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Abstract 

Background 
IgE-mediated food allergies have been linked to suboptimal naïve CD4 T (nCD4T) cell 

activation in infancy, underlined by epigenetic and transcriptomic variation. Similar attenuated 

nCD4T cell activation in adolescents with food allergy have also been reported, but these are 

yet to be linked to specific epigenetic or transcriptional changes.  

Methods  
We generated genome-wide DNA methylation data in purified nCD4 T cells at quiescence and 

following activation in a cohort of adolescents (aged 10-15 years old) with peanut allergy 

(peanut only or peanut + ≥1 additional food allergy) (FA, n=29), and age-matched non-food 

allergic controls (NA, n=18). Additionally, we assessed transcriptome-wide gene expression 

and cytokine production in these cells following activation. 

Results 
We found widespread changes in DNA methylation in both NA and FA nCD4T cells in 

response to activation, associated with the T cell receptor signalling pathway. Adolescents with 

FA exhibit unique DNA methylation signatures at quiescence and post-activation at key genes 

involved in Th1/Th2 differentiation (RUNX3, RXRA, NFKB1A, IL4R), including a 

differentially methylated region (DMR) at the TNFRSF6B promoter, linked to Th1 

proliferation. Combined analysis of DNA methylation, transcriptomic data and cytokine output 

in the same samples identified an attenuated interferon response in nCD4T cells from FA 

individuals following activation, with decreased expression of several interferon genes, 
including IFN-γ and a DMR at a key downstream gene, BST2. 

Conclusion 
We find that attenuated nCD4T cell responses from adolescents with food allergy are 

associated with specific epigenetic variation, including disruption of interferon responses, 

indicating dysregulation of key immune pathways that may contribute to a persistent FA 

phenotype. However, we recognise the small sample size, and the consequent restraint on 

reporting adjusted P-value statistics as limitations of the study. Further study is required to 

validate these findings. 

Keywords: nCD4T cells; adolescents; food allergy; peanut allergy; multi- food allergy; 
epigenetics; transcriptomics; interferon  responses 
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Key Messages 
We find that attenuated nCD4T cell responses from adolescents with food allergy are 
associated with specific epigenetic variation, including disruption of interferon responses, 
indicating dysregulation of key immune pathways that may contribute to a persistent FA 
phenotype. 
 

Introduction  
IgE-mediated food allergies (FA) are a major public health burden in developed countries, with 

limited treatment options. Current data indicate multi- factorial origins, with a number of 

environmental, genetic, and epigenetic variations underpinning FA-associated immune 

dysregulation, that impedes the development of oral tolerance to common allergens in early 

life1-8. While some food allergies (egg and milk) resolve within the first few years of life, 

adolescents with peanut allergy are less likely to acquire natural tolerance and are at higher risk 

of severe allergic reactions9-12. Peanut allergy tends to persist into adolescence and adulthood, 

often in conjunction with allergies to other foods such as tree nuts12. Adolescents with peanut 

allergy represent one of the highest risk groups for severe allergic reactions and poor quality 

of life13-16. 

A number of pathological immune responses in children with FA have been described17-23. 

These include differences in proportions of circulating innate and adaptive immune cell 

populations across egg and peanut allergy17, 19, 21, 22. Immune cells from egg-allergic infants 

show differential responses to activation relative to controls, with monocytes producing 

increased concentrations of proinflammatory cytokines (TNF-α, IL-6, MIP-1α) following 

stimulation with bacterial lipopolysaccharide. Naive CD4T cells from infants with egg allergy 

exhibit diminished lymphoproliferative responses following non-specific activation with anti-

CD3 and anti-CD28, reflected at the molecular level by impaired expression of T cell activation 

genes, and epigenetic remodelling at genes linked to key metabolic pathways (RPTOR, PIK3D, 

MAPK1 and FOXO1) 17, 18, 24. This attenuated T cell response is also evident in adolescents 

with FA, with nCD4 T cells producing significantly less IL-6, IL-8 and IFN-γ relative to 

healthy controls 21. 

To determine the epigenetic basis for this altered naive CD4 T cell response in adolescents 

with food allergy, we generated genome-wide DNA methylation and RNA transcript ion 

profiles of quiescent and activated naïve CD4 T cells from adolescents (aged 10-15 years old) 
with peanut/multi- food allergy and age matched non-food allergic controls.  
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Methods 

Clinical samples and data collection 
This study was carried out using PBMC samples from a subset of adolescents enrolled in the 

SchoolNuts study, a cross-sectional population-based study profiling the prevalence of food 

allergy in adolescents aged between 10 and 15 years old. Food allergy was suspected based on 

parent-report and if the history suggested IgE-mediated food allergy, it was confirmed using 

skin prick tests and oral food challenges (OFC). If patient data indicated clear and recent history 

of adverse allergic reactions along with evidence of IgE-sensitization, OFCs were not required. 

Blood collections were carried out following patient visits. Food allergy was defined as a 

positive OFC or convincing recent or severe history in the context of IgE sensitisation (skin 

prick test (SPT) wheal size of ≥3mm or sIgE ≥0.35KuA/L), as described for the study 

previously12. Non-food allergic adolescents had no evidence of sensitisation (<3mm) to a panel 

of 15 food allergens by SPT (egg white, cow’s milk, soy, peanut, cashew, almond, hazelnut, 

walnut, pistachio, macadamia, pecan, brazil nut, pine nut, sesame, shellfish). Additionally, the 

non-food allergic individuals had a history of tolerating the food. Peanut allergic adolescents 

(with or without concurrent sensitisations) were selected for the current study, along with non-
food allergic controls  

Ethics and consent 
Ethics approval was obtained from the Royal Children's Hospital Human Research Ethics 

Committee (Human Research Ethics Committee no. 31079), the Department of Education and 

Early Childhood (Victorian Government, Australia), and the Catholic Education Office. 

Written informed consent was obtained from all participants. 

Study participants 
This study used samples from 47 adolescents from the SchoolNuts study: 18 age-matched non-

food allergic controls (7 females, 11 males); and 29 food allergic adolescents (12 females and 

17 males). In the food allergic group, 14 (5 females, 9 males) adolescents were allergic to only 

peanut, while 15 (7 females, 8 males) adolescents were allergic to peanut and at least one 

additional food. The food allergic and adolescents without food allergy were similar in regard 

to asthma and hay fever prevalence (Table 1).  
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Isolation of total nCD4T cell populations, culture and nucleic acid extraction 
Isolation of nCD4T cell populations via flow cytometry  

Peripheral blood mononuclear cells (PBMCs) were isolated from blood samples using Ficoll-

Paque density gradient centrifugation as previously described, and cryopreserved in liquid 

nitrogen18. PBMCs were viably thawed and total nCD4T cell populations 

(CD3+CD4+CD45RA+ CCR7+) were isolated using fluorescence activated cell sorting (BD 
FACS-ARIA Fusion cell sorter). This protocol produced >95% pure nCD4T cell populations. 

Culture 

As outlined in a previous study, naïve CD4 T cells were resuspended at 8 × 104/200 µl in T-

cell activation media (RPMI supplemented with 10% FCS, penicillin streptomycin and 

200 IU/ml of IL2) and seeded (8 × 104/well) for 72 h at 37°C, 5% CO2 21. At least 1.6 × 105 

cells (two wells) were left unstimulated (cultured in RPMI alone; quiescent samples), while 

another 1.6 × 105 cells were stimulated with anti-CD3/CD28 T-cell activator Dynabeads 

(activated samples). Following this 72h incubation, replicate wells were pooled into 

Eppendorfs and centrifuged to obtain cell pellets. The supernatants were aspirated and stored 

separately for cytokine analysis, and cell pellets were resuspended in 350µl of RLT+2ME 

(QIAGEN) and stored at -80°C until future DNA and RNA extractions. 

Isolation of nucleic acids 

DNA and RNA were extracted from the quiescent and activated nCD4T cells using the 

QIAGEN AllPrep DNA/RNA micro-kit, according to manufacturers’ protocols. DNA and 

RNA were quantified on the Qubit fluorometer using the Qubit dsDNA High Sensitivity (HS) 

Assay Kit, and the Qubit RNA HS assay kit (Thermofisher Scientific) respectively. RNA 

concentrations from quiescent samples did not reach thresholds for minimum starting input for 

next generation sequencing. 

DNA methylation profiling 
Genomic DNA from 47 paired activated and quiescent samples (200-500 ng) were randomised 

in a 96 well plate and sent to HuGe-F (Erasmus MC, Rotterdam, Netherlands) for bisulfite 

treatment and genome-wide methylation analysis using Illumina InfiniumMethylationEPIC 

BeadChips (the EPIC array), which detects methylation at over 850,000 CpG sites (EPIC 

probes) spanning gene bodies, promoters, regulatory elements (ENCODE open chromatin and 
enhancers)25.  
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Raw data were received as .iDAT files, which were pre-processed using the minfi and 

MissMethyl packages (available from Bioconductor) in the R statistical environment26, 27. 

Assessment of sample quality revealed that 3/94 samples had a mean detection P value >0.01, 

thereby leaving 91 samples for analysis. An additional three samples (all from the quiescent 

NA group) were identified as outliers skewing the analysis and therefore removed from further 

analysis. The SWAN (Subset-quantile Within Array Normalization) approach was used to 

normalise data for technical variation between and within arrays28. Probes were then filtered to 

remove those with poor average quality scores (P value >0.01), cross-reactive probes and 

probes associated with single nucleotide polymorphisms (SNPs)25. Samples were run on two 

separate batches. In order to account for this, all probes affected by batch were identified using 

removed using the RUVfit approach.  

The final dataset for analysis was comprised of methylation data from 712,879 probes in 88 

samples. Confounders and covariates were identified using a principal component (PC) 

analysis (Supplementary Figure 1). Using available cohort data, covariates (traits) with 

complete data for all adolescents were as follows: age, sex, hayfever, wheeze, parent country 

of birth (within Australia/overseas), sample position on the EPIC array (batch, plate well and 

position on chip); DNA concentration (ng/µl) and DNA volume (µl). Traits that significant ly 

contributed to one of the first 5 PCs (R2 >0.2, p <0.05) were incorporated into the model for 

differential analysis. The final statistical model was: ‘food allergy group + sex + batch + plate 

well + position on chip +DNA amount + DNA concentration + parent country of birth + batch 

+ individual). Differential analysis was carried out on the 712,879 probes using a linear 

regression model with limma29. Differentially methylated probes in the quiescent vs activated 

comparisons were identified as those showing an adjusted P value <0.01 and a methylat io n 

difference (∆β) >5%; while DMPs from the NA vs FA comparisons defined as those showing 

an unadjusted P value <0.01 and ∆β  >5%. The DMRCate tool was used to determine 

differentially methylated regions (DMRs), and individual probes within these DMRs were 

identified using Bedtools30, 31. Significant DMRs were identified as those showing a P value 

<0.05, and consisting of 4 or more probes, with at least one probe showing a ∆β  >5%. The 

nearest genes (within 1Mb of transcription start site in any one direction) to these DMRs and 

DMPs were determined using the web-based GREAT tool32. Functional enrichment analysis 

on genes associated with these probes was carried out using the GoMeth feature of the 

MissMethyl package on R. DNA methylation data are available on the GEO repository, 

accession code GSE189148.  
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 6 

 

Transcriptomic profiling 
Isolated RNA from 47 paired stimulated nCD4T samples was sent for next generatio n 

sequencing on the Illumina NovaSeq 6000 instrument to the Translational Genomics Unit at 

the Victorian Clinical Genetics Services. Libraries were prepared using the Illumina TruSeq 

Stranded mRNA Kit with a starting input of 100 ng (where available) and subsequently 

sequenced; with the generation of approximately 20 million reads per sample, 100bp paired-

end. Raw data were received as fastq files, which were subject to a quality check using FastQC, 

with all samples passing QC. Reads were then aligned to the human transcriptome (GrCh37 

v70) using Bowtie2, and gene counts were derived using HTSEQ. Only protein-coding genes 

were selected for differential gene expression analysis, leaving expression data for 20,232 

genes. Genes exhibiting low expression (mean reads per kilobase of transcript, per million of 

mapped reads (RPKM) <1 across all samples) were removed from analysis. The DESeq2 

package (available on Bioconductor) was used to normalise count data and determine gene 

expression differences between group comparisons33. Differentially expressed genes were 

defined as those reaching P < 0.05, and showing a fold change > 1.5 between NA and FA 

samples. RNA-seq data are available on the GEO repository, accession code GSE189149.  

 

Analysis of publicly available ATAC-seq data 
Assay for Transposable Accessible Chromatin (ATAC)-seq fastq files for quiescent and 

activated T cells were downloaded from GEO (GSE157174)34. ATAC-seq reads were aligned 

to human genome assembly hg19 using bwa35. BAM files were first filtered to remove the 

reads with mapping quality less than 15 using samtools36, and MACS2 was used to call peaks37. 

Peaks from all samples were merged into a single ATAC peaks .bed file and reads per peak 

were counted using bedtools31. For visualisation in the UCSC Genome Browser, bam file were 

converted into bigwig files using the bamCoverage tool in deepTools38. Data (reads/peak) were 

normalized using the R package DESeq239. ATAC-seq reads/peak were overlapped with DMPs 

and DMRs from activated vs quiescent comparisons of NA and FA nCD4T cells; and 
comparisons of NA vs FA (at quiescence and post activation) using bedtools. 

CD4 T cell subset deconvolution 
In order to identify signatures of CD4 T cell subsets in the activated samples, we obtained 

scRNAseq data from a previously published study that identified T cell subset signatures post 
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 7 

activation40. This data was re-clustered on Seurat (v2.3.0) to identify cell populations of 

interest, and count data from selected populations were extracted and uploaded onto 

Cibersortx41, 42. A signature matrix was constructed from this data with default parameters 

adjusted to include data from 100 replicates, minimum expression threshold of 0.5 (as 

background data was derived from the droplet-based 10x Chromium platform) and 300-500 

barcode genes per cell type. Bulk RNA-seq data (counts per million values) of protein coding 

genes (20, 032 genes) from our study was uploaded onto the server, and cell fractionat ion 

analysis was carried out with S-mode batch correction enabled and running 1000 permutations. 

Results of fractionation analysis were downloaded and scaled across samples.  
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Results 

DNA methylation signature of nCD4T cell activation in food allergic adolescents 
Purified naïve CD4 T cells from adolescents with food allergy (peanut allergy only, and peanut 

allergy + ≥1 additional food allergy; FA, n=29) and non-food allergic controls (NA, n=18) 

were cultured for 72 hours in media alone (‘quiescent’) or with anti-CD3/anti-CD28 beads 

(‘activated’) (Figure 1A), followed by DNA isolation and genome-wide DNA methylat io n 

profiling. A total of 7,676 differentially methylated probes (DMPs) were identified between 

stimulated and quiescent samples in the NA group and 10,503 DMPs in the FA group (adjusted 

P value < 0.01, and 𝛥𝛥𝛥𝛥 >5%; Figure 1B, Supplementary Table 1). Combined, there were 

11,584 DMPs distinguishing quiescent and activated nCD4T cells across NA and FA 

adolescents. 

Principal component analysis (PCA), based on the combined list of 11,584 DMPs, showed 

clear separation of samples by T-cell activation status (PCA1) but not allergic phenotype 

(Figure 2A). This is reflected in the number of common DMPs (n= 6,773) in both NA and FA 

groups (Figure 2B). Nevertheless, 1,081 DMPs were specific to NA (590 DMPs showing 

higher DNAme, 491 DMPs showing lower DNAme in activated samples); and 3,908 DMPs 

specific to FA (1080 DMPs showing higher DNAme, 2,828 DMPs showing lower DNAme in 

activated samples) following activation (Figure 2B). Similar enrichment terms were found 

when functional enrichment analysis was carried out on genes associated with these three sets 

of probes from the Venn diagram (NA specific, commonly activated, FA specific) 

(Supplementary Figure 2). Shared DMPs between NA and FA adolescents showed the 

strongest changes in DNA methylation following activation, while the NA-specific and FA-

specific DMPs showed a more subtle difference, as indicated by boxplots of the methylat ion 

differences of these DMPs (Supplementary Figure 1C).  

To determine the likelihood that changes in DNA methylation corresponded to changes in 

chromatin accessibility, we compared these activation-associated DMPs (commonly activated, 

NA-specific and FA-specific) to a publicly available ATAC-seq dataset for nCD4T cells at 

quiescence and following activation using the same approach (72 hours with anti-

CD3/CD28)34. We identified enrichment for ATAC-peaks in commonly activated DMPs (33% 

relative to 21% for all EPIC probes; (Χ2 (3, N = 11,584) = 82.7, P value <.01)) 

(Supplementary Figure 2).  Generally speaking, DMPs showing a gain of methylation were 

associated with a decrease in chromatin accessibility and vice versa, indicating that the DNA 
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 9 

methylation changes induced by activation are likely accompanied by nucleosome 

repositioning and DNA accessibility (Supplementary Figures 1 and 2). 

 

Differential methylation between FA and NA nCD4T cells at quiescence 
Using an unadjusted P value cut-off <0.01 and 𝛥𝛥𝛥𝛥 >5% between groups, we found 347 DMPs 

at quiescence (247 showing showing higher DNAme, and 100 showing showing lower DNAme 

in FA) (Figure 3A; Supplementary Table 3). While this DMP signature clearly distinguished 

the NA and FA groups (Figure 3B, 3C and 3D) there was no enrichment for gene pathway 

terms, proximity to CpG islands or overlap with ATAC peaks in healthy nCD4T cell data from 

infants (Supplementary Table 3, Supplementary Figure 3). Hierarchical clustering based on 

these 347 DMPs from the comparison of quiescent NA and FA nCD4T cells showed a clear 

separation of NA and FA samples at quiescence, but limited distinction between activated NA 

and activated FA samples (Figure 3D).  

To further characterise the difference in NA and FA epigenomes at quiescence, DMRs were 

determined using DMRCate. We found 17 DMRs with unadjusted P value <0.05 (>3 probes 

in DMR, ≥1 probe 𝛥𝛥𝛥𝛥 greater than 5%) (Supplementary Figure 3D, Supplementary Table  

4). Of these, 14 DMRs showed higher methylation, while 3 DMRs showed lower methylat ion 

in FA. This included DMRs associated with genes previously linked to immune disorders and 

T cell activation, such as GLI2 and SLFN1243-46. One of the DMRs showing higher methylat ion 

in the FA group (∆β  1.5%-9.3%) is located in the promoter of TNFRSF6B. This gene has 

previously been linked to other inflammatory diseases such as multiple sclerosis, rheumato id 

arthritis and psoriasis47-53 (Supplementary Figure 3E). This DMR consisted of 7 probes and 

was located in an accessible chromatin region based on nCD4 T cell ATAC-seq data from 

healthy infants34.  

Interestingly, we found increased enrichment (Χ2 (3, N = 668) = 43.3, P value < .01) for open 

chromatin regions (based on healthy T cell data) among these DMRs, with 46% of DMRs 

associated with ATAC peaks in healthy nCD4 T cell data (Supplementary Table 4, 

Supplementary Figure 3B). These DMRs were located at CpG islands (22% of DMRs), and 

at shores of CpG islands (50% of DMRs) at a higher density compared to overall distribut ion 

of EPIC probes, indicating that these differences are occurring at regions of active transcript ion 
in T cells and therefore functionally relevant (Supplementary Figure 3).  
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Differential methylation between FA and NA nCD4T cells following activation 
Next, we compared DNA methylation patterns between NA and FA groups following 

activation. Using an unadjusted P value threshold <0.01, we found 5,125 DMPs, of which 289 

(151 probes showed showing higher DNAme and 138 showed showing lower DNAme in FA 

samples) at a 𝛥𝛥𝛥𝛥 >5% between groups (Figure 1B and Figure 4A).  

Combining DMPs from both quiescent and activated comparisons, produced a total of 594 

DMPs. Principal components analysis indicated that these probes clearly distinguished NA and 

FA samples (PC1), and quiescent from activated samples (PC2; Figure 4B). Hierarchica l 

clustering based on the 289 DMPs from the activated comparison showed a very clear 

distinction of NA and FA samples at both quiescence and following activation (Figure 4C). 

Interestingly, functional enrichment analysis carried out on genes associated with NAvFA 

DMPs post activation reveals differential methylation at probes associated with the Th1 and 

Th2 differentiation pathway (Figure 4D). Probes located near NFKB1 and IL4R showed 

showing lower DNAme in the FA group, while probes associated with RUNX3 and RXRA 

showed showing higher DNAme in activated FA samples (Figure 4E).  

We also assessed the distribution of DMRs relative to CpG islands between NA and FA 

samples following activation. Using similar criteria for differential methylation (P value <0.05, 

>3 probes in DMR, ≥1 probe 𝛥𝛥𝛥𝛥 greater than 5%) we found 15 DMRs, of which 8 showed 

higher, and 7 showed lower, methylation in FA relative to NA (Supplementary Figure 4, 

Supplementary Table 5). Of these DMRs, 53% were associated with an ATAC peak in 

healthy nCD4T cells, and 53% of DMRs were associated with CpG islands (Supplementary 

Table 5, Supplementary Figure 3). This highlights the likely functional relevance of these 

DMRs that distinguish NA and FA nCD4T cells following activation.  

 

Activated CD4T cell subset deconvolution 
In addition to methylation data, we generated transcriptomic data for activated nCD4T cell 

samples (Figure 1A). To determine whether there were variations in proportions of T cell 

subsets between NA and FA samples following activation that might account for some of the 

observed differential methylation, we compared bulk RNA-seq data from our study to 

previously published scRNA-seq data profiling expression of CD4 T cell subsets post 
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activation (Figure 5A) using the web-based tool CIBERSORTx40, 42. Based on these data, we 

found higher expression of induced regulatory T cell signatures in the FA adolescents 

following activation relative to controls, which reflected higher proportions of activated 

regulatory T cells in these adolescents, as reported in a previous study by our group21. 

Interestingly, we found that relative to NA adolescents, FA adolescents exhibited lower 

expression of IFN-producing cell signatures (Figure 5B). The signature genes for each of these 

cell types are outlined in the study that assessed these scRNA signatures40. Signature genes for 

the iTreg cell type included LMCD1, FOXP3, DNAJC12, LGALS3, VIM, NELL2, SIRT1, 

PGM2L1, CCL5, and RGS1. The signature gene set for the IFN-producing cell type consisted 

of 50 genes, which included several OAS genes, interferon-associated genes and genes involved 

in pathways such as GTPase activity and cell lysis (MX1, GZMA). We did not detect any 

differences between NA and FA adolescents for expression of Th0-, Th2- or Th17-associated 
signatures.  

 

Differential methylation and expression of interferon-associated genes in FA 
nCD4T cells following activation 
We also carried out differential gene expression analysis between activated samples from NA 

and FA adolescents. A total of 89 differentially expressed genes (DEGs) were identified across 

FA and NA adolescents post activation, (P value <0.05; foldchange >1.5), of which 46 genes 

showed lower, and 43 genes showed higher expression in FA samples (Figures 5C). Simila r 

to DNA methylation data (Supplementary Figure 4), this gene expression signature separated 

the NA and FA groups as shown by both heatmap and PCA plots (Figure 5C, D). However, 

we observed minimal overlap between methylation signatures and gene expression signatures, 

with only 4/89 DEGs (CXCR6, DTX1, RXRA and SLC9A3) associated with a DMP within 1Mb 
of the gene TSS, but no genes were associated with a nearby DMR.  

Gene ontology analysis of DEGs between NA and FA individuals revealed enrichment for a 

number of interferon response terms, such as type 1 interferon signalling pathway, 

(GO:0060337, FDR = 1.05e-17, genes in term: IFIH1, IFITM3, RSAD2, OAS1, IFI44, CCL4, 

ISG20, DDX58, IFIT3, IFIT2, OASL, IFIT1, DDX60, IFNG and MX2), negative regulation of 

type I interferon production (GO:0032480, FDR=0.08, genes in term = DDX58, IFIH1, ISG15 

and HERC5), and cellular response to interferon-alpha (GO:0035457, FDR= 0.32, genes in 
term= IFIT3, IFIT2 and OAS1) (Figure 5E and Figure 6A). 
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 12 

Previous analysis of the same cohort showed reduced production of  IL-6, TNF-α and IFN-γ 

cytokines post activation in nCD4 T cells from FA adolescents21. While we did not find any 

evidence of differences in IL-6 and TNF-α transcription in the current study, we observed 

lower expression of IFN-γ in FA adolescents (fold change = 3.25, P value < 0.01) (Figure 6B).  

We also found evidence of a DMR (∆β  1.1%-6.7%; higher in FA) near the BST2 gene promoter, 

an interferon stimulated gene, further suggesting that disruption of interferon pathways is 

associated with differential methylation in FA (Figure 6C, D). This DMR spanned 886 base 

pairs and consisted of 12 probes, where 4 probes were significantly differentially methyla ted 

between NA and FA groups (P value <0.01, ∆β  >5%) (Figure 6C). Moreover, this DMR 

occurs at an open chromatin region in nCD4 T cells, based on ATAC-seq data from healthy 

infants, indicating that differential methylation at this locus may directly impact gene 

expression (Figure 6D). While BST2 was downregulated in the FA samples (P value <0.01), 

there was only a 1.3 fold change in expression between NA and FA samples, which did not 

reach the cutoff (foldchange > 1.5) applied for significant differences in gene expression 

(Supplementary Figure 4).   
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Discussion 
Our group recently demonstrated altered cytokine responses (decreased production of IL-6, 

TNF-α and IFN-γ compared to NA controls) following activation of naïve CD4 T cells in 

adolescents with peanut allergy, however specific epigenetic or transcriptional changes 

underlying this deficit were not investigated 21. In this study, we linked these altered responses 

to epigenetic variation in FA adolescents. While NA and FA individuals overall appear to 

respond similar responses to activation, we show specific differential methylation at a number 

of T cell differentiation genes (IL4R, NFKB1A, RUNX3, RXRA) between NA and FA 

adolescents, and report an extended genomic region showing higher methylation in FA near 

TNFRSF6B. Analysis of transcriptomic data from activated nCD4T cells shows lower 

production of several interferon-associated genes in the FA group, which was corroborated 

with previously published scRNAseq data and cytokine data to highlight the impaired 

interferon response in FA adolescents. This attenuated interferon response was also reflected 
in the epigenome, with FA adolescents showing higher methylation at the BST2 promoter.  

Naïve CD4 T cells from NA and FA adolescents respond similarly to activation  
In this study we demonstrated that purified nCD4T cells from NA and FA adolescents show 

minimal differences in epigenomes in response to activation with significant overlap of 

activation- linked DMPs between NA and FA adolescents, and less than half of the probes from 

either comparison showing NA- or FA-specific responses. This contrasts with findings from a 

previous study by our group that used the same model of ex vivo nCD4T cell activation from 

egg-allergic infants and healthy controls, where we uncovered a signature of 558 CpG sites 

differentiating quiescent and activated nCD4 T cells, as well as NA and FA infants following 

activation17. This suggests that changes in the epigenome in association with T cell activatio n 

may vary by age and/or allergy type. Future studies profiling T cell responses across age may 

elucidate potential age-linked epigenomic differences.  

Interestingly, probes showing NA-specific activation patterns exhibited the least consistency 

with the publicly available ATAC-seq data. This discrepancy may be caused by the age 

difference between the adolescent dataset and the ATAC-seq dataset (from infants), whereas 

FA-specific probes showed significant overlap with ATAC-seq signatures. This find ing 
requires further analysis, preferably with an ATAC-seq dataset in adolescent T cells.  
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Epigenetic differences between NA and FA at quiescence 
We identified potential differences between epigenomes of nCD4T cells from NA and FA 

adolescents at quiescence. One of these regions, showing higher methylation in the FA, was 

located in the promoter region of TNFRSF6B, a gene encoding the death decoy receptor 3 

(DcR3), a member of the TNF receptor family. DcR3 functions as an immunomodulato ry 

molecule involved in a number of immune mechanisms including T cell activation, as well as 

B cell activation and monocyte-dendritic cell differentiation51, 54, 55, and has been linked to a 

number of diseases such as asthma, rheumatoid arthritis, multiple sclerosis, systemic lupus 

erythematosus, inflammatory bowel disease and psoriasis. In murine models, overexpression 

of DcR3 has been associated with impaired Th1 differentiation52. Accordingly, in rheumato id 

arthritis and multiple sclerosis, increased levels of DcR3 are associated with decreased levels 

of IFN-γ and reduced T cell proliferation55, 56. However, DcR3 co-stimulation has been shown 

to enhance T cell proliferation in serum samples from patients with SLE, and increased 

expression of DcR3 was associated with enhanced disease activity51. Studies assessing DcR3 

expression in relation to asthma and other atopic disorders expression showed increased levels 

of DcR3 in atopic individuals53, 57. Based on these studies, it is evident that DcR3 plays a key 

role in T cell activation and consequently IFN-γ expression, and differential methylation at this 

locus in FA adolescents at baseline may be indicative of an epigenome primed for different ia l 
responses following activation.  

Epigenetic variation at T cell differentiation genes between activated samples 
from NA and FA adolescents 
The minimal overlap between quiescent and activated DMPs suggests that the methylat ion 

overlap observed at quiescence are no longer apparent following activation, but also represents 

a new divergent methylation signature between NA and FA samples following activation. This 

suggests T cell activation unmasks unique methylation signatures in FA adolescents, with 

accentuated differences at probes associated with T cell differentiation genes (IL4R, NFKB1, 

RXRA and RUNX3). While the Th1/Th2 paradigm has become a hallmark of FA and it is well 

established that transition from naïve to Th1 or Th2 cells involves specific epigenetic variation 

and expression of key genes involved in T cell lineage specification, there are few studies 
directly implicating differences in DNA methylation in mediating this phenotype.  

We have previously shown that nCD4T cells from egg-allergic infants show epigenet ic 

reprogramming at genes encoding proinflammatory cytokines such as IL1R, IL18RAP and 

CD28 . Other studies examining DNA methylation profiles of children (ages 5-17) with cow’s 
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milk allergy have also shown higher methylation at Th1 genes (IFN-γ and IL-10) and lower 

methylation of Th2-related genes in PBMCs of children with active FA compared to those who 

had acquired tolerance1. More recently, a twin study (n=20, aged 5-10 years) looking at 

discordant peanut allergy in mono- and dizygotic twins revealed decreased methylation at IL4, 

and higher methylation at IL2 and IL12B in PBMCs from children with peanut allergy5 8 . 

Methylation differences at these loci have been associated with peanut allergy reaction 

severity59.  However, to our knowledge, we are the first to report DNA methylation changes at 

these Th1/Th2/Th17 genes in naïve CD4 T cells from adolescents with FA in response to non-

specific activation conditions.  

Impaired interferon response in FA adolescents 
The antagonistic roles of IFN-γ and IL-4 in Th1/Th2 differentiation play a fundamental role in 

atopic disorders, with FA adolescents typically exhibiting a skew towards IL-4, and diminished 

expression of IFN-γ60-62. In line with this, our data demonstrated a clear pattern of impaired 

interferon responses in the FA adolescents across transcriptomic, DNA methylation and 

cytokine profiles. In the transcriptomic data, we found decreased expression of a number of 

interferon-stimulated genes linked to the type 1 interferon pathway and diminished expression 

of IFN-γ in FA adolescents following activation, which complements the cytokines profiles of 

these adolescents outlined in a previous study by our group21. Moreover, nCD4T cell 

deconvolution analysis using transcriptome-wide expression data, compared to previous ly 

published CD4T cell scRNA data, reveals lower expression of IFN-producing cell signatures 

in the FA group indicating an aberrant response to activation in the FA adolescents.  

We found a DMR showing higher methylation in FA samples located in the promoter of BST2, 

encoding bone stromal antigen 2, a marker of interferon producing cells in mice63. Furthermore, 

stimulation with type 1 interferons induces expression of BST2 across various cell types63. 

Adolescents with SLE and psoriasis, diseases characterised by increased IFN-α activity, 

typically exhibit enhanced expression of BST2 in PBMC samples64, 65. A drug consisting of 

component of BST-2 conjugated with IgG Fc has been shown to mediate airway inflammatio n 

in murine models of asthma66. This suggests that higher methylation at BST2 in nCD4T cells 

of adolescents with FA may be an indication of altered type 1 interferon responses following 

activation.   

The role of type 1 interferons in allergic disorders is becoming increasingly important, which 

inhibit Th2 differentiation by suppressing GATA3 activity67, 68. However, this regulation takes 
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place at the level of histone modifications as opposed to DNA methylation, which may account 

for the relatively minimal changes observed at these genes in our data. It is possible that the 

DNA methylation differences we observed between NA and FA CD4 T cells are a downstream 

effect of other epigenetic mechanisms.  

Strengths and limitations 
Our study represents one of the few in the field to profile genome-wide epigenetic and 

transcriptional signatures in an isolated cell population in food allergy. Additionally, we are 

the first to apply a multi-omic analysis of T cell mediated immune responses in adolescents 
with food allergy.  

However, we acknowledge the small sample size, the heterogeneity of our FA group 

(consisting of both single peanut and multi-food allergic adolescents), and the absence of gene 

expression data from the quiescent samples as limitations in our study. The small sample size 

may have contributed to the failure to detect probes reaching FDR significance in the group 

comparisons. Our study was exploratory in nature and although we were underpowered to 

detect genome-wide significant associations, we applied a threshold of un-adjusted P value < 

0.01 and effect size +/- 5% to rank candidates and utilized publicly available data sets from 

other epigenetic markers to corroborate our findings. Our results therefore provide novel 

hypotheses to test in future studies with larger group sizes. Additionally, the data used to assess 

chromatin accessibility at probes and regions showing differential methylation were derived 

from a study looking at nCD4 T cells from non-food allergic infants, which may differ from 

chromatin landscapes of adolescents. We also note the variability in the ethnicity of the NA 

and FA adolescents (parents of 89% of NA adolescents were both born in Australia, compared 

to 66% of parents of FA adolescents); which may have contributed to epigenetic differences. 

However, the model for differential analysis incorporated ethnicity as a covariate to minimise 

potential variation. While the heterogeneous nature of the FA adolescents potentially promoted 

variability in the FA group, we view this heterogeneity as a strength of our study as it is an 

accurate representation of the FA demographic in this age group9, 11, 12. We recognise that gene 

expression data from the quiescent samples would have proven useful in characterising the 

profile of T cell transcriptional changes in NA and FA adolescents. However, the 

transcriptomic differences found following activation are sufficient in portraying the 
differential gene expression following activation in FA adolescents.  
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Conclusion 
This exploratory study suggests potential epigenetic differences between NA and FA 

adolescents at both quiescence and following activation relating to genes previously linked to 

inflammatory diseases (SLFN12, GLI2, TNFRSF6B), and more pronounced divergent 

methylation signatures at genes linked to Th1/Th2 differentiation genes (IL4R, RUNX3, RXRA, 

NFKB1A) following activation. Moreover, transcriptomic data reveals extensive disruption of 

interferon signalling pathways in FA samples post-activation and these findings are supported 

by DNA methylation and cytokine profiles. However, we recognise the small sample size, and 

the consequent restraint on reporting adjusted P-value statistics as limitations of the study. 

Future studies must improve on these limitations and further assess changes at the level of 

histone modifications and a direct examination of CD4 T cell subset frequencies following 

activation re required to determine whether these DNA methylation changes translate into 

immunophenotypic differences.  
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Table 1: Table of demographics for subset of SchoolNuts cohort used in this study 

  Non-food allergic (NA) Food allergic (FA) 
Total number 18 29 
Sex: male, n (%) 11 (61%) 17 (59%) 
Age at blood collection (years), median 
(min-max) 13 (10-15) 13 (11-14) 

Current asthma/wheeze, n (%) 9 (50%) 14 (52%) [2 ND]a 

Hayfever , n (%) 12 (67%) 20 (71%) [1 ND] 
Family history of food allergy, n (%) 7 (39%) [1 ND] 7 (25%) 1 [ND] 
Both parents born in Australia, n (%) 16 (89%) 19 (66%)  
Peanut SPT (mm), 
median (min-max) 0 (0-2) 10 (6-35) [1 ND] 

Peanut sIgE (kUA/L), median (min-max) 0.2 (0.07-0.31) 4.64 (0.5-68 (67.5)) [4 ND] 
Peanut Allergy + concurrent sensitisat ionb 0 (0%) 15 (52%) 

 

aNot defined 

bAllergy to one or more of the following foods: tree nuts (either cashew, pistachio, walnut, 

hazelnut, macadamia, pecan, almond, Brazil nut or pine nut), sesame, egg, milk or shellfish. 
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Figure Legends 
Figure 1: (a) Outline of study; naive CD4 T cells (CD4+,CD45RA+, CCR7+) from 18 non-food 

allergic adolescents (NA) and 29 food allergic adolescents (FA) were isolated using 

fluorescence activated cell sorting, and then cultured for 72 hours with RPMI alone (baseline) 

or in RPMI+anti-CD3/anti-CD28 beads. DNA was collected from cells at baseline and 

stimulated conditions, while RNA was collected from the stimulated cells. (b) Key 

comparisons carried out and summary of differentially methylated probes (DMPs) and 

differentially methylated regions (DMRs) arising from each comparison. *Differentia lly 

methylated probes (DMPs), unadjusted P-value <0.01, 𝛥𝛥𝛥𝛥 >5%. ‡ Differentially methyla ted 

probes (DMPs), adjusted P-value <0.01, 𝛥𝛥𝛥𝛥 >5%. † Differentially methylated regions (DMRs), 

unadjusted P-value <0.05, >3 probes in DMR, at least one probe showing 𝛥𝛥𝛥𝛥 >5%  

Figure 2: (a) Principal components analysis (PCA) of total DMPs from comparisons of 

quiescent vs activated NA and FA samples, indicating clear separation of quiescent and 

activated samples, but not NA and FA groups. Circles represent quiescent samples, while 

triangles represent activated samples. Red denotes NA samples, while turquoise denotes FA 

samples. (b) Venn diagram of significantly activated probes activated across NA and FA 

groups (adjusted P-value <0.01, 𝛥𝛥𝛥𝛥 >5% between activated and quiescent samples).  

Figure 3: (a) Volcano plot of significant (P value <0.01) differentially methylated probes 

(DMPs) in quiescent NAvFA comparison, (-log10 p value on y axis, methylation difference on 

x-axis), with probes reaching ∆β  threshold (5%) shown in red. (b) PCA plot of 347 probes 

separating NA and FA samples (NA in red, FA in turquoise). (c) Boxplots of methylat ion 

values of selected probes from NA vs FA comparison showing distinct differences between 

NA and FA samples at baseline. Values displayed above boxplots represent P values 

determined by the Mann–Whitney U-test between groups. (d) Dendrogram of hierarchica l 

clustering (determined using Euclidean distance between samples) of samples based on 347 

DMPs from the quiescent comparison, (i) across quiescent samples, and (ii) across activated 

samples.  

Figure 4: (a) Volcano plot of significant (P value <0.01) differentially methylated probes 

(DMPs) in activated NAvFA comparison, (-log10 p value on y axis, methylation difference on 

x-axis), with probes reaching ∆β  threshold (5%) highlighted in yellow. (b) PCA of all 594 

DMPs across all samples, showing separation of NA and FA samples, in addition to activated 

and quiescent samples. (c) Dendrogram of hierarchical clustering of samples based on 289 
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DMPs from the activated comparison, (i) across quiescent samples, and (ii) across activated 

samples. (e) Boxplots of probes linked to genes associated with Th1/Th2 differentiation in 

quiescent and activated FA samples. Values displayed above boxplots represent P values 

determined by the Mann–Whitney U-test between groups 

Figure 5: (a) Workflow employed to carry out CD4T cell deconvolution analysis. Signature 

matrix construction and cell fraction imputation was carried out using the CIBERSORTx tool. 

(b) Boxplots of cell fraction imputations for cell types with significantly different expression 

signatures--IFN-producing cell signatures and iTreg cell signatures.  (c) Heatmap of 89 

differentially expressed genes (P value <0.05, FC > 1.5) between activated NA and FA 

samples. (d) PCA plot showing separation of NA and FA samples based on these 89 DEGs. (e) 

Results of functional enrichment analysis (GO: biological process) of these 89 DEGs, showing 

enrichment for a number of interferon-associated pathways. Terms associated with 

viral/interferon responses are highlighted in red.  

Figure 6: (a) Diagram of type 1 interferon and interferon gamma signalling pathway, 

highlighting genes showing differential gene expression, cytokine concentration, and 

methylation in activated FA samples. (b) Boxplots comparing cytokine concentration 

(normalized log2 pg/ml) and gene expression (normalized log2RPKM values) of IFNG in 

activated NA and FA samples.(c) Boxplots of methylation values (scaled) of significant DMPs 

in BST2 DMR between stimulated NA and FA groups. (d) Location of the BST2 DMR relative 

to BST2 gene. (i) Location of DMR probes on the chr19 chromosome (p arm) and proximity to 

nearest gene, BST2. (ii) Overlaid with ATAC-seq data from quiescent and activated healthy 

naïve CD4T cells indicate regions of open chromatin (iii) Mean methylation values (β values) 

of probes in NA and FA groups within DMR. Significance of DMR was identified using 

DMRCate, which uses the moderated t-statistic of each probe within the specified comparison 

(NA vs FA), to model smoothed test statistics using the Satterthwaite approach. Error bars 
represent 95% confidence intervals. 

 

Description of supplementary materials: 
Supplementary Figure 1: (a) Heatmap of contribution of each trait to principal components 

(PCs). The value at the top signifies the correlation coefficient, while the value in the brackets 

is the p-value of each trait for the first 20 PCs. Traits that showed an R2 >0.2 and p <0.05 were 
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identified as contributing significantly to a PC and are highlighted as blue (negative 

correlation) and red (positive correlation). (b) Plot of first 10 principal components and their 

contribution to variation of samples. (c)  Boxplots of the 𝛥𝛥𝛥𝛥 values (quiescent vs activated) of 

the NA-specific (1,081 DMPs), commonly activated probes (6,595 DMPs), and FA-specific 

probes (3,908 DMPs) across NA and FA samples. Values displayed above boxplots represent 

P values determined by the Mann–Whitney U-test between groups. (d) Boxplots of fold-

change of ATAC-peak reads at the NA-specific probes, commonly activated probes, and FA-

specific probes across NA and FA samples, separated into groups of probes showing loss of 

methylation following activation, and those showing a gain in methylation following 

activation. Values displayed above boxplots represent P values determined by the Mann–

Whitney U-test between groups. 

Supplementary Figure 2: (a) Distribution of probe sets relative to CpG islands. (b) 

Distribution of ATAC peaks across probe sets, separated into probes showing gain in 

methylation following activation, and probes showing loss in methylation following activation. 

(c) Results of functional enrichment analysis carried out on each probe set.  

Supplementary Figure 3: (a) Distribution of ATAC peaks across NAvFA DMPs at 

quiescence, separated into probes showing higher methylation in FA samples, and probes 

showing lower methylation in FA samples.(b) Distribution of ATAC peaks across NAvFA 

DMRs at quiescence, separated as in (a). (c)(i) Distribution of quiescent NAvFA DMPs  

relative to CpG islands. (ii) Distribution of quiescent NAvFA DMRs relative to CpG islands. 

(d) Scatterplot showing distribution of DMRs in comparison, number of probes in DMR (y-

axis) plotted against size of DMR (in bp). Points are coloured based on direction of methylat ion 

in FA samples (blue-higher methylation in FA, grey- lower methylation in FA). (e) Location 

of the TNFRSF6B DMR relative to TNFRSF6B gene. (i) Location of DMR probes on the chr20 

chromosome (p arm) and proximity to nearest gene, TNFRSF6B. Overlaid with ATAC-seq 

data from quiescent and activated non-food allergic naïve CD4T cells indicate regions of open 

chromatin. (ii) Mean methylation values (β values) of probes in NA and FA groups within 

DMR. Error bars represent 95% confidence intervals.  

Supplementary Figure 4: (a) Distribution of ATAC peaks across NAvFA DMPs following 

activation, separated into probes showing higher methylation in FA samples, and probes 

showing lower methylation in FA samples. (b) Distribution of ATAC peaks across NAvFA 

DMRs following activation, separated as in (a). (c)(i) Distribution of activated NAvFA DMPs 

 13993038, 2022, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/pai.13890 by T

he U
niversity O

f M
elbourne, W

iley O
nline L

ibrary on [15/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 26 

relative to CpG islands. (ii) Distribution of quiescent NAvFA DMRs relative to CpG islands. 

(d) Principal components analysis (PCA) of total DMPs from comparison of activated NA and 

FA samples, indicating clear separation of activated NA and FA samples. (e) Scatterplot 

showing distribution of DMRs in activated NAvFA comparison, number of probes in DMR (y-

axis) plotted against size of DMR (in bp). Points are coloured based on direction of methylat ion 

in FA samples (green-higher methylation in FA, orange- lower  methylation in FA). (f) Boxplot 

showing expression of BST2 in NA and FA samples.  

Supplementary Figure 5: (a) Heatmap showing results of cell fractionation analysis using 

CIBERsortx. (b) Boxplots showing results of fractionation analysis (scaled enrichment values) 

for expression signatures of Th0, Th17, Th2, HSP (heat shock protein/cellular stress-marker 

expressing) CD4 T cell subsets.  

Supplementary Table 1: List of all DMPs from quiescent vs activated comparisons in NA 

and FA.  

Supplementary Table 2: Top KEGG terms from functional enrichment analysis of commonly 
activated, NA-specific and FA-specific probes from quiescent vs activated comparisons.  

Supplementary Table 3: List of DMPs from NA vs FA comparisons in quiescent and 
activated samples.  

Supplementary Table 4: List of DMRs from NA vs FA comparisons in quiescent and 

activated samples.  

Supplementary Table 5: Top KEGG terms from functional enrichment analysis of DMPs 

from comparison of activated NA vs FA samples.  

Supplementary Table 6: List of DEGs from NA vs FA comparison in activated samples. 

Supplementary Table 7: Top GO terms from functional enrichment analysis of DEGs from 

comparison of activated NA vs FA samples.  
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