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Introduction/Abstract 

 

T lymphocytes accumulate in inflamed tissues of patients with chronic inflammatory 

diseases (CIDs) and express pro-inflammatory cytokines upon re-stimulation in vitro
1-29

. 

Further, a significant genetic linkage to MHC genes suggests that T lymphocytes play an 

important role in the pathogenesis of CIDs including juvenile idiopathic arthritis (JIA)
30-33

. 

However, the functions of T lymphocytes in established disease remain elusive. Here we 

dissect the heterogeneity of synovial T lymphocytes in JIA patients by single cell RNA-

sequencing. We identify subpopulations of T lymphocytes expressing genes reflecting recent 

activation by antigen in situ. A PD-1
+
TOX

+
EOMES

+
 population of CD4

+
 T lymphocytes 

expressed immune regulatory genes and chemoattractant genes for myeloid cells. A PD-

1
+
TOX

+
BHLHE40

+
 population of CD4

+
, and a mirror population of CD8

+
 T lymphocytes 

expressed genes driving inflammation, and genes supporting B lymphocyte activation. This 

analysis points out that multiple types of T lymphocytes have to be targeted for therapeutic 

regeneration of tolerance in arthritis. 

 

Main Text 

Here we have analyzed CD4
+
CD45RO

+
CD25

-
, CD4

+
CD45RO

+
CD127

lo
CD25

+
, and CD8

+
CD45RO

+
 

T lymphocytes, representing antigen-experienced conventional CD4
+
 T lymphocytes (Tcon), 

regulatory CD4
+
 T lymphocytes (Treg) and CD8

+
 T lymphocytes, respectively. Cells were 

isolated from synovial fluid (SF) and peripheral blood (PB) of 7 patients with oligoarticular JIA 

by fluorescence-activated cell sorting (FACS), and single-cell transcriptomes and T cell 

receptor repertoire were determined by RNA-sequencing (Extended Data Fig. 1a and b; 

Supplementary Table 1). We had shown before that the isolation procedure used here does 

not affect gene expression of the isolated T cells, thus, these transcriptomes reflect gene 

expression in vivo
34-36

. We then performed shared nearest neighbor-clustering based on the 

transcriptional profiles of these cells and projected the resulting clusters using dimensional 

reduction analysis by t-distributed stochastic neighbor embedding (t-SNE)
37

. Most of the 

74,891 cells of blood and synovia from all patients clustered according to their lineage and 

tissue origin (Fig. 1a).  
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Synovial Tcon from all patients combined were further clustered into six different subsets 

(clusters 0-5). All clusters were comprised of cells from each individual patient, except 

cluster 5, which did not include cells of patient 2 (Fig. 1b and c; Extended Data Fig. 2). 

Transcriptomic signatures for the 6 synovial Tcon clusters were defined by 603 genes (Fig. 

1d). To characterize the clusters further, we analyzed their expression of functionally defined 

gene sets (modules) and individual signature genes (Fig. 1e and f, Supplementary Table 2)
38

. 

Cluster 0 was the largest, comprising an average of 53.8% (range: 44.9%-60.4%) of the 

synovial Tcon (Fig. 1c). Cells of cluster 0 expressed a gene module typical for naive or 

circulating central memory T (TCM) cells, including the signature genes SELL, CCR7 and S1PR1 

(Fig. 1e and f; Extended Data Fig. 3)
39-45

. Cluster 1 comprised 17.6% (11.8%-24.25%) of the 

synovial Tcon (Fig. 1c). These cells expressed a gene module indicating activation by antigen 

in the synovia in situ, including MHC class II genes and CD40LG, as well as genes encoding for 

cytokines, like IFNG, TNF, CXCL13 and CSF2 (GM-CSF) (Fig. 1e and f; Fig. 3; Extended Data Fig. 

3)
46-51

. These cells also expressed a gene module characterizing tissue-resident memory (TRM) 

cells, including genes such as CXCR6 and DUSP6, ITGAE (CD103), ZNF683 (HOBIT), and 

downregulation of KLF2 (Fig. 1e and f; Extended Data Fig. 3)
45,52-55

. Cells of cluster 2 made up 

for 12.8% (8.8%-16.5%) of synovial Tcon (Fig. 1c). These cells qualified as bona fide T helper 

(Th) type 17 cells due to the expression of RORC, IL23R, and CCR6 (Fig. 1e; Extended Data Fig. 

3)
56

. A subset of these cells also expressed the TRM-associated gene module (Fig. 1f), and the 

genes CD40LG, TNF and CSF2, indicating their recent activation by antigen in situ (Fig. 1e; Fig. 

3c)
45,47,52-55

. Cells of cluster 3 accounted for an average of 10% (6.1%-16.7%) of synovial Tcon 

(Fig. 1c). These cells expressed the gene module of recently activated T cells (Fig. 1f, 

REACTOME_TCR_SIGNALING), and genes indicating T cell receptor (TCR) stimulation, in 

particular TNFRSF9 (4-1BB, CD137), CRTAM and MHC class II genes, but not CD40LG (Fig. 1e; 

Fig 3; Extended Data Fig. 3)
46,49-51,53,57-61

. They also expressed EOMES and/or IL10 and/or 

IFNG ex vivo, resembling type 1 regulatory (Tr1)-like cells
62-64

. Cells of this cluster expressed 

gene modules of both circulating and TRM cells (Fig. 1f), including the genes S1PR1, CX3CR1 

or CXCR6 (Fig. 1e; Extended Data Fig. 3)
52-55

. Cells of cluster 4 represented 4.1% (2.5%-6.2%) 

of synovial Tcon (Fig. 1c). These cells expressed high levels of CD44, ANXA1 (ANNEXIN A1), 

and/or EZR (EZRIN; Fig. 1e; Extended Fig. 3). Expression of these genes has been associated 

with survival, differentiation and functional polarization of T cells
65-69

. Some of the cells of 

this cluster also expressed CD40LG and cytokine genes, such as CSF2 or TNF (Fig. 1e; Fig. 3). 
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Cells of cluster 5 were a minor population (0.4%; 0.0%-1.0%) of all synovial Tcon (Fig. 1c). 

They were proliferating in situ, as indicated by expression of the Reactome gene module 

“cell cycle” (Fig. 1f), including genes like MKI67 and CDK1 (Fig. 1e)
51

. They also expressed 

MHC class II genes, indicating their recent activation by antigen (Fig 1e, Extended Data Fig. 

3)
70-74

. 

 

For 61.4% of the individual synovial Tcon (8445 cells), we could also determine the full-

length TCR α and ß chain sequences. 5632 of these cells (66.7%) expressed a TCR detected 

only once, and 2813 cells (33.3%) expressed a TCR detected twice or more often (Fig. 2a). 

512 (18.2%) of the detected expanded clones could be assigned to the 10 most abundant 

clonotypes, which possessed between 19 and 172 members (Fig. 2a). Cells of expanded 

clonotypes were most prevalent among cluster 1 (62.5%±14.2%), cluster 3 (41.7%±4.7%), 

and cluster 5, the latter in 3 out of 6 of the patients only (Fig. 2a and b).  

 

To define the relation between different subpopulations of synovial Tcon, we compared 

their TCR repertoires and generated a transcriptional trajectory according to gene 

expression along a pseudotime dimension with the unsupervised inference method 

Monocle, which organizes trajectories according to quantitative expression of signature 

genes
75

. We then projected the synovial Tcon clusters onto the trajectory (Fig. 2c and d, 

Extended Data Fig. 4 a). The resulting trajectory had a branched structure with 4 terminal 

nodes separated by two main components, with component 1 (x-axis) being determined by 

TCR signaling (Fig. 2e) and component 2 (y-axis) being dominated by signature genes of the 

distal nodes, which were defined by clusters 0, 1, 2 and 3 of synovial Tcon (Fig. 2c, Extended 

Data Fig. 4 a).  

 

Comparison of the TCR repertoires of the synovial Tcon clusters showed overlaps between 

cells of clusters 1 and 0 (34%), 1 and 2 (19%), 1 and 4 (17%), 1 and 5 (12%), 2 and 4 (13%), 2 

and 5 (9%), 4 and 5 (6%), 5 and 0 (41%), as well as cells of clusters 5 and 3 (29%). These 

overlaps were significantly overrepresented compared to simulated randomized 

distributions of TCR sequences among the different clusters (Fig. 2f, Extended Data Fig. 4b, 

Supplementary Table 3). Integrating the repertoire relationships and the trajectory based on 

expression of functional genes, a significant linkage of clusters 2, 4 and 1 became apparent. 
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Shortest-Path analysis of the data suggested that Th17-like cells of cluster 2 had 

differentiated via a transitional state, represented by cluster 4, into antigen activated Tcon 

of cluster 1 (Fig. 2g), although cluster 1 also contained cells originating from clusters other 

than 2 and 4 (Extended Data Fig. 4b). In summary, clonal expansion, clonal linkage between 

clusters and a trajectory that is based on expression of functional genes, identify cells of 

clusters 1 and 3 as terminally differentiated, in situ activated Tcon putatively driving chronic 

inflammation of the joint. 

 

Few of the cells of clusters 1 and 3 expressed MKI67 or CDK1, suggesting that most of them 

were no longer proliferating, and had been clonally expanded in the past (Fig. 1e and f, 

Extended Data Fig. 3). Apart from the observed clonal expansion of Tcon from synovial 

clusters 1 and 3, those cells also expressed TOX, a gene indicating a history of repeated 

antigenic restimulation (Fig. 3b). Expression of TOX has been described to be induced by TCR 

stimulation in CD8
+
 T cells of a chronic infection mouse model, facilitating the survival of 

these cells
76-78

. The present analysis identifies expression of TOX as a hallmark of distinct 

CD4
+
 T cells of chronically inflamed human tissue for the first time. Among the genes known 

to be induced by TOX are TIGIT and PDCD1, which were also expressed by cells of clusters 1 

and 3 (Fig. 3b)
78

. This phenotype of “exhaustion” contrasts with their expression of genes 

encoding cytokines and chemokines (Fig. 3c). It is intriguing that the cells expressing TOX or 

PDCD1 are the cells expressing functional genes encoding cytokines and chemokines 

(Extended Data Fig. 5a and b). Quantitative PCR (qPCR) of flow-sorted synovial Tcon of JIA 

patients further confirmed that cells expressing the protein PD-1 also expressed higher levels 

of genes encoding for cytokines and chemokines than PD-1
-
 Tcon in situ (Extended Data Fig. 

5c). Synovial PD-1-expressing Tcon also expressed higher levels of TWIST1 and EOMES, genes 

encoding for transcription factors that regulate adaptation of T cells to chronic inflammation 

and control the expression of cytotoxicity-associated molecules, respectively
23,79,80

. Of note, 

cells of both clusters 1 and 3 lacked CXCR5 expression, resembling non-follicular peripheral 

Th cells that have been nominated as prime candidates driving chronic inflammation in 

rheumatoid arthritis and celiac disease (Fig. 3a, Extended Data Fig. 7b)
17,81

.  

 

Despite their common expression of TOX, PDCD1 and of other genes indicating recent 

cognate activation, cells of cluster 1 and cluster 3 differed fundamentally in their response to 
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antigenic stimulation (Fig. 3a-c). Cells of cluster 1 expressed CD40LG and pro-inflammatory 

cytokine and chemokine genes, in particular CSF2, TNF, IFNG, IL21 and CXCL13 (Fig. 3a and c; 

Extended Data Fig. 5d). Some of these cells also expressed CD25 as a hallmark of recent 

activation in situ, since CD4
+
CD45RO

+
CD25

+
 T cells from the same synovia identified a cluster 

of FOXP3
-
 T cells that resembled CD25

-
 T cells of synovial cluster 1 with respect to expression 

of cytokines and chemokines (see cluster 2 of CD4
+
CD45RO

+
CD127

lo
CD25

+
 T cells in Extended 

Data Fig. 6).  

Tcon of synovial cluster 3 responded differently to antigenic stimulation in situ than Tcon of 

synovial cluster 1. They expressed TNFRSF9 (4-1BB, CD137), IL10, PRF1 and genes encoding 

granzymes (Fig. 3a and c), i.e. genes associated with Tr1-like cells. Such cells have been 

reported to regulate immune reactions by IL-10, and to kill myeloid cells and activated T cells 

with granzymes
62-64,82-85

. Nevertheless, they may also support inflammation, since they 

expressed the chemokine genes CCL4 and CCL5 (Fig. 3c), with the potential to attract 

myeloid cells
83,86-88

. Interestingly, some cells of synovial Tcon cluster 1 expressed CSF2 and 

TNF, indicating that they may support activation of myeloid cells, while others expressed 

IL21 and CXCL13, indicating that they have the potential to attract and support B cell 

activation and differentiation (Fig. 3c)
89-96

. 

 

Cells of clusters 1 and 3 also differed fundamentally in their expression of key transcription 

factors. While cells of cluster 1 expressed BHLHE40 and TWIST1, cells of cluster 3 expressed 

EOMES (Fig. 3d, Extended Data Fig. 7a). TWIST1 is selectively upregulated in CD4
+
 T cells 

upon repeated antigenic stimulation and enhances expression of genes promoting 

persistence of the cells
25,26,97

. 34 of 41 synovial Tcon that expressed TWIST1, belonged to 

cluster 1 (Fig. 3d). While TWIST1
+
 cells were sparsely detectable by single-cell sequencing, 

TWIST1 among synovial Tcon cells of cluster 1 was readily detectable by qPCR (Extended 

Data Fig. 7a). Expression levels of TWIST1 in T cells are dependent on antigen-receptor 

activation and they decline rapidly, already 3 hours after onset of activation, highlighting 

cells that had been stimulated by antigen within 3 hours before biopsy
23

. Cells of cluster 1 

also expressed the gene encoding BHLHE40 (Fig. 3a and d). This transcription factor has been 

described to induce the expression of CSF2, and to suppress the expression of IL10
98-100

. This 

is in line with the expression pattern we observe here for synovial Tcon of cluster 1. Finally, 

in line with the functional genes expressed by Tr1-like Tcon of synovial cluster 3 (Fig. 3a-c; 
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Extended Data Fig. 5a and b), these cells expressed the transcription factor EOMES, which 

has been reported to control the differentiation of Tr1-like cells (Fig. 3d)
62,63

.  

 

Apart from the genes discussed so far, Tcon of synovial clusters 1 and 3 differentially 

expressed other genes. Cells of cluster 1 expressed ENTPD1 (CD39), KLRB1 (CD161), CCR6, 

TNFRSF18 (GITR) and the long-non-coding RNA BHLHE40-AS1 (Fig. 3e). Cells of cluster 3 did 

not express IL7R, but CD27, NKG7 and the long-non-coding RNA IFNG-AS1 (Fig. 3e). These 

genes may serve in the future to identify and characterize such cells in pathological context.  

 

PD-1 and CD39 and/or CD161 are sufficient to identify and discriminate synovial CD4
+
 T cells 

of clusters 1 and 3 in JIA (Extended Data Fig. 7). Comparing expression of the genes CXCL13, 

IL21, CSF2, TWIST1, IFNG, BHLHE40AS1, IL10 and EOMES of PD-1
+
CD39

-
 and PD-1

+
 CD39

+
 

synovial CD4
+
 T cells confirmed the gene expression patterns observed by single cell RNA-

sequencing. In addition, flow cytometric analysis showed that PD-1
high

CXCR5
-
CD4

+
 T cells 

accumulated in the inflamed joints of JIA patients and that the dichotomy of these cells 

remained stable after re-stimulation in vitro. Pro-inflammatory PD1
high

CD4
+
 T cells expressing 

CD39 and/or CD161 secreted the cytokines GM-CSF and IL-21, while EOMES
+
 Tr1-like cells 

secreted IL-10 (Extended Data Fig. 7b-e). Mutually exclusive expression of CD161 and CD39 

versus EOMES among Th cells, and the accumulation of CD161
+
CD4

+
 T cells was observed not 

only for inflamed joints of JIA, but also for inflamed intestines of patients with inflammatory 

bowel disease (IBD; i.e. Crohn´s disease and ulcerative colitis), suggesting that 

PD1
high

CD39
+
/CD161

+
 and PD1

high
CD39

-
/CD161

-
 CD4

+
 T cells are involved in chronic 

inflammation of various tissues in distinct diseases (Extended Data Fig. 8a-c).  

 

While synovial Tcon of cluster 1 expressed only gene modules and signature genes of TRM 

cells, synovial Tcon of cluster 3 showed expression of genes associated both with resident  

and circulating T cells (Fig. 1e and f, Extended Data Fig. 3). Accordingly, we could detect Tcon 

in the peripheral blood of JIA patients, resembling Tr1-like cells of synovial Tcon cluster 3. 

For this, we analyzed the clonality of CD4
+
 blood Tcon, which possessed a reduced 

abundancy of expanded clones compared to synovial CD4
+
 Tcon (Fig. 4d; Extended Data Fig. 

9a). This analysis revealed that CD4
+
 Tcon of blood cluster 5 harbored the highest frequency 

of expanded CD4
+
 Tcon clones among all blood clusters, as well as clones that overlap with 
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CD4
 
Tcon clones of paired synovial fluid samples (Fig. 4d; Extended Data Fig. 9b). Tcon of 

blood cluster 5 specifically recapitulated the antigen receptor repertoire of synovial Tcon 

cluster 3, in that 37% of clones were shared between cells of both clusters in the 6 patients 

from who we received both blood and synovial fluid (Fig. 4e, Supplementary Table 4). 

Accordingly, Tcon of blood cluster 5 localized next to Tcon of synovial cluster 3, in a 

combined t-SNE map (Fig 4f). Tcon of blood cluster 5 were highly similar to Tcon of synovial 

cluster 3 and expressed functional molecules of these Tr1-like cells (Fig. 4g). However, they 

did not express IL10 in situ (Extended Data Fig. 9c). This may indicate that the circulating 

cells had not recently been activated by (synovial) antigens or lacked recent exposure to 

additional factors specifically found in inflamed tissues. Tcon of blood cluster 5, with their 

Tr1-like transcriptome, might define a novel immunoregulatory mechanism preventing 

systemic spread of inflammation and confining inflammation to distinct joints in 

oligoarthritis.  

 

Apart from Tcon, also CD8
+
 T memory cells have been implicated earlier in the pathogenesis 

of JIA
29

. Here we originally identified a prominent cluster of synovial CD8
+
 T cells with 

transcriptomes resembling those of pro-inflammatory synovial CD4
+
 T helper cells of cluster 

1. Synovial CD8
+
CD45RO

+
 T lymphocytes of all 7 JIA patients robustly and reproducibly 

clustered into 10 different populations (Fig. 5a). Their frequencies were between 0.1% and 

57.6% of the 14,019 synovial CD8
+
CD45RO

+
 T lymphocytes as indicated in Fig. 5b, and 

differential gene expression signatures defined by 851 genes (Fig. 5c). Cells of most clusters 

expressed PDCD1, TOX and IFNG, indicating their cognate activation in situ. Synovial 

CD8
+
CD45RO

+
 T cells of cluster 1 represented 15.6% (11.6%-16.4%) of synovial CD8

+
CD45RO

+
 

T cells. These cells upregulated expression of the genes CD40LG, CSF2, IL21, TNF, KLRB1 

(CD161), ENTPD1 (CD39), TNFRSF18 (GITR), CXCL13 and also the long-non-coding RNA 

BHLHE40-AS1. In parallel, they downregulated the expression of EOMES, NKG7 or genes 

encoding granzymes as compared to cells outside of cluster 1. This was also true for the 

genes CCR7, SELL, KLF2, S1PR1 and CXCR5 (Fig 5d and e). Of note, PD-1
high

CD8
+
 T cells were 

enriched in inflamed joints of JIA patients compared to blood and were able to secrete also 

the proteins IL-21 and GM-CSF (Extended Data Fig. 10) and expressed both CD8B and CD8A 

and signature genes of TRM cells, such as ITGA1 (CD49b), DUSP6 and CXCR6 (Fig. 5e). Taken 

together, their distinct gene expression signature indicates that these cells i) are activated by 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 28, 2019. ; https://doi.org/10.1101/2019.12.27.884098doi: bioRxiv preprint 

https://doi.org/10.1101/2019.12.27.884098
http://creativecommons.org/licenses/by-nc/4.0/


9 

 

antigen, and ii) are presumably an MHC class I-restricted CD8
+
 “mirror population” of pro-

inflammatory synovialCD4
+
 Tcon of cluster 1, and thus, cells with the potential to drive 

chronic inflammation
29

.  

 

In summary, dissecting synovial effector T lymphocytes from patients with JIA using 

single-cell transcriptomics revealed an unforeseen heterogeneity and plasticity. Many of the 

cells express signature genes indicating continued activation by antigen in situ and transcribe 

genes encoding cytokines and chemokines with a role in inflammation. Although clusters of 

T cells can be defined according to their transcriptional similarity, individual reaction 

patterns to antigenic stimulation differ, even within clusters. Of particular interest are a 

PD-1
+
TOX

+
EOMES

+
 population of CD4

+
 T lymphocytes, representing clonally expanded, 

probably terminally differentiated, non-proliferating but very active effector T cells, 

potentially attracting myeloid cells, but also expressing IL10 with the potential to regulate 

the immune reaction. These cells are also found in the circulation and might have the 

potential to limit systemic spread of inflammation. In any case, they may serve as 

biomarkers to monitor JIA disease activity and response to therapy non-invasively. Two 

other populations of interest are a PD-1
+
TOX

+
BHLHE40

+
 population of CD4

+
, and a mirror 

population of CD8
+
 T lymphocytes, presumably supporting extra follicular B cell activation by 

secretion of IL-21 and CXCL13, as well as activation of myeloid cells by secretion of TNF and 

GM-CSF. These cells, too, are clonally expanded, non-proliferating and terminally 

differentiated. The considerable individual heterogeneity of cells driving inflammation in 

various ways, and limiting it in others, provides a challenge for the development of effective 

targeted therapies that address these diverse cell types differentially and concomitantly, to 

be efficient. The present data provide a molecular basis for the development of biomarkers 

and targeted immune modulating therapies for JIA and potentially other chronic 

inflammatory diseases.  
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Materials and Methods  

Human patient samples 

Peripheral blood (PB) and synovial fluid (SF) samples of JIA patients were collected at the 

Department of Pediatric Pulmonology, Immunology and Critical Care Medicine, Division of 

Pediatric Rheumatology at Charité–Universitätsmedizin Berlin as approved by the ethics 

committee of the Charité–Universitätsmedizin Berlin (approval no. EA2/069/15), at the 

Pediatric Rheumatology Department at University Medical Center of Utrecht (The 

Netherlands) in accordance with the Institutional Review Board of the University Medical 

Center Utrecht (approval no. 11-499/C), and at the Meyer children's hospital, Florence, as 

approved by the Meyer children's hospital ethics committee (approval no. 184/2016). PB 

from healthy adult volunteers was obtained from the Mini Donor Service at University 

Medical Center Utrecht. Samples were collected in compliance with the Declaration of 

Helsinki. Peripheral blood (PB) and synovial fluid (SF) was obtained via vein puncture or 

intravenous drip, and by therapeutic joint aspiration of the affected joints, respectively. 

Informed consent was obtained from all patients either directly or from parents/guardians. 

Intestinal biopsies of IBD patients were obtained from the Azienda Ospedaliero-Universitaria 

Careggi (AOUC), Florence, as approved by the ethics committee of AOUC hospital (approval 

no. 12382_BIO). 

Isolation of antigen-experienced (memory) T cells from the SF and the PB of JIA patients for 

single-cell sequencing and qPCR analyses 

Mononuclear cells from the peripheral blood (PBMCs) were isolated by Ficoll 

density-gradient centrifugation and subsequent collection of the leukocyte-containing 

interphase.  

For the isolation of leukocytes from the synovial fluid, we diluted the viscous fluid with 5 

mM ethylenediaminetetraacetic acid (EDTA)-containing phosphate-buffered saline (PBS) and 

filtered the cells using a 70 μm cell strainer (BD). Subsequently, cells were centrifuged at 300 

g at 4 °C and resuspended in PBS containing 0.2% bovine serum albumin (PBS/BSA). 

Following an additional filtration step through a 70 μm cell strainer, cells were resuspended 
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in PBS/BSA prior to depletion of CD15+ neutrophils by magnetic cell separation (MACS, 

Miltenyi Biotec).  

Single cell suspensions of PBMCs and CD15-depleted SF cells were blocked with human FcR 

blocking reagent (Miltenyi Biotec) and labeled for 15 min at 4 °C with antibodies for 

fluorescent activated cell sorting (FACS) using a FACS-Aria II (BD). The following antibodies 

were used for labeling cells prior to FACS: anti-human CD3-Alexa Fluor 405 (AF405, clone 

UCHT1, DRFZ Berlin), CD4 Brilliant Violet 785 (BV785, EH12.2H7; Biolegend), CD45RO 

(BV510, clone UCHL1, BD), CD39 (BV605, clone A1, Biolegend), CD127 (AF488, clone A019D5, 

Biolegend), CD25 allophycocyanin (APC, M-A251, BD), CD8a APC-Cyanine 7 (APC-Cy7, clone: 

HIT8a, Biolegend), PD-1 phycoerythrin (PE)-Cy7 (clone EH12.2H7, Biolegend), CD14 

peridinin-chlorophyll protein complex (PerCP, clone TM1, DRFZ Berlin) and propidium iodide 

(PI, Sigma Aldrich). 

Cells were sorted to obtain antigen-experienced (memory) CD4
+
CD45RO

+
CD25

-
 T cells 

(Tcons), CD4
+
CD45RO

+
CD127

lo
CD25

+
 regulatory T cells (Treg), and CD8

+
CD45RO

+
 T cells as 

shown in Extended Data Fig. 1. Sorted cells then were subjected to single-cell sequencing or 

qPCR following isolation or RNA. 

Isolation of T cells from the SF and the PB for confirmation of single-cell sequencing data by 

flow cytometry 

SF of JIA patients was incubated with hyaluronidase (Sigma-Aldrich) for 30 min at 37°C to 

break down hyaluronic acid. Synovial fluid mononuclear cells (SFMCs) and peripheral blood 

mononuclear cells (PBMCs) were isolated using Ficoll Isopaque density gradient 

centrifugation (GE Healthcare Bio-Sciences, AB) and frozen in Fetal Calf Serum (FCS) 

(Invitrogen) containing 10% DMSO (Sigma-Aldrich) until use. 

To perform analysis of cells by flow cytometry, the cells were thawed and transferred to a 

96-well plate and stained for viability with Viability Dye eFluor 506 (eBioscience) followed by 

incubation with the surface antibodies: anti-human CD3 AF700 (clone UCHT1, Biolegend), 

CD4 BV785 (clone OKT4, Biolegend), CD8α PerCP-Cy5.5 (clone SK1, BD), CD127 BV605 (clone 

A019D5, Sony Biotechnology), CD25 BV711 (clone 2A3, BD), CD45RO (clone UCHL1, BD), 

CD39 fluorescein isothiocyanate (FITC, clone A1, Serotec), CXCR5 PerCP-Cy5.5 (clone J252D4, 

AntiBodyChain), CD161 PE-Cy5 (clone DX12, BD), CD161 APC (clone DX12, BD), CD279 BV711 
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(clone EH12.1, BD), CD279 PE (clone EH12.1, BD). For intracellular staining cells were fixed 

and permeabilized using the Intracellular Fixation & Permeabilization Buffer Set 

(eBioscience) followed by incubation with: FOXP3 eF450 (clone PCH101, eBioscience), IL-21 

PE (clone 3A3-N2.1, BD), IL-10 APC (clone JES3-19F1, Biolegend), GM-CSF PE-Dazzle594 

(clone BVD2-21C11, Biolegend), IFN-γ PE-Cy7 (clone 4S.B3, BD). For intracellular cytokine 

production, cells were first stimulated for a total of 4 hours with phorbol 12-myristate 13-

acetate (PMA, 10 ng/ml; MP Biomedicals) and ionomycin (1 µg/ml; Calbiochem). Golgi stop 

(1/1500; BD Biosciences) was added for the last 3 hours of stimulation. Hereafter, the 

normal staining procedure was followed. Data acquisition was performed on a BD 

LSRFortessa (BD Biosciences) and analyzed using FlowJo Software (Tree Star Inc.). 

Statistical analysis of cytokine expression (protein data) was performed with a one-way 

ANOVA with Dunnett post-hoc test and with a paired Student´s t-test, if applicable using 

GraphPad Prism version 7.04 for Windows (GraphPad Software, La Jolla California USA). 

 

Isolation and staining of T cells from IBD patients 

Mononuclear cells from the peripheral blood (PBMCs) were isolated by Ficoll 

density-gradient centrifugation and subsequent collection of the leukocyte-containing 

interphase.  

Biopsies of inflamed gut tissue were aseptically obtained during curatively-intended surgical 

procedures. Fresh samples were then minced with a scalpel and enzymatically digested for 

90 min with Collagenase A (1 mg/ml) at 37°C on continuous rotation using MACS Mix 

(Miltenyi). Digested materials were then filtered with a 40 µm cell strainer and pelleted. Red 

cell lysis was eventually performed using 0.8% NH4Cl solution. Recovered cells from the PB 

and from gut biopsies were activated in vitro in RPMI-1640 medium + 10% FCS with PMA (10 

ng/ml) and ionomycin (1 µM) for 5 hours, the last 3 hours in the presence of Brefeldin A (5 

μg/ml). Subsequently, cells were washed with PBS and then fixed using the Transcription 

factor Staining Buffer Set from eBioscience, following the manufacturer's instructions. Cells 

were then stained with anti-human CD3 Pacific Blue (clone UCHT1, BD), CD4 PE (SK3, BD), 

CD161 PE-Vio770 (191B8, Miltenyi Biotech), EOMES APC (WD1928, eBioscience). Finally, 

samples were acquired on a BD LSR II flow cytometer. 
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RNA isolation and qPCR of cDNA 

In order to determine gene expression by qPCR, sorted cells were lysed in Qiazol and stored 

at -80 °C. RNA was isolated from the lysate by using the miRNeasy Micro Kit (Qiagen) 

according to manufacturer´s instructions. Concentrations and purity of isolated RNA was 

measured with a Nanodop 2000. Reverse transcription was performed using the Reverse 

Transcription kit from Applied Biosystems. Gene expression was quantified with qRT-PCR 

based TaqMan Assays (ThermoFisher) using the following assays: BHLHE40-AS1: 

Hs04407259_m1, CSF2: Hs00929873_m1, CXCL13: Hs00757930_m1, ENTPD1: 

Hs00969556_m1, EOMES: Hs00172872_m1, HPRT1: Hs02800695_m1, IFNG: 

Hs00989291_m1, IL10: Hs00961622_m1, IL21: Hs00222327_m1, TWIST1: Hs01675818_s1,. 

Expression of genes was quantified with the (2
-ΔCT

) method relative to the expression of 

HPRT1. 

 

Single-cell RNA-sequencing 

For single cell library preparation, FACS-sorted human T cells were applied to the 10X 

Genomics platform using the Chromium Single Cell 5’ Library & Gel Bead Kit (10x Genomics) 

and following the manufacturer’s instructions for capturing ~3000 cells. The amplified cDNA 

was used for simultaneous 5’ gene expression (GEX) and TCR library preparation. TCR target 

enrichment was achieved using the Chromium Single Cell V(D)J Enrichment Kit for Human T 

cells. Through fragmentation, adapter ligation and index PCR the final libraries were 

obtained. The quality of single cell 5’ GEX and TCR libraries was assessed by Qubit 

quantification, Bioanalyzer fragment analysis (HS DNA Kit, Agilent) and KAPA library 

quantification qPCR (Roche). The sequencing was performed on a NextSeq500 device 

(Illumina) using High Output v2 Kits (150 cycles) with the recommended sequencing 

conditions for 5’ GEX libraries (read1: 26nt, read2: 98nt, index1: 8nt, index2: n.a.) and Mid 

Output v2 Kits (300 cycles) for TCR libraries (read1: 150nt, read2: 150nt, index1: 8nt, index2: 

n.a., 20% PhiX spike-in). Raw Illumina-NextSeq 500 data were processed using cellranger-

2.1.1. Mkfastq, count commands and vdj commands were used with default parameter 

settings. The genome reference was refdata-cellranger-hg19-1.2.0. The vdj-reference was 

refdata-cellranger-vdj-GRCh38-alts-ensembl-2.0.0. In both cases, the number of expected 

cells was set to 3000. Single-cell transcriptome and immune profiling data discussed in this 
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publication, are available at gene expression omnibus (GEO) under the accession number 

XXX.  

 

 

 

Quality control and filtering of single-cell transcriptomes 

Single cell RNA sequencing data were mapped as described above. The resulting expression 

matrix was analyzed in R using the Seurat package (version 3.1.1) following the principle 

steps described previously by Tallulah S. Andrews and Martin Hemberg
37

. In brief, putative 

artifacts from each sample were filtered by removing transcriptomes with less than 2,500 

and more than 12,500 transcripts and transcriptomes comprising less than 1% or more than 

10% of mitochondrial transcripts. In addition, also the 1
st 

and 95
th

 percentile of 

transcriptomes, as judged by the fraction of mitochondrial transcripts, as well as the 5
th

 and 

95
th

 percentile, as judged by the number of transcripts, were discarded. Subsequently, a 

preliminary t-distributed stochastic neighbor embedding (t-SNE) was performed for synovial 

and blood samples using RunPCA and RuntSNE functions with default parameter settings. By 

manual inspection, 54 cells were identified as monocytic contamination based on separate 

clustering and detection of marker transcripts (e.g., CD14 and ITGAM among others, see 

cluster 6 shown in Extended Fig. 2a) as well as a cluster representing FOXP3-expressing 

regulatory T cells (483 cells; cluster 5 shown in Extended Fig. 2a) among synovial 

CD4
+
CD45RO

+
CD25

-
 T cells. The respective clusters were removed from further analysis of 

synovial Tcon (Extended Fig. 2b). The filtered set comprised six paired PB and SF samples 

with 13,479 and 12,481 Tcon, respectively. In addition, Tcon from patient 3 did not have a 

corresponding PB sample and included 1,275 synovial Tcon (summing up to 13,756 synovial 

Tcon in total).  

In addition, the filtered set contained 10,872 and 10,157 CD4
+
CD45RO

+
CD127

lo
CD25

+
 (Treg) 

cells, as well as 12,111 and 14,019 CD8
+
CD45RO

+
 T cells from the PB and the SF, respectively. 

 

Single-cell transcriptome profiling 

Single-cell transcriptome profiling was performed using the Seurat R package (version 3.1.1). 

In particular, samples from the PB and the SF were filtered as described above and 

integrated (combined) with the functions FindIntegrationAnchors and IntegrateData as 
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proposed by Rahul Satija and colleagues (Tim Stuart et al.) and thereby batch-corrected
101

. 

As input for the FindIntegrationAnchors, the 800 most variable features were determined 

within each sample. A list of unique variable features from different samples (SF Tcon, PB 

Tcon, SF Treg, PB Treg, SF CD8
+
CD45RO

+
 T cells and PB CD8

+
CD45RO

+
 T cells) was supplied to 

the integration procedure. The integrated expression matrix was z-transformed by the 

ScaleData function and used to determine the first 50 principal components (PC) using 

RunPCA. Based on significant PCs (p-value < 0.001 as determined by JackStraw and 

ScoreJackStraw) t-distributed stochastic neighbor embedding was performed using RuntSNE, 

with a perplexity of 50 and a theta value of 0. Finally, communities of cells (clusters) were 

annotated by the functions FindNeighbors and FindClusters using the Louvain algorithm and 

were based on the significant PCs and a resolution of 0.2
37

. 

Regarding gene expression displayed by heatmaps, the heatmap color scales indicate the 

row-wise z-scores of expression means (determined by Seurat's AverageExpression) of log-

normalized (by Seurat's LogNormalize) UMIs per cluster (RNA assay used). For unsupervised 

heatmaps, significantly differentially expressed genes were selected as follows: The 

expression level of cells from one cluster was compared to the expression level of cells from 

all the other clusters using the FindAllMarkers function. The statistical test used was 

Wilcoxon's rank-sum test. Only genes (features) were included which were expressed by at 

least 10 % of cells in the respective cluster and which resulted in an adjusted p-value 

(Bonferroni correction) lower or equal to 0.05. 

Cell-wise module scores for gene sets were generated by Seurat's AddModuleScore function 

with default parameters and using the RNA assay. 

Feature plots (gene expression level on t-SNE map) show log normalized (Seurat’s 

LogNormalize function) UMIs with a color scale cutoff at the 95
th

 percentile. 

 

Single-cell TCR repertoire profiling 

The Immune-Profiling analysis by cellranger revealed 16,733 and 15,477 Tcon from six paired 

PB and SF samples, respectively, as well as additional 1,628 cells from the SF from a donor 

whose blood sample was not sequenced. For further analysis, solely cells with annotations of 

the v(d)j gene and cdr3 region for both TCR alpha and beta chain were considered. For cells 

with ambiguous alpha or beta chain annotations, contigs with the best quality, that is, 

productive-ness, full-length and highest number of reads and UMIs were chosen. Cells were 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 28, 2019. ; https://doi.org/10.1101/2019.12.27.884098doi: bioRxiv preprint 

https://doi.org/10.1101/2019.12.27.884098
http://creativecommons.org/licenses/by-nc/4.0/


16 

 

integrated with the transcriptome analysis (including quality assessment and filtering), 

revealing 7,098 out of 13,479 cells and 7,403 out of 12,481 cells from six paired Tcon blood 

and synovial fluid samples, respectively, plus 1,042 out of 1,275 cells from synovial Tcon with 

no corresponding blood sample. For overlaps between PB and SF cells with no corresponding 

blood sample were not considered. The clonotypes were defined by the donor origin, the 

v(d)j genes and cdr3nt annotations for both the alpha and beta chain. Overlaps were defined 

by the ratio of cells in a cluster with clonotypes shared by a cluster being compared. 

Overlaps between two clusters were compared to overlaps between these two clusters with 

randomized cluster annotations. Overlaps of clusters were considered to be significant when 

not more than 5 out 1000 randomized overlaps were higher than the experimentally 

measured overlap of clusters. 

 

Monocle trajectories, GSEA and Shortest-Path analysis 

In order to determine a pseudotime cell trajectory using the monocle-package (version 2.12) 

by Cole Trapnell, processed data had to be transferred from the Seurat object to monocle's 

CellDataSet object. The data provided to monocle were the expression matrix of Seurat's 

integrated assay. ExpressionFamily was set to “uninormal“, since UMI-processing has been 

done in Seurat before. In setOrderingFilter, all genes of the integrated assay were selected as 

ordering_genes. In the function reduceDimension, parameter “norm_method” was set to 

“none“, “reduction_method” set to “DDRTree”, “pseudo_expr” to ”0” and 

“max_components” set to "6". Other arguments were left default. Cells were then arranged 

by orderCells with default settings apart from manually setting the “root_state” to the state 

that mostly corresponded to Seurat's Cluster 0. 

 

The gene set enrichment analysis (GSEA) was performed based on the CERNO test analog to 

the tmod R package using pre-ranked genes and Reactome pathways as gene sets
51,102-104

. In 

particular, for each single cell, genes were ranked by the difference to the mean expression 

among all synovial Tcon. Gene sets with p-values ≤ 0.05 and a false discovery rate (FDR) ≤ 

0.25 were considered as significant and projected onto the Monocle-based trajectory. 

Visualized is the area under the curve (AUC)-values for cells showing significant enrichment.  
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For the Shortest-Path analysis an undirected, weighted graph was generated for cells with 

common TCR annotations, based on Monocle and assuming that each cell could represent a 

reference intermediate state. Each cell was connected to its 10 nearest neighbors based on 

Euclidian distance. The Shortest-Path was computed for each pair using the Dijkstra 

algorithm. The importance of a cell was judged by the Betweenness-Centrality. Significant 

paths between cells with a Betweenness-Centrality greater than 0.1 * n * (n -1), with n being 

the number of cells, were visualized. The direction of an edge was judged by the higher 

centrality value. 

 

Statistical analyses 

All statistical tests are specified in the figure legends of the respective analyses, as well as in 

the respective material and methods section. Statistical calculations were performed with 

GraphPad Prism version 5.04/7.04 and R version 3.6.1 if not specified otherwise. 
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Figure Captions 

 

Figure 1: Transcriptional landscape of the antigen-experienced (memory) T cell compartment and 

heterogeneity of synovial CD4
+
 Tcon in inflamed joints of JIA patients. 

a, A t-SNE map of antigen-experienced T cells from the peripheral blood (PB) and the synovial fluid 

(SF) of JIA patients. The cells were FACS-sorted prior to single-cell RNA sequencing to determine the 

transcriptomes and the TCR repertoire. Shown is a t-SNE map of 74,891 CD4
+
CD45RO

+
CD25

-
 (Tcon), 

CD4
+
CD45RO

+
CD25

+
 (Treg) and CD8

+
CD45RO

+
 T cells from all patients combined. (n=7 for SF Tcon and 

SF CD8
+
CD45RO

+
 T cells; n=6 for SF Treg, PB Treg, PB Tcon and PB CD8

+
CD45RO

+
 T cells.). Each dot 

represents a single cell and is coloured according to the respective sorted population. b, CD4
+
 Tcon 

(n=13,756) from inflamed joints of 7 JIA patients were clustered and projected on a t-SNE map 

showing the formation of 6 different clusters (0-5). Each dot corresponds to a single cell and is 

colored according to its cluster affiliation. c, Quantification and t-SNE projection of the cluster 

distribution among synovial Tcon of the 7 different JIA patients. d, Heatmap showing the z-score 

normalized mean expression of 603 cluster-specific genes. e, Heatmap showing the z-score 

normalized mean expression of selected T cell function-associated genes. f, Module scores of gene 

sets associated to previously described T cell functions projected on t-SNE maps and statistical 

comparison between clusters illustrated as violin plots. In d and e, Heatmap color scales indicate 

row-wise z-scores of cluster-means of log-normalized expression values. Signature genes were tested 

for significant differential expression by cells of a cluster in comparison to cells from all other clusters 

by Wilcoxon's rank sum test with Bonferroni correction. Cutoff was a minimum of 5 % expressing 

cells in the respective cluster and an adjusted p-value ≤ 0.05. In f, A two-sided unpaired Wilcoxon 

test with ns p > 0.05; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001 and ****p ≤ 0.0001 was used. The gene set 

NAIVE_VS_EFF_MEMORY_CD4_TCELL_UP (GSE11057) contains genes, whose expression have been 

found to be upregulated in naive CD4
+
 T cells as opposed to effector memory T cells. The gene set 

NAIVE_VS_EFF_MEMORY_CD4_TCELL_DN (GSE11057) contains genes, whose expression have been 

found to be downregulated in naive CD4
+
 T cells as opposed to effector memory T cells. Analogously 

TRM_CELLS_UP and TRM_CELLS_DN, are gene sets containing genes that were found to be 

upregulated or downregulated in TRM cells, respectively
52

. The curated REACTOME_TCR_SIGNALING 

(M15381) and REACTOME_CELL_CYCLE (M543) gene sets are from the Reactome database and 

contain genes that are associated with TCR signaling and with the cell cycle, respectively
51

. The 

particular genes of all used gene sets can be found in Supplementary Table 2. 

 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 28, 2019. ; https://doi.org/10.1101/2019.12.27.884098doi: bioRxiv preprint 

https://doi.org/10.1101/2019.12.27.884098
http://creativecommons.org/licenses/by-nc/4.0/


26 

 

Figure 2: Clonal relationship of synovial Tcon reveals clusters 1 and 3 as clonally enriched and links 

cluster 1 to cluster 2 and 4. 

a, Detected frequencies of unique and expanded T cell clones among all synovial Tcon and in each 

cluster. The colour-scale corresponds to the clonal abundance (i.e. number of clones) of synovial 

Tcon clonotypes. b, Distribution of unique and expanded T cell clones among the t-SNE map of 

synovial Tcon as well as frequencies of expanded clones in each cluster. A two-sided paired Wilcoxon 

rank test was performed to determine significant differences between cluster 0 and each other 

cluster. Significance was assumed with a p ≤ 0.05. c and d, Pseudotime-based gene expression 

arranges cells along a Monocle trajectory resulting in a branched structure of synovial Tcon. c, Each 

cell is represented as one dot and labeled according to its affiliated cluster. d, Each cell is colored 

according to its pseudotime value, which suggests a direction of Tcon development with a root in the 

lower right corner (dominated by cluster 0). e, Projection of the REACTOME_TCR_SIGNALING 

(M15381) gene set on the trajectory. f, Clonal overlaps between the different clusters of synovial 

Tcon (in percent). Highlighted in red are clonal overlaps that are significantly overrepresented 

compared to 1000 simulated randomized overlaps. g, Shortest-Path analysis directed by clonal 

densities of Tcon clones that are present in all synovial clusters among the Monocle trajectory 

described in c. In b, e and g, Cells that are not highlighted are depicted as yellow in the background 

to outline the shape of the t-SNE map and the trajectory, respectively.  

 

Figure 3: Subsets of antigen-stimulated PDCD1
hi
TOX

+
 synovial Tcon from JIA patients share a 

signature of activation but are distinct regarding their functional responses. 

a, A t-SNE map highlighting synovial Tcon in clusters 1 and 3 and a volcano plot showing genes that 

are differentially expressed by cells in these clusters. Significance was determined by Wilcoxon's rank 

sum test with Bonferroni correction. Cutoff was a minimum of 5% expressing cells in either cluster. b, 

Feature plots showing the expression of indicated genes whose expression (or absence thereof, e.g. 

CXCR5) are shared between cells of cluster 1 and 3. c, Feature plots of indicated functional response 

genes that are differentially expressed between synovial Tcon of clusters 1 and 3. d, Feature plots of 

indicated transcription factor genes that are differentially expressed between cells of synovial Tcon 

clusters 1 and 3. e, Expression of indicated marker genes to distinguish between cells of clusters 1 

and 3 among synovial Tcon. In b-d, Percentages in header bars of feature plots display the 

frequencies of Tcon that express the indicated genes. 
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Figure 4: Tr1-like cells from synovial Tcon cluster 3 of inflamed joints are circulating in the 

peripheral blood of JIA patients. 

a, Cluster analysis and t-SNE projection of 13,479 Tcon from the PB of 6 JIA patients. Each dot 

represents a single cell and is colored according to its affiliation to one of the 7 identified clusters 

(clusters 0-6). b, Quantification and t-SNE projections of clusters among the individual JIA patients. c, 

Heatmap showing the z-score normalized mean expression of 402 cluster-specific genes. d, Detected 

frequencies of unique and expanded T cell clones among all circulating PB Tcon and in each PB Tcon 

cluster. The color-scale corresponds to the clonal abundance (i.e. number of clones) of PB Tcon 

clonotypes. e, Clonal overlaps between the different clusters of synovial and PB Tcon (in percent). 

Highlighted in red are clonal overlaps that are significantly overrepresented compared to 1000 

simulated randomized overlaps. f, Combined t-SNE map of Tcon from the PB and the SF. Each dot 

represents a cell. Displayed are cells from PB Tcon cluster 5 (violet), PB Tcon from all clusters except 

cluster 5 (black), SF cluster 3 (green) and Tcon from all SF clusters except from cluster 3 (grey). g, 

Heatmap displaying genes that are expressed by circulating Tr1-like cells found in PB cluster 5 

representing a molecular fingerprint for the identification of SF derived cells in the PB. In c and g, 

Heatmap color scales indicate row-wise z-scores of cluster-means of log-normalized expression 

values. Signature genes were tested for significant differential expression by cells of a cluster in 

comparison to cells from all the other clusters by Wilcoxon's rank sum test with Bonferroni 

correction. Cutoff was a minimum of 5 % expressing cells in the respective cluster and an adjusted p-

value ≤ 0.05. 

Figure 5: A subset of antigen-experienced (memory) CD8
+
 T cells resembles pro-inflammatory T 

helper cells in the inflamed joints of JIA patients and expresses a TRM cell gene signature. 

a, 14,019 CD8
+
CD45RO

+
 T cells from inflamed joints of 7 JIA patients were sequenced, clustered and 

projected onto a t-SNE map. Clustering separated them into 10 different subsets (clusters 0-9). Each 

dot represents a single cell and is colored according to its cluster affiliation. b, Quantification and t-

SNE projections of the cluster distributions among individual patients. c, Heatmap showing the z-

score normalized mean expression of 851 cluster-specific genes. d, Volcano plot summarizing 

differentially expressed genes of CD8
+
CD45RO

+
 T cells in synovial cluster 1, as compared to synovial 

CD8
+
CD45RO

+
 T cells that are not present in cluster 1. In addition, a t-SNE map showing the groups 

with the cells that were compared and feature plots depicting the expression of CD8A, CD8B, PDCD1 

and TOX are shown. Significance was determined by Wilcoxon's rank sum test with Bonferroni 

correction. Cutoff was a minimum of 5% expressing cells in either cluster. e, Feature plots showing 

the expression of indicated genes whose expression is up- or downregulated by cells of SF 

CD8
+
CD45RO

+
 T cells in cluster 1. 
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Extended Data Figure 1: Analysis of single-cell transcriptomes and TCR repertoires of antigen-

experienced (memory) T cell subsets. 

a, Schematic of the study design to analyze single cell transcriptomes and the TCR repertoire of JIA 

patients. CD45RO
+
 (antigen-experienced or memory) T lymphocytes were isolated from the synovial 

fluid (SF) and the peripheral blood (PB) to generate pairwise single-cell transcriptomic and TCR 

repertoire data of JIA patients. Exceptions for pairwise analysis were made for patient 3, whose 

blood we were not able to analyze with regards to Tcon and CD8
+
CD45RO

+
 T cells, as well as for 

patient 6, whose SF Treg cells we were not able to sequence. b, Representative dot plots showing the 

gating strategy and hierarchy to isolate populations of CD4
+
CD45RO

+
CD25

-
 Tcon, 

CD4
+
CD45RO

+
CD127

lo
CD25

+
 Treg and CD8

+
CD45RO

+
 T cells from the PB and the SF of JIA patients by 

flow cytometry. c, Representative dot plots of flow-sorted Tcon, Treg and CD8
+
CD45RO

+
 T cells. 

Following flow sort, purified cells were subjected to 10X Genomics-based single-cell sequencing. 

 

Extended Data Figure 2: Clustering and t-SNE projection of synovial Tcon following removal of 

contaminating cells. 

a, Synovial CD4
+
CD45RO

+
CD25

-
 T cells were clustered and projected on a t-SNE map. b, A t-SNE map 

of synovial Tcon. The t-SNE map was generated from CD4
+
CD45RO

+
CD25

-
 T cells after removal of two 

clusters containing FOXP3
+
 regulatory T cells and CD14

+
 monocytes. 

 

Extended Data Figure 3: Genes that are expressed by different subsets of Tcon from inflamed joints 

of JIA patients. 

A t-SNE map and feature plots with indicated genes expressed by different subsets of synovial Tcon 

that were isolated from inflamed joints of JIA patients. Percentages in the header bars of the feature 

plots display the frequencies of Tcon that express the indicated genes. 

 

Extended Data Figure 4: Distribution of cells and expanded clones among synovial Tcon clusters. 

Trajectories of synovial Tcon were generated by Monocle as described in Fig. 2. a, Depicted is the 

distribution of synovial Tcon among the trajectory according to their cluster association. b, Shown 

are expanded clones that were found in the indicated clusters and their distribution among the other 

clusters of synovial Tcon. In a and b, Each cell is represented as a dot and colored according to its 

Tcon cluster color: i.e. grey (cluster 0), orange (cluster 1), blue (cluster 2), green (cluster 3), red 

(cluster 4), violet (cluster 5). Cells that are not highlighted are depicted as yellow in the background 

to outline the shape of the trajectory. 
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Extended Data Figure 5: Synovial PD-1
+
TOX

+
 Tcon of JIA patients co-express genes of activation. 

a, b and d, Displayed are feature plots of synovial Tcon that were “gated” (histograms) on TOX
+
 (cells 

≥ 1.4 normalized UMI counts) (a), PDCD1
+
 (cells ≥ 1.4 normalized UMI counts) (b), and CD40LG

+
 (cells 

≥ 1.5 normalized UMI counts) (d) synovial Tcon of JIA patients (n=7). Feature plots of the gated cells 

indicate co-expression of the indicated functional genes (present in red, or absent in grey). The 

header bars of the feature plots indicate the percentages of cells expressing the indicated genes 

among TOX
+
 (a), PDCD1

+
 (b) and among CD40LG

+
 (d) synovial Tcon. c, PD-1

+
 and PD-1

-
 Tcon of JIA 

patients were sorted by FACS (n=8, among these, 5 patients were diagnosed with oligoarticular JIA, 2 

patients were diagnosed with psoriatic arthritis and 1 patient was diagnosed with polyarticular JIA). 

Afterwards, the in situ expression of the indicated functional genes including cytokine genes, 

chemokine genes and genes encoding the transcription factors TWIST1 and EOMES by the sorted 

cells was measured by qPCR. Statistical significance was tested by a two-tailed Mann Whitney test. 

 

Extended Data Figure 6: Synovial CD4
+
CD45RO

+
CD127

lo
CD25

+
 T cells contain cells that resemble 

pro-inflammatory cells of synovial Tcon cluster 1. 

To assess the heterogeneity of Treg, 10,157 CD4
+
CD45RO

+
CD127

lo
CD25

+
 T cells were purified from 

inflamed joints of 6 JIA patients by FACS and clustered following single-cell sequencing. a, A 

combined t-SNE map depicting the clusters of CD4
+
CD45RO

+
CD127

lo
CD25

+
 T cells from the inflamed 

joints of 6 JIA patients. b, Quantification and t-SNE projection of the cluster distribution among 

synovial CD4
+
CD45RO

+
CD127

lo
CD25

+
 T cells of the 6 different patients. c, Heatmap showing the z-

score normalized mean expression of 838 cluster-specific genes. d, Feature plots of indicated genes 

showing that cluster 2 harbors pro-inflammatory T cells resembling cells of CD4
+
 Tcon cluster 1. e, A 

t-SNE map depicting all T memory cells from the PB and the SF, as well as feature plots of indicated 

genes. The area on the t-SNE map where synovial cells of Treg cluster 5 are located adjacent to 

synovial cells of Tcon cluster 1 is highlighted with a black circle. Heatmap color scales indicate row-

wise z-scores of cluster-means of log-normalized expression values. Signature genes were tested for 

significant differential expression by cells of a cluster in comparison to cells from all other clusters by 

Wilcoxon's rank sum test with Bonferroni correction. Cutoff was a minimum of 5 % expressing cells in 

the respective cluster and an adjusted p-value ≤ 0.05. 

 

Extended Data Figure 7: Presence of distinct PD1
high

 T cell subsets that drive or regulate chronic 

inflammation in JIA.  

a, Tcon from the SF of JIA patients were sorted according to PD1 and CD39 expression. Then the 

sorted cells were lysed to isolate the RNA and to determine in situ expression of indicated genes by 

qPCR. Shown is a representative FACS plot of PD-1 and CD39 expression among Tcon, as well as plots 
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that quantify the gene expression of depicted genes (n=3, these patients were also included among 

the patients shown in Extended Data Fig. 5; 2 of the 3 patients were diagnosed with oligoarticular JIA 

and 1 patient was diagnosed with psoriatic arthritis. Results for BHLHE40-AS1 contain data from n=2 

patients). b-e, SF T cells of JIA patients and T cells from the PB of both JIA patients and healthy 

controls were stimulated and stained for analysis by flow cytometry. b, Representative FACS plots of 

PD-1-stained CD4
+
 T cells from the SF and the PB including a fluorescent minus one (FMO) control. 

Subsequent gating shows absence of CXCR5 expression among PD-1
high

CD4
+
 T cells in the SF. c, 

Frequencies of PD-1
high

 T cells within CD4
+
CD45RO

+
 T cells of the PB (n=5) and the SF (n=9). d, 

Frequencies of EOMES
+
, EOMES

-
CD39

+
, EOMES

-
CD161

+
, and EOMES

-
CD39

+
CD161

+
 cells within 

synovial PD-1
high

 CD4
+
 T cells of JIA patients (n=9). Representative FACS plots showing mutually 

exclusive expression of CD39 and EOMES, as well as mutually exclusive expression of CD161 and 

EOMES among synovial PD-1
high

CD4
+
 T lymphocytes of JIA patients. e, Representative FACS plots 

showing the expression of IL-21 and GM-CSF by EOMES
-
CD161

+
 and EOMES

-
CD39

+
 cells, as well as the 

expression of IL-10 by EOMES
+
CD39

-
CD161

-
 cells among SF CD4

+
PD1

high
 T cells. Boxplots show the 

frequencies of IL-21-, GM-CSF- and IL-10-expressing cells within EOMES
-
CD161

+
 (blue), EOMES

-
CD39

+
 

(red), EOMES
-
CD39

+
CD161

+
 (green) and EOMES

+
CD39

-
CD161

-
 (black) cells among synovial PD-

1
high

CD4
+
 T cells of JIA patients (n=6-7). Data in c, d and e are representative of 2 independent 

experiments. Statistical significance in c was determined with an unpaired Student´s t test. Statistical 

significance in e was determined with a one-way ANOVA with equal variance assumption and a 

Dunnett post-hoc test; the boxplots represent the median with 10-90 percentiles. 

 

Extended Data Figure 8: Distinct Th cell subsets at inflamed sites of multiple chronic inflammatory 

diseases can be distinguished by expression of CD161 and EOMES. 

Th cells were isolated from the SF and the PB of JIA patients (n=3). In addition, Th cells were purified 

from biopsies of inflamed colons from patients with inflammatory bowel disease (IBD), i.e. with 

Crohn´s diseases (n=3) and ulcerative colitis (n=3). Purified Th cells were stimulated and analyzed by 

flow cytometry. a, Representative FACS plots showing Th cell subsets expressing either CD161 or 

EOMES. b, Frequencies of Th cells from inflamed joints of JIA patients (n=3) or from inflamed colons 

of IBD patients (n=6) that express CD161, EOMES or both CD161 and EOMES. Red dots in the graph 

of IBD patients quantify Th cell frequencies of patients with Crohn´s disease (n=3), while black dots 

represent samples from patients with ulcerative colitis (n=3). Statistical significance was determined 

by a paired two-tailed Student´s t test. c, Frequencies of CD161
+
 cells among Th cells from the PB or 

the SF of JIA patients (n=3) and among Th cells isolated from the PB or from colon biopsies of IBD 

patients (n=6). Red dots in the graph of IBD patients quantify cell frequencies of 3 Crohn´s disease 
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patients, while black dots represent samples from 3 patients with ulcerative colitis. Statistical 

significance was determined by a paired two-tailed Student´s t test.  

 

Extended Data Figure 9: Clonal overlap and IL10 expression of CD4
+
 PB Tcon. 

a, The graph shows the frequencies of expanded Tcon clones from 6 paired SF and PB samples and an 

additional SF patient without corresponding PB sample. b, Frequencies of expanded T cell clones 

among all PB Tcon clusters are shown. c, Feature plots showing IL10-expressing Tcons from the PB 

and the SF. Red dots represent Tcon that express IL10, while grey dots represent Tcon for which no 

IL10 transcripts were detected. Statistical significance in a was tested with a Wilcoxon matched-pairs 

signed rank test. 

 

Extended Data Figure 10: Identification of a Th cell-like CD8
+
 T cell population that is present in 

inflamed joints of JIA patients. 

a, Representative FACS plots showing PD-1 expression among SF and PB CD8
+
FOXP3

-
 T cells. b, 

Representative FACS plots displaying the gating of CD39
+
 and EOMES

+
 showing a dichotomy for both 

PB PD-1
-
 and SF PD-1

high
 CD8

+
FOXP3

-
 T cells. c, Representative FACS plots showing the expression of 

IL-21, GM-CSF and IFN-γ by SF CD8
+
FOXP3

-
PD1

high
EOMES

-
CD39

+
 T cells. Frequencies of IL-21, GM-CSF, 

IFN-γ and IL-10 within the EOMES
-
CD39

+
 (red) and EOMES

+
CD39

-
 (black) cells within SF CD8

+
FOXP3

-

PD1
high

 T cells (n=6-7). Data in c are representative of 2 independent experiments. Statistical 

significance in c was determined with a paired Student´s t-test. 
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Extended Data Figure 2
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Extended Data Figure 3 
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Extended Data Figure 4
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Extended Data Figure 5
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Extended Data Figure 8
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Extended Data Figure 9
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