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To the Editor,
Atopic dermatitis (AD) is a chronic inflammatory skin dis-
ease whose immune pathophysiology is primarily explained 
by Th2 cell biology. However, considering the immune dys-
regulation polyendocrinopathy enteropathy X-linked syn-
drome and the scurfy mice phenotype, we reasoned that 
regulatory T cells (Tregs) play central roles in AD pathology. 
Herein, we present compelling evidence of the dysfunction 
in cutaneous lymphocyte-associated antigen-positive (CLA+) 
Tregs in the peripheral blood of AD patients. We isolated 
CLA+CD45RO+TCRαβ+CD4+CD25hiCD127lo cells from pe-
ripheral blood mononuclear cells (PBMCs) of 11 AD patients 
and 11 healthy controls (Figure  1A). FOXP3 expression anal-
ysis using real-time PCR confirmed the identity of isolated 
TCRαβ+CD4++CD25hiCD127lo cells as Tregs (Figure  S1A). 
We found that the proportion of total Tregs among CD4+ T 
cells was comparable between AD patients and healthy controls 
(Figures  S2A,B). When we analyzed Treg subpopulations, the 

distribution analysis revealed differences in CLA+CD45RO+, 
CLA-CD45RO+, and CLA-CD45RO− Treg subsets between 
groups (Figure S2C,D), with a significant increase specifically in 
the CLA+CD45RO+ Treg population in AD patients (Figure 1B). 
However, in vitro Treg suppression assays using samples from 
our cohort (total n = 8 for HC, n = 9 for AD) demonstrated that 
CLA++CD45RO+ Tregs from AD patients exhibited significantly 
reduced suppressive capacity compared to those from healthy 
controls (Figure 1C). The impaired suppressive function of AD 
patient Tregs showed a dose-dependent pattern across multiple 
Treg:Teff ratios (1:1, 1:4, 1:16, and 0:1) (Figure S3A–D). To elu-
cidate the molecular mechanisms underlying this dysfunction, 
single-cell RNA sequencing (scRNA-seq) was performed on iso-
lated CLA+ Tregs from five subjects per group. Unsupervised 
clustering revealed three distinct subgroups: Tregs, Tconvs, and 
proliferating T cells (Figure 2A,B). The Treg population was de-
fined by using a public Cellular Indexing of Transcriptomes and 
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Epitopes by sequencing (CITE-seq) dataset and Treg-associated 
gene scores [1] (Figure 2C, Figure S4A–D).

Using gene set enrichment analysis (GSEA), we identified a re-
duced expression of genes associated with Treg function in pa-
tients with AD (Supporting Information). In addition, the AD 
patients exhibited lower expression levels of FOXP3-regulated 
genes than healthy individuals (Figure 2D). These findings sug-
gest two potential mechanisms: either a reduction in FOXP3 
expression or an impairment in the transcriptional activity of 
FOXP3 [2]. Given that FOXP3 expression was not diminished 
in peripheral blood (data not shown), we revealed that Treg dys-
function in AD is likely due to impaired epigenetic regulation of 
FOXP3 [3]. In line with the publication by Zhang et al., which 
demonstrated that OX40 (TNFRSF4) regulates FOXO1 to epi-
genetically control Treg function via FOXP3 [4], we examined 

OX40 expression. Indeed, we found a significant increase in 
OX40 levels in Tregs from the AD patients compared to healthy 
controls (Figure  2E). Further analysis showed that the dys-
functional markers OX40 (TNFRSF4) and GITR (TNFRSF18) 
were upregulated [5]. Their expressions in AD patients were 
around twice higher than HC (TNFRSF4: 1.6-fold difference, 
p = 3.11 × 10−55, TNFRSF18: 1.9-fold difference, p = 4.88 × 10−82, 
Wilcoxon rank-sum test). In contrast, the functional markers 
ETS1, IKZF2, and STAT5A were downregulated in AD patients 
(Figure 2F). Flow cytometry analysis further confirmed the in-
creased protein level expression of OX40 in AD patient CLA+ 
Tregs (Figures S5A,B). These findings support the dysregulated 
state of CLA+ Tregs in AD.

Next, to investigate if this systemic observation is related with 
the target tissue event, we analyzed public AD skin scRNA-seq 

FIGURE 1    |    Increased frequency but impaired function of CLA+ Tregs in AD patients (A) Experimental workflow for isolation and analysis of 
Live CLA+ Treg cells from healthy controls (n = 11) and atopic dermatitis patients (n = 11). PBMCs were isolated and CLA+ Tregs (Live CLA+ TCRαβ+ 
CD4+ CD25hi CD127lo) were labeled and sorted by FACS. Representative dot plots show gating strategy. Sorted CLA+ Tregs underwent Treg sup-
pression functional assay (HC sample, n = 8; AD sample, n = 9), and single cell RNA sequencing (HC sample, n = 5; AD sample, n = 5). (B) Box plots 
comparing the frequency of CLA+ CD45RO+ Tregs in PBMCs of HC versus AD patients (n = 5 per group, p = 0.0079). (C) Violin plots showing results 
of in vitro Treg suppression assays, demonstrating reduced ability of CLA+ Tregs from AD patients to inhibit T responder cell (Tresp) proliferation 
(Treg: Tresp = 1: 1) compared to HC. Y-axis represents % suppression of Tresp proliferation (n = 8 for HC, n = 9 for AD, p = 0.012). Statistical analysis 
was performed using the Mann–Whitney U tests or unpaired t-tests based on data distribution. p < 0.05 (*) and < 0.01 (**) were considered statistically 
significant. Treg, regulatory T cells; HC, healthy control; AD, atopic dermatitis.
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data. Reannotation of Tregs (Data not shown) reveals compa-
rable expression patterns (Figure 2G) with blood. Furthermore, 
spatial transcriptomics data showed increased OX40/OX40L ex-
pression in AD skin (Figure 2H). Deconvolution analysis indi-
cated that this increased expression was primarily enriched in 
immune cells (Figure 2I).

Our findings help resolve the complex relationship between 
Treg frequencies and their function in AD. Previous studies 
have reported increased frequencies of circulating Tregs in 
AD patients [6], while skin lesion analysis revealed impaired 
CD4+CD25+FOXP3+ T cell infiltration [7]. Our study specif-
ically addresses this complexity by demonstrating that CLA+ 

FIGURE 2    |     Legend on next page.
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Tregs, despite their increased frequency, show compromised 
suppressive function in  vitro. The impaired suppressive func-
tion we observed can be explained by previous findings that IL-4 
can modulate both Treg numbers and their suppressive function 
through CTLA-4 expression [8]. Our single cell transcriptomic 
analysis reveals the central role of the OX40/OX40L signaling 
axis in this dysfunction, with reanalysis of publicly available 
spatial transcriptomic data  [9] further supporting the tissue-
level relevance of this pathway in AD skin.

In conclusion, this comprehensive analysis of CLA+ Tregs in AD 
reveals a paradoxical increase in their frequency coupled with 
functional impairment, driven by dysregulation of the OX40/
OX40L axis. In line of this notion, the promising clinical out-
comes of OX40-targeted therapeutics [10] validate the central 
role of OX40/OX40L signaling in AD pathogenesis, particularly 
through the modulation of Treg function.

Further studies should be conducted with larger cohorts and 
focus on exploring the long-term impact of CLA+ Treg dysfunc-
tion on AD progression.
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