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Abstract

Background: Inflammatory cells in previous human skin single-cell data constituted only a 

small fraction of the overall cell population, such that functional subsets were difficult to ascertain.

Objective: Our aims were to overcome the limitation by applying single-cell transcriptomics 

to emigrating cells from skin and elucidate ex vivo gene expression profiles of pathogenic vs. 

regulatory immune cell subsets in psoriasis skin.

Methods: We harvested emigrating cells from human psoriasis skin after incubation in culture 

medium without enzyme digestion or cell sorting and analyzed cells with single-cell RNA 

sequencing and flow cytometry simultaneously.

Results: Unsupervised clustering of harvested cells from psoriasis and control skin identified NK 

cells, T-cell subsets, dendritic cell subsets, melanocytes, and keratinocytes in different layers. 
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Comparison between psoriasis vs. control cells within each cluster identified: 1) Cutaneous 

Type 17 T-cells display highly differing transcriptome profiles depending on IL-17A vs. IL-17F 

expression and IFNγ vs. IL-10 expression, 2) Semimature dendritic cells are regulatory dendritic 

cells with high IL-10 expression but a subset of semimature dendritic cells expresses IL-23A and 

IL-36G in psoriasis, and 3) CCL27-CCR10 interaction is potentially impaired in psoriasis due to 

decreased CCL27 expression in basal keratinocytes.

Conclusion: We propose that single-cell transcriptomics applied to emigrating cells from human 

skin provide an innovative study platform to compare gene expression profiles of heterogenous 

immune cells in various inflammatory skin diseases.

Clinical Implication: Our method can readily be extended to study modulation of leukocyte 

transcripts by immune-targeted treatments.

Capsule Summary:

Single-cell transcriptomics applied to emigrating cells from psoriasis skin elucidate ex vivo gene 

expression profiles of cutaneous type 17 T-cell and regulatory T-cell subsets and mature vs. 

semimature dendritic cells.

Keywords

Psoriasis; single-cell RNA sequencing; T-cells; dendritic cells; keratinocytes; emigrating cells

Introduction

Psoriasis vulgaris is the most common inflammatory disease in humans that is mediated by 

IL-17 producing Type 17 T-cells (T17 cells), which includes CD4+ (Th17) and CD8+ (Tc17) 

subsets1. The heterogeneity in T17 cells is suggested by the finding that individual T-cells 

can synthesize only IL-17A or IL-17F (homodimers) or they can synthesize IL-17A/F 

(heterodimer), while each of these IL-17 isoforms has differing ability to activate IL-17 

receptors on target cells2. The expression of pathogenic vs. regulatory markers in IL-17A vs. 

IL-17F-producing T-cells is presently unknown.

The chronicity of psoriatic lesions may be caused by defective negative regulatory pathways, 

such as decreased function of regulatory T-cells (Tregs)3, reduced Type 1 regulatory T-cells 

(Tr1)4 and low expression of negative regulatory factors that are highly expressed in 

resolving delayed-hypersensitivity skin reaction lesions5. However, the function of Tregs 

has been assessed only in peripheral blood3, and the properties of Tregs and other regulatory 

immune cells in human skin is largely unexplored6.

Normal skin contains a subset of myeloid dendritic cells (DCs) that are characterized by 

BDCA-3 expression, IL-10 production and expression of negative immune regulators, so 

this population is considered to be regulatory contributing to immune homeostasis/tolerance 

under non-inflammatory conditions7. In contrast, psoriasis lesions contain an increased 

number of “inflammatory” CD11c+ DCs and mature populations marked by DC-LAMP 

expression8. The relative expression of inflammatory vs. regulatory molecules in DC 

populations present in psoriasis lesions has not been widely explored.
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Single-cell RNA sequencing (scRNA-seq) is a powerful technique to characterize gene 

expression in individual leukocytes or other tissue-resident cells in human skin9–19. 

However, leukocyte subsets were difficult to study in depth in human skin, as other skin 

cells such as fibroblasts and keratinocytes dominated the overall cell mixture. In this study, 

we have performed scRNA-seq in psoriasis and control skin using emigrating cells from 

skin biopsies to enrich leukocyte subsets without cell sorting or activation. We find novel 

and distinct patterns of gene expression within different T17 cell subsets, Tregs, mature and 

semimature DC subsets and keratinocytes in different layers that are disease-related and may 

drive key inflammatory pathways in psoriasis.

Methods

Please see the supplementary experiment section and Fig E1, E2 and E3 in the article’s 

Online Repository for validation of our new method - scRNA-seq of emigrating cells from 

skin. With skin biopsies from the same sample, we compared our new method with our 

group’s previous methods – 1) scRNA-seq of isolated cells from cryopreserved tissues by 

conventional enzyme digestion9–11, and 2) flow cytometry analysis of emigrating cells20 

(Fig E1 and Fig E2). In addition, we compared our new method with existing scRNA-seq 

data of isolated cells from fresh skin tissues by conventional enzyme digestion (Fig E3). 

For extended methods, please see the supplemental materials section in the article’s Online 

Repository. The scRNA-seq data have been deposited in NCBI′s Gene Expression Omnibus 

and are publicly accessible through GEO Series accession number GSE151177. All the 

scripts used to present and analyze the data are publicly available from https://github.com/

jaehwan79/KruegerLab_scRNAseq_emigrating_cells_human_skin. There is no restriction 

on the use of the data or code.

Patients

Human subject research was performed in accordance with the Helsinki Declaration and 

approved by the Institutional Review Board of the Rockefeller University, New York, NY, 

USA. Demographics and disease severity of the study cohort is presented in Table E1 in this 

article’s Online Repository.

Harvesting emigrating cells from skin biopsy tissues

6 mm punch skin biopsy tissues from 13 psoriasis patients and 5 healthy volunteers were 

bisected, and one of the two bisected skin tissues was incubated in culture medium for 

harvesting emigrating cells. To split epidermis and dermis (Video E1), harvested skin tissue 

was immediately placed in 0.2% Dispase II (Sigma-Aldrich) and incubated in a humidified 

incubator at 37°C and 5% CO2 for 3 hours. Then, epidermis and dermis were separated 

with forceps and sliced into small pieces with #10 blade scalpels (Video E2). Epidermis 

and dermis were separately incubated in RPMI-1640 medium with L-glutamine (Cytiva) 

supplemented with 10% human albumin serum (Sigma-Aldrich) without any enzyme in a 

humidified incubator at 37°C and 5% CO2. Nonplastic adherent cells that had emigrated out 

of epidermis and dermis were harvested after 48 hours (Video E3). The harvested cells from 

epidermis and dermis were combined and filtered through a 40-μm cell strainer (Corning) 

(Video E4) and stored on ice. The cell numbers and viability were determined using a 
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Countess automated cell counter (Invitrogen) and trypan blue staining (BioRad). The cell 

viability of individual samples is presented in Table E1.

Single-cell RNA sequencing experiments

The 10x Genomics Chromium Single Cell 3’ Reagents Kit user guide (https://

support.10xgenomics.com) was used to prepare the single cell suspension. All the samples 

were sequenced by a single NextSeq 500 sequencer (Illumina) with the identical run 

parameters: read 1 for 28 cycles, read 2 for 55 cycles, and index for 8 cycles. Sequencing 

information including the sequencing saturation and depth is presented in Table E1.

Analysis of single-cell RNA sequencing data

We used Seurat R package (version 3.0) installed in R (version 3.6.2) for the downstream 

single-cell RNA sequencing data analysis21. Before data integration, single-cell data quality 

control was performed separately for each individual sample as previously described for 

human skin single-cell RNA sequencing analyses9–11.

Principal component analysis and graph-based clustering analysis were performed, and 

differentially expressed genes of each cluster compared to all other cells were found. The 

average gene expression of psoriasis vs. control cells within a cluster was calculated. To 

compare psoriasis vs. control cells within clusters representing each type of skin immune 

cells, we merged adjacent clusters of common immune cell subsets (Fig E4). For immune 

cell cluster comparison, cells expressing target genes within each cluster were quantified by 

(1) number of cells expressing the target gene and (2) proportion of cells expressing the 

target gene.

We used iTALK R package (version 0.1.0) for the receptor-ligand interaction analysis. 

Differentially expressed genes between psoriasis vs. control in each cluster were found, and 

then the fold changes of differentially expressed genes were used to calculate receptor-ligand 

interaction between different cell clusters.

Multiparameter flow cytometry experiments

When emigrating cells from skin biopsy tissues were harvested and 5,000-10,000 harvested 

skin cells were entered into the 10X Genomics single-cell chip, the rest of harvested skin 

cells were simultaneously analyzed by multiparameter flow cytometry with dendritic cell 

panels. The harvested skin cells were washed and incubated in ice for 30 minutes with 

fluorochrome-conjugated monoclonal antibodies to cell-surface markers, and the cells were 

acquired with the BD LSR II flow cytometer (BD Biosciences) and analyzed with FlowJo 

software (TreeStar).

Results

Microfluidic partitioning of emigrating cells from human skin empowers single-cell 
transcriptomic profiling of heterogeneous immune cells under ex vivo conditions

Dimensionality reduction analysis of 23,220 single-cell data identified clusters of NK 

cells, CD161+ T-cells, CD8+ T-cells, CD4+ T-cells, Tregs, mature DCs, semimature DCs, 
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macrophages, melanocytes, and KCs in different layers of Stratum (S.) corneum, S. 

granulosum, S. spinosum, and S. basale without subclustering (Fig 1A–E). Leukocytes (NK 

cells, T-cells, dendritic cells and macrophages) constituted 53.0% of scRNA-seq data of 

psoriasis skin and 15.5% of control skin (Fig 1F and Fig E5B). The average number of 

T-cells per skin biopsy sample increased 7.0 times from control (67.4 ± 19.6) to psoriasis 

(472.9 ± 108.5), and the average number of DCs per skin biopsy sample increased 3.4 times 

from control (70.8 ± 33.4) to psoriasis (241.7 ± 63.7) (p < 0.05, Fig E5C). The top 10 most 

differentially expressed genes in each cluster are presented in Fig E6.

CD161+ T-cell and CD8+ T-cell clusters were segregated from other T-cell clusters (Figure 

1C and 1D), but CD4+ T-cell and Treg clusters were not segregated and the designations 

were nominal (Fig 1E). Compared to CD4+ T-cell cluster, Treg cluster was characterized 

by a higher proportion of cells expressing CD25 (IL2RA) (16.1% in Treg vs. 1.7% in 

CD4+ T-cell clusters), FoxP3 (16.2% in Treg vs. 0.4% in CD4+ T-cell clusters) and CTLA4 

(14.6% in Treg vs 1.7% in CD4+ T-cell clusters) (Fig E7). When we applied heuristic cut-off 

value of 1 to FoxP3 expression, FoxP3High subsets in the Treg cluster expressed high levels 

of CD25 (IL2RA) with low levels of CD127 (IL7R) together with high levels of OX40 

(TNFRSF4), TIGIT, CTLA4, and CCR10 (Fig 2 and Fig E6). When T-cell clusters were 

subset by cytokine mRNA expression, numerous cytokines were expressed by T-cells in 

psoriasis skin (Fig 2 and Fig E7) - TNFSF10 (23.9%), TNFSF12 (15.6%), CCL20 (10.1%), 

IL-36G (5.9%), TNF (4.2%), IL-26 (3.0%), IFNγ (2.8%), IL-17F (0.9%), IL-17A (0.6%), 

IL-22 (0.3%), and IL-13 (0.1%).

Cutaneous T17 cells display highly differing transcriptomes depending on IL-17A vs. 
IL-17F expression and IFNγ vs. IL-10 expression

T17 cells constituted 2.7% of CD4+ T-cell cluster, 1.3% of CD8+ T-cell cluster, 2.4% of 

CD161+ T-cell cluster and 0.5% of Treg cluster (Fig E7). When T17 cells were subdivided 

into Th17 (CD4+ T17) cells, Tc17 (CD8+ T17) cells, CD161+ T17 cells, and T17 cells 

in a Treg cluster (Fig E8), Th17 (CD4+ T17) cells expressed IL-17A (32.7%) or IL-17F 

(76.9%) (Fig E9). In contrast, Tc17 (CD8+ T17) cells expressed only IL-17A, and IL-17F 

was undetected in Tc17 cells with a cut-off value of 1. 50% of Tc17 cells expressed IFNγ, 

while only 13.5% of Th17 cells expressed IFNγ. 5.8% of Th17 cells expressed IL-10, while 

IL-10 was undetected in Tc17 cells with a cut-off value of 1. CD161+ T17 cells co-expressed 

CD8B (36.4%) or CD4 (9.1%) and expressed IL-17A (36.4%), IL-17F (72.7%) and IL-10 

(9.1%).

Majority of T17 cells expressed either IL-17A or IL-17F and only 7.8% of T17 cells 

co-expressed IL-17A/IL-17F (Fig 3A). Excluding IL-17A/IL-17F co-producing T17 cells, 

IFNγ was expressed by 25.6% of IL-17A producing T17 cells, while only 3.9% of 

IL-17F producing T17 cells expressed IFNγ. In contrast, IL-10 was undetected by IL-17A 

producing T17 cells with a cut-off value of 1, but 5.9% of IL-17F producing T17 cells 

expressed IL-10.

IL−17A+ T17 cells in psoriasis skin expressed high levels of inflammatory cytokines, such 

as IL-26, CCL3, CCL4 and CCL5, which have been reported in pathogenic T17 cell 

transcripts22, 23 (Fig 3B). In addition, IL-17A+ IFNγ+ T17 cells expressed high levels of 
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transcription factors, such as RORC and STAT46, 23, inflammatory cytokines including 

IL-36G and TNF1, cytotoxic transcripts such as GZMA, GZMB, GNLY, CD8B and PRF1, 

and other pathogenic T17 cell transcripts23, 24, such as CASP1 and LAG3.

IL-17F+ IL-10+ T17 cells expressed high levels of MAF, AHR, CD73 (NT5E) and IL1RN, 

which have been reported in non-pathogenic IL-10-producing T17 cell transcripts23, 25–30 

(Fig 3B). In contrast, IL-17F+ IL-10− T17 cells expressed high levels of inflammatory 

cytokines, such as IL-1β, IL-2, IL-24, IL-34, EBI3 and LTA, and IL23R. Both IL-17F+ 

IL-10− T17 cells and IL-17A+ IL-17F+ T17 cells expressed high levels of IL-22 and CCR6. 

In addition, IL-17A+ IL-17F+ T17 cells expressed high levels of BATF, SLC7A8 and 

TNFSF10.

Mature DCs in psoriasis skin express high levels of IL-23A & IL-36G and low levels of 
KYNU compared to mature DCs in control skin

When the average gene expression was compared between mature DC and semimature DC 

clusters split by psoriasis vs. control in the scRNA-seq data, mature DCs were characterized 

by 1) high expression of MHC class II molecules, 2) skin DC marker8 expression of CD86, 

DC-LAMP (LAMP3), CD205 (LY75), CD40, CIITA, CD80, PD1-L1 (CD274) and PD1-L2 

(PDCD1LG2), and 3) expression of DC regulatory tryptophan metabolism enzyme31 KYNU 

(Fig 4A and Fig E10C).

Simultaneous flow cytometry analysis confirmed scRNA-seq findings of mature DCs (Fig 

4B and Figure E10A). The Median fluorescence intensity (MFI) of HLA-DR, CD205 

(LY75) and CD40 in mature DCs was higher than the MFI of HLA-DR, CD205 and CD40 

in semimature DCs (Fig 4B). In addition, the proportions of CD205+ and CD40+ cells in 

mature DCs were higher than the proportion of CD205+ and CD40+ cells in semimature 

DCs (Fig E10A).

Mature DCs in psoriasis skin expressed more IL-23A and IL-36G compared to mature DCs 

in control skin. IL-23A or IL-36G expression in mature DCs increased 4.2 times from 

control skin (1.5%, 4/269) to psoriasis skin (6.2%, 148/2390) (Fig E11A and E11C). In 

contrast, mature DCs in psoriasis skin expressed less KYNU than mature DCs in control 

skin. KYNU expression in mature DCs decreased 2.1 times from control skin (21.6%, 

58/269) to psoriasis skin (10.4%, 249/2390) (Fig E10C and Fig E11D).

Semimature DCs in psoriasis skin express high levels of IL-10, BDCA-3 and LILRB2, but a 
subset of semimature DCs also expresses IL-23A and IL-36G

Semimature DCs were characterized by 1) intermediate expression of MHC class II 

molecules (HLA-DRB5), 2) skin DC marker8 expression of CD11c (ITGAX), SIRPA, 

CD14, AIF1 and CD209 (DC-SIGN) and 3) High IL-10 expression (Fig 4A and Fig E10B). 

Among all IL-10 expressing cells in total scRNA-seq data, 53.5% (145/271) of IL-10 

expressing cells were semimature DCs (Fig 5A and 5B). IL-10 expressing semimature DCs 

in psoriasis skin highly co-expressed BDCA-3 (THBD) and LILRB2 (ILT4). 46.5% (60/129) 

of IL-10 expressing semimature DCs in psoriasis skin co-expressed BDCA-3 (Fig 5C, 7D 

and 7F). 41.9% (54/129) of IL-10 expressing semimature DCs in psoriasis skin co-expressed 

LILRB2.
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Psoriasis semimature DCs expressed more BDCA-3, DCR1 (TNFRSF10C), ITGAM, 

LILRB2, LILRB1 and LILRB4, and less BDCA-1 (CD1c)8 than semimature DCs in control 

skin (Fig 4A, 5C, 5D and Fig E10D). The BDCA-3 to BDCA-1 ratio increased 5.2 times 

from control (1.6) to psoriasis skin (8.4) (Fig 5E).

Simultaneous flow cytometry analysis confirmed scRNA-seq findings of semimature DCs 

(Fig 4B and Fig E10A). The MFI of BDCA-3, DCR1 and LILRB2 in psoriasis semimature 

DCs was higher than the MFI of BDCA-3, DCR1 and LILRB2 in control semimature 

DCs (Fig 4B). The MFI of BDCA-1 in psoriasis semimature DCs was lower than the 

MFI of BDCA-1 in control semimature DCs. In addition, the proportion of BDCA-3+ and 

LILRB2+ cells in psoriasis semimature DCs was higher than the proportion of BDCA-3+ 

and LILRB2+ cells in control semimature DCs (Fig E10A). The proportion of BDCA-1+ 

cells in psoriasis semimature DCs was lower than the proportion of BDCA-1+ cells in 

control semimature DCs.

When we analyzed the receptor-ligand interaction with the scRNA-seq data, inhibitory 

receptors LILRB2 and LILRB1 in psoriasis semimature DCs were potentially stimulated 

by a key component of MHC class I molecules (B2M) in CD161+ T-cells, CD4+ T-cells, 

melanocytes and KCs in stratum corneum32 (Fig E12A).

Like mature DCs, semimature DCs in psoriasis skin expressed more IL-23A and IL-36G 

than semimature DCs in control skin (Fig 4A and Fig E11). The number of cells expressing 

IL-23A or IL-36G in semimature DCs increased 9.8 times from control (1.2%, 1/85) 

to psoriasis skin (11.6%, 87/752). Semimature DCs expressing IL-23A or IL-36G and 

semimature DCs expressing IL-10 were independent – only 0.6% (1/157) of semimature 

DCs expressing IL-23A or IL-10 co-expressed IL-23A and IL-10.

scRNA-seq of emigrating cells from human skin identifies locations of keratinocyte 
transcriptome changes implicated in psoriasis pathogenesis

Our scRNA-seq data showed that the decrease of FLG expression in psoriasis epidermis 

occurs in stratum corneum33 (Fig 6A). 40.7% (700/1720) of FLG expressing KCs were 

located in S. corneum (Fig 6B), and the number of KCs expressing FLG in S. corneum 

decreased 2.1 times from control (18.8%, 473/2513) to psoriasis (3.5%, 227/6418).

Our data showed that the increase of IL-36G expression in psoriasis epidermis occurs 

in suprabasal layers (S. corneum, S. granulosum and S. spinosum) and NFKBIZ, a 

transcriptional regulator of IL-36–driven gene expression34 is co-expressed with IL-36G 

in stratum spinosum. 97.2% (3196/3288) of KCs expressing IL-36G in psoriasis skin was 

located in suprabasal layers, and 51.0% (292/573) of KCs expressing IL-36G in S. spinosum 

of psoriasis and control skin co-expressed NFKBIZ (Fig 6C).

Our data showed that CCL27 (chemotactic ligand for skin-associated memory T 

lymphocytes binding to CCR10)35 and KRT15 (keratinocyte stem marker of quiescence)36 

were decreased in stratum basale (Fig 6D). CCL27 expression in KCs in S. basale decreased 

10.5 times from control (17.3%, 189/1093) to psoriasis (1.7%, 7/424). KRT15 expression in 

KCs in S. basale decreased 11.3 times from control (48.1%, 526/1093) to psoriasis (4.2%, 
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18/424). When we analyzed the CCL27/CCL28-CCR10 interaction with the scRNA-seq 

data, CCL27-CCR10 interaction was potentially impaired in psoriasis due to decreased 

CCL27 expression in basal KCs37, 38 (Fig 6E).

Discussion

Recent scRNA-seq technology provided the opportunity to compare gene expression profiles 

of heterogenous immune cells in the skin without the need to predetermine markers for 

various cell subsets. Co-authors of this paper pioneered single-cell transcriptome profiling 

of keratinocytes in lupus nephritis patients’ skin10, 11 and single-cell transcriptome profiling 

of fibroblasts in atopic dermatitis patients’ skin9, and many researches are now utilizing 

scRNA-seq for studying human skin to further understand inflammatory skin diseases12–17. 

However, scRNA-seq assessment of immune cells in human skin has been challenging with 

whole tissue enzyme dissociation where most cells are keratinocytes and fibroblasts, and 

immune cells constitute less than 5% of the isolated cells. To study immune cell subsets in 

the skin with scRNA-seq, skin immune cells isolated by enzyme digestion are often required 

to be sorted, activated and enriched before single-cell library construction, which may lead 

to changes in their gene expression or even function39, 40.

In an attempt to overcome the limitation of enzyme dissociation for isolation of skin 

immune cells and to obtain single-cell transcriptome of human immune cells with minimal 

manipulation, we harvested emigrating cells from skin biopsy tissues after 48-hour 

incubation in culture medium without enzyme digestion. Our single-cell approach was 

established for flow cytometry analysis of cutaneous DCs7, 20, 41, 42 and T-cells43, 44, but it 

has not been linked to single-cell transcriptomics to study heterogeneous immune cells in 

human skin.

With our new single-cell approach, we found cutaneous T17 cell subsets with highly 

differing transcriptomes depending on IL-17A vs. IL-17F expression and IFNγ vs. IL-10 

expression: 1) IL-17A+ IFNγ+ T17 cells, 2) IL-17A+ IFNγ− T17 cells, 3) IL-17A+ IL-17F+ 

T17 cells, 4) IL-17F+ IL-10− T17 cells and 5) IL-17F+ IL-10+ T17 cells (Fig 3B). The T17 

cell subset that most conforms with current pathogenic subsets6, 22–24 is the IL-17A+ IFNγ
+ 

population, synthesizing high levels of TNF, IL-26 and IL-36G and mostly within CD8+ 

T-cells that co-express cytotoxic markers (Tc17 T-cells).

In contrast, the largest subset of IL-17-producing T-cells isolated from psoriasis lesions are 

those that are IL-17F+ IL-10−. This population (presumptive IL-17F/F producers) constitutes 

53% of T17 T-cells and is about 5-fold more frequent than cells co-producing IL-17A 

and IFNγ. High expression of cytokines such as IL-1B, CSF-2, LTA, IL-24 and IL-34 

likely identifies a different inflammatory potential from cells exposing IL-17A and IFNγ. 

Interestingly, this subset has the highest expression of the IL-23 receptor, so it might be 

the most strongly affected by therapeutic IL-23 antagonists. Perhaps this subset also stems 

from inflammatory conversion of Tregs, as FoxP3 has the highest expression among all 

T17 cells. While a recent report found some human blood T-cells synthesized only IL-17F 

after culture in polarizing conditions45, we believe this is the first report of a unique and 

Kim et al. Page 8

J Allergy Clin Immunol. Author manuscript; available in PMC 2022 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



sizable IL-17F+ T-cell population in the context of an organ affected by an IL-17-driven 

autoimmune condition.

The population that best fits the description of non-pathogenic T17 cells6, 23–26, 30, 46 is 

the IL-17F+ IL-10+ population, but this population constitutes only 4% of overall T17 

cells. IL-17F+ IL10+ T17 cells expressed low levels of FoxP3 and high levels of AHR and 

MAF. Since Aryl hydrocarbon Receptor (AHR) interacts with c-Maf (MAF) to promote 

the differentiation of Tr1 cells47, cutaneous IL-17F+ T17 cells may have plasticity to 

differentiate into Tr1 cells rather than Tregs.

We found distinct DC subsets in human skin, including mature DCs and semimature DCs 

(Fig 4). High expression of MHC and co-stimulatory molecules by mature DCs in psoriasis 

may be the reason for the highly T-cell stimulatory nature of these cells8. Semimature 

DCs are regulatory DCs expressing high levels of IL-10, BDCA-3 and LILRB2. Single-cell 

transcriptome of semimature DCs is consistent with gene expression profiles of human skin 

resident BDCA3+ regulatory DCs described by Chu, C.C. et al.7.

Since mature DCs in psoriasis skin express high levels of IL-23A & IL-36G and low levels 

of KYNU compared to mature DCs in control skin, mature DCs in psoriasis skin may lose 

tolerogenicity that is maintained by IDO1-KYNU-AHR loop31, 48, 49 in normal condition 

and express IL-23A and IL-36G (Fig E11). A subset of regulatory semimature DCs in 

psoriasis skin expresses IL-23A and IL-36G; dysfunctional regulatory DCs in psoriasis skin 

may contribute to the immune tolerance impairment implicated in psoriasis.

Our approach has some limitations50: 1) 48 hour in vitro culture and cell emigration may 

change the status of cells and cause the change of gene expression, 2) we observed that the 

number of isolated skin cells and the proportion of different cell types were not consistent 

between samples, 3) heterogeneous skin cells with variable sizes were not reliably counted 

by automated cell counters. As a result, the number of cells submitted to a microfluidic 

platform was not consistent between samples and sequencing depth per cells became 

variable (Table E1), 4) some skin resident immune cells may not be migratory and might 

require other isolation techniques.

With novel findings of distinct immune cell transcriptome changes in psoriasis, we propose 

that single-cell transcriptomics applied to emigrating cells from skin provide an innovative 

study platform to compare gene expression profiles of heterogenous immune cells in human 

skin. This method can also readily be extended to study other inflammatory skin diseases or 

modulation of leukocyte transcripts by immune-targeted treatments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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T17 Type 17 T-cell

Tc17 Cytotoxic type 17 T-cell

Th17 T helper 17 T-cell

Treg Regulatory T-cell

Tr1 Type 1 regulatory T-cell
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Figure 1. Single-cell transcriptomic profiling of leukocytes and keratinocytes in human psoriasis 
and control skin.
Clinical & microscopic figures of control (A) and psoriasis skin (B) and their leukocyte 

& keratinocyte scRNA-seq data presented in the Uniform Manifold Approximation and 

Projection plot (C and D). (E) Dot plot displaying expression levels of cluster-defining 

genes. (F) Cell composition of individual samples. Treg, regulatory T-cell; DCs, dendritic 

cells; KC, keratinocytes, S, Stratum. Scale bar in (A) and (B) = 200 μm, Proportion of cells 
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in (F) = average number of cells in cluster within individual sample / total number of cells 

within individual sample x 100 (%), Error bar in (F) = Standard Error of Mean.
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Figure 2. The average gene expression within clusters of NK cells and T-cell subsets.
Heatmap of scRNA-seq analysis illustrates the average gene expression within clusters of 

NK cell and T-cell subsets, split by psoriasis and control. Regulatory T-cell cluster is divided 

into cells with FoxP3 expression high (FoxP3High) and cells with FoxP3 expression low 

(FoxP3Low) using a cut-off value of 1. Genes with similar expression patterns are linked by a 

complete linkage method.

Kim et al. Page 16

J Allergy Clin Immunol. Author manuscript; available in PMC 2022 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. The average gene expression of cutaneous Type 17 T-cell (T17 cell) subsets.
(A) IL-17A (red), IL-17F (green) and IL-17A/IL17F co-expression (yellow) within T-cell 

subset clusters visualized in low-dimensional space. (B) Heatmap of scRNA-seq analysis 

illustrates the average gene expression of T17 cell subsets. Genes with similar expression 

patterns are linked by a complete linkage method.
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Figure 4. Simultaneous scRNA-seq and flow cytometry analyses define transcriptomic profiles of 
mature vs. semimature dendritic cells.
(A) Heatmap of scRNA-seq analysis illustrates the average gene expression within mature 

vs. semimature DC clusters, split by psoriasis and control. (B) Heatmap of flow cytometry 

analysis illustrates Median Fluorescence Intensity (MFI) of HLA-DRHigh (mature) or HLA­

DRLow (semimature) CD45+ CD3− HLA-DR+ dendritic cells in control and psoriasis skin. 

Consistent findings between scRNA-seq and flow cytometry analyses are marked in blue.
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Figure 5. IL-10, BDCA-1 (CD1C), BDCA-3 (THBD), LILRB2 (ILT4) and IL-23 expression in 
mature dendritic cells (DCs) and semimature DCs.
IL-10 expression in total scRNA-seq data is visualized in low-dimensional space (A) and 

violin plot of each immune cell cluster (B). Co-expression of IL-10 & BDCA-1, BDCA-3, 

LILRB2 or IL-23 in normal skin semimature DCs (C) and psoriasis skin semimature DCs 

(D) is visualized in low-dimensional space. Cells with expression of BDCA-3 & BDCA-1 

(E) and BDCA-3 & IL-10 (F) within each cluster of mature and semimature DCs in normal 

and psoriasis skin are quantified by number of cells and proportion of cells. Proportion of 
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cells = number of target gene expressing cells within cluster / total number of cells within 

cluster x 100 (%).
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Figure 6. Gene expression within keratinocyte clusters and CCL27 (keratinocyte)–CCR10 (Treg) 
interactions.
(A) Heatmap of scRNA-seq analysis illustrates the average gene expression within clusters 

of keratinocytes (KCs) in Stratum (S.) corneum, S. granulosum, S. spinosum and S. basale, 

split by psoriasis and control. Cells with expression of FLG (B), IL-36G & NFKBIZ (C) 

and KRT15 & CCL27 (D) within each layer of KCs in control and psoriasis epidermis 

are quantified by number of cells and proportion of cells. Proportion of cells = number of 

target gene expressing cells within cluster / total number of cells within cluster x 100 (%). 
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(E) CCL27/CCL28-CCR10 interaction in psoriasis compared to control highlights decreased 

CCL27 in basal keratinocytes interacting with CCR10 in Tregs.
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