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Tissue- Resident Memory CD8+ T Cells From Skin 
Differentiate Psoriatic Arthritis From Psoriasis
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Nienke J. Kleinrensink,1 Nanette L. Vincken,1 Jorre Mertens,1 Deepak M. W. Balak,1 Fleurieke H. Verhagen,1 
Sarita A. Hartgring,1 Erik Lubberts,2  Janneke Tekstra,1 Aridaman Pandit,1  Timothy R. Radstake,1 and 
Marianne Boes1

Objective. To compare immune cell phenotype and function in psoriatic arthritis (PsA) versus psoriasis in order to 
better understand the pathogenesis of PsA.

Methods. In- depth immunophenotyping of different T cell and dendritic cell subsets was performed in patients 
with PsA, psoriasis, or axial spondyloarthritis and healthy controls. Subsequently, we analyzed cells from peripheral 
blood, synovial fluid (SF), and skin biopsy specimens using flow cytometry, along with high- throughput transcriptome 
analyses and functional assays on the specific cell populations that appeared to differentiate PsA from psoriasis.

Results. Compared to healthy controls, the peripheral blood of patients with PsA was characterized by an 
increase in regulatory CD4+ T cells and interleukin- 17A (IL- 17A) and IL- 22 coproducing CD8+ T cells. One population 
specifically differentiated PsA from psoriasis: i.e., CD8+CCR10+ T cells were enriched in PsA. CD8+CCR10+ T cells 
expressed high levels of DNAX accessory molecule 1 and were effector memory cells that coexpressed skin- homing 
receptors CCR4 and cutaneous lymphocyte antigen. CD8+CCR10+ T cells were detected under inflammatory and 
homeostatic conditions in skin, but were not enriched in SF. Gene profiling further revealed that CD8+CCR10+ T 
cells expressed GATA3, FOXP3, and core transcriptional signature of tissue- resident memory T cells, including 
CD103. Specific genes, including RORC, IFNAR1, and ERAP1, were up- regulated in PsA compared to psoriasis. 
CD8+CCR10+ T cells were endowed with a Tc2/22- like cytokine profile, lacked cytotoxic potential, and displayed 
overall regulatory function.

Conclusion. Tissue- resident memory CD8+ T cells derived from the skin are enhanced in the circulation of 
patients with PsA compared to patients with psoriasis alone. This may indicate that aberrances in cutaneous tissue 
homeostasis contribute to arthritis development.

INTRODUCTION

New critical insights into the pathogenesis of psoriasis and 
psoriatic arthritis (PsA) have been made in recent years, including 
the role of the interleukin- 23 (IL- 23)/IL- 17 axis (1,2). This finding 
further propelled the development of novel drugs with potential 
to vastly improve psoriasis, but their strength at halting arthritis 
is less impressive. A clearer understanding of the pathogenesis 
of PsA could guide the development of therapeutics capable of 
resolving arthritis.

The prevalence of PsA in patients with psoriasis is ~20% (2), 
and in its simplest form, PsA presents with arthritis in a patient 
with a history of psoriasis. However, the relationship between skin 
and joint manifestations encompasses a spectrum: patients can 
have severe psoriasis without musculoskeletal symptoms, while 
others have minimal psoriasis and severe arthritis.

This raised the question of whether these diseases are part 
of a single spectrum or are separate entities (3,4). More specifi-
cally, it is currently unknown whether immunologic processes in 
the skin and the joint are directly related. One possibility is that 
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immunologic processes in the skin and the joint occur in paral-
lel, but independently from each other. Some arguments for this 
hypothesis are the aforementioned clinical disease heterogeneity 
of PsA and the finding that response to specific treatment targets 
varies by tissue site (2). Also, observations that local tissue dam-
age (e.g., the Koebner phenomenon) can trigger local inflamma-
tion (5) fit this concept.

Another possibility is that the pathophysiologic processes are 
directly linked and occur sequentially. Supporting this hypothesis 
is the fact that psoriasis itself is a strong risk factor for the develop-
ment of arthritis and that psoriasis typically precedes the onset of 
arthritis by several years. In this scenario, immune cells, cytokines, 
and/or other mediators induced by skin inflammation could trigger 
a second hit at the joint. Indeed, soluble factors have been shown 
to be capable of inducing models of spondyloarthritis (SpA) (6), 
potentially sparking responses of resident, innate lymphocytes 
at musculoskeletal sites (7).

While the role of different immune cells in the skin and joints 
has been described (1), there have been few studies explicitly 
comparing immune cells between psoriasis and PsA (8– 11). In 
this study, we first performed in- depth immunophenotyping in 
patients with psoriasis and patients with PsA who had not been 
treated with disease- modifying antirheumatic drugs (DMARDs) 
and were matched with the psoriasis patients for skin disease 
activity as measured by Psoriasis Area and Severity Index (PASI) 
(12). This was followed by phenotypic, transcriptomic, and func-
tional investigations to determine the specific CD8+ T cell subset 
that best distinguished PsA from psoriasis.

PATIENTS AND METHODS

Study cohort and samples. The study was conducted at 
the Department of Rheumatology and Clinical Immunology, Univer-
sity Medical Centre Utrecht (UMCU), in accordance with the Dec-
laration of Helsinki and with approval from the institutional review 
board. Written informed consent was obtained from all patients 
before participation. Patients with psoriasis had a dermatologist- 
confirmed diagnosis. All patients classified as having psoriasis 
alone underwent clinical evaluation to exclude concomitant PsA. 
Patients with PsA fulfilled the Classification of Psoriatic Arthritis 
(CASPAR) Study Group criteria (13). Patients with axial SpA met 
the Assessment of SpondyloArthritis international Society classifi-
cation criteria (14) and did not have concomitant psoriasis.

In the first phase of the study, the frequency of T cells and 
dendritic cell (DC) subsets in peripheral blood mononuclear cells 
(PBMCs) from patients with PsA (n = 21) was compared to that 
in healthy controls (n = 20), patients with psoriasis (n = 21), and 
patients with axial SpA (n = 16). Patients with psoriasis and patients 
with PsA were matched for key clinical parameters, including PASI 
(Supplementary Table 1, available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41652/ 
abstract). In the second phase, we specifically investigated the 

properties of CD8+CCR10+ T cells, for which additional samples 
were collected: PBMCs (from 32 healthy controls, 17 patients with 
psoriasis, and 18 patients with PsA), synovial fluid (SF) (from 8 
patients with PsA), and skin biopsy samples (from 6 patients with 
PsA and 8 patients with psoriasis). With the exception of SF sam-
ples, all samples were obtained from patients who were not being 
treated with DMARDs at the time of participation.

Sample collection. PBMCs were isolated by density 
centrifugation using Ficoll- Paque Plus (GE Healthcare) from 
lithium- heparinized venous blood and first stored in liquid nitro-
gen. Four- millimeter punch biopsy sections from lesional psori-
atic skin sites (donor- dependent lesional sites) and nonlesional 
skin sites (always dorsal thorax) were obtained and placed in 
phosphate buffered saline on ice before further processing. The 
skin biopsy samples were subjected to mechanical and tissue 
digestion according to the manufacturer’s protocol (Whole Skin 
Dissociation Kit, human; Miltenyi Biotec), after which flow cytom-
etry was performed on the freshly digested skin biopsy samples. 
SF mononuclear cells were isolated by density centrifugation 
using a Ficoll- Paque Plus gradient procedure and first stored in 
liquid nitrogen.

Flow cytometry. Four different flow cytometry panels were 
used to identify and enumerate in thawed PBMCs the relative 
frequency of a broad range of T cell and DC subsets (Supple-
mentary Figures 1– 4, available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41652/ 
abstract), using a standardized flow- cytometry protocol, as pre-
viously described (15). Antibodies used are listed in Supplemen-
tary Table 2 (http://onlin elibr ary.wiley.com/doi/10.1002/art.41652/ 
abstract). Fixation and permeabilization solution was used for 
intracellular antibody staining according to the manufacturer’s 
instructions (eBioscience). Fluorescence minus one was used 
as negative control for determining manual gating strategy. Flow 
cytometry data were acquired using a BD LSRFortessa Cell ana-
lyzer, and flow cytometric cell sorting was performed using a 
BD FACSAria III cell sorter (BD Bioscience). Different subsets of 
CD8+ T cells were flow sorted based on expression of CCR10 
and/or CCR4 (Supplementary Figure 5, http://onlin elibr ary.wiley.
com/doi/10.1002/art.41652/ abstract) for proliferation suppression 
assays and RNA sequencing.

Functional assays. For quantification of intracellular 
cytokine production by flow cytometry, PBMCs were restimulated 
for 4 hours in culture medium (RPMI 1640 with 10% fetal calf 
serum), with phorbol 12- myristate 13- acetate (PMA), ionomycin 
calcium salt, and BD GolgiPlug (BD Biosciences) at 37°C.

Proliferation suppression assays were performed in accord-
ance with established protocols for Treg cells (16). For this assay, 
“regulatory- type” cells and “target cells” were derived from fresh 
PBMCs isolated from 6 healthy controls. The “regulatory- type” 

http://onlinelibrary.wiley.com/doi/10.1002/art.41652/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41652/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41652/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41652/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41652/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41652/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41652/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41652/abstract


LEIJTEN ET AL 1222       |

cells were different flow- sorted CD8+ T cell subsets (Supplemen-
tary Figure 5, http://onlin elibr ary.wiley.com/doi/10.1002/art.41652/ 
abstract). The target cells were CellTrace Violet (Thermo Fisher) 
labeled autologous PBMCs. The “regulatory- type” cells and target 
cells were resuspended in culture medium (RPMI 1640 with 10% 
fetal calf serum) and cocultured at a ratio of 1:2 cells, respectively, 

in anti- CD3– coated plates for 4 days. The readout was the per-
centage of proliferated target cells. As reference for the readout, 
regulatory CD4+ T cells (CD3+CD4+CD25high CD127−) and effec-
tor CD4+ T cells (CD3+CD4+CD25−CD127high) were flow sorted 
from the same donors in each experiment, which indicated that the 
suppression assay worked (results not shown).

Figure 1. Phenotype and function of circulating immune cell subsets in psoriatic arthritis (PsA), and frequencies of T cell and dendritic cell 
subsets in peripheral blood mononuclear cells. A, Heatmap showing the top 20 flow cytometry features that best distinguished the different 
groups studied (healthy controls [HCs] and patients with axial spondyloarthritis [AxSpA], psoriasis [Pso], or psoriatic arthritis [PsA]), as assessed 
by analysis of variance. B, CCR10+ cells within CD8+CD45RO+ T cells. C, IL- 17A+IL- 22+ cells within CD8+ T cells. D, FoxP3+CD25+CD45RO+ 
cells within CD4+ T cells. E, CD161+CCR6+ cells within CD8+CD45RO+ T cells. F, CD303+ cells within DR+CD14−CD16−cells. Symbols 
represent individual subjects; bars show the median. * = P < 0.05. IL- 17A = interleukin- 17A.
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RNA sequencing. Distinct CD8+ T cell subsets were flow 
sorted from thawed PBMCs (8 healthy controls, 6 patients with 
psoriasis, and 6 patients with PsA) (Supplementary Figure 5, avail-
able on the Arthritis & Rheumatology website at http://onlin elibr ary.
wiley.com/doi/10.1002/art.41652/ abstract). Cells were lysed using 
Buffer RLT Plus in the presence of β- mercaptoethanol (final con-
centration 1%), and RNA was isolated according to the manufac-
turer’s protocol (Qiagen Universal Kit). In total, 57 samples were 
used for analysis, and all passed internal quality control checks. 
RNA sequencing was performed using an Illumina HiSeq 4000 
sequencer (paired- end, 150 bp) at GenomeScan in Leiden, The 
Netherlands using standard manufacturer’s protocols. FastQC 
(https://www.bioin forma tics.babra ham.ac.uk/proje cts/fastq c/) was 
used to check the quality of the raw reads obtained from RNA- Seq. 
STAR aligner was used to align the reads to the human genome 
(GRCh38 build 79) (17,18). HTSeq was used to obtain read counts 
for each annotated gene (19). Differentially expressed genes (DEGs) 
were identified using Bioconductor/R package DESeq2 (20). Wald’s 
test was used to identify differential gene expressions between 
conditions (healthy controls, patients with psoriasis, and patients 
with PsA) and cell subset pairs (Supplementary Figure 5, http://
onlin elibr ary.wiley.com/doi/10.1002/art.41652/ abstract). Variance 
stabilizing transformation was applied to the raw read count data 
to obtain normalized gene counts (variance- stabilized data), which 
were used for subsequent plotting. The heatmap, principal compo-
nents analysis, and violin plots were plotted using R.

Statistical analysis. Categorical variables were com-
pared using chi- square tests, and group differences were com-
pared using the Mann- Whitney U test or independent- samples 
t- test (based on normality distribution). Group differences were 
compared using Wilcoxon’s signed rank test for paired samples. 
Spearman’s rank correlation was used to test the association 
between clinical parameters and flow cytometry results.

Flow cytometry data were analyzed using FlowJo software 
(TreeStar). Statistical analysis and visual representation of the data 
were performed using SPSS version 25 and GraphPad Prism soft-
ware, version 7.0. The heatmap of flow cytometry results was made 
with MetaboAnalyst 4.0, using Ward’s clustering algorithm and 
autoscaling of features (21). Venn diagrams were made using 
Venny 2.1 (22). P values less than 0.05 were considered significant.

RESULTS

Higher frequency of circulating CD8+CD45RO+CCR10+ 
T cells in patients with PsA compared to patients with 
psoriasis. We compared the frequency of T cell and DC subsets 
in peripheral blood from patients with PsA versus healthy controls, 
patients with psoriasis, and axial SpA using our standardized immu-
nophenotyping panels (Supplementary Table 1 and Supplementary 
Figures 1– 4, http://onlin elibr ary.wiley.com/doi/10.1002/art.41652/ 
abstract). The results of immunophenotyping indicate that PBMC 

subsets from patients with psoriasis and PsA are generally similar 
(Figure 1A). The CD8+CD45RO+CCR10+ subset was the only cell 
population that was significantly different between patients with 
PsA and those with psoriasis, with higher levels found in patients 
with PsA (P < 0.05) (Figure 1B). Compared to healthy controls, 
patients with PsA had increased frequencies of CD8+CCR10+ T 
cells, CD8+IL- 17A+IL- 22+ T cells, and regulatory CD4+ T cells. 
Patients with PsA also had reduced frequencies of plasmacy-
toid DCs and CD8+CD161+CCR6+ T cells (mucosal- associated 
invariant T– like cells) compared to healthy controls (Figures 1B– F). 
Considering that there are few studies that have examined CCR10 
expression on CD8+ T cells (23– 25), we subsequently set out to 
further characterize the phenotype, origin, and function of CCR10 
expression on CD8+ T cells in general and in relation to PsA.

CCR10 expression on CD8+ T cells marks a memory, 
DNAM- 1high phenotype. We first reexamined the phenotype 
of CD8+ T cells that expressed CCR10 (not using CD45RO+ T 
cells as a prerequisite). As expected, when directly gating on 
CD8+CCR10+ T cells, we found that the majority were classified as 
either central memory T (Tcm) cells or effector memory T (Tem) cells 
(Supplementary Figures 6A and B, http://onlin elibr ary.wiley.com/
doi/10.1002/art.41652/ abstract). CCR10 expression was signifi-
cantly elevated in both Tcm and Tem subsets in patients with PsA 
(Supplementary Figures 6C and D). CD8+CCR10+ T cells were 
also enriched for CCR6 coexpression. The expression of CD45RO, 
CD27, CCR6, and CXCR3 with respect to CD8+CCR10+ T cells 
was similar across patient groups (data not shown).

We broadly screened additional CD8 T cell markers and 
found that CD8+CCR10+ T cells coexpressed DNAX acces-
sory molecule 1 (DNAM- 1) (Figure 2A). DNAM- 1 is an activating 
receptor, and T cell immunoreceptor with Ig and immunoreceptor 
tyrosine- based inhibition motif domains (TIGIT) is an inhibitory 
receptor on T cells, that compete for binding to CD155, an 
immunoglobulin- like adhesion molecule. Based on DNAM- 1 and 
TIGIT, distinct coexpression patterns were detected on CD8+ 
T cells (Figure 2B). Overall, CD8+CCR10+ T cells were typi-
cally DNAM- 1high (Figure 2C), but had less TIGIT coexpression in 
patients with PsA (Figure 2D).

Enrichment of CD8+CCR10+ T cells in the skin, 
but not the joint. To investigate their tissue origin, we enu-
merated the frequency of CD8+CCR10+ T cells in skin biopsy 
samples and in SF mononuclear cells (SFMCs). The frequency 
of CD8+CCR10+ T cells was significantly higher in the skin com-
pared to paired PBMCs. In contrast, there was no enrichment of 
CD8+CCR10+ T cells in SFMC samples compared to non- paired  
PBMCs (Figure 3A and Supplementary Figure 7, http://online 
library.wiley.com/doi/10.1002/art.41652/ abstract). Previous stud-
ies have shown that CCR10 is a chemokine receptor found on 
skin- tropic T cells. We confirmed that the majority of circulating 
CD8+CCR10+ T cells coexpressed the skin- homing markers 
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CCR4 and cutaneous lymphocyte antigen (CLA) (Figures 3B and 
C). Conversely, CD8+CCR10+ T cells did not coexpress β7 inte-
grin, a marker associated with gut- homing properties (Figure 3D).

We then analyzed whether CD8+CCR10+ T cell frequency 
was related to measures of disease activity. The frequency of 
CD8+CCR10+ T cells in PBMCs was not related to tender or swol-
len joint count (data not shown). In addition, we detected a sta-
ble frequency of CD8+CCR10+ T cells in PBMCs obtained from a 
patient with psoriasis before PsA onset and after PsA onset. The fre-
quency of CD8+CCR10+ T cells was not higher in SFMCs from this 
patient at disease onset (Figure 3E). These results indicate that the 
joint compartment is an unlikely source of CD8+CCR10+ T cells.

As expected, we found that lesional skin contained a much 
larger absolute number of CD8+ T cells than nonlesional skin 
(Supplementary Figure 7, http://onlin elibr ary.wiley.com/doi/10. 
1002/art.41652/ abstract). However, the fraction of CD8+ T cells 
expressing CCR10 was either similar or lower in lesional skin com-
pared to nonlesional skin (Figures 3A and F). The frequency of 
CD8+CCR10+ T cells in PBMCs was not related to PASI score 
(data not shown). CD103 expression, a marker of tissue reten-
tion, was significantly elevated in CD8+CCR10+ T cells from both 
PBMCs and skin (Supplementary Figure 8, http://onlin elibr ary.wiley.
com/doi/10.1002/art.41652/ abstract). These results indicate that 
CCR10 is a marker for skin- tropic CD8+ T cells in circulation and 

Figure 2. CD8+CCR10+ T cells are prototypically DNAM- 1high. A, CD8+CCR10+ T cells coexpressed high levels of DNAX accessory molecule 
1 (DNAM- 1). B, Distinct populations of CD8+ T cells were distinguishable based on expression of DNAM- 1 and T cell immunoreceptor with Ig 
and immunoreceptor tyrosine- based inhibition motif domains (TIGIT), including DNAM- 1highTIGIT−, DNAM- 1highTIGIT+, and DNAM- 1−TIGIT+. C, The 
majority of CD8+CCR10+ T cells were either DNAM- 1highTIGIT− or DNAM- 1highTIGIT+. D, Within CD8+CCR10+ T cells with high expression of 
DNAM- 1, TIGIT coexpression was reduced in patients with psoriatic arthritis (PsA). In C and D, symbols represent individual subjects (healthy controls 
[HCs] [white symbols], patients with psoriasis [Pso] [gray symbols], and patients with PsA [black symbols]); bars show the median and interquartile 
range. * = P < 0.05. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41652/abstract.
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Figure 3. Enrichment of CD8+CCR10+ T cells in skin, but not in synovial fluid (SF). A, CD8+CCR10+ T cell frequency in paired nonlesional 
(NL) skin, lesional (L) skin, and peripheral blood mononuclear cells (PBMCs), and in nonpaired SF mononuclear cells (SFMCs). B– D, Expression 
of CCR4 (B), cutaneous lymphocyte antigen (CLA) (C), and β7 integrin (D) in CCR10+ versus CD8+CCR10− T cells. E, CD8+CCR10+ T cell 
frequency in PBMCs from a patient with psoriasis before psoriatic arthritis (PsA) onset and in PBMCs and SFMCs from the same patient at 
initial PsA onset. F, Frequency of CD8+CCR10+ T cells in paired nonlesional skin, lesional skin, and PBMCs from a patient with PsA. Symbols 
in A represent individual subjects (patients with psoriasis [Pso] [gray symbols] and patients with PsA (black symbols); bars in A– D show the 
median and interquartile range. * = P < 0.05. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/
doi/10.1002/art.41652/abstract.
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is enriched in both lesional and nonlesional psoriatic skin, but not 
in SF.

GATA3 and FOXP3 expression and Trm cell  profile 
in CD8+CCR10+ T cells. We next performed transcriptome 
analyses of circulating CD8+ T cells from healthy controls, 
patients with psoriasis, and patients with PsA. Three popula-
tions of viable CD8+ T cells were sorted: CCR10+, CCR4+, and 

CCR10−CCR4− (Figure 4A and gating exhibited in Supplementary 
Figure 5, http://onlin elibr ary.wiley.com/doi/10.1002/art.41652/ 
abstract). We determined that the CCR10+ subset and CCR4+ 
subset were largely overlapping, while both were very distinct from 
the CCR10−CCR4− fraction (Figures 4B and C). Compared to 
the CCR10−CCR4− fraction, the CCR10+ subset was different 
with respect to numerous well- characterized genes, including the 
up- regulation of GATA3, CCR8, IL- 4R, and CD44 (Supplementary 

Figure 4. CD8+CCR10+ T cells express GATA3 and FOXP3 and exhibit a tissue- resident memory (Trm) cell profile. A, Three different subsets 
of CD8+ T cells were flow sorted based on the presence/absence of CCR10 and CCR4. Detailed data regarding the full gating strategy are 
shown in Supplementary Figure 5 (http://onlin elibr ary.wiley.com/doi/10.1002/art.41652/ abstract). B, Principal components (PC) analysis was 
performed based on preselection of 5,268 genes that were differentially expressed in any of the cell subsets (nominal P < 0.05). C, Heatmap 
shows expression levels, on CD8+ cell subsets from healthy controls (HCs) and patients with psoriasis (Pso) or psoriatic arthritis (PsA), of genes 
previously reported as being critical for CD8+ T cells. D, Violin plots indicate the main transcriptional features attributed to Trm cells. Expression 
on the CCR10+ subset was compared to expression on the CCR10−CCR4− subset and the CCR4+ subset. VSD = variance-stabilized data; 
FDR = false discovery rate.
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Figure 5. CD8+CCR10+ T cells exhibit a Tc2/Tc22- like cytokine profile. Peripheral blood mononuclear cells were restimulated with phorbol 
12- myristate 13- acetate and ionomycin calcium salt. The frequency of intracellular production of interferon- γ (IFNγ) (A), interleukin- 10 (IL- 10) (B), 
IL- 4 (C), IL- 13 (D), IL- 17 (E), and IL- 22 (F) was compared between CD8+ T cells based on positivity or negativity for CCR10. Symbols represent 
individual subjects (healthy controls [white symbols], patients with psoriasis [gray symbols], and patients with psoriatic arthritis [black symbols]); 
bars show the median. * = P < 0.05.
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Figure 9, http://onlin elibr ary.wiley.com/doi/10.1002/art.41652/ 
abstract). In addition, the CCR10+ subset exhibited high expres-
sion of FOXP3 and lacked expression of genes associated with 
cytotoxic potential, e.g., GZMB and PRF1 (Figure 4C). Moreo-
ver, CD8+CCR10+ T cells displayed a prototypical gene expres-
sion pattern resembling Trm: high expression of ITGAE (CD103), 

CD69, CCR8, and CD44, and low expression of KLRG1 and 
CX3CR1 (Figure 4D).

As expected, the dominant factors determining the overall 
transcriptomic profile were the cell subsets rather than patient/
health status. Exploratory analysis on the CD8+CCR10+ sub-
set in patients with PsA identified 536 DEGs unique to patients 

Figure 6. CD8+CCR10+ T cells exhibit regulatory properties. A and B, In peripheral blood mononuclear cells (PBMCs), the ex vivo fraction 
of memory CD8+ T cells that expressed CCR10 strongly correlated with the ex vivo fraction of CD8+ T cells that were CD25+CD127− (A) and 
CD25+FoxP3+ (B). Circles indicate pooled data from healthy controls. Additional data are shown in Supplementary Table 1 (http://online 
libr ary.wiley.com/doi/10.1002/art.41652/ abstract). C, Examples of suppression assays are shown. Fresh PBMCs from 5 healthy controls were  
incubated with CellTrace Violet (CT- violet) and cocultured with different CD8+ T cell subsets. Data regarding the gating strategy used for 
flow sorting are shown in Supplementary Figure 5, http://onlin elibr ary.wiley.com/doi/10.1002/art.41652/ abstract). D and E, The suppressive 
effect on CD4+ (D) and CD8+ (E) T cell proliferation was determined on day 4. Symbols represent individual subjects; bars show the median.  
* = P < 0.05. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41652/abstract.
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with PsA compared to those with psoriasis and healthy controls 
(nominal P < 0.05), including up- regulation of RORC, MYD88, and 
IFNAR1 (Supplementary Figure 10, http://onlin elibr ary.wiley.com/
doi/10.1002/art.41652/ abstract). In summary, the results indicate 
that CD8+CCR10+ T cells are characterized by high expression of 
GATA3, FOXP3, and core transcripts defining Trm cells.

CD8+CCR10+ T cells exhibit a Tc2/Tc22 cytokine profile 
with net regulatory function. Consistent with the transcrip-
tomic profile, CD8+CCR10+ T cells produced significantly more 
IL- 17A and IL- 22 compared to bulk CD8+ T cells on ex vivo restim-
ulation. The production of IL- 4, IL- 13, and IL- 10 was also enriched 
in CD8+CCR10+ T cells. In contrast, CD8+CCR10+ T cells had 
reduced overall capacity to produce interferon γ and lacked mark-
ers (granzyme B and perforin) associated with cytotoxic capacity of 
CD8+ T cells (Figures 5A– F, and Supplementary Figure 11, http://
onlin elibr ary.wiley.com/doi/10.1002/art.41652/ abstract).

CD8+CCR10+ T cells coexpressed FoxP3, and the frequency 
of CCR10+ CD8+ T cells in PBMCs was strongly correlated with 
the frequency of CD8+ T cells that expressed a “regulatory” phe-
notype (CD25+FoxP3+ and CD25+CD127−) (Figures 6A and 
B and Supplementary Figure 11, http://onlin e libr ary.wiley.com/
doi/10.1002/art.41652/ abstract). Considering  that CD8+CCR10+ 
T cells exhibited a pleiotropic cytokine- producing profile (Tc2/22- 
like), we next determined whether these cells have an overall 
immunoregulatory function. To this end, we performed immuno-
suppression assays using sorted CD8+ T cell subsets (selected 
based on the markers CCR10 and CCR4) and cocultured them 
with autologous, CellTrace Violet–labeled T cells (Figure 6C). 
Compared to coculture with bulk CD8+ T cells, the coculture with 
CD8+CCR10+ T cells significantly reduced the proliferation of 
both CD4+ T cells and CD8+ T cells (Figure 6D). Our functional 
assays thus confirmed the transcriptome profile data presented in 
Figure 4, indicating that CD8+CCR10+ T cells are Tc2/22- like cells 
with an overall regulatory function.

DISCUSSION

In this study, we discovered and investigated in detail an 
increase in CD8+CCR10+ T cells in the peripheral blood of patients 
with PsA compared to patients with psoriasis. CD8+CCR10+ T 
cells are Tem cells with Tc2/22- like cytokine profile and regulatory 
function. This CD8+ T cell subset was further endowed with a 
transcriptomic profile comparable to that observed in Trm cells, 
which originated in skin, but not the joint.

To our knowledge, this is the broadest immunophenotyping 
study thus far, as performed in a PASI- matched cohort of patients 
with PsA and patients with psoriasis who were not being treated 
with immunomodulatory drugs. Overall, the results underscore the 
role of memory CD8+ T cells in the pathogenesis of PsA, which 
is consistent with findings in previous immunophenotyping stud-
ies and genetic association studies (1,11,26– 28). Specifically, we 

have identified a novel role of CD8+CCR10+ T cells, which may 
be important in the pathogenesis of PsA.

The facts that skin- homing markers on T cells in SF/tissue 
have previously been described (28– 30), and that therapeutics 
blocking specific integrins can induce arthritis (31,32), have raised 
the question of whether skin- tropic T cells could be redirected into 
the joint. However, our results do not indicate that CD8+CCR10+ 
T cells are derived from SF, nor do they appear to preferen-
tially migrate to this site. Instead, we discovered a typical pattern 
of coexpression with the skin- tropic markers CLA and CCR4, 
consistent with previous studies indicating that CCR10 guides 
trafficking of T cells towards the skin (23,33). The CD8+CCR10+ T 
cells are most likely found in the epidermis (34). Notably, we found 
that both lesional and nonlesional skin harbors CD8+CCR10+ T 
cells. There was a trend toward fewer regulatory CD8+CCR10+ T 
cells in lesional skin, which may contribute to pathology. We sus-
pect that CD8+CCR10+ T cells from nonlesional skin contributes 
to the fraction detected in PBMCs for several reasons, including: 
1) patients with psoriasis and patients with PsA had similar PASI 
scores, 2) there was no relationship between the frequency of 
these cells and PASI scores, and 3) even in healthy individuals, 
these cells are detected in the circulation (35). Larger studies are 
needed to compare the quantity of CD8+CCR10+ T cells in skin 
from patients with psoriasis and patients with PsA, particularly 
to examine whether there are subtle differences between these 
groups with respect to both lesional and nonlesional skin sites.

Phenotypically, CD8+CCR10+ T cells were mostly Tem cells 
based on classic nomenclature, but we also detected a strong tran-
scriptional overlap with skin- derived Trm cells (36). In human skin, 
CD8+ T cells can be classified as those that pass through the tissue 
and those that remain in the tissue, the latter being termed Trm cells. 
These cells can be divided into CD69+CD103− or CD69+CD103+, 
the latter being more prevalent in the epidermis and exerting 
potent effector functions (37,38). Our transcriptomic analysis of 
CD8+CCR10+ T cells revealed a striking resemblance to Trm cells: 
high expression of IL- 7R (CD127), CD69, and ITGAE (CD103), and 
low expression of KLRG1 and CX3CR1 (33,37,38). Furthermore, 
transcriptomic analysis revealed high expression of CCR8, which 
has recently been linked to a skin- resident CD8+ T cell population 
(33). In a recent study using a murine model memory precursor 
CD8+ T cell clones from circulation were tracked, and it was found 
that high expression of CCR10 was present in CD8+ T cells com-
mitted to a skin Trm fate (39). Strictly speaking, the CD8+CCR10+ 
T cells we characterized in PBMCs should not be termed Trm cells, 
since Trm cells are, by definition, noncirculating (40). However, this 
dichotomy may be too simplistic, at least in regard to CD4+ T cells. 
CLA+CD4 Trm cells can exit the skin, reenter the circulation, and 
occupy distant skin sites (35). Our data fit well into this recent con-
cept of circulating Trm cells, and specifically adds strength to the 
notion that there are circulating human CD8+ Trm cells (41,42).

Regarding function, CCR10 has classically been attributed to 
Th2 and Th22 subsets of CD4+ T cells (43). The CD8+CCR10+ 
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T cells we analyzed indeed exhibited Tc2/22- like function, but are 
distinct from Tc17 that was recently described in PsA SF (28), 
including the fact that the Tc17 expressed high levels of gran-
zymes. CCR10 has also been described as a common marker 
on regulatory CD4+ T cells (44). Loss of CCR10 in murine models 
results in loss of Treg cells in skin, which enhances IL- 17A and 
tumor necrosis factor production at the cost of IL- 10 production 
(25,45,46). This indicates that CCR10 is important for the regula-
tory function of tissue- resident T cells in noninflamed murine skin 
(25,46). Overall, the transcriptomic profile and functional assays 
performed in our study indicate that these cells could have an 
important regulatory function in human skin.

There are different proposed mechanisms by which CD8+ T 
cells can induce a suppressive function (47). These exact mech-
anisms are beyond the scope of the present study. The potential 
role of immune checkpoints, including the DNAM- 1/TIGIT axis, 
warrants further investigation, since we noted phenotypic distur-
bances in the PsA group. The balance of regulation versus inflam-
mation could also be secondary to environmental cues that skew 
cell plasticity and the cytokine profile, as shown for CD4+ T cells 
and innate lymphoid cells (48,49). Consistent with the latter con-
cept is our finding that RORC and IFNAR1, among other genes, 
differentiated CD8+CCR10+ T cells from patients with PsA com-
pared to patients with psoriasis and healthy controls. While RORC 
is critical to the pathogenic effects of innate immune cells in SpA 
(50), our transcriptomic analysis within the PsA group remains 
exploratory and requires confirmation in a larger group of patients.

We suggest that the potential novel role of CD8+ Trm cells 
in PsA should be viewed in the context of the more established 
role of CD8+ Trm cells in psoriasis (34,41,51,52). Clinically, unaf-
fected skin from patients with psoriasis has perturbations in kerat-
inocytes and Trm cell populations, which has been suggested to 
poise the skin for an excessive inflammatory response (52). Also, 
after psoriasis lesions have clinically resolved, there is long- term 
persistence of epidermal CD8+ Trm cells with IL- 17A– producing 
capacities (41,51). Of further interest is the fact that the effector 
function of CD8+ Trm cells in nonlesional skin is related to disease 
duration (34).

Our study has certain limitations, which includes the fact 
that it was cross- sectional in design and that patients with inflam-
matory rheumatic diseases other than SpA (e.g., rheumatoid 
arthritis or gout) were not included. Although we adhered to a 
standardized protocol for flow cytometry (15), viability staining 
was only performed in the functional and transcriptomic analy-
sis. Also, upon identification of CCR10 as a marker that discrimi-
nated between PsA and psoriasis within CD8+CD45RO+ T cells, 
for further experiments we made the practical choice to exclude 
CD45RO as a marker in the gating, which may have resulted in 
the inclusion of some naive CD8+ T cells. Importantly, it will be 
necessary for these results to be validated in an independent 
cohort of patients, regardless of any subtle modifications to the 
flow- cytometric  gating strategy used.

One question that remains unanswered is whether 
CD8+CCR10+ T cells play a role in the pathogenesis of PsA (e.g., 
contributing to the production of soluble factors affecting dis-
tant musculoskeletal sites) or if these cells should instead be seen 
as the flag of disturbed cutaneous homeostasis that is principally 
driven by other cells, such as keratinocytes or other stromal cells.

Taken together, our findings show that PsA is marked by 
alterations in circulating, skin- derived, regulatory CD8+ Trm cells. 
These data support the notion that events occurring in the skin may 
drive the development of arthritis in patients with psoriasis.
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