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Abstract
Background: Emerging research suggests that local lymphatic tissue such as ton-
sils have important role in regulating the immune responses. However, allergen 
sensitization- induced alterations in transcriptome of tonsils are not known.
Objectives: To examine the key differences in tonsillar gene expression between at-
opic and non- atopic subjects and further by type of sensitization.
Methods: RNA- sequencing was performed on 52 tonsillar samples from atopic and 
non- atopic tonsillectomy patients. Sensitization to common food-  and aero- allergen 
was defined by allergen specific IgE. Following groups were studied: (1) aero-  and food- 
allergen sensitized (AS+FS) versus non- sensitized (NS), (2) aeroallergen- sensitized (AS) 
versus food- allergen sensitized (FS), (3) AS versus NS, (4) FS versus NS. Bioinformatics 
analysis was done using DESeq2(v3.10.2), WGCNA and GATK pipeline in R software 
(v3.3.1). Protein– protein interaction network was made from String database.
Results: We studied 13 aeroallergen- sensitized, 6 food- allergen sensitized, 4 both 
food- and aero- allergen- sensitized and 29 non- sensitized tonsillectomy patients. 
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1  |  INTRODUC TION

The prevalence of allergic sensitization is approximately 30% in devel-
oped countries.1 Upper airways serve as the main route of allergens, 
irritants and pathogens to the body. Hence, interactions between en-
vironment, airway barriers and the immune system play an important 
role in health and pathobiology of allergy.2- 5 The palatine tonsils are 
the secondary nasopharyngeal lymphoid tissue and constitute the first 
contact point of the immune system to inhaled or ingested pathogens.5 
The impaired functioning of tonsils may lead to tonsillar hypertrophy 
and affect the quality of life especially in children. The most common 
indications for tonsillectomy in children are recurrent tonsillitis, ob-
structive sleep disorders and complications of tonsillitis.6,7

Atopy can affect the tonsillar immune response especially when 
combined with bacterial or viral infection.7 After contact with an-
tigens, tonsils induce several immune responses where production 
of pro- inflammatory cytokines and chemokines is integral.8 It has 
been studied previously that different clinical characteristics and 
viral infections are associated with distinct immune responses. We 
have previously shown that tonsillar microbiome also exhibited dif-
ference in the atopic compared with non- atopic patients.9 Thus, it 
is important to study the difference of tonsillar gene expression in 
atopic compared with non- atopic patients since this has been rela-
tively little studied.

Tonsils provide a unique and important in vivo model for study-
ing the immune responses to microbes and other antigens.9 Although 

Overall, 697 unique differentially expressed genes (DEGs) were detected in all sen-
sitized subgroups including chemokines (CXCL2, CXCL8, CXCL10, CXCL11), IL- 20RA, 
MUC1 and MUC20. When comparing different groups, the gene expression profiles 
overlapped except the AS versus FS group comparison, suggesting significantly dif-
ferent gene expression between the two sensitization subgroups. Furthermore, 
aeroallergen- sensitized subjects had more prominent immune responses compared 
with non- sensitized and food- allergen sensitized subjects including gene expression 
for IL- 17 pathway and Toll- like receptor signalling pathway.
Conclusion: Allergic sensitization is associated with extensive tonsillar transcriptomic 
alterations and changes in immune related genes and pathways. Distinct differences 
were found between aero- allergen and food- allergen sensitization.

K E Y W O R D S
aeroallergen, atopy, IL- 17, tonsil, transcriptome

G R A P H I C A L  A B S T R A C T
Allergic sensitization, especially to aeroallergens, is extensively associated with tonsillar transcriptomics. Aeroallergen sensitized subjects 
were characterized by increased expression of cytokines, such as IL- 17, and chemokines.
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there are many studies related to diseases of palatine tonsils, for ex-
ample hypertrophy and recurrent tonsillitis; the gene expression in 
palatine tonsils in atopic and non- atopic subjects is not well studied 
in detail.10- 12 Studying transcriptomic changes of palatine tonsil sam-
ples from children with different sensitization patterns will help to 
understand the lymphoid tissue dynamics in relation to sensitization.

1.1  |  Aims and hypothesis

The aim was to analyse palatine tonsillar transcriptome to identify 
key pathways in relation to sensitization pattern by using the RNA- 
sequencing (RNA- seq). The hypothesis was that there is an associa-
tion between different sensitization patterns and gene expression 
profiles of key cytokines.

2  |  METHODS

The methods for inclusion of study subjects and collection of clinical 
and laboratory data are shown in Appendix S1. Self- reported aller-
gies and other clinical data were asked with standard questionnaire 
(Table S2).13 Allergic sensitization was tested with allergen specific 
immunoglobulin IgE antibodies to any of the common food- allergen 
(codfish, cow's milk, egg, peanut, wheat, soybean) or aeroallergens 
(cat, dog, horse, birch, mugwort, timothy, Cladosporium herbarum 
and Dermatophagoides pteronyssinus) with cut- off level 0.35 kU/L 
(Phadiatop Combi®, Phadia, Uppsala, Sweden) (Table 1 and Table 2). 
Animal sensitization was defined as positive IgE antibodies to cat, 
dog, horse or Dermatophagoides pteronyssinus. Birch, mugwort, timo-
thy and Cladosporium herbarum were considered as pollen aeroal-
lergens.14 Respiratory viruses were detected from nasopharyngeal 
aspirates and intratonsillar samples by using PCRs (including reverse 
transcription step when applicable) on nucleic acid extracts.13,15,16

2.1  |  Definitions

• Atopy (sensitization) was defined as positive immunoglobulin (Ig) 
E antibody (≥0.35 kU/L) to any of the following allergens: codfish, 
cow's milk, egg, peanut, soybean, wheat, cat, dog, horse, birch, 
mugwort, timothy, Cladosporium herbarum and Dermatophagoides 
pteronyssinus (Phadiatop Combi®, Phadia, Uppsala, Sweden).

• Food- allergen sensitization was defined as positive IgE antibodies 
to any of the former 6 allergens.

• Aero- allergen sensitization was defined as positive IgE antibodies 
to any of the latter 8 allergens.

• Highly sensitized was defined as IgE > 10 kU/L to any of the aller-
gens detected.

• Allergic symptoms were defined as self- reported allergic rhi-
nitis, doctor- diagnosed atopic eczema (asked in the question-
naire, Table S2) and doctor- diagnosed asthma (asked in the 
questionnaire).

• Virus infection was defined by positive virus PCR test from naso-
pharyngeal aspirate (NPA) or tonsil, and virus coinfection if two or 
more virus PCR tests were positive.

• Tonsillar hypertrophy was defined as enlarged tonsils causing 
symptoms, for example obstructive sleep disorder, snoring and 
eating problems.

• Recurrent tonsillitis was defined as several pharyngitis in the 
medical records.

2.2  |  Comparisons

Tonsillar whole- transcriptome gene expression was compared be-
tween the following predefined groups:

Atopic (allergic sensitized) versus non- atopic (non- sensitized).

2.3  |  Subgroup's analysis

1. Aero-  and food- allergen sensitized (AS+FS) versus non- sensitized 
(NS).
2. Aeroallergen- sensitized (AS) versus food- sensitized (FS).
3. Aeroallergen- sensitized (AS) versus non- sensitized (NS).
4. Food- sensitized (FS) versus non- sensitized (NS).

2.4  |  Additional, exploratory comparisons

5. Highly sensitized (allergen specific IgE sensitization >10 kU/L) ver-
sus non- sensitized.
6. Allergic + sensitized versus non- allergic- non- sensitized.

2.5  |  RNA- sequencing, data processing and 
read mapping

Total RNA from cell samples was isolated using the RNeasy mini kit 
(Qiagen, Hilden, Germany). Reverse transcription was performed 
with the Revert Aid M- MuLV Reverse Transcriptase (Fermentas, St. 
Leon- Rot, Germany) using random hexamer primers according to 
the manufacturers. RNA- sequencing on the samples was carried out 
with Illumina HiSeq 2500. Preprocessing and quality control of reads 
were performed with FastQC (v0.10.1)17 and the filtered single- end 
reads were aligned to the human genome (GRch38) using HISAT 
(v2.1.0).18 The number of uniquely mapped reads varied between 41 
and 50 million per sample.

2.6  |  Bioinformatics analysis of RNA- 
sequencing data

Raw read counts were transformed into normalized data using the 
counts function in Deseq219 R software (v3.3.1). Differentially 
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expressed genes (DEGs) were identified with Deseq2 (v3.10.2) 
threshold for statistical significance was set at a false discovery 
rate (FDR) < 0.05 and log2 (foldchange) greater than 1 or less than 
−1. Hierarchical clustering of genes was done using Pearson corre-
lation and ward linkage. A heatmap of gene expression matrix was 
produced with Pheatmap R package (v3.3.1). The weighted gene 
coexpression network analysis20 algorithm was used to construct 
networks for gene expression from all study participants.

2.7  |  Gene ontology analysis and functional protein 
network analysis

Gene ontology (GO) and pathway enrichment analysis was per-
formed with cluster profiler.21 Functional protein association net-
works were investigated by using STRING (http://strin g- db.org/). 
Cytokines clustering analysis was performed by using in- house col-
lected clusters of cytokines.

Factor Atopic (n = 23) Non- atopic (n = 29) p- value

Median age (range), years 12.4 (2.0– 38.1) 7.5 (3.0– 21.1) 0.14

Male 12 (52%) 16 (55%) 0.70

Self- reported allergya 11 (47%) 8 (28%) 0.069

Indication for adeno−/tonsillectomy

Recurrent tonsillitis 11 (48%) 13 (45%) 0.70

Tonsillar hypertrophy 11 (48%) 13 (45%) 0.94

Other indicationb 1 (4%) 3 (10%) 0.62

Allergen specific sensitization

Food allergen 6 (26%) 0 (0%)

IgE kU/Lc 1.1 (0.7, 1.7)

Aeroallergen 13 (56%) 0 (0%)

IgE kU/Lc 4.3 (1.1, 39.1)

Both food and aeroallergen 4 (17%) 0 (0%)

IgE kU/L, foodc 1.5 (0.6, 10.1)

IgE kU/L, aeroc 46.9 (0.6, 98.2)

Physician diagnosed asthma 5/21 (27%) 3/26 (12%) 0.44

Self- reported allergic rhinitis 10/19 (53%) 3/27 (11%) 0.003

Physician- diagnosed atopic 
dermatitis

2/20 (10%) 6/29 (21%) 0.32

Upper respiratory symptoms on 
the operation dayd

4/18 (22%) 4/25 (16%) 0.70

Cough on the operation day 2/18 (4%) 1/25 (11%) 0.56

Respiratory viruses in tonsillar 
tissue

11 (48%) 15 (52%) 0.78

Respiratory viruses in nasopharynx 18 (75%) 24 (83%) 0.49

Smoking or exposure to smoking 10/22 (45%) 15/28 (54%) 0.57

Use of antibiotics within 1 year 15/19 (79%) 18/28 (64%) 0.28

Season of sampling

April– August (in- season) 9 (39%) 11 (38%) 0.93

September– March (off- season) 14 (61%) 18 (62%) 0.93

Note: Data are expressed as number of subjects (%) except age. Differences between atopic vs. 
nonatopic subjects were calculated with Mann– Whitney U test, Chi square test or Fischer exact 
test (when counts <5). Allergen specific sensitization was defined as positive immunoglobulin (Ig) E 
antibody (≥0.35 kU/L) to any of the following allergens: codfish, cow's milk, egg, peanut, soybean, 
wheat, cat, dog, horse, birch, mugwort, timothy, Cladosporium herbarum and Dermatophagoides 
pteronyssinus (Phadiatop Combi®, Phadia, Uppsala, Sweden). The latter eight allergens were 
considered as aeroallergens.
aAnimal or housedust mite, pollen, food or drug allergy.
bChronic white patches in tonsils (n = 1), teeth braces (n = 1), periodic fever (n = 2).
cData expressed as median (IQR).
dTwo had rhinitis, two had throat pain, two had cough and rhinitis, one had cough and throat pain 
and one had rhinitis and throat pain.

TA B L E  1  Patient characteristics

http://string-db.org/
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2.8  |  Variants analysis

In order to find the regulatory variants responsible for the differen-
tial expression, we performed eQTL analysis which identifies cis and 
trans regulatory elements. For this purpose, variant calling from the 
HISat2 alignments was performed using Genome Analysis Toolkit 
(GATK)22 following the best practices (https://gatk.broad insti tute.
org/hc/en- us/artic les/36003 55311 92- RNAse q- short - varia nt- disco 
very- SNPs- Indel s- ; last accessed 03.08.2020). The SNPs were func-
tionally annotated using ANNOVAR.23 The correlation between the 
gene expression and the expressed SNPs was assessed using ReQTL 
implemented in R.24 Finally, SNPs that passed the filtering criteria 
were subjected to eQTL analysis (p value cis < 1e- 6; p value trans 
<1e- 6) along- with the batch corrected gene expression matrix, sen-
sitization pattern and other covariates (Age groups and sex).

3  |  RESULTS

3.1  |  Differential gene expression in palatine tonsil 
samples

3.1.1  |  Atopic versus non- atopic

To obtain an overview of the tonsillar gene expression differ-
ences in atopic (n = 23) and non- atopic (n = 29) subjects, we 
compared the RNA- seq data in these groups. A linear regression 
model was fitted to the data to analyse the variation at the group 
level. However, the comparison of atopic and non- atopic subjects 
showed no statistically significant results (FDR <0.05). Most in-
teresting findings were found from subgroup comparisons (see 
below).

TA B L E  2  Patient characteristics between the groups

Factor
Aeroallergen sensitized 
(AS) n = 13

Food allergen 
sensitized (FS) n = 6

Aero-  and food- allergen 
sensitized (A + FS) n = 4

Non- sensitized 
(NS) n = 29 p- value

Median age (range), years 14.2 (7.5– 38.1) 4.6 (2.0– 15.5) 6.8 (4.1– 18.5) 7.5 (3.0– 21.1) 0.006

Male 8 (62%) 2 (33%) 2 (50%) 16 (55%) 0.71

Self- reported allergya 6/11 (55%) 2/5 (40%) 3 (75%) 8/26 (31%) 0.28

Indication for adeno−/tonsillectomy

Recurrent tonsillitis 9 (69%) 1 (17%) 1 (25%) 13 (45%) 0.13

Tonsillar hypertrophy 4 (31%) 5 (83%) 2 (50%) 13 (45%) 0.20

Other indicationb 0 0 1 (25%) 3 (10%) 0.31

Physician diagnosed asthma 2/12 (17%) 2/5 (40%) 1 (25%) 3/26 (12%) 0.46

Self- reported allergic rhinitis 6/10 (60%) 1/5 (20%) 3 (75%) 3/27 (11%) 0.004

Physician- diagnosed atopic 
dermatitis

0 0 2 (50%) 6 (21%) 0.088

Upper respiratory symptoms 
on the operation dayc

2/9 (22%) 1/5 (20%) 1 (25%) 4/25 (16%) 0.96

Cough on the operation day 1/5 (20%) 1/9 (11%) 0 1/25 (4%) 0.54

Respiratory viruses in 
tonsillar tissue

7 (54%) 2 (33%) 2 (50%) 15 (52%) 0.86

Respiratory viruses in 
nasopharynx

9 (69%) 6 (100%) 3 (75%) 24 (83%) 0.44

Smoking or exposure to 
smoking

7/12 (58%) 3 (50%) 0 15/28 (54%) 0.21

Use of antibiotics within 
1 year

8/10 (80%) 5/5 (100%) 2/4 (50%) 18/28 (64%) 0.28

Season of sampling

April– August 4 (31%) 2 (33%) 3 (75%) 11 (38%) 0.45

September– March 9 (69%) 4 (67%) 1 (25%) 18 (62%) 0.45

Note: Data are expressed as number of subjects (%) except age. Differences between the groups were calculated with Kruskal– Wallis test, Chi square 
test or Fischer exact test (when counts <5). Allergen specific sensitization was defined as positive immunoglobulin (Ig) E antibody (≥0.35 kU/L) to 
any of the following allergens: codfish, cow's milk, egg, peanut, soybean, wheat, cat, dog, horse, birch, mugwort, timothy, Cladosporium herbarum and 
Dermatophagoides pteronyssinus (Phadiatop Combi®, Phadia, Uppsala, Sweden). The latter eight allergens were considered as aeroallergens.
aAnimal or housedust mite, pollen, food or drug allergy.
bChronic white patches in tonsils (n = 1), teeth braces (n = 1), periodic fever (n = 2).
cTwo had rhinitis, two had throat pain, two had cough and rhinitis, one had cough and throat pain and one had rhinitis and throat pain.

https://gatk.broadinstitute.org/hc/en-us/articles/360035531192-RNAseq-short-variant-discovery-SNPs-Indels-
https://gatk.broadinstitute.org/hc/en-us/articles/360035531192-RNAseq-short-variant-discovery-SNPs-Indels-
https://gatk.broadinstitute.org/hc/en-us/articles/360035531192-RNAseq-short-variant-discovery-SNPs-Indels-
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3.1.2  |  Aero-  and food- allergen sensitization 
versus no sensitization

When comparing AS+FS and NS groups, a total of 97 (5 up-  and 92 
down- regulated) DEGs were identified (FDR <0.05 and log2 (fold-
change) greater than 1 or less than −1) (Figure 1A, Table E1 in this 
article's Online Repository). Of these 97 DEGs, the top upregu-
lated genes were CXCL10, CXCL11 and CXCL9 (Table 3). DEGs in 
this group were found to be enriched in KEGG pathways viral pro-
tein interaction with cytokine and cytokine receptor, cytokine– 
cytokine receptor interaction, chemokine signalling pathway and 
Toll- like receptor signalling pathway (Figure 2A). The downregu-
lated genes were enriched in GO BP cornification, keratinization 
and cornified envelope (Table GO results in this article's Online 
Repository).

3.1.3  |  Aeroallergen sensitization versus food- 
allergen sensitization

When comparing AS and FS groups, a total of 680 (495 up-  and 
185 down- regulated) DEGs were identified (FDR <0.05 and log2 
(foldchange) greater than 1 or less than −1) (Figure 1A, Table E2 in 
this article's Online Repository). Of these 680 DEGs, some DEGs 
were linked to immune response, for example CXCL2, CXCL3, 
CXCL5, CXCL8, CXCL9, CXCL10, CXCL11, CXCL2, MUC1, MUC4, 
MUC20, DEFB4A and DEFB1 (Table 3). Upregulated genes in AS 
subjects were enriched in GO BP including inflammatory response, 
cytokine mediated signalling pathway, neutrophil chemotaxis and 
neutrophil degranulation. Upregulated genes were also enriched 
for KEGG pathways such as Pertussis, IL- 17 signalling pathway, 
viral protein interaction with cytokine and cytokine receptor and 
Toll- like receptor signalling pathway (Figure 2A). KEGG enrich-
ment for downregulated genes was found for oxidative phospho-
rylation and Fanconi anaemia pathway (Table GO results in this 
article's Online Repository).

3.1.4  |  Aeroallergen sensitization versus no 
sensitization

When comparing AS and NS groups, a total of 76 (56 up-  and 20 
down- regulated) DEGs were identified (FDR <0.05 and log2 (fold-
change) greater than 1 or less than −1) (Figure 1A, Table E3 in this 
article's Online Repository). We found several interesting, upregu-
lated genes in the comparison AS versus NS group including VSIG2, 
IL- 20RA, LGALS7, DEFB4A, FOS, CXCL2, CXCL3, CXCL5, CXCL8, DEFB1 
and CXCR2 (Table 3). KEGG pathway enrichment showed the up-
regulation of genes for IL- 17 pathway, viral protein interaction with 
cytokine and cytokine receptor, cytokine– cytokine receptor inter-
action, chemokine signalling pathway and Toll- like receptor signal-
ling pathway, NF- Kappa B signalling pathway and NOD- like receptor 
signalling pathway (Figure 2A).

The upregulated genes in this comparison and from other com-
parisons were clustered into a fine string network (Figure 2B). 
These upregulated genes were found to be enriched in chemokine- 
mediated signalling pathway, cytokine- mediated signalling pathway, 
neutrophil chemotaxis, inflammatory response and response to bac-
terium. There were no enrichment results found for the downregu-
lated genes in this group.

3.1.5  |  Food- allergen sensitization versus no 
sensitization

When comparing FS and NS groups, a total of 174 (14 up-  and 160 
down- regulated) DEGs were identified (FDR <0.05 and log2 (fold-
change) greater than 1 or less than −1) (Figure 1A, Table E4 in this 
article's Online Repository) These DEGs included CXCL5, CXCL9, 
CXCL10 and CXCL11 (Table 3). Upregulated genes were enriched in 
several GO BP including Electron transport coupled proton trans-
port, oxidative phosphorylation and aerobic respiration (Figure 2A 
& B). Downregulated genes were enriched in GO BP Cornification, 
epithelial cell differentiation and programmed cell death.

3.2  |  Overview of tonsillar RNA- sequencing 
transcriptome

Pairwise comparisons (Figure 1A) showed different levels of differ-
entially expressed genes with significant differences in AS versus FS 
group (Table E2). Many DEGs were observed overlapping in all group 
comparisons except the AS versus FS group that had 442 different 
DEGs (Figure 1C), suggesting that the gene expression is significantly 
different in these two types of sensitizations. The overall unique 
DEGs in all group comparisons are shown in heatmap (Figure 1B), 
with 97, 680, 76 and 174 DEGs in AS+FS versus NS, AS versus FS, 
AS versus NS and FS versus NS respectively.

Interestingly, AS+FS versus NS and FS versus NS exhibited same 
overall expression profile while AS versus NS and AS versus FS 
showed different pattern of gene expression. Mainly, DEGs in AS 
subjects showed a distinct expression profile in the heatmap. In ad-
dition, immune- related gene cluster analysis showed distinct gene 
expression in all group comparisons (Figure 3A,B).

3.3  |  Network analysis

We constructed weighted gene co- expression networks of the 
RNA- seq data to perform functional classification related to each 
subject group. WGCNA (Weighted Gene Co- expression Network 
Analysis) analysis can identify clusters or modules of genes that 
have similar gene expression pattern. Hereby, we hypothesize that 
modules of genes that are co- expressed are most likely to partici-
pate in same biological functions. In this analysis, we identified 22 
modules (Figure 4A,C); 5 modules were found statistically significant 
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in self- reported allergy, food and aeroallergen sensitization. Blue 
module (Figure 4C) was positively associated with food- allergen 
sensitization and negatively associated with aeroallergen sensitiza-
tion. Functional enrichment of genes in blue module showed enrich-
ment in Fanconi anaemia pathway, B- cell receptor signalling pathway 
and viral carcinogenesis. This functional characterization suggests 
that genes co- expressed in blue module is related to atopy. GO BP 
(Biological Process) enrichment showed results in viral process. Pink 
module that was enriched in allergy, the genes in this module were 
enriched in antigen processing: Ubiquitination and Proteasome deg-
radation and ISG1- antiviral mechanism. We identified significantly 
overrepresented biological pathways and gene ontology terms for 
each module in the network. GO analysis revealed the enrichment 

in response to organic substance and viral process. Protein– protein 
interaction network of genes clustered in firebrick4 module showed 
the interaction of the proteins (Figure 4B). GO enrichment of genes 
in red colour nodes exhibited response to cytokine stimulus, regu-
lation of inflammatory response, regulation of cytokine production 
and viral process.

3.4  |  Variants analysis

We performed variant analysis of RNA- seq data to identify the 
genomic variants that were associated with sensitization and types 
of sensitizations. Altogether, 56,872 filtered SNPs were employed 

F I G U R E  1  Differential gene expression in sensitized and non- sensitized subjects. (A) Volcano plots show the DEGs measured by the 
RNA- seq analysis in the four groups, that is aero-  and food- allergen sensitized versus non- sensitized (AS+FS versus NS), aeroallergen 
sensitized (AS) versus food- allergen sensitized (FS), AS versus NS, FS versus NS and (please see methods for details). Red, pink and blue dots 
represent DEGs at FDR <0.05 & log2|FC| > 1, log2|FC| > 1, FDR <0.05 respectively. (B) Heatmap exhibits gene expression in unique DEGs 
(FDR <0.05 & log2|FC| > 1) in all the subject groups. Gene expression changes (log2 fold changes from their mean values) are represented by 
colors (blue to red) in the heat map. (C) Venn diagram shows DEGs (FDR <0.05 & log2|FC| > 1) between each pairwise comparison of the four 
groups; numbers show DEGs.
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for the eQTL analysis. Of these, a total of 640 susceptibility regu-
latory variants (2 cis-  and 638 trans) were having an FDR value of 
<0.05, indicating the most robust changes that were associated with 
sensitization. Our results showed that these susceptibility variants 

can affect the expression of 109 DEGs in tonsillar RNA- seq data (see 
variants data table in this article's Online Repository). The results 
suggested significant SNPs including cis regulators rs1049092 (mis-
sense variant) and rs118027159 (intron variant), for HLA- DQB1 and 

F I G U R E  2  Functional enrichment and protein– protein interaction network of upregulated genes from all groups of comparisons. (A) The 
figure shows KEGG pathways enriched for DEGs (FDR <0.05 & log2(FC) > 1). p. adjust represents adjusted p value for the KEGG pathway 
enrichment. (GO Table). (B) String protein– protein interaction network analysis of the upregulated genes (FDR <0.05 & log2(FC) > 1) from all 
groups of comparisons. The nodes in red colour indicate KEGG pathways enrichment from Figure 2A.
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TUG1 respectively. Other clinically interesting variants included 116 
trans SNPs that were significantly associated with the expression 
of IL- 1B gene. (Table 4, see variants data table in this article's Online 
Repository). Furthermore, we identified novel trans variants for 
MAPK3, MUC- 21, IL- 1B and HLA- DQB1. The variants with the known 
association with the phenotype and genes with large number of vari-
ants are shown in Table 4.

4  |  DISCUSSION

This is the first study to evaluate palatine tonsillar RNA- seq tran-
scriptomic alterations in relation to sensitization patterns. Our data 
provide new insights into the gene expression of tonsils. No overall 
DEGs were found between atopic and non- atopic groups. However, 
large number of DEGs were found in comparing sensitization sub-
groups. As expected, many subgroup comparisons showed that spe-
cific sensitization was associated with overrepresented chemokines 
(CXCL2, CXCL8, CXCL10 and CXCL11) and genes from MUC- family 
(MUC1, MUC20). Interestingly, aeroallergen versus food sensitized 
subjects showed 63% distinctively different genes. Furthermore, 
aeroallergen sensitized subjects had more prominent immune re-
sponses including gene expression for IL- 17 pathway. We are also 

first to investigate the effect and association of gene variants with 
the allergic sensitization across the tonsillar transcriptome.

The exploration of the DEGs identified in AS+FS versus NS 
group found that in addition to other highly upregulated genes, 
especially the chemokines (CXCL10 and CXCL11) showed elevated 
expression. These are proinflammatory chemokines that regulate 
and maintain inflammatory immune responses by mobilizing the 
immune cells to the infection site. CXCL10 can worsen allergic air-
way inflammation.29 In addition, CXCL10 has recently been found 
to be associated with food allergy in very young children.30 AS 
versus NS subjects on the other hand, showed the upregulation 
of chemokines (CXCL2, CXCL8/IL- 8) which are involved in regulat-
ing immune responses in inflammatory diseases.27,31,32,33 IL- 8 is a 
major inflammatory mediator31 known to be stimulated by envi-
ronmental changes, bacterial infection or IL- 1 gene expression.34 
IL- 8 has been found in airway epithelial cells upon the exposure 
of allergens and may act as chemoattractant in allergic individ-
uals.35 IL- 8 binds to the G- protein couple receptors CXCR1 and 
CXCR2 for inducing the inflammatory response.32 Interestingly, 
we also found the upregulation of IL- 8 receptor, that is CXCR2 in 
AS subjects. IL- 8 is mainly involved in inducing the inflammatory 
response by recruiting the neutrophils, mononuclear phagocytes, 
mast cells and T cells. IL- 8 contributes to the pathogenesis of 

F I G U R E  3  The figure shows the 
examples from manually collected 
database of differentially expressed genes 
(FDR <0.05) for transcription Factors 
(A), cytokines and chemokines (B & C) in 
our data. The figure shows the varying 
expression of cytokines, chemokines, 
and transcription factors in all groups 
of comparisons from tonsillar RNA- seq 
data. Log2FoldChange values are colour 
coded from blue (low) to yellow (high). 
Expression of genes in groups differ that 
indicates genes can express distinctively 
under the effect of different kind of 
sensitization (Please see this in article's 
Online repository table for abbreviations).
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several respiratory diseases including bronchial asthma, acute re-
spiratory distress syndrome, respiratory syncytial virus infections 
and viral bronchiolitis.32,33,36 Moreover, IL- 8 may play crucial role 
in the onset of acute asthma exacerbations or severity of allergic 
asthma.1,2 Therefore, it is implicated to control the atopic asthma 
by mediating the IgE production.37 Since IL- 8 and CXCL2 are im-
portant part of inflammatory processes, their aberrant expression 
can also mediate the inflammatory processes in tonsils of aero- 
sensitized subjects.

In addition, DEGs from MUC family (MUC1, MUC20) were upreg-
ulated in AS versus NS and AS versus FS subjects. MUC1 is an anti- 
inflammatory gene of mucin family expressed in nasal, pharyngeal, 
bronchial and tracheal cells in the human airway and in lung epithe-
lial cells.38,39 MUC1 is known for its function in many inflammatory 
diseases. For example, Li- Bo et al40 reported significantly decreased 
expression of MUC1 in nasal epithelium of AR patients and rats with 
AR. This may suggest that deficiency of MUC1 can be involved in the 
inflammation of the tonsils of allergic sensitized subjects. Further 
exploration of the genes more highly expressed in the AS subjects 
compared with NS subjects indicated that in addition to the changes 
in chemokines and MUC genes, IL- 20RA gene is also upregulated. 

IL- 20RA is an IL- 10 related cytokine that is potentially associated to 
eczema. Higher expression of IL- 20RA is associated with excessive 
cell proliferation and psoriasis such as skin disease.41 Since tonsils 
are made of several small crypts which are surrounded by epithe-
lium, higher expression of IL- 20RA indicates that it may play a role in 
sensitized tonsils.

The potentially most important and clinically relevant finding 
was the identification of upregulated genes in IL- 17 pathway in AS 
versus NS and AS versus FS subjects. IL- 17 is a proinflammatory 
cytokine well known for its immune protective function in several 
inflammatory diseases.42 This is also known to play crucial role in 
type- III inflammatory response against extracellular pathogens and 
fungi.43 A major function of IL- 17 is the recruitment of neutrophils 
during an infection.44 Moreover, IL- 17 induces the gene expression 
of some other genes in inflammatory response by activating immune 
pathways including NF- κB.44 However, the role of IL- 17 pathway 
in human tonsils in relation to allergic sensitization has been unex-
plored previously. We identified that genes enriched in IL- 17 path-
ways from our data are statistically significant; however, the gene 
ratio in this pathway is small but smaller alterations in the genes can 
alter the pathways.45 In addition, one gene can change and affect 

F I G U R E  4  Identification of 
coexpressed genes in Network modules 
found in tonsil gene expression data. (A) 
Weighted gene coexpression network 
which was used to identify modules of 
coexpressed genes. Figure shows cluster 
dendrograms for the networks containing 
22 modules where dendrogram represents 
the weighted correlation network 
analysis across all the tonsillar samples. 
Each network module is represented by 
a different colour. (B) Protein– protein 
interaction network of genes clustered 
in firebrick4 module. The figure shows 
the interaction of the proteins and 
GO enrichment of red colour nodes in 
response to cytokine stimulus, regulation 
of inflammatory response, regulation of 
cytokine production and viral process. (C) 
Trait- module relationship heatmap, y- axis 
shows modules and x- axis shows traits. 
Heatmap shows correlation and p- values 
for the correlation values in the same box.
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the gene expression, a group of genes expressed statistically signif-
icant, should not be ignored. NF- κB and MAPK signalling pathway 
are activated in NOD- like receptor (NLRs) signalling pathway. NLRs 
induce innate immunity by activating NF- κB and MAPK signalling 
pathways.46 Activation of these pathways induces the inflammatory 
cytokines or chemokines. NLRs are also considered intracellular sen-
sors of microbial infection. In addition, NOD1 has been associated 
with asthma and atopic eczema.47 In our data, we identified the el-
evated expression of NOD- like receptor pathway that suggests the 
potential role of NLRs in tonsils of sensitized individuals.

The present study is the first one that has investigated the effect 
and association of variants with the allergic sensitization across the 
tonsillar transcriptome. The variant calling and subsequent expression 
quantitative trait locus (eQTL) analysis was performed to assess the 
presence of regulatory variants (cis or trans) that directly influence the 
expression of differentially expressed genes between atopic and non- 
atopic individuals.48 We observed 2 cis and 638 trans- eQTLs which 
have shown association with the expression of the DEGs in our data. 
Novel genes that were targets of these regulatory variants include the 
following: IL- 1B, HLA- DQB1,49- 51 MAPK3, MUC- 21 and TUG1. Many 
of these genes are known candidates for allergic or tonsillar diseases 
revealed through genome- wide association studies (GWAS). For ex-
ample, Bønnelykke et al52 has already described an association of 
HLA- DQB1 variant with allergic sensitization. Furthermore, present 
study also illustrates the complex regulation of IL- 1B expression with 
largest number of trans- eQTLs (116, FDR <0.05). IL- 1B is a member of 
cytokine family IL- 1 which plays pivotal role in the activation of proin-
flammatory innate and adaptive immune response to a wide range of 
stimuli. IL- 1B is very strong in exerting proinflammatory reactions to 
the extra cellular pathogens.53 Overall, these finding may suggest that 
these variants can have influence on the expression level of associated 
DEGs and with allergic sensitization.

The strengths of the study include carefully characterized 
patients and high laboratory standards. Our study has some lim-
itations. All our study samples were taken from tonsillectomy 
patients suffering mainly from tonsillar hypertrophy or recurrent 
tonsillar infections. We did not have any samples from control/
healthy subjects. Second, the ratio of the subject groups was 
slightly uneven, but the tools including DESeq2 enabled us to han-
dle this problem quite well. DESeq2 distribute the read count to 
solve the batch problem before doing the differential expression 
analysis. Additionally, only subsets of patients had serum available 
for allergen specific IgE testing. Also, this study is entirely based 
on transcriptional profile and cannot identify potential cells in-
volved. However, overall sample size of this study is supposed to 
decrease the bias. In addition, the findings of this study should be 
confirmed in an independent sample set.

5  |  CONCLUSIONS

The type of allergic sensitization is associated with extensive tonsil-
lar transcriptomic alterations and changes in immune- related genes TA
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and pathways. Distinct differences were found between aeroaller-
gen and food allergen sensitization groups, which could reflect dif-
ferent pathobiology behind them.

AUTHOR CONTRIBUTIONS
TJ and CA involved in conception and study design. TP, LI and EM 
collected the data. TH, FA, GT and LI involved in data management 
and analysis. TJ was a lead study coordinator. TH and TJ involved in 
drafting and writing of the manuscript. TJ, CA, STS, GT, FA, TH, LI, 
EM and TP involved in critical revision of the manuscript. All authors 
read, edited and approved the final manuscript.

ACKNOWLEDG MENTS
We thank Kirstin Jansen from SIAF for her contribution in making 
cytokine cluster in this study.

FUNDING INFORMATION
This work was supported by Sigrid Juselius foundation, 
Instrumenterium foundation, The Ella and Georg Ehrnrooth foun-
dation, Finnish and Norweigen medical foundation, Maud Kuistila 
foundation, Ida Montin foundation, Vaino and Laina Kivi founda-
tion, Biomedicum foundation, TYKS foundation, Päivikki and Sakari 
Sohlbergin foundation, Allergy Research Foundation and The Paulo 
foundation. L.I. was supported by the Finnish ORL- HNS Foundation 
and the Finnish Cultural Foundation. E.M. was supported by the 
Finnish Cultural Foundation. All in Finland.

CONFLIC T OF INTERE S T
The authors declare no conflict of interest in relation to this work.

ORCID
Tanzeela Hanif  https://orcid.org/0000-0001-9158-6841 
Oscar Palomares  https://orcid.org/0000-0003-4516-0369 
Sanna Toppila- Salmi  https://orcid.org/0000-0003-0890-6686 
Tuomas Jartti  https://orcid.org/0000-0003-2748-5362 

R E FE R E N C E S
 1. Justiz Vaillant AA, Modi P, Jan A. Atopy. StatPearls. Published on-

line 2020.
 2. Akdis M, Verhagen J, Taylor A, et al. Immune responses in healthy 

and allergic individuals are characterized by a fine balance between 
allergen- specific T regulatory 1 and T helper 2 cells. J Exp Med. 
2004;199:1567- 1575. doi:10.1084/jem.20032058

 3. Meiler F, Zumkehr J, Klunker S, Rückert B, Akdis CA, Akdis M. In 
vivo switch to IL- 10- secreting T regulatory cells in high dose aller-
gen exposure. J Exp Med. 2008;205(12):2887- 2898. doi:10.1084/
jem.20080193

 4. Akdis M, Akdis CA. Therapeutic manipulation of immune toler-
ance in allergic disease. Nat Rev Drug Discov. 2009;8(8):645- 660. 
doi:10.1038/nrd2653

 5. Palomares O, Rückert B, Jartti T, et al. Induction and mainte-
nance of allergen- specific FOXP3+ Treg cells in human tonsils as 
potential first- line organs of oral tolerance. J Allergy Clin Immunol. 
2012;129(2):510- 520. doi:10.1016/j.jaci.2011.09.031

 6. Mitchell RB, Archer SM, Ishman SL, et al. Clinical practice guide-
line: tonsillectomy in children (update)— executive summary. 

Otolaryngol Head Neck Surg. 2019;160(2):187- 205. doi:10.1177/ 
0194599818807917

 7. Sadeghi- Shabestari M, Jabbari Moghaddam Y, Ghaharri H. Is 
there any correlation between allergy and adenotonsillar tissue 
hypertrophy? Int J Pediatr Otorhinolaryngol. 2011;75(4):589- 591. 
doi:10.1016/j.ijporl.2011.01.026

 8. Mandapathil M, Beier UH, Graefe H, et al. Differential chemokine 
expression patterns in tonsillar disease. Acta Otorhinolaryngol Ital. 
2018;38(4):316- 322. doi:10.14639/0392- 100X- 1743

 9. Ivaska LE, Hanif T, Ahmad F, et al. Tonsillar microbial diversity, 
abundance, and interrelations in atopic and non- atopic individuals. 
Allergy: European. J Allergy Clin Immunol. 2020;75(8):2133- 2135. 
doi:10.1111/all.14306

 10. Mikola E, Elenius V, Saarinen M, et al. Tonsillar cytokine expres-
sion between patients with tonsillar hypertrophy and recur-
rent tonsillitis. Clin Transl Allergy. 2018;8(1):22. doi:10.1186/
s13601- 018- 0205- z

 11. Geißler K, Weigel C, Schubert K, Rubio I, Guntinas- Lichius O. 
Cytokine production in patients with recurrent acute tonsillitis: 
analysis of tonsil samples and blood. Sci Rep. 2020;10(1):13006. 
doi:10.1038/s41598- 020- 69981- 1

 12. Proença- Módena JL, Buzatto GP, Paula FE, et al. Respiratory 
viruses are continuously detected in children with chronic 
tonsillitis throughout the year. Int J Pediatr Otorhinolaryngol. 
2014;78(10):1655- 1661. doi:10.1016/j.ijporl.2014.07.015

 13. Jartti T, Palomares O, Waris M, et al. Distinct regulation of tonsil-
lar immune response in virus infection. Allergy. 2014;69:658- 667. 
doi:10.1111/all.12396

 14. Elenius V, Palomares O, Waris M, et al. The relationship of serum 
vitamins a, D, E and LL- 37 levels with allergic status, tonsillar virus 
detection and immune response. PLoS One. 2017;12(2):119- 124.

 15. Jartti T, Lehtinen P, Vuorinen T, et al. Respiratory picorna-
viruses and respiratory syncytial virus as causative agents 
of acute expiratory wheezing in children. Emerg Infect Dis. 
2004;10(6):1095- 1101.

 16. Silvoniemi A, Mikola E, Ivaska L, et al. Intratonsillar detec-
tion of 27 distinct viruses: a cross- sectional study. J Med Virol. 
2020;92:3830- 3838.

 17. Andrews S. FASTQC A Quality Control Tool for High Throughput 
Sequence Data. Babraham Institute; 2015.

 18. Kim D, Langmead B, Salzberg SL. HISAT: a fast spliced aligner with 
low memory requirements. Nat Methods. 2015;12(4):357- 360. 
doi:10.1038/nmeth.3317

 19. Love MI, Huber W, Anders S. Moderated estimation of fold change 
and dispersion for RNA- seq data with DESeq2. Genome Biol. 
2014;15(12):550. doi:10.1186/s13059- 014- 0550- 8

 20. Langfelder P, Horvath S. WGCNA: an R package for weighted 
correlation network analysis. BMC Bioinformatics. 2008;9:559. 
doi:10.1186/1471- 2105- 9- 559

 21. Yu G, Wang LG, Han Y, He QY. ClusterProfiler: an R package 
for comparing biological themes among gene clusters. OMICS. 
2012;16(5):284- 287. doi:10.1089/omi.2011.0118

 22. Depristo MA, Banks E, Poplin R, et al. A framework for variation 
discovery and genotyping using next- generation DNA sequencing 
data. Nat Genet. 2011;43(5):491- 498. doi:10.1038/ng.806

 23. Wang K, Li M, Hakonarson H. ANNOVAR: functional annotation 
of genetic variants from high- throughput sequencing data. Nucleic 
Acids Res. 2010;38(16):e164. doi:10.1093/nar/gkq603

 24. Spurr LF, Alomran N, Bousounis P, et al. ReQTL: identifying cor-
relations between expressed SNVs and gene expression using 
RNA- sequencing data. Bioinformatics. 2020;36(5):1351- 1359. 
doi:10.1093/bioinformatics/btz750

 25. Tworek D, Kuna P, Młynarski W, Górski P, Pietras T, Antczak A. MIG 
(CXCL9), IP- 10 (CXCL10) and I- TAC (CXCL11) concentrations after 
nasal allergen challenge in patients with allergic rhinitis. Arch Med 
Sci. 2013;9(5):849- 853. doi:10.5114/aoms.2013.37198

https://orcid.org/0000-0001-9158-6841
https://orcid.org/0000-0001-9158-6841
https://orcid.org/0000-0003-4516-0369
https://orcid.org/0000-0003-4516-0369
https://orcid.org/0000-0003-0890-6686
https://orcid.org/0000-0003-0890-6686
https://orcid.org/0000-0003-2748-5362
https://orcid.org/0000-0003-2748-5362
https://doi.org/10.1084/jem.20032058
https://doi.org/10.1084/jem.20080193
https://doi.org/10.1084/jem.20080193
https://doi.org/10.1038/nrd2653
https://doi.org/10.1016/j.jaci.2011.09.031
https://doi.org/10.1177/0194599818807917
https://doi.org/10.1177/0194599818807917
https://doi.org/10.1016/j.ijporl.2011.01.026
https://doi.org/10.14639/0392-100X-1743
https://doi.org/10.1111/all.14306
https://doi.org/10.1186/s13601-018-0205-z
https://doi.org/10.1186/s13601-018-0205-z
https://doi.org/10.1038/s41598-020-69981-1
https://doi.org/10.1016/j.ijporl.2014.07.015
https://doi.org/10.1111/all.12396
https://doi.org/10.1038/nmeth.3317
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/1471-2105-9-559
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1038/ng.806
https://doi.org/10.1093/nar
https://doi.org/10.1093/bioinformatics
https://doi.org/10.5114/aoms.2013.37198


    |  15HANIF et al.

 26. Alrashdan YA, Alkhouri H, Chen E, et al. Asthmatic airway smooth 
muscle CXCL10 production: mitogen- activated protein kinase JNK 
involvement. Am J Physiol Lung Cell Mol Physiol. 2012;302(10):L1118
- L1127. doi:10.1152/ajplung.00232.2011

 27. Al- Alwan LA, Chang Y, Mogas A, et al. Differential roles of CXCL2 
and CXCL3 and their receptors in regulating Normal and asthmatic 
airway smooth muscle cell migration. J Immunol. 2013;191(5):2731- 
2741. doi:10.4049/jimmunol.1203421

 28. Dhondalay GKR, Bunning B, Bauer RN, et al. Transcriptomic and 
methylomic features in asthmatic and nonasthmatic twins. Allergy. 
2020;75(4):989- 992. doi:10.1111/all.14128

 29. Qin S, Alcorn JF, Craigo JK, et al. Epigallocatechin- 3- gallate re-
duces airway inflammation in mice through binding to proinflam-
matory chemokines and inhibiting inflammatory cell recruitment. J 
Immunol. 2011;186(6):3693- 3700. doi:10.4049/jimmunol.1002876

 30. Berdi M, de Lauzon- Guillain B, Forhan A, et al. Immune compo-
nents of early breastmilk: association with maternal factors and 
with reported food allergy in childhood. Pediatr Allergy Immunol. 
2019;30(1):107- 116. doi:10.1111/pai.12998

 31. Turner MD, Nedjai B, Hurst T, Pennington DJ. Cytokines and chemo-
kines: at the crossroads of cell signalling and inflammatory disease. 
Biochim Biophys Acta. 2014;1843(11):2563- 2582. doi:10.1016/j.
bbamcr.2014.05.014

 32. Vázquez Y, González L, Noguera L, et al. Cytokines in the respira-
tory airway as biomarkers of severity and prognosis for respiratory 
syncytial virus infection: an update. Front Immunol. 2019;10:1154. 
doi:10.3389/fimmu.2019.01154

 33. Charrad R, Kaabachi W, Rafrafi A, Berraies A, Hamzaoui K, 
Hamzaoui A. IL- 8 gene variants and expression in childhood asthma. 
Lung. 2017;195(6):749- 757. doi:10.1007/s00408- 017- 0058- 6

 34. Ha H, Debnath B, Neamati N. Role of the CXCL8- CXCR1/2 axis in 
cancer and inflammatory diseases. Theranostics. 2017;7(6):1543- 
1588. doi:10.7150/thno.15625

 35. Gandhi VD, Vliagoftis H. Airway epithelium interactions with aeroal-
lergens: role of secreted cytokines and chemokines in innate immu-
nity. Front Immunol. 2015;6:4- 6. doi:10.3389/fimmu.2015.00147

 36. Sun X, Hou T, Cheung E, et al. Anti- inflammatory mechanisms of the 
novel cytokine interleukin- 38 in allergic asthma. Cell Mol Immunol. 
2020;17(6):631- 646. doi:10.1038/s41423- 019- 0300- 7

 37. Schmidt- Weber CB, Akdis M, Akdis CA. TH17 cells in the big pic-
ture of immunology. J Allergy Clin Immunol. 2007;120(2):247- 254. 
doi:10.1016/j.jaci.2007.06.039

 38. Kato K, Lillehoj EP, Lu W, Kim KC. MUC1: the first respiratory mucin 
with an anti- inflammatory function. J Clin Med. 2017;6(12):110. 
doi:10.3390/jcm6120110

 39. Kuwahara I, Lillehoj EP, Koga T, Isohama Y, Miyata T, Kim KC. 
The signaling pathway involved in neutrophil elastase- stimulated 
MUC1 transcription. Am J Respir Cell Mol Biol. 2007;37(6):691- 698. 
doi:10.1165/rcmb.2007- 0072OC

 40. Zhou LB, Zheng YM, Liao WJ, et al. MUC1 deficiency promotes 
nasal epithelial barrier dysfunction in subjects with allergic rhini-
tis. J Allergy Clin Immunol. 2019;144(6):1716- 1719. doi:10.1016/j.
jaci.2019.07.042

 41. Kingo K, Mössner R, Rätsep R, et al. Association analysis of IL20RA 
and IL20RB genes in psoriasis. Genes Immun. 2008;9(5):445- 451. 
doi:10.1038/gene.2008.36

 42. Liu T, Li S, Ying S, et al. The IL- 23/IL- 17 pathway in inflammatory skin 
diseases: from bench to bedside. Front Immunol. 2020;11:594735. 
doi:10.3389/fimmu.2020.594735

 43. Annunziato F, Romagnani C, Romagnani S. The 3 major types of 
innate and adaptive cell- mediated effector immunity. J Allergy Clin 
Immunol. 2015;135(3):626- 635. doi:10.1016/j.jaci.2014.11.001

 44. Xie S, Li J, Wang JH, et al. IL- 17 activates the canonical NF- kappaB 
signaling pathway in autoimmune B cells of BXD2 mice to up-
regulate the expression of regulators of G- protein signaling 16. J 
Immunol. 2010;184(5):2289- 2296. doi:10.4049/jimmunol.0903133

 45. Kreiner E, Waage J, Standl M, et al. Shared genetic variants suggest 
common pathways in allergy and autoimmune diseases. J Allergy 
Clin Immunol. 2017;140(3):771- 781. doi:10.1016/j.jaci.2016.10.055

 46. Zhong Y, Kinio A, Saleh M. Functions of NOD- like receptors in 
human diseases. Front Immunol. 2013 Oct;16(4):333. doi:10.3389/
fimmu.2013.00333

 47. Geddes K, Magalhães JG, Girardin SE. Unleashing the thera-
peutic potential of NOD- like receptors. Nat Rev Drug Discov. 
2009;8(6):465- 479. doi:10.1038/nrd2783

 48. Ortiz RA, Barnes KC. Genetics of allergic diseases. Immunol Allergy 
Clin North Am. 2015;35(1):19- 44. doi:10.1016/j.iac.2014.09.014

 49. Gheerbrant H, Guillien A, Vernet R, et al. Associations between 
specific IgE sensitization to 26 respiratory allergen molecules and 
HLA class II alleles in the EGEA cohort. Allergy. 2021;76:2575- 2586. 
doi:10.1111/all.14820

 50. Dahlin A, Sordillo JE, Ziniti J, et al. Large- scale, multiethnic genome- 
wide association study identifies novel loci contributing to asthma 
susceptibility in adults. J Allergy Clin Immunol. 2019;143(4):1633- 
1635. doi:10.1016/j.jaci.2018.11.037

 51. Johansson Å, Rask- Andersen M, Karlsson T, Ek WE. Genome- wide 
association analysis of 350 000 Caucasians from the UK biobank 
identifies novel loci for asthma, hay fever and eczema. Hum Mol 
Genet. 2019;28(23):4022- 4041. doi:10.1093/hmg/ddz175

 52. Bønnelykke K, Matheson MC, Pers TH, et al. Meta- analysis of 
genome- wide association studies identifies ten loci influencing al-
lergic sensitization. Nat Genet. 2013;45(8):902- 906. doi:10.1038/
ng.2694

 53. Gabay C, Lamacchia C, Palmer G. IL- 1 pathways in inflammation and 
human diseases. Nature reviews. Rheumatology. 2010;6(4):232- 241. 
doi:10.1038/nrrheum.2010.4

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.

How to cite this article: Hanif T, Ivaska LE, Ahmad F, et al. 
Tonsillar transcriptional profiles in atopic and non-atopic 
subjects. Allergy. 2022;00:1-15. doi: 10.1111/all.15458

https://doi.org/10.1152/ajplung.00232.2011
https://doi.org/10.4049/jimmunol.1203421
https://doi.org/10.1111/all.14128
https://doi.org/10.4049/jimmunol.1002876
https://doi.org/10.1111/pai.12998
https://doi.org/10.1016/j.bbamcr.2014.05.014
https://doi.org/10.1016/j.bbamcr.2014.05.014
https://doi.org/10.3389/fimmu.2019.01154
https://doi.org/10.1007/s00408-017-0058-6
https://doi.org/10.7150/thno.15625
https://doi.org/10.3389/fimmu.2015.00147
https://doi.org/10.1038/s41423-019-0300-7
https://doi.org/10.1016/j.jaci.2007.06.039
https://doi.org/10.3390/jcm6120110
https://doi.org/10.1165/rcmb.2007-0072OC
https://doi.org/10.1016/j.jaci.2019.07.042
https://doi.org/10.1016/j.jaci.2019.07.042
https://doi.org/10.1038/gene.2008.36
https://doi.org/10.3389/fimmu.2020.594735
https://doi.org/10.1016/j.jaci.2014.11.001
https://doi.org/10.4049/jimmunol.0903133
https://doi.org/10.1016/j.jaci.2016.10.055
https://doi.org/10.3389/fimmu.2013.00333
https://doi.org/10.3389/fimmu.2013.00333
https://doi.org/10.1038/nrd2783
https://doi.org/10.1016/j.iac.2014.09.014
https://doi.org/10.1111/all.14820
https://doi.org/10.1016/j.jaci.2018.11.037
https://doi.org/10.1093/hmg
https://doi.org/10.1038/ng.2694
https://doi.org/10.1038/ng.2694
https://doi.org/10.1038/nrrheum.2010.4
https://doi.org/10.1111/all.15458

