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Although regulatory T cells (Tregs) maintain immune tolerance, disease-relevant Treg molecular states in atopic dermatitis (AD) remain unclear. This study used an inducible mouse model of spontaneous AD-like dermatitis caused by combined Foxp3 and Bcl6 gene deletion and established a bacterial artificial chromosome reporter system to track Tregs after Foxp3 loss. Bulk RNA sequencing (RNA-seq) of splenic Tregs revealed robust induction of antiviral and type I interferon (IFN)-responsive gene programs in Foxp3/Bcl6-deficient Tregs. To assess its clinical relevance, single-cell RNA-seq data from patients with AD were reanalyzed. The analysis revealed that the ortholog-mapped mouse signature was selectively enriched in human Tregs, and type I IFN response signatures were elevated. Regulon analysis further implicated IFN-associated transcription factors, including IFN regulatory factor and signal transducer and activator of transcription family members, as candidate regulators of this program. These cross-species results highlight a type I IFN-associated Treg transcriptional state in AD and support the utility of this model for mechanistic studies of Treg-dependent disease processes.
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INTRODUCTION
Atopic dermatitis (AD) is a chronic inflammatory skin disorder caused by complex interplay between skin barrier disruption and immune dysregulation [1]. Among the immunological abnormalities implicated in its pathogenesis, type 2 immune responses play a central role [2]. In particular, the monoclonal antibody dupilumab, which targets interleukin four receptor, has shown substantial clinical efficacy, thereby emphasizing the importance of type 2 cytokine signaling in this disease [3, 4]. However, the use of dupilumab is limited by the side effects of ocular complications [5] and the economic burden inherent to antibody-based therapies [6]. Therefore, safe and affordable therapeutic strategies that target the pathogenic mechanisms underlying AD are urgently needed.
Regulatory T cells (Tregs) are essential for maintaining immune tolerance [7] and contribute to disease progression. Hence, Tregs may represent therapeutic targets in AD [8]. Notably, Treg numbers increase in proportion to disease severity [9, 10]. This suggests that Tregs may be functionally altered rather than simply expanded. Such abnormalities are associated with changes in Treg gene expression, which potentially reflects the dysregulation of forkhead box P3 (FOXP3) [11]. This master transcription factor governs Treg identity and function [7]. However, determining the causal relationship between transcriptional abnormalities and disease pathogenesis in patients exposed to chronic inflammatory conditions and diverse therapeutic interventions remains difficult. Thus, analyses based solely on patient-derived data have inherent limitations. This highlights the importance of animal models in mechanistic investigations.
The MC903-induced mouse model is currently the most widely used AD mouse model [12]. Although topical application of MC903 rapidly induces dermatitis and type 2 immune responses characteristic of AD, this model is driven by an exogenous pharmacological stimulus [13]. Therefore, the model may not be suitable for investigating disease processes associated with abnormalities in immune cells [14]. Moreover, considering that topical application of MC903 does not induce dermatitis in humans [15], this model is not completely applicable to human disease conditions. Simultaneous loss of Foxp3 and Bcl6 induces a spontaneous AD-like phenotype [16, 17]. Given that Bcl6 and Foxp3 play an important role in maintaining Treg function [18], this finding strongly suggests that Tregs lacking both genes contribute to the pathogenesis of AD. Unlike disease progression in the MC903 model, the disease in this gene deletion model emerges spontaneously several weeks after gene deletion [16]. This provides an opportunity to track dynamic changes in immune cell states before the onset of overt dermatitis. Thus, this model may be useful for investigating the immune cell-associated mechanisms of AD. However, a direct comparison between this model and human AD, particularly at the level of Treg gene expression, has not yet been performed.
Accordingly, this study shows that changes in Treg gene expression induced by the systemic deficiency of Foxp3 and Bcl6 are accompanied by a transcriptional program closely associated with Tregs in patients with AD. The study first developed a mouse model that enabled the tracking of Tregs with the potential to express Foxp3 even after Foxp3 deletion. Subsequently, transcriptomic analysis of Tregs isolated using this system revealed that the combined loss of these two genes unexpectedly elevated the type I interferon (IFN)-associated gene signature. Furthermore, analysis of patient-derived single-cell transcriptomic data also elevated of the type I IFN-associated gene signature in patient Tregs. The analysis also suggested the involvement of IFN regulatory factor (IRF) 7 as a candidate upstream transcriptional regulator. Collectively, these findings indicate that the Treg gene expression program induced by systemic Foxp3 and Bcl6 deficiency recapitulates the key features of patient Tregs and supports the utility of this model for dissecting Treg-dependent mechanisms underlying AD.
MATERIALS AND METHODS
Mice
To generate F-KO-BAC and F-B-KO-BAC mice, F-KO and FB-KO C57BL/6 mice [16] were crossed with BAC C57BL/6 mice provided by Dr. Günter J. Hämmerling [19]. The mice were maintained under specific pathogen-free conditions at the animal facilities of the Tokyo University of Science. For gene knockout, approximately 2 mg of tamoxifen (19885-34, Nacalai Tesque, Kyoto, Japan) solubilized in corn oil (032-17016, FUJIFILM Wako Pure Chemical, Osaka, Japan) was orally administered to mice once every 2 days for a total of six administrations.
Flow cytometry and cell sorting
Collected spleens were mechanically dissociated using frosted microscope slides (S2226, Matsunami Glass Industry, Osaka, Japan) and suspended in FACS buffer containing 1% fetal bovine serum, 0.05% sodium azide (197-11091, FUJIFILM Wako Pure Chemical), and 2 mM EDTA (311-90075, Nippon Gene, Tokyo, Japan). The cell suspensions were passed through a 40-μm cell strainer to obtain single-cell suspensions. This was followed by red blood cell lysis using buffer containing 0.15 M ammonium chloride (017-02995, FUJIFILM Wako Pure Chemical), 10 mM potassium hydrogen carbonate (166-03275, FUJIFILM Wako Pure Chemical), and 0.1 mM Na2EDTA (345-01865, Dojindo, Tokyo, Japan). For skin cells, samples were collected from lesional areas of FB-KO-BAC mice and processed into single-cell suspensions as previously described with minor modifications [20]. Briefly, skin tissues were minced into small pieces and enzymatically digested by RPMI (189-02025. FUJIFILM Wako Pure Chemical) containing 200 μg/mL Liberase TL (05401020001, Merck, Darmstadt, Germany) and 5 μg/mL DNaseI (DM25, Merck). The cell suspensions were passed through a 70-μm cell strainer to obtain single-cell suspensions and resuspended FACS buffer containing 5% fetal bovine serum, 0.05% sodium azide, and 2 mM EDTA. The cells were stained with the antibodies listed below and Fixable Viability Dye eFluor™ 506 (65-0866-14, Thermo Fisher Scientific, Waltham, MA, USA) for 30 min. Cells stained with biotin-conjugated antibodies were subsequently incubated with PE/Cyanine7-conjugated streptavidin (25-4317-82, Thermo Fisher Scientific) for an additional 30 min. For intracellular staining, cells were fixed and permeabilized using a FOXP3/Transcription Factor Staining Buffer Set (00-5523-00; Thermo Fisher Scientific) before intracellular antibody staining: PE/Cyanine7 anti-CD4 Antibody (100528, BioLegend, San Diego, CA, USA); Alexa Flour™ 488 anti-FOXP3 Antibody (53-5773-80, Thermo Fisher Scientific); APC/Cyanine7 anti-CD3 Antibody (560590, BioLegend); PE anti-γδTCR Antibody (12-9959-41, Thermo Fisher Scientific); BV421 anti-CTLA4 antibody (106312, BioLegend); Biotin anti-CD25 antibody (102003, BioLegend), PerCP-Cy5.5 anti-CD45 Antibody (550994, BioLegend), APC/Cyanine7 anti-CD90.2 Antibody (105327, BioLegend), Alexa Flour™ 700 anti-CD4 Antibody (557956, BioLegend). The cells were analyzed using a FACS Lyric flow cytometer (BD Biosciences, San Jose, CA, USA) and sorted using a FACS Melody cell sorter (BD Biosciences).
Bulk RNA-seq and analysis
RNA was extracted from the sorted cells using an RNeasy Mini Kit (74104; Qiagen, Hilden, Germany) according to the manufacturer’s instructions. RNA-Seq library preparation and sequencing were performed by Azenta Life Sciences (South Plainfield, NJ, USA) using an Illumina platform. Raw reads were converted to FASTQ files using bcl2fastq v2.20.0.422, and sequencing quality was assessed using FastQC v0.10.1. Adapter sequences and low-quality reads were removed using Cutadapt v1.9.1. The clean reads were aligned to the mouse reference genome, Mus musculus GRCm38.101, using HISAT2 v2.2.1. The resulting BAM files were used for downstream quantification. Gene-level read counts were generated using feature counts. DEGs were identified based on an adjusted p-value of <0.05 and a fold change of >1.5. The datasets were deposited at the1 repository (accession number PRJNA1473592).
Analysis of scRNA-seq
Publicly available PBMC scRNA-seq (GSE189188) data from HCs and patients with AD were reanalyzed using Seurat [21, 22]. Raw 10x Genomics HDF5 feature-barcode matrices were loaded for each sample, and Seurat objects were generated using genes detected in at least three cells and cells expressing at least 200 genes. Cells were retained after quality control based on the following criteria: 200–6,000 detected genes, 500–70,000 RNA counts, and mitochondrial gene content ≤15%. After merging all samples, gene expression was log-normalized. Subsequently, highly variable genes were identified, and T-cell receptor/B-cell receptor genes were removed from the variable feature set. The data were scaled using the regression of total RNA counts and mitochondrial gene percentages, followed by PCA. Sample-level batch effects were corrected using Harmony [23], and UMAP visualization and graph-based clustering were performed using harmony-corrected dimensions. Major PBMC populations were annotated based on canonical marker gene expression and cluster-specific marker genes. T-cell clusters were extracted and reanalyzed independently using the same workflow. This included log normalization, variable feature selection, scaling, PCA, Harmony integration, UMAP visualization, and clustering. T-lineage clusters were annotated based on canonical markers for naïve, memory, activated, cytotoxic, cycling, IFN-high, and Tregs. Non-T-lineage contaminating clusters were excluded, and mouse signature genes were converted to human orthologs using GeneToList [24] and intersected with genes detected in the dataset. The signature scores were calculated using Seurat’s AddModule Score function. Differential expression analysis between AD and HC cells was performed using FindMarkers within each T-lineage cluster, and genes ranked according to the average log2 fold change were used for GSEA. Enrichment of the FB-KO-UP-derived human signature was assessed using fgsea, and Hallmark pathway enrichment in Tregs was analyzed using MSigDB Hallmark gene sets with fgsea. Tregs were further subjected to SCENIC [25] analysis to infer transcription factor regulons. The RSS [26] was calculated to compare regulon activity between AD and HC Tregs.
Statistical analysis
Statistical analyses were performed using GraphPad Prism or R/Bioconductor software packages. Statistical significance was set at p < 0.05. Statistical tests used for each experiment are described in the corresponding figure legends.
RESULTS
Establishment of a mouse model enabling green fluorescent protein (GFP)–based tracking of Foxp3-deficient Tregs
To enable tracking of Tregs after Foxp3 deletion, this study established a GFP-based reporter mouse system. F-KO mice were generated on the C57BL/6 background by crossing Foxp3flox mice with Rosa26CreERT2 mice, whereas FB-KO mice were generated by crossing Foxp3flox Bcl6flox mice with Rosa26CreERT2 mice [16, 17, 27]. These mice were further crossed with Foxp3.LuciDTR bacterial artificial chromosome (BAC) transgenic mice (BAC mice), in which green fluorescent protein, luciferase, and the diphtheria toxin receptor are expressed under the control of the Foxp3 promoter [19]. These crosses generated F-KO-BAC and FB-KO-BAC mice, respectively (Figure 1A). This transgene drives the expression of GFP, luciferase, and diphtheria toxin receptor in a Foxp3 promoter-dependent manner, regardless of the presence or absence of the endogenous Foxp3 locus. Therefore, Tregs can be tracked by GFP and luciferase signals, even after tamoxifen-induced deletion of Foxp3 (Figure 1B). To validate this reporter system, Foxp3 and GFP expression were evaluated in F-KO-BAC mice before and 13 days after the start of tamoxifen administration. In addition, the ability of GFP expression to track Tregs after Foxp3 deletion was assessed. As expected, tamoxifen treatment markedly reduced the frequency of Foxp3+ T cells, as determined by intracellular antibody staining (Figures 1C,D), whereas the frequency of GFP+ T cells was increased (Figures 1E,F). Among CD4+ GFP+ cells sorted from untreated FB-KO-BAC mice, the majority were CD3+, Foxp3+, CD25high, and γδTCR−, and CTLA-4 expression was enriched compared with the GFP− population, although a small fraction of CD4+ Foxp3− cells with an unexpected phenotype was also detected (Supplementary Figure 1). These findings indicate that GFP expression predominantly identifies cells with a conventional Treg phenotype and supports the use of this mouse model for GFP− based tracking of Tregs after inducible Foxp3 deletion.
[image: Panel A diagram shows genetic strategies for Foxp3 and Bcl6 knockout in mice, including loxP sites and BAC constructs expressing GFP, DTR, and LUC under the Foxp3 promoter. Panel B schematic outlines tamoxifen-inducible Cre-mediated deletion of Foxp3 and Bcl6, indicating gene locations, promoter reporters, and recombination process. Panel C displays two flow cytometry plots comparing CD4 and Foxp3 expression in Cre-negative and Cre-positive conditions, with percentage values highlighted. Panel D presents a dot plot quantifying Foxp3+ CD4+ T cell frequency with significant reduction in Cre-positive cells. Panel E shows flow cytometry plots for GFP and CD4 expression in both Cre-negative and Cre-positive conditions, with annotated percentage values. Panel F summarizes GFP+ CD4+ T cell frequencies, indicating elevated levels in Cre-positive samples.]FIGURE 1 | Establishment of a GFP-based system for tracking Foxp3-deficient Tregs. (A) Schematic illustration of F-KO-BAC and FB-KO-BAC mouse generation. (B) Schematic illustration of the GFP-based tracking system of F-KO-BAC and FB-KO-BAC mice. (C,D) Representative flow cytometry plot (C) or quantification (D) of Foxp3+ CD4+ cells. (E,F) Representative flow cytometry plot (E) or quantification (F) of GFP+ CD4+ cells. Each dot in the graphs represents an individual mouse, and the horizontal lines represent means ± SEM. Statistical analysis was performed using the Student’s t-test. GFP, green fluorescent protein; Foxp3, forkhead box P3; CD, cluster of differentiation; SEM, standard error of the mean.Transcriptome analysis of GFP+ cells in FB-KO-BAC mice
GFP+ cells were detected in the lesional skin of FB-KO-BAC mice, suggesting that Treg− derived cells accumulated at the site of inflammation (Supplementary Figure 2). To characterize gene expression changes in Tregs from FB-KO-BAC mice, splenic GFP+ cells were sorted 14 days after the start of tamoxifen administration, and RNA sequencing (RNA-seq) analysis was performed. Principal component analysis (PCA) revealed that the GFP+ cells derived from BAC, F-KO-BAC, and FB-KO-BAC mice exhibited distinct gene expression profiles (Figure 2A). Furthermore, differentially expressed genes (DEG) were identified among these groups, and 144 genes that were specifically upregulated in FB-KO-BAC cells (FB-KO-UP genes) were found (Figure 2B). Considering that B-cell lymphoma 6 (BCL6) functions as a transcriptional repressor, the study hypothesized that FB-KO-UP genes represent a pathogenic gene expression program in Tregs associated with dermatitis development. To investigate the biological functions enriched in the FB-KO-UP genes, gene ontology (GO) analysis was performed. This revealed an unexpectedly pronounced enrichment of gene signature associated to antiviral and type I IFN signal responses (Figure 2C). This finding was further confirmed via gene set enrichment analysis (GSEA) [28] comparing F-KO-BAC and FB-KO-BAC cells (Figure 2D). In addition, most genes associated with the IFN-alpha response showed the highest expression in the FB-KO-BAC group (Figure 2E). In contrast, reanalysis of GSE40493, a publicly available gene expression dataset comparing Bcl6-deficient and wild-type Tregs [29], showed that GO terms associated with antiviral and type I interferon responses were not significantly enriched in Tregs lacking Bcl6 alone (Table 1). Collectively, these results indicated that type I IFN-associated gene signature was upregulated in GFP+ Tregs from FB-KO-BAC mice.
[image: Panel A shows a three-dimensional principal component analysis plot with three groups: BAC (blue), F-KO-BAC (green), and FB-KO-BAC (orange), each with distinct clustering and ellipses illustrating group variance. Panel B presents a scatter plot comparing gene expression log fold changes between F-KO-BAC and FB-KO-BAC versus BAC, highlighting specific genes in color-coded categories. Panel C displays a bubble plot of Gene Ontology biological processes for FB-KO-upregulated genes, with dot size representing gene count and color denoting significance. Panel D features a gene set enrichment plot indicating significant enrichment of the interferon alpha response hallmark in FB-KO-BAC. Panel E is a hierarchical heatmap showing gene expression patterns across BAC, F-KO-BAC, and FB-KO-BAC groups, with samples and genes clustered by similarity.]FIGURE 2 | Transcriptomic analysis of GFP+ cells. (A) PCA of global gene expression in BAC, F-KO-BAC, and FB-KO-BAC cells. (B) Scatter plot showing the fold changes of all genes in F-KO-BAC and FB-KO-BAC cells relative to BAC cells. (C) Dot plot of GO BP analysis in FB-KO-UP genes. (D) GSEA enrichment plot of the Hallmark IFN alpha response gene set comparing FB-KO-BAC cells with F-KO-BAC cells. (E) Heatmap showing the expression of genes in the Hallmark IFN alpha response gene set across BAC, F-KO-BAC, and FB-KO-BAC cells. GFP, green fluorescent protein; PCA, principal component analysis; GO, gene ontology; BP, biological process; FB-KO-UP, genes upregulated in FB-KO-BAC cells; GSEA, gene set enrichment analysis.TABLE 1 | GO enrichment analysis of antiviral and type I interferon response pathways in Bcl6-deficient Tregs from GSE40493.	GO term	Gene count	Gene ratio	P. Adjust	Gene name
	Response to virus	4	0.0740741	0.095994515	Penk/Fgl2/Gata3/Gbp7
	Defense response to virus	2	0.037037	0.283609225	Fgl2/Gbp7
	Cellular response to virus	1	0.0185185	0.221601357	Penk
	Response to type I interferon	0	0	NA	NA
	Cellular response to type I interferon	0	0	NA	NA
	Type I interferon-mediated signaling pathway	0	0	NA	NA
	Response to interferon-alpha	1	0.0185185	0.173981587	Gata3
	Response to interferon-beta	1	0.0185185	0.259668785	Gbp7
	Cellular response to interferon-alpha	1	0.0185185	0.147261241	Gata3


GO, Gene Ontology.
Comparison with Treg gene expression profiles in patients with AD
To determine the association between FB-KO-UP genes and the transcriptional state of Tregs in patients with AD, publicly available single-cell RNA-seq (scRNA-seq) data (GSE189188) from patient peripheral blood mononuclear cells (PBMCs) were reanalyzed. All cells that passed quality control were integrated and clustered using Harmony [23]. Major PBMC populations were annotated manually based on canonical marker gene expression and cluster-specific marker genes identified using Seurat’s FindAllMarkers function and divided into eight major populations (Figure 3A). “T cells” were then extracted and subjected to reclustering. Based on the identification of cluster-specific marker genes (Figure 3C), the T cell compartment was further subdivided into nine subsets, including “Regulatory T” reflecting Tregs (Figure 3B). Among the 144 FB-KO-UP genes, the study focused on 102 genes that could be successfully converted into human orthologs using GeneToList [24]. Thereafter, the signature score for this gene set was calculated in each T cell cluster, and the differences between the scores of patients with AD and healthy controls (HC) were evaluated. The signature score within the Treg population was substantially higher in the AD group than in the HC group (Figure 3D). Similarly, when the same analysis was applied to the genes included in the GO Biological Process term response to type I IFN, the signature score within Tregs was substantially elevated in the AD group only (Figure 3E). Collectively, these findings indicated that both the FB-KO-UP genes and the type I IFN signature were specifically enriched in Tregs from patient PBMCs.
[image: Panel A shows a UMAP plot with color-coded clusters representing different immune cell types. Panel B shows UMAP plots comparing T-cell subtypes between atopic dermatitis (AD) and healthy control (HC) samples. Panel C shows a dot plot of marker gene expression across T-cell subtypes. Panel D compares mean FB-KO-UP gene signature scores between AD and HC samples across T-cell subtypes, showing a significant increase in regulatory T cells in AD. Panel E compares mean type I interferon response signature scores between AD and HC samples across T-cell subtypes, showing a significant increase in regulatory T cells in AD.]FIGURE 3 | Single-cell RNA-seq analysis of GSE189188. (A) UMAP visualization of Harmony-integrated PBMC single-cell RNA-seq data. (B) UMAP visualization of T cell clusters. (C) Dot plot showing representative marker gene expression across T-lineage clusters. Dot size indicates the percentage of cells expressing each gene, and color indicates scaled average expression. (D,E) Comparison of FB-KO-UP genes (D) or GO BP Response to Type I IFN (E) signature scores. Each dot represents one individual, and horizontal lines indicate the mean ± SEM. Statistical analysis was performed using two-way ANOVA followed by post hoc t-tests. RNA-seq, RNA sequencing; UMAP, Uniform Manifold Approximation and Projection; FB-KO-UP, genes upregulated in FB-KO-BAC cells; GO, gene ontology, BP, biological process; HC, healthy control; SEM, standard error of the mean; ANOVA, analysis of variance.Identification of a shared upstream transcription factor associated with the gene expression program in FB-KO-BAC and patient Tregs
The recapitulation of upstream transcription factors and their gene regulatory networks (GRN) responsible for the induction of FB-KO-UP genes was assessed in patient Tregs. To identify the major upstream transcription factors driving FB-KO-UP genes, ChIP-X Enrichment Analysis 3 (ChEA3) analysis [30] was performed. Among the top-ranked factors, several were associated with type I IFN signaling, including members of the signal transducer and activator of transcription (STAT) and IRF families. The top 20 major transcription factors are listed in Table 2, and their GRNs in the Treg population were examined using single-cell regulatory network inference and clustering (SCENIC) [25] based on scRNA-seq data. Of the top 20 major transcription factors, nine were detected as regulons by SCENIC, thus enabling the visualization of their GRNs with high regulon activity in AD (Figure 4A). To further evaluate the disease relevance of these regulons, the regulon specificity scores (RSS) [26] were calculated for Tregs from HCs and patients with AD. This analysis showed that most ChEA3-prioritized regulons were preferentially enriched in patient Tregs, with basic leucine zipper ATF-like transcription factor, IRF7, IRF9, STAT2, and STAT1 ranking prominently among the AD-associated regulons. (Figures 4B,C). Collectively, these findings suggest that a subset of the upstream transcriptional regulators implicated in the FB-KO-UP gene program are recapitulated in patient Tregs, where they form disease-associated regulatory networks.
TABLE 2 | Top 20 major upstream transcriptional factors of FB-KO-UP genes according to ChEA3 analysis.	TF	Mean rank	# of Overlapping Genes	Overlapping Genes
	BATF3	16.67	23	IL10,RTP4,PTGIR,GRAMD1A,RSAD2,MX2,ARID5A,IFI44,IFIT1,USP18,IFIT3,PARP12,ARL4C,CCND2,BCL6,OAS2,OAS3,DDIT4,IRF7,CMPK2,CD226,VIM,IL7R
	STAT1	17	38	LGALS3BP,RTP4,GRAMD1A,PCNA,DAPL1,TIMM10,IFIT1,USP18,IFIT3,LMNB1,PIK3R5,PREX1,CCND2,ANXA6,METTL9,FNIP2,HERC6,IL10,TIPIN, PTGIR,RSAD2,MX2,ARID5A,OSM,IFI44,CDC7,PARP12,BCL6,OAS2,OAS3,DDIT4,IRF7,CMPK2,CD226,VIM,IL7R,XAF1,GCLM
	CENPA	18.5	9	TIPIN,KIF18A,TFDP1,PCNA,CENPW,CDKN2C,OAS2,UBE2T,LMNB1
	PLSCR1	20.5	20	RTP4,GRAMD1A,RSAD2,MX2,ARID5A,OSM,IFI44,IFIT1,KMO,USP18,PARP12,IFIT3,PIK3R5,OAS2,CPD,OAS3,IRF7,CMPK2,XAF1,HERC6
	IRF9	24	30	RTP4,LGALS3BP,SDC3,TIMM10,OPLAH,IFIT1,USP18,IFIT3,PIK3R5,PDLIM1,PREX1,CCND2,ERI2,HERC6,RSAD2,MX2,TSC22D3,ARID5A,IFI44,NAV1,PARP12,
BCL6,OAS2,OAS3,DDIT4,IRF7,CMPK2,VIM,XAF1,IL7R
	BATF2	25.67	19	RTP4,LGALS3BP,GRAMD1A,RSAD2,MX2,ARID5A,IFI44,IFIT1,USP18,PARP12,IFIT3,SCML4,OAS2,OAS3,IRF7,CMPK2,IL7R,XAF1,HERC6
	SP110	27	22	LGALS3BP,RTP4,RIPOR2,RSAD2,MX2,ARID5A,IFI44,IFIT1,USP18,IFIT3,PARP12,PIK3R5,SCML4,BCL6,OAS2,OAS3,IRF7,CMPK2,VIM,IL7R,XAF1,HERC6
	STAT2	27.8	25	LGALS3BP,RTP4,IFIT1,USP18,IFIT3,PDLIM1,CCND2,HERC6,RSAD2,TSC22D3,MX2,ARID5A,IFI44,PARP12,BCL6,OAS2,OAS3,
DDIT4,IRF7,CMPK2,VIM,XAF1,IL7R,GCLM,VCL
	SP140	28.67	22	LGALS3BP,RTP4,RIPOR2,RSAD2,MX2,ARID5A,IFI44,IFIT1,USP18,IFIT3,PARP12,PIK3R5,LMNB1,PREX1,SCML4,OAS2,OAS3,IRF7,CMPK2,IL7R,XAF1,HERC6
	SP100	28.67	21	RTP4,LGALS3BP,RIPOR2,RSAD2,MX2,IFI44,IFIT1,USP18,PARP12,IFIT3,BCL6,OAS2,OAS3,DDIT4,IRF7,CMPK2,CD226,VIM,IL7R,XAF1,HERC6
	IRF7	30.33	21	RTP4,LGALS3BP,GRAMD1A,RSAD2,MX2,IFI44,IFIT1,USP18,IFIT3,PARP12,PIK3R5,LMNB1,BCL6,OAS2,OAS3,DDIT4,CMPK2,VIM,IL7R,XAF1,HERC6
	ZNF267	31	21	RIPOR2,RSAD2,MX2,TSC22D3,ARID5A,OSM,IFI44,IFIT1,KMO,IFIT3,PIK3R5,LMNB1,ARL4C,CCND2,BCL6,OAS2,DDIT4,IRF7,CMPK2,IL7R,XAF1
	BATF	32.2	30	RTP4,RIPOR2,GRAMD1A,IFIT1,IQGAP2,IFIT3,PIK3R5,LMNB1,PLAC8,CCND2,ERI2,ENC1,ANXA6,IL10,TIPIN,RSAD2,MX2,TSC22D3,ARID5A,IFI44,
PARP12,BCL6,OAS2,OAS3,DDIT4,IRF7,CD226,VIM,IL7R,XAF1
	ETV3L	33	21	IL10,HS3ST3B1,PTGIR,GRAMD1A,PCNA,RSAD2,OSM,IFI44,NAV1,IFIT1,KMO,USP18,IFIT3,OAS2,OAS3,DDIT4,IRF7,CMPK2,CD226,IL7R,IL9R
	RELB	36	29	LGALS3BP,RTP4,GRAMD1A,PCNA,IFIT1,CRIP1,USP18,IFIT3,PIK3R5,ENC1,ANXA6,PDLIM4,NPDC1,TIPIN,RSAD2,MX2,TSC22D3,ARID5A,IFI44,
PARP12,ARL4C,BCL6,OAS2,OAS3,DDIT4,IRF7,VIM,IL7R,XAF1
	IRF4	44.6	30	RIPOR2,PRIM2,PCNA,IQGAP2,USP18,IFIT3,LMNB1,PIK3R5,DPP4,CCND2,ENC1,ANXA6,HERC6,IL10,RSAD2,MX2,F2R,ARID5A,ARL4C,TFDP1,BCL6,OAS2,OAS3,
DDIT4,IRF7,CMPK2,CD226,VIM,IL7R,IL9R
	IRF1	45.17	44	LGALS3BP,RTP4,PRIM2,RIPOR2,GRAMD1A,PCNA,IFIT1,OPLAH,CRIP1,USP18,IFIT3,PIK3R5,AGPAT4,UNG,PREX1,CCND2,SCML4,P2RY1,HERC6,
TIPIN,CDKN2C,CENPW,RSAD2,MX2,TSC22D3,F2R,OSM,IFI44,REXO2,PARP12,KIF18A,BCL6,OAS2,OAS3,CPD,CYP2S1,MGAT4A,DDIT4,IRF7,CMPK2,
CD226,VIM,IL7R,XAF1
	IKZF2	45.33	24	RIPOR2,PCNA,RSAD2,IFI44,NAV1,IFIT1,IQGAP2,USP18,IFIT3,LMNB1,DPP4,ARL4C,CCND2,BCL6,OAS2,OAS3,MGAT4A,DDIT4,ANXA6,
CD226,VIM,IL7R,XAF1,IL9R
	ZNF367	47.33	15	TIPIN,DUT,PCNA,CENPW,CDKN2C,CTDSPL,CDC7,LMNB1,UNG,KIF18A,TFDP1,UBE2T,DDIT4,CD226,VCL
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This study established a mouse model that enables GFP-based tracking of Tregs, even after inducible deletion of endogenous Foxp3. Thereafter, this system was used to characterize the transcriptional consequences of combined Foxp3 and Bcl6 deficiency. GFP+ cells from FB-KO-BAC mice acquired a gene expression program enriched for antiviral and type I IFN-related pathways. Importantly, this transcriptional program was not confined to the mouse model but was also selectively enriched in Tregs from patients with AD. Furthermore, upstream regulatory analysis suggested that type I IFN-associated transcription factors, including IRF7, IRF9, STAT1, and STAT2, may have contributed to this shared gene expression program. These findings suggest that the systemic disruption of Foxp3 and Bcl6 in Tregs induces a disease-relevant transcriptional state in patients with AD.
Foxp3-deficient mice [31] and scurfy mice [32] develop systemic autoimmunity and undergo early disease development. This renders examining immune state transitions in a temporally controlled manner during disease development difficult. Therefore, a tamoxifen-inducible conditional knockout strategy was used. However, the conditional loss of Foxp3 indicates that these cells can no longer be readily identified as Tregs using conventional approaches. The use of inducible Foxp3 protein-degradation systems overcomes this limitation and provides important insights into the phenotypic changes that occur after Foxp3 loss [33, 34]. In particular, the rapid loss of C-X-C motif chemokine receptor 3-positive Tregs following Foxp3 protein degradation, a subset capable of migrating to inflammatory sites, suggests that the loss of Foxp3 substantially alters the in vivo distribution of Tregs [34]. Hence, the current study model offers several complementary advantages. Given that the BAC transgene enables Foxp3 promoter-dependent expression of luciferase and GFP, it permits isolation of Foxp3-deficient Tregs and longitudinal tracking of the redistribution of these cells in vivo after Foxp3 loss. Such an approach may be particularly valuable for defining the effects of Foxp3 loss on the tissue distribution, persistence, and disease-associated state transitions of Tregs during dermatitis development.
Although Tregs are essential for the maintenance of immune tolerance in barrier tissues, their role in AD remains unclear. FOXP3+ Tregs increase in severe AD [10], which suggests that Tregs in AD are functionally altered rather than simply insufficient in number. In accordance, gene expression changes have been observed in transcriptomic analyses of Tregs derived from PBMCs of patients with AD, thus suggesting impaired immunosuppressive function [11]. These findings suggest that dysfunctional Tregs contribute to AD pathogenesis. Therefore, tracing the phenotypic and transcriptional changes in Tregs during disease development and identifying the key stages contributing to disease pathogenesis will provide important insights into Treg-targeted therapeutic strategies. The most widely used MC903-induced AD model exhibits extremely rapid disease progression [13]. This renders evaluation of the relationship between endogenous immune states and disease development difficult. In contrast, the current study model requires approximately 2 weeks from gene deletion until the onset of dermatitis [16]. This enables detailed tracking of phenotypic changes in Tregs before and after disease onset. Furthermore, disease stage-specific depletion of Tregs allows direct assessment of their functional contribution to disease initiation and progression. Analyses using this model will enhance current understanding of the mechanisms by which Tregs regulate AD pathogenesis and provide valuable insights into novel therapeutic strategies.
In the transcriptomic analysis, the additional deletion of Bcl6 enhanced type I IFN-associated gene signature compared with that under Foxp3 deletion alone. BCL6 is a transcriptional repressor that suppresses antiviral and type I IFN-associated gene programs in several cell types, including macrophages [35] and T follicular helper cells [36]. Therefore, this signature could potentially reflect the effect of Bcl6 deficiency. However, reanalysis of publicly available transcriptional data [29] revealed that Bcl6-deficient Tregs did not show clear enrichment of type I IFN signaling. These observations suggest that loss of Bcl6 alone is insufficient to reproduce the transcriptional program observed in FB-KO-BAC Tregs. Rather, disruption of both Foxp3- and Bcl6-dependent transcriptional control may create a Treg state permissive for the emergence of an IFN-associated gene expression program in this lineage.
Although AD is predominantly characterized by type 2 inflammation [2], type I IFNs have a complex role in its pathophysiology. Impaired antiviral immunity is a well-recognized feature of AD, particularly in patients susceptible to eczema herpeticum [37]. In addition, plasmacytoid dendritic cells, a major source of type I IFNs, are markedly reduced in AD skin, which may contribute to impaired cutaneous antiviral defense [38]. Consistent with a protective role of type I IFNs in AD, experimental studies have shown that these cytokines can suppress type 2 inflammation in AD-like dermatitis. For example, Miyagawa et al. demonstrated that type I IFN produced by Ly6Chi monocytes limited type 2 inflammation in a murine AD model, whereas disruption of this pathway exacerbated disease [39]. Together, these studies suggest that insufficient type I IFN activity may contribute to impaired antiviral defense and enhanced type 2 inflammation in AD. In contrast, our analysis identified an IFN-associated transcriptional signature specifically in Tregs from patients with AD. This apparent discrepancy suggests that type I IFN-related responses in AD may differ among cell types, with Tregs acquiring an IFN-responsive transcriptional state even when overall antiviral immunity is impaired.
The upstream regulatory analysis further places this Treg state within a canonical type I IFN-associated transcriptional network. Type I IFNs activate JAK–STAT signaling, leading to the formation of the ISGF3 complex composed of STAT1, STAT2, and IRF9, which induces a broad repertoire of IFN-stimulated genes [40]. IRF7 functions as an important amplifier of this antiviral transcriptional program [41]. Consistent with this framework, the present analysis identified enrichment of IRF7-, IRF9-, STAT1-, and STAT2-associated regulons in AD Tregs, together with increased expression of IFN-related genes. The coordinated enrichment of these regulators is therefore consistent with acquisition of type I IFN-responsive transcriptional state, although the transcriptomic data alone do not establish functional activation of its downstream signaling.
Previous studies indicate that the consequences of type I IFN signaling in Tregs are strongly context-dependent. During rhinovirus infection, human Tregs acquire an antiviral transcriptional program characterized by increased IRF7, ISG15, MX1, IFI44L, and STAT1 expression, accompanied by reduced suppressive capacity [42]. Similarly, a recent single-cell analysis of chronic immune thrombocytopenia identified expansion of an IFN signature-high Treg population, in which the IFN-stimulated gene RSAD2/Viperin contributed to impaired Treg function [43]. These observations are consistent with the IFN-associated transcriptional state observed in AD Tregs in the present study. However, the effects of type I IFN signaling on Tregs are not uniformly detrimental. Treg-specific IFNAR signaling has also been shown to promote Treg development and peripheral survival under certain conditions [44]. Thus, the biological consequence of an IFN-associated transcriptional state appears to depend strongly on the inflammatory setting. This interpretation is also relevant to previous observations of Treg abnormalities in AD. FOXP3+ Tregs are expanded in severe AD [10], indicating that disease-associated Treg abnormalities cannot be explained simply by a numerical deficiency. Reduced suppressive capacity and altered CTLA-4-dependent regulation have also been reported in Tregs from patients with AD [11]. Type I IFN-associated transcriptional state identified here may therefore represent one molecular feature of the altered Treg states previously described in AD. However, because suppressive activity was not directly assessed in the human Tregs analyzed in the present study, it remains unknown whether the type I IFN-associated program is mechanistically responsible for Treg dysfunction in AD.
The present study extends these previous observations in two important respects. First, whereas type I IFN-responsive Treg states have mainly been characterized in viral infection and systemic immune disorders, the current analysis identifies a related transcriptional state in Tregs from patients with AD, a predominantly type 2 and noninfectious inflammatory skin disease. Second, cross-species analysis links this human Treg state to a genetically defined spontaneous dermatitis model in which combined Foxp3 and Bcl6 deficiency produces a similar type I IFN-associated gene expression program and upstream regulon profile. These findings suggest that type I IFN-associated transcriptional signature can emerge in Tregs under chronic type 2 inflammation and disrupted Treg regulation, and may represent a disease-associated state conserved across species.
Nevertheless, several limitations of the present study should be acknowledged. First, although the majority of CD4+GFP+ cells in untreated FB-KO-BAC mice exhibited a conventional Treg phenotype, approximant 10% was Foxp3−. Therefore, a minor contribution of non-Treg cells to the GFP+ population and the resulting transcriptomic profiles cannot be completely excluded. The development or use of a more Treg-specific reporter system would enable more precise tracking and molecular characterization of Tregs after Foxp3 deletion. Second, although CD4+GFP+ cells were detected in lesional skin of FB-KO-BAC mice, their direct contribution to dermatitis remains unclear. Whether these cells promote disease through the production of specific cytokines or other effector molecules was not determined. Functional analyses of lesional GFP+ cells, together with cell-specific depletion or manipulation, will be required to establish their causal role in disease development. Third, the human transcriptomic analysis in the present study was restricted to AD. Therefore, it remains unclear whether the type I IFN-associated Treg state identified here is specific to AD or represents a more general feature of inflammatory skin diseases. Comparative analyses of Tregs across other skin disorders will be necessary to determine the disease specificity of this transcriptional state.
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