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Abstract

Background: Allergic diseases often occur in combination (multimorbidity). Human blood 

transcriptome studies have not addressed multimorbidity. Large-scale gene expression data were 

combined to retrieve biomarkers and signaling pathways to disentangle allergic multimorbidity 

phenotypes.

Methods: Integrated transcriptomic analysis was conducted in 1233 participants with a discovery 

phase using gene expression data (Human Transcriptome Array 2.0) from whole blood of 786 

children from three European birth cohorts (MeDALL), and a replication phase using RNA 

Sequencing data from an independent cohort (EVA-PR, n = 447). Allergic diseases (asthma, atopic 

dermatitis, rhinitis) were considered as single disease or multimorbidity (at least two diseases), 

and compared with no disease.

Results: Fifty genes were differentially expressed in allergic diseases. Thirty-two were not 

previously described in allergy. Eight genes were consistently overexpressed in all types of 

multimorbidity for asthma, dermatitis, and rhinitis (CLC, EMR4P, IL5RA, FRRS1, HRH4, 
SLC29A1, SIGLEC8, IL1RL1). All genes were replicated the in EVA-PR cohort. RT-qPCR 

validated the overexpression of selected genes. In MeDALL, 27 genes were differentially 

expressed in rhinitis alone, but none was significant for asthma or dermatitis alone. The 

multimorbidity signature was enriched in eosinophil-associated immune response and signal 

transduction. Protein-protein interaction network analysis identified IL5/JAK/STAT and IL33/ST2/

IRAK/TRAF as key signaling pathways in multimorbid diseases. Synergistic effect of 

multimorbidity on gene expression levels was found.

Conclusion: A signature of eight genes identifies multimorbidity for asthma, rhinitis, and 

dermatitis. Our results have clinical and mechanistic implications, and suggest that multimorbidity 

should be considered differently than allergic diseases occurring alone.

Graphical Abstract
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This study compares gene expression from whole blood of European children (4-16 years) with 

asthma and/or dermatitis and/or rhinitis to controls without allergy. Eight genes are overlapping 

among DEGs found in multimorbidity for asthma, dermatitis and rhinitis, which had synergistic 

effects along the number of co-occurrent diseases. Results were replicated in North American 

cohort with similar features. Abbreviations: AstM, asthma multimorbidity; CLC, charcot-leyden 

crystal galectin; DEGs, differentially expressed genes; DerM, dermatitis multimorbidity; EMR4P, 

adhesion G protein-coupled receptor E4; FRRS1, ferric chelate reductase 1; HRH4, histamine 

receptor H4; IL1RL1, interleukin 1 receptor like 1; IL5RA, interleukin 5 receptor subunit alpha; 

RhiM, rhinitis multimorbidity; SIGLEC8, sialic acid binding Ig like lectin 8;SLC29A1, solute 

carrier family 29 member 1

Keywords

asthma; atopic dermatitis; multimorbidity; rhinitis; transcriptomics

1 ∣ INTRODUCTION

Allergic diseases (asthma: A, dermatitis: D, rhinitis: R) are complex and often coexist in 

the same patient (multimorbidity).1 In children and adolescents, over 85% of asthmatic 

patients have rhinitis, suggesting common gene pathways, while only 20%-30% of rhinitis 

patients have asthma suggesting rhinitis-specific genes.2 Atopic dermatitis is characterized 

by a complex clinical phenotype varying during the life cycle.3

Mechanisms of the Development of ALLergy (MeDALL) found that multimorbidity was 

more common than expected by chance, suggesting genes underlying multimorbidity.1,4 

MeDALL proposed that type 2 patterns are associated with multimorbidity,5 as suggested 

through an in silico model.6 Risk variants shared between asthma, dermatitis, and rhinitis 

were identified in genome-wide association studies, without considering the impact of 

multimorbidity.7,8 No study assessed multimorbidity using transcriptomics. Genes and 
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pathways for atopy and atopic asthma in children and adolescents were found using 

transcriptome-wide data from peripheral blood.9

We used a subset of MeDALL samples as a discovery population to compare gene 

expression patterns between participants with and without asthma, dermatitis, or rhinitis. We 

examined gene expression of single diseases and multimorbidity. We replicated the results 

in the Epigenetic Variation and Childhood Asthma in Puerto Ricans (EVA-PR) cohort.9 To 

our knowledge, the present study constitutes to date the largest comprehensive whole blood 

gene expression dataset on allergy and the first assessment of multimorbidity molecular 

signatures.

2 ∣ METHODS

2.1 ∣ Study design

A cross-sectional analysis was carried out in participants from four cohorts using whole 

blood: three MeDALL cohorts (discovery study) and EVA-PR cohort (replication study). We 

compared participants with seven phenotypes: A, D, R, A + D, A + R, D + R, or A + D + 

R to those without asthma, dermatitis, or rhinitis (nonallergic participants, Table 1, Figure 

S1). We analyzed samples from the discovery study using Affymetrix Human Transcriptome 

Array 2.0 (HTA) and detected differentially expressed genes (DEGs). Relative expression of 

a randomly selected subset of eight genes was assessed by reverse transcription quantitative 

polymerase chain reaction (RT-qPCR). The replication arm was performed for DEGs in 

any multimorbidity, rhinitis alone and asthma alone in the EVA-PR cohort,9 using RNA 

Sequencing. We retrieved co-expressed genes with weighted gene co-expression network 

analysis (WGCNA). Biological interpretation involved gene, disease ontology and pathway 

analyses, protein-protein interaction network (PPIN), and literature review (Figure 1).

Methods and references are available as online Supplement.

2.2 ∣ Discovery study

2.2.1 ∣ Setting and population—Whole blood PAXgene tubes were available for 824 

participants; 786 were included after quality control and outlier detection (Table 1): 256 

from BAMSE,10 Sweden (GSE141623, mean age: 16.7 ± 0.4 years), 329 from GINIplus,11 

Germany (15.2 ± 0.3 years), and 201 from INMA,12 Spain (GSE141631, 4.2 ± 0.3 years). 

Over 95% of children were of European ancestry (Figure S1). Samples were enriched for 

allergic cases.

2.2.2 ∣ Disease definition—Definition of current asthma, dermatitis, or rhinitis was 

agreed by a panel of experts and used in all MeDALL studies.1 Allergic diseases 

were defined by questionnaire-based parent- or self-reported doctor diagnosis and related 

symptoms.

2.2.3 ∣ Data production—RNA was extracted, quality-checked (RNA Integrity Number 

> 6), transformed into labeled cDNA and hybridized to HTA (Affymetrix, UK).
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2.2.4 ∣ Statistical methods—data cleaning and differential expression—
Expression levels were normalized with the robust multiarray average algorithm,13 using 

oligo in R v3.5.3. Multivariable models were adjusted for covariables (sex, cohort, batch, 

age) and fit with limma to identify DEGs (NetAffx v36 annotation). Surrogate variable 

analysis was used to capture cell blood heterogeneity (Figure S2).14 P-values were corrected 

for multiple testing (Benjamini-Hochberg false discovery rate, FDR),15 with threshold < 

5%. No threshold was set for fold change (log2FC). Heatmap clustering was computed 

with ward method on Euclidean distance. We used G*Power v3.1.9.3 to assess power 

(post hoc mode with log2FC = 0.2 as the effect size, achieved power for DEGs with their 

actual log2FC). Sensitivity analysis was performed with adjustment for blood cell counts 

(neutrophils, eosinophils, lymphocytes, monocytes), or inhaled corticosteroids (BAMSE), 

or grouping cohorts by age. Synergistic effect of multimorbidity on gene expression was 

assessed from results of linear models (based on phenotype or disease number) including all 

samples, by computing the coefficient of linearity σ based on the difference in normalized 

FC between 1 and 2 diseases, and 2 and 3 diseases.

2.2.5 ∣ Biological interpretation—Functional enrichment included gene ontology, 

pathways (KEGG, REACTOME) with g:Profiler and disease ontology (DOSE). Treemap 

visualization was performed with REVIGO. PPIN was retrieved from BIOGRID v3.5 and 

visualized with Cytoscape v3.7.1 (network metrics from NetworkAnalyzer).

2.2.6 ∣ Validation—Expression levels were assessed with RT-qPCR (LightCycler 480 II, 

Roche, QuantiFAST SyBR kit, Qiagen) on a random subset of 8 genes among the significant 

DEGs in multimorbidity, using RNA from 45 participants.

2.2.7 ∣ Weighted gene co-expression network analysis—Modules of co-

expressed genes were retrieved on discovery cohort expression values with WGCNA, 

discarding probesets with low variance, and using soft power thresholds of 3 and module 

eigengene dissimilarity threshold of 0.1 to 0.9. Genes within the same modules are 

likely to behave similarly and process within the same biological processes. Modules 

were correlated to clinical traits: presence of any multimorbidity, asthma multimorbidity, 

dermatitis multimorbidity, rhinitis multimorbidity, sex, age, and cohort. Gene significance to 

multimorbidity and gene-module membership were calculated.

2.3 ∣ Replication study

2.3.1 ∣ Setting and population—RNA sequencing data were available from white 

blood cells of 447 participants (15.5 years, range 10-20, San Juan, Puerto Rico) from 

EVA-PR cohort, without missing data on variables and outcomes of interest, including 218 

participants with asthma, 275 with rhinitis, 53 with dermatitis, and 115 without allergic 

disease (Table 1).

2.3.2 ∣ Disease definition—Asthma: doctor's diagnosis of asthma and wheeze in the 

previous year. Rhinitis: physician-diagnosed allergic rhinitis and symptoms (at a time when 

the child did not have a cold or flu) in the previous 12 months. Dermatitis: symptoms and at 

least one positive allergen-specific IgE.
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2.3.3 ∣ Data production—RNA Sequencing was performed using 350 ng of RNA 

extracted from white blood cells after removing hemoglobin (RNA Integrity Number > 7). 

Library preparation was done using TruSeq Stranded Total RNA Library Prep Kit with Ribo-

Zero Gold High-Throughput Kit to remove cytoplasmic and mitochondrial ribosomal RNA 

(Illumina Inc, San Diego, CA). Libraries were run on the NextSeq 500 using NextSeq® 

500/550 High Output Kit v2, using paired-end reads at 75 cycles and with 80 million 

reads per sample. Quality control for raw RNA Sequencing fastq files was performed using 

FastQC. Low quality reads and 3’ adapters were trimmed with Trim Galore! and Cutadapt. 

Trimmed reads were aligned to reference human genome (hg19) with STAR. Subsequently, 

the count of uniquely mapped read fragments was quantified for each sample as proxy 

for the expression level of each of the 26 335 human genes annotated in the Illumina 

iGenomes database using RSEM. Samples with low alignment percentage were removed 

from downstream analyses. Independent filtering of low-expressed genes (mean count < 2) 

was performed. After preprocessing, 16,880 genes and 447 samples were retained in the 

final analysis.

2.3.4 ∣ Statistical methods—Differential expression—DEGs were analyzed based 

on raw counts using DESeq2.16 Multivariable models were adjusted for age, sex, batch, 

and cell type proportions of eosinophils, neutrophils, monocytes, and lymphocytes in white 

blood cells. Subjects without any allergic disease were used as controls. A zero-mean 

normal prior was put on the nonintercept coefficients, to ensure that fold changes are 

independent of the choice of reference level. The Benjamini-Hochberg procedure was 

applied to adjust for multiple testing.15

2.3.5 ∣ Genes selected for replication—All the DEGs significant in any 

multimorbidity versus controls and in rhinitis versus controls were tested in the replication 

study. Moreover, a selection of genes significant in multimorbidity was tested in asthma 

alone.

3 ∣ RESULTS

3.1 ∣ Clinical characteristics of discovery and replication population

In MeDALL, 46% of allergic participants had asthma (61% with multimorbidity), 42% 

dermatitis (48%), and 51% rhinitis (49%). Asthma was more common in BAMSE (63%), 

and rhinitis in GINIplus (79%). Dermatitis in preschool INMA participants was predominant 

(74%). Fifty-five percent of the participants had no allergic disease (BAMSE 39%, GINIplus 

67%, INMA 54%) (Table 1). In EVA-PR, 66% of allergic participants had asthma (78% 

with multimorbidity), 16% dermatitis (87%), and 83% rhinitis (65%) (Table 1). Inhaled 

corticosteroids in the past year were administered to 25.5% of asthmatic participants in 

BAMSE, 21.2% in GINIplus, 25.0% in INMA, and 25.2% in EVA-PR.

3.2 ∣ Identification and validation of differentially expressed genes in discovery study

Overall, in whole blood, FDR was reached for 50 genes comparing participants with either 

any multimorbidity, or asthma, dermatitis, or rhinitis multimorbidity, or rhinitis alone, to 

controls with no allergic disease (Table 2). Their chromosome localization is shown in Table 
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S2 and Figure S3. Thirty-two genes were not previously reported in allergic diseases, of 

which 17 genes were linked to immune processes (Table 2, online Supplement).

No DEG was associated with asthma alone or dermatitis alone but 27 DEGs were found in 

rhinitis alone (Figure S4.2), of which 18 were not previously described in relation to rhinitis.

FDR was reached for 13 genes when pooling participants with any multimorbidity (Figure 

S4.1). A multimorbidity signature of 8 genes was present in all types of multimorbidity for 

asthma, dermatitis, and rhinitis (Table 3, Figure 2A-C): CLC, SLC29A1, FRRS1, IL5RA, 
HRH4, SIGLEC8, EMR4P, IL1RL1. None of these multimorbidity genes was found in 

rhinitis alone.

These 8 genes are overexpressed in participants with multimorbidity (Figure S5), 

with relatively limited fold change magnitude. CLC has the highest log2FC value 

(0.44-0.48), followed by IL5RA (0.28-0.32), EMR4P (0.23-0.29), IL1RL1 (0.20-0.24), 

HRH4 (0.20-0.24).

Power calculation and list of significant DEGs are reported in Table S1. Power in any 

single disease vs no disease was estimated to 79%, reached 62.1% in any multimorbidity, 

and was comparable between asthma multimorbidity, dermatitis multimorbidity, or rhinitis 

multimorbidity (47.3%-56.7%), as compared to asthma alone, dermatitis alone, or rhinitis 

alone (44.3%-53.5%).

We randomly selected 8 genes for validation with RT-qPCR, which had a higher relative 

gene expression in multimorbidity (Figure S6, Table S3).

Sensitivity analysis with adjustment for blood cell counts in BAMSE revealed, at most, a 

13% decrease of the fold change estimate for CLC (Table S4.1). Inhaled corticosteroids did 

not impact the fold change magnitude (Table S4.2).

3.3 ∣ Replication of multimorbidity results in EVA-PR cohorts

Twelve of the 13 DEGs in any multimorbidity had expression values available, and 10 

were replicated (83%) in white blood cells from EVA-PR. Among the multimorbidity 

signature of 8 genes, all were confirmed. The genes with the highest fold changes were 

SLC29A1, IL5RA, CLC, FRRS1, EMR4P, and HRH4 (log2FC = 0.12-0.17). Moreover, 

among the genes tested, none was found significant in participants with asthma alone. One 

gene (CEBPE) and one locus (LOC101927780) in rhinitis alone were replicated. Exhaustive 

results are in Table S5 and Figure S7.

3.4 ∣ Synergistic effects of multimorbidity on the significant genes

Using a linear model including all samples (Table S6), all genes had synergistic effects 

of multimorbidity (σ = 1.5-58.4), except LOC101929979 (σ = 1.1). Figure 2D shows 

the figures for the 12 genes present in at least two of asthma, dermatitis, or rhinitis 

multimorbidity. A linear model based on the number of diseases produced the same results 

(Table S6.3).
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3.5 ∣ Biological interpretation of differentially expressed genes: Functional enrichment 
analysis

We interrogated ontology databases with the DEGs in any multimorbidity (Figure S8, Table 

S7). We identified biological processes and molecular functions such as “transmembrane 
signaling receptor activity,” “immune response,” “cell communication,” or “interleukin-5 
production” (FDR P = 1.2e–03 to P = 3.0e–03), as well as REACTOME pathways such as 

“Signal Transduction,” “Signaling by Interleukins” and “Interleukin-33 signaling” (FDR P 
= 1.2e–03 to P = 1.5e–02). Leukocyte activation was involved (FDR P = 3.5e–03). Similar 

ontology was identified with the DEGs found in adolescents with any multimorbidity (Table 

S7.7). Disease ontology retrieved clusters of respiratory and skin diseases (Figure S9, Table 

S8).

3.6 ∣ Biological interpretation of differentially expressed genes: Protein-protein 
interaction network

We retrieved 37 proteins interacting with the proteins encoded by the 8 DEGs shared in 

multimorbidity. CLC, SLC29A1, IL5RA, SIGLEC8, and IL1RL1, but not HRH4, EMR4P, 

and FRRS1, were retrieved in BIOGRID (Figure 2F). The PPIN had an average clustering 

coefficient of 20.7%, and centralization of 49.8%. Nine of the 37 interactors were involved 

in IL5/JAK/STAT and IL33/ST2/IRAK/TRAF pathways, and 24 in allergy or inflammatory 

processes (online Supplement). IL5RA and IL1RL1 (ST2) belong to IL5/JAK/STAT and 

IL33/ST2/IRAK/TRAF pathways, respectively. Pathway analysis on the interactors (Table 

S9) retrieved 18 members of the REACTOME pathway “Immune System” (R-HSA-168256, 

P = 6.6e–14), and 13 members of “Signaling by Interleukins” (R-HSA-449147, P = 2.1e–

15).

3.7 ∣ Co-expression modules

A module of 60 co-expressed genes (“paleturquoise”) was detected with stringent clustering 

height (h = 0.9, Figure S10.1). Lower height cutoff did not split this module (h = 0.6, 

Figure S10.2). It includes the 8 genes shared in multimorbidity. CLC scored the highest 

gene significance for multimorbidity (GS.multimorbidity = 0.16, P = 4.8e–06), and IL5RA 
scored the highest module membership (MM.paleturquoise = 0.94, P < 1.8e–311). The 

module was positively correlated to any multimorbidity (r2 = .14, P = 5e–05), asthma 

multimorbidity, dermatitis multimorbidity, and rhinitis multimorbidity (r2 = 0.13, P-value 

from 3e–04 to 2e–04). Gene ontology for the 60 co-expressed genes in “paleturquoise” 

(Table S10) retrieved an immune system and signal transduction signature (FDR from P 
= 4.5e–11). The implication of leukocyte (GO:0045321) was detected with 10 genes (P = 

4e–06). Disease ontology retrieved clusters of respiratory and skin diseases.

4 ∣ DISCUSSION

For the first time, this study shows a notable difference between multimorbid and single 

allergic diseases. With a multimorbid approach, we identified important genomic features 

of allergic diseases that would have been missed using a single disease approach. No 

gene was associated to asthma or dermatitis alone but 27 were found in rhinitis alone 

in MeDALL. Thirteen DEGs were found in participants with any multimorbidity as 
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compared to controls. Eight genes were common to asthma, dermatitis, and rhinitis 

multimorbidity. Our key results were highly replicated in the EVA-PR cohort, with 10 

of the 12 tested multimorbidity genes being significant. RT-qPCR in MeDALL validated 

overexpression of selected genes in multimorbidity, which were found associated to immune 

and signaling pathway. Unsupervised analysis retrieved our candidate genes co-expressed 

in a same module, validating their potential involvement in related biological processes. 

Moreover, fold changes of our candidate genes increased along with the number of co-

occurrent diseases. This synergistic effect launches new insights on the mechanisms of 

multimorbidity for allergic diseases. Overall, eosinophil- and T2-associated genes were 

identified, confirming the MeDALL hypothesis that type 2 immunity has an important role 

in the origin of multimorbidity.5

4.1 ∣ Strengths and limitations

We used HTA in the discovery study because of its genome-wide coverage and high number 

of probesets. At the time of study, the reduced costs compared to RNA sequencing allowed 

the analysis of a greater number of samples, thus an increased power to dig into gene 

expression specificities of multimorbidity. The HTA results were highly replicated and 

comparable with the RNA Sequencing results in EVA-PR.

Since allergic diseases are systemic and we assessed multimorbidity, we did not use specific 

tissues from the skin, nose and bronchi but whole blood. We detected genes associated 

with eosinophils and immune response, which partly overlap with the findings from our 

recent MeDALL epigenome-wide study on asthma,17 where CLC, IL5RA, SLC29A1, and 

SIGLEC8 still reach significance after eosinophil correction. Since blood samples were not 

drawn after allergen challenge, which may increase the signal, we expected to find low 

effect sizes (small log2FC values). The limited magnitude of fold change values, observed 

in the literature for asthma,18 does not prevent biological significance.19 Moreover, we 

validated the biological relevance of our genes with RT-qPCR, ontology and network-based 

analyses. We retrieved 13 DEGs comparing 123 participants with any multimorbidity to 

431 participants without allergic disease. The pooling approach of MeDALL allowed us to 

increase FDR significance.

Power was anticipated with a low effect size (d = 0.2). In the present study, we retrieved 

more DEGs in 123 participants with any multimorbidity (13 DEGs with power = 62%) 

than in 232 participants with single disease (no DEGs, power = 79%, Table S1.11). 

Each discovery cohort alone had an insufficient power, validating the pooling approach 

of MeDALL.

Our discovery study included two cohorts of adolescents and one of children, thus limiting 

our capacity to assess the role of age.20 Nevertheless, FDR was reached for 9 genes 

grouping adolescents with any multimorbidity, including CLC, FRRS1, HRH4, IL5RA, 
EMR4P, and IL1RL1, shared between asthma, dermatitis, and rhinitis multimorbidity (Table 

S4.3).

There were some differences between the European and Puerto Rican cohorts, for example 

in age distribution and disease prevalences, that may be explained by the different 
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study designs, populations, and/or lifestyle factors. A complete harmonization of disease 

definitions was not available between discovery and replication cohorts. The resulting 

dissimilarities (eg, inclusion of positive IgE sensitization, or symptom-based definition 

versus self-reported doctor diagnosis) could have led to bias in overselection of IgE 

mechanism–associated genes, or differences in disease prevalence (overselection of more 

severe cases), but the reproducibility of the results showed the generalizability of the 

findings.

4.2 ∣ Replication analyses of multimorbidity

The results for multimorbidity were consistent in particular since the replication cohort was 

from a different environment (Puerto Rico), and RNA Sequencing on white blood cells was 

used.9,21 For example, the log2FC value for CLC in discovery is 0.44 in any multimorbidity 

(expression increased by 36% in allergic participants compared to controls), and 0.14 in 

replication (10% increase). The inter-platform difference is thus 26% for CLC, and less 

than 10% in the other multimorbidity genes. Thus, although some differences in effect 

sizes were noted between the discovery and replication cohorts, our analyses identify robust 

multimorbidity genes such as CLC.

In children and adolescents, asthma or dermatitis alone was not associated with any DEG 

whereas rhinitis alone was associated with 27 DEGs, in line with the clinical knowledge 

that 85% of asthma patients have also rhinitis, whereas only a third of rhinitis patients have 

asthma.2 This study suggests that mechanistic studies in asthma could also benefit from 

considering the presence of rhinitis as multimorbidity. However, despite a distinct signature 

of rhinitis alone in the discovery cohort, the limited replication suggests that further studies 

need to be done.

4.3 ∣ Candidate genes function

Of the eight multimorbidity genes, five were eosinophil-specific genes. CLC 
(Galectin-10),22 which is involved in regulation of T-cell proliferation, and predicts oral 

corticosteroid response in asthma (see Supplementary Bibliography), featured the highest 

log2FC and was significant in any type of multimorbidity. IL5RA has been involved 

in dermatitis23 and asthma,24 IL1RL1 in asthma,25 and was found associated with 

multimorbidity in our computational study of the protein interaction network.5 SIGLEC8 
is a susceptibility locus for asthma.26 Expression levels of SIGLEC8 in our RT-qPCR 

validation were comparable in asthma multimorbidity and asthma alone, highlighting the 

importance of SIGLEC8 in asthma. EMR4P may be involved in leukocyte adhesion and 

migration (Supplementary Bibliography). Among the three other genes, HRH4 was related 

to allergic diseases and immune response (Table 3).27 FRRS1 is a member of cytochrome 

b561, and SLC29A1 mediates the cellular uptake of nucleosides from the surrounding 

medium (Supplementary Bibliography). EMR4P, FRRS1 and SLC29A1 were not previously 

described in allergic diseases.

Moreover, among the genes found with any multimorbidity, or multimorbidity for asthma, 

dermatitis or rhinitis, eight were linked to allergic inflammation and immune response 

(Table 2 and online Supplement). In addition to genes cited above, SEMA7A was 
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eosinophil-specific and may play a role in airway remodeling of asthma.28 CLC, IL5RA, 
SIGLEC8, SEMA7A correlated strongly to differentially methylated CpG sites in asthma.17 

In addition to HRH4, ALOX15,29 and CYSLTR230 were related to allergic diseases and 

immune response.

Among genes found in rhinitis alone, SENP1 is important for the epithelial-mesenchymal 

trophic unit, AK2, CEBPE, GPR65, are involved in white blood cells differentiation, and 

BCAP29 influences the traffic of MHC class I molecules (online Supplement). TNFSF14 
was known in allergy with no known role in inflammation.31

Thirty-two genes were potential novel targets, notably EMR4P, FRRS1, and SLC29A1. 

Nine genes had known roles in inflammatory processes, and nine uncharacterized genes 

corresponded to long intergenic nonprotein coding RNA, or pseudogenes.

These results enforce the role of eosinophil activation in childhood allergic diseases through 

DNA methylation and gene expression processes. Without exhaustive information on blood 

cell composition in MeDALL, we used surrogate variable analysis to detect and adjust 

for unknown surrogate variables, which demonstrated the best performance for cell type 

mixture.14 Moreover, we validated our approach with a sensitivity analysis in one discovery 

cohort (Table S4) and found no major overall influence on the association results. All 

analyses in EVA-PR were adjusted for white blood cell type. Thus, our overall findings 

should not be confounded by higher eosinophil counts in allergic patients per se. Inhaled 

corticosteroids and ß2 agonists did not impact the observed effect (Table S4.2).

4.4 ∣ Multimorbidity-related pathways and unsupervised analysis

PPIN retrieved IL5/JAK/STAT pathway, well known in IL-5 inflammation, and IL33/ST2/

IRAK/TRAF pathway, involved in IL-33 and IL1RL1 inflammation (online Supplement). 

IL1RL1 and IL5RA were shared between asthma, dermatitis, and rhinitis multimorbidity. 

Fifteen other interactors were related to allergy, immune, or inflammatory processes (online 

Supplement).

We validated the signature with WGCNA, and retrieved, in an unsupervised manner, a 

module of co-expressed genes with a high clustering coefficient, which survived a stringent 

height cutoff, indicating biological relationship and strong expression similarities with other 

genes of the module. All 8 genes shared in multimorbidity were co-expressed in this module. 

The module correlation to multimorbidity was significant. Fourteen co-expressed genes were 

involved in allergy and immune processes (online Supplement).

5 ∣ CONCLUSION

Among the 50 genes differentially expressed in participants with any allergic disease, 8 

were common to multimorbidity, and 4 associated with eosinophil expression. All had 

synergistic effect associated to multimorbidity. This genetic signature of multimorbidity can 

provide new diagnostic and therapeutic opportunities. Thirty-two genes previously unknown 

in allergic diseases were discovered. Our results support the need to assess the presence 
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of multimorbidity in clinical and genetic investigations of allergic diseases in children and 

adolescents.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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BAMSE Barn Allergi Miljö Stockholm Epidemiologi Projektet (Children 

Allergy, Milieu, Stockholm, an Epidemiological study)

D Atopic Dermatitis

DEGs Differentially Expressed Genes

EVA-PR Epigenetic Variation and Childhood Asthma in Puerto Ricans

FC Fold Change

FDR False Discovery Rate

GINIplus German Infant Study on the influence of Nutrition Intervention 

PLUS environmental and genetic influences on allergy development

HTA Affymetrix Human Transcriptome Array 2.0

INMA INfancia y Medio Ambiente (Environment and Childhood)

MeDALL Mechanisms of the Development of ALLergy

PPIN Protein-Protein Interaction Network

R allergic Rhinitis

RT-qPCR Reverse Transcription quantitative Polymerase Chain Reaction

WGCNA Weighted Gene Co-Expression Network Analysis
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FIGURE 1. 
Data analysis workflow. Gene expression levels of allergic participants were compared to 

nonallergic controls. Differentially expressed genes (DEGs) with FDR < 5% were detected. 

Expression levels of an arbitrary subset of 8 genes were validated with RT-qPCR. Subset of 

genes was replicated in EVA-PR cohort. Co-expression was assessed with Weighted Gene 

Co-expression Network Analysis (WGCNA). Biological role of genes was interpreted with 

gene and disease ontology functional enrichment, protein-protein network analysis (PPIN), 

and review of literature. *Allergy was defined as the presence of at least one disease among 

asthma, dermatitis, or rhinitis; allergic participants were grouped based on allergic disease 

co-occurrence: 1 disease, or 2 or more diseases (multimorbidity), and/or based on the nature 

of the disease: asthma, dermatitis or rhinitis, and compared to nonallergic participants

Lemonnier et al. Page 16

Allergy. Author manuscript; available in PMC 2022 July 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 2. 
Shared genes in multimorbidity. (A) Number of DEGs shared between any multimorbidity, 

asthma, dermatitis, or rhinitis multimorbidity. The text box lists the 7 genes shared by all 

groups. (B) Heatmap of −log10(FDR P-values) for the 50 genes and each group, with blue-

white color scale on top right panel. Clustering on genes and groups was done with ward 

method on euclidean distance. EMR4P and IL1RL1 are targeted by two probesets. multi.: 

multimorbidity. (C) Heatmap of −log10(FDR p-values) for each gene that is shared between 

at least two of asthma multimorbidity, dermatitis multimorbidity, or rhinitis multimorbidity, 

with blue-white color scale on top right panel. The 8 genes shared between asthma, 

dermatitis, or rhinitis multimorbidity are in bold. Clustering on genes and groups was 

done with ward method on euclidean distance. (D) Normalized fold change variation across 

increasing number of co-occurrent disease, for the 12 genes in C, using a linear multivariate 
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model including all allergic phenotypes. (E) KEGG and REACTOME pathways significant 

(FDR < 5%) with DEGs in asthma, dermatitis, or rhinitis multimorbidity versus controls 

(Table S7.1). Terms are sorted by decreasing significance. (F) BIOGRID PPIN from DEGs 

shared between asthma, dermatitis, and rhinitis multimorbidity. Octogons: proteins encoded 

by our candidate genes; rounded rectangle: interactors, alphabetically sorted in grid layout 

on the bottom right. All types of interactions were considered
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