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Background: Allergic rhinitis (AR) and chronic spontaneous urticaria (CSU) are
often concurrent in patients. Changes in DNA methylation affect T cell
biological processes, which may explain the occurrence and progression of
comorbidity. However, downstream regulatory pathways of DNA methylation
in two diseases and the underlying mechanisms have not been fully elucidated.

Methods: The GSE50101, GSE72541, GSE50222 and OEP002482 were mined
for the identification of differentially expressed genes (DEGs) or co-expressed
genes and differentially methylated genes (DMGs) in AR and CSU patients. We
applied GO analysis and consensus clustering to study the potential functions
and signal pathways of selected genes in two diseases. GSVA and logistic
regression analysis were used to find the regulatory pathway between DNA
methylation and activation patterns of CD4+ T cells. Besides, we used the
Illumina 850k chip to detect DNA methylation expression profiles and
recognize the differentially methylated CpG positions (DMPs) on
corresponding genes. Finally, we annotated the biological process of these
genes using GO and KEGG pathway analysis.

Result: The AR-related DEGs were found closely related to the differentiation
and activation of CD4+ T cells. The DEGs or co-expressed genes of CD4+ T
cells in AR and CSU patients were also clustered using GO and KEGG analysis
and we got 57 co-regulatory pathways. Furthermore, logistic regression
analysis showed that the regulation of cellular component size was closely
related to the activation of CD4+ T cells regulated by DNA methylation. We got
self-tested data using the Illumina 850k chip and identified 98 CpGs that
were differentially methylated in patients. Finally, we mapped the DMPs to
15 genes and found that they were mainly enriched in the same CD4+T cell
regulating pathway.
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Conclusion: Our study indicated that DNA methylation affected by pollen
participated in the activation patterns of CD4 + T cells, providing a novel
direction for the symptomatic treatment of the co-occurrence of AR and CSU.
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1 Introduction

AR, induced by type I hypersensitivity response upon
sensitized individuals’ exposure to inhaled allergens, is
regarded as one of the most common allergic disorders and
affects 10% to 40% of the global population (1, 2). Characterized
by sneezing, nasal congestion, and rhinorrhea, individuals
suffering from moderate or severe allergic rhinitis often
experience troublesome symptoms, such as learning disabilities
in school-aged children and productivity impairment in adults
(3-5). Several studies have shown that AR is closely related to
and often co-occurs with CSU, which is defined as the
spontaneous appearance of wheals, angioedema, or both for
more than 6 weeks due to known or unknown causes (6, 7). It
has been confirmed that the activation of CD4+T cells is the
common stage in the development of AR and CSU (8-10).
Through the secretion of cytokines, CD4+ T cells contribute to
mast cell activation in comorbidity patients (11). Then,
chemokines from mast cells lead to infiltration of
inflammatory cells, which may, in turn, further activate mast
cells (10, 12). The release of inflammatory mediators causes
vasodilation and increases vascular permeability of nasal mucosa
or skin, leading to corresponding allergic symptoms (13).
Therefore, CD4+ T cells play a dominant role in the type I
immune response of these two allergic diseases, the mechanism
of which appears to be an interesting topic.

Studies have shown that AR and CSU have common
triggers, of which pollen is the important incentive (14). In
detail, data from clinical trials confirmed that there was a
significant correlation between allergic reaction with pollen
counts (15). According to patients’ sensitization to cyclic
pollens or year-round allergens, allergic rhinitis has been
classified traditionally as seasonal or perennial (11). This
categorization can be useful to establish allergen specific
treatment to ascertain the correct allergen desensitization (16).
Moreover, as a chronic relapsing skin disease, CSU is associated
with impaired skin barrier function and the atopic constitution.
Various allergenic factors, such as irritants, pollen, and microbial
organisms, have been found to induce the development of CSU
symptoms. Besides, in the double-blind and placebo-controlled
study published by Werfel et al. in 2015, it was demonstrated
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that exposure to pollen triggers cutaneous reactions in allergic
dermatitis (17). A systematic literature review also found that
positive skin-prick test (SPT) results for single or multiple
aeroallergens were common in CSU patients, with multiple
aeroallergen SPTs occurring at a 3.1-fold higher rate than
controls (18). Although pollen was considered a key allergen
in AR and CSU, the intrinsic pathogenesis of how it leads to
immune responses was still unclear. Studies have shown that Bet
vl, one of the most significant plant allergens in pollen, can be
recognized by T cells in individuals with birch pollen allergy (19,
20). It was also widely accepted that immune responses to
airborne allergens likely involve two subsets of CD4+ T cells,
namely Tth cells and Th2 cells (21). In conclusion, we will focus
on the common mechanism of AR and CSU mediated by T cells
under the influence of pollen.

Nowadays, the diagnosis of AR and CSU is made by medical
history, physical examination and, if necessary, allergen-specific
IgE testing in some patients (22). Available treatments for AR
include H1- antihistamines, intranasal corticosteroids (INCS),
and allergen-specific immunotherapy (AIT) (23). Except for
these non-targeted therapies, there are no biomarkers
available in clinical practice to predict the type (ie, phenotype
or endotype), the severity of AR and the development of
comorbidities (8). Besides, omalizumab was currently the only
biologic therapy approved for the treatment of CSU with
numerous clinical trials supporting its use in curing urticaria
(24). However, nearly 40% of patients taking omalizumab for
CSU continued to have moderate or poor control of symptoms,
and 11.8% had no response to the drug, which warrants further
research into new CSU therapies and biological targets (25, 26).

Recently, DNA methylation within the genome from allergic
patients is regarded as one of the distinctive epigenetic
signatures, mediating environmental effects on the
development of diseases (27). Studies have found that
exposure to air pollution in pregnancy correlated with
newborn blood DNA methylation at over 450,000 CpG sites
(CpGs), increasing the incidence of asthma (28). It is also
reported that the lack of contact with bacterial antigens during
one’s youth resulted in the increased occurrence of atopic
dermatitis by the demethylation of the RORC gene (29).
Therefore, DNA methylation is expected to become a new
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biological target of AR and CSU comorbidity, although its role in
disease development has not been fully clarified. Current
research suggested that it may contribute to a variety of
cytological processes of T cells in different allergic diseases,
including Treg deficiency, TH1 and TH2 polarization, and
differentiation of CD4+ T cells (30-32). Interestingly,
researchers have found that some allergic responses of AR or
CSU patients can be predicted by the DNA methylation levels
when exposed to grass pollen (33, 34). In conclusion, the above
results indicated that pollen can affect DNA methylation in
comorbidity patients, potentially regulating the biological
functions of T cells.

In this study, we comprehensively analyzed genes associated
with CD4+ T cells in AR-CSU patients and performed
functional enrichment. Then, we used DMP analysis and GO
analysis to find out the association between DNA methylation
and these two types of allergic diseases. In addition, GSVA and
logistic regression analysis were performed to dig out the link
between the activation of CD4+ T cells and DNA methylation.
Finally, we performed the detection of DNA methylation
expression profiles on 10 samples using the Illumina 850k chip
and functional enrichment analysis of DMGs using GO and
KEGG pathway analysis. These findings shed light on the
assumption that DNA methylation occurred in AR-CSU
patients and regulated CD4+ T cell activation to change
allergic reactions.

2 Materials and methods
2.1 DNA methylation array analysis

The peripheral blood from 24 CSU patients and 31 healthy
people was collected to extract DNA. Then, Illumina 850K chip
was used to detect the methylation levels of peripheral blood
DNA in 6 chronic urticaria patients (3 samples were effective, 3
samples were invalid) and 4 normal controls (35). Clinical
characteristics of CSU patients used for methylation assay
based on microarray were shown in Supplementary Table 1.
The array data of Illumina methylation chips (IDAT files) were
analyzed using “ChAMP” package in the R software to figure out
the DMGs between patients and normal controls (36). The
studies were reviewed and approved by the Ethic Committee
of the Third Xiangya Hospital, Central South University. The
patients/participants provided their written informed consent.

2.2 Data collection and processing

Expression profiling data by array related to CD4+ T cells
from AR and CSU samples were collected from GEO database
(https://www.ncbi.nlm.nih.gov/geo/; GSE50101, n = 38, AR =
20, healthy control = 18; GSE72541, n = 30, CSU = 20, healthy
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control = 10) (37, 38). The data of genome-wide DNA
methylation profile of the AR patients were available at GEO
database (https://www.ncbi.nlm.nih.gov/geo/; GSE50222, n = 32,
AR during pollen season = 8, AR outside pollen season = 8,
healthy control =16) (37). The data of genome-wide DNA
methylation profile of the CSU patients were available at
National Genomics Data Center (NGDC) database (https://
www.biosino.org/node; OEP002482, n = 190, CSU = 95,
healthy control = 95) (34). Our workflow for bioinformatics
analysis of publicly available datasets from both the GEO and
NGDC databases is illustrated in Figure 1.

2.3 Differential expressed gene analysis

To determine the DEGs of AR or CSU, the R package
“limma” (version 3.29.0) was used for comparison of the
microarray expression profiles of cells or tissues from GEO.
False discovery rate (FDR) was used to correct for multiple
hypothesis testing. Genes with [log 2 (fold change) | > 0 and FDR
< 0.05 were recognized as DEGs. The volcano plot and heatmap
were depicted with the “ggplot2” package of R software.

2.4 Data processing for DNA methylation
profiles and differentially methylated
position analysis

The DNA methylation data for AR and CSU obtained from
GEO and NGDC were quantified by the 3 value varying from 0
to 1. The probes with null values were imputed by the K-nearest
neighbor (KNN) imputation procedure. Then, the methylation
analysis was annotated with the required R package
“IluminaHumanMethylationEPICmanifest” on hg38 reference.
The methylation 3 matrix was filtered and estimated and then
normalized with the champ.filter function. A probe was
identified as a hypermethylated probe if the difference value of
probe methylation level (Af)between patients and normal group
was greater than 0 with an adjusted p value less than 0.05, and
vice versa for hypomethylated probes. Differentially methylated
CpG positions (DMPs) were detected by the champ.DMP
function (39). Moreover, differentially methylated genes
(DMGs) were found based on the probe locations.

2.5 Gene function enrichment analysis

To explore the enrichment of DEGs and DMGs in potential
biological processes and molecular functions from GEO, the
cluster “Profiler” package (version 3.18.0) of R software was
carried out, including Gene Ontology (GO) function analysis.
The adjusted p < 0.05 was regarded as a statistically significant
difference in the charts. The Gene Set Variation Analysis
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FIGURE 1

Flowchart for bioinformatics analysis of publicly available data from GEO and NGDC databases. DEGs, differentially expressed genes;
WGCNA, weighted gene co-expression network analysis; DMG, differentially methylated gene; GSVA, gene set variation analysis

(GSVA) R package (version 1.26.0) was used to calculate
normalized enrichment scores for gene sets in biological
processes of CD4+ T cells associated with AR and CSU (40).
These gene sets were downloaded from MSigDB database
version 6.1. GO and KEGG enrichment analysis was also used
to identify the pathways of DMGs in self-tested samples.

2.6 Immune infiltration analysis

Single-sample Gene Set Enrichment Analysis (ssGSEA)
(www.gsea-msigdb.org/gsea/index.jsp) was carried out to
calculate the immune infiltration and evaluate the proportion
of 24 infiltrating T lymphocytes in each CSU sample according
to their respective markers. These markers were searched from
CellMarker database (http://biocc.hrbmu.edu.cn/CellMarker/)
and the detailed information was shown in Supplementary
Table 3 (41). Correlations between different cell subsets and
clinical characteristics were evaluated using Spearman’s rho and
presented with a p-value (42).

2.7 Weighted gene co-expression
network analysis

WGCNA can be used to find clusters or modules of highly
correlated genes and link modules to one another and to external
sample traits (43). Co-expression networks of CSU were built
using WGCNA in R. To construct the networks, the adjacency
matrix was converted into the topological overlap matrix (TOM)
when the power of B was equal to 15 (R* = 0.9) so that the final
matrix followed an approximate scale-free topology. The
WGCNA dynamic tree-cut algorithm was used to detect
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network modules. In order to determine which modules and
corresponding processes were most associated with CD4+ T cells
in CSU patients, we ran singular value decomposition on each
module’s expression matrix and used the resulting module
eigengene (ME), which is equivalent to the first principal
component, to represent the overall expression profiles for
each module. Similar modules were merged following a height
cutoft of 0.25.

2.8 Statistical analysis

The statistical analyses were conducted using R software
(version 4.1.2; https://www.r-project.org/). The data was
normalized by “normalizeBetweenArrays” limma package to
acquire the expression of DEGs. The correlation analysis was
performed by using the Spearman method. Consensus clustering
was performed to determine the best clustering number of the
chronic CD4+ T cell activation patterns (44). The regression
analysis was used to confirm the relationship between
methylation regulatory pathways and CD4+ T cell activation
patterns and p < 0.05 was considered statistically significant.
“ggplot2” package of R software was used for data visualization.

3 Result

3.1 Identification and functional
enrichment analysis of DEGs in
AR-related CD4+T cells

In the GSE50101 dataset, we screened for DEGs in
CD4+ T cells to assess the expression levels of each gene in
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AR patients and normal people (Figure 2A). The full description
of DEGs was depicted in Supplementary Table 2. In addition, the
top 100 genes with correlation were shown in the heat map
(Figure 2B). The results showed that there were significant
genetic differences in CD4+ T cells between AR patients and
normal controls. GO pathway enrichment analysis was
performed to explore the potential biological functions of the
above DEGs (Figure 2C, D). A total of 169 GO terms of

10.3389/fimmu.2022.1053558

biological processes, 12 GO terms of cellular component,
and 5 GO terms of molecular function were identified. Among
these, the top 10 GO terms were exhibited in the circle plot,
where we found the DEGs were closely related to biological
processes including T cell activation and differentiation. The
p-value for expression of the DEGs in AR versus normal
controls was statistically significant in the GSE50101 dataset
(p-value < 0.05).
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FIGURE 2
Identification and functional enrichment analysis of DEGs in AR-related CD4+T cells. (A) The volcano plot screened DEGs in CD4+T cells from
AR patients. (B) The heat map displayed the top 100 DEGs with correlation. (C) GO pathway enrichment analysis data for DEGs (the top 10 were
shown in the circle plot). (D) GO chord plot of DEGs (the top 5 were shown). AR, allergic rhinitis; GO, Gene Ontology.
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3.2 Overview of the distribution of
immune cell subtypes in CSU patients

In order to figure out the proportion of various types of
immune cells in CSU patients, the stacked graph was depicted to
show the immune cell subtype distribution. It was observed that
activated CD4+T cells, CD4+ cytotoxic cells, CD4+T cells and
CD4+T helper cells were the main infiltrating cells (Figure 3A).
To have an overview of CSU patients’ immunity, we used the
heatmap to show the differences in immune cell numbers
between the CSU/CIU group and the normal control group
(Figure 3B). The result indicated that there was a general
decrease in immune infiltration in the CSU/CIU group,
suggesting a weakened immune system mainly associated with
CD4+ T in the patients. The above results suggested that CD4+
T cells played a major role in the immune infiltrating
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FIGURE 3
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microenvironment in CSU patients and were closely related to
the occurrence and development of this disease.

3.3 Establishment of scale-free network
of CSU-related DEGs and identification
of main module associated with
immune-infiltration

CSU samples (n=20) were clustered to detect the outliers
while we did not remove any objects owing to the small sample
size (Figure 4A). To build a scale-free network of genes in CSU
patients, B=15 (scale-free RA2>0.90) was set as the most
appropriate soft threshold (power). (Figure 4B). Furthermore,
the dynamic hybrid cutting method was performed to construct
a hierarchical clustering tree, where similarly expressed genes
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Dynaic Tree Cut

Sample dendrogram and clustering dendrogram of WGCNA. (A) Cluster samples to detect outliers. (B) Plot scale-free topology to determine
soft threshold (power). (C) The identified co-expression modules and the dendrogram. (D) Set the criteria to merge similar modules. (E)The

dynamic cut tree after merging modules.

were collected to form a gene module (Figure 4C). Then we
selected a height of 0.25 with a correlation greater than 0.75 to
integrate modules with similar expression patterns. (Figure 4D).
A total of 45 modules were generated after merging. (Figure 4E).
Based on the T cell markers found in CellMarker database, we
regarded the genes for a series of markers of the same type of T
cell as a gene set. The markers for each kind of T cell were shown
in Supplementary Table 3. Then, the proportion of immune cells
in each sample was calculated by ssGSEA and 24 common T cell
subtypes were included. The proportion of each T cell subtype in
CSU patients was extracted as phenotypic data and its
association with the WGCNA modules were analyzed
(Figure 5). The high correlations were mostly found between
genes in the pink module and urticaria-related immune-
infiltrating cells (R"220.90, p < 0.01). A total of 6735 genes in
the pink module were shown in the Supplementary Table 4.
According to Figure 3, we clarified the leading role and high
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correlation of CD4+ T cells in the immune infiltration of CSU.
Then, through WGCNA in Figure 4 and Figure 5, we found
genes in the pink module had a high correlation with immune
infiltration of CD4+ T cells in CSU patients. Hence, we
speculated that genes in the pink module may potentially
influence the level of immune infiltration of CD4+ T cells,
which in turn regulated disease development. They would be
used for gene enrichment analysis.

3.4 Gene set enrichment analysis of AR
and CSU related DMGs in pollen season

To explore whether the gene expression profiles in AR
correlated with pollen, principal component analysis (PCA) was
performed to separate the samples from GSE50222 (Figure 6A).
The result showed that the dataset supported the classification of

frontiersin.org


https://doi.org/10.3389/fimmu.2022.1053558
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Yang et al. 10.3389/fimmu.2022.1053558

Module-trait relationships
027 019 043 043 043 05 024 032 032
MEorangered4. 02 09 E ©0%) ©05 (05 (02 ©3 ©2 02 H
MEpink : 1
02 04
MEpurple 04 (004
018 0% 00% -02 006 007 01 021 019 012 007 02 02 015 015 019 015 013 017 025 016 -000097 0057 014
MEcyan (04) ©3) ©8)
H 041 043 023 018 03
MElightsteelblue1 ©08 (©05) (03 ©8 (02
; 02 04 0% 045 -02 o051
MEwhite o4 o o2 009 04 o)
MEgrey60 031 0043 037 013 -00061 013 013 | 038 015 0008 000 -0013 -0013 -025 -025 -00B2 0% 013 0076 042 010  Of1 024 0045
grey ©2  ©9  ©H ©9 )  ©8 ©8 ©a ©5 ) O O (M 03 ©3 ©8 (02 ©§ ©N ©8 ©04) ©8 03 ©9 05
o021 03 ooz o3 03 012 025 0058 -0031 03 016 016 009 0096 0054 OO0 021 003 | 031 0018 -0081 027 02
MEgreenyellow ©9  ©2 09 02 02 ©5 @) ©8 ©9 ©) ©3 09 ©) ©7 08 0§ 09 03 ©2 09 08 03 ©3
; 015 019 03 015 00 0f2 =03 -013 -0016 025 003 023 023 -027 -027 025 ~-011 -005 0% 00% -012 | =040 =043 -02
MEpaleturquoise ©5 04 (02 ©5 ©9 ©08§ ©O) ©8 ©9 (03 ©9 0y ©03 ©2 (02 O3 ©§ ©08 (02 ©8 ©8 003 (©03) (©4
8 003 013 0023 027 00087 02 01 012 013 004 -00W -016 016 -015 015 015 000 00 -0054 0045 02  -005 0011 00056
MElightyellow ©9 ©8 ©9 ©2 () ©3 ©6 ©6 ©08 ©9 () ©5 ©5 ©5 ©5 ©5 ©O) ©9) ©8§ ©9 04 ©8 O O
. 018 013 0061 02 024 0006 006 0073 012 -0A7 011 | -4l 041 | -011 011 -015 013 -021 028 -021 -013 -1 -00090 =048
MElightgreen @5 ©5 05 @0 ©3 0 o ©5 05 ©5 ©5 ©on @ ©5 05 ©05 ©5 0o 05 ©o 05 ©n o | 008
MEsal 03 0025 013 011 016 00066 -015 005 01 0020 0013 016 016 -02 026 -013 0019 -0015 -0022 008 0075 -019 031 -001
salmon ©) ©9 (08 ©On (©5 (1) ©5 (08 ©n (©9) (1) (05 05 (03 (03 ©8 09 O ©09) ©On (08 ©4 02 ©8
-0
ME: 019 013 008 01 -00% 02 032 02 02 02 005 -00% -00% -014 -0f4 025 012 -0074 02 0003 -019 01 027 -019
orange 04 ©6) o7 ©on ©9) 04 ©2) 04 ©4) 04) 8 09 ©9) ©5) 5 ©03) ©6) (©8) 04) m (©4) 7 ©3) 04
MEskybl 027 | =081 -02 -01 035 -034 -042 -0045 031 03 020 -032 03 -0 037 048 02 -031 044 -020 -0F -028 -021
Skyblue ©3 @@ ©4 ©n ©O) On ©8 ©9 ©02 ©2 ©02 ©2 ©02 ©ON O ©W ©4 ©2 0% ©2 O ©2 04
; 025 -017 006 02 -007  -033 041 -017 -0022 02 018 -021 -021 -03 -03 021 O00% -0079 -019 011 | =043 o043 027
MEdarkolivegreen ©3) ©5 ©8 04 ©9 (02 ©) ©05 ©3 ©4) 04 04 04 02 ©02 ©4H ©) ©n ©4 06 (008 ©9 02
MEsi 3 03 02 o0 027 016 -005 -021 -00&2 016 013 00 -03 03 -0067 -0067 0075 02 007 017 020 -028 002 -008
sienna ©2) (03 (08 (03 (05 (©8 (04 (09 (05 (©06 (©9 O (@) (©8 (©8 ©8 (04 (08 (05 (02 (03 ©9) (07
0096 -041 -039 -045 -052 -043 -026 -033 -034 -045 -019 =046 042  -05 044  -015
MEdarkmagenta ©7) (007 (005) (005 (002) (006 (03 (02 (1) (005 04  (004) ©07) (002 (005 (05
: -033 -0 -038  -046 -043 036 046 -046 -039 --0.5
MEtuquOIse o2 o0 _ o e o o 0o oon . oo
015 <007 021 025 033 -02 -024 -0045 013 02 014 04 | -042 =042 -021 -0074 017 015 02 -028 020 -041 -021
MEsteelblue 08 E 08 04 ©3 ©2 09 03 09 0§ 02 ©8 08 00 ©M 04 05 ©5 05 04 02 02 08 04
: 0088 034 013 -0072 0057 -0077 015 005 0060 013 -0091 -00) -00S3 0028 0028 -0028 021 0084 001 02 014 018 032 0045
MEmediumpurple3 ©7n @1 ©8 ©8 ©8 ©09 (©5 ©8 ©8 ©6 ©) ©8 ©O8 ©9 ©9 ©9 ©4 ©8 () ©4 ©5 ©4 ©2 ©9
025 -o0e2 024  -042 <008 03 031 -024 048 -0% -0 -022 02 025 02 04 0% 03 -00z7 01 | 049
MEroyalblue ©3 . ©1  ©3 @ H O ©2 02 ©3 ©% 02 02 03 03 03 04 08 Of . 0 09 07 |00
02 -o1 -016 027 -03% -0% 034 0% -03% 006 006 -03 03 013 018 025 -0t -0 0% -0076 -022 -010
MEdarkred ©4 (05 (085 H ©3  ©n ©1) H ©n ) ©1) (08 (©8 (02 (02 ©6 (04 (03 (06 (009 (1) (08 (04 (04
y 019 -0087 012 025 -008 011 011 011 014 -0015 -003 -0065 -0085 019 019 011 -0088 -0042 -0087 -0016 017 0021 -0O0GS 0041
MElightcyan 04 0D 08 ©) ©y ©ON ©§ ©§ ©5 (O 09 0y 05 ©4 04 08 O 09 ©O7 09 ©5 ©9 0 09 -1
ME. 02 o7 o1 0020 | 042 008 014 019 0019 002 018 016 -02 02 005 00% 003 0069 01 019 013 -012 0074
grey ©4 ©5 ©n ©9 ©0) ©7) ©8 ©4 ©9 ©7 ©05 ©05 ©) ©) ©8 ©9 ©9 08 O 04 ©8 ©8 ©8
N N N N N
FEFFC @D PSP PSP DDP PP PP PP P P
&7 NS Q7 &/.\(_z/,\\/«m/ N R Y Y A ‘\/(1,/ K7 K7 AR7 A7 A7 A7 A7
PN x/ N x 7/ R Q7 QX7 of /X7 X/ X/ X/ XS X/ (XS (XS
&7 oh &7 _-PO/ -'PO/ oh PR q‘/b (]:b ob& w7 obt ob& P ale obt obl obl
& [OAF N O O SR AR e X e YR o [CaNCOGN OGN SNOINS
7 RS x2S OO &7 & R IR Y &7
@ S S s P R S R R O M
@ x 7 Q & s & & @
K 7 & x7 ¢ O 48 5
& g 4 P € F F¥ @
¥ &S S &S o & e
~d S ¢
S N &
FIGURE 5
Correlation between diverse subtypes of immune-infiltrating T cells and different gene modules.
samples into three categories, including the control group, during (ssAR) and 6 shared pathways between ssAR and season-specific

the pollen season group and outside the pollen season group. To CSU (ssCSU) (Figures 6D, E). Then, the shared pathways were
find the pollen season related DMGs, we analyzed the DMGs determined and visualized using the network of GO to prohibit

from AR patients during or outside pollen season and healthy the specific genes associated with ssAR or ssCSU. GO analysis
individuals and displayed them on the volcano plot (Figure 6B). revealed that the genes were mainly enriched in the axonogenesis

The results indicated a total of 74,332 DMPs between AR during signaling pathway and the regulation of cellular component size
pollen season and Control (during-con), 11,104 between AR signaling pathway (Figures 7). The complete results of the GO
during pollen season and AR outside pollen season (during-out: analysis and corresponding genes could be found in
hypermethylated DMPs during pollen season compared to Supplementary Table 5-7.

outside pollen season and out-during: hypomethylated DMPs

during pollen season compared to outside pollen season), and

91,647 between AR outside pollen season and Control (out-con). 35 Categorization of AR and CSU Co-

As shown in the Venn diagram, we found 1447 pollen-related regulated pathways and corresponding
DMPs and 1701 pollen-independent DMPs (Figure 6C). Further, patterns of chronic CD4+

GO and KEGG analysis was performed to explore the potential T cell activation

biological functions of DMGs in AR and CSU based on the

GSE50222 and OEP002482. The Venn diagram analysis of the Through GO and KEGG analysis, we found 57 common
pathways showed 21 unique pathways for season-specific AR regulatory pathways in CD4+ T cells from AR and CSU patients
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FIGURE 6
Identification of DMPs in CD4+ T cells from AR and CSU patients. (A) The PCA plot of patients with AR during or outside pollen season and
normal control samples. (B) The volcano plot of pollen season related DMPs in AR patients and normal control samples. (C) The Venn diagram
showed pollen-related and pollen-independent DMPs. (D) The Venn diagram showed the number of regulatory pathways of AR genes during or
outside the pollen season. (E) The Venn diagram showed the number of common signaling pathways regulating AR and CSU during the pollen
season. DMPs, differentially methylated CpG positions.

(Figure 8A). The complete results of the GO and KEGG analysis
could be found in Supplementary Table 8. As depicted in the
bubble plot after GSVA, 120 or more genes were involved in the
process of T cell activation and lymphocyte differentiation,
respectively; 80 or more genes were associated with T cell
activation, regulation of cell adhesion, T cell differentiation, and
antigen processing, respectively; 40 or more genes were involved
in antigen processing and presentation (Figure 8B). The genes in
CD4+T cells related to AR and CSU were collected for consensus
clustering, whose process was shown in Figures 8C, D. As shown
in Figures 8C, D, in accordance with the approach for consensus
clustering, when k = 2, the co-regulated pathway cohort could be
separated into two subgroups which were different and did not
overlap. The 57 signaling pathways of each sample were scored
using GSVA (Figure 8B), and the pathways were divided into 2
groups according to scores. The boxplot results showed that the
activation level of group A was higher than that of group B
(Figure 8E). Thus, patients with allergic comorbidities had chronic
CD4+ T cell-specific activation patterns regulating disease
progression. By establishing a logistic regression model of 30
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comorbidity patient samples, the relationship between 57
regulatory pathways related to T cell activation and 6
differentially methylated gene enrichment pathways was found
(Supplementary Table 9). Then, according to the OR value,
confidence and P value, the cellular component size regulation
pathway was finally obtained, which not only was regulated by the
methylated DNA but also changed the T cell activation patterns.

3.6 ldentification and verification of
differentially methylated CpG positions in
10 self-test samples

In this study, we performed the detection of DNA
methylation expression profiles on 10 samples (AR-CSU: n =
6; normal: n = 4) using the Illumina 850k chip. As shown in the
boxplot, we examined the methylation rates for all 98 CpG
positions and found differences between AR-CSU patients and
healthy individuals were distinguishable at most CpG positions
(Figure 9A). Then, we used the heatmap to identify DMPs and

frontiersin.org


https://doi.org/10.3389/fimmu.2022.1053558
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Yang et al.

10.3389/fimmu.2022.1053558

A Allergic Rhinitis: During Pollen Season
ARHGEF2 K@TD3 M¥O9B MABRE2 RASAS Doy aseq
SRR MCF21$ ArnGDis PLOET FARP1 S, dsscn
MEF2C N PERT
QPRGK1 TBP2 GO:004¢ BAsAL
NEB
NEUR@D1 ®GMNN HIRIR o vavZ® AW; TRI27
vgozs  IRIME co:a@1099 SIS Mt o
&~ TRAF2 Floty  SYNGAPI TRIM28 NRP1 wrdk SRPTOR ~ ¥X®
et RS TiAvg ABLI®Y Riyar — GO:0004@1 0032535 SLC12A7 o LI
GAFA3 SPAXE AP
. AFA3 P AUTS2 ~ BDMF — AENF ﬁAPT ] SeC12A4 g
> = QX2 swaAl.Rﬁs.CTrN QSO 0060560 WN®7B BIN1¢ PEX11G
MAPK7 & FREES: GO:@88y409 @ @ SPRNK3 RNF157
GLi2 sEmasl & o
* @AGRN  BReK2 GOLGA4 X1
ROBO4# e ENAH HH g cx«cgm"
SIAH1 TAOK2 o ERgB4 ALGAM  $LIT3 PRKCZ®
Q3 NREN3 st KIg268 —
N e
cOlzsa1 Brera Mesc AMesz UMY o
Counts @ 20 @ 30 @ 40
Allergic Rhinitis: During Pollen Season
axonogenesis - ‘
regulation of cellular | ’ p-adjust
component size 0.075
developmental growth involved | ’ 01050
in morphogenesis 0.025
regulation of Ras protein |
signal transduction ’ Cour;:)s
. " 40
regulation of cell size { ¢
positive regulation of binding - ¢
— T T T T T T
0.0250.0300.0350.0400.0450.0500.055
GeneRatio
B Chronic Spontaneous Urticaria
SPRL3
TCR7L2
T™MOD3 MARK3
SPIREL RPEOR KDM1A
Al Go:0@®1099 Lonmss
’032535
KANKA - LRP1
G0:000! BAMP2
MCR2L2 ROX MAGEF1
ABL1 AmP
rwid sEMA4D
ITSN1 DISC1
Go:@e578 i MYs10
P2RY10 GO:a@os60 GO:.AOQ sar2
KIf138
RALGPS1 ITSN2
DPYSL5
Eor2 FGER2 RANBPY
shilod MATIN2
Counts @ 5 @ 10 @ 15
Chronic Spontaneous Urticaria
axonogenesis - .
: i p.adjust
regulafion ol esliar u
0.075
regulation of cell size ] 0.080
0.025
regulation of Ras protein |
signal transduction u CE;"‘:D
developmental growth involved | g O+
in morphogenesis
positive regulation of binding 1 ®
T T T T
003 004 005 006 007 008
GeneRatio

FIGURE 7

GO enrichment analysis of DMGs in AR and CSU patients. (A) GO enrichment analysis of DMGs and bubble chart of regulating pathways in AR
patients. (B) GO enrichment analysis of DMGs and bubble chart of regulating pathways in CSU patients.

marked them on the corresponding genes (Figure 9B, C). In we conducted GO terms and KEGG pathways analysis of these

conclusion, we recognized 26 hyper-methylated positions and 72 genes to identify their biological functions (Figure 10). The

hypo-methylated positions among 98 DMPs and determined 15 analysis suggested that 15 DMGs were mainly involved in the

DMGs based on probe location in corresponding genes. Finally, regulation of cellular component size, the regulation of cell size

Frontiers in Immunology 10 frontiersin.org


https://doi.org/10.3389/fimmu.2022.1053558
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Count

o«

@ =

pvalue
Be-04
4e-04
2004

qualue <0.05

- TRUE

10.3389/fimmu.2022.1053558

0.02 0.03

GeneRatio

0.01

nof T cell
activation
totic
ulation of
adhesion
genous
antigen

it

antigen processing and
presentation

T cell activation
cell-cell adhesion
ic apoy
signaing pathway

intrinsi
en processing and

regulatio
T cell differentiation
ositive re

%
presentation of exo

regulation of leukocyte
leukocyte cell-cel

lymphocyte differentiation

leukocyte cell-cell adhesion
anti

AR-CD4+ T Cell

U-CD4+ T Cell

Yang et al.

g -
[ |
= -

i

TV s ann 1 ann

|

i

o I g — L
0 ‘_‘l,lllll
X iC—m r
X e
= g L
- P
1] . -
£ T |
@ &% F
3 iy r
7] —— |
m I——— |
@ £ = |
< O I a— L
[+] = i gp— |
4] © w
o o a——
c o r
ke] g e |
© L
= o |
Nv @ mﬂ Ill.l .
— g — e
© < il -
O g e r
[ o i
+ L
m g [
L=
C m—..ll||l|. ol
m mn i [
S L= |
= g o
e o g |
¥ lel
g—— |
fgmm— |
o tw g |
g — L
g =
o Fn~ i g
e
© & —Ee e -
[ o Lo o r
r.m i el
[} \ ~ o —mgmm— |
= iy mm— |
[7} o Fw iL e
a il —m— r
i g —e |
L e
@ r m—-‘ |l||.|l r
g o |
i g |
L I I S B
© e 2 @ © ¥ & ©
-~ 6 o © o o
\ 21005 UOHBAIDY
o o
T T T T T
S0 ¥'0 €0 49 10 0o
9AIND 4D Japun eale ul abueyo aalejas w

2. (E) Box plot showing differences of two types of
frontiersin.org

Categorization of AR and CSU co-regulated pathways and corresponding patterns of chronic CD4+ T cell activation. (A) Venn diagram exhibited
the shared signaling pathways associated with CD4+ T cells in AR and CSU patients. (B) GSVA shown by bubble plots. (C) Relative change in
11

area under the CDF curve under different values of (k) (D) The consensus matrix for k

chronic CD4+ T cell activation patterns.

FIGURE 8
Frontiers in Immunology


https://doi.org/10.3389/fimmu.2022.1053558
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Yang et al. 10.3389/fimmu.2022.1053558
A Group EJAR-UESN
1.00 P R R I I T i B B R R R R R S A S S i R R R R B T S R R A S A A A S S S R A S
- &
e s L . B aoo g
s * égéa E{? ° s & 8
B - = - B
g % & . R = 8o @
075 Hﬁ K B ? g
. g T
g ) . b i 7
? E aﬁ
& f .t ‘
H v g ! . oo . . .
So.50 M ﬁ L . H 0 é
o
8 b b AR
8 Q? 5 5 .
. . ¢? .. 0
8 ¢ o ° & L
- &£ 4 B i ° Ll
0.25 b : FE $g B b
. ® E; a
I . # :
8 & .
0.00 % J
B O T TN
Siat i s e e e e
S D S A RS S S T ISy
MP
B C
AR-U vs. N: ABL1 AR-U vs. N: AKT3 AR-U vs. N: BAIAP2
cgo3ssadot | - cgo2528319 ¢g00430484
0908951958 g09178668 01630723
©cg10083122 ) g11820600 ©g11543393
©g10167070 ©g15154427
cqteos2ass
0803013 catsezodss
0913440206 salsials | ©g20841191
cg14270612 BgRTIBM | B
0g24453271 0927438690 ©g27057591
AR-U vs. N: CREB1 AR-U vs. N: DISC1 AR-U vs. N: KANK1
©g02530879
caoaser2rs
catastazss catotestas
D cgtosia9so
©g11779501
cgpoarsse
cqza172853 catorsstor
caaseasns o p—
group
M ArR-u AR-U vs. N: KDM1A AR-U vs. N: LRP1 AR-U vs. N: MACF1
m R p— -
cg09817060
5 i cgozresst
cgt1001914 caosdsodst
1 it ©g08876103
- ©g18317251
copgE0sts 918504358 ©g11906118
o cgRaTateaT
cgpa172048 catsrsios
925866075 . 19790515
-1 0926375855
l o | Sanizzsas
-2
AR-U vs. N: PTEN AR-U vs. N: RDX AR-U vs. N: RPTOR
3 - coorasorrs
itogeris || caaas000se - e
gy caosse2135 cguasatsos aecors
gty
cgoasessan Chtoeaioes
it
cgroriseos ! g
| ©g16780847
caooa72z11 cgzot12865 B cq7estecs
o
0020260990 e
AR-U vs. N: RTN4 AR-U vs. N: SEMA4D AR-U vs. N: TMOD3
cgoacesns cg0t700248
B coososorrr co0tsarTez
caoso81323 cgorzsetst
ca0633353 cq0708034
B cotriooozs | 0908684920 0g24531993
©g18694815 ©g13780053
caaseTiez cgtesottin
(©g24443768 917381185
. caasesst cqpt220462
FIGURE 9
Identification and verification of DMPs. (A) Overview of methylation rates for 98 CpGs in the box plot. (B) Heatmap of 98 differentially methylated
CpGs between AR-CSU patients and healthy individuals. (C) Heatmap of DNA methylation levels of different CpGs on the corresponding genes.

and the regulation of cell morphogenesis involved in
differentiation, which were in good agreement with the
database analysis results and finally confirmed the assumption
that DNA methylation occurred in AR-CSU patients and
regulated CD4+ T cells activation to change allergic reactions.

Frontiers in Immunology 12

4 Discussion

AR and CSU often co-occur in the same individual, which can
be partly explained by the Th2 immune response (45-47). It has
been reported that pollen was regarded as one of the most
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common causes of these two diseases, leading to the exacerbation
of symptoms (48, 49). Besides, in pollen season, DNA
methylation, a kind of epigenetic modification, can be affected
by environmental aeroallergens (50). Recently, it has been
recognized as one of the most distinctive epigenetic signatures
in allergic diseases such as allergic rhinitis and atopic dermatitis
(51, 52). In allergic disease patients, DNA methylation can change
cytological functions such as differentiation and activation of T
cells and regulate the process of disease development (53).
However, the specific pathways that DNA methylation regulates
comorbidity and the potential methylation sites associated with
allergic diseases have not yet been discovered. In this study, we
systematically analyzed DEGs in the CD4+ T cells associated with
AR and CSU in the GSE50101 and GSE72541. WGCNA was
applied to identify immune infiltration in CSU. Moreover, GSVA
and consensus clustering were performed. Finally, Illumina 850k
chip was used to detect DNA methylation expression profiles on
10 samples. These findings clarified the essential regulatory
pattern of DNA methylation under the influence of
environmental factors in comorbidity.

Several researchers reported the essential contribution of
CD4+ T cells in allergic diseases (54). Through producing and
secreting type 2 cytokines such as IL-4, IL-5 and IL-13, Th2 cells
activate B cells to class-switch to IgE and incentive mast cells to
release inflammatory mediators, leading to the occurrence of
allergic diseases (47, 55). Hence, in the following study, we
identified the DEGs in CD4+ T cells between AR patients and
healthy individuals. Then, GO analysis was performed, and the
results showed that AR-related DEGs were closely associated with
cytological functions such as T cell activation and differentiation,
which contribute to the regulation of immune metabolism and
release of cytokines in allergic diseases (56). Then we assessed cell
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subtypes in the immune-infiltrating microenvironment from
CSU samples. As shown in Figure 3, we found that, in spite of
the decline in the immune function of CSU patients, CD4+ T cells
were highly enriched within the immune cell subtypes, which
indicated the critical role of CD4+ T cells in the development of
CSU disease. Then, WGCNA was performed on the related genes
in the CSU patients and 45 modules were identified, of which the
pink module was highly associated with the infiltrating immune
cells, mainly including various subsets of CD4+ T cells. Thus, the
genes in the pink module were likely to mediate the development
of CSU by affecting different subsets of CD4+ T cells. The above
results elucidated that the co-occurrence of AR and CSU was
closely related to CD4+ T cells.

Pollen is considered to be one of the most common allergens
in AR (57). As is reported, seasonal climate change increases the
length and intensity of the pollen season, which have a significant
impact on the millions of AR patients (58). Nowadays, AR can be
classified as a seasonal disease, according to the rapid and
reproducible onset and offset of symptoms in association with
pollen exposure (59). In our study, PCA was performed to divide
the AR samples and healthy controls into three categories
including the control group, during the pollen season and
outside the pollen season. Through the mutual comparison
between categories, we found that a total of 1447 season-
specific DMPs were differentially methylated using DMP
analysis. Studies have shown that the specific exposures to
aeroallergen can prime the changes in DNA methylation which
led to the significant differences between AR patients and healthy
controls in epigenetics (60). North et al. found that DNA
methylation patterns could predict the severity of symptoms
after exposure to grass allergens, of which DNA methylation of
the SLFN12 was significantly associated with AR (33). Zhang et al.
also assessed genome-wide DNA methylation patterns and
allergic sensitization among adolescents and found that
methylation at c¢g10159529 was strongly correlated with allergic
diseases (61). All these findings indicated that DNA methylation
regulation may be the underlying etiology of pollen-induced
seasonal AR. Besides, GO analysis was performed to explore
the potential biological functions of selected DMGs. Venn
showed 6 common regulatory pathways and the corresponding
genes were exhibited after GO analysis. The result from Figure 7
depicted that DMGs from AR and CSU patients were enriched in
pathways related to regulation of cellular component size. In
order to further explore whether the pathway is activated or
deactivated after DNA methylation, we measured the
methylation level of the genes in 6 common regulatory
pathways. According to Supplementary Table 7, RDX, AKT3,
RPTOR were hypomethylated, while LRP1, SEMA4D were
hypermethylated. Previous studies have reported that the
methylation levels of genes were generally inversely correlated
with gene expression (62). Therefore, we inferred that regulation
of cellular component size was up-regulated in AR and CSU
patients. The above results suggested that the occurrence of AR
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and CSU was related to DNA methylation differences, and the
common regulatory pathway under epigenetic factors was the
potential cause of pollen-induced comorbidity.

Studies have shown that DNA methylation can affect the
proliferation, activation, and differentiation of T cells (63, 64). It
has also been confirmed that the control of DNA methylation
during CD4 T cell differentiation and function was significant in
human cells (65). In immune infiltration shown in Figure 3, we
have found different subtypes of CD4+ T cells, containing Thl,
Th2, Treg, naive T cells and so on. Thl cells are formed by
differentiation of naive T cells, which is mediated by methylation
of the IL-4 gene promoter. Th2 cells have been shown to
reactivate the synthesis of IFN-y via demethylation of specific
gene sites (66). Besides, Polyxeni Ntontis et al. found that the
activation of the regulatory T cells’ suppressive role required
demethylation of the FOXP3 gene (67). Therefore, we speculated
that the abnormal biological function of T cells caused by DNA
methylation was the pathogenesis of allergic diseases. In this
study, we performed GO functional enrichment on specific genes
in AR and CSU-related CD4+T cells. Through the Venn diagram
intersection, a total of 57 common regulatory pathways were
found. We then performed GSVA and consensus clustering of
these pathways and finally identified two groups, A and B. It was
surprising to find that the patients in group A were consistently
expressed at higher levels in immune infiltrating cells than group
B, thus establishing a pattern of activation of CD4+ T cells
regulating disease progression in patients with allergic
comorbidities. To further investigate the specific molecular
mechanism by which DNA methylation regulates CD4+T cells,
logistic regression analysis was applied to establish a correlation
between 57 pathways and the above 6 common regulatory
pathways. The analysis suggested that regulation of cellular
component size was the critical signal pathway between DNA
methylation and the activation of CD4+ T cells.

Finally, the result showed that there were 98 DMPs shared
by AR and CSU occurring in the pollen season. The heatmap in
Figure 9B depicted that patients generally had lower methylation
levels with 26 hyper-methylated positions and 72 hypo-
methylated positions. We found that 15 genes were
differentially methylated according to probe location and they
were mainly enriched in the regulation of cellular component
size. The significant differences of methylation confirmed its
potential role in regulating the development of this comorbidity.

Nowadays, AIT therapy was still the mainstream clinical
treatment for AR and CSU diseases (68). It remained an
important goal to predict the efficacy of AIT and find additional
immune biomarkers to provide individualized treatment for AIT
(69). In our study, we first explored the co-pathogenesis of AR and
CSU during the pollen season. Induced by pollen, the level of
DNA methylation in patients decreased, which altered the
activation of CD4+ T cells in the immune-infiltrating
microenvironment and exacerbated the disease condition. Thus,
it was expected to develop DMPs in comorbidity as novel
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biomarkers, which are critical for selecting the proper treatment
for patients and enabling precision medicine (70).

However, there were still some inevitable limitations in our
study. Even though we have identified DEGs and DMGs using
bioinformatics analysis to elucidate the common pathogenesis of
AR and CSU, more in vivo experiments are needed as direct
cytological evidence to demonstrate the exact role of DNA
methylation on T cells. In addition, after DNA methylation,
further studies were needed to elucidate the activation or
deactivation of downstream pathways and their impact on the
biological processes of T cells. In the following research, we plan
to up or down regulated the methylation levels at different CpG
sites and explore their variation in proliferation, activation, and
differentiation of T cells in vitro and vivo, attempting to find out
possible treatments for pollen-induced seasonal AR and CSU at
the epigenetic level.

5 Conclusion

In AR and CSU patients, DEGs were closely related to
pathways that regulate the chronic activation of CD4+T cells.
We then found the association between DNA methylation and
two allergic diseases. Furthermore, we analyzed the relationship
between T cells and DNA methylation and found that the
regulation of cellular component size played a bridging role
between them. Self-tested data was collected using the Illumina
850k chip and we identified 98 DMPs in patients. Finally, we
mapped the DMPs to 15 genes and found that they were mainly
enriched in the above CD4+T cell regulating pathway.
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