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Introduction
Psoriasis (PS) is a chronic, immune-modulated inflammatory disease that affects patients far beyond the 
skin (1). About 2%−3% of individuals worldwide suffer from this debilitating skin disease (2), and about 
30% of patients with PS also develop psoriatic arthritis. Besides skin and joint inflammation, there is now 
evidence of  important systemic manifestations of  PS (3, 4). In recent years, our growing knowledge of  the 
PS pathogenic pathways and the advent of  new technologies that are directly applicable to human biologi-
cal substrates have spawned optimism that a cure for PS may be found (5). Targeted treatments with mono-
clonal antibodies were shown to be safe and efficacious in the short-term management of  most patients 
with moderate to severe chronic plaque PS (6).

Despite these encouraging results, clinical outcomes remain highly variable, providing evidence 
that PS is a systemic and heterogeneous disease and highlighting the requirement to deepen our current 
understanding of  the disease (7). Different subsets of  Th cells have been reported to contribute to the 
pathogenesis of  PS (1, 8, 9), such as Th1, Th9, Th17, and Th22 cells, whereas other contributors are 
skin-homing memory T cells (1) or Tregs (10). Therefore, complicated immune dysregulation may result 
in alterations in the frequency, function, or location of  any one of  these Th or T cytotoxic (Tc) subpopu-
lations, which determine the severity of  different pathologies (11, 12). There has been increasing interest 
in the role of  the T cell costimulatory tumor necrosis factor receptor superfamily member 4 (TNFRSF4, 
also known as OX40) and its cognate ligand, OX40L, in immunoregulation of  autoimmunity (13). OX40 
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lymphocyte subpopulations and dysregulated signaling pathways in the blood of patients with 
PS, identifying abnormalities of different immune cell subsets. We validated that the CD3–CD4+ 
cells had elevated OX40 and decreased FRA2 expression, which were positively associated with 
the PS area and severity index.



2insight.jci.org   https://doi.org/10.1172/jci.insight.125306

R E S E A R C H  A R T I C L E

plays a key role in maintaining late T cell proliferation and survival by suppressing apoptosis and by 
inducing T cell memory formation (14). OX40 (also known as CD134) is expressed in lesional, but not 
healthy, skin of  patients with PS (15). OX40-OX40L, as an immune checkpoint, has been proposed as a 
potential therapeutic target to treat PS. In addition, studies at the transcription level have suggested that 
AP-1 proteins, comprising members of  the FOS (C-FOS, FOSB, FRA-1, and FRA-2) and JUN fami-
lies, acting as sequence-specific homodimeric and heterodimeric transcription factors, are abnormally 
expressed in skin biopsies of  patients with inflammatory/proliferative skin diseases, such as PS (16, 17). 
Among the members, fos-related antigen 2 (FRA2) acts as a key regulator of  terminal epidermal differ-
entiation. Our previous study (18) found that FRA2 was involved in the pathogenesis of  PS by regulating 
the IL-23 receptor (IL23R). Therefore, a comprehensive understanding of  the nature of  the dysregulated 
immune system in PS might identify potential novel targets to develop more efficacious therapies for PS.

However, the collective characterization of  alterations in different subsets in immune-mediated 
diseases remains difficult because of  the large phenotypic diversity across all lymphocyte populations 
(19, 20). In addition, there has been little research on the comprehensive analysis of  Th cell lineages in 
patients with PS. Some recent reports have shown the use of  single-cell mass cytometry to characterize 
Th populations simultaneously across 23 memory T cell–associated surface and intracellular molecules 
in healthy donors as well as to evaluate the predictive biomarkers in patients with cancer (20, 21). In addi-
tion, cytometry by time-of-flight (CyTOF) overcomes the limitations of  fluorophore tags by detecting 
metal-tagged antibodies attached to single cells, which allows simultaneous multiparameter interroga-
tion and even permits all samples in the same experiment group to be analyzed at the same time, which 
would diminish laboratory errors (22). In the present study, we used peripheral blood mononuclear cells 
(PBMCs) and lesional skin from patients with PS at disease onset without any treatments and health con-
trols (23). High-dimensional single-cell mass cytometry and imaging mass cytometry were used, together 
with optimized immune marker panels and a customized, interactive bioinformatics pipeline, to generate 
a thorough analysis of  the peripheral blood immune cells. We aimed to display the immune landscape 
of  patients with PS, characterize the abnormalities of  Th cell subsets, identify PS-associated pathogen-
ic CD3–CD4+ cell populations, and preliminarily explore the potential role of  CD3–CD4+ cells in the 
immune-mediated pathology of  PS.

Results
Lymphocyte landscape of  PS using mass cytometry. We analyzed PBMC samples isolated from the blood of 4 
patients that were newly diagnosed with PS, without any treatment, as well as from 4 samples from age-
and sex-matched healthy controls (HCs). Based on the combinations of surface markers, we used CyTOF to 
simultaneously analyze CD8 naive T, Tc0, Tc1, Tc2, CD8 central memory T (TCM), CD8 effective memory T 
(TEM), CD4 naive T, Th0, Th1, Th2, CD4 TCM, CD4 TEM, CD4+CD8+ T (double-positive T [DPT]), CD4–

CD8– T (double-negative T [DNT]), and B cells within the PS and HC samples, respectively. The frequencies 
and compositions of those cell populations are presented in Figure 1, A and B. In particular, the frequencies 
of CD4 naive T, Th2, CD8 naive T, Tc0, Tc2, double-positive (DP), double-negative (DN), and B cells in PS 
samples were obviously lower compared with those in HC samples, while the proportion and constituents of  
CD4 TEM cells were more complicated. There were two subsets of CD4 TEM cells showing higher frequen-
cies in patients with PS, which are indicated by arrows in Figure 1B. Then, we manually annotated lympho-
cytes into 15 major cell populations. Using the sunburst method, the frequencies of the 15 compartments are 
shown Figure 1C. The 15 compartments comprised CD45+ cells, T cells, B cells, DNT cells, CD8+ T cells, 
CD4+ T cells, CD8 naive T cells, CD8 terminally differentiated effector memory (TEMRA) cells, CD8 TEM 
cells, CD8 TCM cells, CD4 naive T cells, CD4 TEMRA cells, CD4 TEM cells, CD4 TCM cells, and DP cells. 
The frequencies of nearly all these compartments were lower in the PS samples, except for DNT (PS/HC 
fold change = 1.17) and CD8 TEM (1.64). Among those lower compartments, T cells (PS/HC fold change 
= 0.78), B cells (PS/HC fold change = 0.65), CD4+ T cells (PS/HC fold change = 0.52), CD4 naive T cells 
(PS/HC fold change = 0.43), CD4 TEMRA cells (PS/HC fold change = 0.55), CD4 TEM cells (PS/HC fold 
change = 0.79), and CD4 TCM cells (PS/HC fold change = 0.56) were abnormal. These data showed that 
the frequencies of total T and B cells were statistically significantly decreased in PS samples, especially CD4 
naive T cells and CD4 TEMRA cells, while frequencies of CD8 TEM cells were increased (Figure 1D). This 
is the first study to our knowledge to demonstrate the adaptive immune landscape using mass cytometry of PS 
samples to show the overall dysregulation of the immune system.
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Expression levels of  24 immune markers on the major immune cell subsets of  PS. The adaptive immune land-
scape of  PS is different to that of  HC; therefore, we aimed to explore the detailed mechanism contrib-
uting to this difference. We constructed a heatmap to show the expression levels of  24 immune markers 
between the HC and PS groups (Figure 2, A and B). These markers could be divided into 3 groups: clus-
ter differentiation antigens that define specific immune cells, activated markers, and chemokines. Gener-
ally, the body has a certain ability to maintain the immune balance, and there might be a little fluctuation 
of  these immune markers in the major immune cell subsets. Our descriptive analysis showed that there 
were differences in the expression levels of  the 24 immune markers on the major immune cell subsets 
of  PS and HC samples; however, the fluctuations were not significant. Chemokines play an important 
role in attracting the immune cells to the skin, leading to the classic lesions of  PS. We further focused 
on the expression of  C-C motif  chemokine receptor 4 (CCR4), CCR5, and CCR6 on the 15 lymphocyte 
compartments (Figure 2B). CCR4 and CCR6 were highly expressed on the CD4 TEM cells in the PS 
samples. In particular, we observed, for the first time to our knowledge that CCR6 levels were elevated 
on B cells. Compared with the HC samples, we observed CD4+ T cells with aberrant protein expression 

Figure 1. Immune cell distributions and compositions in PS and HC. (A and B) The SPADE tree plots of all HC (n = 4) (A) and all PS patients (n = 4) (B) 
showing the different gated immune cell subpopulations. Node color and the size of each node in the tree indicate the frequency of cells. Red arrows 
indicate the abundant and heterogeneous pattern of CD4 TEM cells in PS. (C) Sunburst representation of the distributions and frequencies of the vari-
ous cell subsets. Results are expressed as percentages. (D) Box plots comparing cell frequency (percentage of CD45+ cells) of B cells, T cells, CD4 naive T 
(Tnaive) cells, CD4 TEMRA cells, and CD8 TEM cells between HC and PS groups. The 5th and 95th percentile are shown in each box, and median (center 
line) is marked. *P < 0.05 by 2-tailed Student’s t test. PS, psoriasis; HC, healthy controls.
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levels of  STAT3 and STAT5 using viSNE analysis (Figure 2C). The descriptive data might provide more 
clues to explore the chemokines and signal transduction pathways of  PS.

Altered subpopulations and signal transduction proteins of  T cell lineages in PS. Differences in the frequen-
cies and compositions of  T cell lineages were observed in PS (Figure 1, B and D). Next, we sought to 

Figure 2. Phenotype fluctuations 
in PS. (A) Heatmap depicting 
differential expression for 
coinhibitory or costimulatory 
population-defining markers 
and activation-associated and 
lymphoid homing–associated 
receptors across each subpopu-
lation. (B) SPADE plot showing 
the median expression of CCR4, 
CCR5, and CCR6 in the 15 lympho-
cyte compartments of HC and PS. 
Node size indicates cell number; 
color coding represents median 
CCR4, CCR5, and CCR6 expression 
of each node. (C) viSNE map of 
PS and HC, illustrating color-cod-
ed cell populations that clustered 
based on cell surface marker 
expression. The relative location 
of CD4 was marked (red). viSNE 
analysis showing CD4+cells with 
aberrant proteins expressions of 
Stat3 and Stat5.
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identify which subpopulations of  T cells best described the differences between PS and HC in terms of  
cell frequency and activated markers. Subgroups of  T cell lineages were gated (Figure 3, A and B) and the 
distributions of  7 key signal transduction proteins on T cell lineages are shown in Figure 3C. We subdi-
vided CD4 TEM cells into Th1, Th2, Th17, and follicular Th (Tfh) cells and Tregs and divided the CD8 
TEM cells into Tc1, Tc2, and Tc17 cells by manual annotation (Figure 3B). The frequencies of  these sub-
clusters between PS and HC were then compared. The limited samples meant that the frequencies of  Th1 
and Th17 cells were higher without significant differences in patients with PS. However, we observed that 
the frequencies of  Tfh and Tc1 cells were significantly higher in PS (Figure 3B, P < 0.05). Meanwhile, 
Tc17 cells also showed an increased trend in the peripheral blood of  patients with PS. Although the small 
sample size limited the significance of  the statistical difference, the increasing trend of  the Th subcluster 
was confirmed using flow cytometry in a follow-up experiment. These findings suggested that not only 
was there an imbalance of  Th subpopulations but that there were also disordered CD8 TEM subclusters.

Based on the above abnormalities in the frequency, composition, and functional markers of T cells in PS, 
we further determined the potential pathogenic mechanism underlying the systemic inflammatory status. We 
use spanning-tree progression analysis of density-normalized events (SPADE) mapping to demonstrate the 
expression changes of the 7 key proteins and visualized the distribution of these proteins in the 15 population 
phenotypes between PS and HC. The 7 proteins consist of mTOR, STAT5A/B, STAT3, JAK3, ERK1/2, 
NF-κB p65, and AKT serine/threonine kinase 1/2/3 (AKT1/2/3), which are central orchestrators of  
immune responses (24). We observed for the first time to our knowledge that mTOR, STAT3, and JAK3 were 
more predominantly expressed in CD4 TEM cells, and their expression levels were higher in samples from 
patients with PS compared with those from HC. This suggested that JAK3/STAT3 is important pathway for 
the inflammatory response in patients with PS. At the same time, the STAT5A/B, AKT1/2/3, ERK1/2, and 
NF-κB p65 responses were shared across the immune systems of patients with PS without specificity (Figure 
3C), which suggested that complicated upstream mechanisms may be involved in the pathogenesis of PS, 
leading to dysregulated signaling pathways. CD4 TEM cells would be a potential focus of research. However, 
we need to pinpoint the subsets of CD4 TEM cells that contribute to the dysregulation of PS.

Eight clusters of  TEM cells were segregated based on combinations of  cluster differentiation antigens 
and chemokines (25). The eight clusters included Tregs and Th1, Th2, Th17, Tfh, Tc1, Tc2, and Tc17 
cells. We then identified that the signal transduction proteins were expressed in the 8 clusters between PS 
and HC without obvious fluctuations (Figure 3D). This might have been caused by the small sample size. 
Thus, the phosphorylation status of  these proteins should also be defined.

Identification of  CD3–CD4+ subsets in patients with PS using the viSNE algorithm. viSNE analysis could 
allow us to identify and characterize new cell subpopulations. We ran viSNE analysis on cells of  all 
PS and HC samples using 31 staining markers and identified 4 populations with an obviously different 
abundance in PS compared with that in HC (Figure 4A). Three of  them have not been reported before to 
our knowledge. In terms of  marker expression, we found that the 4 detected populations (P1, P2, P3, and 
P4 in Figure 4A) contained a core signature of  CD45+, CD44+, and CCR7+ markers. Backprojection of  
those 4 populations to the ACCENSE density map showed that they corresponded to subpopulations 3, 
5, 22, and 23, respectively (Figure 4B). On further view of  all the markers, P2 expressed CD45+, CD44+, 
CCR7+, CD3–, and CD4+. The detailed features of  the P2 subpopulation are illustrated in Figure 4C. The 
features of  P1, P3, and P4 are provided in the Supplemental Figure 1 (supplemental material available 
online with this article; https://doi.org/10.1172/jci.insight.125306DS1). Based on the combinations of  
surface markers, the P2 subset (CD3–CD4+ cells) resembled lymphoid tissue inducer (26) cells. In addi-
tion, signal-transducing proteins, such as NF-κB p65, mTOR, and STAT3, were highly expressed in the 
CD3–CD4+ population, which suggested its potentially proinflammatory role in PS. STAT5 and ERK1/2 
levels were decreased in P2. When compared with the CD3+CD4+ T cells of  PS and HC samples (Fig-
ure 4, C and D), there were obviously differences between CD3–CD4+ cells and CD3+CD4+ cells, for 
example, lower FOXP3 expression in CD3–CD4+ cells from the PS samples. During data processing, we 
noticed an interesting phenomenon: OX40L (also known as CD252) was hardly expressed in the P2 pop-
ulation (Figure 4C). Further detailed study of  subset P2 and exploration of  the underlying mechanism of  
its involvement with PS might be helpful to develop precise targeted treatment.

CD3–CD4+ subsets in skin lesions of  patients with PS using imaging mass cytometry. Imaging mass cytom-
etry (IMC) uses laser ablation to generate plumes of  particles that are carried to the mass cytometer by 
a stream of  inert gas. IMC has a resolution comparable to light microscopy, with the high content of  
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Figure 3. Compositional alterations and functional changes in effector T cells of PS (n = 4) and HC (n = 4). (A) Stacked bars depicted T cell subtypes in 
each individual sample. Cell abundance was expressed as normalized percentage of T cells. (B) Bar plots comparing cell frequency (percentage of T cells) 
of Th1 cells, Th2 cells, Th17 cells, Tfh cells, Tregs, Tc1 cells, Tc2 cells, and Tc17 cells. Error bars represent SD. *P < 0.05; ** P < 0.01 by 2-tailed Student’s t 
test. (C) SPADE maps depicting the fold change of JAK3, mTOR, Stat3, Stat5, Akt, Erk, and NF-κB expression in PS compared with HC groups. Signaling 
fold changes for each node in the SPADE diagram were calculated as the difference of arcsine median intensity of the PS patients compared with the 
HC. (D) Profiles in signal transduction proteins of Th1, Th2, Th17, Tfh, Treg, Tc1, Tc2, and Tc17 subsets in HC and PS groups.
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mass cytometry enabled through the use of  isotopically labeled probes and ICP-MS detection (27). Two 
samples of  PS lesions were obtained and stained for the above-mentioned 31 immune markers. Figure 
5A shows that a predominantly lymphocytic infiltrate was present in the dermis of  the PS skin, including 
CD3, CD4, and CD8 T cells. The images also showed that CD3 (red) colocalized with both CD4 (green) 
and CD8 (white). The CD3–CD4+ cells are clearly delineated in green. We also determined the distribu-
tion pattern of  various label combinations, such as CD3, CD4, CD8, JAK3, and DNA; CD3, CD4, CD8, 
mTOR, and DNA; CD3, CD4, CD8, STAT3, and DNA; CD3, CD4, CD8, CCR4, and DNA; CD3, 
CD4, CD8, CXCR3, and DNA; and CD3, CD4, CD8, CXCR4, and DNA (Figure 5, B and C). These 
results were consistent with the results for peripheral blood as analyzed using CyTOF.

Validation of  CD3–CD4+ cells in an independent PS cohort using flow cytometry and confocal microscopy. 
To independently validate the computational results, a blinded validation was performed on peripheral 
blood from a second independent cohort of  29 patients with PS and 23 age-and sex-matched HCs. We 
designed two flow cytometry–based validation panels using a reduced number of  markers. One panel 
was used to confirm the Th cell lineages using 7 immunofluorescent markers. The results confirmed 
the increased proportion of  Th1 and Th17 cells (Figure 6A), which had been reported before (8). We 
further discovered that Tfh, Tc1, and Tc17 cell numbers were significantly elevated in samples for 
patients with PS compared with those in samples from the HC group. Another panel was used to iden-
tify CD3–CD4+ cells in the 23 PS and 13 HC samples. In the CyTOF panel, CD161 (28) was used to 
preliminarily exclude the sources of  NK cells. We used Zombie and CD14 to exclude nonspecific stain-

Figure 4. Four suspect populations in the red dotted ellipse regions composed almost entirely of cells from PS patients were identified as a potential 
target of treatment. (A) viSNE map of PS (n = 4) and HC (n = 4) illustrating color-coded cell populations that clustered based on cell surface marker 
expression. viSNE analysis identifies 4 subpopulations that appear dominantly in PS. (B) ACCENSE density map of immune cells defined in A. Subpop-
ulations 1−23 identified as local maxima in the density map are marked. The color scale signifies cell densities of similar marker phenotypes. (C) Expres-
sion signatures of the marked subpopulations P2 in A. Bar heights indicate the median expression for each marker within the subpopulation, estimated 
from cells sampled close to the locations of the subpopulation peaks. The horizontal line for each marker corresponds to its median expression level 
across all the cells in the data set. (D) Expression signatures of CD3+CD4+cells in HC and PS. Bar heights indicate the median expression for each marker 
within the subpopulation.
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ing and CD4+ monocytes, respectively (Figure 6B). There was a distinct CD3–CD4+ subset observed 
in Figure 6B. Circulating CD3–CD4+ cells (0.52% ± 0.05%) were detected in HCs at a lower frequency 
that in the PS group, with a high degree of  uniformity (Figure 6C). Significantly higher numbers of  
circulating CD3–CD4+ cells (1.7% ± 0.20%) were validated with varying frequency in samples from 
different patients with PS. viSNE analysis showed that a wide variety of  chemokines were expressed 
on the CD3–CD4+ cells, such as CCR4, CCR5, CCR6, CCR7, CXCR3, and CXCR4 (Figure 4C), 
which might attract CD3–CD4+ cells to cutaneous psoriatic lesions. Therefore, we determined whether 
there were CD3–CD4+ cells in the lesional areas of  PS samples using confocal microscopy. The con-
focal microscopy showed that there were many CD3+ cells in the lesions (Figure 6D), which was in 
accord with the IMC results. The resulting image (Figure 6D) also showed clearly the relative location 
of  CD3–CD4+ cells. These results highlighted a potential role of  CD3–CD4+ cell subsets in PS.

Figure 5. Representative mass cytometry images of skin tissue samples from HC and PS patients. (A) Overlay of CD3 (red), CD4 (green), CD8 (white), and 
DNA (blue). (B) Top: overlay of CD3 (red), CD4 (green), CD8 (white), JAK3 (cyan), and DNA (blue). Bottom left: overlay of CD3 (red), CD4 (green), CD8 (white), 
mTOR (cyan), and DNA (blue). Bottom right: overlay of CD3 (red), CD4 (green), CD8 (white), Stat5 (cyan), and DNA (blue). (C) Top: overlay of CD3 (red), CD4 
(green), CD8 (white), CCR4 (cyan), and DNA (blue). Bottom left: overlay of CD3 (red), CD4 (green), CD8 (white), CXCR3 (cyan), and DNA (blue). Bottom right: 
overlay of CD3 (red), CD4 (green), CD8 (white), CXCR4 (cyan), and DNA (blue). Scale bars: 100 μm. Data are representative of results of 2 experiments.
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Characterization of  CD3–CD4+ cells in PS. OX40L was rarely expressed on CD3–CD4+ cells from patients 
with PS, and there was explicit dysregulation of signal-transducing proteins. A previous study (15) showed 
that OX40 was expressed on the lesional skin of PS patients. In addition, the OX40-OX40L interaction pro-
vides a specific costimulatory signal to activated effector T cells. Thus, we wondered how those higher cir-
culating CD3–CD4+ cells in PS are maintained. Therefore, we assumed that OX40 might be involved in the 
higher levels of circulating CD3–CD4+ cells of PS samples. Our previous study showed that FRA2 is involved 
in the pathology of PS by regulating IL23R (18). Thus, we further explored OX40 and FRA2 in CD3–CD4+ 
cells using flow cytometry (Figure 7A). We found that OX40 levels were upregulated on the CD3–CD4+ pop-
ulation (Figure 7B). By contrast, we observed significantly decreased levels of the nuclear transcription factor 
FRA2 on this population of cells. Notably, there was a negative correlation between OX40 and FRA2 levels 
(Figure 7B). Additionally, confocal imaging showed higher levels of OX40 and lower amounts of FRA2 in the 
dermis of PS skin lesions compared with skin from the HC group (Figure 7C). The percentage of CD3–CD4+ 
cells in lymphocytes was limited. Therefore, it is difficult to obtain sufficient quantities of these cells for func-
tional analysis. We next assessed mRNA and protein levels of FRA2 in PBMCs from the PS and HC groups 
using quantitative real-time PCR (qPCR) and flow cytometry, respectively. We observed a lower expression of  
FRA2 at both the mRNA and protein levels in patients with PS (Figure 7D).

Function assay of  CD3–CD4+ T cells in PS. The OX40-OX40L interaction mainly promotes the expan-
sion and survival of  effector T cells. Therefore, ELISA was used to measure the serum OX40L level in 
PS and HC samples. The OX40L level was significantly higher in the PS group than in the HC group 
(Figure 8A, P = 0.0002). We further isolated PBMCs from the blood of  an independent cohort of  18 
patients with PS. Freshly isolated PBMCs were cultured in vitro with the OX40-OX40L inhibitor, 
chlorazol violet N (CVN), for 36 hours to probe the changes of  OX40 and FRA2 and the numbers of  
CD3–CD4+ cells. Interestingly, inhibition of  the OX40-OX40L costimulatory interaction significantly 
reduced the numbers of  CD3–CD4+ cells (Figure 8B). The inhibitor of  the OX40-OX40L interaction 
simultaneously affected the expression levels of  OX40 and FRA2. CD3–CD4+OX40+ cells numbers 

Figure 6. Validation CD3–CD4+ cells and Th subsets in an independent PS cohort. (A) Percentages of Th cell subsets, including Tfh, Th1, Th2, Th17, Tc1, 
Tc2, and Tc17 cells in PBMCs, in HC (n = 23) and PS patients (n = 29). (B) CD3–CD4+ cells separating from lymphocytes by sequential gates. (C) The per-
centage of CD3–CD4+ cells in lymphocytes was compared between PS (n = 23) and HC (n = 13). (D) Confocal images showing immunofluorescence local-
ization of CD3 (green), CD4 (red), and nuclear (blue). Data are representative of results of 3 experiments. Scale bars: 50 mm. *P < 0.05; ***P < 0.0005; 
****P < 0.0001 as assessed by the 2-tailed Student’s t test. Data are presented as mean ± SD.
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obviously decreased and CD3–CD4+Fra2+ cell numbers were elevated in PBMCs treated with CVN 
(Figure 8C). We next sought to determine whether this population in the blood of  patients with PS 
might reflect the disease activity. We collected and analyzed clinical data of  the 18 patients with PS. 
A significant correlation was found between the frequency of  CD3–CD4+ cells and the PS area and 
severity index (PASI) (Figure 8D). These analyses indicated that the potentially newly discovered 
CD3–CD4+ cells in PS might be developed as a biomarker to assess disease activity.

Discussion
PS is a multifaceted, chronic skin disorder with many associated comorbidities; it imposes both a physical 
and psychological burden on patients. Growing evidence shows that targeting a single cytokine secreted by 
Th cells, such as IL-12, IL-17, IL-22, IL-23, TNF-α, and so on, could benefit patients with PS (29, 30). How-
ever, patients with PS experience highly variable clinical outcomes, and dysregulated or excessive activity 
of  anticytokines in related pathways might promote inflammation (31). Thus, there is an urgent need to 
comprehensively understand the dysregulated immune system in PS and to optimize current therapy.

Figure 7. Characterization of CD3–CD4+cells in PS and HC. (A) Flow cytometry showing the OX40 and FRA2 expression in CD3–CD4+cells of PS (n = 23) 
and HC (n = 13). (B) Percentages of CD3–CD4+OX40+ and CD3–CD4+Fra2+ cells in HC (n = 13) and PS patients (n = 23) were compared by 2-tailed Student’s 
t test, and the correlation of CD3–CD4+OX40+ and CD3–CD4+Fra2+ cells was analyzed by Pearson correlation analysis. (C) Confocal images showing 
immunofluorescence localization of CD134 (otherwise known as OX40) and Fra2 in the skin of PS and HC. White arrows indicate the positive expression 
of OX40 and Fra2 staining in dermis. The experiment was repeated 3 times. Scale bars: 50 mm. (D) The relative Fra2 expression was measured by flow 
cytometry (left, 13 HCs and 23 PS patients) and quantified using real-time PCR (right, 30 HCs and 32 PS patients). The fosl2 transcript was normalized to 
the copies of β-actin mRNA from the same sample.**P < 0.005; ***P < 0.0005, as assessed by the 2-tailed Student’s t test.
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Mass cytometry offers the opportunity to simultaneously analyze dozens of  single-cell markers in 
complex cellular samples, resulting in highly complex data sets (32). Conventional approaches for flow 
cytometry data analysis are not suitable for such data sets, because they suffer from individual user bias and 
require prior knowledge of  the cell type of  interest. In the current study, we initially used 31 antibodies to 
detect heterogeneity within the major adaptive immune cells in patients with PS. SPADE analysis showed 
that PBMCs from the PS and HC group could be classified into different clusters (Figure 1, A and B). 
Two abundant subpopulations of  CD4 TEM cells were identified in the PS group (Figure 1B), which were 
important in the initiation and amplification phase of  cutaneous inflammation (8). The significantly lower 
level of  B cells might contribute to the lack of  autoantibodies in PS; however, this requires further study.

We then used sunburst analysis to show the proportion of  the 15 major immune subsets (Figure 1C). 
The proportions and functional markers of  CD4 naive T cells, CD4 TEM cells, and CD8 TEM cells 
were altered in the PS group (Figure 2A). This analysis showed that, although PS was driven by T cell 

Figure 8. Function assay of CD3–CD4+ cells in PS. (A) Serum concentrations of OX40L in HC (n = 15) and PS patients (n = 31). The data are illustrated as the 
mean ± SD and analyzed by 2-tailed Student’s t test. (B) The changes of CD3–CD4+cells, CD3–CD4+OX40+, and CD3–CD4+Fra2+cells in PBMCs with CVN treat-
ment in PS (n = 18) were analyzed by 2-tailed Student’s t test. (C) After 36 hours of treatment with CVN, the trend of the CD3–CD4+, CD3–CD4+OX40+, and 
CD3–CD4+Fra2+ cell percentage in PBMCs was shown (n = 18). (D) There was positive correlation between CD3–CD4+cells and PASI before CVN treatment (n = 
18) by Pearson correlation analysis. Correlation analysis was performed using the Pearson’s correlation. **P < 0.005; ***P < 0.0005; ****P < 0.0001.
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activation, in general, there were no obvious differences in the steady state of  the overall cellular immu-
nity reached by the PS and HC groups. However, this result might be related with our limited number 
of  samples. Similar to previous studies (33, 34), the fraction containing CD4 and CD8 T cells expressed 
higher levels of  skin-homing receptors, such as CCR4, CCR5, and CCR6 (Figure 2B), which mediate 
lymphocyte retention in dermis of  patients with PS (34). We further observed that CD4 TEM cells and 
CD8 TEM cells predominant expressed CCR4 and CCR6 in PS (Figure 2B).

Th1, Th2, and Th17 cell and Treg populations have been identified as major players in determining 
the type of  immune response in PS (10, 30). Therefore, the identification of  these subsets, combined 
with expanded phenotyping for Tfh, Tc1, Tc2, and Tc17 cells, was performed on gated T cells (Figure 
3A). Consistent with previous studies (8, 30), our data showed that levels of  circulating Th1 and Th17 
cells were nonsignificantly increased in PS. The lack of  statistical significance may be explained by the 
limited sample size, as the variances between individuals were clearly demonstrated. Moreover, we also 
identified markedly elevated levels of  circulating Tfh, Tc1, and Tc17 cells in PS, which were validated in 
an independent cohort of  patients with PS (Figure 6A). These findings of  abundant subpopulations in 
PS identified abnormal CD8 and CD4 autoreactive T cells levels in PS, which provided an opportunity to 
explore therapeutic targets and develop personalized and combined medicines.

However, precisely how these various subpopulations of lymphocytes affect the immune system in 
patients with PS should be determined. Therefore, we used SPADE analysis to study the expression levels of  
mTOR, STAT5A/B, STAT3, JAK3, ERK1/2, NF-κB p65, and AKT1/2/3, which are key players in immune 
responses. Among these protein profiles, we found the elevated levels mTOR, STAT3, and JAK3 were mainly 
restrictedly to CD4 TEM cells, which play a vital role in PS (35). In the PS group, JAK3 levels were markedly 
higher in CD4 T cells, especially CD4 TEM cells, and Th2 cells and were higher than those in the HC group 
(Figure 3C). Tofacitinib, formerly designated CP-690,550, is the most widely studied JAK inhibitor in humans. 
It inhibits JAK3 and JAK1 and to a lesser extent JAK2. Importantly, tofacitinib is under investigation for the 
treatment of PS (11). Our study indicated that a more specific inhibitor of JAK3 might more beneficial to treat 
PS. Similarly, in patients with PS, higher levels of mTOR and STAT3 were also predominantly expressed in 
CD4 TEM cells, suggesting these proteins as potential therapeutic targets. STAT5A/B, AKT1/2/3, ERK, and 
NF-κB p65 might not be suitable for inhibition, because they were widely expressed in the inflammatory sta-
tus of PS (Figure 3C). In the present study, for the first time to our knowledge, we visualize the 7 key signaling 
proteins in the PS immune system and precisely outlined their profiles in the 15 lymphocyte compartments. 
However, the phosphorylation status of these proteins will be determined in a future study.

To discover the complexity of  immunology phenotypes in patients with PS, we use the CyTOF 
technique to achieve a system-level characterization. Our in-depth characterization of  lymphocyte com-
partments revealed three new subsets that were present in higher amounts in the peripheral blood from 
patients with PS compared with that in the HC group: CXCR3+CCR5+CD8+ Tregs, CD3–CD4+LTi cells, 
and Tc17 cells (Figure 4, A and B). We also labeled 31 markers in the lesional skin of  PS by IMC, which 
preliminarily confirmed the presence of  the CD3–CD4+ subset and depicted the distribution and expres-
sion of  key proteins related to signal transduction pathways, such JAK3, STAT5, and mTOR, in skin 
biopsy of  PS (Figure 5). This was the first visualization of  the compositions and protein profiles in those 
subclusters of  the immune system in PS to our knowledge.

Furthermore, we focused on the potentially novel p2 population (Figure 6B), which resembled LTi 
cells, which are CD4+ but CD3– and maintain the integral organization of  lymphoid tissue, but might 
also function as antigen-presenting cells in certain circumstances (36, 37). LTi cells are an innate lym-
phoid cell (ILC) subset that appears to be closely related to ILC3s (38), which were first identified as 
CD4+CD3− cells scattered among fetal and neonatal lymph nodes. In human tissue, LTi cells are char-
acterized as CD7+CD161+CD4–CD94–RORγt+ (38). However, circulating CD3–CD4+ cells in the present 
study have not been reported in patients with PS before, and those cells are CD161–. This potentially nov-
el population is different from the LTi cells in tissues and the CD3+CD4+ population of  PS and HC (Fig-
ure 4D). Many inflammatory chemokine receptors, such as CCR4, CCR7, and CXCR3, are upregulated 
on CD3–CD4+ cells, and the IMC results confirmed those chemokines in the PS lesional skin (Figure 5). 
These data suggested that the involvement of  CD3–CD4+ cells in PS might be guided by their responding 
chemokine ligands. Therefore, we validated the abundant CD3–CD4+ cells in the whole blood and skin 
lesion of  another PS cohort (Figure 6, B–D). Our previous study (18) showed that FRA2 is an important 
transcription factor in the development of  PS via its regulation of  the expression of  IL23R. FRA2 is 
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known to regulate the production of  inflammatory cytokines and thus may have an important role in PS 
pathogenesis (39). In addition, recent studies showed that OX40 or OX40L may be expressed on a num-
ber of  other cell types that control of  immune function (36). Notably, an anti-OX40 monoclonal antibody 
(KHK4083) has been administered to patients with PS in a phase I clinical trial with improved effects 
(15). Our study showed that CD3–CD4+ cells rarely expressed OX40L (Figure 4C). The OX40-OX40L 
interaction regulates T cell tolerance, peripheral T cell homeostasis, and T cell–mediated inflammatory 
diseases (14). Thus, we further explored OX40 and FRA2 within the abundant CD3–CD4+ cells.

The CD3–CD4+ cells had higher OX40 and lower FRA2 levels, when compared with those in the HC 
group (Figure 7, A and B), and there was a negative correlation between OX40 and FRA2 levels. We also 
confirmed the presence of  these molecules in the lesional skin of  patients with PS (Figure 7C). Similar to 
previous studies (15, 40), OX40 was highly expressed in the lesional skin of  PS samples and anti-OX40 
treatment in PS indicated an improvement in the PASI score (15). The limited amounts of  CD3–CD4+ 
cells in peripheral blood were not enough to explore the mechanism. Therefore, the significantly lower 
expression of  FRA2 at the protein and mRNA levels was confirmed using flow cytometry and qPCR in 
PBMCs from patients with PS (Figure 7D). These data indirectly support the view that the abnormal 
OX40 and FRA2 levels on CD3–CD4+ cells have an important role in PS.

OX40 mainly promotes the expansion and survival of  effector T cells (14) and was likely to be pre-
dominantly expressed on activated T cells. Therefore, OX40-OX40L, as a checkpoint between adaptive 
and innate immunity, might be potential candidate for PS treatment. The OX40-OX40L interaction also 
controls the phosphorylation of  PI3K and AKT, which are upstream activators of  mTOR (41). OX40 
also plays a key role in maintaining T cell proliferation and survival by inducing T cell memory forma-
tion (15). The low levels of  CD3–CD4+ cells in circulation make it difficult to perform functional assays. 
Therefore, we used ELISA to test OX40L levels in PS serum, which showed an obviously higher level 
of  OX40L in patients’ serum compared with that in HC serum (Figure 8A). The OX40+CD3–CD4+ cells 
might interact with high soluble OX40L in serum to mediate PS development. We next isolated PBMCs 
from PS and treated them with CVN (C32H22N6Na2O8S2), a specific inhibitor of  the OX40-OX40L inter-
action (42). CVN has been confirmed in ex vivo T cell polarization assays, where it successfully mim-
icked the effects of  an agonistic anti-OX40 antibody (43). After 36 hours of  in vitro incubation, we 
observed reduced numbers of  circulating CD3–CD4+ cells and increased FRA2 expression. In addition, 
the level of  CD3–CD4+ cells positively correlated with the PASI score before CVN treatment. Thus, the 
CD3–CD4+ cells might be a novel biomarker for PS disease activity.

Our study contained some limitations. Mass cytometry and IMC are advanced techniques involving 
expensive reagents; however, they do allow simultaneous evaluation of  multiple parameters. Similar to 
that during gene sequencing, we could obtain big data in one sample using 31 markers by mass cytometry. 
Therefore, we used small numbers of  samples to initially screen the potential abnormality of  the adaptive 
immune system in patients with PS. Much of  the data based on the mass cytometry was descriptive, and 
the tendency for the increased expression of  some molecules or subsets did not show statistical significance, 
which requires further validation. However, we ultimately observed certain obvious and potentially novel 
subsets based on these advanced techniques and bioinformatic analyses and validated the CD3–CD4+ subset 
in an independent cohort. To our knowledge this was the first comprehensive visualization of  the adaptive 
immune system of PS, which identified 3 possibly new subsets, which should be validated in further studies.

Future studies involving the systematic collection of  blood from patients with PS at different disease 
statuses, in larger multicenter cohorts, are needed to confirm the involvement of  OX40-OX40L, Tfh 
cells, Tc17 cells, CXCR3+CD8+ Tregs, and CD3–CD4+ cells and to determine the underlying mechanisms 
involving these subpopulations. A comprehensive understanding of  the nature of  PS would help to devel-
op more effective therapies.

Methods
Reagents. Millipore filtered deionized water was used as sample carrier and to prepare chemicals. Cell stain-
ing buffer consisted of  PBS with 0.5% (w/v) BSA and 0.02% (w/v) sodium azide. Unlabeled carrier pro-
tein–free antibodies and fluorescent antibodies for flow cytometry validation were purchased from the indi-
cated vendors (Supplemental Table 1). In-house antibody conjugation with lanthanide isotopes was carried 
out using Maxpar X8 antibody labeling kits (Fluidigm Sciences), as per the manufacturer’s instructions. 
Antibodies staining panel used for mass cytometry are summarized in Supplemental Table 1.
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Subjects. The study was conducted according to the Declaration of  Helsinki. Human peripheral blood 
specimens of  PS patients with PS vulgaris (total n = 38) without any treatment at the disease onset were 
sampled from Renji Hospital. PASI was determined, which is a standard measure of  PS clinical disease 
activity. The symptoms and biopsy results of  PS patients were recorded (Supplemental Figure 2, A–C). 
Healthy donors (total n = 30) with were recruited from the Medical Examination Center of  Renji Hospi-
tal. Patients characteristics are shown in Supplemental Table 2.

Sample processing and storage. PBMCs were isolated from sodium heparin vacutainer blood samples 
by Ficoll-Paque PLUS (GE Healthcare Biosciences) density gradient separation within 4 hours of  collec-
tion. According to the standard experimental protocol provided by Fluidigm company, the PBMC count 
of  each sample was controlled to be approximately 1 × 106 to 3 × 106. During data acquiring on mass 
cytometry, the PBMC number in each sample was controlled to be 1.5 × 106. Cells were then stained 
with cisplatin for 5 minutes at 37°C for live-dead cell discrimination and processed further for long-term 
storage at –80°C until analysis, as described in ref. 44. Serum was isolated from blood by centrifuging the 
tubes at 300 g for 10 minutes and stored at –80˚C.

Barcoding, antibody staining, and data acquisition. Mass tag barcoding (45) was performed according to 
the instructions. For antibody staining, pooled cells were first incubated with TruStain fcX (10 minutes, 
room temperature) for FC blocking, washed twice with Cell staining buffer, and then stained (30 minutes, 
room temperature) with a metal-tagged surface-stain antibody cocktail using predetermined concentra-
tions detailed in Supplemental Table 1. Cells were washed twice and permeabilized using Intracellu-
lar Fixation & Permeabilization Buffer Set (eBiosciences) and then stained with intracellular antibodies 
(Supplemental Table 2). Cell pellets were then diluted in distilled water to the appropriate concentration 
to achieve an acquisition rate of  500 events/s on the CyTOF instrument (46). All other settings were 
either default settings or optimized with tuning solution, as instructed by DVS Sciences.

Data analysis. Data collected from the Helios instrument in.fcs file format were normalized using 
Four Element EQ Beads in the CyTOF software as described in ref. 47 for intra- and interfile signal drift 
and then analyzed on Cytobank (https://www.cytobank.org/). Sequential gating (21) was performed to 
discern living intact singlets from debris, cell aggregates, and dead cells.

The SPADE algorithm (48) was performed on gated live single cells to generate immune landscape 
for each sample and each group. In SPADE, the color gradient indicates the median expression level 
of  the chosen marker. The SPADE settings were as follows: 5 clustering markers (CD19, CD4, CD8a, 
CCR7, CD45RO), 200 nodes, and equal down sampling of  10,000 events for each sample. 5000 cells 
from each sample (after arcsine transformation) were chosen randomly and subjected to t-SNE dimen-
sion reduction with 12 surface markers to generate viSNE maps (49). Due to the large number of  cells in 
a single t-SNE running, a fast Barnes-Hut t-SNE method was adopted, reducing dimension from 19 to 2. 
The 2D t-SNE maps were then fed to an automatic clustering algorithm ACCENSE (50).

Manual gating on bivariate plots and SPADE or viSNE maps allowed for identification of  popula-
tions of  interest on the basis of  canonical marker expression patterns (21). The relative frequency and 
median marker expression levels (arcsine ratio) of  each defined population were exported for further 
analysis and plotting. Heatmaps generated using MATLAB (MathWorks) were used to visualize median 
marker expression levels scaled to each marker for each population.

IMC. To assess the spatial distribution of T cell subpopulations in skin tissues, IMC (Fluidigm) (51) was 
employed to analyze regions of interest of skin frozen section from PS patients. Tissue sections were collected 
and prepared as previously described (52). Briefly, the slides were firstly blocked with 3% BSA in PBS and 
then incubated with a mixture of metal-conjugated antibodies overnight at 4°C in a wet chamber, followed by 
washing twice with PBST for 10 minutes. The slides were then counterstained with freshly prepared Ir work-
ing solution for DNA staining. Images were acquired using the Hyperion Laser Scanning Module coupled to 
a Helios mass cytometer. An area of 400 × 5 pixels for each metal spot was ablated at a frequency of 200 Hz.

Flow cytometry validation. Established panels (Supplemental Table 1) and protocols were used as 
described previously (53). Briefly, cells were blocked with Fc block in staining buffer for 10 minutes at 
room temperature, incubated with antibodies in staining buffer for 30 minutes at 4°C, and then washed 
twice with staining buffer. Samples were resuspended in 400 μl of  1% PFA in staining buffer for 10 min-
utes and washed with staining buffer. Then samples were resuspended in 300 μl PBS and analyzed by 
flow cytometry in an Aria analyzer (BD Biosciences). FlowJo software (Treestar Inc.) was used for data 
analysis. The analysis strategy for PBMCs by flow cytometry was provided in Supplemental Figure 3.
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Immunofluorescence staining. Fresh human skin samples were fixed in formalin and embedded in paraffin. 
Protocols were employed as described previously (54). Briefly, paraffin-embedded 5-μm sections from human 
PS skin were stained for immunological assessment of Fra2, OX40, CD3, or CD4 (Abcam) expression.

Rabbit/mouse anti-human antibody in conjugation with goat anti-rabbit FITC or goat anti-mouse PE 
(Abcam) were used. Negative controls were run simultaneously for all assays by omitting primary antibody. 
Stained sections were examined and photographed using a Carl Zeiss LSM 800 confocal microscope.

qPCR. Protocols were employed as described previously (53). Total RNA from human PBMCs was 
isolated using TRIzol according to the manufacturer’s instructions (Invitrogen). An equal amount of  
total RNA from each individual sample was used as a template in cDNA preparation with Superscript 
II (Invitrogen). cDNA amplification was performed using the Brilliant SYBR Green QPCR Master Mix 
kit (Stratagene) according to the instructions recommended by the manufacturer. qPCR was performed 
on an Applied Biosystems Quantstudio 7 Flex (Applied Biosystems). Sequences of  primers used in this 
study are shown in Supplemental Table 3. Calculations for relative mRNA transcript levels were per-
formed using the comparative CT method (2–ΔΔT).

ELISAs. According to the ELISA protocol, a microplate was coated with diluted capture antibody 
and incubated overnight at 4°C. After washing 3 times with 0.05% Tween-20 in PBS, the plate was 
blocked with 1% BSA in PBS at room temperature for 2 hours. The plate was then washed 3 times, 
and diluted samples and standards were then added in duplicate to the corresponding wells for 2 hours 
at room temperature. After washing, captured cytokines reacted with the detection antibody, and the 
plate was incubated 2 hours at room temperature. Streptavidin-HRP was then added to each well for 20 
minutes at room temperature. Color was developed by incubating with substrate solution for 20 minutes 
at room temperature. The reaction was terminated with stop solution, and absorbance was read using a 
microplate reader set to 450 nm.

Cell isolation and culture. PBMCs were separated from the peripheral blood of  PS samples by density 
gradient centrifugation (GE Healthcare). Then, trypan blue exclusion demonstrated that the viability 
was >96% for all preparations. PBMCs were plated in 6-well plates and allowed to settle 30 minutes in a 
5% carbon dioxide atmosphere at 37°C. PBMCs were then incubated with CVN (TCI Chemical) for 36 
hours (42). After 36 hours culture, cells were collected for flow cytometry experiment.

Statistics. Statistical analyses were done using GraphPad Prism v7. All the continuous variables were 
presented as mean ± SD and were analyzed by 2-tailed Student’s t test, unless specified otherwise. Cor-
relation analysis was performed using the Pearson’s correlation. P < 0.05 was considered statistically 
significant.

Study approval. The Renji Hospital, Shanghai Jiao Tong University School of  Medicine, approved 
the acquisition of  blood and tissue from patients evaluated. Written informed consent was obtained from 
patients prior to their enrollment in the study.
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