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Background: Pediatric atopic dermatitis (AD), a common chronic relapsing inflammatory skin disorder, often co-occurs with iron deficiency. 
However, the causal relationship and mechanisms linking iron homeostasis to AD pathogenesis remain unclear. This study investigates 
etiopathogenetic role of iron deficiency in childhood AD by analyzing molecular pathways and clinical impacts on disease progression.
Methods: We have enrolled 298 pediatric AD patients based on the Hanifin and Rajka criteria to evaluate the relationship between 
peripheral iron and the severity of AD, as well as the levels of serum iron, ferritin, and transferrin in children with AD. The 
percentages of Th2 cells and IL-10-producing CD24+CD38+CD19+ regulatory B (Breg) cells were quantified by flow cytometry. RNA- 
sequencing and bioinformatic analysis were performed to explore the iron deficiency-sensitive genes in CD19+ B cells treated with 
Ciclopiroxolamine (CPX). The differentially expressed genes, including T cell immunoreceptor with immunoglobulin and tyrosine- 
based inhibitory motif (ITIM) domain (TIGIT) and IL10, were further confirmed by RT-qPCR. 5-mC level was determined to evaluate 
the effect of iron deficiency on DNA methylation. TIGIT was inhibited in CD19+ B cells using a blocking antibody to assess its 
regulatory role in Breg cells.
Results: Children with severe AD have lower levels of iron ions in peripheral blood compared with the mild patients (P<0.0001). 
Children with AD exhibited decreased serum levels of iron (P<0.01), ferritin (P< 0.01), and transferrin (P<0.05), along with an 
elevated percentage of Th2 cells (P<0.01) and reduced CD24+CD38+CD19+ Breg cells (P<0.01). CPX-mediated iron chelation 
suppressed IL-10-producing Breg cells (P<0.01) by inducing DNA methylation (P<0.05) and downregulating TIGIT (P<0.001), 
while promoting the expansion of IL-4-producing Th2 cells (P<0.05).
Conclusion: Iron deficiency contributes to Th2 cell expansion in pediatric AD via DNA methylation and TIGIT suppression in IL-10- 
producing Breg cells.

Plain Language Summary: Many children with atopic dermatitis (AD) have low iron levels, but we did not know if this causes AD. 
Our research discovered that helpful immune cells (Bregs), which generally help reduce inflammation, do not work when the body 
lacks iron. Th2 cells, which drive allergic reactions, become overactive. These changes happen through altered DNA tags (methyla
tion) and reduced TIGIT expression. Together, these effects promote AD development in children. 
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Introduction
Pediatric atopic dermatitis (AD) is a chronic inflammatory dermatosis characterized by epidermal barrier dysfunction, 
pruritus-associated scratching cycles, and lichenified eczematous plaques, arising from intricate immune network 
dysregulation. Emerging evidence highlights dysregulated type 2 immunity, particularly IL-4/IL-13-mediated Th2- 
polarized responses, coupled with disrupted regulatory cell homeostasis as central mechanistic drivers orchestrating 
both initiation and perpetuation of AD pathology.1,2

Trace element iron is an indispensable enzymatic cofactor regulating core cellular homeostasis, such as DNA 
synthesis, mitochondrial respiration, oxygen transport, lipid, carbon, and glucose metabolism. Iron homeostasis is 
maintained by ferritin, transferrin (TRF), ferroportin, and other iron-related proteins. Long-lasting iron depletion affects 
erythropoiesis and causes iron deficiency anemia (IDA), a common condition in pediatric AD.3–5 Indeed, an insufficient 
iron intake is reported in infants with AD, since their micronutrient needs can no longer be met by breastfeeding alone 
during this period.6–8 Though iron deficiency is assumed to be associated with the development of pediatric AD, 
experimental evidence remains absent.

Regulatory B cells (Breg cells, also known as B10 cells) restore immune balance by producing IL-10. In human 
peripheral blood, CD19+CD24+CD27+ and CD19+CD24+CD38+ B cells are the two major functional types of Breg 
cells.9 Breg cells from healthy individuals exert dual immunomodulatory functions by suppressing the production of 
inflammatory cytokines IFN-γ, TNF-α, and IL-17A while inducing FOXP3+ expression in CD4+ T cells through an IL- 
10-dependent mechanism.10 Recent studies have demonstrated impaired Breg cell activity in type 2 inflammatory 
diseases such as allergic asthma and atopic dermatitis.11,12 IL-10-producing Breg cells alleviate MC903-induced AD- 
like dermatitis in mice by suppressing eosinophil activation and tissue infiltration.13 However, the precise role of Breg 
cells in the pathogenesis of pediatric AD remains unclear.

In this study, we performed a retrospective analysis of children with AD referred to Hunan Children’s Hospital from 
April 2014 to May 2023 and identified an association between peripheral iron levels and AD severity. Our data exhibited 
reduced IL-10-producing CD24+CD38+CD19+ Breg cells in AD patients, along with decreased serum iron and ferritin levels 
that positively correlated with IL-10 production. Given the IL-10-dependent immunoregulatory function of Breg cells, we 
postulated that iron deficiency might compromise Breg cell activity in AD pathogenesis. Our data further demonstrated that 
CPX-mediated iron chelation significantly reduced both the proportion of CD24+CD38+CD19+ Breg cells and their IL-10 
production capacity through T cell immunoreceptor with immunoglobulin and tyrosine-based inhibitory motif (ITIM) domain 
(TIGIT) downregulation and DNA methylation promotion. In addition, CPX treatment significantly increased the frequency 
of Th2 cells and IL-4 production in CD4+ T cells. Thus, this study identified that iron deficiency impaired Breg cell activity 
and exacerbated AD pathogenesis by promoting Th2 cell-mediated type 2 inflammation.

Materials and Methods
Clinical and Laboratory Data Collection
This single-center retrospective study analyzed 217 children with AD referred to Hunan Children’s Hospital between 
April 2014 and May 2023. AD diagnosis was based on the Hanifin and Rajka criteria.14 Diagnosis of iron-deficiency 
anaemia (IDA) in children followed the 2021 WHO criteria: haemoglobin <110 g/L (6–59 months), <115 g/L (5–11 
years), or <120 g/L (12–14 years) at sea level, combined with serum ferritin <12 µg/L (<5 years) or <15 µg/L (≥5 years); 
in the presence of inflammation (CRP ≥5 mg/L), adjusted cut-offs of <30 µg/L (<5 years) and <70 µg/L (<5 years) were 
applied.15,16 Patients with other non-iron deficiency anemias, other cutaneous inflammation, or autoimmune disorders 
were excluded. Severity categories were evaluated based on the SCORing Atopic Dermatitis (SCORAD): mild (0 ≤ score 
≤ 24), moderate (24<score ≤ 50), and severe (50<score ≤ 103). The information obtained included the levels of 
hemoglobin and iron ions in peripheral blood.

Human Subjects
Eighty-one children with AD were prospectively enrolled between August 2022 and September 2024 from the 
dermatology department of Hunan Children’s Hospital, including outpatient and inpatient cohorts, for peripheral blood 
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sampling and subsequent analyses. The diagnosis of AD was established using the Hanifin and Rajka criteria. Eighty- 
seven age-, sex-, and ethnicity-matched healthy controls were collected from the Hunan Children’s Hospital during the 
same period. All the patients received topical treatment (corticosteroids/calcineurin inhibitors/PDE-4 inhibitors); none 
were on systemic therapies (corticosteroids/immunosuppressants/biologic agents) at the time of sample collection. All 
experiments were conducted in accordance with the Declaration of Helsinki and approved by the Ethical Committee of 
Hunan Children’s Hospital (approval code: HCHLL-2024-264). Written informed consent was obtained from the 
patient’s parent/legal guardian before enrollment.

ELISA and Serum Iron Detection
Serum was collected from peripheral blood samples of AD patients and healthy controls. For serum iron detection, 
a serum iron assay kit (A039-1-1, Nanjing Jiancheng Bioengineering Institute, China) was used according to the 
manufacturer’s protocols. Assays for IL-10 (H009-1-1, Nanjing Jiancheng Bioengineering Institute, China), transferrin 
(H130-1-1, Nanjing Jiancheng Bioengineering Institute, China), and ferritin (H129-1-1, Nanjing Jiancheng 
Bioengineering Institute, China) were performed using respective commercial kits as per the manufacturer’s guidelines.

Flow Cytometry
Human peripheral blood mononuclear cells (PBMCs) or CD19+ B cells were stained with Zombie NIRTM (423105, 
BioLegend, USA) to assess cell death levels. The negative staining of Zombie NIRTM dye was regarded as viable cells. 
For staining of surface markers in human, cells were incubated with fluorochrome-labeled antibodies against surface 
markers at 4°C for 30 min, protected from light. For staining of intracellular cytokines in human, cells were stimulated 
with Phorbol 12-Myristate 13-Acetate (PMA) and ionomycin plus GolgiPlug (550583, BD Biosciences, USA) at 37°C 
for 6 hr. The cells were then fixed and permeabilized with Cytofix/CytopermTM Fixation/Permeabilization Solution Kit 
(554714, BD Biosciences, USA), followed by staining with fluorescent antibodies for an additional 30 min at 4°C in the 
dark. For indirect flow cytometry, cells were stained with the primary antibody and incubated for 30 min at 4°C in the 
dark. Afterwards, they were washed three times with ice-cold PBS, and stained with diluted fluorochrome-labeled 
secondary antibody for 30 min at 4°C. To detect Fe2+, FerroOrange (1 μmol/L) (F374, DOJINDO Laboratories, Japan) 
was loaded into cells and stained at 37°C for 30 min. The expression of cytokines and surface markers was detected by 
flow cytometry using BD FACS LSR Fortessa (BD Biosciences), then the data were collected by BD FACSDiva (BD 
Biosciences) and analyzed by the Flowjo software (Tree Star). The following antibodies were used for flow cytometric 
analysis: CD19 (APC, 302212, Biolegend; FITC, 302205, Biolegend), CD24 (BV711, 311135, Biolegend), CD27 
(PECY7, 124215, Biolegend; BV605, 302829, Biolegend), CD38 (BV510, 356611, Biolegend), TIGIT primary antibody 
(16–9500-82, Invitrogen, USA), 5-mC primary antibody (ab214727, Abcam, UK), Goat anti-Mouse IgG (H+L) second
ary antibody (AF488, A32723TR, Invitrogen), Goat Anti-Rabbit IgG (H+L) secondary antibody (AF488, ab150077, 
Abcam), IL-10 (PE, 501403, Biolegend), CD4 (FITC, 555346, BD Biosciences), CCR6 (APC, 353415, Biolegend), 
CXCR3 (BV650, 353729, Biolegend), CCR4 (PECY7, 359409, Biolegend), IL-4 (APC, 500811, Biolegend).

In vitro Human PBMCs and CD19+ B Cell Activation
Human PBMCs were separated from the peripheral blood of healthy donors by density gradient centrifugation (
17544203–1, Cytiva, USA), then they were stimulated with 2 μg/mL anti-CD3 (217,570–100UGCN, Sigma, USA) 
and 1 μg/mL anti-CD28 (217,669–100UGCN, Sigma) for 48 hrs. After cell culture, PBMCs were collected to determine 
the percentage of Breg cells and Th2 cells, along with the production of IL-10 in Breg cells. For CD19+ B cell activation, 
CD19+ B cells were isolated from PBMCs by positive selection using human CD19 microbeads (130–050-301, Miltenyi 
Biotec, Germany), and then cultured under the stimulation of 10 μg/mL anti-IgM (109–006-129, Jackson 
ImmunoResearch, USA) and 1 μg/mL CD40L (310–02-50UG, PeproTech, USA) for 72 hrs. After stimulation, cells 
were collected to assess the percentages of CD19+CD24+CD27+ Breg cells and CD19+CD24+CD38+ Breg cells, as well 
as IL-10 expression by flow cytometry.
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In vitro Iron Depletion
PBMCs or CD19+ B cells were isolated from the peripheral blood of healthy donors and subjected to iron depletion using 
ciclopiroxolamine (CPX) (20 μM) (C2162700, Sigma, USA). Following iron depletion, PBMCs were cultured under the 
stimulation of 2 μg/mL anti-CD3 (Sigma) and 1 μg/mL anti-CD28 (Sigma) for 48 hrs. In parallel, CD19+ B cells were 
stimulated with 1 μg/mL CD40L (PeproTech) and 10 μg/mL anti-IgM (Jackson ImmunoResearch) for 72 hrs according 
to previous studies.17

RNA Isolation and qPCR
Total RNA was extracted from cells using TRIzol reagent (TR118, MRC, USA). RNA integrity was subsequently 
assessed using a NanoDrop spectrophotometer (ND-2000, Thermo Fisher Scientific). Following RNA extraction, cDNA 
synthesis was performed using the Evo M-MLV RT Mix Kit with gDNA Clean for qPCR (AG11728, Accurate Biology, 
China) according to the manufacturer’s instructions. The transcripts were analyzed for the expression of various genes 
using the LightCycler 480 II (Roche). The relative mRNA expression levels of each gene were calculated using the ΔΔCt 
method, with threshold cycle (Ct) values normalized to reference genes (ACTB or GAPDH) and calibrated against the 
control group. Relevant primers are listed in Supplemental Table 1.

RNA-Sequencing and Bioinformatic Analysis
For cell preparation, human CD19+ B cells were isolated from the peripheral blood of healthy donors, and then cultured 
under the condition of 1 μg /mL CD40L (PeproTech) and 10 μg /mL anti-IgM (Jackson ImmunoResearch) for 3 days. 
Total RNA was extracted from stimulated CD19+ B cells using TRIzol reagent (MRC) according to the manufacturer’s 
protocol, followed by submission to Novogene Co., Ltd. for RNA-sequencing. The RNA-sequencing workflow com
prised total RNA quality assessment, mRNA purification, double-stranded cDNA synthesis, end repair/dA-tailing, size- 
based fragment selection, PCR amplification, library quality control, and final sequencing on Illumina platforms. 
Differentially expressed genes (DEGs) were identified using the “DESeq2” R package,18 with criteria of adjusted 
P-value < 0.05 and fold-change > 1.5. Heatmap, principal component analysis (PCA), and visualization of DEGs were 
conducted using the “heatmap”, “prcomp”, and “ggplot2” packages in R software (version 4.3.3). Enrichment analyses, 
including Gene Set Enrichment Analysis (GSEA), Gene Ontology (GO), and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) were performed using the “clusterProfiler” and “msigdbr” packages.19 All analytical results were 
visualized for biological interpretation. Sequencing data are available from the corresponding author by reasonable 
request.

TIGIT Blocking Assays
To evaluate the effect of TIGIT blockade on Breg cell expansion, CD19+ B cells were cultured under the condition of 
1 μg /mL CD40L (PeproTech), 10 μg /mL anti-IgM (Jackson ImmunoResearch), and 10 μg /mL TIGIT blocking antibody 
(Invitrogen). After 3 days, CD19+ B cells were collected to determine the percentage of CD24+CD38+ CD19+ Breg cells 
by flow cytometry.

Statistical Analysis
Comparative analyses between AD patients and healthy controls were assessed using unpaired Student’s t-tests. For 
multigroup comparisons, datasets were analyzed by ordinary one-way ANOVA with Tukey’s post hoc testing. When it 
comes to examining the differences in iron metabolism interventions (depletion groups and control groups), paired 
Student’s t-test was applied. Pearson’s correlation was applied for the correlation analysis. All data were presented as 
mean ± SEM unless otherwise noted, with statistical significance thresholds specified in corresponding figure legends. 
P value <0.05 was considered statistically significant.
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Results
Peripheral Iron Concentration Is Decreased in Children with AD
To determine the association between peripheral iron and pediatric AD, we retrospectively reviewed the laboratory data 
of 217 cases of children with AD who were referred to Hunan Children’s Hospital from April 2014 to May 2023. We 
found that children with severe AD (Mean ± SEM: 366.9±9.885 ug/mL) had much lower blood iron levels than other 
groups (Mean ± SEM: mild: 411.7±4.730 ug/mL, moderate: 395.1 ±8.797 ug/mL) (Figure 1A). The level of hemoglobin 
(HGB) had no significant difference between these three groups (Mean ± SEM: mild: 120.0±0.990 g/L, moderate: 121.6 
± 1.650 g/L, severe: 118.8 ± 1.743 g/L) (Supplemental Figure 1). Serum levels of iron, ferritin, and transferrin were 
measured via ELISA in patients with AD and matched healthy controls. Comparative analysis revealed AD patients had 
significantly lower serum iron (Mean ± SEM: NC: 1.943 ±0.077 mg/L, AD: 1.593 ±0.090 mg/L), ferritin (Mean ± SEM: 
NC: 28.57 ± 0.804 ng/mL, AD: 25.73 ± 0.621 ng/mL), and transferrin (Mean ± SEM: NC: 1.797 ± 0.026 g/L, AD: 1.712 
± 0.022 g/L) levels than healthy children (Figure 1B–D). These data supported the hypothesis of altered iron status in 
children with AD.

Iron Chelation Inhibits the Expansion of IL-10+ Breg Cells in Peripheral Blood
Next, we detected the proportions of two key Breg cell subsets (CD24+CD38+CD19+ and CD24+CD27+CD19+) in 
peripheral blood, which are known to regulate immune responses.9,20 There was no statistically significant difference in 
the percentage of CD19+ B cells between the AD patients and healthy controls (Mean ± SEM: NC: 5.818 ± 0.971%, AD: 
4.593 ±0.808%)(Supplemental Figure 2A). The percentage of CD24+CD38+CD19+ Breg cells was significantly 
decreased in patients with AD (Mean ± SEM: NC: 12.44 ± 1.467%, AD: 7.358 ± 0.967%) (Figure 2A), but no significant 
difference was observed on CD24+CD27+CD19+ Breg cells between the two groups (Mean ± SEM: NC: 4.377 ± 
0.337%, AD: 4.192 ± 0.434%) (Supplemental Figure 2B). In addition, the production of IL-10 in CD19+ B cells was also 
significantly decreased in the AD group (Mean ± SEM: NC: 16.44 ± 2.246%, AD: 9.398 ± 1.900%) (Figure 2B). We 
measured serum IL-10 using ELISA and found reduced levels in AD patients compared to healthy children (Mean ± 
SEM: NC: 76.70 ± 2.204 ng/L, AD: 71.00 ± 1.641 ng/L) (Figure 2C). The result also showed that IL-10 levels positively 
correlated with serum iron and ferritin (Figure 2D and E). To investigate whether iron status affects the biological 
activities of Breg cells, we treated CD19+ B cells with the iron chelator CPX. In CD40L and anti-IgM activated CD19+ 

B cells, CPX significantly inhibited the expansion and IL-10 production of CD24+CD27+CD19+ Breg cells (Figure 2F 
and G). Similarly, CD24+CD38+CD19+ Breg cells and their IL-10 production capacity were significantly reduced in the 
CPX-treated group compared to the DMSO-treated controls (Figure 2H and I).

Iron Deficiency Affects Multiple Biological Functions of CD19+ B Cells
To investigate the molecular mechanisms by which iron deficiency regulates Breg cells, we performed RNA-sequencing on 
CPX-treated CD19+ B cells. The PCA was used to analyze the expression of all genes. PC1 and PC2 collectively explained 
80% of the total variance (Figure 3A). Subsequent analysis focused on the DEGs in CPX-treated CD19+ B cells. Compared to 
the DMSO group, the CPX group exhibited 696 DEGs, including 208 downregulated (Supplemental Table 2) and 488 
upregulated (Supplemental Table 3) (Figure 3B). The GO enrichment analysis of the 696 DEGs showed that CPX against 
DMSO was closely related to cell division, regulation of protein folding, negative regulation of protein ubiquitination, and 
autophagosome assembly (Figure 3C). In CPX-treated cells, significantly enriched terms included negative regulation of 
inclusion body assembly, protein refolding regulation, and response to hypoxia (Supplemental Figure 3A). While in DMSO- 
treated cells, the top biological processes were regulation of chromosome organization, regulation of cell cycle phase 
transition, negative regulation of organelle organization, negative regulation of cell cycle, and positive regulation of cell 
activation (Supplemental Figure 3B). The KEGG pathways analysis showed that CPX against DMSO was involved in protein 
processing in the endoplasmic reticulum, lipid and atherosclerosis, cellular senescence, virus infection, and autophagy 
(Figure 3D). The significantly enriched KEGG pathways in CPX were related to Fructose and mannose metabolism, HIF- 
1 signaling pathway, mineral absorption, and protein processing in the endoplasmic reticulum (Supplemental Figure 3C). 
Meanwhile, the top KEGG pathways enriched in DMSO were related to the intestinal immune network for IgA production, 

Journal of Asthma and Allergy 2025:18                                                                                            https://doi.org/10.2147/JAA.S544136                                                                                                                                                                                                                                                                                                                                                                                                   1389

Gao et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com/article/supplementary_file/544136/544136%20Supplementary%20files_1.docx
https://www.dovepress.com/article/supplementary_file/544136/544136%20Supplementary%20files_1.docx
https://www.dovepress.com/article/supplementary_file/544136/544136%20Supplementary%20files_1.docx
https://www.dovepress.com/article/supplementary_file/544136/544136%20Supplementary%20files_1.docx
https://www.dovepress.com/article/supplementary_file/544136/544136%20Supplementary%20files_1.docx
https://www.dovepress.com/article/supplementary_file/544136/544136%20Supplementary%20files_1.docx
https://www.dovepress.com/article/supplementary_file/544136/544136%20Supplementary%20files_1.docx
https://www.dovepress.com/article/supplementary_file/544136/544136%20Supplementary%20files_1.docx


cell cycle, Th1 and Th2 cell differentiation, as well as the T cell receptor signaling pathway (Supplemental Figure 3D). GSEA 
analysis using molecular signatures databases further compared expression profiles between the CPX and DMSO groups. The 
results showed that the significantly enriched gene products in the CPX group were mainly located in glycolysis, heme 
metabolism, inflammatory response, and TNFA signaling via NFKB (Figure 3E). Several Breg cell-related genes, such as 

Figure 1 Decreased systemic iron levels in AD patients. (A) The levels of peripheral iron ion in children with mild (n=100), moderate (n=48), and severe AD (n=69). (B-D) 
Serum iron (B), ferritin (C), and TRF (D) levels between healthy donors (n=21) and AD patients (n=28). *P<0.05, **P<0.01, ****P<0.0001, ns: not significant (Ordinary one- 
way ANOVA and Tukey’s multiple comparisons test for A, unpaired 2-tailed Student’s t test for B–D).
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TIGIT, CD80, CD84, CD274, TNFRSF8, IL2, IL10, and IL15 were significantly downregulated in CPX group (Figure 3F). 
These findings suggest that iron deficiency plays a pivotal role in suppressing the Breg cell function.

Iron Deficiency Inhibits Breg Cell Expansion by Promoting DNA Methylation and 
Suppressing TIGIT Expression
We next determined the expression levels of Breg cell-related genes in CPX-treated CD19+ B cells after CD40L and anti-IgM 
stimulation. Key regulatory genes (TIGIT, IL-10, IL-2, CD274, IRF5, IL-15, CSF2, CD80, CD84) showed significant 

Figure 2 CPX inhibits the expansion of IL-10-producing CD24+CD38+CD19+ Breg cells. (A) Representative flow cytometry and quantification of CD24+CD38+CD19+ 

B cells from healthy donors (n=31) and children with AD (n=24). (B) Representative flow cytometry and quantification of IL-10 producing CD19+ B cells from healthy 
donors (n=11) and children with AD (n=10). (C) Quantification of serum IL-10 in healthy donors (n=21) and children with AD (n=28). (D and E) Correlation between 
serum levels of IL-10 and iron (D) and ferritin (E) in children with AD (n=28). (F and G) Representative flow cytometry and quantification of CD24+CD27+CD19+ Breg 
cells (F) and IL-10 production (G) after CPX or DMSO treatment (n=3). (H and I) Representative flow cytometry and quantification of CD24+CD38+CD19+ Breg cells (H) 
and IL-10 production (I) after CPX or DMSO treatment (n=3). ***P <0.001, **P <0.01, *P <0.05 (unpaired 2-tailed Student’s t test for A-C, Pearson’s r correlation for D and 
E, paired 2-tailed Student’s t test for F–I).
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downregulation (Figure 4A), consistent with their established roles in Breg-mediated regulatory functions.21–24 Notably, 
VEGFA—a central inflammatory mediator in AD pathogenesis —was paradoxically upregulated.25 In contrast, CXCR4 and 
ZNF10, implicated in Th2-mediated inflammation and T-cell activation, exhibited a nonsignificant upward trend in CPX- 
treated B cells.22 TIGIT has been reported to regulate Breg cell differentiation and function critically, and its expression is 
modulated by DNA methylation.22,26,27 Our previous studies demonstrated that iron homeostasis affects gene expression by 
modulating DNA methylation.28,29 To investigate whether iron deficiency affected TIGIT expression and DNA methylation, 
we examined the expression levels of TIGIT and 5-mC in CPX-treated CD19+ B cells by flow cytometry. The results showed 
that CPX treatment inhibited the expression of TIGIT (Figure 4B) and increased the 5-mC level (Figure 4C) in 
CD24+CD27+CD19+ Breg cells. Then we treated CD19+ B cells with TIGIT blocking antibody to explore the role of 
TIGIT in regulating Breg cell differentiation. The result showed that TIGIT inhibition significantly reduced the expansion 
of CD24+CD38+CD19+ Breg cells (Figure 4D). Collectively, these results indicated that iron deficiency inhibited Breg cell 
expansion by promoting DNA methylation and suppressing TIGIT expression.

Iron Deficiency Promotes IL-4-Producing Th2 Cells in the Peripheral Blood
As Th cell balance plays a critical role in AD development, we next determined the percentages of Th cell subsets in AD 
patients. Analysis revealed comparable CD4+ T cell populations between AD patients and healthy controls (Mean ± 
SEM: NC: 35.63 ± 1.666%, AD: 41.08 ± 2.911%) (Supplemental Figure 4A and 4B). The frequency of 
CD4+CCR4+CXCR3−CCR6− Th2 cells was highly increased in AD patients (Mean ± SEM: NC: 17.90 ± 
1.750%, AD: 29.18 ± 3.012%) (Figure 5A). However, the frequencies of CD4+CXCR3+CCR6− Th1 cells (Mean ± 
SEM: NC: 2.186 ± 0.453%, AD: 2.601 ± 0.611%) and CD4+CCR6+CXCR3− Th17 cells (Mean ± SEM: NC: 21.47 ± 
2.610%, AD: 22.77 ± 2.062%) were comparable between the AD and control group (Supplemental Figure 4C-4E). To 
investigate whether iron deficiency affected Th2 cell activities, CPX-treated PBMCs were analyzed for Th2 frequency 
using flow cytometry. The results showed that CPX treatment significantly increased the percentage of 
CD4+CCR4+CXCR3− Th2 cells compared with the DMSO-treated group (Figure 5B and C). Although the percentage 

Figure 3 Bioinformatic analysis of the DEGs in CD19+ B cells treated with CPX. (A) PCA diagram. (B) Heatmap of 696 DEGs.(C) GO analysis of biological process. (D) 
KEGG pathway analysis. (E) GSEA results of AD-related genes. (F) Heat map of DEGs for Breg cell-related genes.
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of CD4+CXCR3+CCR4− Th1 cells did not differ significantly between groups (Figure 5D), CPX treatment significantly 
reduced the Th1/Th2 ratio compared to DMSO controls (Figure 5E). In addition, CPX treatment significantly increased 
the frequency of CD4+IL-4+ Th2 cells compared with the controls (Figure 5F).

Discussion
Our study demonstrated significant reductions in systemic iron levels among pediatric AD patients, including peripheral 
blood iron, serum iron, ferritin, and transferrin. Increased iron storage was reported to show an inverse association with 
allergic disease.30 Our data revealed significantly decreased iron levels in peripheral blood and serum among AD 
patients, indicating the correlation between iron deficiency and AD development. Multiple epidemiological studies 
have reported that IDA was highly prevalent in children with AD. Several cross-sectional studies have shown that 
pediatric patients with AD are at a higher risk (adjusted odds ratio ranging from 1.42 to 1.83) of IDA.3,31 Japan’s largest 
birth cohort study found 2-year-olds with AD had 2.18-fold higher anemia odds (95% CI 1.66–2.85) within one year.4 

A retrospective study in Turkey revealed a higher frequency of IDA in children with AD (15%) than in healthy controls 
(5%). Early-onset AD, severe SCORAD scores, skin infections, and multiple atopic conditions were associated with 
a higher incidence of IDA in these patients.32 The varying prevalence of IDA in pediatric AD may be due to dietary 
habits and demographic factors. However, we did not observe significant differences in the HGB levels between mild, 
moderate, and severe AD groups (Supplemental Figure 1).

Figure 4 CPX inhibits Breg cell expansion by regulating DNA methylation and TIGIT. (A) RT-qPCR results of Breg cell-related genes in CD19+ B cells treated with DMSO 
or CPX. (B and C) Representative flow cytometry and quantification of TIGIT (B) and 5-mC (C) MFI in CD24+CD27+CD19+ Breg cells treated with DMSO or CPX. (D) 
Representative flow cytometry and quantification of CD38+CD24+CD19+ Breg cells. ****P<0.0001, ***P<0.001, **P<0.01, *P<0.05, ns: not significant (unpaired two-tailed 
Student’s t test for A, paired 2-tailed Student’s t test for B–D).
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Our findings revealed that iron deficiency induced alterations in immune cell profiles, specifically impairing 
CD24+CD38+CD19+ Breg cell activity while promoting Th2 cell expansion. IL-10-producing Breg cells exert 
a protective effect against allergic diseases.33,34 In asthmatic mice, the number of IL-10-producing Breg cells was 
significantly reduced in the lungs, indicating a disruption in Breg cell homeostasis during allergic asthma.35 Consistent 
with previous pediatric AD studies, our data revealed concurrent decreases in serum IL-10 levels, CD19+CD24+CD38+ 

Figure 5 Iron chelation promotes Th2 cell inflammation. (A) Representative flow cytometry and quantification of CD4+CCR4+CXCR3− Th2 cells in PBMCs of healthy 
donors (n=24) and AD patients (n=19). PBMCs isolated from healthy donors were treated with either DMSO or CPX, followed by stimulation with anti-CD3 and anti-CD28 
for 3 days. Flow cytometry was used to determine the percentages of CD4+CCR4+CXCR3− Th2 cells (B and C) and CD4+CXCR3+CCR4− Th1 cells (B and D). (E) The 
ratio of Th1/Th2 cells. (F) Representative flow cytometry and quantification of CD4+IL-4+ Th2 cells after CPX and DMSO treatment. **P <0.01, *P<0.05, ns: not significant 
(unpaired 2-tailed Student’s t test for A and E, paired 2-tailed Student’s t test for C, D, and F).
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Breg cell percentages, and IL-10 production capacity.12,36 Additionally, we identified a positive correlation between 
serum iron and IL-10 levels in pediatric AD. Notably, CPX-mediated iron chelation suppressed IL-10 expression in 
CD19+CD24+CD38+ Breg cells, suggesting that iron deficiency compromises Breg cell functionality in AD pathogenesis. 
Previous studies have demonstrated that immune activation under iron-deficient conditions preferentially expands Th2 
cells while sparing Th1 counterparts.37 Conversely, iron overload promotes T-cell activation and drives differentiation of 
Th1, Th17, and follicular helper T (Tfh) cells.29 Moreover, iron overload can exacerbate oxidative damage and tissue 
injury via the Fenton reaction, also known as ferroptosis, which is the trigger of inflammatory disorders.38 Ferroptosis has 
been linked to airway inflammation in an experimental mouse model,39 and elevated iron levels along with lipid 
peroxidation products have been detected in the lungs of asthma patients.40 Given this evidence, excessive iron 
supplementation may not be beneficial, as it could induce ferroptosis and worsen allergic diseases. Although there are 
no clinical studies testing iron repletion in human AD, it has been reported that decreased iron status was associated with 
a higher symptom burden in canine AD.41 In our studies, enhanced IL-4 production and increased Th2 cell expansion 
were observed in PBMCs treated with CPX (a classical iron chelator used in experimental settings). The survival 
advantage of Th2 cells under iron-deficient conditions may arise from their larger chelatable iron pools compared to Th1 
clones, which are less susceptible to iron chelator-mediated depletion.42–44 A previous study has also reported that iron 
deficiency was sufficient to create a Th2-polarized environment, which was consistent with our finding.45

Using RNA-seq, we identified that iron deficiency inhibited the expression of several Breg cell related genes, such as 
TIGIT, CD80, CD84, CD274, IL2, IL10, and IL15 (Figure 3F), which were validated by RT-qPCR (Figure 4A). 
Furthermore, we found that iron deficiency significantly reduced the expression of TIGIT in CD19+ B cells 
(Figure 4B). Previous studies have shown that TIGIT participates in the regulation of Breg cell function.22 Consistent 
with these studies, our data showed that blocking TIGIT in vitro significantly inhibited the percentage of 
CD24+CD38+CD19+ Breg cells. Building on our earlier discovery that iron-dependent epigenetic modifications influence 
gene expression,29 current data indicate that iron deficiency markedly elevated 5-mC levels in CD19+ B cells 
(Figure 4C). However, further research is required to confirm whether TIGIT expression is regulated by DNA methyla
tion. Collectively, these results established TIGIT as the potential target of iron deficiency in regulating Breg cell activity.

Although some epidemiological studies have investigated the correlation between iron deficiency and pediatric AD, 
our study is the first to explore the role and pathogenic mechanisms of iron deficiency in pediatric AD. However, there 
were several limitations in our study. First, our study is an exploratory study based on a small sample size, future large- 
scale studies are needed to confirm these findings. Second, the role of iron overload on Breg cells and Th2 cells was not 
investigated in this work. Given that iron overload may drive disease progression by inducing CD4+ T cell overactivation 
and enhancing inflammatory cytokine production, the dose of iron supplementation for the prevention or treatment of AD 
needs to be determined in further study. Third, while our mechanistic data are derived from in vitro cell models, future 
in vivo studies using animal models will be critical to confirm these pathways. Fourth, nutritional status and iron levels in 
pediatric AD patients were retrospectively analyzed in our study, prospective studies controlling for dietary and 
environmental factors are needed. Finally, although DNA hypermethylation was implicated in TIGIT suppression, further 
methylation analysis of TIGIT was not performed. This mechanistic detail should be explored in future work.

Conclusions
Our study demonstrates that pediatric AD is associated with systemic iron deficiency, which promotes Th2-skewed 
immunity through DNA methylation promotion and TIGIT inhibition in Breg cells.
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