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Single-cell transcriptomics
reveals peripheral
immune responses in
non-segmental vitiligo
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Kuanhou Mou1* and Pan Li2*

1Department of Dermatology, the First Affiliated Hospital of Xi’an Jiaotong University, Xi’an, China,
2Center for Translational Medicine, the First Affiliated Hospital of Xi’an Jiaotong University,
Xi’an, China
Background: Vitiligo is a common autoimmune depigmented dermatology due

to destruction of melanocytes. Much evidence suggests that vitiligo is associated

with systemic immune activation. Previous studies have focused on immune cell

infiltration in and around lesion areas, but few studies have investigated the cell

types and function of circulating immune cells in peripheral blood. Here, single

cell RNA-sequencing (scRNA-seq) was used to investigate the mechanisms of

peripheral immune responses in vitiligo patients.

Methods: Peripheral blood was collected from five patients with progressive

non-segmental vitiligo and three healthy controls. Peripheral blood

mononuclear cells (PBMCs) were obtained by Ficoll-Paque density gradient

centrifugation, and scRNA-seq was performed on isolated cell populations to

obtain single cell transcriptomes and characterize important genes and

intracellular signaling pathways. The key findings were validated with qPCR and

flow cytometry assays.

Results:We identified 10major cell types by scRNA-seq. Among these cell types,

neutrophils were specifically observed in our scRNA-seq data from PBMCs.

Peripheral blood effector CD8+ T cells from vitiligo patients did not show

significant differences at the transcriptome level compared with healthy

controls, whereas regulatory T cells showed pro-inflammatory TH1-like

properties. Innate immune cells, including natural killer cells and dendritic

cells, showed increased antigen processing and presentation as well as

upregulated interferon responses. B cells, monocytes, and neutrophils all

showed activation. B cells, especially memory B cells, had upregulated

expression of genes related to humoral immunity. Monocytes showed

production of proinflammatory cytokines and chemokines. Neutrophils

showed strong chemokine ligand-receptor (L-R) pair (CXCR8-CXCR2)

autocrine signaling pathway.
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fimmu.2023.1221260/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1221260/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1221260/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1221260/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2023.1221260&domain=pdf&date_stamp=2023-11-22
mailto:mkhn001@163.com
mailto:imlipan@163.com
https://doi.org/10.3389/fimmu.2023.1221260
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2023.1221260
https://www.frontiersin.org/journals/immunology


Yang et al. 10.3389/fimmu.2023.1221260

Frontiers in Immunology
Conclusion: This study revealed the genetic profile and signaling pathway

characteristics of peripheral blood immune cells in vitiligo patients, providing

new insights into its pathogenesis, which may facilitate identification of potential

therapeutic targets.
KEYWORDS

vitiligo, single-cell RNA sequencing, immune cells, Tregs, B cells, monocytes,
neutrophils
1 Introduction

Vitiligo is a common depigmented dermatology caused by the

loss of melanocytes from skin and mucous membranes with a global

prevalence of approximately 0.5%-2% (1). It is widely accepted to be

an autoimmune disease (2). Autoantibodies have been found in

serum from vitiligo patients. Moreover, vitiligo patients are more

likely to suffer from combined autoimmune diseases. These diseases

include autoimmune thyroid disease, type 1 diabetes, rheumatoid

arthritis (RA), systemic lupus erythematosus (SLE), and Addison

disease (3–6).

Many previous studies have emphasized the major role of

immune cells in skin and peripheral blood in the autoimmune

pathogenesis of vitiligo. These immune cells include cytotoxic T

lymphocytes, regulatory T cells (Tregs), dendritic cells (DCs),

natural killer (NK) cells, and innate lymphoid cells. Melanocyte-

specific CD8+ T cells increase in the lesions and blood of vitiligo

patients and play a direct role in melanocyte destruction (7, 8).

Vitiligo patients also have a decreased proportion of peripheral

blood Tregs with an impaired inhibitory T cell function compared

with healthy controls (HCs) (9, 10). The proportion of myeloid

dendritic cells and plasmacytoid dendritic cells (pDCs) in

peripheral blood is significantly increased in vitiligo patients

compared with HCs (11). Myeloid dendritic cells play a critical

role in proinflammatory cytokine production and autoantigen

presentation (11). Infiltrated pDCs in skin lesions of vitiligo

patients may produce interferon (IFN)-a associated with immune

cell recruitment (12). The number of innate immune cells (NK and

innate lymphoid cells) is increased in the skin and blood of vitiligo

patients, and these cells are involved in the initiation of the

autoimmune process of vitiligo (13). Therefore, it is necessary to

study peripheral blood immune cells in patients with non-

segmental vitiligo.

Single-cell RNA-sequencing (scRNA-seq) is rapidly emerging

as a highly effective method to investigate gene expression

heterogeneity at the single cell level. scRNA-seq is used to

characterize the heterogeneity of cell populations and identify

novel cell populations associated with diseases (14). Analysis of

the immune cells in patients with skin diseases, such as psoriasis

and atopic dermatitis, by scRNA-seq has revealed the heterogeneity

of skin immune cells in these diseases, which may facilitate better

understanding of the pathogenesis of inflammatory skin diseases

(15). scRNA-seq has also been used to analyze the type and function
02
of immune cells in the skin of vitiligo patients. Harris et al. collected

samples of suction blister biopsies and used scRNA-seq to

characterize immune cell subsets associated with the skin lesions

of vitiligo and found that CCR5+ Tregs limit disease progression

(16). Chen et al. found a higher proportion of CD8+ cytotoxic T

lymphocytes in the skin of vitiligo patients than in normal

individuals, which expressed higher levels of IFN-g, and that

fibroblasts are the predominant IFN-g-responsive cell type in

vitiligo patients by scRNA-seq analysis of skin tissue obtained by

biopsy (17). The application of single-cell sequencing to skin tissue

from vitiligo patients has revealed the pathogenesis of vitiligo.

Systematic studies describing the functions and populations of

peripheral blood immune cells in the pathological state of vitiligo

as a systemic disease have been lacking. Therefore, in this study,

peripheral blood immune cells of five PV patients and three HCs

were collected for analysis by scRNA-seq. Cells from the PBMC

layer were isolated by density gradient centrifugation and included

not only peripheral blood mononuclear cells, but also a population

of neutrophils defined as low density neutrophils (LDNs) (18).

LDNs are a subset of neutrophils that have received the most recent

attention and are generally reported to be low buoyancy neutrophil

contamination in PBMCs (19). LDNs are associated with various

immune-mediated inflammatory diseases such as SLE and psoriasis

(20, 21). Therefore, we speculated that LDNs might be related to the

pathogenesis of vitiligo.

In this study, we aimed to map circulating immune cells in

vitiligo patients and evaluate the expression of key genes and

intracellular signaling pathways involved in these cells. This study

may provide the basis to reveal the pathogenesis of vitiligo

autoimmunity and new targets to predict the disease.
2 Methods

2.1 Sample collection and preparation of
single cell suspensions

Peripheral blood samples were collected from five vitiligo

patients and three HCs at the Department of Dermatology of The

First Affiliated Hospital of Xi’an Jiaotong University after written

informed patient consent. All patients were diagnosed with

progressive non-segmental vitiligo marked by enlargement of

lesions or the formation of new lesions within 6 months and did
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not receive systemic treatment prior to enrollment. Exclusion

criteria were autoimmune disease, infectious disease, cancer, and

other depigmented dermatoses such as nevus anemicus, senile

leukoderma, and pityriasis alba. Two milliliters of peripheral

venous blood were collected from each sample into EDTA-

anticoagulant tubes and diluted with 2 mL PBS. The blood was

layered onto 3 mL Ficoll-Paque (GE Healthcare, Sweden) in a 10

mL centrifuge tube and centrifuged at 400 g for 30 min at 18°C. The

PBMC fraction was transferred to another tube and washed twice

with PBS to obtain a single cell suspension. Cell viability was

required to exceed 90% for each sample. Written informed

consent was obtained from the relatives of patients and

healthy volunteers.
2.2 Single cell RNA-seq and
preliminary results

PBS was added to the single cell suspension to prepare a final

concentration of 1×105 cells/mL. The final single cell suspension

was loaded onto a microfluidic device for the Singleron GEXSCOPE

Single Cell RNA Library Kit (Singleron Biotechnologies) in

accordance with the manufacturer’s protocol, which involved cell

lysis, mRNA capture, labeling cells (barcode) and mRNA (UMI),

reverse transcription of mRNA into cDNA and amplification, and

cDNA fragmentation. Individual libraries were diluted to 4 nM and

pooled for sequencing. Pools were sequenced on an Illumina HiSeq

X with 150 bp paired-end reads.
2.3 Primary analysis of raw read data

CeleScope® was employed to process raw data, using double-

ended FASTQ files as input and generating files and QC metrics for

downstream data analysis. Briefly, sequencing data containing a cell

barcode (CB) and a unique molecular identifier (UMI) were read.

After filtering the read without poly-T tails, valid CBs and UMIs

were extracted and used to calculate the expression level of each

gene in each cell. FastQC and fastp were used to process raw reads

to remove low sequencing quality reads, and poly-A tails and

adaptor sequences were removed using cutadapt. After quality

control, STAR Genome Mapper was applied to map the extracted

reads to the reference genome GRCh38 (ensembl version 92

annotation). UMI counts and gene counts for each cell were

obtained using featureCounts v1.6.2 software. Sequencing reads

from the same gene, CB, and UMI were pooled together as PCR

repeats and used to generate expression matrix files for

subsequent analysis.
2.4 Quality control, dimension
reduction, and clustering

Seurat package (v3.1.2) was used for quality control (QC),

dimension reduction, and clustering (22). Cells with gene counts
Frontiers in Immunology 03
below 200, the top 2% gene counts, and the top 2% of UMI counts

were filtered out. Then, cells with >20%mitochondrial content were

eliminated. After QC, the remaining cells were used for further

analysis. All gene expression was normalized and scaled using

NormalizeData() and ScaleData(). We selected the top 2000

variable genes using the FindVariableFeautres() function and then

applied PCA. Principal component analysis was set to 1:20 for

unsupervised cell clustering. To reduce potential batch effects,

samples were integrated and downstream analysis was performed

using Harmonity v0.1. Cells were clustered by FindClusters() using

the top 20 principle components with a resolution parameter of 2.0.

The uniform manifold approximation and projection (UMAP)

algorithm was applied to visualize cells in two dimensions.
2.5 Differentially expressed gene analysis
and cell type annotation

Genes expressed in >10% of cells in a cluster with an average log

(fold change) of >0.25 were selected as DEGs using the

FindAllMarkers function in Seurat v3.1.2 based on the Wilcox

likelihood ratio test with default parameters. Using the SynEcoSys

database containing >8800 marker genes, the cell type identity of

each cluster of peripheral blood circulating immune cells was

determined by the expression of typical marker DEGs. Heat

maps, dot plots, and violin plots were generated using Seurat

v3.1.2 DoHeatmap, DotPlot, and Vlnplot, respectively, to visualize

the expression of markers used to identify each cell type. The final

results were manually checked to ensure correctness and visualized

by UMAP.
2.6 Pathway enrichment analysis

ClusterProfler R Package v4.0.2 was applied to analyze Gene

Ontology (GO) to study the potential functions of each cell subset

(23). The gene ontology of gene sets included molecular function

(MF), biological process (BP), and cellular component (CC)

categories as references. Significantly enriched pathways were

those with p_adj-values < 0.05. Gene set enrichment analysis

(GSEA) of the HALLMARK-INFLAMMATORY-RESPONSE

pathway in neutrophils was performed using the irGSEA R

package, and calculation of the enrichment scoring method was

set to AUCell.
2.7 Trajectory analysis and SCENIC analysis

To map the differentiation of cell subtypes, pseudotime trajectory

analysis was performed with Monocle2 (24). We used DDRTree and

the FindVariableFeatures to perform dimension reduction. Finally,

the trajectory was visualized by the plot_cell_trajectory. Furthermore,

to assess transcription factor (TF) regulation strength, we applied the

single-cell regulatory network inference and clustering (pySCENIC,

version 0.11.1) workflow (25).
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2.8 Cell–cell communication analysis

R language-based CellChat software package was used to

calculate cell–cell interactions expressed by known ligand–

receptor pairs in various cell types (26). We used gene expression

data from cells and the specified cell type as input to CellChat.

Subsequent analysis was performed using the ligand–receptor

database in CellChat, and computeCommunProb and

computeCommunProPathway were used to calculate the possible

interactions and pathways. Hierarchical, circular, and chordal plots

were used to visualize signaling pathways.
2.9 Flow cytometry assays

PBMCs were isolated from peripheral blood of five vitiligo

patients and five HCs. To determine the level of NK cells and

HLA-DR expression, the following antibodies were used for surface

staining: anti-CD3-PE, anti-CD56-APC, anti-CD16-FITC, and anti-

HLA-DR-PE/Cyanine7(all from BioLegend, San Diego, USA).

PBMCs were cultured in RPMI 1640 medium containing 100 U/

mL penicillin, 100 U/mL streptomycin, and 10% fetal bovine serum.

The cell density was approximately 1×106/mL. Cell Stimulation

Cocktail (eBioscience, San Diego, USA) and GolgiPlug Protein

Transport Inhibitor (BD Biosciences Pharmingen, San Jose, USA)

were added to the medium, and cells were then incubated for 5 h at

37°C in 5% CO2. For Tregs and Th1-like Tregs detection, cells were

surface stained with anti-CD4-FITC, anti-CD25-APC, anti-CD127-

PE (all from BioLegend, San Diego, USA), and then intracellular

staining for anti-IFN-gamma-PE/Cy7(BD Biosciences Pharmingen,

San Jose, USA) was performed using Cytofix/Cytoperm fixation/

permeabilization kit (BD Biosciences Pharmingen, San Jose, USA)

according to the manufacturer’s instructions. Flow cytometry analysis

was performed using NovoCyte 3000 (ACEA Biosciences, San Diego,

USA). Data analysis was performed using NovoExpress software

(ACEA Biosciences, San Diego, USA).
2.10 Quantitative real-time PCR

Total RNA was extracted from PBMCs using BioZol reagent

(BIODEE, Beijing, China) according to the manufacturer’s

instructions. Reverse transcription was performed on 1mg of RNA

from each sample using the Evo M-MLV RT Mix Kit with gDNA

Clean for qPCR (Accurate Biotechnology, Hunan, China). qPCR

was performed on the Bio-Rad CFX-96 Real-Time PCR System

(Bio-Rad, Hercules, CA, USA) using the SYBR Green Premix Pro

Taq HS qPCR Kit (Accurate Biotechnology, Hunan, China). Each

PCR was replicated three times for verification, and the 2-DDCt
method was used to analyze the relative changes in gene expression

from the qPCR experiments. Glyceraldehyde-3-phosphate

dehydrogenase (GAPDH) was used as a reference gene in all

qPCR experiments. The following primer pairs were used for the
Frontiers in Immunology 04
qPCR: FoxP3, forward: 5’-TTTCTGTCAGTCCACTTCACCAA-3’

and reverse: 5’-TTCAAGGAAGAAGAGGAGGCATG-3’; CTLA-4,

forward: 5’-ATGGACACGGGACTCTACATCTG-3’ and reverse:

5’-GGGCACGGTTCTGGATCAATTA-3’; CXCL8, forward:

5’-TAGGACAAGAGCCAGGAAGAAAC-3’ and reverse: 5’-

GGGTGGAAAGGTTTGGAGTATGT-3’; CXCL9, forward:

5 ’-TGATTGGAGTGCAAGGAACCC-3 ’ and reverse: 5 ’-

AATTTTCTCGCAGGAAGGGCT-3 ’ ; CCL5 , fo rward :

5’-TCGCTGTCATCCTCATTGCTACT-3’ and reverse: 5’-

CACTTGCCACTGGTGTAGAAATAC-3’; CXCR2, forward:

5’-GCAACCCAGGTCAGAAGTTTCAT-3’ and reverse: 5’-

TCAAAGCTGTCACTCTCCATGTT-3’.
2.11 Bulk transcriptomic data obtained
from the GEO database

Expression profiling was performed using publicly available raw

data (accession number GSE80009) in R (version 4.3.0). GEOquery

and limma R packages from GEO2R were used to identify the

differential expression of all samples. GO analysis was performed by

clusterProfiler package in R software. The cut-off criteria for DEGs

were log2 fold change (FC) > 1 and adjusted P value < 0.05.
2.12 Statistics

All statistical analyses were performed with GraphPad Prism

8.0 software. Unpaired Student’s t-test and Mann-Whitney U-test

were used to determine significance. A P-value of less than 0.05 was

considered statistically significant.
3 Results

3.1 Single cell atlas of circulating immune
cells from PV patients and HCs

We collected the PBMC layer after density gradient

centrifugation from five patients diagnosed with PV and three

HCs, which was subjected to scRNA-seq to characterize the

peripheral immune microenvironment of PV patients

(Figure 1A). Clinical information on the five patients and three

HCs in our study is shown in Supplementary Table 1. At a

sequencing depth of ~30,000 reads/cell, a median of 530–1,326

genes per cell were detected in patients and 866–1,356 genes per cell

in HCs (Supplementary Table 2). After identifying and removing

low quality cells with a low unique molecular identifier (UMI) or

high mitochondrial RNA, we obtained 71,966 and 55,838 individual

transcription profiles from PV patients and HCs, respectively. After

confirming that the data integration removed residual batch effects,

the data from different samples showed excellent reproducibility

(Supplementary Figure 1). Thus, in accordance with the expression

of typical marker genes, we identified 10 major cell types
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(Figure 1B). Among the cell populations were NK and T

cells (CD3D+TRAC+), monocytes (FCN1+CD14+), B cells

(CD79A+MS4A1+), plasma cells (CD79A+IGHG1+), classical

dendritic cells (cDCs; CD1C+CD1E+), plasmacytoid DCs

(pDCs; LILRB4+CLEC4C+), and platelets (PPBP+GP9+), basophils

(CLC+CPA3+), erythrocytes (HBA1+HBB+), and neutrophils

(CAMP+ CSF3R+) (Figure 1E, Supplementary Figure 2). The

proportions of the 12 cell types were compared between PV

patients and HCs (Figure 1C). No significant differences were

found in the composition of the cells between the two groups

(Figure 1D). Platelets, erythrocytes, and basophils were discarded

from the subsequent analysis. To explore differences in peripheral

blood immune cells between PV patients and HCs, we performed

DEG and pathway enrichment analyses.
Frontiers in Immunology 05
3.2 Characteristics of T and NK cells
in PV patients

T and NK cells are the most abundant immune cells among

peripheral blood mononuclear cells. We classified the 91,224 NK

and T cells into nine subtypes (Figure 2A) using classical NK and T

cell markers (Supplementary Figure 3): NK cells, naive CD4+ T cells

(CD4NaiveT), naive CD8+ T cells (CD8NaiveT), effector CD8+ T

cells (CD8Teff), CD8+ mucosa-associated constant T cells

(CD8MAIT), gd T cells (GDTcells), NKT cells, regulatory T cells

(Tregs), and proliferating T cells (ProliferatingTCells). The relative

percentages of the various cell subtypes were calculated for each

patient. The proportion of NK cells in the peripheral blood of

vitiligo patients was increased compared with that in HCs, while the
A

B D

E

C

FIGURE 1

Single-cell landscape of circulating immune cells from PV patients and HCs. (A) Schematic flowchart of scRNA-seq experimental design of this
study. (B) UMAP representation of 71,966 and 55,838 single cells from PV patients (n = 5) and HCs (n = 3), respectively, showing the formation of 10
clusters. (C) The fraction of cells for ten cell types in HCs and PV patients. (D) Bar graphs of each cell cluster population between HCs and PV
patients. (E) Bubble plot of top5 gene expression in each cell cluster; the size of the bubble represents the percentage of expressed cells; the color
represents the average expression of each gene in clusters: red means the high expression.
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proportion of Tregs was lower than in HCs, but this difference was

not statistically significant (Figures 2B, C). Furthermore, there were

no significant differences in the proportions of other

subpopulations between HCs and PV patients (Figures 2B, C).
Frontiers in Immunology 06
The expression levels of representative DEGs were compared in NK

and T cells between HCs and PV patients before cell subtype

annotation (Figure 2D). Thirty-five genes were significantly

upregulated, including GZMB, CTSW, MIF, ALOX5AP, and
A B

D

E F

C

FIGURE 2

The heterogeneity and transcriptional features of NK&T cells in PV patients. (A) UMAP representation of 91,224 NK&T cells, showing the formation of
nine clusters. (B) The fraction of cells for nine types in HCs and PV patients. (C) Bar graphs of each cell cluster population between HCs and PV
patients. (D) Bubble plot of top5 gene expression in each cell cluster; the size of bubble represents the percentage of expressed cells; the color
represents the average expression of each gene in clusters: red means the high expression. (E) GO analysis showing the biological process enriched
in Treg NK and NKT of PV patients. (F) Heatmap showing the average expression of key regulatory TFs (estimated using SCENIC) between NK cells
and T cell subsets in PV patients and HCs.
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other genes related to cell killing and the inflammatory response,

and 15 genes were downregulated, including KLF2, TXNIP, and

LEF1 (Supplementary Figure 5A). We further analyzed the

differences in T cell subsets. DEGs were characterized in

CD4NaiveT, CD8NaiveT, CD8Teff, CD8MAIT, GDTcells, NKT

cells, and Tregs. scRNA-seq revealed differential expression of 36

genes in CD4NaiveT, 38 genes in CD8NaiveT, 41 genes in CD8Teff,

39 genes in CD8MAIT, 58 genes in GDTcells, 113 genes in NKT

cells, and 48 genes in Tregs (Supplementary Table 3).

To further analyze functional differences in T cell subsets, we

performed pathway enrichment analysis of DEGs in NK and T cells.

No significant differences were found in GO analysis of naive CD4+

T cells, naive CD8+ T cells, CD8+ mucosa-associated constant T

cells, and gd T cells (Supplementary Table 4). Tregs possess

functional plasticity, and Tregs upregulate T-BET expression

upon IFN-g stimulation in a STAT1-dependent manner, and

additional or subsequent exposure to IL-12 induces Tregs to

adopt a TH1-like phenotype, express T-BET and release IFN-g
(27, 28). We found that Tregs were involved in the up-regulatory

response to interferon-g (Figure 2E). Therefore, we detected the

composition of Tregs, Th1-like Tregs and the expression of key

genes by flow cytometry and qPCR. Flow cytometry analysis

revealed PV patients had a reduced abundance of circulating

Tregs, but an increased proportion of Th1-like Tregs compared

with HCs (Figures 3E, F). Since the expression of FoxP3 and CTLA-

4 is critical for the immunosuppressive function of Tregs (29), we

investigated the expression of FoxP3 and CTLA-4 mRNA in PBMC

by qPCR. Our results revealed that FoxP3 gene expression was

significantly decreased in the peripheral blood of PV patients

compared with HCs, while CTLA-4 gene expression was

decreased, although not significantly different (Figure 3G). NK

cells were involved in antigen processing and presentation,

upregulated responses to interferon, and T cell activation. Because

HLA-DR-expressing NK cells combine phenotypic characteristics

of NK cells and dendritic cells with antigen-presenting ability (30),

we verified the percentage of HLA-DR-expressing NK cells in the

peripheral blood of PV patients by flow cytometry and found that it

was increased compared with HCs, but there was no statistically

significant difference (Supplementary Figure 6). NKT cells were

involved in upregulated responses to interferon, regulation of

chemotaxis, and antigen processing and presentation (Figure 2E).

These results suggested that NK and T cells of PV patients,

especially NK and NKT cells, exhibited consistent inflammatory

responses such as upregulation of responses to interferons.

Subsequently, given the stronger association of NK, Treg, NKT,

and Teff with PV, we employed single-cell regulatory network

inference and clustering (SCENIC) to provide a more

comprehensive analysis of the TFs that exhibited abnormal

activation in these four cell types among PV patients and HCs

(Figure 2F). The expression of REL, an important regulator of the

anti-inflammatory factors IL-12 and IL-10 signaling, and RUNX3, a

regulator that inhibits myeloid cell differentiation, as well as several

unknown regulators (NR2C1, BHLHE40, ZNF250, HES6, and
Frontiers in Immunology 07
FOXP4) were downregulated in NK cells from PV patients

compared with HCs; we also found upregulation of the

expression of NFIL3, an important TF for NK cell differentiation,

and other regulators (NUAK1, HIVEP1, HHEX). The Treg stability

and function related regulators FOXP3, IKZF2 and other regulators

(BCL3, ZNF579, ZNF80) were significantly downregulated in Tregs

from PV patients. The expression of RORB, ING4, IKZF2, ZNF418

were downregulated in NKT from PV patients compared with HCs,

in contrast to the expression of ZFP2, NUAK1. In CD8Teff, the

expression of ASCL2, a suppressor of Th1, Th2 and Th17 cell

differentiation, was downregulated, whereas the expression of

HHEX was upregulated.

Next, we performed pseudotime trajectory analysis on CD8+ T

cells. The heatmap depicted the difference in the gene expression of

CD8+ T cells from CD8NaiveT to CD8MAIT and CD8Teff

(Figure 3A). With the direction of pseudotime, CD8+ T cells

gradually shifted from cluster 2 genes with the high expression of

PABPC1, RPS20 and RPL18 to cluster 1 and cluster 4 with the high

expression of GZMH and NKG7, respectively (Figure 3B). The

results of cell trajectory analysis showed no differences between

samples (Supplementary Figures 8A, B). CD8NaiveT was

considered to be a precursor for other cells, and the composition

of the cell subpopulation developed from CD8NaiveT to CD8MAIT

and CD8Teff (Figures 3C, D).
3.3 Immunological characteristics of B cell
subsets in PV patients

To analyze changes in B cell subsets in the peripheral blood of

vitiligo patients, we labeled B cell subsets by their known typical

genes and classified them into two cell subtypes: naive and memory

B cells (Figure 4A, Supplementary Figures 4A, B). Next, we

evaluated differences in the distribution of peripheral blood B cell

subpopulations between HCs and PV patients (Figure 4B). The

proportion of memory B cells in peripheral blood was increased in

PV patients compared with HCs, but there was no significant

difference between the two groups. Moreover, no significant

differences in cell proportions were found in naive B cells

(Figure 4C). By comparing the transcriptional profiles of naive

and memory B cells, we identified representative marker genes of

each cell cluster of B cells. Naive B cells expressed TCL1A, IGHD,

and FCER2 at higher levels, whereas memory B cells expressed

IGHG1, IGHG3, and IGHG4 at higher levels (Figure 4D). Next, we

compared changes in DEGs for each cell subpopulation of B cells

between PV patients and HCs. Supplementary Table 5 shows the

details of the B cells and two subpopulations of significant DEGs in

PV patients and HCs. Supplementary Table 6 shows the details of

the GO enrichment analysis results. DEG analysis revealed that

PTMAP2, MT-TW, MT-RNR1, MT-ND4L, MTND2P28,

MTCO1P12, MTATP6P1, and HBA2 were overexpressed in naive

and memory B cells from PV patients (Supplementary Figure 5B,

Supplementary Table 5). Additionally, three upregulated
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differentially expressed genes were involved in humoral immunity,

IGHA1, IGHA2 and IGHG1, in memory B cells of PV patients

(Figure 4E). We also evaluated the functional characteristics of B

cell subsets (Supplementary Table 6). In memory B cells, GO
Frontiers in Immunology 08
enrichment analyses (Figure 4F) showed that DEGs participated

in B cell activation, such as the immunoglobulin complex and B cell

receptor signaling pathway, suggesting that adaptive immunity was

involved in PV.
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FIGURE 3

Analysis of CD8+ T cells differentiation trajectories; flow cytometry and qPCR validation of Tregs and Th1-like Tregs. (A) Heatmap showing the
dynamic changes of gene expression along pseudotime. (B) The trajectory of six typical genes. Unsupervised transcriptional trajectory from Monocle,
colored by pseudotime (C) and cell clusters (D). (E) Representative gating strategy of flow cytometry analysis for proportion of Tregs (CD4+CD25
+CD127low/-) in CD4+ T cells and Th1-like Tregs (IFN-g+ Treg) in Tregs. (F) Flow cytometry analysis of Tregs and Th1-like Tregs. (G) Analysis of
FoxP3 and CTLA-4 mRNA expression by qPCR. Data are expressed as mean ± SEM and significance was set at *p ≤ 0.05, **p ≤ 0.01.
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3.4 Features of monocytes and DCs
in PV patients

Next, we further investigated transcriptome changes in two more

prevalent subsets of innate immune cells, namely monocytes and DCs.

We analyzed 17,877 monocytes and found 9,632 cells originated from

PV patients and 8,245 originated from HCs (Supplementary Table 2).

Monocytes were further labeled in the classical annotation by CD14

and FCGR3A to obtain two cell subpopulations: classical (CD14 high)

and non-classical [CD14 low, FCGR3A(CD16) high] monocytes

(Figure 5A). The relative proportions of each cell subtype were

calculated in each patient (Figure 5B). Marker genes are displayed

for each subset in Supplementary Figures 4C, D.We next characterized

representative marker genes in each monocyte population. Classical

monocytes expressed high levels of S100A8, S100A9, VCAN, S100A12,

and LYZ, while non-classical monocytes expressed high levels of

SMIM25, RHOC, LYPD2, CDKN1C, and FCGR3A (Figure 5C). To

explore the variation in monocytes between PV patients and HCs, we

compared DEGs across cell subpopulations. Considering that classic

monocytes represent a higher proportion of monocytes, we found that

classical monocytes and unclassified cells exhibited similar

characteristics. Expression of human leukocyte antigen (HLA)-
Frontiers in Immunology 09
related genes, such as HLA-DRB5, HLA-DPA1, and HLA-DPB1,

was significantly higher in peripheral blood monocytes of PV

patients compared with HCs, suggesting increased antigen

processing and presentation in the peripheral blood monocytes of

PV patients (Supplementary Figure 5C, Supplementary Table 7). The

top GO terms of classical monocytes from PV patients were elevated,

including cellular response to xenobiotic stimulus and transport vesicle

membrane (Supplementary Table 8). Non-classical monocytes in the

peripheral blood of PC patients had clear upregulated expression of

inflammatory genes (TNF, IL1B, DUSP2, and S100A8), chemokines

(CCL3, CCL3L1, CCL4L2, and CXCL8), and TFs (EGR1, FOS, JUN,

and JUND) compared with HCs (Figure 5D). Using GO functional

enrichment analysis, we found that significant DEGs in non-classical

monocytes from PV patients were involved in the response to

interferon-gamma, antigen processing and presentation, and T cell

activation (Figure 5E). For example, in non-classical monocytes from

PV patients, T cell activation genes were strongly upregulated,

including HLA-DPA1, HLA-DPB1, CD74, EGR1, HLA-DRA, HLA-

DRB1, HLA-DMB, ZFP36L1, and IL1B. We verified that FOS and

HLA-DRB5 expression was upregulated in PBMC from vitiligo

patients compared with HCs by analyzing Bluk-RNA seq data from

GEO database (Supplementary Figure 7A).
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FIGURE 4

The heterogeneity and transcriptional features of B cells in PV patients. (A) UMAP representation of B cells, showing the formation of two clusters.
(B) The fraction of cells for ten two types in HCs and PV patients. (C) Bar graphs of each cell cluster population between HCs and PV patients. (D)
Bubble plot of top 5 gene expression in each cell cluster; the size of the bubble represents the percentage of expressed cells; the color represents
the average expression of each gene in clusters: red means the high expression. (E) The violin diagram shows the expression levels of IGHA1, IGHA2
and IGHG1 in PV patients and HCs. (F) The mapplot of GO pathways of the DEGs in memory B cells of PV patients.
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To further investigate the transcriptional differences between

classical and non-classical monocytes, we analyzed their TF

regulators using SCENIC (Figure 5F). Classical monocytes

preferentially upregulated RUNX1, MXI1, HMGB2, and AP-1

TFs (CREB5, BATF, FOSL2, FOS, and JUN) (more active in PV:

FOS and JUN; more active in HC: RUNX1, BATF, MXI1 and
Frontiers in Immunology 10
CREB5), whereas non-classical monocytes upregulated TFs

including NFE2L1, TCF7L2, HES1, MAFB, CEBPB, and ZBTB7A,

which were more active in HCs.

In addition to monocytes, DCs are another major group of

innate immune cells. We analyzed 801 cDCs (486 cells from PV

patients and 315 cells from HCs) and 491 pDCs (312 cells from PV
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FIGURE 5

The heterogeneity and transcriptional features of monocytes in PV patients. (A) UMAP representation of monocytes, showing the formation of two
clusters. (B) The fraction of cells for two types in HCs and PV patients. (C) Bubble plot of top5 gene expression in each cell cluster; the size of the
bubble represents the percentage of expressed cells; the color represents the average expression of each gene in clusters: red means the high
expression. (D) The violin diagram shows the expression levels of TNF, IL1B, DUSP2, S100A8, CCL3, CCL3L1, CCL4L2, CXCL, EGR1, FOS, JUN, and
JUND in PV patients and HCs. (E) GO analysis showing the biological process enriched in non-classical monocytes and pDC of PV patients. (F)
Heatmap showing the average expression of key regulatory TFs (estimated using SCENIC) between monocyte subsets in PV patients and HCs.
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1221260
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Yang et al. 10.3389/fimmu.2023.1221260
patients and 179 cells from HCs) (Supplementary Table 2). The

relative proportions of each cell subtype were calculated in each

patient (Figure 1D). The proportions of each subgroup were not

significantly different between PV patients and HCs. Figure 1E

shows the marker genes of each subset. We next examined the

transcriptome characteristics of these two subgroups. We compared

the gene expression of cDCs in peripheral blood of PV patients and

HCs. We found 31 significantly upregulated genes and six

significantly downregulated genes among the differentially

expressed genes between cDCs of the two groups of peripheral

blood (Supplementary Figure 5D, Supplementary Table 9). We

found that significantly DEGs were involved in antigen processing

and presentation PV patients by GO analysis (Supplementary

Table 10). Moreover, we found 180 significantly upregulated

genes and 174 significantly downregulated genes among the

differentially expressed genes between the two groups of

peripheral blood pDCs (Supplementary Figure 5E). The DEGs

were related to antigen processing and presentation, neutrophil

degranulation, and the interferon-gamma-mediated pathway

(Figure 5E, Supplementary Table 10).

Both monocytes and DCs demonstrated an upregulated

response to interferon-gamma and antigen processing and

presentation. These results indicated that innate immune cells of

PV patients, especially non-classical monocytes and pDCs,

exhibited an active inflammatory state.
3.5 Immunological features of neutrophils
in PV patients

We analyzed the features of neutrophil subsets in PBMCs, also

known as LDNs, to reveal the heterogeneity of these cells in PV

patients. Mechanical compartmentalization divided neutrophils

into three populations named Neutrophils_1 with differentially

expressed FCGR3B, CXCL8, and SAT1, Neutrophils_2 with

upregulated DEFA3, CAMP, and LTF, and Neutrophils_3 with

differentially expressed CCR5, GNLY, and TRBC2 (Figures 6A, D).

We compared the number of Neutrophils_2 and Neutrophils_3 of

PV patients versus HCs, which also did not show significant

differences (Figure 6B). The percentage of Neutrophils_1 in

peripheral blood was higher in PV patients than in HCs, but

there was no significant difference (Figure 6C).

To further explore the distinct changes in the neutrophil

transcriptome of PV patients and HCs, we compared the gene

expression profiles of PV patients and HCs, and found that DEGs in

PV patients included 301 upregulated and 306 downregulated genes

compared with HCs (Supplementary Figure 5F, Supplementary

Table 11). DEGs upregulated in neutrophils, especially

Neutrophils_3, in the peripheral blood of patients were mainly

involved in neutrophil activation, T cell activation, and immune

response activation signaling (Figure 6F, Supplementary Table 12).

To investigate the inflammatory level in peripheral blood

neutrophils, neutrophil_1 showed a higher enrichment score in

GSEA (Figure 6E).
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3.6 Cell interactions in circulating immune
cells from peripheral blood of PV patients

Cellular interactions between immune cells are strongly

associated with the progression of autoimmune diseases. CellChat

infers cell–cell interactions by assessing the gene expression of

receptor–ligand pairs in various cell types. We therefore used

CellChat to predict the number and strength of interactions

between various immune cell populations in the peripheral blood

of PV patients and HCs. cDCs and neutrophils were the main

affected sources and targets in PV patients compared with HCs.

However, we concentrated on intercellular communication in PV

patients, and the overall analysis of intercellular communication

between PV patients and HCs was similar (Figure 7A). We

identified 31 important signaling pathways by CellChat in HCs,

such as TGFb, ITGB2, ICAM, and RESISTIN signaling pathways,

while four pathways predicted by CellChat, including MIF,

SELPLG, CSF, and CXCL pathways, were specific to circulating

immune cells in the peripheral blood of PV patients (Figure 7B).

To better understand intercellular communication, we used

CellChat to study changes in MIF and CXCL signaling pathways.

Macrophage migration inhibitory factor (MIF) is an important

multifunctional cytokine that promotes immune cell activation

and the production of other proinflammatory cytokines.

Significantly elevated serum MIF levels and MIF mRNA

expression have been found in vitiligo patients, suggesting that

MIF is involved in the pathogenesis of vitiligo. Figure 8A shows the

intercellular communication network between various cell clusters

of the MIF pathway. The results indicated a close relationship

between most immune cells via the MIF pathway. CellChat

visualization of network centrality scores indicated that most

outward signaling from T cells and DCs was received by

monocytes, suggesting that most MIF interactions between cells

were paracrine (Figure 8B). Notably, DCs also play an important

role as a major mediator of the MIF pathway, suggesting their role

as gatekeepers. Almost all cell populations are influencers of the

MIF pathway. In terms of ligand–receptor pairs, the MIF pathway

involves three ligand–receptor pairs. In order of relative

contribution from highest to lowest, these ligand–receptor pairs

were CD74–CXCR4, CD74–CD44, and CD74–CXCR2, as shown in

Figure 8C, and they played an important role in vitiligo.

In contrast to the MIF signaling pathway, a ligand–receptor

hierarchy plot of the CXCL signaling pathway showed that only

one type of target cell (neutrophils), and neutrophils and

monocytes were the main source (Figure 8D). Moreover,

network centrality analysis confirmed that the neutrophils were

prominent influencer cells in the CXCL signaling pathway

(Figure 8E). Neutrophils are the major CXCL signaling source

in both autocrine and paracrine pathways. In the ligand–receptor

pair analysis, the CXCL signaling pathway included six ligand–

receptor pairs. In order of relative contribution from highest to

lowest, these ligand–receptor pairs were CXCL8–CXCR2,

CXCL8–CXCR1, CXCL2–CXCR2, CXCL1–CXCR2, CXCL2–

CXCR1, and CXCL1–CXCR1 (Figure 8F). Next, we analyzed the
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differences in mRNA expression of CXCL8 and CXCR2, which

were found to be differentially expressed in this study, as well as

CCL5 and CXCL9, which were the most studied in previous

studies, in PBMCs from PV patients and HCs. The results

showed that CXCL8 and CXCR2 mRNA expression was
Frontiers in Immunology 12
significantly increased in PBMCs from PV patients; in addition,

CXCL9 and CCL5 mRNA expression was similarly increased, but

not statistically different (Figure 8G).

Collectively, the interaction analyses highlighted the role of

peripheral blood circulating immune cells in vitiligo patients in
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FIGURE 6

The heterogeneity and transcriptional features of neutrophils in PV patients. (A) UMAP representation of neutrophils, showing the formation of three
clusters. (B) The fraction of cells for three types in HCs and PV patients. (C) Bar graphs of each cell cluster population between HCs and PV patients.
(D) Bubble plot of top5 gene expression in each cell cluster; the size of the bubble represents the percentage of expressed cells; the color
represents the average expression of each gene in clusters: red means the high expression. (E) UMAP plot of distribution of inflammatory response
pathway in neutrophils. (F) The dotplot of GO pathways of the DEGs in Neutrophils_3 of PV patients.
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promoting immune cell hyperactivation through MIF and CXCL

signaling pathways.
4 Discussion

By performing scRNA-seq with its high resolution, we

generated a comprehensive profile of various cell types and gene

expression in the peripheral blood of PV patients. This study

provides a clear insight into the autoimmune mechanisms of

vitiligo. Additionally, a better understanding of the functions and

mechanisms of immune cell subsets in progressive vitiligo may be

crucial to discover potential therapeutic targets.
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The circulating immune environment of PV patients is more

complex than previously thought. To date, studies have relied on

flow cytometry to analyze the major types of circulating immune

cells in PV patients. However, flow cytometry relies on known

markers for labeling and lacks systematic knowledge of the

composition of peripheral blood immune cells. In this study, we

obtained the transcriptional profiles of 127,804 immune cells by

scRNA-seq and identified 10 major immune cell subtypes, such as

NK and T cells, monocytes, B cells, plasma cells, classical dendritic

cells, plasmacytoid DCs, and neutrophils. These cells have various

states of gene expression and function (Figure 9). Our study

revealed that peripheral blood effector CD8+ T cells from vitiligo

patients did not show significant differences at the transcriptome
A

B

FIGURE 7

Differential communication patterns in HCs and PV patients. (A) Scatter plot of incoming and outgoing interaction strength of each cell population in
HCs and PV patients. (B) Significant signaling pathways were ranked based on differences in the overall information flow within the inferred networks
between HCs and PV patients. The signaling pathways depicted in red are enriched in HCs, and those depicted in green were enriched in PV patients.
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level compared with HCs, whereas regulatory T cells showed pro-

inflammatory TH1-like properties. Neutrophils showed significant

CXCR8-CXCR2 autocrine signaling pathway.

A higher inflammatory response was observed in PV patients

compared with HCs. We obtained similar results by analyzing bulk

transcriptomics data from the GEO database, suggesting that DEG

is involved in immune response-regulating signaling pathway and

activation of immune response (Supplementary Figures 7B, C). This

may explain why lesions progress more rapidly in some PV patients.

However, bulk transcriptomic data cannot reveal cell type-specific

expression profiles, obscuring the heterogeneity of cell

subpopulations, whereas scRNA-seq overcomes this deficiency

and analyzes the composition and transcriptional status of
Frontiers in Immunology 14
circulating immune cells. T cells were grouped into seven clusters,

including effector CD8+ T cells, NKT cells, and Tregs. Previous

studies have indicated that cytotoxic T lymphocytes play a central

role in the pathogenesis of vitiligo, infiltrating vitiligo lesions to

specifically kill melanocytes (31). Additionally, these cells produce

IFN-g, which stimulates chemokine secretion in keratinocytes and

promotes T cell recruitment to lesions (32). However, this study

revealed that peripheral blood effector CD8+ T cells did not have

significant differences at the transcriptome level, suggesting that

effector CD8+ T cells are activated to kill melanocytes after

recruitment to skin tissue. Tregs are another predominant cell

population involved in the pathogenesis of vitiligo. Tregs promote

peripheral immune tolerance by inhibiting the activation,
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FIGURE 8

Complex intercellular communication network in the circulating immune cells in PV patients. (A) Hierarchical plot showing the inferred intercellular
communication network for MIF signaling pathway. Circle sizes are proportional to the number of cells in each cell group and edge width represents
the communication probability. (B) Heatmap showing the relative importance of each cell group for the four network centrality measures-based MIF
signaling network. (C) Relative contribution of each ligand–receptor pair to the overall communication network of MIF signaling pathway. (D) The
inferred CXCL signaling pathway network. (E) The computed network centrality measures of CXCL signaling. (F) Relative contribution of each CXCL
ligand–receptor pair. (G) Analysis of CXCL8, CXCL9, CCL5 and CXCR2 mRNA expression by qPCR. Data are expressed as mean ± SEM and
significance was set at *p ≤ 0.05, ***p ≤ 0.001.
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expansion, and cytokine secretion of CD4+ and CD8+ T cells

through the secretion of inhibitory cytokines and cell–cell

contacts (28). The number of Tregs in vitiligo patients is reduced

or unaltered, and defective and dysfunctional Tregs in vitiligo

patients expand and activate CD8+ T cells (33–35). However, in

our study, peripheral blood Tregs from vitiligo patients showed

proinflammatory rather than immunosuppressive properties,

including upregulation of the response to interferon. Similar

results were obtained by Li et al. who recently reported that Tregs

from vitiligo patients show a Th1-like phenotype and impaired

inhibition of CD8+ T cell proliferation and activation (10). In

addition to T cell-mediated cellular immunity, another important

component of the adaptive immune response involved in vitiligo is

B cell-mediated humoral immunity. This study supports the idea

that vitiligo is characterized by an increase in antibody-secreting B

cells, especially memory B cells. Serum levels of melanocyte-specific

antibodies are significantly elevated in PV patients and correlate to

disease activity, indicating systemic immune activation in vitiligo

patients, which is consistent with our study (36). In vitiligo patients,

innate immune cells, such as NK cells and DCs, are abnormally

activated. NK cells have been implicated in the early development of

vitiligo as a potential initiator of T cell autoreactivity (13). NK cells

are innate effector cells that produce IFN-g and are the first defense

line against viral infections and malignant cells. Although previous

studies have found increased circulating NK cells in the peripheral

blood of vitiligo patients, little was known about their role in vitiligo

development until recently (37, 38).
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By analyzing the scRNA-seq data, we found that NK and NKT

cells exhibited different characteristics in PV patients compared

with HCs, and were involved in increased antigen processing and

presentation, upregulated responses to interferon, and T cell

activation in PV patients. One study has shown that patients with

vitiligo have a significantly lower proportion of invariant NKT

(iNKT) cells, a subpopulation of peripheral NKT cells (39).

Although iNKT cells make up only a small fraction of

lymphocytes, their ability to rapidly secrete a large number of

cytokines, including IFN-g, IL-4, IL-10, and IL-13, makes them

important regulators of the Th1/Th2 cytokine balance in the

immune response (39). Studies on the role of iNKT cells in the

pathogenesis of inflammatory skin diseases such as atopic

dermatitis, psoriasis, and allergic contact dermatitis suggest that

the impact of iNKT cells is dichotomic, that is, protective or

pathogenic (40). We hypothesized that the decrease in the

percentage of NKT cells in peripheral blood and the altered

phenotype suggest that NKT cells play an immunomodulatory

role in the pathogenesis of vitiligo. DCs are well-defined antigen-

presenting cells in the immune response and regulate activation of T

cells (41, 42). DCs interact with various immune cell types, such as

CD8+, CD4+, Th17, and NK cells, to produce a variety of

proinflammatory cytokines such as IFN-g and TNF-a. DCs are

involved in the pathogenesis of autoimmune diseases such as

psoriasis, RA, SLE, Sjögren’s syndrome and diabetes mellitus (43).

Recent studies have shown that numbers of two subsets of

circulating DC, namely mDCs and pDCs, are higher in PV
FIGURE 9

A model of the complex and heterogeneous peripheral immune microenvironment of progressive non-segmental vitiligo.
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patients than in HCs (16). pDCs to infiltrate the lesions of vitiligo

patients and produce type I interferons to drive activation and

recruitment of autoimmune T cells (12). The authors found that

pDCs in PV patients are involved in antigen processing and

presentation, neutrophil degranulation, and interferon-gamma-

mediated signaling pathways.

Among innate immune cell types, monocytes are the least studied

in vitiligo. A previous study reported a significant increase in the

proportion of CD80+monocytes in peripheral blood of vitiligo patients

compared with HCs, suggesting that monocytes are involved in vitiligo

development, but their function has not been investigated (37). Here,

we identified distinct expression profiles and functional differences in

monocytes from PV patients. DEG analysis showed that inflammatory

cytokine, chemokine, and transcription factor genes were highly

expressed in monocytes from PV patients. Interestingly, non-classical

monocytes from PV patients upregulated the expression of

inflammatory protein-related genes such as TNF, CCL3, and NLRP3.

Therefore, monocytes from PV patients exhibit activated and

proinflammatory characteristics that promote the inflammatory state

by releasing proinflammatory cytokines and chemokines.

Neutrophils are the most abundant subpopulation of leukocytes

in peripheral circulation and play a crucial role in defense against

invading pathogens and responses to sterile inflammation, although

they have a short lifespan (44). They produce ROS, secrete

proteases, and release neutrophil extracellular traps as the first

responders to infection and inflammation (45). Furthermore,

neutrophils may behave as antigen-presenting cells and produce

proinflammatory cytokines and chemokines. Recently, neutrophils

were found to communicate with and regulate almost all immune

cells in inflammatory responses (46). Neutrophils are associated

with several skin diseases, including psoriatic inflammation and

pruritus in atopic dermatitis, but few studies have focused on

neutrophils in vit i l igo (47, 48). Although neutrophil

chemoattractant CXCL8 is highly expressed in vitiligo lesions,

neutrophils are absent (49). However, the ratio of neutrophils to

lymphocytes is considerably increased in PV patients compared

with HCs, and ROS production in neutrophils is significantly higher

than in HCs (50, 51). Because LDNs were isolated together with

PBMCs during density gradient centrifugation, most neutrophils

identified in our PBMC scRNA-seq data were LDNs. Abnormal

increases in LDNs have been reported in many autoimmune

diseases, and significant heterogeneity in LDN functional

responses appears to be associated with disease (52). There is a

strong suggestion that these cells play a role in the pathogenesis of

autoimmune diseases by enhancing the pr-inflammatory response,

altering phagocytosis, and enhancing the ability to synthesize type I

interferons (19). Additionally, these cells are prone to form

neutrophil extracellular traps, which may promote autoantigen

externalization and organ damage (19). This study showed that

the percentage of Neutrophils_1 exhibiting proinflammatory

properties was higher in vitiligo patients than in controls,

although not statistically significant. Pathway enrichment analysis

suggested that neutrophils in vitiligo patients manifested an

activated state. CellChat analysis of the CXCL signaling pathway

suggested that neutrophils were a main source of CXCL and also

receivers, suggesting that neutrophils exert significant autocrine
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signaling. The above results indicate that neutrophils may

contribute to the development of vitiligo, especially maintaining

the inflammatory state of peripheral blood.

Human leukocyte antigen (HLA) class II molecules are

essential to generate anti-infective immune responses and are

highly polymorphic, recognizing a wide variety of antigens.

Several autoimmune diseases are associated with strong HLA-

associated genetic background and the presentation of

endogenous antigens by HLA (53). Both HLA class I and II

regions are closely associated with the pathogenesis of vitiligo.

Perilesional melanocytes express HLA-DR and present antigens

that promote autoreactive T cells to recognize and attack

melanocytes (53). Interestingly, we found increased expression

of HLA class II in most peripheral blood immune cells from PV

patients. In particular, HLA class II genes, such as HLA-DRB5,

HLA-DPA1, and HLA-DPB1, were significantly upregulated in

monocytes from PV patients. Additionally, the MIF receptor

CD74 is an important MHC class II chaperone that regulates

antigen presentation for the autoimmune response (54). CellChat

network centrality analysis of the MIF pathway revealed that MIF

ligands from T cells and DCs were predominantly taken up by

monocytes. MIF upregulates the production of proinflammatory

cytokines. It also induces chemotactic migration and maintains

the survival of activated monocytes/macrophages (55). Therefore,

we hypothesized that T cells secreted MIF to promote monocyte

activation and proinflammatory cytokine secretion to maintain the

inflammatory state of the peripheral immune microenvironment in

vitiligo patients.

This study had several limitations. First, eight participants were

included in this study, which is a relatively small sample size.

Second, coupled with the fact that scRNA-seq is not sensitive to

statistical differences between cell populations, no differences in the

composition of individual cell subpopulations were found between

PV patients and HCs. Although our study identified changes in

genes and pathways, such as chemokine networks, in immune cells

found in peripheral blood, further experiments are necessary to

validate the underlying mechanisms. There were also limitations in

the sample source for this study. Because of the difficulty in

obtaining skin tissue from lesions of PV patients, the study relied

on peripheral blood, which limited the study of cellular interactions

between skin tissue and peripheral blood.

In summary, we revealed the peripheral blood immune

landscape of PV patients by scRNA-seq, identifying changes in

gene and pathway profiles compared with HCs. We found that

PV patients are characterized by regulatory T cells, NK cells,

and DCs with proinflammatory properties and activated B

cells, monocytes, and neutrophils. Our results may facilitate

exploration of vitiligo pathogenesis and the development of

potential therapeutic targets.
Data availability statement

The original contributions presented in the study are publicly

available. This data can be found here: https://www.ncbi.nlm.nih.gov/

geo/ under the accession number GSE231794.
frontiersin.org

https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
https://doi.org/10.3389/fimmu.2023.1221260
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Yang et al. 10.3389/fimmu.2023.1221260
Ethics statement

The studies involving humans were approved by The Ethics

Committee of the First Affiliated Hospital of Xi’an Jiaotong

University. The studies were conducted in accordance with the

local legislation and institutional requirements. The participants

provided their written informed consent to participate in this study.
Author contributions

PY and ML designed the study, performed the literature search,

data analysis, data interpretation, and statistical analysis, and

drafted of the manuscript. WL isolated PBMCs by density

gradient centrifugation for scRNA-seq. MN and QH participated

in the discussion. YZ, JC, and BM helped with patient recruitment.

KM and PL designed the study, funded the research, provided

patient samples, and drafted the manuscript. All authors

contributed to the article and approved the submitted version.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. This work

was supported by grants from the National Natural Sciences

Foundation of China (grant no. 81972935), the Natural Science
Frontiers in Immunology 17
Basis Research Plan in Shaanxi Province of China (grant no. 2023-

JC-YB-665), the Institutional Foundation of The First Affiliated

Hospital of Xi’an Jiaotong University (grant no. 2020QN-31).
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online at:

https://www.frontiersin.org/articles/10.3389/fimmu.2023.1221260/

full#supplementary-material
References
1. Bibeau K, Pandya AG, Ezzedine K, Jones H, Gao J, Lindley A, et al. Vitiligo
prevalence and quality of life among adults in Europe, Japan and the USA. J Eur Acad
Dermatol (2022) 36(10):1831–44. doi: 10.1111/jdv.18257

2. Frisoli ML, Essien K, Harris JE. Vitiligo: mechanisms of pathogenesis and
treatment. Annu Rev Immunol (2020) 38:621–48. doi: 10.1146/annurev-immunol-
100919-023531

3. Gill L, Zarbo A, Isedeh P, Jacobsen G, Lim HW, Hamzavi I. Comorbid
autoimmune diseases in patients with vitiligo: A cross-sectional study. J Am Acad
Dermatol (2016) 74(2):295–302. doi: 10.1016/j.jaad.2015.08.063

4. Kahaly GJ, Hansen MP. Type 1 diabetes associated autoimmunity. Autoimmun
Rev (2016) 15(7):644–8. doi: 10.1016/j.autrev.2016.02.017

5. Alkhateeb A, Fain PR, Thody A, Bennett DC, Spritz RA. Epidemiology of vitiligo
and associated autoimmune diseases in caucasian probands and their families. Pigm
Cell Res (2003) 16(3):208–14. doi: 10.1034/j.1600-0749.2003.00032.x

6. Choi CW, Eun SH, Choi KH, Bae JM. Increased risk of comorbid rheumatic
disorders in vitiligo patients: A nationwide population-based study. J Dermatol (2017)
44(8):909–13. doi: 10.1111/1346-8138.13846

7. van den Boorn JG, Konijnenberg D, Dellemijn TA, van der Veen JP, Bos JD,
Melief CJ, et al. Autoimmune destruction of skin melanocytes by perilesional T cells
from vitiligo patients. J Invest Dermatol (2009) 129(9):2220–32. doi: 10.1038/
jid.2009.32

8. Ogg GS, Rod Dunbar P, Romero P, Chen JL, Cerundolo V. High frequency of
skin-homing melanocyte-specific cytotoxic T lymphocytes in autoimmune vitiligo. J
Exp Med (1998) 188(6):1203–8. doi: 10.1084/jem.188.6.1203

9. Czarnowicki T, He H, Leonard A, Kim HJ, Kameyama N, Pavel AB, et al. Blood
endotyping distinguishes the profile of vitiligo from that of other inflammatory and
autoimmune skin diseases. J Allergy Clin Immunol (2019) 143(6):2095–107.
doi: 10.1016/j.jaci.2018.11.031

10. Chen J, Wang X, Cui T, Ni Q, Zhang Q, Zou D, et al. Th1-like treg in vitiligo: an
incompetent regulator in immune tolerance. J Autoimmun (2022) 131:102859.
doi: 10.1016/j.jaut.2022.102859
11. Singh A, Das D, Kurra S, Arava S, Gupta S, Sharma A. Dendritic cells and their
associated pro-inflammatory cytokines augment to the inflammatory milieu in vitiligo
skin. Cytokine (2021) 148:155598. doi: 10.1016/j.cyto.2021.155598

12. Bertolotti A, Boniface K, Vergier B, Mossalayi D, Taieb A, Ezzedine K, et al. Type
I interferon signature in the initiation of the immune response in vitiligo. Pigment Cell
Melanoma Res (2014) 27(3):398–407. doi: 10.1111/pcmr.12219

13. Tulic MK, Cavazza E, Cheli Y, Jacquel A, Luci C, Cardot-Leccia N, et al. Innate
lymphocyte-induced cxcr3b-mediated melanocyte apoptosis is a potential initiator of T-cell
autoreactivity in vitiligo.Nat Commun (2019) 10(1):2178. doi: 10.1038/s41467-019-09963-8

14. Papalexi E, Satija R. Single-cell rna sequencing to explore immune cell
heterogeneity. Nat Rev Immunol (2018) 18(1):35–45. doi: 10.1038/nri.2017.76

15. Xia D, Wang Y, Xiao Y, Li W. Applications of single-cell rna sequencing in
atopic dermatitis and psoriasis. Front Immunol (2022) 13:1038744. doi: 10.3389/
fimmu.2022.1038744

16. Gellatly KJ, Strassner JP, Essien K, Refat MA, Murphy RL, Coffin-Schmitt A,
et al. Scrna-seq of human vitiligo reveals complex networks of subclinical immune
activation and a role for Ccr5 in T-reg function. Sci Transl Med (2021) 13(610):
eabd8995. doi: 10.1126/scitranslmed.abd8995

17. Xu Z, Chen D, Hu Y, Jiang K, Huang H, Du Y, et al. Anatomically distinct
fibroblast subsets determine skin autoimmune patterns. Nature (2022) 601(7891):118–
24. doi: 10.1038/s41586-021-04221-8

18. Wirestam L, Arve S, Linge P, Bengtsson AA. Neutrophils-important
communicators in systemic lupus erythematosus and antiphospholipid syndrome.
Front Immunol (2019) 10:2734. doi: 10.3389/fimmu.2019.02734

19. Carmona-Rivera C, Kaplan MJ. Low-density granulocytes: A distinct class of
neutrophils in systemic autoimmunity. Semin Immunopathol (2013) 35(4):455–63.
doi: 10.1007/s00281-013-0375-7

20. Rahman S, Sagar D, Hanna RN, Lightfoot YL, Mistry P, Smith CK, et al. Low-
density granulocytes activate T cells and demonstrate a non-suppressive role in
systemic lupus erythematosus. Ann Rheum Dis (2019) 78(7):957–66. doi: 10.1136/
annrheumdis-2018-214620
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2023.1221260/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1221260/full#supplementary-material
https://doi.org/10.1111/jdv.18257
https://doi.org/10.1146/annurev-immunol-100919-023531
https://doi.org/10.1146/annurev-immunol-100919-023531
https://doi.org/10.1016/j.jaad.2015.08.063
https://doi.org/10.1016/j.autrev.2016.02.017
https://doi.org/10.1034/j.1600-0749.2003.00032.x
https://doi.org/10.1111/1346-8138.13846
https://doi.org/10.1038/jid.2009.32
https://doi.org/10.1038/jid.2009.32
https://doi.org/10.1084/jem.188.6.1203
https://doi.org/10.1016/j.jaci.2018.11.031
https://doi.org/10.1016/j.jaut.2022.102859
https://doi.org/10.1016/j.cyto.2021.155598
https://doi.org/10.1111/pcmr.12219
https://doi.org/10.1038/s41467-019-09963-8
https://doi.org/10.1038/nri.2017.76
https://doi.org/10.3389/fimmu.2022.1038744
https://doi.org/10.3389/fimmu.2022.1038744
https://doi.org/10.1126/scitranslmed.abd8995
https://doi.org/10.1038/s41586-021-04221-8
https://doi.org/10.3389/fimmu.2019.02734
https://doi.org/10.1007/s00281-013-0375-7
https://doi.org/10.1136/annrheumdis-2018-214620
https://doi.org/10.1136/annrheumdis-2018-214620
https://doi.org/10.3389/fimmu.2023.1221260
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Yang et al. 10.3389/fimmu.2023.1221260
21. Teague HL, Varghese NJ, Tsoi LC, Dey AK, Garshick MS, Silverman JI, et al.
Neutrophil subsets, platelets, and vascular disease in psoriasis. JACC Basic Transl Sci
(2019) 4(1):1–14. doi: 10.1016/j.jacbts.2018.10.008

22. Satija R, Farrell JA, Gennert D, Schier AF, Regev A. Spatial reconstruction of
single-cell gene expression data. Nat Biotechnol (2015) 33(5):495–502. doi: 10.1038/
nbt.3192

23. Yu G, Wang LG, Han Y, He QY. Clusterprofiler: an R package for comparing
biological themes among gene clusters. OMICS (2012) 16(5):284–7. doi: 10.1089/
omi.2011.0118

24. Qiu XJ, Mao Q, Tang Y, Wang L, Chawla R, Pliner HA, et al. Reversed graph
embedding resolves complex single-cell trajectories. Nat Methods (2017) 14(10):979–+.
doi: 10.1038/Nmeth.4402

25. Aibar S, González-Blas CB, Moerman T, Van AHT, Imrichova H, Hulselmans G,
et al. Scenic: single-cell regulatory network inference and clustering. Nat Methods
(2017) 14(11):1083–+. doi: 10.1038/Nmeth.4463

26. Jin S, Guerrero-Juarez CF, Zhang L, Chang I, Ramos R, Kuan CH, et al. Inference
and analysis of cell-cell communication using cellchat.Nat Commun (2021) 12(1):1088.
doi: 10.1038/s41467-021-21246-9

27. Kitz A, Dominguez-Villar M. Molecular mechanisms underlying th1-like treg
generation and function. Cell Mol Life Sci (2017) 74(22):4059–75. doi: 10.1007/s00018-
017-2569-y

28. Dominguez-Villar M, Hafler DA. Regulatory T cells in autoimmune disease.
Nat Immunol (2018) 19(7):665–73. doi: 10.1038/s41590-018-0120-4

29. Hori S, Nomura T, Sakaguchi S. Control of regulatory T cell development by the
transcription factor. Science (2003) 299(5609):1057–61. doi: 10.1126/science.1079490

30. Erokhina SA, Streltsova MA, Kanevskiy LM, Grechihina MV, Sapozhnikov AM,
Kovalenko EI. Hla-dr-expressing nk cells: effective killers suspected for antigen
presentation. J Leukocyte Biol (2021) 109(2):327–37. doi: 10.1002/Jlb.3ru0420-668rr

31. Lili Y, Yi W, Ji Y, Yue S, Weimin S, Ming L. Global activation of cd8+ Cytotoxic
T lymphocytes correlates with an impairment in regulatory T cells in patients with
generalized vitiligo. PloS One (2012) 7(5):e37513. doi: 10.1371/journal.pone.0037513

32. Liu LY, Strassner JP, Refat MA, Harris JE, King BA. Repigmentation in vitiligo
using the janus kinase inhibitor tofacitinib may require concomitant light exposure.
J Am Acad Dermatol (2017) 77(4):675–82 e1. doi: 10.1016/j.jaad.2017.05.043

33. Willemsen M, Post NF, van Uden NOP, Narayan VS, Chielie S, Kemp EH, et al.
Immunophenotypic analysis reveals differences in circulating immune cells in the
peripheral blood of patients with segmental and nonsegmental vitiligo. J Invest
Dermatol (2022) 142(3 Pt B):876–83:e3. doi: 10.1016/j.jid.2021.05.022

34. Tembhre MK, Parihar AS, Sharma VK, Sharma A, Chattopadhyay P, Gupta S.
Alteration in regulatory T cells and programmed cell death 1-expressing regulatory T
cells in active generalized vitiligo and their clinical correlation. Br J Dermatol (2015)
172(4):940–50. doi: 10.1111/bjd.13511

35. Klarquist J, Denman CJ, Hernandez C, Wainwright DA, Strickland FM,
Overbeck A, et al. Reduced skin homing by functional treg in vitiligo. Pigment Cell
Melanoma Res (2010) 23(2):276–86. doi: 10.1111/j.1755-148X.2010.00688.x

36. Kemp EH, Gavalas NG, Gawkrodger DJ, Weetman AP. Autoantibody responses
to melanocytes in the depigmenting skin disease vitiligo. Autoimmun Rev (2007) 6
(3):138–42. doi: 10.1016/j.autrev.2006.09.010

37. Basak PY, Adiloglu AK, Koc IG, Tas T, Akkaya VB. Evaluation of activatory and
inhibitory natural killer cell receptors in non-segmental vitiligo: A flow cytometric
study. J Eur Acad Dermatol Venereol (2008) 22(8):970–6. doi: 10.1111/j.1468-
3083.2008.02681.x
Frontiers in Immunology 18
38. Halder RM, Walters CS, Johnson BA, Chakrabarti SG, Kenney JA. Aberrations
in lymphocytes-T and natural-killer-cells in vitiligo - a flow cytometric study. J Am
Acad Dermatol (1986) 14(5):733–7. doi: 10.1016/S0190-9622(86)70085-6

39. Zhou L, Li K, Shi YL, Hamzavi I, Gao TW, Henderson M, et al. Systemic analyses
of immunophenotypes of peripheral T cells in non-segmental vitiligo: implication of
defective natural killer T cells. Pigment Cell Melanoma Res (2012) 25(5):602–11.
doi: 10.1111/j.1755-148X.2012.01019.x

40. Lee SW, Park HJ, Van Kaer L, Hong S. Roles and therapeutic potential of cd1d-
restricted nkt cells in inflammatory skin diseases. Front Immunol (2022) 13:979370.
doi: 10.3389/fimmu.2022.979370

41. Kyoizumi S, Kubo Y, Kajimura J, Yoshida K, Hayashi T, Nakachi K, et al.
Linkage between dendritic and T cell commitments in human circulating
hematopoietic progenitors. J Immunol (2014) 192(12):5749–60. doi: 10.4049/
jimmunol.1303260

42. Liu Y, Wang X, Yang F, Zheng Y, Ye T, Yang L. Immunomodulatory role and
therapeutic potential of non-coding rnas mediated by dendritic cells in autoimmune
and immune tolerance-related diseases. Front Immunol (2021) 12:678918. doi: 10.3389/
fimmu.2021.678918

43. Mbongue J, Nicholas D, Firek A, Langridge W. The role of dendritic cells in tissue-
specific autoimmunity. J Immunol Res (2014) 2014:857143. doi: 10.1155/2014/857143

44. Kolaczkowska E, Kubes P. Neutrophil recruitment and function in health and
inflammation. Nat Rev Immunol (2013) 13(3):159–75. doi: 10.1038/nri3399

45. Aymonnier K, Amsler J, Lamprecht P, Salama A, Witko-Sarsat V. The
neutrophil: A key resourceful agent in immune-mediated vasculitis. Immunol Rev
(2022) 314(1):326–56. doi: 10.1111/imr.13170

46. Wright HL, Moots RJ, Edwards SW. The multifactorial role of neutrophils in
rheumatoid arthritis. Nat Rev Rheumatol (2014) 10(10):593–601. doi: 10.1038/
nrrheum.2014.80

47. Chiang CC, Cheng WJ, Korinek M, Lin CY, Hwang TL. Neutrophils in psoriasis.
Front Immunol (2019) 10:2376. doi: 10.3389/fimmu.2019.02376

48. Walsh CM, Hill RZ, Schwendinger-Schreck J, Deguine J, Brock EC, Kucirek N,
et al. Neutrophils promote cxcr3-dependent itch in the development of atopic
dermatitis. Elife (2019) 8:e48448. doi: 10.7554/eLife.48448

49. He S, Xu J, Wu J. The promising role of chemokines in vitiligo: from oxidative
stress to the autoimmune response. Oxid Med Cell Longev (2022) 2022:8796735.
doi: 10.1155/2022/8796735

50. Solak B, Dikicier BS, Cosansu NC, Erdem T. Neutrophil to lymphocyte ratio in
patients with vitiligo.Adv Dermatol Allergol (2017) 5:468–70. doi: 10.5114/ada.2017.71114

51. Mitra S, De Sarkar S, Pradhan A, Pati AK, Pradhan R, Mondal D, et al. Levels of
oxidative damage and proinflammatory cytokines are enhanced in patients with active
vitiligo. Free Radic Res (2017) 51(11-12):986–94. doi: 10.1080/10715762.2017.1402303

52. Tay SH, Celhar T, Fairhurst AM. Low-density neutrophils in systemic lupus
erythematosus. Arthritis Rheumatol (2020) 72(10):1587–95. doi: 10.1002/art.41395

53. Matzaraki V, Kumar V, Wijmenga C, Zhernakova A. The mhc locus and genetic
susceptibility to autoimmune and infectious diseases. Genome Biol (2017) 18(1):76.
doi: 10.1186/s13059-017-1207-1

54. Su H, Na N, Zhang X, Zhao Y. The biological function and significance of cd74
in immune diseases. Inflammation Res (2017) 66(3):209–16. doi: 10.1007/s00011-016-
0995-1

55. Benedek G, Meza-Romero R, Andrew S, Leng L, Burrows GG, Bourdette D, et al.
Partial mhc class ii constructs inhibit Mif/Cd74 binding and downstream effects. Eur J
Immunol (2013) 43(5):1309–21. doi: 10.1002/eji.201243162
frontiersin.org

https://doi.org/10.1016/j.jacbts.2018.10.008
https://doi.org/10.1038/nbt.3192
https://doi.org/10.1038/nbt.3192
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1038/Nmeth.4402
https://doi.org/10.1038/Nmeth.4463
https://doi.org/10.1038/s41467-021-21246-9
https://doi.org/10.1007/s00018-017-2569-y
https://doi.org/10.1007/s00018-017-2569-y
https://doi.org/10.1038/s41590-018-0120-4
https://doi.org/10.1126/science.1079490
https://doi.org/10.1002/Jlb.3ru0420-668rr
https://doi.org/10.1371/journal.pone.0037513
https://doi.org/10.1016/j.jaad.2017.05.043
https://doi.org/10.1016/j.jid.2021.05.022
https://doi.org/10.1111/bjd.13511
https://doi.org/10.1111/j.1755-148X.2010.00688.x
https://doi.org/10.1016/j.autrev.2006.09.010
https://doi.org/10.1111/j.1468-3083.2008.02681.x
https://doi.org/10.1111/j.1468-3083.2008.02681.x
https://doi.org/10.1016/S0190-9622(86)70085-6
https://doi.org/10.1111/j.1755-148X.2012.01019.x
https://doi.org/10.3389/fimmu.2022.979370
https://doi.org/10.4049/jimmunol.1303260
https://doi.org/10.4049/jimmunol.1303260
https://doi.org/10.3389/fimmu.2021.678918
https://doi.org/10.3389/fimmu.2021.678918
https://doi.org/10.1155/2014/857143
https://doi.org/10.1038/nri3399
https://doi.org/10.1111/imr.13170
https://doi.org/10.1038/nrrheum.2014.80
https://doi.org/10.1038/nrrheum.2014.80
https://doi.org/10.3389/fimmu.2019.02376
https://doi.org/10.7554/eLife.48448
https://doi.org/10.1155/2022/8796735
https://doi.org/10.5114/ada.2017.71114
https://doi.org/10.1080/10715762.2017.1402303
https://doi.org/10.1002/art.41395
https://doi.org/10.1186/s13059-017-1207-1
https://doi.org/10.1007/s00011-016-0995-1
https://doi.org/10.1007/s00011-016-0995-1
https://doi.org/10.1002/eji.201243162
https://doi.org/10.3389/fimmu.2023.1221260
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Single-cell transcriptomics reveals peripheral immune responses in non-segmental vitiligo
	1 Introduction
	2 Methods
	2.1 Sample collection and preparation of single cell suspensions
	2.2 Single cell RNA-seq and preliminary results
	2.3 Primary analysis of raw read data
	2.4 Quality control, dimension reduction, and clustering
	2.5 Differentially expressed gene analysis and cell type annotation
	2.6 Pathway enrichment analysis
	2.7 Trajectory analysis and SCENIC analysis
	2.8 Cell–cell communication analysis
	2.9 Flow cytometry assays
	2.10 Quantitative real-time PCR
	2.11 Bulk transcriptomic data obtained from the GEO database
	2.12 Statistics

	3 Results
	3.1 Single cell atlas of circulating immune cells from PV patients and HCs
	3.2 Characteristics of T and NK cells in PV patients
	3.3 Immunological characteristics of B cell subsets in PV patients
	3.4 Features of monocytes and DCs in PV patients
	3.5 Immunological features of neutrophils in PV patients
	3.6 Cell interactions in circulating immune cells from peripheral blood of PV patients

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


