3. Given that there are multiple

novel biologic compounds targeting 4, 5 components of the Th2 inflammatory pathway16,17,

the ability to profile expression changes in the asthma-affected airway would be valuable not
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only in elucidating the pathogenesis of asthma but also for predicting and monitoring

response to therapy and tailoring individual treatment regimens. However, carrying out

bronchoscopy for evaluation of endotype and response to therapy would be invasive. An

alternative to bronchial brushings would increase the practical utility of such findings

especially in children.

Similar to the bronchial airway epithelium, the nasal airway epithelium is populated by

basal, ciliated, and secretory epithelial cells6. As such the nasal airway presents an easily

accessible alternative to the bronchial airway that may reflect much of the dysfunction

present in the asthmatic bronchial airway. Supporting this, analysis of expression for ~2300

genes in nasal and bronchial airway brushings indicated a close relationship between these

two airway sites7. Furthermore, a small study indicated gene expression profiles were

altered in the nasal brushings of subjects with asthma versus healthy controls8. Finally,

children experiencing asthma exacerbations exhibited altered gene expression in the nasal

airway compared to children whose asthma was stable8.

In this study we used high-depth whole transcriptome sequencing to comprehensively

determine the degree to which the nasal airway serves as a biologic proxy for the bronchial

airway. We also used novel targeted RNA-sequencing technology to profile gene expression

of candidate airway biomarkers in a larger group of well-characterized children with asthma

and healthy controls. These data were used to determine the relationship between the nasal

transcriptome and subphenotypes of asthma.

METHODS

Subject Recruitment

Study subjects are a randomly selected subset of Puerto Rico islanders that were recruited as

part of the ongoing Genes environments & Admixture in Latino Americans (GALA II) study

described elsewhere9–11. Of the 100 study subjects who participated in this study 92 were

re-contacted from their original GALA II study visit. Asthma was defined by physician

diagnosis and the presence of two or more symptoms of coughing, wheezing, or shortness of

breath in the 2 years prior to enrollment. Asthma exacerbations were defined by self-report

of a subject having asthma symptoms requiring an emergency room visit. Atopy was defined

by plasma testing with the Phadiatop Inhalant Multi-allergen Immunocap12 as a qualitative

outcome. All study subjects had no history of smoking or recent nasal steroid use (within 4

weeks of recruitment). The study was approved by local institutional review boards, and

written assent/consent was received from all subjects and their parents.

Nasal Brushing Collection and RNA Extraction

Methods for nasal epithelial cell collection and processing were developed in collaboration

with the NIH/NIAID-sponsored Inner City Asthma Consortium, optimizing for collection

and confirmation of columnar epithelial cell type, RNA yield, and specimen collector

training. Briefly, nasal epithelial cells were collected from behind the inferior turbinate with

a cytology brush using a nasal illuminator (Figure E1). The collected brush was submerged
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in RLT Plus lysis buffer plus beta-mercaptoethanol and frozen at -80 C until extraction. (See

Online Repository Methods)

Whole Transcriptome Gene Expression and Tissue Comparison

RNA-seq libraries from 10 atopic asthmatics and 10 non-atopic controls were constructed

and barcoded with the Illumina Tru Seq RNA Sample Preparation v2 protocol. Barcoded

RNA-seq libraries from each of the 20 individuals were pooled and sequenced as 2×100bp

paired-ends across two flow cells of an Illumina HiSeq 2000. Reads were mapped with

Tophat (v2.0.6), quantified with Cufflinks (v2.0.2), and differential expression determined

by Cuffdiff13–15. Hierarchical clustering of samples was done using the CummeRbund

package (v2.0.0)16. Bronchial epithelial and small airway epithelium RNA-seq data sets

were downloaded from the Sequence Read Archive. (See Online Repository Methods)

RNA Ampliseq Analysis

RNA Ampliseq libraries were prepared with a 105 gene multiplex design and sequenced

using the Ion Torrent Proton on three P1 chips. Read counts mapping to target transcripts

were tabulated using the torrent mapping alignment program (TMAP) and a Life

Technologies in-house pipeline. Differential expression analysis was performed using the

non-parametric SAMseq17 method available in the samr R package. High eosinophil count

was tested as a dichotomous trait based on whether the subject’s eosinophil percentage was

above their predicted normal range. Hierarchical clustering and heatmaps were generated

with Spearman rank correlation coefficient for genes and random forest proximity metrics

for sample clustering. (See Online Repository Methods)

Statistical Methods

All statistical analyses outside of the bioinformatics programs were performed in the R

statistical package and are detailed in the Online Repository Methods.

RESULTS

Whole Transcriptome Gene Expression Signatures of the Nasal Airway Epithelium Mirror
the Bronchial Airway Epithelium

We performed whole transcriptome sequencing of nasal airway epithelium brushings from

10 non-atopic controls and 10 atopic asthmatics (Table I). Sequencing resulted in an average

of 1.1×108 (+/− 4×107) reads mapped per subject (Table EI). Mapped reads were used to

generate FPKM gene expression levels, which revealed 16,148 expressed genes in the

healthy nasal transcriptome (Table E1, Figure E2). We accessed publically available

transcriptome sequencing data to generate transcriptomes for the healthy bronchial and lung

small airways (6th generation airways) for comparison with our healthy nasal

transcriptome18, 19. We removed 7,331 ubiquitously expressed genes from each airway data

set, which were defined by expression in a diverse panel of 23 human and murine cell types

and tissues20. This resulted in 8,828, 9,007, and 10,745 non-ubiquitously expressed genes in

the nasal, bronchial, and small airway transcriptomes, respectively. Examining the overlap

of the non-ubiquitously expressed nasal and bronchial genes we found that 90.2% of the

genes expressed in the bronchial samples were also present in the nasal airway transcriptome
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(Figure 1A). This was only slightly lower than the overlap with small airway epithelium,

which expressed 95.9% of the non-ubiquitous bronchial transcriptome (Figure 1B). In fact,

the nasal transcriptome contained 78.7% of the genes expressed in the more distal small

airway transcriptome (Figure 1C,D).

We next examined whether expression levels of these genes were correlated between the

different airway sites. We found a high correlation (ρ=0.87) between the nasal and bronchial

transcriptomes, which was similar to the correlation between the bronchial and small airway

transcriptomes (ρ=0.89) (Figure 1E,G). Strong correlation was also observed between nasal

and small airway transcriptomes (ρ=0.78) (Figure 1F). Lastly, we examined concordance

between the three data sets among the 500 most highly expressed genes. We found 72%

overlap of these genes between nasal/bronchial airways, 60% between bronchial/small

airways, and 47% between nasal/small airways (Figure 1H). Taken together, these results

demonstrate that the composition and structure of the bronchial and lung small airway

transcriptome is closely mirrored by that of the nasal airway.

The nasal airway transcriptome is altered in atopic asthma and expression changes reflect
asthmatic differential expression in the bronchial airway

We performed an unsupervised cluster analysis of the entire nasal transcriptome data set to

determine if nasal expression could be used to segregate the 10 atopic asthmatics from the

10 non-atopic healthy controls. Clustering using Jensen-Shannon distance separated

asthmatics from controls, with only one outlier sample in each of two top-level clusters

(Figure 2). We then performed an uncorrected analysis of differential expression for all gene

transcripts to identify individual gene transcripts that might be driving the separate

clustering of asthmatics, for later confirmation in a larger set of subjects. The 50 genes with

the largest differential expression statistic are listed in Table EII. The gene with the lowest p

value for differential expression was carboxypeptidase A3 (CPA3), a mast cell gene product.

Interestingly, CPA3 was previously identified as the second most differentially expressed

gene in the bronchial airway of subjects with asthma2. Therefore, we examined the ability of

nasal airway expression to recapitulate the expression pattern in the bronchial airway of

subjects with asthma. This was done by comparing the fold changes of the top 20 over- and

under-expressed genes in the bronchial airway of subjects with asthma to the fold changes of

these genes in the nasal airway of subjects with asthma2. Despite differences in expression

platforms (microarray vs. RNA-seq), the direction and magnitude of fold-changes for these

40 bronchial genes were strongly correlated with the asthmatic fold-changes for these genes

in our nasal data (ρ=0.77, p=5.6×10−9, Figure 3). These results suggest that the nasal airway

gene expression profile is altered in asthma and that these changes are reflective of those

observed in the bronchial airway of subjects with asthma.

Targeted RNA-seq of the nasal airway epithelium reveals a Th2 pattern associated with
atopic asthma

We used targeted RNA-seq (Ampliseq) technology to quantitate expression of 105 genes

(Table EIII). The Ampliseq assay included three gene groups: (1) we targeted the top 50

differentially expressed nasal genes in asthma for confirmation of our whole transcriptome

sequencing; (2) the top 20 over- and 10 under-expressed genes in the asthmatic bronchial
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epithelium according to the study by Woodruff et al2, to validate the ability of nasal airway

expression to proxy bronchial airway expression biomarkers of asthma; (3) to provide

genetic and biological context, we targeted a select set of 29 “asthma candidate genes,”

defined as such by being either implicated in Genome-wide Association Studies (GWAS) of

asthma, other asthma genetic studies, or implicated in mechanistic studies of asthma.

We performed the Ampliseq assay in a larger group of Puerto Rican children with asthma

(n=50) and controls (n=50) (Table I). To validate both gene expression methods, the 20

whole transcriptome subjects were a subset of these 100 subjects (Figure E3). These subjects

were characterized by high rates of atopy in both cases (75.5%) and controls (60%).

Additionally, we found that 62% of subjects with asthma and 14% of non-asthmatics self-

reported rhinitis. The heterogeneity among both subjects with and without asthma in terms

of these allergic phenotypes allowed us to investigate their relationship with nasal gene

expression.

At our sequencing depth (1.3×106 reads/sample), we were able to detect expression in the

nasal airway for 103 of the 105 genes screened. The Ampliseq assay had the sensitivity to

measure rare cytokine transcripts such as IL13, IL4, and IL5, which have been below

detection level in prior microarray-based studies of bronchial airway gene expression2. We

found that 48 of the 105 genes assayed were differentially expressed in asthma after

correction for multiple testing, including 26 over- and 22 under-expressed genes (Table

EIII). We note that 17 genes or 57% of the bronchial differential expression set screened,

were also significantly differentially expressed in the nasal airways, strongly suggesting that

gene expression among children with asthma is altered similarly in the bronchial and nasal

airways (Table EIV). Among the differentially expressed genes we noted epithelial genes

(e.g. POSTN, CLCA1, SERPINB2, DPP4, CST1, CST4) and mast cell genes (e.g. TPSAB1,

MSA42, CPA3). The cardinal Th2 cytokine, IL13, was upregulated in children with asthma.

IL-13 was shown in-vitro to drive upregulation of several genes differentially expressed in

the bronchial epithelium of subjects with asthma. Therefore, we leveraged our ability to

measure IL13 transcripts in the airway to examine the correlation between IL13 transcription

levels and the other 47 differentially expressed genes in-situ. We found that 18 of the 26

upregulated genes exhibited a strong positive correlation (ρ>0.5) with IL13 levels, while 14

of the 22 downregulated genes exhibited a strong negative correlation (ρ<−0.5) with IL13

levels (Figure 4). Moreover, examining asthma severity, we found nasal IL13 levels were

3.9-fold higher (p=0.01) in subjects who experienced an asthma exacerbation in the past

year versus those who did not (Figure E4). These data suggest that differential expression at

both epithelial sites (nasal and bronchial) is orchestrated in common by an underlying Th2/

IL-13 skew in the systemic immune system.

To investigate this idea we tested the genes for differential expression by atopic status, a

measure of systemic Th2 immune system skew. We found 70 of the 103 expressed genes

were differentially expressed by atopic status. We used hierarchical clustering of these 70

genes in all subjects to determine gene relationships and examine clustering of subjects with

varying asthma and allergic status. The first branching point separated Th2-high (IL13 high)

from Th2-low (IL13 low) subjects (Figure 5). The odds ratio for atopy, regardless of asthma

status, was 10.33 among subjects with a Th2-high expression pattern (p=3.5×10−6). We also
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found 9.1-fold increased odds for high blood eosinophils among subjects with a Th2-high

pattern, another measure of systemic Th2 skew (p=2.6×10−6). Self-reported rhinitis also

clustered tightly with the Th2-high pattern (O.R.=8.3, p=4.1×10−6). Overall, 42 of the 48

differentially expressed genes in asthma were among the 70 differentially expressed genes in

atopy suggesting that the atopic asthmatic subgroup was driving the majority of the

differentially expressed genes by asthma status. The odds ratio for atopic asthma among

subjects with a Th2-high pattern was 32.6 compared to non-atopic healthy controls

(p=6.9×10−7).

Asthma-specific and Th2-independent gene expression in the nasal transcriptome

In contrast, six genes (cytokeratin-5 (KRT5), mucin 5b (MUC5B), zona pellucida binding

protein 2 (ZPBP2), triggering receptor expressed on myeloid cells-like 2 (TREML2),

oncostatin M (OSM), free fatty acid receptor 2 (FFAR2)) were associated with asthma and

not atopy. None of these six genes were strongly correlated with IL-13 levels (0.5 > r >

−0.5) (Figure 4). Differential expression in these genes was driven by both atopic and non-

atopic subjects with asthma (Figure 6).

Asthma GWAS genes differentially expressed in Nasal Airway Epithelium

We were able to detect gene expression in the nasal airway brushings of all 16 asthma

GWAS genes screened with the Ampliseq assay. We found nasal expression of 9 (56.3%)

and 11 (68.8%) of these candidate genes were associated with asthma and atopy,

respectively. The genes and their fold-changes in expression are listed in Table EV. Among

the differentially expressed genes verified through large GWAS meta-analyses were the

cytokine IL-33 and its receptor, IL1RL1 (ST2). Expression of IL1RL1 was strongly

upregulated in both atopy and asthma, whereas IL-33 was downregulated in both of these

groups.

The 17q21 asthma GWAS risk locus contains 5 genes. In the nasal Ampliseq assay we

found ORMDL3 and GSDMB were highly expressed, IKZF3 moderately expressed, and

GSDMA and ZPBP2 were lowly expressed. We found ORMDL3, IKZF3, and GSDMA

were all downregulated in both atopic and asthmatics subjects. ZPBP2 and GSDMB were

downregulated in just asthmatic and atopic subjects, respectively.

DISCUSSION

Transcriptional profiling of the bronchial airways has shown Th2 inflammation is present in

only ~50% of subjects with asthma revealing the phenotypic heterogeneity of asthma3.

Bronchial airway gene expression changes are associated with inhaled corticosteroid

response2, clinical characteristics like eosinophil levels21, and have identified candidate

genes (e.g. CLCA122) that upon further study have increased understanding of asthma

pathogenesis.

However, the widespread application of these methods and findings to childhood asthma in

large research studies and eventually clinical practice is impeded by the safety, expense, and

time limitations presented by obtaining bronchoscopy brushings in children. In this study we

used high-depth whole transcriptome sequencing to prove nasal airway brushings can
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perform as an excellent proxy for bronchial airway brushings in children with asthma. We

found that over 90% of non-ubiquitous transcripts expressed in the bronchial airway are also

expressed in the nasal airway, with strong correlation between expression of the two

transcriptomes. The correlation in gene expression between the nasal and lung small airways

was also strong, indicating that the nasal airways can also serve as a good surrogate for the

bronchial and small airways. Our results confirm and extend to a whole transcriptome level

the observations of prior studies, which reported large similarities in bronchial and nasal

expression of surface receptor genes23, and a subset of bronchial genes examined by

microarray7. Strikingly, we found unsupervised clustering of the nasal whole transcriptome

data resulted in near complete separation of atopic asthmatics from healthy controls, an

exciting result which will need to be confirmed in additional populations.

We demonstrate an IL-13 centric Th2 inflammation in the nasal airways of subjects with

asthma that is analogous to the Th2 inflammation previously observed in the bronchial

airways. The largest study of differential gene expression in the asthmatic bronchial airways

identified a clear pattern of Th2-driven inflammation marked by the IL-13 responsive genes

POSTN, CLCA1, and SERPINB2. We found both IL13 and these IL-13 responsive genes

were all differentially expressed among subjects with asthma in our large targeted RNA-seq

screen of the nasal airways. Moreover, 68% of the genes we associated with asthma in the

targeted RNA-seq screen were strongly correlated with IL13 levels. Finally, we found the

direction and fold-change of the top 40 differentially expressed genes in the bronchial

airways was mirrored by our nasal transcriptome differential expression results.

As expected nasal Th2 inflammation was associated with rhinitis, but we found 17 Th2-high

subjects had atopy but not rhinitis, showing the nasal signature is not just a manifestation of

rhinitis, but rather a risk factor for rhinitis. We speculate that the common pattern of Th2

inflammation in both the bronchial and nasal airways is driven by an underlying Th2 skew

systemic immune system. Supporting this, both atopy status and blood eosinophils levels

were strongly associated with the Th2-high pattern of nasal gene expression, regardless of

asthma status. Moreover, the Th2-high nasal expression pattern was present in 64% of

subjects with asthma and we found 29 of these 32 subjects were atopic. Likewise, the

bronchial airway profiling study found a Th2-high expression pattern in 53% of subjects

with asthma, which were characterized by higher IgE levels and both higher blood and

bronchoalveolar lavage eosinophils. These results suggest that Th2 airway inflammation is a

part of the mechanistic basis of asthma in atopic or more systemically allergic individuals.

Identification of Th2-high subjects is feasible by nasal brushings and could have great

impact on both biomedical and clinical research. For example, the ability to stratify subjects

with asthma by the presence of Th2 airway inflammation should create a more

homogeneous group of subjects with regard to asthma pathogenesis and increase the power

of future biomedical and clinical research studies. Moreover, this stratification would allow

the search for the genetic determinants of non-Th2 driven asthma, for which little is known

regarding disease pathogenesis. The fact that 9 of the 16 asthma GWAS genes tested were

differentially expressed in the nasal epithelium suggest there may be a genetic basis to these

disease subphenotypes. The potential clinical utility of the bronchial Th2 inflammation

signature has been shown, as response to inhaled steroids was almost entirely restricted to
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the bronchial Th2-high subjects. Moreover, it is straightforward to imagine Th2-high airway

status would be a highly relevant biomarker in Th2 targeted therapeutic trials. Supporting

this, serum levels of periostin have recently been used as biomarker in clinical trial of an

IL-13 inhibitor4. Finally, our association of nasal IL-13 levels with asthma exacerbations

suggests nasal airway expression levels may be predictive of loss in asthma control and

useful for clinical management. Although encouraging these retrospective results will need

to be further evaluated in prospective studies to determine their true clinical utility.

Interestingly, we identified six genes that were differentially expressed in asthma and not

atopy. This observation suggests that there exists dysregulation in nasal airway expression

beyond Th2 inflammation that is relevant to both atopic and non-atopic asthma. Nasal

expression of both KRT5, a marker of basal airway epithelial cells, and MUC5B, a marker of

secretory cells, was downregulated in asthma. Changes in the expression of these genes may

reflect airway remodeling of subjects with chronic asthma, characterized by changes in the

cellular and mucosal composition of the airway. Nasal overexpression of the OSM gene

supports this idea, as OSM gene and protein expression (an interleukin-6 family member)

has previously been shown to be upregulated in the sputum of asthmatics with irreversible

airway obstruction25.

In conclusion, we find the nasal airways are an excellent less-invasive proxy for the

bronchial airways in transcriptional profiling studies. The pattern of Th2 inflammation in

nasal airways is highly similar to the Th2 pattern observed in the bronchial airways of

subjects with asthma. We find this Th2 airway inflammation signature is highly enriched in

atopic asthmatics. These data clearly show the useful of nasal airway brushings for

subphenotyping of children with asthma in both research and clinical settings.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Comparison of non-ubiquitous gene expression between airway tissues
Overlap of expressed genes between nasal-bronchial (A), nasal-SAE (B), bronchial-SAE

(C), and between all tissues (D). Scatter plot of mean expression levels for genes commonly

expressed between nasal-bronchial (E), nasal-SAE (F), bronchial-SAE (G). Correspondence-

at-top plot for the top 500 genes ranked by expression level from highest to lowest for each

tissue (H).
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Figure 2. Unsupervised clustering of subjects with atopic asthma and healthy controls using
nasal transcriptome expression levels
FPKM expression levels for all genes in the nasal whole transcriptome sequencing data were

used for clustering.
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Figure 3. Comparison of gene expression fold-changes in asthma between bronchial and nasal
airway expression data for bronchial airway biomarker genes
Scatter plot of previously reported bronchial airway gene expression log2 fold-changes in

asthma, for the top 20 up- and down-regulated genes, versus the fold-changes in asthma for

these genes in the nasal airway transcriptome data. Linear regression best-fit line shown.
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Figure 4. Correlation between Ampliseq nasal gene expression of IL13 and the other 47 genes
differentially expressed in asthma
Genes are ranked from top to bottom by decreasing Spearman correlation coefficient (ρ).

Purple and pink regions correspond to levels of high positive (ρ > 0.5) and negative (ρ <

−0.5) correlation, respectively. Significant IL13 correlations=clear bars, Non-significant

IL13 correlations=black bars.
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Figure 5. Clustering of Ampliseq nasal gene expression levels in study subjects
Clustering was generated using relative nasal expression levels for the 70 genes

differentially expressed in atopy (n=99). Heatmap represents normalized expression counts

(red=low; green=high) for each gene. The subject presence (blue) or absence (red) of atopy,

asthma, eosinophil levels, and rhinitis are displayed directly below the heatmap. White

squares=missing data.
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Figure 6. Boxplots of genes differentially expressed in asthma but not atopy in the nasal airway
Ampliseq normalized expression counts for 3 of the 6 genes (MUC5B, OSM, KRT5)

differential expressed in asthma but not atopy (+1 pseudocount and log10 scale) are plotted

according to subject asthma and atopy status.
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