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Abstract

Background: Response to inhaled corticosteroids is highly variable, and the association between 

DNA methylation and treatment response is not known.
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Objective: To examine the association between peripheral blood DNA methylation and inhaled 

corticosteroid response in children with persistent asthma.

Methods: Epigenome-wide DNA methylation was analysed in individuals on inhaled 

corticosteroids in three independent and ethnically diverse cohorts—Childhood Asthma 

Management Program (CAMP); Children, Allergy, Milieu, Stockholm, Epidemiology (BAMSE); 

and Genetic Epidemiology of Asthma in Costa Rica Study (GACRS). Treatment response was 

evaluated using two definitions, the absence of emergency department visits and/or 

hospitalizations and the absence oral corticosteroid use while on inhaled corticosteroid therapy. 

CpG sites meeting nominal significance (P < 0.05) for each outcome were combined in a three-

cohort meta-analysis with adjustment for multiple testing. DNA methylation was correlated with 

gene expression using Pearson and partial correlations.

Results: In 154 subjects from CAMP, 72 from BAMSE, and 168 from GACRS, relative 

hypomethylation of cg00066816 (171 bases upstream of IL12B) was associated with the absence 

of emergency department visits and/or hospitalizations (Q = 0.03) in all cohorts and lower IL12B 
expression (ρ = 0.34, P = 0.01) in BAMSE. Relative hypermethylation of cg04256470 (688 bases 

upstream of CORT) was associated with the absence of oral corticosteroid use (Q = 0.04) in all 

cohorts and higher CORT expression (ρ = 0.20, P = 0.045) in CAMP.

Conclusion and Clinical Relevance: Differential DNA methylation of IL12B and CORT are 

associated with inhaled corticosteroid treatment response in persistent childhood asthmatics. 

Pharmaco-methylation can identify novel markers of treatment sensitivity in asthma.

Clinical trial registration: Childhood Asthma Management Program (CAMP) Phases I (Trial), 

II (CAMPCS), III (CAMPCS/2) and IV (CAMPCS/3) NCT00000575.
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1 | INTRODUCTION

Asthma continues to be the leading cause of emergency room visits, hospitalizations and 

school absenteeism in children.1 Inhaled corticosteroids (ICS) are the most effective long-

term medication for asthma, yet up to one-third of patients have a poor response to 

treatment.2 Several genes have been associated with ICS treatment response, but none so far 

have been translated into reliable prognostic tools or therapeutic targets.3,4

Epigenetics can play a role in drug sensitivity and resistance.5–10 DNA methylation is an 

epigenetic mechanism that regulates both the activation and silencing of DNA transcription. 

Although DNA methylation has been implicated as a modifier of both asthma susceptibility 

and severity, the role of DNA methylation as a modifier of ICS treatment response in asthma 

has not been studied.11–13 In vitro studies have demonstrated that site-specific CpG 

methylation regulates dexamethasone sensitivity and resistance in human endothelial cells, 

supporting a role for DNA methylation in ICS pharmacogenetics.14 A small pilot study 

examined DNA methylation patterns in 33 paediatric asthmatics during asthma 

exacerbations and detected an association between methylation of the OTX2 promoter in 
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nasal epithelial cells and oral corticosteroid (OCS) response.15 However, this association 

was not significant after adjustment for multiple testing, and the DNA methylation mark was 

not associated with OTX2 expression.15 Given the known complexity of ICS responsiveness 

in asthma, studies of substantially large sample size are needed to confidently explore a 

pharmaco-epigenetic hypothesis.

To address this, we now explore the relationship between DNA methylation and ICS 

response in children with persistent asthma. DNA methylation was studied in three 

independent and ethnically diverse cohorts—the Childhood Asthma Management Program 

(CAMP); the Children, Allergy, Milieu, Stockholm, Epidemiology (BAMSE); and the 

Genetic Epidemiology of Asthma in Costa Rica Study (GACRS). We further characterized 

the potential functional role of DNA methylation by correlation with gene expression.

2 | METHODS

2.1 | Study populations

Epigenome-wide DNA methylation analysis was performed in three independent cohorts—

CAMP, BAMSE, and GACRS. A total of 394 subjects were included, 154 from CAMP, 72 

from BAMSE, and 168 from GACRS. CAMP was a 4-year randomized, placebo-controlled 

trial of inhaled treatments for mild-to-moderate persistent childhood asthma in North 

America.16 In CAMP, asthma was defined as having at least one of the following findings 

for at least 6 months in the prior year: (a) asthma symptoms at least two times per week; (b) 

at least two usages per week of an inhaled bronchodilator; (c) daily asthma medication. 

Written informed consent was provided by all parents, with subject assent, and the 

institutional review boards (IRBs) of the Brigham and Women’s Hospital and each of the 

CAMP study centres approved the study (1999P0015492). BAMSE was a prospective, 

population-based cohort study on the risk factors for childhood asthma and allergic diseases 

in Stockholm, Sweden.17 In BAMSE, asthma was defined as having a positive history to two 

of the following three criteria: (a) doctor’s diagnosis of asthma; (b) asthma medication use in 

the past 12 months; (c) asthma symptoms (ie, wheezing, chest tightness, dyspnoea) in the 

past 12 months. BAMSE was approved by the Regional Ethical Review Board of the 

Karolinska Institutet (dnr 02–420) and written informed consent was obtained from the 

parents of all participating children. The GACRS was a cross-sectional study focused on an 

isolated Hispanic population with high asthma prevalence in the Central Valley of Costa 

Rica.18 In GACRS, asthma was defined as having a history of physician-diagnosed asthma 

and at least two respiratory symptoms or a history of asthma attacks in the previous year. 

Written parental consent and written subject assent were obtained for all GACRS 

participants. This study was approved by the IRBs of the Hospital Nacional de Niños (San 

José, Costa Rica) and Brigham and Women’s Hospital (2000P001130). Details on the study 

populations can be found in the Supporting information.

2.2 | Inhaled corticosteroid response

The primary outcome was the absence of severe exacerbations while on ICS treatment, as 

defined by the absence of asthma-related emergency department (ED) visits and/or 

hospitalizations in the prior year. This outcome was measured in all three cohorts. The 
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secondary outcome was the absence of asthma-related OCS use in the prior year. The 

secondary outcome was measured in the CAMP and GACRS cohorts but not in the BAMSE 

cohort.

2.3 DNA methylation

Peripheral blood DNA methylation analysis was performed using the Infinium 

HumanMethylation27 BeadChip assay (Illumina) in CAMP and the Infinium 

HumanMethylation450 BeadChip assay (Illumina) in BAMSE and GACRS. Standard 

quality control processing was performed in each cohort and described in the Supporting 

information. R software (version 3.4.0) was used for data analyses. In CAMP, the 

percentages of white blood cell counts measured from whole blood were used for adjustment 

of white blood cell composition in sub-sequent statistical models. The reference-based 

Houseman method was used to estimate the composition of white blood cells in BAMSE 

and GACRS.19

2.4 | Gene expression

The association between DNA methylation and gene expression was investigated for the 

statistically significant CpG sites with the same direction of effect in the CAMP and 

BAMSE cohorts. Gene expression data from CAMP and BAMSE are described in prior 

publications and in the Supporting information.20,21 Only subjects with both DNA 

methylation and gene expression data were analysed. In CAMP, 109 subjects had both DNA 

methylation and gene expression data, and in BAMSE, 58 subjects had both DNA 

methylation and gene expression data.

2.5 Statistical analyses

For each outcome, multivariable linear regression models were first generated in the CAMP 

DNA methylation dataset using the iCheck package (Figure 1).22 CAMP was used as the 

discovery cohort because it was the most phenotypically well characterized and had both 

ICS response outcomes. Next, the BAMSE and GACRS datasets were restricted to the CpG 

sites that met nominal significance in CAMP (P < 0.05) for each outcome and multivariable 

linear regression modelling was performed. A sequential analysis was performed because 

CAMP by design interrogated less CpG sites than BAMSE or GACRS. Prior to model 

building, DNA methylation beta values were converted to M values to correct for 

heteroscedasticity.23 The models are described in detail in the Supporting information. The 

CpG sites that met nominal significance in each cohort were combined in a meta-analysis 

using Fisher’s method for each respective outcome, and correction for multiple testing was 

performed by controlling the false discovery rate (FDR).24

For the statistically significant CpG sites on meta-analyses, normalized DNA methylation M 

values were correlated with log2 transformed and normalized gene expression using Pearson 

correlation. In addition, partial correlations between gene expression and DNA methylation 

controlling for the respective ICS treatment response outcome were performed. The partial 

correlation models are described in the Supporting information.
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To determine if the effect of differential methylation on asthma exacerbation was specific to 

subjects on ICS treatment, we performed multivariable linear regression interaction 

modelling. Interaction models were generated for only the CpG sites that correlated with 

gene expression. These models were generated in CAMP because unlike BAMSE and 

GACRS, CAMP has DNA methylation data for subjects on ICS and placebo treatment 

(Table S1), and the primary interest was the interaction between treatment group and the 

respective asthma exacerbation outcome. Each model controlled for age, sex, batch effect, 

treatment group, and white blood cell count.

3 | RESULTS

The mean age was 9.8 (±2.0) years in CAMP, 8.3 (±0.4) years in BAMSE, and 9.2 (±2.0) 

years in GACRS (Table 1). All three cohorts were predominantly male, consistent with other 

childhood asthma cohorts. In CAMP, BAMSE, and GACRS, 89.0%, 59.7%, and 23.8% of 

the respective subjects did not have ED visits and/or hospitalizations in the prior year while 

on ICS therapy. In CAMP and GACRS, 54.4% and 35.7% of the respective subjects did not 

have OCS use in the prior year while on ICS therapy.

3.1 | Absence of severe exacerbations on ICS treatment

For the primary outcome of the absence of severe exacerbations, 1236 CpG sites in CAMP, 

1167 CpG sites in BAMSE, and 71 CpG sites in GACRS were differentially methylated 

(nominal P < 0.05). On meta-analysis of the three cohorts, 42 CpG sites had the same 

direction of effect (Table S2), and one CpG site was significant after FDR adjustment (Table 

2). Relative hypomethylation of cg00066816 was associated with the absence of ED visits 

and/or hospitalizations in the past year (standardized coefficient in CAMP –3.101, BAMSE 

–2.953, and GACRS −2.310; Q = 0.03) (Table 2, Figure S1). Interaction analysis 

demonstrated that the association between hypomethylation of cg00066816 and the absence 

of severe exacerbations was specific to the subjects on ICS (standardized coefficient –3.051, 

P = 0.002) (Figure 2A).

3.2 | Absence of OCS use on ICS treatment

For the secondary outcome of the absence of OCS use, 1685 CpG sites in CAMP and 133 

CpG sites in GACRS were differentially methylated (nominal P < 0.05). The BAMSE cohort 

did not have data on OCS use. On meta-analysis of the CAMP and GACRS cohorts, 62 CpG 

sites had the same direction of effect (Table S3), and 13 CpG sites were significant after 

FDR adjustment (Table 2, Figure S2). Relative hypermethylation of cg04256470 was 

associated with the absence of OCS use while on ICS (standardized coefficient in CAMP 

3.620 and GACRS 2.329; Q = 0.04), and this effect was specific to the subjects on ICS 

treatment on interaction analysis (standardized coefficient 2.322, P = 0.02) (Figure 2B).

3.3 | Functional annotation of the identified CpG sites

The CpG site associated with severe exacerbations (cg00066816) maps to two genes, the 

interleukin 12B gene (IL12B) and the long non-coding RNA LOC285626 on chromosome 

five. Cg00066816 is located 171 bases upstream of the IL12B transcription start site. 

Relative hypomethylation of cg00066816 was associated with lower IL12B expression in 
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BAMSE (ρ = 0.34, P = 0.01) (Figure 3A). No association between cg00066816 methylation 

and IL12B expression was detected in CAMP.

Of the 13 CpG sites significantly associated with the absence of OCS use while on ICS 

treatment, only one CpG site (cg04256470) was associated with gene expression. 

Cg04256470 was positively correlated with CORT expression (ρ = 0.20, P = 0.045) in 

CAMP (Figure 3B). Only a small number of subjects in CAMP had gene expression cell 

type composition data available. Therefore, after adjustment for cell type composition, the 

partial correlation analysis was underpowered and not statistically significant (Figure S3). 

Cg04256470 methylation was not associated with gene expression in BAMSE. Cg04256470 

is located 688 bases upstream of the CENPS-CORT transcription start site on chromosome 

one. The CENPS-CORT locus has read-through transcription of the centromere protein S 

(CENPS) gene and cortistatin (CORT) gene, and alternative splicing produces transcript 

variants of the genes.

4 | DISCUSSION

We found DNA methylation patterns to be associated with response to ICS treatment in 

three independent and ethnically diverse cohorts of children with mild-to-moderate 

persistent asthma. Response to ICS was investigated using two definitions, the absence of 

severe exacerbations as measured by the absence of asthma-related ED visits and/or 

hospitalizations and the absence of OCS use for asthma while on ICS treatment. 

Hypomethylation of cg00066816 (IL12B) and hypermethylation of cg04256470 (CORT) 

were associated with response to ICS using the severe exacerbation and OCS use definitions, 

respectively. In addition, hypomethylation of cg00066816 was associated with lower IL12B 
expression, and hypermethylation of cg04256470 was associated with higher CORT 
expression. IL12B is involved in asthma pathogenesis and CORT regulates endogenous 

corticosteroids.25,26 Our results provide novel evidence on the association of pharmaco-

methylation with ICS treatment resistance and response. The pharmaco-epigenetic aspect of 

these associations is further highlighted by the interaction analyses demonstrating 

differential DNA methylation in the ICS but not the placebo treatment groups (Figure 2).

Hypomethylation of IL12B was associated with the absence of severe exacerbations and 

decreased IL12B expression among children with asthma on ICS IL12B encodes the 

common beta subunit of interleukin (IL) 12 and IL-23. Depletion of IL-12 attenuates T 

helper (TH) 1 immune response and enhances TH2 antigen-induced airway 

hyperresponsiveness and pulmonary eosinophilia.27,28 In bronchial biopsies, asthmatics 

sensitive to prednisone have upregulation of IL-12 and downregulation of IL-13 expression, 

whereas prednisone-resistant asthmatics have no change in expression of either cytokine.29 

These findings in lung tissue contrast with our findings in peripheral blood, and this 

difference may be due to the effects of different steroid concentrations in the lung versus the 

periphery after different routes of glucocorticoid exposure (oral versus inhaled), in addition 

to baseline differences in tissue-specific gene expression. IL-23 regulates TH17 

differentiation, and stimulation with IL-23 in vitro protects human lung fibroblasts and 

endothelial cells from dexamethasone-induced apoptosis.30 IL-23 also weakens 

dexamethasone-induced inhibition of peripheral blood mononuclear cell proliferation.31 
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Therefore, IL-23 may have a role in corticosteroid resistance, and the reduction of IL-23 

expression via hypomethylation of the IL12B subunit may be a mechanism for corticosteroid 

sensitivity.

Hypermethylation of CORT was associated with the absence of OCS use while on ICS and 

increased CORT expression. CORT encodes the neuropeptide cortistatin, which has high 

structural homology to somatostatin.25,26 Cortistatin regulates the hypothalamic-pituitary-

adrenal axis and exerts antiinflammatory actions.25,26 In the human immune system, 

cortistatin production is upregulated in activated monocytes, macrophages, and dendritic 

cells, along with expression of its receptor sst2, suggesting an autocrine regulatory pathway.
32 Cortistatin is also expressed by peripheral neurons, which in turn may have a paracrine 

role in regulating immune cells.32 In a mouse model of allogeneic skin transplantation, 

cortistatin treatment increased the numbers of regulatory T cells and prolonged survival of 

transplanted skin grafts.33 In experimental models of sepsis, cortistatin inhibited the release 

of local and systemic inflammatory cytokines (TNFα, IL-6, IL-1β, IFNγ, IL-12) and 

chemokines (MIP-2, RANTES), increased production of antiinflammatory IL-10, and 

protected against mortality in endotoxemic mice.34 Finally, cortistatin deficient mice are in a 

systemically immunosuppressed state with elevated basal levels of the glucocorticoid 

corticosterone and increased susceptibility to infection.35 Our data suggest that regulation of 

cortistatin by DNA methylation may modulate ICS sensitivity in childhood asthmatics.

In nasal epithelial cells, hypomethylation of OTX2 has been nominally associated with 

response to OCS in paediatric asthmatics during exacerbations, and interestingly, in the 

GACRS cohort, relative hypomethylation of OTX2 in peripheral blood was nominally 

associated with the absence of OCS use while on ICS therapy (standardized coefficient 

−2.120, P = 0.04).15 Hence, differential methylation of OTX2 is a potential marker of both 

OCS and ICS response, and larger studies with tissue-specific analyses are needed to 

confirm this association. In a prior study, differential methylation of the glucocorticoid 

receptor gene (NR3C1) was associated with dexamethasone sensitivity in endothelial cells, 

but we did not find an association of NR3C1 methylation with ICS response in peripheral 

blood.14 In addition, differential methylation of genetic loci previously associated with 

asthma exacerbations on ICS treatment (ST13, FCER2, P2RX7, CMTR1) was not detected.
36 This absence of association may be due to phenotypic heterogeneity of the measured 

outcomes or a lack of methylation quantitative trait association at these genetic loci. Further 

research is needed to determine the association between genetic variation and quantitative 

changes in DNA methylation in asthma pharmacogenomics.

In this study, we demonstrate the first association between DNA methylation and response to 

ICS treatment in asthma across three independent populations of different ethnicities. 

Paediatric cohorts with drug treatment response outcomes and DNA methylation are few and 

with small sample sizes. The discovery of CpG sites in this study was limited by the small 

cohort sizes, but we were adequately powered to identify novel CpG sites by meta-analysing 

our results across cohorts. The variation in the rate of ED visits and/or hospitalizations and 

OCS use across the cohorts may reflect healthcare system differences and/or compliance, 

which are factors that may have influenced our results. Nonetheless, BAMSE and GACRS 

have successfully been used as replication cohorts for CAMP.37,38 CAMP and BAMSE are 
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white cohorts, whereas GACRS is a Hispanic cohort. Racial differences in DNA methylation 

may explain the low numbers of replicated CpG sites in GACRS.39 However, the inclusion 

of replication in GACRS increases the global generalizability of our results. The number of 

CpG sites investigated was limited by the use of the Illumina 27 k methylation array in 

CAMP, which is enriched at CpG island promoters, and replication was performed in the 

corresponding subset of CpGs from BAMSE and GACRS. Therefore, CpGs involved in ICS 

response located outside of CpG island promoters may have been missed, and additional 

DNA methylation marks would likely have been found had more CpG sites been examined 

using newer technologies. Future studies interrogating a larger number of genome-wide 

CpGs are needed to identify the full extent of how DNA methylation is associated with ICS 

response.

DNA methylation and gene expression are tissue-specific, and peripheral blood DNA 

methylation and gene expression were examined because it is non-invasive and asthma 

inflammation and ICS absorption are detected systemically. Cell type deconvolution was 

performed to reduce false-positive results due to cell type heterogeneity in whole blood.40 

Each identified CpG site was located far upstream of the respective gene, suggesting that 

methylation may be acting on an upstream gene modifier or that collaborating epigenetic 

modifications, such as histone modifications, may be contributing to the regulation of gene 

expression of both IL12B and CORT.41–46 The statistically significant CpG sites each 

mapped to more than one gene, but there is little known about these additional genes 

(LOC285626 and CENPS), including no known association with asthma. Gene expression 

data were collected after DNA methylation data in both CAMP and BAMSE, which may 

explain why the associations between DNA methylation and gene expression were not 

replicated across both cohorts. Lastly, as with most pharmacogenomic studies, we were not 

able to determine if DNA methylation preceded or resulted from ICS treatment. There is 

evidence that high-dose systemic glucocorticoids can induce DNA methylation changes in 

the buccal mucosal and peripheral blood, but it is not known if ICS exposure can mediate 

systemic changes in DNA methylation.47,48 Nonetheless, our results demonstrate that DNA 

methylation is a marker of treatment response in subjects on ICS. Future longitudinal studies 

are needed to understand the temporality and underlying mechanisms linking DNA 

methylation and ICS response.

There is an urgent need to understand the biologic basis for ICS response and resistance in 

order to develop new biomarkers and therapies for ICS resistant asthmatics. We identified 

DNA methylation marks in IL12B and CORT to be consistently associated with ICS 

response in persistent childhood asthmatics across three independent cohorts. Pharmaco-

methylation is a novel approach in asthma research with promising applications across 

medicine. Our findings demonstrate its potential to identify treatment sensitivity in 

asthmatics. Epigenetic therapeutics that selectively target DNA methylation have been 

shown to increase the effectiveness of existing treatments in the field of cancer biology, and 

these therapeutics may have applications in other fields and diseases, including asthma.7,8,10 

Further research into the identified DNA methylation marks may lead to the discovery of 

epigenetically mediated pathways of drug resistance and novel epigenetic therapeutics to 

increase sensitivity to ICS treatment.
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Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
DNA methylation analysis of inhaled corticosteroid response in the CAMPa, BAMSEb, and 

GACRSc. aChildhood Asthma Management Program. bSwedish abbreviation for Children, 

Allergy, Milieu, Stockholm, Epidemiology. cGenetic Epidemiology of Asthma in Costa Rica 

Study. §The number of differentially methylated CpG sites for each outcome that met 

nominal P < 0.05 are shown. ||Oral corticosteroid. **The absence of oral corticosteroid use 

outcome was not measured in BAMSE. ††False discovery rate
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FIGURE 2. 
DNA methylation is a pharmaco-epigenetic marker of inhaled corticosteroid treatment 

responseab. A, Cg00066816 hypomethylation was associated with the absence of severe 

exacerbations only in subjects on inhaled corticosteroid treatment compared to placebo 

(standardized coefficient −3.051, P = 0.002). B, Cg04256470 hypermethylation was 

associated with the absence of oral corticosteroid only in subjects on inhaled corticosteroid 

treatment compared to placebo (standardized coefficient 2.322, P = 0.02). aThe analyses 

were performed using DNA methylation M values. β values are displayed for easier biologic 

interpretability. bInteraction analyses were performed only in CAMP because BAMSE and 

GACRS did not have DNA methylation data available on subjects on inhaled corticosteroids 

and placebo
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FIGURE 3. 
DNA methylation is associated with gene expression in the BAMSE and CAMP cohorts. A, 

Partial correlation between DNA methylation and gene expression controlling for emergency 

department visits and/or hospitalizations in the prior year while on inhaled corticosteroid 

therapy, in addition to age, sex, batch effect, and cell type composition, in BAMSE (ρ = 

0.34, P = 0.01). B, Partial correlation between DNA methylation and gene expression 
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controlling for oral corticosteroid use in the prior year while on inhaled corticosteroid 

therapy, in addition to age, sex, and batch effect, in CAMP (ρ = 0.20, P = 0.045)
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