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Purpose: Psoriasis is a chronic systemic inflammatory skin disease with a high recurrence rate. The immune response plays an 
important role in psoriasis. However, the subsets of immune cells involved in inflammation in psoriatic mice have not been fully 
studied. This study showed the immune environment characteristics of psoriasis in mice.
Methods: We used single-cell RNA sequencing (10× Genomics) as an unbiased analytical strategy to investigate the heterogeneity of 
skin immune cells in imiquimod-induced psoriasis mice systematically.
Results: We identified 10 major clusters and their marker genes among 14,439 cells. The proportions of macrophages, NK/T cells, 
conventional dendritic cells (cDCs) and plasmacytoid dendritic cells (pDCs) were increased in psoriatic mice. Macrophages were the 
largest group and were further divided into 7 subgroups, and all macrophage clusters were increased in psoriatic mice. Differentially 
expressed genes in control versus psoriatic mice skin lesions showed that Fcgr4, Saa3 and Acp5 in macrophages, Acp5, Fcgr4 and 
Ms4a6d in NK/T cells, Saa3 in cDCs, and Ifitm1 in pDCs were upregulated in psoriasis mice. Kyoto Encyclopedia of Genes and 
Genomes (KEGG) signaling pathway enrichment analysis emphasized the role of oxidative phosphorylation signals and antigen 
processing and presentation signals in murine psoriasis-like models.
Conclusion: Our study reveals the immune environment characteristics of the commonly used IMQ induced psoriasis-like models 
and provides a systematic insight into the immune response of mice with psoriasis, which is conducive to comparing the similarities 
and differences between the mouse model and human psoriasis.
Keywords: single-cell RNA sequencing, psoriasis, imiquimod, immune cells

Introduction
Psoriasis is a prevalent, chronic inflammatory skin disease that affects approximately 2–3% of the world’s population.1 It 
has the characteristics of long course and easy recurrence, which has a bad impact on the spirit and life of patients.2 The 
most common clinical manifestations are erythematous, scaling lesions that affect both genders. Chronicity and distal 
effects of psoriasis-related inflammation lead to many complications in affected patients, including arthritis, metabolic 
syndrome, cardiovascular disease and respiratory involvement.3–6

The pathogenesis of psoriasis is complex and has not been fully elucidated, among which immune abnormalities are 
an important reason. A large number of studies have shown that psoriasis is an immune-mediated inflammatory skin 
disease, and its pathogenesis is related to inflammatory cell and inflammatory factor infiltration.7,8 It is well known that 
dendritic cells (DCs) play a key role in the initiation and maintenance of psoriasis, but their activation in psoriasis is not 
entirely clear.9 Some studies have found that macrophages contribute to the pathogenesis of psoriasis, especially in the 
initiation stage.10 In addition, T cells and neutrophils play an important role in the occurrence and development of 
psoriasis.11,12 Thus, psoriasis and immunity are inseparable and it is necessary to reveal the immune cell spectrum of 
psoriasis mice.
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Imiquimod (IMQ) is a Toll-like receptor (Tlr7/8) agonist that can be applied to mouse skin to elicit erythema, scaling, 
keratinocyte proliferation with acanthosis, altered keratinocyte differentiation (parakeratosis), and a dermal infiltrate that 
includes T cells.13 In recent years, topical application of IMQ cream to murine skin has increasingly been used as an 
acute psoriasiform murine model, in part due to its convenience and ability to elicit dermatitis resembling some aspects 
of psoriasis.14 This study also used IMQ to construct psoriasis-like mice.

Single cell RNA sequencing (scRNA-seq) is a new technique for transcriptome sequencing at the single cell level. It 
has the characteristics of high throughput and high cell resolution and can realize the division of cell groups and the 
detection of gene expression differences between cell groups. More and more studies have used this technology to reveal 
the cell map of specific tissues, which has brought significant breakthroughs in the understanding of diseases. Recently, 
this technique has also been used to study the characteristics of human psoriasis15–17 mainly to analyze CD45+ cells, but 
the immune cell spectrum of IMQ-induced psoriasis mice is still unclear.

Here, we used 10× Genomics technology18 as a powerful tool for unbiased and systematic studies to reveal the 
immune cell spectrum of IMQ-induced psoriasis mice. A total of 14,439 immune cells were identified. Next, we further 
performed single-cell trajectory analysis and pathway enrichment analysis. The transcriptional landscape and phenotypic 
heterogeneity of psoriatic skin immune cells were revealed unprecedently, and their gene expression signatures were 
identified, suggesting specialized functions. Our results promote the understanding of psoriasis immunity in mice and 
contribute to the development of inflammatory treatments for psoriasis.

Materials and Methods
Mice and Treatments
The wild-type C57BL/6J female mice (6~7 weeks old) were obtained from Beijing Vital River Laboratory Animal 
Technologies Co. Ltd, where they were reared under specific pathogen-free conditions. Before the experiment, these mice 
were allowed to adapt to our environment for a week. All our animal experiments were carried out according to the 
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Laboratory Animal Management Committee of Jiangsu Province and approved by the ethics committee of China 
Pharmaceutical University (Nanjing, China, 2020–12-007).

First, shave hair on the back skin and right ear of the mouse, and then 62.5 mg of commercially available IMQ cream 
(5%) (obtained from Imiquimod cream; Sichuan Med-Shine Pharmaceutical Co. Ltd, China) was continuously applied to 
these sites for 5 days. The thickness of the right ear, which was used to evaluate epidermal inflammation and 
proliferation, was repeatedly measured with a micrometer at the indicated days. One day after the end of IMQ 
application, mice were killed by exsanguination from the abdominal aorta and posterior vena cava under isoflurane 
inhalation anesthesia. The back skin tissue was removed from each mouse and stored for further use.

Histological Analysis
The skin samples were fixed with formaldehyde and embedded in paraffin for histopathological analysis by hematoxylin 
eosin (H&E) staining. Five slices per mouse for microscopic analysis to evaluate the disease status of mice. We used 
Olympus bx53 microscope to observe the slices. The thickness of the epidermis was quantified using the ImageJ 
software.

Immunohistochemistry (IHC)
Paraffin embedded sections were routinely processed. Briefly, we used xylene and ethanol to deparaffinize and rehydrate 
the tissues. Slides for immunostaining for F4/80 (GB11027, Servicebio) were pretreated with citrate buffer in 
a microwave oven. Antibody dilutions were 1:1000. Quantification was performed through counting positive cells in 6 
to 10 high-powered fields (magnification, ×200) with a blinded fashion.

Tissue Dissociation and Sorting for Single-Cell RNA-Seq
Skin samples from the back lesions of 5 control or 5 psoriatic mice were mixed to prepare samples for isolation of viable 
cells. The back skins were finely minced and then incubated in a digestion solution containing RPMI, 0.28 mg/mL 
Liberase TM (Roche) and 0.2 mg/mL DNase (Sigma-Aldrich) for 1.5 hours at 37°C. During digestion, the centrifuge 
tubes were gently upside down and mixed every 5 minutes. The dissociated cells were filtered through a 40 μm cell filter 
to get single cell suspensions and then subjected to red blood cell lysis. 10 μL cell suspension was stained with trypan 
blue to observe cell viability.

The cell viability was more than 80% and CD45+ sorting was performed. The cells were placed in a sorting buffer 
(pH7.2, phosphate buffer containing 0.5% BSA and 2mM EDTA) containing CD45 microbeads (Miltenyi Biotec) and 
sorted on the LS sorting column (Miltenyi Biotec). Cells labeled by magnetic beads were retained on the sorting column 
and were collected.

Droplet-Based Single-Cell RNA-Seq
Single cell suspension was loaded onto a chromium single cell controller (10× Genomics) and cells entered nanoliter- 
scale Gel Bead-In Emulsions (GEMs). Here, GEM contained barcode, Unique Molecular Index (UMI), primer, enzyme 
Gel Beads and single cells. Cell cleavage, reverse transcription, amplification completed in GEMs, in which all generated 
cDNAs share a common 10x barcode. 10x Barcodes were used to associate individual reads back to the individual 
partitions. Then, Illumina-ready sequencing libraries were produced and sequenced. Transcripts were mapped to the 
mm10-3.0.0 reference genome.

Immune repertoire measurement and gene expression at single cell resolution were conducted using Chromium Single 
Cell V(D)J Reagent Kit following the manufacturer’s instructions.

Other data and analytical procedures can be obtained from the corresponding authors with reasonable request. The 
raw sequencing data generated from this study have been deposited in NCBI SRA under the accession number SRP 
268188 (WT+IMQ) and SRP 14116707 (WT). The cDNA/DNA/small RNA libraries were sequenced on the Illumina 
sequencing platform by Genedenovo Biotechnology Co., Ltd. (Guangzhou, China).
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Single-Cell RNA-Seq Quality Control
We filtered cells according to a series of standards to retain high-quality cells. Cell Ranger analysis software was used to 
filter and compare the raw data. Seurat was used for further cell filtration. We kept cells with genes between 500 and 
4000. Cells with more than 10,000 UMIs and more than 10% mitochondrial gene expression were excluded. Finally, 
14,439 qualified cells were left for downstream analysis.

Single-Cell RNA-Seq Data Processing
The data were homogenized after removing low-quality cells. To eliminate batch effects, Seurat anchors cells via 
canonical correspondence analysis (CCA). Reads from higher-depth libraries were subsampled until their total reads 
per cell were equal. After correcting the batch effect, the data were integrated for z-score normalization. Then, through 
principal component analysis (PCA), the dimension is reduced. Finally, data clustering was performed using the Seurat 
R package. The cell types for analysis were derived from the PanglaoDB. Clusters without transcriptional differences 
were merged into one cluster to avoid overclustering. We used t-distribution random neighborhood embedding 
(t-SNE) for two-dimensional data visualization. We identified clusters command with the resolution parameter set 
to 0.5.

Differential Gene Expression Across Control and Psoriasis Mice Groups
A hurdle model in Model-based Analysis of Single-cell Transcriptomics (MAST) was used to find differentially 
expressed genes for a group in one cluster. We identified differentially expressed genes as following criteria: |log2FC| 
≥ 0.36, p_value_adj ≤ 0.05 and the percentage of cells where the gene was detected in specific cluster is more than 25%. 
Indigenous differential genes would be used for KEGG enrichment, which was used to discover certain biological 
functions in each cell type.

Developmental Trajectory Inference
Monocle reduced the space down to one with two dimensions. The cells were ordered (sigma = 0.001, lambda = NULL, 
param. gamma = 10, tol = 0.001). We identified the key genes may correlate with the development and differentiation 
process with FDR < 1e-5. Genes that expressed similar reasoning trends were grouped and such groups may share similar 
biological functions and regulators.

Statistical Analysis
Data analysis was performed using the OmicShare 3 and statistical analyses were performed using GraphPad Prism 8. 
Unless indicated otherwise stated, the data was expressed as the mean ± SEM. Statistically significant differences used 
unpaired Student’s t-test. A value of P < 0.05 was considered significant at the 95% confidence level.

Results
Single-Cell RNA-Seq Identified Psoriasis-Associated Immune Cell Populations in 
Psoriatic Mice
IMQ-induced psoriasis caused by local treatment of 5% IMQ on mouse right ear and back skin was examined. We 
measured the thickness of the right ear and found that IMQ treatment in the mice resulted in more severe ear swelling 
than that in control mice (Figure S1A). IMQ treatment induced the symptoms of erythema, scaling and thickening 
(Figure S1B). H&E staining of the back skin showed epidermal hyperplasia (acanthosis), hyperkeratosis, parakeratosis, 
micro-abscess and dermal cell infiltration (Figure S1C).

In the scRNA-seq of CD45+-sorted skin cells derived from the back skin of psoriasis mice and C57BL/6 control mice, 
with stringent filtering at cell and gene levels to eliminate potential doublets, a total of 14,439 cells (2550 WT; 11,889 
WT+IMQ) and 17,972 genes were finally captured.

We used t-SNE visualization of the cells to reveal 10 major clusters, including macrophages, NK/T cells, neutrophils, 
adipocytes, fibroblasts, myocytes, cDCs, endothelial cells, keratinocytes and pDCs (Figure 1A). Each cluster was further 
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identified as a specific cell subpopulation according to the expression of the variable genes and the canonical markers, 
including macrophages (gene markers: Wfdc17, Adgre1, Pf4), NK/T cells (Gzma, Trbc2, Ccl5), neutrophils (Retnlg, 
S100a8, S100a9), adipocytes (Adipoq, Plin1, Retn), and cDCs (Tnip3, Retnla, Batf3). In addition, we identified specific 
genes for most cell populations (Figure S2). All these cell types were widespread in psoriatic samples, indicating the 
heterogeneous cell composition of skin cells in psoriatic mice.

We observed that the proportions of macrophages, NK/T cells, cDCs and pDCs were increased (Figure 1B), 
respectively, in accordance with previous observations.19,20

Gene Expression Heterogeneity in Macrophage Subsets Was Identified in the Murine 
Psoriasis
It is known that macrophages play a key role in psoriasis.21,22 In our study, macrophages increased in psoriatic mice 
(Figure 1B). Furthermore, we performed IHC analyses of skin biopsies and detected the products of macrophage- 
associated genes F4/80 enriched in the macrophages. The result showed that F4/80 staining in psoriatic mouse skin 
lesions was more robust than that in control mice lesions (Figure 2), which was similar to the single-cell RNA-seq.

We grouped all 11,157 macrophages into 7 subgroups using clustering analysis (Figure 3A, S3A), namely, macro-
phage cluster 0 (Cd209f+ Fcna+ macrophages), macrophage cluster 1 (Cd83+ Rsad2+ macrophages), macrophage cluster 

Figure 1 Immune cell populations of back skin biopsies from control and psoriatic mice. (A) t-distributed stochastic neighbor embedding (t-SNE) plot depicting 14,439 cells 
representing 10 immune cell lineages with each cell colour-coded according to sample origin (left panel) and associated cell type (right panel). (B) The fraction of cells 
originating from control (red) and psoriatic mice (blue); the number of cells and box plots of the number of transcripts are shown from left to right.
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2 (Ccl4+ Bcl2a1b+ macrophages), macrophage cluster 3 (Slamf9+ Rac2+ macrophages), macrophage cluster 4 (Vcan+ 

Thbs1+ macrophages), macrophage cluster 5 (Ccl8+ Wfdc17+ macrophages) and macrophage cluster 6 (Ace+ Treml4+ 

macrophages). We found that all macrophage clusters increased in psoriatic mice (Figure 3B). F13a1 and Lyz2 expressed 
high levels in all of the macrophage clusters. Cd209f was expressed at high level in cluster 0 and Ccl4 were expressed at 
high levels in cluster 2. M2-associated gene chitinase-like 3 (Chil3) was expressed at high level in cluster 4 and 6. Saa3 
was a unique gene in clusters 0 and 5 (Figure S3B).

To further explore the development of macrophages in psoriasis, we first performed pseudotime trajectory analysis 
using Monocle2 to order each macrophage cluster along trajectories according to their expression and transition profiles. 
We identified 9 cell states in macrophages. Next, we observed that macrophages in control mice had the highest 
pseudotime score meaning the most differentiated and matured macrophages (Figure 3C).

We then performed transcriptome profiling to study the altered genes of macrophages in the psoriatic mice lesions. To 
identify any gene with a specific expression on a cell type, we performed differential gene expression (DEG) analysis of 
macrophage clusters. We observed that macrophages in psoriatic mice had widespread overexpression of Fcgr4, Saa3 
and Acp5 (Figure S4).

Pathway enrichment analysis highlighted that oxidative phosphorylation signaling and antigen processing and 
presentation signaling were activated in the lesional skin of psoriatic mice. These observations gave us insights into 
the role of macrophages in psoriatic mice (Figure 3D).

Gene Expression Patterns of NK/T Cells
NK/T cells are significantly increased in psoriatic lesional skin and that are likely implicated in psoriasis pathogenesis.23,24 We 
identified a total of 557 NK/T cells based on their transcription of canonical markers (Gzma, Trbc2, Ccl5), which were grouped 
into three cell clusters (Figure 4A, S5A), including NK/T cluster 0 (Lyz2+ Ccl6+), NK/T cluster 1 (Nkg7+ Tmsb10+) and NK/T 

Figure 2 Immunohistochemistry of back skin lesion biopsies from control and psoriatic mice show the expression of F4/80. Quantification of IHC staining from control and 
psoriatic mouse skin lesions (n = 3) displayed as an average number of positive cells per high-powered field (hpf, × 200), respectively. Scale bar, 100 µm. Data are shown as 
the mean ± SEM, **P < 0.01.

https://doi.org/10.2147/JIR.S379349                                                                                                                                                                                                                                    

DovePress                                                                                                                                                 

Journal of Inflammation Research 2022:15 6004

Jin et al                                                                                                                                                                Dovepress

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

https://www.dovepress.com/get_supplementary_file.php?f=379349.docx
https://www.dovepress.com/get_supplementary_file.php?f=379349.docx
https://www.dovepress.com/get_supplementary_file.php?f=379349.docx
https://www.dovepress.com
https://www.dovepress.com


cluster 2 (Il17f+ Il17a+). All NK/T clusters were increased in psoriatic mice. Specifically, the proportion of NK/T cluster 0 
(Lyz2+ Ccl6+) in skin biopsies of psoriatic mice increased more significantly (Figure 4B).

Ccl6 and Lyz2 expressed high levels in three NK/T clusters especially in cluster 0. Ms4a4b and Nkg7 were expressed 
at high level in cluster 1. Il17a, Il17f, Il22 and Tcrg-V6 were unique genes in cluster 2, which was defined as γδ T cells 
(Figure S5B). It is known that dermal γδT cells are the major IL-17 producers in the skin and may represent a novel target 
for the treatment of psoriasis.25–27

Next, we performed pseudotime trajectory analysis and observed that NK/T cells bifurcated into three branches. NK/T 
cells cluster 0 was located on the late time of the trajectory. NK/T cells cluster 1 and 2 were located on the early time of 

Figure 3 Schematic view of transcriptional characteristics from macrophages. (A) t-distributed stochastic neighbor embedding (t-SNE) distributions of the 7 macrophages 
clusters. (B) Bar plots showing cell subset distributions across samples within different groups. Blocks represent individual samples. (C) Macrophages trajectory states 
defined by single cell transcriptomes (top panel) and pseudotime trajectory of macrophages shown separately for control and psoriatic mice (bottom panel). (D) Kyoto 
Encyclopedia of Genes and Genomes (KEGG) analysis of upregulated pathways in macrophages of control mice versus psoriatic mice.
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the trajectory. NK/T cells in control mice were located on the minor bifurcation of the top right corner and top left corner. 
NK/T cells in psoriatic mice were located on the right half of the major trajectory (Figure 4C).

Cell-type-specific gene expression differences were also detected in control and psoriatic mice (Figure S4). Heatmap 
for the expression of Fcgr4 and Ms4a6d demonstrates that these genes were upregulated in NK/T cells from psoriatic 
mice skin lesions compared to the levels detected in control mice skin lesions. Ms4a6d is a member of the MS4A family 
proteins. Previous results presented that specific MS4A proteins might play distinct roles in infiltrating macrophages and 
microglia during neuroinflammation.28

Signaling pathway enrichment analyses using KEGG revealed a specific pattern of enriched pathways, where the 
antigen processing and presentation, natural killer cell mediated cytotoxicity and oxidative phosphorylation were 
significantly upregulated in NK/T cells (Figure 4D).

Figure 4 Gene expression heterogeneity in NK/T cells. (A) t-distributed stochastic neighbor embedding (t-SNE) distributions of the 3 NK/T cell clusters. (B) Bar plots 
showing cell subset distributions across samples within different groups. Blocks represent individual samples. (C) NK/T cells trajectory states defined by single cell 
transcriptomes (top panel) and pseudotime trajectory of NK/T cells shown separately for control and psoriatic mice (bottom panel). (D) Kyoto Encyclopedia of Genes and 
Genomes (KEGG) analysis of upregulated pathways in NK/T cells of control mice versus psoriatic mice.
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We further characterized the clonality of NK/T cells using T cell receptor (TCR) repertoire information based on the 
sequences of α and β chains of TCR, which revealed NK/T cells in psoriatic mice had more clonal NK/T cells, suggesting 
the clonal expansion of certain dominant clones of NK/T cells (Figure S5C).

Single-Cell Transcriptome Profiling of Conventional Dendritic Cells
We detected a total of 255 cDCs that formed 3 clusters (Figure 5A, S6A). The results showed that cDC cluster 0 was 
characterized by Tppp3 and Med10 expression, cDC cluster 1 was characterized by Ifnb1 and Tnfsf9 expression, and cDC 

Figure 5 Transcriptome profiling of cDCs in control and psoriatic mice. (A) t-distributed stochastic neighbor embedding (t-SNE) distributions of the 3 conventional 
dendritic cell (cDC) clusters. (B) Bar plots showing cell subset distributions across samples within different groups. Blocks represent individual samples. (C) cDCs trajectory 
states defined by single cell transcriptomes (top panel) and pseudotime trajectory of cDCs shown separately for control and psoriatic mice (bottom panel). (D) Kyoto 
Encyclopedia of Genes and Genomes (KEGG) analysis of upregulated pathways in cDCs of control mice versus psoriatic mice.
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cluster 2 was characterized by Gas6 and Lyve1 expression. Interestingly, we found that cDC clusters 0 and 2 were 
increased in psoriatic mice while cDC cluster 1 in psoriasis mice was lower than that in the control group (Figure 5B).

S100a6 and S100a10 involved in inflammation29 were at high levels in three cDC clusters. Il1b and Il6 expressed 
high levels in cDC cluster 1. Clec10a and Lyve were marker genes of cluster 2 (Figure S6B).

To better understand the landscape of cDCs in psoriatic mice versus control mice, we used single-cell trajectory 
analysis, a machine learning method to embed cells into a linear/branched representation of their gene expression 
profiles. The results showed that cDC cluster 0 was placed on the bottom left corner, cDC cluster 1 was mainly located on 
the right half of the trajectory. Pseudotime ordering analysis revealed that cDCs in control mice were located on right 
half, while the left half of trajectory was occupied by cDCs in psoriatic mice (Figure 5C).

We identified differentially expressed genes in control versus psoriatic mice skin lesions. We focused on the two-fold 
upregulated or two-fold downregulated genes in psoriatic mice cDCs compared to the levels in control mice. Gene Saa3 
was upregulated in cDCs from psoriatic mice skin lesions (Figure S4).

Signaling pathway enrichment analyses using KEGG revealed that oxidative phosphorylation, antigen processing and 
presentation and graft-versus-host disease were significantly upregulated in cDCs (Figure 5D).

Transcriptomic Profiling of Plasmacytoid Dendritic Cells
We identified 174 pDCs that were assembled into 3 clusters (Figure 6A, S7A). The percentage of pDC cluster 0 
(Cd300a+ Ptgs2+ pDCs), pDC cluster 1 (Fam213b+ Cp+ pDCs) and 2 (Ifi205+ Cadm1+ pDCs) were increased in psoriatic 
mice (Figure 6B, S7A).

Cd209a and Cd300a were the marker genes of cluster 0. F13a1 and Maf were unique genes in cluster 1. Cluster 2 was 
characterized by Sept3. We found high expression of Cst3 in all pDC clusters (Figure S7B).

We observed that pDCs in psoriatic mice had widespread overexpression of Ifitm1 (Figure S4). Interferon-Induced 
Transmembrane Protein 1 (IFITM1) was also overexpressed in atopic dermatitis skin lesions,30 inflamed mucosa of 
ulcerative colitis31 and Crohn’s disease patients.32

We revealed the pDCs lineage differentiation trajectories at single-cell resolution. pDC clusters 0 and 2 were ordered 
on the left of trajectory, while pDC cluster 1 was ordered on the right of trajectory (Figure 6C).

Pathway enrichment analysis highlighted that TNF signaling pathway, RIG-I-like receptor signaling pathway, toll-like 
receptor signaling pathway and IL-17 signaling pathway were activated in the lesional skin of psoriatic mice (Figure 6D), 
which was consistent with the results of previous studies.33–35

Discussion
Psoriasis is a prevalent, chronic inflammatory disease of the skin, mediated by immune cells. In our study, C57BL/6 mice 
were treated with IMQ for 5 consecutive days to induce psoriasis-like dermatitis. Since immune cells are crucial to the 
progress of psoriasis, we focused on CD45+ cells. Through the comprehensive single-cell transcriptome study on CD45+- 
sorted skin cells, we provided a landscape view of the heterogeneous cell composition and gene expression heterogeneity 
in the psoriatic mice at single-cell resolution. Transcriptome analyses of more than 14,439 (2550 WT; 11,889 WT+IMQ) 
individual cells of 10 cell types revealed two distinct microenvironments between control and psoriatic mice. With such 
large-scale single-cell data, we identified novel cell populations with specific gene signatures in CD45+-sorted skin cells.

Our scRNA-seq findings indicated that almost all CD45+ cell types (eg, macrophages, NK/T cells, cDCs and pDCs) 
observed in psoriatic mice were increased, which was basically consistent with the results of human psoriasis 
sequencing.16,17 However, B cells and Mast cells that were observed in human psoriasis skin were not observed in our 
study. Previous research has shown that application of IMQ on mouse skin leads to rapid influx of pDCs.36 Here, we 
demonstrate that pDCs increased in psoriatic mice. Similar to our results, DCs also play an important role in human 
psoriasis single cell sequencing results. Although, here, we divided DCs into cDCs and pDCs for analysis, while in the 
human psoriasis sequencing data, DCs were divided into mature and semimature DCs for analysis.15 Here, we found that 
macrophages were the main group of immune cells in IMQ-induced psoriasis mice, which may explain the reason that 
regulating macrophages can alleviate IMQ-induced psoriasis symptoms.37 The number of macrophages was found to 
increase in the dermis of human psoriasis lesions,38 but it is worth noting that the scRNA-seq results showed that 
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macrophages accounted for a small proportion in human psoriasis skin.15 DEG analysis showed that Fcgr4 and Saa3 
involved in inflammatory response were widely expressed in macrophages of psoriasis mice. Saa3 contributes to chronic 
systemic inflammation and has distinct systemic functions in promoting Th17-mediated inflammatory diseases.39,40 

Fcgr4 (also known as FcγRIV) mediates bone erosion in AIA by inducing the influx of S100A8/A9-producing 
neutrophils into the arthritic joint.41 Acp5 encodes tartrate-resistant acid phosphatase (TRAP). Previous research 
indicated that impaired TRAP functioning may increase susceptibility to sporadic lupus.42 However, the role of Saa3 
and Fcgr4 in psoriasis has not been studied, and they may be potential targets for immunotherapy of psoriasis.

As macrophages, NK/T cells, cDCs and pDCs are the main cells involved in the inflammatory network of psoriasis,43 

we further analyzed these four types of cells.

Figure 6 The identification of pDCs in control and psoriatic mice. (A) t-distributed stochastic neighbor embedding (t-SNE) distributions of the 3 plasmacytoid dendritic cell 
(pDC) clusters. (B) Bar plots showing cell subset distributions across samples within different groups. Blocks represent individual samples. (C) pDCs cells trajectory states 
defined by single cell transcriptomes (top panel) and pseudotime trajectory of pDCs shown separately for control and psoriatic mice (bottom panel). (D) Kyoto 
Encyclopedia of Genes and Genomes (KEGG) analysis of upregulated pathways in pDCs of control mice versus psoriatic mice.
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To better understand the transcriptional landscape of immune cells in psoriatic mice versus control mice, we further 
performed differentiation trajectories in macrophages, NK/T cells, cDCs and pDCs. Macrophages in control mice had the 
highest pseudotime score meaning the most differentiated and matured macrophages.

Then, we further confirmed differentially expressed genes of different cell types in control versus psoriatic mice skin 
lesions. Analyses of differentially expressed genes using KEGG revealed the possible mechanisms in different cell types. 
In pDCs, TNF signaling pathway, RIG-I-like receptor signaling pathway, toll-like receptor signaling pathway and IL-17 
signaling pathway were activated in the lesional skin of psoriatic mice. The IL-23/IL-17-mediated inflammatory axis 
plays a critical role in many inflammatory disorders.27,44–49 Early studies on the pathogenesis of chronic inflammatory 
diseases, including rheumatoid arthritis, psoriasis, and inflammatory bowel disease, led to identification of TNF-α as 
a key trigger of innate inflammatory pathways.34 Toll-like receptors and RIG-I-like receptor were part of pattern- 
recognition receptors (PRRs), which are essential for eliciting antiviral immune responses.50 Moreover, studies have 
shown that RIG-I is essential for the full development of skin inflammation in IMQ-induced psoriasis-like mouse 
model.35 The role of these pathways in IMQ-induced murine psoriasis-like model needs to be focused. In addition, it is 
interesting that the oxidative phosphorylation signaling pathway was significantly activated in macrophages, NK/T cells 
and cDCs. Immune cells are closely related to various metabolic processes, including oxidative phosphorylation.51 It has 
been reported that Th17 effector cells rely on oxidative phosphorylation to produce energy and cytokines, and inhibiting 
oxidative phosphorylation can reduce the severity of colitis and psoriasis in mice.52 In addition, the excessive prolifera-
tion of keratinocytes in psoriasis requires oxidative phosphorylation.53 Therefore, oxidative phosphorylation signaling 
pathway is closely related to psoriasis, which is worth exploring.

Our research has the following limitations: (1) The immune environment of psoriasis is a dynamic process, but the 
immune cell profiling detected by our scRNA-seq was a transient state during acute psoriasis inflammation (one day after 
five consecutive days of IMQ application). (2) Both keratinocytes and immune cells play an important role in the 
pathogenesis of psoriasis.54 However, in our study, we focused on CD45+ cells, so the role of keratinocytes was not 
evaluated; (3) During CD45+ sorting, a small number of immune cells may not be successfully enriched and lost; (4) The 
specific relationships between enriched pathways in KEGG analysis and psoriasis has not been further studied.

In summary, here, for the first time, we provided a unique insight on the cell-type orchestra in both healthy and 
psoriatic mice, and uncovered the evolutional conserved/specific skin cell types. Above all, we established the gene 
expression signatures to better compare IMQ-induced psoriasis model with wild-type mice and clinical psoriasis, and 
may provide potential therapeutic targets for psoriasis treatment and drug development.
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