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A B S T R A C T

Background: Viral infections, including COVID-19, are associated with an increased risk for type 1 diabetes (T1D), 
but potential underlying mechanisms remain unexplored. We evaluated whether COVID-19 or influenza A 
infection is characterized by differential DNA methylation at immune and T1D susceptibility genes in young 
children at risk for T1D.
Methods: Epigenome-wide association analysis using the Illumina MethylationEPIC microarray was performed in 
blood taken at age 1.5 years (IQR, 1.49–1.52 y) from 740 prospectively followed children with increased risk of 
T1D. SARS-CoV-2 and influenza A H1N1 antibodies were monitored at 2–4-month intervals from age 6 months to 
identify infection.
Results: COVID-19 and influenza infection occurred prior to the DNA methylation sample in 81 and 74 children, 
respectively. Of these, infection occurred within 3 months of the DNA methylation sample (recent infection) in 
43 and 22 children. Compared to children without COVID-19 or influenza A infection, children with recent 
COVID-19 infection showed differential methylation at key immune- and antiviral genes, including ADAR, 
IFI44L, MX1 and OASL. In addition to ADAR, six further T1D susceptibility genes, including the SARS-CoV-2 cell 
entry receptor neuropilin-1, had differential methylation at nearby CpGs in children infected by SARS-CoV-2. A 
quantitatively less differential methylation was also observed in children with an earlier COVID-19 infection at 
some of these CpG sites. Infections with influenza showed no associations.
Conclusion: Children with SARS-CoV-2 infection showed sustained DNA methylation changes at genes critical for 
antiviral response and T1D susceptibility, potentially contributing to immune dysregulation and promotion of 
the autoimmune process underlying T1D.
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1. Introduction

Type 1 diabetes (T1D) is one of the most common autoimmune 
diseases in children and adolescents, characterized by immune- 
mediated destruction of pancreatic islet beta cells. The underlying 
autoimmune process is initiated by gene-environment interactions [1]. 
There is a strong polygenic background associated with the development 
of T1D, notably at immune-related and antiviral gene loci [2]. However, 
the specific environmental factors that contribute substantially to the 
development of T1D have yet to be clearly identified [3].

Viral infections may cause and promote the autoimmune process [4]. 
Several virus species have been linked to the development of T1D, 
including coxsackievirus B [5], influenza A [6], and SARS-CoV-2 [7]. 
The COVID-19 pandemic was paralleled by an increase in T1D incidence 
across multiple countries [8–11]. More specifically, COVID-19 in
fections in early childhood were associated with the risk of developing 
islet autoimmunity [12] and accelerated the autoimmune process in 
children with a presymptomatic stage of T1D [13]. Like other virus 
types, it has been shown that SARS-CoV-2 is able to infect human 
pancreatic beta cells [14], potentially initiating immune response 
mechanisms but also promoting autoimmune processes, for example by 
epitope spreading or bystander activation [4].

The immune response to viral infections needs tight regulation to 
efficiently eliminate the infectant without damaging healthy cells. 
Expression of immune-related genes is controlled by multiple regulatory 
layers, including transcription factor activity and epigenetic mecha
nisms, such as DNA methylation [15]. It therefore is essential that the 
regulatory machinery returns to the pre-infection status to prevent the 
possibility of chronic immune activation. With respect to COVID-19 
infection, it has been shown that severely affected patients show 
altered blood DNA methylation at genes known to be important for the 
immune response [16–18]. Moreover, differential blood DNA methyl
ation at antiviral genes has been observed months after the infection in 
adults [17,18]. A prolonged pro-inflammatory gene expression signa
ture has also been discovered in single immune cell types of COVID-19 
patients [19]. This suggests that viral infections can induce acute and 
lasting epigenetic changes with potential side effects for the host, such as 
altered regulation of genes that have been implicated in autoimmune 
diseases.

In this study, we evaluated whether a previous COVID-19 or influ
enza A infection associated with epigenome-wide blood methylation 
differences, especially at immune and T1D susceptibility genes, in young 
children with an elevated risk of T1D.

2. Methods

2.1. POInT study

POInT is a randomised, controlled multicentre clinical trial organ
ised through the Global Platform for the Prevention of Autoimmune 
Diabetes (GPPAD) [20]. It is investigating whether daily intake of oral 
insulin reduces the incidence of islet autoimmunity and/or T1D in 
children with an increased genetic risk of T1D (ClinicalTrials.gov
registration no. NCT03364868). Between February 2018 and March 
2021, a total of 1050 infants were enrolled at 4.0–7.0 months of age. 
Follow-up visits were performed at 2, 4 and 8 months after the baseline 
visit, at 1.5 years of age and then every 6 months until the maximum age 
of 7.5 years. A whole blood DNA sample for methylation assessment was 
collected at the 1.5-year visit in 794 children for whom consent was 
given to use their DNA for genetic research and whose DNA was of 
adequate quality and quantity (Supplementary Fig. S1). Based on the 
time of enrollment, the last child included in this analysis reached the 
1.5-year visit in May 2023. None of the children received vaccination 
against SARS-CoV-2 before the 1.5-year visit.

POInT was approved by the institutional review boards and regula
tory authorities of the Technische Universität München, Medical Faculty 

(326/17 Af), the Medical University of Warsaw (199/2017), the UK 
Health Research Authority (18/SC/0019), Onderzoek UZ/KU Leuven 
(S60711), and Regionala Etikprövningsnämnden i Lund (2017/918). 
Written informed consent to participate in the study was obtained from 
all the study participants legal representatives. A separate informed 
consent from the participating families was required to allow biobank 
storage of material, such as the DNA used in this study.

2.2. Viral antibody measurements

Antibodies against SARS-CoV-2 and influenza A (H1N1) were 
measured using luciferase immunoprecipitation system (LIPS) assays as 
described previously [12]. IgG SARS-CoV-2 antibodies to the receptor 
binding domain (amino acids 309–544 of the original variant sequence), 
the S2 portion of the spike protein (amino acids 697–1224), and the 
nucleocapsid protein (amino acids 1–422) were measured at the Dres
den University of Technology, Germany. Serum samples at the 2-year 
visit of 885 children were screened for antibodies against the receptor 
binding domain protein. Positive samples, i.e., ≥1 arbitrary unit 
(equivalent to 5 binding antibody units), were subsequently tested 
against the S2 and the nucleocapsid protein. Samples were defined as 
positive for SARS-CoV-2 antibodies if they were positive against the 
receptor binding domain and the nucleocapsid protein antigens. Anti
bodies to the influenza A (H1N1) virus (A Germany 7405 2018) HA1 
antigen (amino acids 19–344 of HA) were measured in a similar format. 
If children tested positive for SARS-CoV-2 or influenza A (H1N1) anti
bodies at the 2-year visit, samples collected at earlier visits were tested 
to determine the earliest positive test result.

2.3. DNA methylation measurements

Genomic DNA was extracted from whole blood and 750 ng bisulfite- 
converted using the EZ 96-DNA methylation kit (Zymo Research, La 
Jolla, CA, USA). Genome-wide DNA methylation analysis using the 
Infinium MethylationEPIC (850K) Bead-Chip array (Illumina, San Diego, 
CA, USA) was performed at Life & Brain GmbH (Bonn, Germany). The 
Bead-Chips were imaged using an Illumina iScan and the raw fluores
cence intensities of the images were extracted using the GenomeStudio 
Methylation module (Illumina).

Pre-processing and quality control were performed using R software 
(version 4.3.2) with the R package ENmix. The methylation probes were 
excluded from downstream analysis if their detection P-value was 
>10− 6 and if the bead count was less than three in at least 5 % of the 
sample. Data were normalized using quantile normalization as imple
mented in ENmix. We excluded probes on sex chromosomes, cross- 
hybridizing probes, probes located near single nucleotide poly
morphisms [21] and probes with more than 20 % missing data. The final 
set included 689,919 cytosine-phosphate-guanine (CpG) dinucleotides.

2.4. Epigenome-wide association analysis

The associations between the children’s blood DNA methylation and 
viral infection status (non-infected group coded as “0” and infected 
group as “1”) were analyzed by robust linear regression using the R 
package limma. Methylation M-values (logit-transformed β values) were 
used for all analyses. Principal component analysis using all samples and 
included probes was performed and the first three components were 
used to account for potential technical variation. Frequencies of six 
blood cell types (CD4+ T cells, CD8+ T cells, B cells, natural killer cells, 
monocytes and neutrophils) were estimated from a reference panel 
using the R package FlowSorted.Blood.EPIC. Regression models were 
adjusted for age at DNA sample, sex, study site, the first three principal 
components, and the six estimated blood cell types. Extreme methyl
ation outliers were excluded based on the Tukey method. The false 
discovery rate (FDR) according to Benjamini-Hochberg was used to ac
count for multiple testing. Statistical significance was set at FDR <0.05.
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2.5. Functional evaluation of infection-associated CpGs

CpG-annotated genes were checked for their immune-related func
tion using the genes included in the gene ontology “immune system 
process” (GO:0002376). Gene ontology and Reactome Pathway Data
base analysis were performed using Panther [22]. Enrichment of on
tologies or pathways among the input genes or proteins was assessed 
using Fisher’s exact test and significance set at FDR <0.05. Publicly 
available blood cis-expression quantitative methylation (eQTM) data 
(Illumina 450K array; blood cell type adjusted) from 832 children (mean 
age 8.1 years) participating in the Human Early Life Exposome (HELIX) 
project were used to investigate CpG target genes and associations be
tween methylation and gene expression levels. The public 
epigenome-wide association study (EWAS) catalog [23] was queried for 
previous associations between the infection-associated CpGs and protein 
and phenotypic traits. Trait enrichment analysis among the 
infection-associated CpGs was performed by hypergeometric tests using 
the phyper function in R software. Correction for multiple testing was 
done using the Bonferroni method (P < 0.05/252 traits).

2.6. T1D susceptibility gene analysis

For the targeted analysis of CpGs at T1D susceptibility genes, 431 
genes associated with T1D were retrieved from the Harmonizome 
database [24] and the NHGRI-EBI GWAS catalog. The 13,788 CpGs 
annotated to these 431 genes were selected for a differential methylation 
analysis as described above. The FDR was used to account for multiple 
testing.

3. Results

3.1. Infection status

Among the 740 children with available DNA methylation and anti
body data, 81 had developed antibodies to SARS-CoV-2 consistent with 
COVID-19 infection by the time of sampling for DNA methylation. These 
included 43 who developed SARS-CoV-2 antibodies at (recent COVID-19 
infection group) and 38 prior to (earlier COVID-19 infection group) the 
visit when the DNA methylation was assessed (Table 1; Supplementary 
Fig. S1). Antibodies to H1N1 HA1 consistent with influenza A infection 
were observed in 74 children at (n = 22, recent influenza infection 
group) or prior to (n = 52, earlier influenza infection group) the DNA 
methylation sample (Table 1; Supplementary Fig. S1). Two additional 
children had both infections and were excluded from the analysis.

3.2. COVID-19 infection associates with differential methylation at 
immune-related genes

In comparison to children without COVID-19 or influenza A infec
tion, the 81 children with previous COVID-19 exhibited 98 differentially 
methylated CpGs (FDR <0.05). These included 16 with annotation to 
immune-related genes such as IFI44L, IFITM1 and MX1 (Supplementary 

Table S1; Supplementary Fig. S2A). There was no enriched immune- 
related gene ontology among the annotated genes. The CpG gene tar
gets MX1 and MX2 were examined in the eQTM data where the observed 
hypomethylation in children with COVID-19 at these genes was asso
ciated with higher expression of MX1 and MX2 (Supplementary 
Table S1).

To assess whether changes were likely to be sustained, DNA 
methylation was examined in children stratified by whether the infec
tion was recent or earlier. In the recent COVID-19 infection group, dif
ferential DNA methylation was observed at 45 CpGs (Supplementary 
Table S2; Fig. 1A). Twenty of the 45 CpGs are annotated to immune- 
related genes, including the antiviral genes ADAR, IFI44L, IFITM1, 
IFIT3, MX1 and OASL (Supplementary Table S2). The CpG target genes 
IFI44, IFI44L, MX1 and MX2 were examined in the eQTM data. Hypo
methylation at these genes was observed in children with recent COVID- 
19 infection which was associated with higher gene expression in the 
eQTM data (Supplementary Table S2). Gene ontology analysis using all 
37 annotated genes showed enrichment of interleukin-27-mediated 
signaling, regulation of viral genome replication, viral processes and 
life cycle as well as defense against viral infections (FDR <0.05; 
Fig. 1B–Supplementary Table S3). Furthermore, enrichment analysis 
among protein traits associated with the 45 CpGs resulted in 45 enriched 
traits, including 23 immune-related proteins (hypergeometric test, 
PBonferroni < 0.05; Supplementary Table S4). Reactome analysis of these 
45 proteins showed enrichment in interferon-alpha, -beta and -gamma 
signaling, antiviral mechanisms, and SARS-CoV-2 infection pathways 
(FDR <0.05; Fig. 1C–Supplementary Table S5). Exploration of the EWAS 
catalog for non-protein traits additionally revealed enrichments for 
seven phenotypic traits, four of which were autoimmune diseases, 
namely systemic lupus erythematosus, multiple sclerosis, rheumatoid 
arthritis and primary Sjogren’s syndrome (Supplementary Table S4).

The 45 CpGs differentially methylated in recently infected children 
were examined in the 38 children with earlier COVID-19 infection to 
assess whether there was a prolonged association between infection and 
DNA methylation beyond the period of infection. The effect estimates in 
the recent and earlier infection groups were correlated for these 45 CpG 
sites and differed significantly also in the earlier infection group for five 
sites (Pearson’s r = 0.56, P < 0.001; Supplementary Fig. S3). For all the 
45 CpG sites, the effect estimates were lower in the earlier infection 
group than in the recent infection group (Mann-Whitney-U test, P <
0.001).

To examine whether the methylation profiles were present before 
COVID-19 infection and may have contributed to infection susceptibil
ity, we analyzed the methylation status of 98 and 45 CpG sites associated 
with previous or recent infection in 61 children who had their first 
COVID-19 infection in the 6 months after the DNA methylation sample. 
No significant methylation differences at these CpG sites were observed 
prior to infection when compared to the remaining 522 children who 
had no COVID-19 infection (Supplementary Table S6). Children infected 
by influenza A, irrespective of the time post-infection, showed no 
methylation differences compared with the non-infected children 
(Fig. 1D; Supplementary Fig. S2B). To assess similarities between 

Table 1 
Characteristics of the study sample.

Children without 
COVID-19 or 
influenza A infection

All children with 
COVID-19 
infection

Children with 
recent COVID-19 
infection

Children with 
earlier COVID-19 
infection

All children with 
influenza A 
infection

Children with 
recent influenza A 
infection

Children with 
earlier influenza A 
infection

Total n 583 81 43 38 74 22 52
Age at DNA 

sample (y)
1.50 (1.48–1.51) 1.51 (1.49–1.52) 1.51 (1.49–1.52) 1.50 (1.50–1.50) 1.50 (1.49–1.52) 1.50 (1.49–1.51) 1.50 (1.50–1.63)

Female – n (%) 290 (49.7) 40 (49.4) 21 (48.8) 19 (50.0) 44 (59.5) 14 (63.6) 30 (57.7)
Age at viral 

antibodies 
(y)

n/a 1.48 (0.88–1.51) 1.51 (1.49–1.53) 0.87 (0.70–1.13) 1.10 (0.72–1.48) 1.50 (1.49–1.51) 0.85 (0.65–1.15)

Data is presented as median (IQR) or n (%).
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influenza A and COVID-19 infections, the 100 CpGs with lowest nominal 
P-value were checked for overlapping CpGs. Only one CpG 
(cg05696877) at IFI44L was commonly associated with both infections 
and showed the same effect direction in both settings (previous influ
enza infection: estimate = − 0.56, SE = 0.13, P-value = 2.1 x 10− 05 and 
recent COVID-19 infection: estimate = − 0.70, SE = 0.15, P-value = 4.5 x 
10− 06).

3.3. COVID-19 infections associate with CpG methylation at T1D 
susceptibility genes

In children with previous COVID-19 infections, differential methyl
ation was identified at six CpGs linked to six T1D susceptibility genes, 
AGPAT1, ATF6B, CNTNAP2, FCRL3, NRP1 and RAD51B (FDR <0.05; 

Fig. 2A). The associations with the six CpGs were nominally significant 
(P < 0.05) in both stratified subsets of recent and earlier COVID-19 
infection, and effect estimates correlated strongly between the recent 
and earlier infection groups (Pearson’s r = 0.98, P-value <0.001; 
Fig. 2B). No differential methylation at T1D susceptibility gene loci was 
detected in children with previous influenza A infections 
(Supplementary Fig. S4).

4. Discussion

Viral infections can induce lasting health consequences for the host 
and have been associated with the development of multiple autoimmune 
diseases, including T1D. Differential DNA methylation has been 
observed in adults after a COVID-19 infection [18,25]. In this analysis, 

Fig. 1. Epigenome-wide associations with COVID-19 and influenza A infections in young children. A, Manhattan plot showing the − log10(P) of the associ
ations between the children’s blood DNA methylation status of individual CpG sites across the autosomal chromosomes (1–22) and a recent COVID-19 infection 
(within 3 months prior to the DNA sample; n = 43 vs. 583 children without infection). B, Enriched gene ontologies (GO) among genes targeted by differential 
methylated CpGs in children with a recent COVID-19 infection (within 3 months prior to the DNA sample; n = 43 vs. 583 children without infection). C, Enriched 
Reactome Database Pathways among proteins associated with differential methylated CpGs in children with a recent COVID-19 infection (within 3 months prior to 
the DNA sample; n = 43 vs. 583 children without infection). D, Manhattan plot showing the − log10(P) of the associations between the children’s blood DNA 
methylation status of individual CpG sites across the autosomal chromosomes (1–22) and a recent influenza A infection (within 3 months prior to the DNA sample; n 
= 22 vs. 583 children without infection). Horizontal dotted line indicates the FDR threshold. Top CpG annotations are shown.
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we showed that in very young children, aged 5–30 months, COVID-19 
infections were associated with methylation changes, especially at 
relevant immune and antiviral genes. This was particularly evident in 
children with recent infections, but changes persisted for up to 12 
months after a COVID-19 infection. We also observed differential 
methylation at T1D susceptibility genes in these children. In contrast, no 
associations with the epigenetic loci were seen for influenza A 
infections.

COVID-19 was associated with methylation changes at several im
mune genes relevant to antiviral defense, as highlighted by the enriched 
gene ontologies and Reactome Database Pathways. Epigenetic alter
ations at various antiviral genes, such as IFI44L and MX1, have been 
described previously in adult patients with severe COVID-19 infections 
[25]. It is notable that these effects were similarly seen in young children 
who generally experience mild COVID-19 infections [26]. We observed 
a strong enrichment of interleukin-27-mediated signaling, potentially 
indicating higher circulating IL-27 levels in recently infected children. 
Indeed, elevated IL-27 levels have been found in COVID-19 patients 
[27]. Balanced regulation of this cytokine is critical to promote cytotoxic 
events against the infectious agent but also to prevent unnecessary tissue 
damage [27]. IL-27 plays a key role in controlling Foxp3+ regulatory T 
(Treg) cell functions in chronic inflammation and autoimmunity. Mice 
lacking the IL-27 receptor alpha subunit (Il27ra− /− ) in Tregs, sponta
neously developed autoimmune encephalitis and systemic administra
tion of IL-27 is unable to ameliorate chronic inflammation in these 
animals [28]. Also, mice infected by pathogens, such as Toxoplasma 
gondii, depended on functional IL-27-induced Tregs to limit effector T 
cell mediated inflammation [29]. The induction of peripheral immune 
tolerance by Tregs is critical in such conditions and may be affected 
following COVID-19 infection [30]. Depleted levels of Tregs have been 
observed in patients with COVID-19 [31]. Dysregulation of IL-27 (higher 
and lower levels) has been associated with the development of several 
autoimmune diseases [32] and may promote T1D development via al
terations of Treg functions [30].

In our analysis, most immune-related changes were more pro
nounced in recently infected children, indicating that the epigenetic 

machinery enabling the antiviral response possibly returns to pre- 
infection status after months. However, CpGs at antiviral genes, such 
as IFI44L, showed methylation differences when investigating children 
with earlier COVID-19 infections. This is in line with previous studies on 
longitudinal data in adults that showed persistent methylation changes 
for several months, for example at IFI44L [17,18]. Together with find
ings on persistent transcriptomic alterations [19], this suggests that 
SARS-CoV-2 infections induce lasting modifications of the immune gene 
regulation, potentially enabling fast reaction to reinfections. This per
manent active state, however, may also promote hypersensitivity of the 
immune system and increased susceptibility to autoimmune disease.

There are many possibilities through which immune perturbations 
may contribute to the etiology of T1D. A recent study highlighted the 
role of RNA-editing enzymes in the interplay between viral infections 
and the onset of T1D [33]. One of the major RNA-editing and antiviral 
enzymes is ADAR, which promotes intracellular viral double-stranded 
RNA disruption and suppresses the infection-triggered interferon 
response, balancing the viral-induced immune reaction [34]. In mice, 
pancreatic beta-cell specific knock-out of Adar mimicked features of an 
early-stage T1D, such as massive interferon production followed by islet 
inflammation and beta cell loss [33]. This suggests that dysfunction of 
ADAR represents a potential mechanism in the development of T1D. In 
the children with recent COVID-19 infection, we found three CpGs with 
differential methylation at ADAR in blood cells, illustrating that epige
netic regulation at this gene may be affected by SARS-CoV-2, potentially 
also in beta cells. In our targeted approach we also found alterations at 
known T1D susceptibility genes in children with COVID-19 infections. 
Among the affected genes, neuropilin-1 (NRP1) is of particular interest, 
as this receptor facilitates the cell entry of SARS-CoV-2 [35]. 
Neuropilin-1 is highly expressed and a specific surface marker in 
CD4+CD25+ Tregs [36] and is vital for Treg stability and their immu
nosuppressive function [37]. Furthermore, human pancreatic beta cells 
highly express NRP1 and pharmacological blocking of this receptor 
prevented SARS-CoV-2-induced beta cell dysfunction and loss [14]. The 
human Fc receptor-like 3 (FCRL3) gene is a known T1D susceptibility 
locus and has been implicated in the risk for multiple autoimmune 

Fig. 2. Differential methylation at type 1 diabetes susceptibility genes in children following COVID-19 infection. A, Volcano plot showing − log10(P) against 
the effect estimates (change in methylation M-value by previous COVID-19 infection; n = 81 vs. 583 children without infection) of 13,788 CpGs at 431 T1D sus
ceptibility genes derived from the Harmonizome database and the NHGRI-EBI GWAS catalog. Horizontal dotted line indicates the FDR threshold. Top CpG anno
tations are shown. B, Correlation plot of effect estimates of six CpGs at T1D susceptibility genes with differential methylation in previously COVID-19 infected 
children (any time prior to DNA sample; n = 81 vs. 583 children without infection) between children with recent (within 3 months prior to DNA sample; n = 43 vs. 
583 children without infection) and earlier (over 3 months prior to DNA sample; n = 38 vs. 583 children without infection) COVID-19 infection.
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diseases [38]. Stimulation of FCRL3 in Tregs has been shown to impair 
their suppressive function on effector T cell proliferation, promoting 
Treg dysfunction and loss of immune tolerance [39,40]. Together with 
other COVID-19-associated gene targets identified in this study, these 
findings point to a potential impact on Treg biology, potentially 
providing a mechanistic link between COVID-19 infection and increased 
T1D risk.

The collection of epigenetic samples at the 1.5-year visit restricted us 
to events occurring before May 2023. In the first years of the COVID-19 
pandemic in Europe, children were less frequently infected than adults, 
and the spread of other viruses, including influenza, was limited due to 
pandemic-related restrictions. Moreover, the cross-sectional design of 
this analysis precludes conclusions about longer persistence of epige
netic alterations or whether the methylation differences were already 
apparent prior to the infection. The analysis in 61 children with pre- 
infection blood samples indicated no methylation differences prior to 
COVID-19 infection. In addition, the overlap of several key antiviral 
genes associated with COVID-19 infections with those identified in 
previous longitudinal studies suggests that some epigenetic changes may 
be stable over time. Gene expression data were unavailable for our 
participants, restricting our ability to confirm CpG–gene relationships 
and draw more definitive conclusions. Therefore, we used publicly 
available blood eQTM data to validate gene targets of COVID-19- 
associated CpGs. However, the eQTM data was based on the Illumina 
450K array limiting our ability to evaluate many CpGs, as most were 
only present on the EPIC array. Access to primary T1D-relevant cells or 
tissues, including specific immune cell subsets or pancreatic islets, was 
not feasible in this study, limiting our observations to whole blood cells. 
This analysis was performed in children with a higher genetic risk for 
T1D and the observations may differ in children with lower suscepti
bility. Last, due to the associative nature of this analysis, we cannot draw 
conclusions about causality.

To conclude, we identified in children with a high risk for T1D 
substantial associations between blood epigenetic modifications at 
relevant immune and antiviral genes and previous COVID-19 infection, 
but not after influenza A infection. Resultant immune perturbations and 
contributions to the development of T1D remain to be investigated.
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