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ABSTRACT

Dysregulation of the arachidonic acid metabolic pathway is the most widely known 
pathomechanism of aspirin-exacerbated respiratory disease (AERD). This study aimed 
to perform integrative analysis of transcriptomic and epigenomic profiling with network 
analysis to determine the novel pathogenic features of AERD. Ten patients with asthma 
including 5 patients with AERD and another 5 patients with aspirin tolerant asthma 
(ATA) were enrolled. Nasal scraping was performed and nasal mucosa was used in omics 
profiling. Peripheral eosinophil counts, sputum eosinophil counts, fractional exhaled nitric 
oxide levels, and pulmonary function test results were evaluated. Differentially expressed 
genes (DEGs), differentially methylated probes (DMPs) and differentially correlated genes 
(DCGs) between patients with AERD and those with ATA were analyzed. Network analysis 
using ingenuity pathway analysis (IPA) was performed to determine the gene connection 
network and signaling pathways. In total, 1,736 DEGs, 1,401 DMPs, and 19 pairs for DCGs 
were identified. Among DCGs, genes related to vesicle transport (e.g., RAB3B and STX2) and 
sphingolipid dysregulation (e.g., SMPD3) were found to be hypo-methylated and up-regulated 
in AERD. Using the canonical pathway analysis of IPA with 78 asthma-related DEGs, signaling 
pathways of T helper cell differentiation/activation and Fcε receptor I were generated. 
Up-regulation of RORγt and FcER1A were noted in AERD. Gene expression levels of RAB3B, 
SYNE1, STX2, SMPD3 and RORγt were significantly associated with sputum eosinophil counts. 
Quantitative real-time polymerase chain reaction was performed and mRNA expression levels 
of STX2, SMPD3, RORγt, and FcER1A were significantly higher in AERD compared to ATA. 
Distinct pathogenic features were identified by using integrative multi-omics data analysis in 
patients with AERD.
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INTRODUCTION

Aspirin-exacerbated respiratory disease (AERD) is characterized by clinical features of 
persistent asthma, sinonasal inflammation with nasal polyposis, and hypersensitivity 
reactions to cyclooxygenase-1 inhibitors.1 Patients with AERD are known to have more severe 
airway obstruction and frequent asthma exacerbation than those with aspirin tolerant asthma 
(ATA). A recent study has reported that the prevalence of AERD is 7% in adult asthmatics and 
14% in severe asthmatics.2

Immunological pathophysiology of AERD is not fully understood; however, dysregulation 
of arachidonic acid metabolism is the most well-known pathophysiology.3 Reduced levels 
of prostaglandin E2 as well as increased levels of prostaglandin D2 and leukotriene E4 play 
important roles in airway inflammation and bronchoconstriction in AERD.4 In this context, 
leukotriene receptor antagonists are widely used in AERD treatment5,6; however, the levels 
of leukotriene E4 were reported to remain high, with increased eosinophil inflammation 
and impaired asthma control, in AERD patients despite the leukotriene receptor antagonist 
treatment.7 To attenuate the activation of eosinophils, mast cells, and innate lymphoid cells 
in AERD pathogenesis, previous studies have suggested anti-IL4R (e.g., dupilumab), anti-IL-5 
(e.g., mepolizumab or reslizumab), anti-IgE (e.g., omalizumab), and anti-IL-33/TSLP antibody 
treatment in addition to inhaled corticosteroids with long-acting beta2-agonists in severe type 
2 (T2) asthma.1,8 Although these biologics are closely related to pathologic mediators in AERD, 
clinicians should consider the high medical cost and incomplete blockage of non-steroidal 
anti-inflammatory drug (NSAID)-induced reactions. In this pilot study, we performed RNA 
sequencing and methylation array using nasal scrapings from AERD patients and ATA patients 
to investigate the distinct omics signature and potential therapeutic targets of AERD.

MATERIALS AND METHODS

Study subjects and sample collection
Five patients with AERD and 5 patients with ATA were enrolled at Ajou University Hospital in 
Suwon, South Korea. AERD was defined as a recurrent clinical history (exacerbation of upper 
or lower respiratory reactions after ingestion of aspirin/NSAIDs) and/or a positive response 
to the lysine-aspirin bronchial provocation test. Inclusion/exclusion criteria and clinical 
parameters assessed at enrollment are presented in Supplementary Data S1.

Nasal scraping was performed with a pencil-shaped disposable nasal curette (Rhino-probe®; 
Arlington Scientific, Inc., Springville, UT, USA) for 3 times from the middle portion of either 
side of the inferior turbinate after 2 nasal lavages (10-mL saline each) to remove overlying 
mucus. All subjects gave written informed consent at the time of enrolment, and the study 
was approved by the Institutional Review Board of Ajou University Hospital (AJIRB-BMR-
SUR-17-182).

Omics data production and analysis
Detailed descriptions of RNA sequencing, methylation assay, and bioinformatic analysis 
are presented in Supplementary Data S1. Both RNA for RNA-seq and DNA for methylation 
assay were extracted from nasal mucosal tissues in the same sample. Library construction 
and sequencing for RNA-seq was performed according to the manufacturer’s instructions. 
Differentially expressed genes (DEGs) were screened at a cutoff threshold of log2 (FC) ≥ |1| 
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and P value < 0.05, and were selected according to aspirin intolerance after adjustment for 
atopic status. Methylation assays were scanned, and differentially methylated probes (DMPs) 
and regions were detected through the in-house python scripts using the numpy and scipy 
package9 and ChAMP10 at P value < 0.001. To perform analysis with as many combinations 
between DEG and differentially methylated regions (DMRs) as possible, the candidate genes 
for DEG and DMR were selected of P value rather than of adjusted P value. Spearman rank 
correlations were used to identify differentially correlated genes (DCGs) which show an 
inverse relationship between expression and methylation.

Pathway and network analyses
Ingenuity pathway analysis (IPA; QIAGEN, Redwood City, CA, USA) was used to understand 
the functional characteristics of DEGs of AERD.11 IPA canonical pathway analysis was 
performed with DEGs to identify biological pathways that significantly affect mRNA 
expression in AERD (Supplementary Data S1). The significance of the association between 
our data set and the canonical pathways were measured as the number of molecules in each 
pathway that meets cutoff criteria (false discovery rate-adjusted P values < 0.05). According 
to the significance of association, the top 20 pathways were selected and specific signaling 
pathways were visualized. The genes that are up-regulated in AERD compared to ATA were 
shown in red, and genes that are down-regulated were shown in green. Depending on the 
degree of up/down regulation, the color intensity was expressed as dark or light.

Network analysis was performed using asthma-related DEGs to understand and predict 
interactions between these genes. Biological functions that were significantly associated 
with the genes in the core networks were identified by functional analysis on the Ingenuity’s 
knowledge base. As our study was focused on asthma population, asthma-related terms were 
selected and used in further analyses.

Isolation of total RNA from the cells and real-time quantitative polymerase 
chain reaction (RT-qPCR)
Results of RNA sequencing and methylation array were verified by RT-qPCR in the second 
cohorts of AERD (n = 12) and ATA (n = 12). Total RNA was isolated from peripheral blood 
mononuclear cells (PBMCs) obtained in AERD and ATA patients using a Pure-Link RNA mini 
kit (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions. With a special 
interest in T helper cells and mast cells in AERD pathogenesis, the levels of mRNA expression 
of STX2, SMPD3, RORγt, and FcER1A were analyzed as described in Supplementary Data S1.

RESULTS

Omics candidate and correlation for DCGs
Table 1 shows the clinical characteristics of the study subjects. Detailed results for candidates 
of each expression and methylation set, and DCGs are presented in Supplementary Data S1  
and Supplementary Table S1. Normalization and sample clustering was conducted to 
compare between the AERD and ATA groups (Fig. 1A, Supplementary Table S2). We found 
1,736 DEGs: 832 were up-regulated and 904 were down-regulated in patients with AERD 
(Fig. 1B and C). Also, we found 1,401 DMPs: 13 with higher methylation and 1,388 with lower 
methylation in patients with AERD (Fig. 2A, Supplementary Table S3, Supplementary 
Data S1). In addition to the gene body regions, a large number of DMPs from AERD and 
ATA were frequently observed in the upstream regulatory region, such as transcription 
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start site, untranslated region, and 1st exon, according to the ratio of the region occupied 
by the whole genome (Fig. 2B). With DEGs and DMPs, 83 pairs for DEG and its CpG were 
selected (Supplementary Table S4). Finally, 19 pairs (19 DMPs and 18 DEGs) with negative 
correlations at P < 0.05 were selected (Fig. 3, Table 2).

Pathway analysis and gene connection network of AERD
Results of canonical pathway analysis using all 1,736 DEGs are shown in Supplementary 
Fig. S1. Among 78 asthma-related DEGs (Supplementary Table S5), 37 were found to be 
connected in the network (Fig. 4A, Supplementary Table S6). Based on this gene connection 
network, the top 20 enriched canonical pathways were discovered by using the IPA 
(Supplementary Table S7). Among these top 20 canonical pathways, signaling pathways of T 
helper cell differentiation/activation and Fcε receptor I were generated with a special interest 
in T helper cells and mast cells. Up-regulation of the RORγt and FcER1A were noted in patients 
with AERD (Fig. 4B and C).

Genes affecting airway eosinophilic inflammation
Logistic regression analysis was performed to evaluate whether the levels of specific gene 
expression affect airway eosinophilic inflammation adjusted for age and sex. Gene expression 
levels of RAB3B, SYNE1, STX2, SMPD3, and RORγt were significantly associated with sputum 
eosinophil counts (Supplementary Table S8).

Validation with RT-qPCR in the second cohort
The clinical characteristics of the second cohort are presented in Supplementary Table S9. 
The levels of mRNA expression of STX2, SMPD3, RORγt, and FcER1A were significantly higher 
in patients with AERD than in those with ATA (P = 0.038, P < 0.001, P < 0.001, and P = 0.046, 
respectively) (Fig. 5).
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Table 1. Demographic data of the study subjects
Characteristics AERD (n = 5) ATA (n = 5) P value
Age (yr) 55.2 ± 9.8 47.0 ± 7.3 0.310
Sex (female) 4 (80) 5 (100) 0.292
Atopy 2 (40) 2 (40) 1.000
Chronic rhinosinusitis 3 (60) 4 (80) 1.000
Total IgE (KU/L) 407.8 ± 484.7 250.2 ± 352.0 0.222
Sputum eosinophil (%) 74.3 ± 30.0 14.8 ± 18.8 0.032
Peripheral eosinophil count (/µL) 511.11 ± 317.98 800.00 ± 492.16 0.151
FeNO (ppb) 72.6 ± 52.4 46.6 ± 18.1 0.841
FEV1 (% Pred) 70.3 ± 14.3 77.4 ± 18.4 0.548
FEV1/FVC 70.4 ± 9.7 77.0 ± 11.1 0.421
MMEF (% Pred) 34.4 ± 9.8 43.6 ± 16.9 0.548
FEV1 % fall of after Lys-ASA BPT 23.65 ± 12.80 3.37 ± 4.52 0.083
PC20 of methacholine (mg/mL) 2.66 ± 3.32 4.97 ± 3.47 0.439
ACT score 19.6 ± 2.3 16.2 ± 5.5 0.289
SNOT22 32.0 ± 22.1 44.4 ± 27.5 0.401
Severe asthma 4 (80) 5 (100) 0.292
Values are given as number (%) for categorical variables and as mean ± standard deviation for continuous 
variables. P values were analyzed by the Mann-Whitney test and Fisher’s exact test.
AERD, aspirin-exacerbated respiratory disease; ATA, aspirin tolerant asthma; FeNO, fractional exhaled nitric 
oxide; FEV1, forced expiratory volume in 1 second; FVC, forced vital capacity; MMEF, maximum midexpiratory flow; 
Lys-ASA BPT, lysine-aspirin bronchoprovocation test; PC20 of methacholine, provocative concentration causing 
20% fall in forced expiratory volume in 1 second; SNOT22, 22-item Sinonasal Outcome Test.



DISCUSSION

This is the first study to demonstrate the transcriptomic and epigenomic profiles of patients 
with AERD compared to those with ATA. To discover the distinct signature of AERD, 
integrated analysis of transcriptomes and epigenomes was performed with the nasal tissues 
from asthmatics. First, we conducted RNA sequencing and methylation array to obtain DEG 
and DMP candidates. DEG and DMP that are adjacent to the corresponding gene pairs and 
negatively correlated each other were selected as the final DCG of AERD, distinct genes that 
are regulated by methylation. Among these DCGs, we found the genes related to vesicle 
transport (STX2 and RAB3B) and sphingolipid regulation (SMPD3). In addition to discovering 
DCG, gene connection network and pathway analyses were performed to investigate the 
relationships between these genes and the novel pathways involved in AERD. Among the 
top 20 canonical pathways, genes related to T helper cell/mast cell activation (up-regulated 
RORγt, down-regulated TGF-β, and up-regulated FCER1A) were identified. In addition, the 
mRNA expression levels of these genes were significantly associated with sputum eosinophil 
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Fig. 1. Gene expression signatures in patients with AERD and those with ATA. (A) Heatmap; (B) Scatter plot; (C) Volcano plot for differentially expressed genes. 
AERD, aspirin-exacerbated respiratory disease; ATA, aspirin tolerant asthma.



counts. Collectively, we identified the distinct transcriptomic and epigenomic signature of 
AERD, which may contribute to the pathogenesis of eosinophilic inflammation in AERD.

The most important cells involved in the pathogenesis of AERD are eosinophils and mast 
cells.12 Preformed mediators in intracellular granules are released to the outside of the cells 
via multiple steps of membrane fusion.13 Most of the membrane fusion events are mediated 
by soluble N-ethylmaleimide-sensitive factor attachment protein receptors proteins (e.g., 
syntaxin or vesicle-associated membrane protein).14 In the present study, we found the 
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STX2 gene was differentially correlated between patients with AERD and those with ATA. 
In addition, Rab proteins also participate in intracellular vesicle trafficking and release 
of granules.15,16 A previous study has reported that single-nucleotide polymorphisms on 
the RAB1A gene are associated with the risk of AERD and the responsiveness of airways to 
aspirin.17 Consistent with these previous studies, we observed that the RAB3B gene was a 
more significant DCG in patients with AERD compared to those with ATA. Furthermore, 
sputum eosinophil counts were significantly associated with the mRNA expression levels 
of the STX2 and RAB3B genes. Taken together, genes related to vesicle transport were 
significantly hypo-methylated and up-regulated in patients with AERD, which may promote 
eosinophilic inflammation in a target tissue.

Dysregulation of sphingolipids in AERD and severe asthma has been reported in several 
studies.6,18-21 Increased levels of serine palmitoyl transferase, long-chain base subunit 2,20 
and SMPD122 have been suggested to induce ceramide increase and to augment eosinophilic 
inflammation in AERD.20,22 In this context, we found that the SMPD3 gene was hypo-
methylated and up-regulated in patients with AERD compared to those with ATA. This 
finding implies that sphingolipids may play a role in the pathogenesis of AERD, which is 
supported by previous study results.

T2 inflammatory responses are immunologically essential in patients with AERD. Th2 and 
Th17 inflammation can affect each other, resulting in the augmentation of T2 immune 
responses.23-25 Inhibition of RORγt, a regulator of Th17 differentiation, diminished Th17 and 
Th2 immune responses in an animal model of allergic asthma.24 TGF-β plays an important 
role in the development of regulatory T (Treg) cells. The defective regulatory function of 
Treg cells has been noticed in pollen-allergic subjects.26 Based on these previous studies, 
up-regulated RORγt and down-regulated TGF-β may play a role in the augmentation of T2 
inflammation in patients with AERD.
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Table 2. Top 19 candidate differentially correlated genes significantly different between AERD and ATA
No. CpG Gene Chromosome Position deltaBeta P value Spearman 

correlation P value
Coefficient Methylation 

status
CpG strand

1 cg00405069 RAB3B 1 52455390 0.093931056 0.000365814 0.01592 −0.75758 Hypo R
2 cg00961418 STK33 11 8616172 0.100100845 0.000407352 0.00446 −0.84242 Hypo F
3 cg02620005 FAM65B 6 24858932 0.078997582 0.000935402 0.01367 −0.7697 Hypo F
4 cg02841912 SYNE1 6 152955983 0.147620605 0.000848519 0.04403 −0.66061 Hypo R
5 cg04629595 CCDC33 15 74592566 0.07859813 0.000967707 0.01841 −0.74545 Hypo R
6 cg07367607 STX2 12 131314725 0.088207183 8.41E-5 0.01165 −0.78182 Hypo F
7 cg08814944 LDLRAD4 18 13245910 0.168579157 0.000619824 0.00556 −0.8303 Hypo F
8 cg09766721 SLC13A3 20 45237014 0.250931029 0.000379822 0.03509 −0.68485 Hypo R
9 cg10426893 SMPD3 16 68482821 0.068515315 0.000878768 0.00198 −0.87879 Hypo F
10 cg11850638 GJB7 6 88032210 0.038727513 0.000283272 0.03938 −0.67273 Hypo R
11 cg14831539 PAX7 1 18988324 0.041727136 0.000411022 0.03114 −0.69697 Hypo R
12 cg15273270 DTHD1 4 36324571 0.15612112 0.000540358 0.02117 −0.73333 Hypo F
13 cg18119056 CCDC160 X 133370772 0.135241043 0.000763094 0.01165 −0.78182 Hypo R
14 cg18817560 C1GALT1C1L 2 43903689 0.079273105 0.000547077 0.02117 −0.73333 Hypo F
15 cg20735988 PBLD 10 70062188 0.06438048 0.000699214 0.02751 −0.70909 Hypo R
16 cg24479524 UBXN10 1 20512796 0.035058005 0.000335534 0.01165 −0.78182 Hypo F
17 cg24922045 GAS2L2 17 34079987 0.070053651 0.000604509 0.01367 −0.7697 Hypo R
18 cg26621748 C11orf63 11 122753109 0.100435567 8.57E-6 0.04403 −0.66061 Hypo F
19 cg27316956 SYNE1 6 152958899 0.118130546 0.000881494 0.00088 −0.90303 Hypo R
P values and coefficients were calculated by the spearman correlation test. “Hypo” in “Methylation status” column represent hypo-methylated, “F” and “R” in 
“CpG strand” column mean forward (+) and reverse (−) strands, respectively.
AERD, aspirin-exacerbated respiratory disease; ATA, aspirin tolerant asthma.



Mast cell activation as well as release of cysteinyl leukotrienes and prostaglandin D2 is an 
essential component of AERD pathogenesis. Treatment with omalizumab, a monoclonal 
anti-IgE antibody that disrupts the FcεRI: IgE complex and decreases FcεRI expression, has 
been reported to successfully reduce the levels of leukotrienes and eosinophils in AERD 
patients.8 In the present study, up-regulation of the FCER1A gene expression was observed, 
suggesting the role of FcεRI in AERD pathogenesis, which is consistent with the results of 
previous studies.

This study has some limitations. First, nasal tissues were used to profile the transcriptome 
and epigenome. Expression profiling with bronchial airway epithelial cells may have higher 
statistical power27; however, it is difficult to perform invasive bronchoscopy for collecting 
target tissues in actual clinical practice. Strong correlations between bronchial and nasal 
airway gene expression profiles have been reported in previous studies.27,28 Therefore, nasal 
cytology of nasal curette specimens, a simple and non-invasive procedure, can be a good 
alternative.29,30 Secondly, this study had no controls. Thirdly, the number of the study subjects 
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B

Fig. 4. Gene connection and signaling pathways of AERD. (A) Gene connection network of AERD. Up- (red) or down- (green) regulated genes are highlighted. (B) 
Signaling pathway associated with T helper cell differentiation/activation (C) Fc Epsilon RI signaling pathway. 
AERD, aspirin-exacerbated respiratory disease.



was too small and only one female patient was included. Due to these limitations, it may be 
difficult to generalize our results to other populations. Thus, we confirmed results of RNA 
sequencing and methylation array by traditional RT-qPCR in separate cohorts. Since PBMCs 
were used in the second cohort analysis, our results may not completely represent the nasal 
tissue omics signature. Further studies with a larger sample size are needed to confirm 
our results. In this study, we attempted to iteratively apply machine learning approaches to 
overcome the limitations (Supplementary Tables S10 and S11, Supplementary Fig. S2).

In conclusion, our results demonstrated distinct omics signatures related to vesicle 
transport, sphingolipid regulation, and T helper cell/mast cell activation in AERD, which may 
play an important role in the pathogenesis of AERD. Based on these pilot omics study results, 
further functional in vitro/in vivo studies regulating these relevant pathway and molecules are 
warranted to suggest the potential therapeutic role.
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Fig. 5. Real-time quantitative polymerase chain reaction in the second cohorts. Comparison of STX2 (A), SMPD3 
(B), RORγt (C) and FcER1A (D) mRNA expression in peripheral blood mononuclear cells collected from patients 
with ATA (n = 12) and AERD (n = 12). Data are presented as fold changes compared with the ATA. Data are 
represented as means ± standard deviation. P values were analyzed by the Mann-Whitney test. 
AERD, aspirin-exacerbated respiratory disease; ATA, aspirin tolerant asthma.



ACKNOWLEDGMENTS

This study was supported by a grant from the National Research Foundation of Korea 
(NRF) grant funded by the Korea government (MSIP) (No. 2017R1A2B4010060 and 
2020R1I1A3051800), Hallym University Research Fund, Kangdong Sacred Heart Hospital 
Fund (No. 2021-01), and the Korean Health Technology R&D Project, Ministry of Health & 
Welfare, Republic of Korea (HR16C0001). The biospecimens and data used for this study 
were provided by the Biobank of Soonchunhyang University Bucheon Hospital, a member of 
the Korea Biobank Network (KBN4_A06).

SUPPLEMENTARY MATERIALS

Supplementary Data S1
Methods and results

Click here to view

Supplementary Table S1
Trimming statistics on demultiplexed reads by sample

Click here to view

Supplementary Table S2
Differentially expressed genes between patients with aspirin-exacerbated respiratory disease 
and aspirin tolerant asthma

Click here to view

Supplementary Table S3
Differentially methylated region between patients with aspirin-exacerbated respiratory 
disease and aspirin tolerant asthma

Click here to view

Supplementary Table S4
Differentially correlated genes between patients with aspirin-exacerbated respiratory disease 
and aspirin tolerant asthma

Click here to view

Supplementary Table S5
Asthma-related differentially expressed genes between patients with aspirin-exacerbated 
respiratory disease and aspirin tolerant asthma

Click here to view

691

Distinct Omics Signature of AERD

https://doi.org/10.4168/aair.2023.15.5.682https://e-aair.org

https://e-aair.org/DownloadSupplMaterial.php?id=10.4168/aair.2023.15.5.682&fn=aair-15-682-s001.doc
https://e-aair.org/DownloadSupplMaterial.php?id=10.4168/aair.2023.15.5.682&fn=aair-15-682-s002.xls
https://e-aair.org/DownloadSupplMaterial.php?id=10.4168/aair.2023.15.5.682&fn=aair-15-682-s003.xls
https://e-aair.org/DownloadSupplMaterial.php?id=10.4168/aair.2023.15.5.682&fn=aair-15-682-s004.xls
https://e-aair.org/DownloadSupplMaterial.php?id=10.4168/aair.2023.15.5.682&fn=aair-15-682-s005.xls
https://e-aair.org/DownloadSupplMaterial.php?id=10.4168/aair.2023.15.5.682&fn=aair-15-682-s006.xls


Supplementary Table S6
Asthma-related differentially expressed genes which are connected in the network

Click here to view

Supplementary Table S7
Canonical pathways of transcriptome data for asthma-related terms

Click here to view

Supplementary Table S8
Gene expressions predicting the sputum eosinophil count

Click here to view

Supplementary Table S9
Clinical characteristics of validation cohort

Click here to view

Supplementary Table S10
Classification report with average for each precision, recall, and F1 score

Click here to view

Supplementary Table S11
Scores from multiple classifiers and their parameter option combinations on expression set 
of differentially correlated genes

Click here to view

Supplementary Fig. S1
Top 10 canonical pathway (A) and heatmap results of disease and functions (B) in aspirin-
exacerbated respiratory disease transcriptome data compared to aspirin tolerant asthma. (A) 
Genes are ranked by the negative log of the P value of the enrichment score. The color scheme 
is based on Z scores, with activation in orange and inhibition in blue. (B) The color scheme is 
presented based on Z scores, with activation in orange, inhibition in blue, and undetermined 
directionality in gray.

Click here to view

Supplementary Fig. S2
ROC curve of the logistic regression, random forest and SVM classifiers for each gene 
expression set (A) and methylation feature set from differentially correlated gene candidates 
(B). ROC curves for each of gene expression (A) and DNA methylation signatures (B) were 
made with reference to the Supplementary Table S10.

Click here to view

692

Distinct Omics Signature of AERD

https://doi.org/10.4168/aair.2023.15.5.682https://e-aair.org

https://e-aair.org/DownloadSupplMaterial.php?id=10.4168/aair.2023.15.5.682&fn=aair-15-682-s007.xls
https://e-aair.org/DownloadSupplMaterial.php?id=10.4168/aair.2023.15.5.682&fn=aair-15-682-s008.xls
https://e-aair.org/DownloadSupplMaterial.php?id=10.4168/aair.2023.15.5.682&fn=aair-15-682-s009.xls
https://e-aair.org/DownloadSupplMaterial.php?id=10.4168/aair.2023.15.5.682&fn=aair-15-682-s010.xls
https://e-aair.org/DownloadSupplMaterial.php?id=10.4168/aair.2023.15.5.682&fn=aair-15-682-s011.xls
https://e-aair.org/DownloadSupplMaterial.php?id=10.4168/aair.2023.15.5.682&fn=aair-15-682-s012.xls
https://e-aair.org/DownloadSupplMaterial.php?id=10.4168/aair.2023.15.5.682&fn=aair-15-682-s013.ppt
https://e-aair.org/DownloadSupplMaterial.php?id=10.4168/aair.2023.15.5.682&fn=aair-15-682-s014.ppt


Supplementary References

Click here to view

REFERENCES

 1. Choi Y, Lee Y, Park HS. Which factors associated with activated eosinophils contribute to the 
pathogenesis of aspirin-exacerbated respiratory disease? Allergy Asthma Immunol Res 2019;11:320-9. 
PUBMED | CROSSREF

 2. Rajan JP, Wineinger NE, Stevenson DD, White AA. Prevalence of aspirin-exacerbated respiratory disease 
among asthmatic patients: a meta-analysis of the literature. J Allergy Clin Immunol 2015;135:676-681.e1. 
PUBMED | CROSSREF

 3. Wangberg H, White AA. Aspirin-exacerbated respiratory disease. Curr Opin Immunol 2020;66:9-13. 
PUBMED | CROSSREF

 4. Le Pham D, Lee JH, Park HS. Aspirin-exacerbated respiratory disease: an update. Curr Opin Pulm Med 
2017;23:89-96. 
PUBMED | CROSSREF

 5. Hagan JB, Laidlaw TM, Divekar R, O’Brien EK, Kita H, Volcheck GW, et al. Urinary leukotriene E4 to 
determine aspirin intolerance in asthma: a systematic review and meta-analysis. J Allergy Clin Immunol 
Pract 2017;5:990-997.e1. 
PUBMED | CROSSREF

 6. Ban GY, Cho K, Kim SH, Yoon MK, Kim JH, Lee HY, et al. Metabolomic analysis identifies potential 
diagnostic biomarkers for aspirin-exacerbated respiratory disease. Clin Exp Allergy 2017;47:37-47. 
PUBMED | CROSSREF

 7. Ban GY, Kim SH, Park HS. Persistent eosinophilic inflammation in adult asthmatics with high serum and 
urine levels of leukotriene E4. J Asthma Allergy 2021;14:1219-30. 
PUBMED | CROSSREF

 8. Hayashi H, Fukutomi Y, Mitsui C, Kajiwara K, Watai K, Kamide Y, et al. Omalizumab for aspirin 
hypersensitivity and leukotriene overproduction in aspirin-exacerbated respiratory disease. A randomized 
controlled trial. Am J Respir Crit Care Med 2020;201:1488-98. 
PUBMED | CROSSREF

 9. Oliphant TE. Python for scientific computing. Comput Sci Eng 2007;9:10-20. 
CROSSREF

 10. Tian Y, Morris TJ, Webster AP, Yang Z, Beck S, Feber A, et al. ChAMP: updated methylation analysis 
pipeline for Illumina BeadChips. Bioinformatics 2017;33:3982-4. 
PUBMED | CROSSREF

 11. QIAGEN. Ingenuity pathway analysis systems [Internet]. Redwood City (CA): QIAGEN; 2014 [cited 2020 
Jul 10]. Available from: http://www.ingenuity.com.

 12. Woo SD, Luu QQ, Park HS. NSAID-exacerbated respiratory disease (NERD): from pathogenesis to 
improved care. Front Pharmacol 2020;11:1147. 
PUBMED | CROSSREF

 13. Spencer LA, Bonjour K, Melo RC, Weller PF. Eosinophil secretion of granule-derived cytokines. Front 
Immunol 2014;5:496. 
PUBMED | CROSSREF

 14. Singh J, Shah R, Singh D. Targeting mast cells: uncovering prolific therapeutic role in myriad diseases. Int 
Immunopharmacol 2016;40:362-84. 
PUBMED | CROSSREF

 15. Shukla A, Berglund L, Nielsen LP, Nielsen S, Hoffmann HJ, Dahl R. Regulated exocytosis in immune 
function: are SNARE-proteins involved? Respir Med 2000;94:10-7. 
PUBMED | CROSSREF

 16. Takai Y, Sasaki T, Matozaki T. Small GTP-binding proteins. Physiol Rev 2001;81:153-208. 
PUBMED | CROSSREF

 17. Park JS, Heo JS, Chang HS, Choi IS, Kim MK, Lee JU, et al. Association analysis of member RAS oncogene 
family gene polymorphisms with aspirin intolerance in asthmatic patients. DNA Cell Biol 2014;33:155-61. 
PUBMED | CROSSREF

693

Distinct Omics Signature of AERD

https://doi.org/10.4168/aair.2023.15.5.682https://e-aair.org

https://e-aair.org/DownloadSupplMaterial.php?id=10.4168/aair.2023.15.5.682&fn=aair-15-682-s015.doc
http://www.ncbi.nlm.nih.gov/pubmed/30912322
https://doi.org/10.4168/aair.2019.11.3.320
http://www.ncbi.nlm.nih.gov/pubmed/25282015
https://doi.org/10.1016/j.jaci.2014.08.020
http://www.ncbi.nlm.nih.gov/pubmed/32299015
https://doi.org/10.1016/j.coi.2020.02.006
http://www.ncbi.nlm.nih.gov/pubmed/27653792
https://doi.org/10.1097/MCP.0000000000000328
http://www.ncbi.nlm.nih.gov/pubmed/28202405
https://doi.org/10.1016/j.jaip.2016.11.004
http://www.ncbi.nlm.nih.gov/pubmed/27533637
https://doi.org/10.1111/cea.12797
http://www.ncbi.nlm.nih.gov/pubmed/34675552
https://doi.org/10.2147/JAA.S325499
http://www.ncbi.nlm.nih.gov/pubmed/32142372
https://doi.org/10.1164/rccm.201906-1215OC
https://doi.org/10.1109/MCSE.2007.58
http://www.ncbi.nlm.nih.gov/pubmed/28961746
https://doi.org/10.1093/bioinformatics/btx513
http://www.ncbi.nlm.nih.gov/pubmed/32848759
https://doi.org/10.3389/fphar.2020.01147
http://www.ncbi.nlm.nih.gov/pubmed/25386174
https://doi.org/10.3389/fimmu.2014.00496
http://www.ncbi.nlm.nih.gov/pubmed/27694038
https://doi.org/10.1016/j.intimp.2016.09.019
http://www.ncbi.nlm.nih.gov/pubmed/10714474
https://doi.org/10.1053/rmed.1999.0700
http://www.ncbi.nlm.nih.gov/pubmed/11152757
https://doi.org/10.1152/physrev.2001.81.1.153
http://www.ncbi.nlm.nih.gov/pubmed/24555545
https://doi.org/10.1089/dna.2013.2213


 18. Reinke SN, Gallart-Ayala H, Gómez C, Checa A, Fauland A, Naz S, et al. Metabolomics analysis identifies 
different metabotypes of asthma severity. Eur Respir J 2017;49:1601740. 
PUBMED | CROSSREF

 19. Kim SH. Sphingosine-1-phosphate: biomarker, contributor, or target for asthma? Allergy Asthma 
Immunol Res 2019;11:299-301. 
PUBMED | CROSSREF

 20. Ban GY, Youn DY, Ye YM, Park HS. Increased expression of serine palmitoyl transferase and ORMDL3 
polymorphism are associated with eosinophilic inflammation and airflow limitation in aspirin-
exacerbated respiratory disease. PLoS One 2020;15:e0240334. 
PUBMED | CROSSREF

 21. Oyeniran C, Sturgill JL, Hait NC, Huang WC, Avni D, Maceyka M, et al. Aberrant ORM (yeast)-like protein 
isoform 3 (ORMDL3) expression dysregulates ceramide homeostasis in cells and ceramide exacerbates 
allergic asthma in mice. J Allergy Clin Immunol 2015;136:1035-1046.e6. 
PUBMED | CROSSREF

 22. Kim SH, Jung HW, Kim M, Moon JY, Ban GY, Kim SJ, et al. Ceramide/sphingosine-1-phosphate imbalance 
is associated with distinct inflammatory phenotypes of uncontrolled asthma. Allergy 2020;75:1991-2004. 
PUBMED | CROSSREF

 23. Wang M, Zhang N, Zheng M, Li Y, Meng L, Ruan Y, et al. Cross-talk between TH2 and TH17 pathways in 
patients with chronic rhinosinusitis with nasal polyps. J Allergy Clin Immunol 2019;144:1254-64. 
PUBMED | CROSSREF

 24. Na H, Lim H, Choi G, Kim BK, Kim SH, Chang YS, et al. Concomitant suppression of TH2 and TH17 cell 
responses in allergic asthma by targeting retinoic acid receptor-related orphan receptor γt. J Allergy Clin 
Immunol 2018;141:2061-2073.e5. 
PUBMED | CROSSREF

 25. Mastalerz L, Tyrak KE. Biomarkers for predicting response to long-term high dose aspirin therapy in 
aspirin-exacerbated respiratory disease. Clin Transl Allergy 2021;11:e12048. 
PUBMED | CROSSREF

 26. Larché M. Regulatory T cells in allergy and asthma. Chest 2007;132:1007-14. 
PUBMED | CROSSREF

 27. Wesolowska-Andersen A, Seibold MA. Airway molecular endotypes of asthma: dissecting the 
heterogeneity. Curr Opin Allergy Clin Immunol 2015;15:163-8. 
PUBMED | CROSSREF

 28. Poole A, Urbanek C, Eng C, Schageman J, Jacobson S, O’Connor BP, et al. Dissecting childhood asthma 
with nasal transcriptomics distinguishes subphenotypes of disease. J Allergy Clin Immunol 2014;133:670-
8.e12. 
PUBMED | CROSSREF

 29. Gelardi M, Iannuzzi L, Quaranta N, Landi M, Passalacqua G. NASAL cytology: practical aspects and 
clinical relevance. Clin Exp Allergy 2016;46:785-92. 
PUBMED | CROSSREF

 30. Heffler E, Landi M, Caruso C, Fichera S, Gani F, Guida G, et al. Nasal cytology: Methodology with 
application to clinical practice and research. Clin Exp Allergy 2018;48:1092-106. 
PUBMED | CROSSREF

694

Distinct Omics Signature of AERD

https://doi.org/10.4168/aair.2023.15.5.682https://e-aair.org

http://www.ncbi.nlm.nih.gov/pubmed/28356371
https://doi.org/10.1183/13993003.01740-2016
http://www.ncbi.nlm.nih.gov/pubmed/30912319
https://doi.org/10.4168/aair.2019.11.3.299
http://www.ncbi.nlm.nih.gov/pubmed/33031402
https://doi.org/10.1371/journal.pone.0240334
http://www.ncbi.nlm.nih.gov/pubmed/25842287
https://doi.org/10.1016/j.jaci.2015.02.031
http://www.ncbi.nlm.nih.gov/pubmed/32072647
https://doi.org/10.1111/all.14236
http://www.ncbi.nlm.nih.gov/pubmed/31271788
https://doi.org/10.1016/j.jaci.2019.06.023
http://www.ncbi.nlm.nih.gov/pubmed/28943467
https://doi.org/10.1016/j.jaci.2017.07.050
http://www.ncbi.nlm.nih.gov/pubmed/34429873
https://doi.org/10.1002/clt2.12048
http://www.ncbi.nlm.nih.gov/pubmed/17873195
https://doi.org/10.1378/chest.06-2434
http://www.ncbi.nlm.nih.gov/pubmed/25961390
https://doi.org/10.1097/ACI.0000000000000148
http://www.ncbi.nlm.nih.gov/pubmed/24495433
https://doi.org/10.1016/j.jaci.2013.11.025
http://www.ncbi.nlm.nih.gov/pubmed/27009397
https://doi.org/10.1111/cea.12730
http://www.ncbi.nlm.nih.gov/pubmed/29904978
https://doi.org/10.1111/cea.13207

	Nasal Transcriptome and Epigenome Analysis Identifies the Pathogenic Features of Aspirin-Exacerbated Respiratory Disease
	INTRODUCTION
	MATERIALS AND METHODS
	Omics data production and analysis
	Pathway and network analyses
	Isolation of total RNA from the cells and real-time quantitative polymerase chain reaction (RT-qPCR)

	RESULTS
	Pathway analysis and gene connection network of AERD
	Genes affecting airway eosinophilic inflammation
	Validation with RT-qPCR in the second cohort

	DISCUSSION
	SUPPLEMENTARY MATERIALS
	Supplementary Data S1
	Supplementary Table S1
	Supplementary Table S2
	Supplementary Table S3
	Supplementary Table S4
	Supplementary Table S5
	Supplementary Table S6
	Supplementary Table S7
	Supplementary Table S8
	Supplementary Table S9
	Supplementary Table S10
	Supplementary Table S11
	Supplementary Fig. S1
	Supplementary Fig. S2
	Supplementary References

	REFERENCES


