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Abstract

Background: A challenge in the post-GWAS era is to assign function to disease-associated variants. However, available
resources do not include all tissues or environmental exposures that are relevant to all diseases. For example, exaggerated
bronchoconstriction of airway smooth muscle cells (ASMCs) defines airway hyperresponsiveness (AHR), a cardinal feature
of asthma. However, the contribution of ASMC to genetic and genomic studies has largely been overlooked. Our study
aimed to address the gap in data availability from a critical tissue in genomic studies of asthma.

Methods: We developed a cell model of AHR to discover variants associated with transcriptional, epigenetic, and cellular
responses to two AHR promoting cytokines, IL-13 and IL-17A, and performed a GWAS of bronchial responsiveness (BRI) in
humans.

Results: Our study revealed significant response differences between ASMCs from asthma cases and controls, including
genes implicated in asthma susceptibility. We defined molecular quantitative trait loci (QTLs) for expression (eQTLs) and
methylation (meQTLs), and cellular QTLs for contractility (coQTLs) and performed a GWAS of BRI in human subjects.
Variants in asthma GWAS were significantly enriched for ASM QTLs and BRI-associated SNPs, and near genes enriched for
ASM function, many with small P values that did not reach stringent thresholds of significance in GWAS.

Conclusions: Our study identified significant differences between ASMCs from asthma cases and controls, potentially
reflecting trained tolerance in these cells, as well as a set of variants, overlooked in previous GWAS, which reflect the AHR
component of asthma.
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Background

Asthma is a common disease with a complex etiology,
characterized by significant clinical and genetic hetero-
geneity. Moreover, estimates of heritability are approxi-
mately 0.50 [1], suggesting nearly equal genetic and
environmental contributions to risk. In particular, re-
versible airway hyperresponsiveness (AHR), ie,
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exaggerated bronchoconstriction (smooth muscle-
mediated airway luminal narrowing), is a key feature of
asthma. Although the precise mechanisms through
which these functions occur are unknown, they are likely
multifactorial, including genetic factors, inflammation,
airway remodeling, and constitutive contractile dysfunc-
tion of airway smooth muscle cells (ASMCs). Cytokine-
induced modification of ASMCs in the development of
AHR has been extensively described (reviewed in [2—4]),
even though the mechanisms through which these
changes occur are not completely known. In particular,
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IL-13 [5-7] and IL-17 [8] act directly on ASM to po-
tentiate contractile responses. Importantly, both of these
cytokines have been implicated in asthma [4, 9], each de-
fining important asthma endotypes: IL-13 is associated
with the type 2 (T2)-high endotype, IL-17 with the
Th17-high endotype, and IL-13+IL-17 with the mixed
T2/Th17 endotype [10-12]. These combined data sug-
gest that the micro-environment created by local im-
mune responses in the lung of individuals with asthma
potentiates AHR, and such responses may differ among
individuals with the T2-high, the IL-17-high, and the
mixed T2/Th17 asthma endotypes.

Genome-wide association studies (GWASs) have re-
vealed many loci contributing to asthma risk, but post-
GWAS challenges remain. For example, most of the var-
iants identified in GWASs of asthma are located in non-
coding regions of the genome and have unknown func-
tions. Using bioinformatic predictions, recent large
asthma GWASs have reported enrichments for SNPs lo-
cated in regions with enhancer activity in immune cells
[13-15] or with genes that are most highly expressed in
skin, lung tissue, spleen, small intestine, and immune
cells [16]. However, these inferences are limited to avail-
able resources, such as the Gene-Tissue Expression
(GTEx) Consortium [17], the Roadmap Epigenomics
[18], and the Encyclopedia of DNA Elements (ENCODE)
[19], none of which include ASMCs. In addition, many
variants with small P values that do not reach stringent
criteria for significance in GWAS may also contribute to
risk (ie., the “mid-hanging fruit” [20]) or have context-
dependent effects (i.e., genotype by environment interac-
tions). One strategy to assign function to associated
GWAS variants and to identify novel variants from among
the mid-hanging fruit is to use cell cultures to model
environment-specific responses in disease-relevant tissues
and examine molecular and cellular endpoints.

Our results revealed that many asthma GWAS SNPs
with small P values that do not reach thresholds of
genome-wide significance reflect the smooth muscle
component of asthma, highlighting the importance of
using relevant tissues and exposures for fully character-
izing the genetic architecture of asthma. We also ob-
served profound response differences between cultured
ASMCs from asthma cases and controls, suggesting that
ASMC s have trained immunity [21], a sustained immune
activation or tolerance (i.e., memory) to re-stimulation,
likely due to epigenetic modifications that lead to long-
lasting altered transcriptional responses, a feature previ-
ously described in leukocytes and coronary artery
smooth muscle cells [22] that we now suggest for the
first time in ASMCs. These combined results offer in-
sights into the specific mechanisms that modulate, or
lead to dysregulation of, smooth muscle phenotypes in
asthma.
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Methods

Experimental model and subject details

Primary airway smooth muscle cells were obtained
through the Gift of Hope (GOH) Organ and Tissue
Donor Network from human donor lungs that were not
suitable for transplantation (Table 1). ASM cells from 75
donors were isolated from the trachea and main bronchi
using established techniques [23]. Cells were split into a
minimum of two tubes of one million cells each to be
used for (1) contractility studies in Boston and (2) ex-
pression and methylation studies in Chicago. In both lo-
cations, frozen vials of cells were thawed and cultured in
75-cm? flasks (see Additional File 1 for detailed
methods). After 3days, cells from each subject were
transferred to NuSil-coated 96-well plates and cultured
in serum-free media for 48 h, followed by 24-h exposure
to IL-13 (10ng/mL) (Peprotech), IL-17A (3 ng/mL)
(Peprotech), both together, or vehicle control (10% FBS
in PBS). Cytokine concentrations were selected for max-
imal contractile response (Additional File 1). After 24 h,
lysates were collected and frozen at - 80°C prior to
RNA and DNA isolation in Chicago. In Boston, the cells
were exposed to methacholine (Mch) after the 24-h
treatment exposures, and then contractile responses
were measured (see Additional File 1). Our study design
is shown in Additional File 2.

DNA and RNA isolation

DNA for methylation studies and RNA for gene expres-
sion studies were isolated from cell lysates using the
QIAgen AllPrep Kit (Qiagen). DNA for genotyping was
isolated from untreated cells using the QIAamp DNA
Blood Mini Kit (Qiagen).

Quantification and statistical analysis

Genotyping and imputation of cell donors

DNA from 74 cell lines was genotyped using either the
[lumina Omni2.5v8v1A or Human Core arrays. Geno-
types within each platform were phased separately for
European American and African American subjects
using MACH [24] and imputed with minimac3 [25]
using the 1000 Genomes phase 3 reference panels. An-
cestry informative markers were used to determine an-
cestral PCs as described [26].

Gene expression and methylation analysis

RNA from vehicle and cytokine treated cells was hybrid-
ized to the Illumina Human HT-12 v4 array at The Uni-
versity of Chicago Functional Genomics Facility (FGF).
Probes that were indistinguishable from background in-
tensity (P < 0.01), contained more than one HapMap sin-
gle nucleotide polymorphism (SNP), or mapped to
multiple locations in the genome were removed. Since in
some cases multiple probes mapped to one gene, median
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Table 1 Characteristics of ASMC donors
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With expression With methylation With contractile With all three
data® data® response data
Sample size 67 70 65 63
Sex (males/females) 36/31 39/31 35/30 34/29
Ancestry (European American/African American) 50/17 51/19 48/17 47/16
Asthma® (yes/no) 14/53 16/54 13/52 13/50
Median age at time of death (range) (years) 51 (21-85) 51 (21-85) 53 (21-85) 53 (21-85)
Ever smoker® (%) 46 (69%) 49 (70%) 47 (72%) 46 (73%)
Median cell passage number (range) 4 (1-5) 4 (1-5) 4 (1-5) 4 (1-5)

Includes only samples with genotype data

PAsthma was determined based on limited medical records and reports available at the time of death and was not the cause of death of any donor listed

“Smoking history reported after imputation, see Additional File 1 for details

probe intensity was used to represent the transcriptional
abundance of each individual transcript. Of the 47,231
transcripts on the Illumina Human HT12v4 array, 18,
279 (39%) unique transcripts were detected as expressed
in cultured ASMCs. DNA from vehicle and cytokine-
treated cells was assessed for genome-wide methylation
patterns using the Illumina Infinium Human Methylatio-
nEPIC Beadchip, also at the FGF.

Differential expression analyses between vehicle and
cytokine-exposed cells as well as between individuals
with and without asthma were performed in R (Version
1.0.136) using Limma [27, 28]. Because ancestry PC1
and PC2 captured the effects of global ancestry, they
were included as covariates rather than self-reported
race (i.e., African American vs. European American). Im-
puted smoking, age, and sex were included as covariates
in all analyses. The final sample size for both analyses
was 70 [29].

Sub-sampling analysis

To ensure that the differences in the gene expression
and DNA methylation responses between individuals
with and without asthma were not due to the differences
in sample size, we randomly sub-sampled data from the
53 or 54, respectively, individuals without asthma to
match the number of individuals with asthma for gene
expression (N =14) and DNA methylation studies (N =
16). We then analyzed 100 of these sub-sampled datasets
using limma to detect differential expression or methyla-
tion following exposure to cytokines.

Molecular QTL mapping studies

Expression (e) QTL and methylation (me) QTL map-
pings were performed using matrix eQTL [30]. Windows
of 500 kb from each transcription start site and 5kb
from each CpG were used for eQTL and meQTL map-
ping, respectively. To identify unique and shared QTLs
across exposures, we selected QTLs at an FDR of 20% in
each exposure as input into mashr [31], using a local
false sign rate (Ifsr) of 0.05. We classified 6390 eQTLs

and 61,207 meQTLs as either shared or unique to the
IL-13-, [L-17A-, and IL-13+IL-17A-exposed ASMCs at a
local false sign rate (Ifsr) of less than 5%. The vast major-
ity of QTLs were shared across treatments, but three
eQTLs (one gene) were unique to IL-17A-treated cells,
and 780 meQTLs (291 CpGs) were unique to IL-13,
1672 meQTLs (597 CpGs) were unique to IL-17A, and
234 meQTLs (115 CpGs) were unique to IL-13+IL17A
treatments, respectively.

Cellular mapping of contractile response (co) QTLs in
ASMCs

A GWAS for contractile response was performed in
ASMCs from 67 donors using GEMMA [32], including
sex, age, ancestry PC1 and PC2, and smoking history as
covariates. The resulting SNPs with P values < 0.01 were
considered as coQTLs in subsequent analyses.

Physiologic (ph) QTL mapping of bronchial responsiveness
index in the Hutterites

A GWAS for the quantitative trait bronchial responsive-
ness index (BRI) was performed in 964 Hutterite individ-
uals using GEMMA [32]. Briefly, BRI was calculated
from methacholine challenge studies (described in
Motika et al. [33]) using the formula described in Bur-
rows et al. [34]. QTL mapping was performed using a
pedigree-based imputation program and variants from
Hutterite whole-genome sequences [35, 36].

Enrichment analysis of QTLs in asthma GWASs

P values for each SNP were extracted from the largest
GWAS to date for childhood-onset (< 12 years; n = 9433
cases and 318,237 controls) and adult-onset (26-75
years; n=21,564 cases and 318,237 controls) asthma,
which were conducted in the UK Biobank [16]. GAR-
FIELD [37], an approach for functional enrichment ana-
lysis that corrects for linkage disequilibrium among
SNPs, was used to assess enrichment of asthma GWAS
SNPs with P values <0.01 among all QTLs (eQTLs,
meQTLs, coQTLs, and BRI GWAS SNPs).
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Pathway analysis and enrichment testing

Protein-protein interaction network analyses were con-
ducted using the Ingenuity Knowledge Base as imple-
mented in Ingenuity Pathway Analysis (IPA; QIAGEN,
https://www.qiagenbioinformatics.com/products/ingenu-
ity-pathway-analysis/). Enrichment testing was per-
formed using Advaita Bio’s iPathwayGuide (https://www.
advaitabio.com/ipathwayguide). This software analysis
tool implements the “impact analysis” approach that
takes into consideration the direction and type of all sig-
nals on a pathway, the position, the role and type of
every gene, etc., as described in [38—41]. A list of genes
detected as expressed in ASMCs (N = 18,279) was used
as the reference gene panel for all analyses.

Results

In this paper, we report the results of a novel cell model
of AHR using primary airway smooth muscle cells ex-
posed to IL-13 alone, IL-17A alone, and the combination
of IL-13+IL-17A. As we describe below, we used this
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model to assess the (i) molecular (transcriptional and
epigenetic) and cellular (contractility) responses of
ASMCs to cytokine exposures, (ii) molecular response
differences between cells from individuals with (cases)
and without (controls) asthma, and (iii) molecular and
cellular quantitative trait locus (QTL) mapping in these
different environments. We also performed a GWAS of
AHR in a human population. Finally, all four sets of as-
sociated variants were pooled and compared to a large
GWAS of asthma. An overview of our study design is
shown in Fig. 1.

Differentially expressed genes in ASMCs exposed to
asthma-promoting cytokines are enriched for genes near
SNPs associated with asthma in GWAS

We used ASMCs collected from donor lungs, which
were not used for transplant, in a cell culture model of
response to cytokines. Cultured ASMCs exposed to IL-
13 and/or IL-17A showed a robust transcriptional re-
sponse to these asthma-promoting cytokines. Compared

Primary ASMCs from 75 donors

Genotyping
(Imputation based on
lllumina OmniExpress)

Methylation (lllumina
Infinium EPIC
Beadchip) (N=70)

Gene expression
(Ilumina HT-12v4

arrays) (N=67)

/

Differential le‘feerﬁztlal
methylation gene
expression

meQTL eQTL

mapping mapping

Molecular QTLs
(Ifsr<0.05)

Contractile response
measurements (Traction

Differential
contractile
response

~_Enrichment among asthma GWAS SNPs_

Bronchial responsiveness
measurements in 964

Hutterite individuals

|

Genotype imputation
based on whole genome

force microscopy) sequences

(N=65)

/

GWAS of bronchial
responsiveness index (BRI)

GWAS of contractile
response

Cellular QTLs
(P<0.01)

BRI GWAS SNPs
(P<0.01)

Fig. 1 Study overview. Primary ASMCs from 75 donors were isolated in Chicago and then cultured in Chicago (genotyping, methylation, and
expression studies) and Boston (contractile response measurements to methacholine) using identical protocols. In the final 24 h in both locations,
cells were exposed to either vehicle, IL-13, IL-17A, or IL-13+IL17A. Genome-wide methylation and expression data were used to conduct
differential response studies as well as to map molecular QTLs (eQTLs and meQTLs). Contractile response data were used as quantitative traits to
investigate the differential response to cytokine exposure followed by methacholine exposure and to map cellular QTLs (coQTLs). The numbers of
samples available for each assay after QC (with genotype data also available) are shown in parentheses. Independently, lung function studies
were carried out in a human population. A quantitative measure of responsiveness to methacholine was assessed in these subjects (bronchial
responsiveness index (BRI)), and a GWAS was performed. The resulting BRI GWAS SNPs, along with the molecular QTLs and cellular QTLs, were
enriched among asthma GWAS SNPs
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to vehicle exposure alone, IL-13 induced 4105 differen-
tially expressed genes (DEGs), IL-17A exposure induced
1059 DEGs, and the combined treatment of IL-13+IL-
17A induced 4519 DEGs at an FDR < 1%, among 18,279
genes detected as expression on the Illumina HT-12 v4
array (Additional File 3 and Additional File 4). A previ-
ous small study (N =3 asthmatics and 3 controls) of IL-
17A-exposed primary ASMCs [42] revealed similar
DEGs in response to IL-17A as in our study
(Additional File 5), suggesting that ASMC transcrip-
tional responses to IL-17A are robust and reproducible,
despite the differences in time point (2 h in [42] vs. 24 h
in our study) and dosage (10 h in [42] vs. 3 ng/mL in our
study).

To assess the relevance of our cell culture model to
asthma, we asked whether the DEGs in ASMCs were
enriched for asthma genes named in the GWAS catalog
[43]. These are genes near variants associated with
asthma in previous GWAS, which we hereon refer to as
asthma GWAS genes. To test for enrichment, we com-
pared the proportion of asthma GWAS genes that were
also DEGs for each exposure group to the proportion of
asthma GWAS genes in all expressed transcripts. Indeed,
DEGs in response to each treatment were enriched for
asthma GWAS genes compared to all genes expressed
on the array (Fig. 2a and Additional File 6). The eight
most significant DEGs that are also asthma GWAS
genes are shown in Fig. 2b. These results demonstrate
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that transcriptional responses to asthma-promoting cy-
tokines in ASMCs alter genes near SNPs that have been
replicated in many asthma GWASs, and provide tissue
and context specificity to their roles in asthma.

We next examined the transcriptional responses
separately in ASMCs from asthma cases (N =14) and
controls (N =53) (Additional File 7). Genes that were
DE in one group (FDR <5%) but not the other (FDR >
20%) are summarized and listed in Additional File 8.
However, because the interpretation of differences in
DEG numbers between cases and controls was con-
founded by differences in sample size, we randomly
sampled 14 individuals from among the controls 100
times and performed an analysis of differential ex-
pression between the asthma cases and each of the
100 subsets of controls using a 2 x 2 interaction de-
sign in limma. Among the 100 sets of DEGs, we con-
sistently observed more DEGs among the 14 cases
than among the 100 random sets of 14 controls fol-
lowing exposure to IL-13, IL-17A, and IL-13+IL-17A
compared to baseline (Mann-Whitney U test; P<
0.00001) (Additional File 7, panel D). Examples of the
four most significant DEGs in ASMCs from asthma
cases in response to IL-13+IL-17A are shown in
Fig. 3a. These results indicate that transcriptional re-
sponses of airway smooth muscle cells are particularly
sensitive to the effects of these asthma-promoting cy-
tokines in individuals with asthma.
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Fig. 2 Asthma GWAS genes are over-represented among DEGs in response to IL-13 and/or IL-17A and among DEGs in cases compared to controls. In
all panels, blue refers to IL-13 treated cells, red to IL-17A treated cells, and purple to IL-13+IL-17A treated cells. a DEGs following exposure to IL-13 and/or
IL-17A were enriched for GWAS catalog genes near variants associated with asthma (N = 586) compared to all non-DEGs on the array. The numbers of
DEGs for each exposure are shown on the X-axis, and the proportions of GWAS genes are shown on the Y-axis. b The 8 most significant DEGs are listed.
The Venn diagram illustrates the total numbers and overlaps of DEGs that are also near SNPs highlighted in asthma GWASs
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Fig. 3 Transcription and methylation responses to cytokine exposure differ between ASMCs from cases and controls. a Four most significant
differentially expressed genes (DEGs) in cases in response to IL-13+IL-17A compared to vehicle in ASMCs from individuals with (orange) and
without (green) asthma. The fold change in transcription level from vehicle for cases and controls is shown to the right of each example. b Four
most significant differentially methylated probes (DMPs) in response to IL-13+IL-17A compared to vehicle in ASMCs from individuals with
(orange) and without (green) asthma. Different patterns are observed in response to cytokines between the two groups, including opposite
effects, downregulation in response to IL-13+IL-17A in ASMCs from individuals without asthma only, upregulation in response to IL-13+IL-17A in
ASMCs from individuals without asthma only, and similar trends but greater magnitudes of change among ASMCs from individuals without
asthma. The fold change in the methylation level for each group is shown to the right of each example. P values are shown as unadjusted
(adjusted) at the top of each panel. Sample sizes are N =14 and 53 for cases and controls, respectively, in the expression studies and N =16 and

The 146 unique DEGs in ASMCs from asthma cases
in response to IL-13 treatment were enriched for
“ATF6-mediated unfolded protein response” (adj Pyses =
4.2%107°, Peonuots = 1.00) and “actin filament network
formation” (adj Pgses = 0.046, Peonerols = 0.25), while the
2585 unique DEGs in controls were enriched for “mi-
totic cell cycle processes” (adj Peontrols =4-2 X 1077,
Psses = 1.00). The 298 unique DEGs from asthma cases
in response to IL-13+IL-17A treatment were enriched
for “cadherin binding” (adj Peases = 9.0 x 1077, Peonirols =
0.067), while the 2717 unique DEGs from controls were
enriched for “enzyme binding” (adj Pcontrols = 8-4 % 1074,
Ppses = 0.11). The DEGs in cases also formed two signifi-
cant protein-protein interaction networks as revealed
using IPA, one of which was enriched for “immuno-
logical disease” (score =32) and one for “cell death and
survival” (score =32). Too few DEGs were observed

among IL-17A-treated cells for enrichment or pathway
analysis. Thus, the differential transcriptional responses
to IL-13 and IL-13+IL-17A in ASMCs from asthma
cases and controls were enriched for smooth muscle-
specific processes and immune dysregulation, two car-
dinal features of asthma.

DNA methylation responses to IL-13 and/or IL-17 are
reduced in ASMCs from individuals with asthma

Unlike transcriptional responses to cytokines, we ob-
served very few changes in methylation levels following
exposure to IL-13 and/or IL-17A (Additional File 9).
However, despite the lack of robust genome-wide
methylation responses and in stark contrast to the gene
expression studies, ASMCs from the asthma cases had
fewer differentially methylated probes (DMPs) in re-
sponse to the combined treatment of IL-13+IL-17A,



Thompson et al. Genome Medicine (2020) 12:64

with 0 DMPs observed in the cases and 260 DMPs ob-
served in controls at an FDR <5%. These differences
remained at FDR thresholds as high as 20% (3 in cases
and 6820 DMPs in controls). The mean number of
DMPs among the 100 randomly selected subsets of 16
controls described above was 40.5 (SD =106.1), still sig-
nificantly more than the number of DMPs observed
among the 16 cases (mean 2.9, SD =2.3) (Mann-Whit-
ney P<0.00001) (Additional File 7, panel E; for exam-
ples, see Fig. 3b). The 225 genes nearest to the 260
DMPs in the controls were enriched for negative regula-
tion of smooth muscle cell differentiation (adj P=
0.0001; GO:0051151). The enrichment for negative regu-
lator genes in ASMCs from the controls suggests that
ASM in individuals with asthma may have lost the ability
to downregulate potentially pathogenic responses to im-
mune modulators. Such epigenetic modifications in cells
from asthma cases may have resulted from repeated ex-
posures to AHR-promoting cytokines and suggest an
epigenetic mechanism underlying the differing transcrip-
tional responses of ASMCs between asthma cases and
controls (see Additional File 10 for supporting data).

Contractile responses correlate with transcriptional
responses in IL-17A-exposed ASMCs
We assessed ASMC contractility as an in vitro cellular
surrogate for AHR. Cells exposed to IL-17A showed the
greatest response relative to vehicle, but we did not ob-
serve significant differences in smooth muscle contract-
ile responses between cells from cases and controls
(Additional File 11, panels A and B). To relate findings
on DEGs following cytokine exposure to contractile re-
sponse, we tested for correlations between transcript
abundance and contractility in paired analyses of the 67
individuals in each of the treatment conditions (vehicle,
IL-13, IL-17, and IL-13+IL-17). Although most of the
correlation P values did not surpass correction for mul-
tiple testing (P =2.73 x 107%; corrected for 18,279 tran-
scripts), we observed an excess of small correlation P
values among IL-17A-exposed, but not among IL-13- or
IL-13+IL-17A-exposed, ASMCs (P<22%x1075
Kolmogorov-Smirnov test) (Additional File 11, panel C),
indicating coordinated transcriptional and contractile re-
sponses of ASMCs to IL-17A in the absence of IL-13.
The 433 genes most strongly correlated with ASMC
contractile response in IL-17A-exposed cells (P<0.01)
were enriched for “negative relaxation of cardiac muscle”
(GO Biological Processes, adj P=6.9 x 10~*), highlight-
ing again the specificity of this response. These data sug-
gest a more prominent role for IL-17A in potentiation of
ASMC contractile response, which is tempered in the
presence of IL-13 in the combined treatment model.
Strikingly, when we perform this analysis separately in
cells from asthma cases (N =13) and controls (N = 50),
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all nine correlations between transcriptional and con-
tractile responses that survived correction for multiple
testing (FDR =5%) were in the asthma cases (Fig. 4),
despite the smaller number of cases and the observation
that overall contractile responses were not significantly
different between ASMCs from cases and controls. Two
of the nine genes have been previously implicated in
GWAS of lung function (endophilin A3; SH3GL3 and
glutamate ionotropic receptor AMPA type subunit 1;
GRIAI) [44, 45], and a third (BCL2 interacting protein 3;
BNIP3) has been implicated in bitter taste receptor
agonist-induced ASM cell death [46]. These results fur-
ther indicate that ASMCs from asthma cases and con-
trols respond differently to IL-17A at both the
transcriptional and cellular levels and suggest roles for
novel gene targets in cytokine-enhanced smooth muscle
contraction.

A GWAS of BRI identifies candidate SNPs near genes
relevant to ASM

In addition to our in vitro model of cellular and molecu-
lar responses to cytokines relevant to AHR, we per-
formed a GWAS of bronchial responsiveness to Mch in
a human population to provide complementary in vivo
data. Briefly, response to methacholine was calculated in
964 Hutterite individuals, and a quantitative measure of
response (bronchial responsiveness index (BRI)) was
used in a GWAS (Additional File 12). Similar to the
GWAS results of contractile response in ASMCs (see
the “Methods” section), no signals reached genome-wide
significance, and we therefore considered the 58,559
SNPs with P values < 0.01 as candidate BRI GWAS SNPs
in subsequent analyses (Additional File 13).

Molecular and cellular QTLs in cytokine-exposed ASMCs
and SNPs from a GWAS of bronchial responsiveness in
people are near genes enriched in immune and smooth
muscle functions

To relate genetic variation that influences molecular and
cellular responses to asthma-promoting cytokines to gen-
etic variation associated with asthma in GWAS, we per-
formed expression (e), methylation (me), and contractile
(co) QTL mapping in cytokine-exposed ASMCs. The
number of eQTLs and meQTLs identified at FDRs of 5%
and the number of coQTLs with uncorrected P values
<0.01 in each treatment are shown in Table 2. The
eQTL and meQTL results (FDR =5%) are described
in Additional Files 14 and 15, respectively; the
coQTLs are described in Additional File 16. The
overlap of the different categories of SNPs described
above is shown in Additional File 17, and lists detail-
ing the variants shared between the BRI GWAS and
molecular QTLs and coQTLs are provided in
Additional File 18.
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Asthma GWAS SNPs with small P values are enriched
among ASM QTLs

To assess the broad contribution to asthma risk of mo-
lecular and cellular QTLs in ASMCs and physiologic air-
way QTLs in people, we pooled variants from four
separate analyses: eQTLs and meQTLs with Ifsr <0.05
and coQTLs and BRI GWAS SNPs with P values < 0.01,
as described above, and tested for enrichment of these
ASM-related QTLs among GWAS SNPs for childhood-
onset and adult-onset asthma [16] using GARFIELD
[37]. This revealed an enrichment of childhood-onset
asthma GWAS SNPs, but not adult-onset GWAS SNPs,
among ASM QTLs (Table 3). The contribution of the
different QTLs to the 99 loci detected at a GWAS
threshold of P<0.01 is shown in Table 4; meQTLs
(52%), coQTLs (16%), and BRI GWAS SNPs (30%) con-
tributed to this enrichment, while only one eQTL was
among them. It is important to note, however, that only

the strongest QTL signal is considered by GARFIELD,
and in many cases, there were multiple QTLs contribut-
ing to a locus. For example, an meQTL provided the
strongest signal near ankyrin repeat and SOCS box con-
taining 3 (ASB3), a gene that was recently reported to be
associated with bronchodilator response during child-
hood and adolescence [47], but four other variants in
linkage disequilibrium with the lead SNP also contrib-
uted to the signal, and all four of those SNPs are both
meQTLs and coQTLs (see Additional File 19).

Genes nearest ASMC QTLs that were also associated
with asthma in the childhood-onset asthma GWAS were
enriched for “SMAD protein phosphorylation” (adj P =
2.8 x10™*) and “positive regulation of NK T cell differ-
entiation” (adj P =1.7 x 10™%), pathways with direct roles
in smooth muscle contraction and AHR. Notably, all 99
lead SNPs for ASMC QTLs had P values that were
below the threshold for genome-wide significance in the

Table 2 Results of eQTL and meQTL mapping using Matrix eQTL and coQTL discovery by GWAS. Numbers in parentheses for eQTLs
and meQTLs refer to the number of unique genes (genes whose expression levels are associated with the QTL) and meCpGs (CpG
sites whose methylation levels are associated with the QTL), respectively

Category Threshold Vehicle IL-13 IL-17A IL-13+IL-17A
eQTLs FDR = 5% 2595 (140) 3262 (161) 2524 (133) 2765 (139)
meQTLs FDR=5% 10,797 (1718) 9859 (1515) 11,274 (1710) 13,222 (2046)
coQTLs P <001 9087 8705 9776 9370

Sex, age, imputed smoking, and the first two ancestry PCs were included as covariates
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Table 3 Airway smooth muscle QTLs are enriched for asthma GWAS SNPs. Results of enrichment testing for molecular QTLs (Ifsr < 0.05),
cellular QTLs (P < 0.01), and BRI GWAS SNPs (P < 0.01) among GWAS SNPs with small P values (P < 0.01) using GARFIELD [37]

GWAS (Pividori et al. [16]) Enrichment P value®

GWAS P value threshold®

Fold enrichment Number of lead SNPs

A) Adult-onset asthma (26-65 years) (21,564 038
cases and 318,237 controls)

0.88
038
B) Childhood-onset asthma (< 12 years) (9433 996 %1077
cases and 318,237 controls) 0.0031
0.0018

0.01 087 59
0.001 0.95 12
1x107* 041 1

0.01 157 99
0.001 2.06 31
1x107* 262 13

Refers to the P value of the enrichment at the corresponding GWAS P value threshold (third column)
PThe three significant enrichments (i.e., at GWAS P value thresholds of 0.01, 0.001, and 1 x 107 in the childhood-onset asthma GWAS are shown; the same three
thresholds are shown for the adult-onset GWAS for comparison, despite the lack of significant enrichments

childhood-onset GWAS (range of P values from 9.7 x
107 to 3.43 x1077), falling into the category of mid-
hanging fruit [20].

Discussion

Airway smooth muscle contributes to asthma patho-
genesis in multiple ways. The “twitchy” property that
results in hypercontractile responses of smooth
muscle cells in asthma defines airway hyperrespon-
siveness, which was the primary interest of our study,
but structural changes and inflammatory signaling of
ASMC s play important roles as well [48]. Despite the
central role that smooth muscle plays in asthma,
there has been relatively little focus on this cell type
in genetic, genomic [49, 50], or epigenetic [51, 52]
studies compared to other asthma-relevant cell types
such as immune and airway epithelial cells [53-56].
The lack of comparable types of “omic” studies in
ASMCs has made it impossible to attribute asthma
GWAS SNPs to ASMC function or dysfunction. Here,
we describe the first study to assess molecular and

Table 4 Source of QTLs for the 99 lead loci identified by
GARFIELD at an enrichment P value of 9.96 x 10>

QTL source No. of lead loci No. of loci by Treatment®

treatment
meQTLs 52 13 Vehicle

7 IL-13

27 IL-17A

5 IL-13+IL17A
eQTLs 1 1 IL-13+ILT7A
coQTLs 16 2 Vehicle

7 IL-13

4 IL-17A

3 IL-13+IL17A
BRI GWAS SNPs 30 30 NA
Total 99 99

In many cases, there were multiple QTLs contributing to a locus; only the
exposure at which the smallest P value was observed is shown here (see
Additional File 19 for more details)

cellular QTLs in response to asthma- and AHR-
promoting cytokines in ASMCs from the same indi-
viduals. These results, along with those of a GWAS
of bronchial hyperresponsiveness, were integrated with
results of large asthma GWASs to identify and
functionally characterize variants contributing to
childhood-onset and adult-onset asthma susceptibility.
Including measurements of a contractile phenotype in
cells from the same donors used for transcriptomic
and epigenetic studies provided the opportunity to
link genetic and molecular responses to a relevant
cellular outcome and assess the effects of cytokine ex-
posure directly on ASMC contraction.

Importantly, the relevance of our model to asthma
is evidenced by three observations. First, transcrip-
tional responses to asthma-promoting cytokines in
ASMCs alter genes that are near highly replicated
variants in asthma GWASs, potentially providing tis-
sue and context specificity to their roles in asthma
and validating this cell culture model for identifying
genes, and potentially genetic variants, contributing
to asthma susceptibility. Second, the excess of small
P values for correlations between contractile and
transcriptional responses in IL-17A-exposed cells
highlights the specificity of this cytokine in ASMC
contractility and therefore the importance of this
model for studies of AHR. Finally, molecular and cel-
lular QTLs identified using this in vitro model, to-
gether with SNPs identified in a GWAS of bronchial
responsiveness, are enriched for asthma GWAS SNPs,
confirming the importance of this model for annotat-
ing GWAS SNPs with regard to their potential effects
on airway smooth muscle and asthma in people.

Linking SNPs associated with molecular responses to
SNPs associated in GWAS can yield biological and clin-
ical insights into genetic risks for disease. For example,
three recent asthma GWASs reported enrichment of as-
sociated variants in specific target tissues. The TAGC
GWAS [13] reported an enrichment of asthma-
associated genetic variation in enhancer marks in im-
mune cells based on data from the 111 Roadmap and 16
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ENCODE reference epigenomes in 51 cells types [18]. A
GWAS using UK Biobank data revealed that genes at
childhood-onset loci were enriched for high expression
in the skin, whereas adult-onset loci were enriched in
the lung, using data on 53 tissues from up to 635 indi-
viduals included in GTEx [16], and a cross-trait analysis
of asthma and allergic disease reported enrichments of
GWAS loci in the skin, again using GTEx data [14].
Critically, these large, frequently cited databases do not
include airway smooth muscle cells, nor do they include
data on physiological response to asthma-relevant expo-
sures. Placed in the context of these previous studies,
the results of our study suggest that we are missing an
important component of the genetic risk for asthma by
ignoring the effect of genotype in disease-relevant tissues
and physiological responses to disease-relevant expo-
sures, such as contraction of airway smooth muscle cells
in response to asthma-promoting cytokines. The prac-
tical implication of our results is that many SNPs associ-
ated with asthma in GWAS impact the expression of
genes with functional (and possibly primary) roles in
dysregulation of ASMCs in asthma pathogenesis.

The enrichment of asthma GWAS SNPs among ASM
QTLs was observed only in the childhood-onset asthma
GWAS, in which the genes at associated loci were
enriched for overexpression in the skin [16], suggesting
barrier function impairment as a primary etiology of
asthma onset in childhood. We show that BRI GWAS
SNPs are disproportionately overrepresented among the
enriched childhood-onset GWAS SNPs (30 out of 99),
highlighting again the lack of this important asthma cell
type in large public databases. This relatively large over-
lap (~ 30%) between SNPs associated both with asthma
and BRI GWAS SNPs is not necessarily surprising given
that most individuals with asthma also have BHR, and
the BRI is therefore strongly correlated with asthma, but
the specificity of the signal for childhood-onset disease
suggests that this reflects more than just a correlation
with asthma, and may suggest cross-talk between the
smooth muscle and epithelium in the lung in the context
of barrier integrity. In support of this idea, many genes
are involved in both barrier function and contractile pro-
cesses, including myosin light chain kinase (MLCK) [57]
and members of the Rho family of GTPases Rho and
Rac [58, 59], further suggesting that the enrichment of
asthma-associated SNPs among BRI-associated SNPs
may highlight a set of genes with pleiotropic effects that
influence asthma risk through both molecular pathways.

Our study also revealed significant transcriptional and
epigenetic differences in cultured airway smooth muscle
cells exposed to asthma-promoting cytokines between
individuals with and without asthma. The increased
transcriptional responses of ASMCs from individuals
with asthma may be reflective of a higher sensitivity of
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these cells to asthma- and AHR-promoting cytokines
due to chronic exposures in vivo, or may reflect genetic
or other differences between ASMCs from asthma cases
and controls.

Global changes in DNA methylation can reflect life-
long exposures to environmental variables, with re-
sponses potentially altering disease susceptibility
through the modification of molecular phenotypes. In
addition, epigenetic changes more generally have been
implicated as the primary mechanism responsible for
trained immunity in both immune and non-immune
cells [21]. We had expected that exposure of ASMCs to
IL-13 and/or IL-17A would result in appreciable changes
to DNA methylation profiles, as seen with cultured
bronchial epithelial cell responses to IL-13 exposure
[55]. Instead, we observed very modest responses despite
significant transcriptional changes in these same cells. It
is possible, therefore, that ASMCs per se are not particu-
larly sensitive to changes in DNA methylation or that a
24-h exposure of ASMCs to cytokines is not sufficient to
induce methylation changes. Alternatively, the lack of
epigenetic responses in ASMCs, particularly in those
from individuals with asthma, may indicate that DNA
methylation patterns in these cells are already fixed, due
to either intrinsic defects or chronic exposure to IL-13
and IL-17A, to other mediators of the disease process,
or to inhaled medication use. The fact that we observe
enrichments for smooth muscle-specific processes
among genes near meQTLs suggests that even modest
changes in ASMC methylation, such as those due to
nearby SNPs, may have an appreciable effect on smooth
muscle phenotypes.

The diminished magnitude of an epigenetic (DNA
methylation) response to cytokines in ASMCs from the
cases, despite robust transcriptional responses in the
cells from the same individuals and exposed to the same
treatments, suggests that methylation profiles in these
cells are established—and potentially dysregulated—in
individuals with asthma. This observation is consistent
with ASMCs from asthma cases having trained tolerance
or memory-induced decreased responsiveness to inflam-
matory signals [21]. Although this phenomenon has not
yet been documented in ASMCs, evidence for trained
immunity in coronary artery SMCs has been reported
[22]. The number of DEGs central to immune responses
and the connection of these genes in a protein-protein
interaction network enriched for “immunological dis-
ease” further suggests a prominent role for ASMCs in
immune response processes.

The QTLs identified in this study reflect complemen-
tary aspects of airway smooth muscle function in
asthma, none of which have previously been reported.
The observation that ASM QTLs contribute specifically
to risk for childhood-onset asthma suggests that specific
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mechanisms of susceptibility involve loci with a role in
smooth muscle function that are involved in disease ini-
tiation as opposed to progression. The fact that the
enriched ASM QTLs did not reach genome-wide signifi-
cance in the GWAS further suggests that there may be
significant heterogeneity with regard to primary ASM
contributions among asthma cases and that some pro-
portion of the missing heritability in asthma (as well as
other complex diseases) is due to variants with expos-
ure- or cell type-specific effects that may be difficult to
detect in GWAS [20, 60]. Nonetheless, the observation
that asthma GWAS SNPs among ASMC QTLs are
enriched in SMAD protein phosphorylation-related
pathways provides specificity to our results and further
validates the critical, and previously unexplored, role of
ASMC:s in genetic risk for asthma.

Pathway enrichment results of genes with eQTLs sug-
gest that whereas IL-13 may be more of an inducer of
immune processes, consistent with the T2 endotype that
has a significant allergic component, IL-17A may be
more of an inducer of structural changes in ASMCs and
subsequent predisposition to AHR, possibly resulting in
more refractory asthma, consistent with the Th17 endo-
type. This observation from ASMCs is particularly inter-
esting given that the T2 endotype has been defined and
characterized in bronchial epithelial cells [61]. Overall,
these combined studies point to the more prominent ef-
fects of IL-17A on transcriptional and epigenetic re-
sponses, the potentiation of contractile responses, and
correlated changes in transcriptional and contractile re-
sponses in ASMCs.

There are a number of limitations to our study. First,
while this study of genome-wide expression, methyla-
tion, and contractile responses in ASMCs is the largest
to date, it is small for QTL studies, and especially for de-
tecting differences between cells from individuals with
and without asthma. Therefore, we likely missed many
variants associated with gene expression, methylation,
and contractile response or with differences between
cases and controls. Second, we had limited clinical infor-
mation on the lung donors, including age of asthma on-
set and medication use, and therefore could not directly
assess associations between the molecular or cellular re-
sponses and clinical phenotypes beyond asthma in these
individuals. Third, we used just one (24 h) time point to
assess the response, and some relevant transcriptional,
epigenetic, or contractile responses to cytokine expo-
sures may occur at other time points. Finally, our cross-
sectional study design does not allow us to ascribe the
observed differences in transcriptional and epigenetic
profiles between ASMCs from asthma cases and controls
to those that were present prior to the onset of disease,
and which could have therefore contributed to asthma
risk by conferring a pre-existing enhanced response to
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asthma-promoting cytokines, from those that arose as a
result of the disease process and permanently altered the
response architecture in individuals with asthma. None-
theless, despite these limitations, we have shown for the
first time enrichments both for asthma-associated genes
among IL-13 and/or IL-17A responsive genes in ASMCs
and for GWAS variants associated with childhood-onset
asthma among ASMC QTLs.

In summary, our study demonstrated that cytokine-
exposed primary ASMCs can serve as a model for eluci-
dating the function of asthma-associated GWAS SNPs
and for prioritizing SNPs that do not reach stringent cri-
teria for significance in GWAS for further studies. Con-
sidering the number of AHR-associated transcripts that
are enriched in or specific to airway smooth muscle pro-
cesses and QTLs enriched in asthma GWAS, we suggest
that previous genetic studies of asthma missed an im-
portant subset of asthma risk genes. Our demonstration
of genome-wide transcription, methylation, and con-
tractile response differences between asthmatic and non-
asthmatic ASMCs exposed to IL-13 and/or IL-17A high-
lights the importance of the context specificity of bio-
logical responses that underlie asthma disease processes
and suggests that these cells show signatures of trained
immunity. These observations combined with integrated
analyses of ASM QTLs with asthma GWAS underscore
the central role of airway smooth muscle in asthma
pathogenesis and the utility of cell models of response in
elucidating the function of GWAS SNPs.

Conclusions

The lack of “omic” studies in ASMCs has made it im-
possible to attribute asthma GWAS SNPs to ASMC
function or dysfunction. Here, we present the first study
to assess molecular and cellular QTLs in response to
asthma- and AHR-promoting cytokines in ASMCs from
the same individuals. Our results demonstrate clear dif-
ferences in patterns of genome-wide gene expression
and methylation between cultured ASMCs from cases
and controls, and offer insights into specific mechanisms
that modulate, or lead to dysregulation of, smooth
muscle phenotypes in asthma.
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