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Abstract

Rationale: Quantification of type 2 inflammation provided a
molecular basis for heterogeneity in asthma. Non–type 2 pathways
that contribute to asthma pathogenesis are not well understood.

Objectives: To identify dysregulated pathways beyond type 2
inflammation.

Methods:We applied RNA sequencing to airway epithelial
brushings obtained from subjects with stable mild asthma not
on corticosteroids (n = 19) and healthy control subjects (n = 16).
Sequencing reads were mapped to human and viral genomes.
In the same cohort, and in a separate group with severe asthma
(n = 301), we profiled blood gene expression with microarrays.

Measurements and Main Results: In airway brushings from
mild asthma on inhaled corticosteroids, RNA sequencing yielded
1,379 differentially expressed genes (false discovery rate, 0.01).
Pathway analysis revealed increased expression of type 2 markers,

IFN-stimulated genes (ISGs), and endoplasmic reticulum (ER)
stress-related genes. Airway epithelial ISG expression was not
associated with type 2 inflammation in asthma or with viral
transcripts but was associated with reduced lung function by
FEV1 (r =20.72; P = 0.0004). ER stress was confirmed by an
increase inXBP1 (X-box binding protein 1) splicing in mild asthma
and was associated with both type 2 inflammation and ISG
expression. ISGs were also the most activated genes in blood cells in
asthma and were correlated with airway ISG expression (r = 0.55; P =
0.030). High blood ISG expression in severe asthma was similarly
unrelated to type 2 inflammation.

Conclusions: ISG activation is prominent in asthma, independent
of viral transcripts, orthogonal to type 2 inflammation, and associated
with distinct clinical features. ER stress is associated with both type 2
inflammation and ISG expression.
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Allergic, type 2 cytokine-driven
inflammation is associated with airway
obstruction, hyperresponsiveness,
remodeling, and response to inhaled
corticosteroids (ICS) in asthma (1, 2).
Therapeutic targeting of type 2
inflammation has been successful in some
but not all patients (3). The subset of
patients who respond poorly to therapies
targeting type 2 inflammation may have
non–type 2 inflammatory mechanisms
driving their disease. Furthermore, these
non–type 2 pathways likely coexist with
type 2 inflammation in some individuals
and contribute to severe asthma (3).

The airway epithelium is central to the
initiation and maintenance of allergic
immune responses, and contributes to
asthma pathogenesis, including mucus

hypersecretion and airflow obstruction (4).
Microarray gene expression profiling of
human airway epithelial cells was crucial
in establishing the type 2 endotype (1).
New technologies incorporating massively
parallel RNA sequencing (RNA-seq) of
airway samples overcome the sensitivity,
specificity, and signal saturation limitations
of microarrays, and can offer new insight
into airway disease mechanisms (5, 6). In
this study, we hypothesized that airway
epithelial RNA-seq in asthma would identify
non–type 2 pathways of inflammation
and epithelial cell dysfunction that are
associated with a more severe asthma
phenotype. Some of the results of these
studies have been previously reported in the
form of abstracts (7, 8).

Methods

Additional details are reported in the
METHODS section of the online supplement.

Subjects and Procedures

Mild asthma study. We recruited 22 healthy
control subjects and 32 subjects with mild
asthma not on ICS via community-based
advertising (NCT00595153). Baseline
characterization included medical history
and examination, spirometry, measurement
of provocative concentration causing a 20%
fall in FEV1 (PC20) and fractional exhaled
nitric oxide, complete blood count and
differential, serum total IgE, and collection
of PAXgene blood RNA tubes (Qiagen). A
total of 1–2 weeks following the baseline
visit 20 healthy subjects and 25 subjects
with mild asthma underwent spirometry,
bronchoscopy, and blood collection;
reasons for dropout of subjects are
described in the METHODS section of the
online supplement. Subjects with asthma
were thereafter treated with inhaled
budesonide, 180 mg twice daily, for 8 weeks
and returned for spirometry 4 weeks after
ICS was started, and for repeat
bronchoscopy and spirometry 8 weeks after
ICS was started.

Severe asthma study. To validate
findings in a severe asthma population, we
used PAXgene whole-blood RNA samples
from a previously reported prospective, 48-
week double-blind randomized placebo-
controlled trial of omalizumab (anti-IgE)
(NCT00314574) (9). Subjects had poorly
controlled asthma despite high-dose ICS

and long-acting b-agonists. A total of 427
subjects received omalizumab and 423
placebo, with PAXgene tubes collected in a
subgroup (Figure 1).

Gene Expression Measurements
For RNA-seq of airway epithelial brushings,
library preparation and multiplexing
was done with the Illumina TruSeq
Stranded Total RNA with Ribo-zero
Human/Mouse/Rat Kit (Illumina Inc.) per
manufacturer’s protocol. We performed
100 base pair paired-end sequencing on
multiplexed samples via an Illumina
HiSeq 2500 at the University of California,
San Francisco, Genomics Core. PAXgene
RNA samples were run on Affymetrix
HGU133A Plus 2.0 arrays as previously
described (10).

Differential Expression

RNA-Seq. We performed read count
normalization and differential expression
analyses using the DESeq2 package (11),
and corrected for multiple comparison
using the false discovery rate (FDR) (12).
Genes with an FDR less than 0.01 were called
significant. We used regularized-logarithm
transformed counts from DESeq2’s rlog
function for unsupervised clustering,
heatmaps, and multigene metric generation.

Microarray. We performed moderated
t tests with the limma package (13, 14) in R.
Genes with an FDR less than 0.01 were called
significant except in the case of whole-blood
samples, which had weaker differential
expression and for which an unadjusted P less
than 0.05 was used before pathway analysis.

Comparison of Multigene Metrics
with Clinical Variables
We performed unadjusted analyses using
Spearman rank correlation and Welch’s
t test, as appropriate. In adjusted analyses,
we developed linear models and sought
interactions between multigene metrics in
association with lung function. We
computed annualized exacerbation rates
using zero-intercept generalized linear
models, and used a model with an intercept
to compute exacerbation rate reduction and
perform all statistical tests of significance
for exacerbations.

Metatranscriptome Preprocessing
and Differential Expression
We used a recently described custom
bioinformatics pipeline to detect viral

At a Glance Commentary

Scientific Knowledge on the
Subject: Although a subgroup of
patients with asthma benefits from
blockade of the type 2 cytokines IL-4,
IL-5, and IL-13, there is an unmet need
to identify non–type 2 mechanisms in
asthma. Dysregulation in non–type 2
pathways has been demonstrated;
however, the relationship of these
pathways to type 2 inflammation and
lung function impairment, and the
impact of their presence on treatment
response, have not been reported.

What This Study Adds to the
Field: In this study, IFN-stimulated
gene (ISG) expression was increased in
mild asthma compared with health as
assessed by RNA sequencing of airway
epithelial brushings. ISG expression
was orthogonal to type 2 inflammation,
did not require the presence of virus,
and was associated with reduced FEV1

and enhanced endoplasmic reticulum
stress. ISG expression was also
increased in whole blood, where it was
similarly orthogonal to type 2
inflammation in severe asthma. Thus,
ISG expression may be a viable target
for future therapy. Both type 2
inflammation and ISG expression are
independently associated with
endoplasmic reticulum stress, which
therefore represents an additional
potential therapeutic target.
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transcripts (15). Briefly, sequencing reads
underwent quality and complexity filtering
(16) followed by subtractive alignment to
the human genome (ENSEMBL GRCh38)
using STAR (17). Remaining reads
underwent additional subtractive alignment
against phage and nonhuman tropic viruses
using Bowtie2 (18). Identical reads were
compressed (19) and remaining sequences
were aligned to the National Center for
Biotechnology Information nucleotide
database using GSNAPL to identify viral
transcripts (20).

Statistics and Plots
All analyses were done in the R statistical
environment. Correlations were reported
either as Spearman r or Pearson r as
indicated. Heatmaps were created using the
gplots package. All other plots were created
with the ggplot2 package (21). P less than
0.05 was taken as statistically significant
without correction for multiple testing
unless otherwise indicated. Hierarchical
clustering was performed with Euclidean
distance and complete linkage.

Study Approval
All study sites obtained institutional review
board approval and written informed
consent from study participants before
enrollment.

Results

Differential Airway Epithelial Gene
Expression by RNA-Seq
RNA-seq data from airway epithelial
brushings passed quality control in 16
healthy control subjects and 19 subjects with
mild asthma not on ICS (Figure 1). Subject
demographics are described in Table 1. A
total of 1,379 transcripts were differentially
expressed between asthma and health
(FDR, 0.01) (see Table E1 in the online
supplement). The most highly differentially
expressed genes included those known to be
induced by type 2 cytokine exposure, such
as POSTN (periostin), SERPINB2 (serpin
family B member 2), and CLCA1 (chloride
channel accessory 1) (10).

We used ingenuity pathway analysis
(IPA) to predict upstream regulators of
overrepresented genes (Table 2). As
expected, regulators of type 2 inflammation
including IL-5 and IL-13 scored well. In
addition, type I (IFN-a, b) and III (IFN-l)
IFN and their downstream mediators (IRF

[IFN regulatory factor]-1, IRF7, IFNAR2
[IFN a and b receptor subunit 2], STAT1
[signal transducer and activator of
transcription 1]) were among the pathways
most significantly associated with asthma
(Table 2). Unlike the IFN-stimulated genes
(ISGs), IFNs themselves and most other
upstream regulators involved in IFN
signaling as identified by IPA were not
differentially expressed in brushings from
subjects with asthma. For example, STAT1,
an upstream regulator previously reported
to be dysregulated in asthma (22), and
secretory leukocyte protease inhibitor,
previously reported to be repressed by and
inversely related to IFN-g in severe asthma
(23), were not significantly altered in our
asthma group (see Table E2).

Comparison of RNA-Seq and
Microarrays
The presence of strong signals for non–type
2 inflammation in airway brushings
analyzed by RNA-seq is a new finding in

comparison with our previous microarray
performed with similar subjects (1, 10).
Whereas our RNA-seq study found 1,379
differentially expressed genes at an FDR
less than 0.01, the earlier microarray study
reported only 22 genes as differentially
expressed at P less than 0.05 using a
Bonferroni correction, and this increased to
only 36 genes on reanalysis with a FDR less
than 0.01 cutoff (10). However, although
the prior microarray study had fewer
statistically significant genes, the overall
pattern of expression differences between
groups was quite similar between the two
studies as assessed using the Camera
competitive gene set test (24), with
significant overlap of both upregulated
genes (n = 915; P = 3.463 10228)
and downregulated genes (n = 284;
P = 4.123 10215) in subjects with asthma
compared with healthy control subjects
(see Figure E1A for enrichment plots). This
current paper presents RNA-seq generated
from samples collected in one stand-alone

Mild asthma from UCSF

Healthy: 20
Asthma: 25

bronchoscopy
blood, spirometry

sufficient
quantity of RNA

Airway brushes
Healthy: 19
Asthma: 23

PAXgene
Healthy: 20
Asthma: 25

1−2 weeks after a baseline
characterization visit

remove brush RNA-Seq
results with low alignment +

PAXgene arrays
not passing quality metrics 

Airway brushes
Healthy: 16 (seq)
Asthma: 19 (seq)

PAXgene
Healthy: 20
Asthma: 23

Severe asthma, omalizumab trial

848 eligible
uncontrolled

asthma

blood, spirometry

Omalizumab: 427
Placebo: 421

blood

48
weeks

PAXgene
301

(151 omalizumab,
150 placebo)

biomarker subpopulation
with RNA and arrays

passing quality metrics  

PAXgene
Omalizumab: 150

(145 paired)
Placebo: 152
(145 paired)

A B

Figure 1. Cohorts and samples contributing to the results in this publication. (A) Sample numbers
from the mild asthma cohort from University of California, San Francisco (UCSF) before treatment with
inhaled corticosteroids. Dropout from low RNA quantity was caused by inadequate RNA remaining
for sequencing given that microarray and qPCR studies had used RNA from this study population
previously. After sequencing, four subjects with mild asthma and three healthy control samples were
removed from further analysis because of high mitochondrial RNA and ribosomal RNA abundance
leading to insufficient depth of sequencing of protein coding reads. (B) Sample numbers from the
randomized placebo-controlled trial of omalizumab in severe asthma. PAXgene =whole blood RNA
collection tube; RNA-seq = RNA sequencing.
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clinical study, whereas our prior report
was derived from samples from four
different banked clinical studies that used
comparable sample collection methods.
This design may have avoided several
clinical and technical sources of variation
and improved our statistical power to find
differences.

To directly assess how the use of RNA-
seq versus microarrays affected the ability to
detect gene expression changes and the ISG
signature, we compared our RNA-seq data
with microarray data generated using the
same RNA samples. These microarray data
represent a subset of the data previously
reported in our comparison of subjects with
asthma and chronic obstructive pulmonary
disease (25). At an FDR less than 0.01, a
total of 1,734 genes were differentially
expressed by microarray between subjects
with asthma and healthy control subjects.
Comparison of RNA-seq and microarray
data from the same samples using the
Camera competitive gene set test showed
significant overlap of both upregulated

genes (P = 1.113 10259) and
downregulated genes (P = 3.503 10242)
(see Figure E1B). Across ISGs, microarray
and sequencing showed concordant
differences between asthma and health, but
the magnitude of the fold differences were
greater in the sequencing results (see Figure
E2A). The finding that some ISGs were
significantly increased in asthma by RNA-
seq but not by microarrays could not be
explained consistently by low microarray
signal intensity (see Figure E2B).

Development of a Metric of Airway
ISG Expression
We first focused on ISGs. To generate a gene
expression signature specific to airway
epithelial cells, we cultured human
bronchial epithelial cells at an air–liquid
interface and stimulated them with IFN-a
(10 ng/ml for 24 h). We chose IFN-a given
its significance in the IPA list and the
largely overlapping gene expression
responses to type I and type III IFNs (26).
RNA-seq of IFN-a-stimulated epithelial

cells yielded 1,031 IFN-a-induced genes
(FDR, 0.01; top 50 in Figure 2A). We
restricted this top 50 list to those
differentially expressed in asthmatic airway
brushings (FDR, 0.01), yielding nine

Table 2. IPA Upstream Regulator
Analysis of Epithelial Brushing
RNA-Seq–based Gene Expression

Upstream
Regulator

Activation
z-Score

P Value of
Overlap

IL5* 4.93 2.713 1024

EIF4E† 4.80 4.563 1026

Interferon-a
group‡

4.79 1.233 1023

CD38 4.64 1.283 1024

IFNA2‡ 4.41 9.973 1023

IL13* 4.31 1.403 1022

XBP1† 4.22 1.263 1027

MYC 4.16 7.303 1023

STAT1‡ 4.15 3.123 1022

IRF7‡ 4.14 7.773 1023

IFNB1‡ 3.79 4.173 1022

AGT 3.74 2.443 1022

IFNL1‡ 3.45 1.243 1023

TP53 3.39 4.613 1023

IRF1‡ 3.37 6.913 1024

PRL 2.89 1.213 1024

VEGFA 2.83 1.103 1022

EIF2AK2† 2.71 4.973 1023

HRAS 2.71 1.033 1022

PAF1 2.65 1.953 1022

IFNA1/IFNA13‡ 2.60 1.273 1023

Ifn group‡ 2.49 4.593 1022

IFNAR2‡ 2.45 1.373 1023

MYCN 2.28 5.213 1024

THBS4 2.20 1.933 1022

APP 2.02 4.283 1023

Definition of abbreviations: IPA = ingenuity
pathway analysis; RNA-seq = RNA sequencing.
Regulators are filtered by 1) genes, proteins, or
RNA; 2) activated predicted state; 3) activation
z-score> 2; and 4) P, 0.05. The list is sorted by
activation z-score. P value of overlap is the
probability that the observed overlap between
the list of genes differentially expressed between
asthma and health, and the set of genes
assigned by IPA as downstream of the listed
upstream regulator, would occur by chance
(Fisher’s exact test). The strength of activity of
the regulator in disease, as determined by the
net observed direction of changes in the
overlapping downstream genes, is represented
by an activation score (a more positive/negative
value indicates that a larger proportion of
genes changed in a direction consistent with
activation/inhibition of the regulator in asthma).
*Genes demonstrating presence of airway type 2
inflammation.
†Genes/groups demonstrating presence of
epithelial endoplasmic reticulum stress.
‡Genes/groups demonstrating presence of
airway IFNs leading to epithelial IFN-stimulated
gene expression.

Table 1. Baseline Subject Characteristics

Healthy Control
Subjects

Subjects with
Asthma P Value

Sample size of RNA-seq data 16 19
Age, yr 346 10 346 13 0.94
BMI, kg/m2 266 4 296 6 0.14
Female sex, % 38 58 0.39
Ethnicity*
White 9 9
Black or African American 1 1
Hispanic 3 4
Asian/Pacific Islander 2 5
Native American 1 0

FEV1, % predicted 986 13 846 14 0.0042
D FEV1 with albuterol, % of

baseline
5.26 0.4.5 13.86 10.2 0.0027

FEV1/FVC 0.786 0.061 0.746 0.077 0.10
Methacholine PC20, mg/ml .10 (n = 15) 0.57 (0.34–1.55) ,0.0001
IgE, IU/ml 17 (11–29) (n = 15) 247 (129–361) 0.00040
Blood eosinophils, 3109/L 0.11 (0.06–0.19) 0.36 (0.13–0.50) 0.0011
FENO, ppb 16 (12–23) 66 (20–85) (n = 14) 0.010
Epithelial brushings
Nonsquamous epithelial, % 96 (95–98) 98 (97–99) 0.051
Neutrophil 0.2 (0–0.4) 0 (0–0.2) 0.034
Lymphocyte 0.10 (0–0.45) 0 (0–0) 0.055
Eosinophil 0 (0–0) 0 (0–0.10) 0.29
Macrophage 3 (1.3–4.7) 1.4 (0.9–2.7) 0.066

Definition of abbreviations: BMI = body mass index; FENO = fractional exhaled nitric oxide; PC20 =
provocative concentration causing a 20% fall in FEV1; RNA-seq = RNA sequencing.
Values are reported as mean6 SD or median (25–75th percentile). All data are from the baseline visit
except spirometry, which are reported from visit 2 (immediately before initiation of RNA sequencing).
P values are based on t test (where means reported), Wilcoxon rank sum (where medians reported),
or chi-square test for proportions.
*In cases of multiple ethnicities, the lowest-numbered ethnicity from this list is reported: 1) Hispanic,
2) black or African American, 3) Pacific Islander, 4) Native American, 5) Asian, and 6) white.
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genes: IFI6 (IFNa-inducible protein 6),
OAS1 (29-59-oligoadenylate synthetase 1),
USP18 (ubiquitin specific peptidase 18),
OSA2, IFITM1 (IFN-induced
transmembrane protein 1), BST2 (bone
marrow stromal cell antigen 2), IFI27
(IFNa-inducible protein 27), and IFI35
(IFN-induced protein 35). This degree of
overlap is significant because the
probability of finding nine or more genes
overlapping with the set of 1,379 genes
differentially expressed in human airway
brushings, when drawing 50 genes
randomly without replacement from 19,938
protein-coding genes in the epithelial
culture sequencing data, is P equal to
0.0067 by a Fisher’s exact test.

Grouping subjects by the expression of
these nine IFN-induced genes shows that 12
of 19 subjects with asthma have coordinately
elevated expression for almost all of these

genes (Figure 2B). The centered, regularized
read counts for these nine genes were added
to form an airway ISG metric. We found no
association between the epithelial ISG
metric and our previously published type 2
inflammatory metric (r = 0.12; P = 0.62) (2),
nor other markers of allergic inflammation
including blood eosinophils, serum IgE, and
fractional exhaled nitric oxide (Figure 3).

Airway ISG Expression Is Associated
with Reduced Lung Function
Higher airway ISG expression was
associated with reduced FEV1 (r =20.72;
P = 0.0004) and increased bronchodilator
response among subjects with asthma
(r = 0.75; P = 0.0002) (Figures 4A and 4B).
To validate this on a genome-wide scale, we
performed IPA of the pathways associated
with lower FEV1 in asthma using all the
RNA-seq data and found that IFN-related

pathways represented 5 of the top 10
pathways (see Table E3). We found no
relationship between the ISG metric and
age, sex, body mass index, or PC20. Weaker
relationships were seen between type 2
inflammation and lung function (r =20.40,
P = 0.050 for FEV1; r = 0.44, P = 0.032 for
bronchodilator response). The association
between ISG expression and FEV1 remained
significant when adjusted for the type 2
metric (P = 0.0056), and there was no
significant interaction between the type 2 and
ISG metrics (P = 0.75 for interaction term).

Effect of ICS on Airway ISG
Expression and Lung Function
Airway epithelial brush ISG activity was
significantly attenuated by 8 weeks of ICS
(see Figure E3A; P = 0.007 before vs. after
ICS). After ICS treatment, airway ISG
activity was not associated with FEV1 or

A B

IFI6

OAS1

USP18

OAS2

IFITM1

BST2

IFI27

ISG15

IFI35

asthma

healthy

row z-score

IFN-

unstimulated

RERGL

–1.5 –1 –0.5 0 0.5 1.51

CCR1
FRMD3
NEXN
MT1M
ISG15
USP18
ZBP1
IFITM3
IFITM1
BST2
IFI27
SMCO3
DUOXA2
GMPR
IFI35
RUFY4
BATF2
CARD17
IFIT3
OAS3
LAMP3
EPSTI1
CMPK2
AIM2
DDX58
IFIT1
IFIT2
TNFSF13B
SAMD9L
HERC5
HERC6
OAS2
IFI44
DDX60
XAF1
IFI44L
RSAD2
STAT1
DDX60L
TMEM140
IFI6
MX2
MX1
IFIH1
OAS1
OASL
CXCL11
CXCL10
OR52H1

Figure 2. Development of an airway epithelial brushing IFN-stimulated gene expression metric in mild asthma. (A) Hierarchical clustering of primary human
epithelial cells cultured at an air–liquid interface (columns) using the top 50 (by fold-difference) genes (rows) induced by IFN-a (yellow, n = 6) relative to
unstimulated (black, n = 6). All gene expression measurements are from RNA sequencing, with blue indicating low relative expression, and red indicating
high relative expression. (B) Visualization of intersection of genes upregulated in asthma relative to health (false discovery rate, 0.01) and IFN-
a–stimulated genes from A by supervised hierarchical clustering. n = 19 asthma (red); n = 16 healthy (black).
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bronchodilator reversibility (see Figures
E3B and E3C). The relationship between
baseline ISG expression and the change in
FEV1 was significant after 2 but not after 4
and 8 weeks of ICS treatment (see Table E4).
Thus, ISG expression at baseline had a mixed
effect on ICS response, unlike the more
consistent relationship seen for type 2
inflammation (2) (see Table E4). Similarly,
compared with type 2 inflammation, ISG
expression had lower area under the curve by
receiver operating characteristic analysis in
predicting those with a positive ICS response
(see Figure E3D).

Airway ISG Expression Is Not
Associated with a Distinct Viral
Signature
Given the well-established relationship
between IFNs and viral infection, we
screened the airway epithelial RNA-seq for
viral transcripts using our metagenomics
pipeline. Potential viral pathogens were
identified in low abundance in a small subset
of subjects. A virus had to be present at more
than 15 reads to be considered present. We

identified 35 human rhinovirus A reads in
one subject with asthma with high ISG levels
(see Figure E4 for the alignment of viral
reads from this subject against the human
rhinovirus A genome). Human herpes virus
was detected in four healthy control subjects
and one asthma subject with low ISG levels.
To confirm the overall negative findings, we
assessed the presence of three common
respiratory viruses (respiratory syncytial
virus, human rhinovirus, and parainfluenza
virus type 3) by validated qPCR assays. All
three viruses were undetectable in the human
airway brush RNA samples, but were
detected in positive control samples. The
discordance between qPCR and RNA-Seq for
human rhinovirus in the one subject
previously mentioned suggests that the limit of
detection for the qPCR assay is near 35 RNA-
Seq reads in this dataset.

Whole-Blood Gene Expression
Reflects Airway ISG Expression
Whole-blood PAXgene profiling by
microarrays in 23 subjects with asthma not
on ICS and 20 healthy control subjects

identified 1,372 differentially expressed
transcripts (P, 0.05, see Table E5).
Eosinophil-associated genes (SIGLEC8
[sialic acid binding Ig-like lectin 8], CLC
[Charcot-Leyden crystal galectin], IL5RA
[IL5 receptor subunit a], PRSS33 [protease,
serine 33], P2RY14 [purinergic receptor
P2Y14], RNASE2 [ribonuclease A family
member 2]) topped this list (Figure 5A)
(27). The high degree of correlation between
these genes and with the percentage of blood
eosinophils, but not neutrophils (see Figure
E5 and Table E6), suggests that the
differential expression is caused by the
differences in eosinophil numbers between
subjects with asthma and healthy control
subjects; other cell types were not significantly
different between groups (see Figure E6).

We used IPA on the differentially
expressed gene list to identify non-
eosinophil-associated pathways and found
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that IFN-associated genes were the top-
scoring upstream regulators in asthma (e.g.,
IRF7 [IFN regulatory factor 7], STAT1,
IFNB1 [IFNb 1], IFNA2 [IFNa 2])
(Table 3). We developed a blood ISG metric
by combining the expression of seven
intercorrelated genes known to be
responsive to IFN signaling in peripheral
blood mononuclear cells: IFI27, IFI44, MX1
(MX dynamin like GTPase 1), IFIT1 (IFN-
induced protein with tetratricopeptide
repeats 1), OAS1, OAS2, and OAS3
(Figure 5B) (28). We found significant
correlation between airway and blood ISG
metrics across subjects with asthma (r =
0.55; P = 0.03) (Figure 5C). A similarly
robust relationship was seen between a
blood eosinophil gene expression metric
and blood eosinophils (r = 0.68; P = 00094,
within asthma) (Figure 5D). Unlike in
the airway, blood ISG expression was not
correlated with FEV1 in asthma (n = 23;
r =20.29; P = 0.19) or affected by ICS (see
Figure E3). There was a modest negative

correlation between blood ISG expression
and basophils but no other cell types (see
Table E5). The expression of a subset of
differentially expressed genes was validated by
qPCR, with good correlation between
platforms and consistency of differential
expression (see Figure E7 and Table E7).

ISG Expression Is Increased in Severe
Asthma
Demographic data for the subjects from the
severe asthma study, in which they were
randomized to placebo or omalizumab, are
available in Table E8 (9). Unsupervised
clustering of the blood ISG genes at baseline
using microarrays showed a substantial
fraction of subjects with elevated expression
(Figure 6A and Table 4). There was no
relationship between the blood ISG metric
and type 2 inflammation as assessed by
blood eosinophils (Figure 6B) (2); whereas,
as expected, the blood eosinophil gene
metric was significantly associated with
blood eosinophils (Figure 6C). Consistent

with the effects of ICS in mild asthma,
blood ISG expression and FEV1 were not
correlated in severe asthma (n = 301;
r = 0.0030; P = 0.96). The lack of associations
agrees with a recent description of
“T1”-high severe asthma (29). Blood
ISG expression in severe asthma was
also unaffected by oral corticosteroid
use (Figure 6A ; see Figure E3). High
compared with low ISG expression was
not associated with a different exacerbation
rate in the placebo arm (Table 4). In this
trial, treatment with omalizumab reduced
the exacerbation rate over 48 weeks
relative to placebo. Markers of type 2
inflammation identified individuals
more likely to respond (30). In contrast, a
high blood ISG metric was not associated
with a reduction in exacerbations in
response to omalizumab (exacerbation

Table 3. IPA Upstream Regulator
Analysis of Whole-Blood Array–based
Gene Expression

Upstream
Regulator

Activation
z-Score

P Value of
Overlap

IRF7* 4.78 5.683 1026

STAT1* 3.72 1.323 1023

Cg 3.68 3.013 1022

Interferon-a
group*

3.57 3.913 1024

PRL 3.31 2.903 1022

IFNB1* 3.29 7.803 1023

IFNA2* 3.18 5.063 1026

IRF1* 3.04 1.303 1023

IFN-b group* 3.01 8.663 1023

TGM2 3.00 3.153 1022

Ifnar group* 2.87 1.573 1023

Ifn group* 2.78 9.943 1023

IFNG* 2.71 2.263 1024

GATA2 2.58 1.143 1022

SMARCA4 2.58 1.283 1023

JUN 2.45 4.573 1022

IL4† 2.40 2.533 1026

IL5† 2.36 6.293 1026

IL2 2.30 2.003 1024

STAT3* 2.20 3.573 1025

RNASE2 2.17 4.033 1022

IL27 2.16 1.563 1022

IFNL1* 2.04 1.283 1024

IFNAR2* 2.00 2.703 1022

Definition of abbreviation: IPA = ingenuity
pathway analysis.
Regulators are filtered by 1) genes, proteins, or
RNA; 2) activated predicted state; 3) activation z-
score> 2; and 4) P, 0.05. The list is sorted by
activation z-score.
*Genes/groups demonstrating presence of airway
IFN leading to epithelial IFN-stimulated gene
expression.
†Genes demonstrating presence of airway type 2
inflammation.
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Figure 5. Whole-blood gene expression reflects airway IFN-stimulated gene expression in mild
asthma. (A) Unsupervised hierarchical clustering of whole-blood gene expression by six eosinophil-
associated genes differentially expressed in asthma (P, 0.05). Samples (columns) were collected on
the day of and immediately preceding bronchoscopy. Gene expression measurements are from
microarrays, with blue indicating low relative expression, and red indicating high relative expression.
n = 23 asthma (red) and n = 20 healthy (black). (B) Unsupervised hierarchical clustering of whole-blood
gene expression by seven IFN-stimulated genes previously identified in whole blood. (C) Whole-blood
IFN-stimulated gene metric versus airway (epithelial brushing) IFN-stimulated gene metric (n = 16
asthma; r = 0.55; P = 0.030). (D) Whole-blood eosinophil-associated gene metric versus blood
eosinophils (n = 21 asthma; r = 0.68; P = 0.00094). Whole-blood gene expression metrics were made
in the same manner as they were for the airway samples and related across tissues. Spearman rank
correlation used in all cases. ISG = IFN-stimulated gene.
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rate reduction = 1.27%; 95% confidence
interval, 260.13 to 39.20; P = 0.96 for effect
of treatment on number of exacerbations )
(Table 4). Although there was a trend for a
response to omamlizumab for the group

with a low blood ISG metric, the effect of
ISG status on treatment response was not
significant (P = 0.3 for interaction term)
(Table 4).

Airway Epithelial Endoplasmic
Reticulum Stress Is Common to ISG
and Type 2 Inflammation in Asthma
In response to endoplasmic reticulum (ER)
stress, cells activate an unfolded-protein
response (UPR) initiated by one of three
signal transduction pathways: 1) IRE1a
(inositol-requiring enzyme 1 a)–XBP1 (X-box
binding protein 1), 2) PERK (protein kinase
R [PKR]-like endoplasmic reticulum kinase),
and 3) ATF6 (activation transcription factor
6). Our IPA analysis showed prominent
activation of the IRE1a–XPB1 (IPA regulator
XBP1) pathway in mild asthmatic airway
brushings (Table 2 and Figure 7A).
Activation of IRE1a leads to splicing of XBP1
mRNA to an activated form, which we
confirmed in epithelial brushings through
genome-wide splicing analysis of the airway
brushing RNA-seq data (FDR = 0.0001)
(Figure 7B). Notably, IPA upstream regulator
analysis did not reveal significant activation
of the XBP1 pathway in whole-blood
microarray gene expression (Table 2). There
was significant attenuation of ER stress after 8
weeks of ICS (see Figure E3).

We examined the relationship between
XBP1 activation and airway ISG expression
and type 2 inflammation. Genes
downstream of XBP1 were combined into a
single metric of ER stress that was associated
with heightened type 2 inflammation and
ISG expression (Figures 7C and 7D).
Individuals with asthma and low levels of
type 2 inflammation and ISG expression
did not have activation of the XBP1 arm of
the UPR. Type 2 inflammation and ISG
expression remained significantly
associated with ER stress when added in a
linear model (P = 0.00076 and 0.0059,
respectively), without a significant
interaction (P = 0.85). Consistent with the
association between XBP1 activation and
both type 2 inflammation and ISG
expression, stimulation of epithelial cell
cultures by IL-13 or IFN-a at an air–liquid
interface showed activation of all arms of
the UPR (see Table E9).

Discussion

We found that a clinically distinct subset of
asthma has increased ISG expression in
the airway and in peripheral blood. In
subjects with mild asthma not on ICS, this
ISG-high subgroup had decreased lung
function and increased bronchodilator

Table 4. Association of ISG Expression with Subject Characteristics and Exacerbation
Rates in Response to Omalizumab in Severe Asthma

ISG-High* ISG-Low* P Value

Age, yr† 45.56 13.8 46.06 13.8 0.72
Female, %† 77 57 0.0002
BMI, kg/m2† 33.26 7.9 31.06 6.9 0.01
Number of exacerbations in

year before enrollment†
2 (0 to 11) 2 (0 to 8) 0.66

N, placebo/omalizumab 76/75 74/76 —
Annualized exacerbation rate —
Placebo (95% CI) 1.0 (0.74 to 1.36) 0.80 (0.56 to 1.11)
Omalizumab (95% CI) 1.0 (0.73 to 1.34) 0.55 (0.36 to 0.81)
P value for effect of treatment‡ 0.96 0.11

Exacerbation rate
reduction % (95% CI)

1.3 (260.3 to 39.2) 31.1 (27.9 to 56.0) 0.3x

Definition of abbreviations: BMI = body mass index; CI = confidence interval; ISG = IFN-stimulated
gene.
*ISG-high and -low are determined as ISG expression metrics above or below the median value for all
subjects at baseline.
†Baseline traits are presented as mean6 SD or median (range), and statistical differences were
assessed by a two-sided Welch two-sample t test for the former and a generalized linear model with
quasi-Poisson error distribution for the latter, as described in the METHODS. For female percentage, a
chi-square test for equality of proportions was performed.
‡P value for treatment term with ISG-low and -high modeled separately as described in the METHODS.
xP value for interaction term in a model of exacerbation rate including treatment and ISG status as
predictors.
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Figure 6. IFN-stimulated gene (ISG) expression
is increased in severe asthma and unrelated to
type 2 inflammation. (A) Unsupervised
hierarchical clustering of whole-blood gene
expression by seven ISGs. Severe asthma
samples (columns) were collected at baseline
before change in treatment. Gene expression
measurements are from microarrays, with blue
indicating low relative expression, and red
indicating high relative expression, n = 301
severe asthma (color-coded red if on oral
corticosteroids). (B) Whole-blood ISG expression
is not related to blood eosinophil count, a
measure of type 2 inflammation (n = 288 severe
asthma; r = 0.057; P = 0.34). (C) Whole-blood
eosinophil-associated gene expression is
associated with blood eosinophil count (n = 288
severe asthma; r = 0.82; P, 2.23 10216).
Spearman rank correlation was used in both B

and C. eos = eosinophils; OCS = oral
corticosteroids; sqrt = square root.
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reversibility. In both mild and severe
asthma, ISG expression was independent of
type 2 inflammation. These data extend
prior reports that support the presence of
airway IFNs in stable asthma (23, 29, 31–34)
by showing that IFN-driven inflammation
is orthogonal to type 2 inflammation and is
not associated with the presence of viral
infection. Furthermore, we found that epithelial
ER stress is related to both ISG expression and
type 2 inflammation, making it a potential
common downstream therapeutic target.

We did not find an association between
the presence of viral RNA as detected by

RNA-seq or qPCR and the IFN response in
this immunocompetent and clinically stable
group. One recent report found evidence for
IFN responses associated with occult viral
transcripts in nasal brushings in some
asymptomatic children with asthma (35).
Our experiments used similar PCR
methods and did not detect viral transcripts
in the lower airway in this subgroup, with
the exception of one subject. Our findings
may differ because of differences in location
(upper vs. lower airway) and age. In
contrast to stable asthma, a large percentage
of asthma exacerbations are induced by

viral infection, particularly with rhinovirus,
and subjects with asthma have increased
lower respiratory tract symptoms after viral
infection (36). Deficient type I and type III
IFN production in response to viral
infection has been observed in epithelial
cells recovered from asthmatic airways (37,
38). These findings in an ex vivo infection
model are nonetheless potentially
compatible with our results of heightened
responses during stable disease. In fact,
baseline elevated IFN responses can lead to
desensitization to type I IFN stimulation
through the ISG USP18, which we found
induced in airway brushings (39).

Although ISGs have been most studied
in association with viral infection, host
expression of ISGs can also occur in
response to LPS-containing gram-negative
bacteria and some intracellular bacteria and
fungi (40, 41). Future studies will address
the relationship between airway ISG
expression and the microbiome, which is
dysregulated in asthma (42–47).

In our study, type 2 inflammation and
ISG expression were not correlated.
Previous work found that T-helper cell type
1 and IFN responses have suppressive effects
on type 2 responses (48), suggesting that the
two should be inversely related. Our results
do not exclude the possibility that ISG
expression by epithelial cells represents a
regulatory mechanism aimed at dampening
excessive type 2 inflammation. If true, this
could lead to dual responses in some
individuals, whereas in others ISG
expression may persist after type 2
responses recede.

Although type 2 and IFN-driven
inflammation were unrelated in airway
epithelial brushings, both were
independently associated with markers of
airway epithelial ER stress. Thus, IRE1-
XBP1–regulated airway epithelial ER stress
may be a final common pathway for both
types of inflammation. ER stress is a
pathway of established importance in many
diseases and airway epithelial ER stress is
emerging as potentially important in
asthma. The inflammatory environment of
the airway in asthma offers multiple ways
in which ER stress, or the UPR, can be
induced. In mice, house-dust mite allergen
challenge is a potent activator of epithelial
ER stress, and knockdown of two ER stress-
associated proteins, ATF6 and ERp57,
decreased airway inflammation,
hyperresponsiveness, and fibrosis (49, 50).
In another study, IRE1b-initiated ER stress
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Figure 7. Epithelial endoplasmic reticulum (ER) stress markers are elevated in mild asthma and
associated with both high type 2 inflammation and IFN-stimulated gene expression. (A) Hierarchical
clustering of airway epithelial brushing gene expression samples (columns) using genes differentially
expressed (false discovery rate, 0.01) in asthma versus health and downstream of XBP1 (X-box
binding protein 1) in IPA. (B) XBP1 splicing assessed bioinformatically from RNA sequencing data
through use of the rMATS package in R (false discovery rate = 0.0001 for genome-wide splicing
analysis). (C) Relationship of an ER stress gene expression metric consisting of genes downstream of
XBP1 per IPA, to airway type 2 inflammation (n = 19 mild asthma; r = 0.62; P = 0.0058). (D) ER stress
gene expression metric versus the airway IFN-stimulated gene metric (n = 19 mild asthma; r = 0.62;
P = 0.0052). Only asthma shown. IPA = ingenuity pathway analysis; ISG = IFN-stimulated gene.
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was required for epithelial mucin
production (51). These studies support the
notion that type 2 inflammation, which is
associated with increased epithelial
production and secretion of mucus and
innate cytokines, can lead to ER stress.
How IFN-driven inflammation might
induce ER stress is less well understood. In
our data, there was evidence of heightened
ER stress-related gene expression in airway
brushings but not in blood samples in mild
asthma, and therefore we were unable to
assess this pathway in severe asthma.
Further studies in severe asthma will be
important because inhibition of ER stress
may be a novel therapeutic strategy for
asthma based on preclinical results from
animal models (52).

The largely overlapping responses of
type I (IFN-a/b), II (IFN-g), and III
(IFN-l) IFNs preclude distinguishing these
pathways using transcript profiling (26).
The cellular source of airway IFNs in our
study is also unknown. Although type I
and type III IFNs are secreted by many
cell types including epithelial and
hematopoietic cells, type II IFN secretion
is limited to specific immune cells
including T-helper cell type 1, natural killer
T, and natural killer cells. In our airway
brushing RNA-seq data, IFNs were not
differentially expressed, suggesting that
epithelial cells or luminal hematopoietic
cells are not a likely source. Uncollected
airway cells, such as inflammatory cells in
the lamina propria, may contribute to
airway IFNs.

Recently, approximately 70% of
humans with severe asthma were found to
have levels of IFN-g-producing BAL fluid
CD41 T cells higher than the upper
limit seen in mild-moderate asthma (23).
The relationships between these
IFN-g-producing T cells, type 2
inflammation, and lung function were not
presented, which combined with the lack of
healthy control subjects precludes direct
comparison with our findings. Additional
data from that study suggest that
IFN-g-induced downregulation of SLPI
(secretory leukocyte protease inhibitor) in
airway epithelial cells leads to increased

airway hyperresponsiveness in severe
asthma. We did not find differential
expression of the SLPI gene in mild asthma.
Furthermore, the production of type I and
type III IFNs was not reported in that
study, leaving uncertain which IFNs drive
airway ISG expression in asthma.

Other potential explanations for the
increased ISG expression that we observed
include impaired resolution of IFN-driven
inflammation, a higher gain in the IFN
response pathways (22), or expression of
endogenous retroelements. An abnormally
high gain has the most support based on
the previously reported finding of constitutive
activation of the STAT1 transcription factor,
a key mediator of intracellular IFN responses,
in the airway epithelium from subjects with
mild asthma (22). In the current study, we
were limited to studying gene expression and
therefore were unable to address the
activation of STAT1. Although STAT1 is
known to be downstream of IFN stimulation
and was induced by IFN-a in our epithelial
cultures, it was not differentially upregulated
in our airway brushings from asthma relative
to health. Possible explanations for this
difference are that there are stimuli acting on
the epithelium beyond IFNs in vivo (e.g., type
2 inflammation, microbiome), and that the
level and duration of IFN stimulation differs
between in vivo and culture conditions.

Our paired whole-blood gene
expression analysis showed that blood cell
ISG expression is elevated in stable asthma,
not just with asthma exacerbations and
suboptimal control (53, 54). The ISG
signature in blood is not as prominent as it
is in the airway, and therefore we used a
significance threshold of an unadjusted P
less than 0.05 rather than a more stringent
FDR cutoff to identify a sufficient number
of genes for optimal pathway analysis. Our
data further show that a subgroup of severe
subjects with asthma has elevated whole-
blood ISG expression and that as in mild
asthma, ISG expression and type 2
inflammation are orthogonal. Our data also
suggest that elevated ISG expression in
severe asthma may be associated with
decreased exacerbation reduction benefit
from anti-IgE therapy. This is an intriguing

trend identified in an exploratory study
and can be tested in adequately powered
trials in the future. The finding raises the
possibility that incorporation of blood gene
expression biomarkers could complement
type 2 inflammatory markers and support
broader clinical detection of ISG expression
in asthma.

Notably, the presence of subgroups
with elevated ISG expression in both mild
and severe asthma parallels what has
been found for the established endotype
of type 2 inflammation (1, 55). In addition,
similar to characteristics of type 2
inflammation, we found that ICS treatment
of subjects with mild asthma led to
reduced ISG expression and loss of the
relationship of ISG expression to lung
function, and that ISG expression is
unrelated to FEV1 in severe asthma (2, 55).
Thus, the presence of elevated ISG
expression in mild asthma, and the
effects of ICS on ISG expression and its
relationship to FEV1, does not diminish
the potential importance of IFN-driven
inflammation in severe asthma.

This study adds to an expanding
literature on asthma phenotyping and
demonstrates that differential ISG
expression defines a clinically relevant
subgroup of subjects with asthma. This work
informs further studies in larger cohorts
designed to delineate the diversity of ISG
responses. Additional evaluation of ISG
expression in severe asthma, including
associations with responses to existing and
emerging therapeutics, will be an important
future direction. ER stress may be a
common pathway for both type 2 and IFN-
driven inflammation, and may offer a new
target for the treatment of asthma. n
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