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Abstract

T helper 17 (Th17) cells are found in the periphery and synovium of rheumatoid arthritis 

(RA) patients, however IL-17-targeted interventions have limited efficacy in established RA. 

Inflammation can induce Th17 cell transdifferentiation into IL-17-negative exTh17 cells but the 

role of exTh17 cells in arthritis is unknown. We performed Th17 cell lineage tracing in the 

SKG mouse model of RA. In arthritic mice, synovial Th17 cells transdifferentiate into CD44+ 

exTh17 cells, which are more arthritogenic and sustain inflammation that is IL-17-independent. 

The exTh17 cell gene signature includes upregulation of CD44 and S1PR4 and correlates with the 

profile of human RA synovial CD4+ T cells. We demonstrate that crosstalk between Th17 cells 

and fibroblast-like synoviocytes (FLS) via S1P promotes Th17-exTh17 cell conversion. CD44 is 

necessary for exTh17 cell-mediated arthritis. Our study suggests that FLS expansion during RA 

progression promotes Th17-exTh17 cell conversion. These results could potentially enable RA 

precision therapy.

One-sentence summary

exTh17 cells drive IL-17-independent chronic SKG arthritis in mice through upregulation of CD44 

and S1PR4 and crosstalk with FLS.

INTRODUCTION

CD4+ T cells expressing interleukin (IL)-17 family cytokines (Th17 cells) are critical to the 

maintenance of gut homeostasis and play a role in different inflammatory and autoimmune 

disorders(1). Since their discovery and the identification of RORγt as their master 

transcription factor(2–4), several studies have shown that Th17 cells display considerable 

complexity and are exquisitely sensitive and adaptable to their microenvironment. Recent 

single-cell genomic studies have elucidated the heterogeneity of Th17 cells as a key a 

feature of both protective (tissue homeostatic) as well as pathogenic Th17 cells, which 

is reflected in immunometabolic differences between these populations(5). In response 

to microenvironmental cues, Th17 cells can undergo immunophenotypic changes. Fate-

mapping studies in mice have demonstrated that Th17 cells can differentiate into Th1-like 

cells characterized by expression of IFNγ or express IL-10 or FoxP3, which leads to the 

acquisition of a regulatory T cell (Treg)-like phenotype(1). Human Th17 cells are also 

known to display plasticity and switch to an IFNγ+ phenotype after IL-12 stimulation(6).

In rheumatoid arthritis (RA), the role of IL-17 and Th17 cells has not been completely 

clarified. Early studies identified IL-17 in RA synovium and IL-17 and Th17 cells in RA 

synovial fluid(7–9). IL-17 also plays a role in the initiation or progression of disease in 

several mouse models of RA (reviewed in(10)) and Th17 cells are pathogenic in the K/

BxN, collagen-induced arthritis (CIA) and the SKG models(10, 11). However, sekukinumab 

and ixekizumab have shown limited efficacy in RA patients with inadequate responses to 

disease modifying anti-rheumatic agents (DMARD) methotrexate(12) or TNF inhibitors(13, 
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14). Recent single-cell genomics surveys of RA synovium, such as the one within the 

Accelerating Medicines Partnership (AMP) initiative(15), have demonstrated a very low 

frequency of IL-17-expressing cells in the synovium of patients with established RA. 

One explanation proposed for these unexpected results is that IL-17 plays a role in 

the initiation of RA inflammation but becomes less relevant in established RA as the 

rheumatoid inflammatory milieu tends to convert Th17 cells into IL-17-negative exTh17 

cells. IFNγ+RORC+IL-17low “human exTh17 cells” (characterized by expression of CD161, 

CCR6, and CXCR3) are found in the synovial fluid of juvenile arthritis and RA patients(16, 

17). Human exTh17 cells were shown to produce higher levels of TNF and predict response 

to tumor necrosis factor α (TNF) inhibition in RA(17). A single Th17 cell fate-mapping 

study has been carried out by Hirota et al. and showed the presence of IL-17−IFNγ− exTh17 

cells in the synovium of C.SKG.IL17cre.R26ReYFP mice with early arthritis(18). However, 

the phenotype of synovial exTh17 cells and whether these cells are pathogenic was not 

determined.

SKG mice have emerged as a leading model to study the potential role of CD4 T 

cells in RA. These mice carry a homozygous loss of function W163C mutation in 

the proximal SH2 domain of ZAP70, initially observed in a BALB/c colony in the 

Sakaguchi laboratory(19). The ZAP70 mutation impairs negative selection through altered 

thymic TCR signaling leading to the emergence of autoreactive T cells that differentiate 

into IL-17+CCR6+TCRα/β+ (Th17 cells ) and drive spontaneous synovial inflammation 

starting around 8 weeks of age(19, 20). Arthritis can be transferred to immunodeficient 

(SCID or Rag2−/− mice) mice by SKG CD4 thymocytes or peripheral T cells(19, 21, 

22). The development of arthritis can be accelerated and synchronized through a single 

intraperitoneal (i.p.) injection of the fungal wall components zymosan or mannan(23, 24). 

SKG arthritis requires a homozygous Zap70SKG genotype and the H2d haplotype; C57BL/6 

(B6) SKG/SKG mice have some markers of autoimmunity but do not develop arthritis(25). 

Several clinical and pathological aspects of SKG arthritis closely resemble human RA. 

SKG mice develop chronic symmetric arthritis with prominent involvement of small and 

medium paw joints, which is erosive (19). They also display rheumatoid factor (RF)(19) and 

anti-citrullinated peptide Ab(26). Arthritic SKG synovium displays an abundant infiltrate of 

CD4 T cells and prominence of fibroblast-like synoviocytes (FLS)(18). FLS are joint-lining 

stromal cells that are dramatically expanded in RA synovium and are known to promote 

arthritis by amplifying immune mediated inflammation and mediating cartilage and bone 

damage(27). Female mice develop more severe disease than male mice, reflecting the sex 

bias found in human RA(19). Knockout (KO) of IL-1, TNF or IL-6, three cytokines that are 

recognized drug targets for RA, all impair development of arthritis in SKG mice(28).

KO of IL-17 eliminates arthritis in SKG mice and expression of IL-17 is necessary for 

induction of arthritis in Rag2−/− mice after adoptive transfer of SKG CD4 T cells(29), 

pointing to IL-17 and Th17 cells as critical for initiation of arthritis in this model. It is 

not yet clear if IL-17 is necessary for maintenance of chronic arthritis, which reflects the 

typical condition of RA patients after failure of DMARDs. We have revisited Th17 cell fate 

mapping in SKG mice and have focused on the phenotype and pathogenic role of exTh17 

cells. In a previous study examining FoxP3+ Treg stability, we have shown that congenic 

B6.ZAP70Skg/Skg mice develop arthritis at a severity comparable to SKG mice on a BALB/c 
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background once made congenic for homozygous H2d haplotype to yield B6.ZAP70Skg/

Skg.H2d/d (called B6.SGK.H2d) mice(30). Here, we have leveraged B6.SKG.H2d mice to 

apply a lineage-tracing approach to the conversion of Th17 cells into exTh17 cells in 

arthritic SKG mice. We show that in chronic SKG arthritis, synovial Th17 cells are replaced 

by a population of IFNγ−IL-10− exTh17 cells, which becomes the most prominent CD4 T 

cell subset and can be transferred to cause arthritis symptoms more efficiently than Th17 

cells . The application of cutting-edge genomic techniques, including multiome sequencing 

and spatial transcriptomics, allowed us to demonstrate that SKG exTh17 cells display 

transcriptional signatures that have correlates with human RA synovial T cells. We also 

find that FLS can drive conversion of Th17 cells into exTh17 cells and identify pathways 

regulating the conversion of Th17 cells into exTh17 cells and the pathogenic effect of 

exTh17 cells in arthritis.

RESULTS

Th17 cells convert into exTh17 cells and become the most prominent T cell population in 
joints and lymph nodes of SKG mice with chronic arthritis.

To explore the development and role of exTh17 cells in inflammatory arthritis, we bred 

B6.SKG.H2d mice(30) with the IL17cre driver generated by the Stockinger group(31), 

with Vert-X (carrying a IL-10-eGFP reporter)(32), GREAT (carrying a IFNγ-YFP 

reporter(33)), and Ai14 mice (carrying an inducible tdTomato cassette in the ROSA26 

locus(34)). CD4 T cells from the resulting ll17Cre/+IfngYFP/YFPIl10eGFP/eGFPR26RtdTom/

TdTomZAP70SKG/SKG.H2d/d (h triTh17) mice were transferred into B6.Rag2−/−.H2d/d (see 

ref.(30), Rag2-KO) mice. At 7 days after CD4 T cell transfer, mice were stimulated 

with mannan to accelerate arthritis development (Fig. 1A,B and fig. S1A, B). Rag2-KO 

mice recipients of triTh17 CD4 T cells (Rag2-KO-CD4) developed arthritis with clinical 

and histopathologic features, including synovitis, cartilage depletion and bone erosion, 

similar to that observed in spontaneous SKG arthritis (Fig. 1C-F and fig. S1C-F)(30). 

No differences in severity of arthritis were seen between male and female Rag2-KO-CD4 

mice (fig. S1G). To dynamically map the fate of Th17 cells in this model we assessed 

the frequency of CD4 T cells that were Th17 cells (IL17+tdTomato+), exTh17-IFNγ+ 

(IL17−tdTomato+YFP+), exTh17-IL-10+ (IL17−tdTomato+eGFP+), as well as, Th1-like 

IFNγ+ (IL17−tdTomato−YFP+) and Tr1-like (IL17−tdTomato−eGFP+) cells in the joints 

and lymph nodes of recipient mice. Mice were assessed at day 7 (pre-arthritic), day 21 

(early arthritis), day 42 (arthritis plateau) and day 69 (chronic arthritis) after the adoptive 

transfer (Fig. 1G, H, and fig. S2). The frequency of Th17 cells in arthritic joints and 

joint-draining lymph nodes peaked at day 42. Th1-like IL17− IFNγ+ cells were the most 

prominent population in pre-arthritic (before mannan induction) joints and draining lymph 

nodes but their frequency rapidly decreased during the course of arthritis to become almost 

undetectable in the chronic phase. Tr1-like IL17− IL-10+ cells were less represented but 

showed a trend similar to Th1-like cells. exTh17 cells constituted 20% and 10% of the T 

cells respectively in arthritic ankle joints and draining lymph nodes in the pre-arthritic phase, 

and their frequency increased in parallel to clinical severity to represent most T cells in 

joints and lymph nodes in the chronic phase. Within the exTh17 cell population, very few 

cells with an exTh17-IL-10+ phenotype could be found in joints or lymph nodes at any 
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time. exTh17-IFNγ+ cells represented the majority of exTh17 cells in the pre-arthritic phase, 

but rapidly disappeared in the chronic phase. Gene expression studies of sorted Th17 and 

exTh17 cells from chronically arthritic mice confirmed lack of Il17a expression in exTh17 

cells, however there were no differences in Rorc expression between Th17 and exTh17 cells. 

Of note, exTh17 cells showed a distinct upregulation of Il6 and Tfna, known pathogenic 

cytokines in SKG arthritis and human RA (Fig.1l)(28, 35, 36). We conclude that in the SKG 

model of inflammatory arthritis, Th17 cells can lose expression of IL-17a and may convert 

into exTh17 cells, which become a prominent T cell population in chronic arthritis. Our 

study also suggests that the majority of exTh17 cells in arthritic joints and lymph nodes 

of arthritic mice lack expression of IFNγ or IL-10, in contrast to exTh17 cells populations 

described in the nervous system or intestinal inflammation(37).

ExTh17 cells display higher arthritogenic potential than Th17 cells which does not depend 
on re-expression of IL-17.

To compare the arthritogenic potential of Th17 and exTh17 cells, we sorted Th17 and 

exTh17 cells from arthritic Rag2-KO-CD4 at day 63 to 69 after the transfer and performed a 

secondary adoptive transfer of 1×105 Th17 or exTh17 cells into Rag2-KO (the recipient are 

Rag2-KO-Th17 and Rag2-KO-exTh17, respectively) followed by arthritis acceleration via 

mannan injection at day 7 after cell transfer (Fig. 2a). Both Rag2-KO-Th17 and Rag2-KO-

exTh17 developed substantial arthritis. However, the clinical and histopathologic severity of 

arthritis was higher in Rag2-KO-exTh17 mice (Fig. 2B-D and fig. S3A). Consistent with 

these data, there were higher inflammatory cell counts ￼ Rag2-KO-exTh17 mice (fig. S3B) 

Gene expression on whole joint homogenates from Rag2-KO-Th17 vs Rag2-KO-exTh17 

with chronic arthritis showed similar expression ￼Rorc (Fig. 1I)￼Rag2-KO-exTh17 had 

increased expression of Il6 and Tnfa, as well as RA-relevant matrix metalloproteases, 

Mmp2 and Mmp3￼(27) and Cxcl13, a chemokine associated with formation of ectopic 

lymphoid nodes in the synovium of RA patients and SKG mice￼(30, 38)(Fig. 2E). 

Immunophenotyping of the joint draining lymph nodes showed exTh17 cells made up the 

vast majority of CD4 T cells in both Rag2-KO-Th17 and Rag2-KO-exTh17 mice (Fig. 2F). 

Similar data was obtained in male and female recipient mice (fig. S3C, D). These data point 

to a higher arthritogenic potential of exTh17 cells compared to Th17 cells in SKG arthritis 

and suggest that exTh17 cell pathogenesis is mediated by IL-6 and TNFα, two cytokines 

that characterize human RA inflammation,, rather than IL-17. rather than IL-17.

We noticed that while adoptively transferred Th17 cells could convert into exTh17 cells, 

exTh17 cells can also give rise to minimal numbers of Th17 cells. Due to the critical role 

of IL-17 in SKG arthritis and the reported ability of exTh17 cells to re-express IL-17 in 

the context of lung infection(39), we proceeded to assess whether IL-17 neutralization could 

reduce the pathogenic effect of exTh17 cells in SKG arthritis. Fig. 2G, H and fig. S3E-G 

show that while neutralization of IL-17 reduced arthritis severity and formation of exTh17 

cells in Rag2-KO-Th17, it was ineffective in Rag2-KO-exTh17 mice. Insensitivity to IL-17 

blockade, which is also found in chronic human RA(12), suggests that re-expression of 

IL-17 is an unlikely pathogenic mechanism of exTh17 cells in SKG arthritis.
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Integration of bulk transcriptome and single-cell combined gene expression and chromatin 
accessibility data highlight subclusters of exTh17 cells that are potentially conserved in 
RA synovium.

Next, to dissect differences between Th17 and exTh17 cells and explore the pathogenic 

mechanism of exTh17 cells in SKG arthritis, we performed bulk transcriptome analysis 

of Th17 and exTh17 cells sorted from joints or lymph nodes of Rag2-KO-CD4 mice 

with chronic arthritis (day 69 to 72) (fig. S4A). The analysis of differentially expressed 

genes (DEseq2 adj. p-value <0.05 and TPM>5 in at least one sample) confirmed a drastic 

reduction of Il17a, Il17f and Il22 in exTh17 cells compared to Th17 cells in joints and 

lymph nodes (Table S1). There were 158 additional downregulated genes (DEseq2 adj. 

p-value <0.05) in joint exTh17 cells, which had functional enrichments in inflammatory 

bowel disease-relevant pathways, nuclear RNA processing, and chemokine production (fig. 

S4B, see Table S1 for the full list of downregulated genes).

Next, we focused on the 214 genes that displayed higher expression in joint exTh17 cells 

vs joint Th17 cells(Fig. 3A, see Table S2 for the full list of upregulated genes). 48 of those 

genes were upregulated in joint exTh17 cells compared to both joint and lymph node Th17 

cells. Highly expressed members of this group with known function in Th17 cells and/or 

inflammation are indicated by black boxes in Fig. 3B. CD44 is a well-known marker of 

memory T cells(40) while, S1pr4 is one of the receptors for sphingosine-1-phosphate (S1P) 

and its upregulation in joint exTh17 cells was unexpected because S1P receptors are known 

to be downregulated in lung exTh17 cells(39). Other key exTh17 cell markers included 

Rgs1(41); Grap2 (42), and Gimap4 (43) (fig. S4C). Notable members of the remaining 166 

genes, which were exclusively upregulated in joint exTh17 cells vs Th17 cells, included 

several interferon stimulated genes (ISG, Ifit3 and Ifi208) and the heat shock proteins (HSP) 

genes Hsph1 and Hspa1a (indicated by red boxes in Fig. 3B).

We also carried out a Gene Ontology (GO) term enrichment analysis of the 214 upregulated 

genes in joint exTh17 cell population and observed several GO terms and pathways (Fig. 

3C,D), the most significant ones linked to cellular response to interferon-β (including 

several ISG), lymphocyte activation, and regulation of the NK cell response. When we 

compared the list of 214 genes overexpressed in joint exTh17 cell to the 347 genes which 

were recently found to be overexpressed in lung exTh17 cells (GSE130446)(39) we found 

a limited overlap consisting of only 14 genes (notably including the major ISG Ifit3) (fig. 

S4D). We conclude that a gene signature can be identified that distinguishes joint exTh17 

from joint Th17 cells .

We performed single cell Multiome analysis, a combination of scRNA-seq and scATAC-

seq using the 10x Genomics platform to better characterize the heterogeneity within joint 

exTh17 cells and to identify potential transcriptional regulatory mechanisms responsible for 

upregulation of signature genes. This assay, allowed us to study the trascriptional changes 

as well as chromatic accessibility from the same cell. (44). We obtained 8,175 joint exTh17 

cells from Rag2-KO-CD4 mice with RNA-seq and ATAC-seq signals reliably measured in 

the same cell (median of 1242 genes and 12k fragments per cell). Utilizing our multi-modal 

measurements simultaneously, we performed clustering and visualized them through UMAP, 

highlighting 10 distinct clusters (Fig. 3E, clusters 8 and 9 with less than 100 cells were 
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removed from downstream analysis). To annotate these different clusters, we overlaid the 

UMAP with expression profiles of joint exTh17 signature genes (214 upregulated from the 

bulk RNA-seq) that had been previously identified . As expected, Il17a was almost absent 

from all clusters (fig. S5A). Expression of a Th17 cell signature(45) as well as of the 

typical Th17 cell marker CCR6 was low and mostly limited to cluster 1, while almost no 

expression of Cxcr3 (a marker of Th17 cell-derived Th1 cells(16)) was found (fig. S5B). 

Two clusters displayed enrichment with specific exTh17 cell signature genes: cluster 0 with 

ISG subset and cluster 3 with the HSP subset (Fig. 3E, F). These results suggested that 

the upregulation we detected from the bulk RNA-seq for such genes is likely a reflection 

of overrepresentation of cells from these specific subsets in exTh17 cells in comparison to 

Th17 cells. This conclusion was supported by the enrichment of a reported type 1 and type 

2 IFN responsive gene signature(45) in cluster 0 (fig. S5C). We also observed that a subset 

of our signature genes was more widely expressed across all exTh17 cell clusters. These 

included Cd44, S1pr4, Grap2 and Rgs1, with Cd44 expression found at highest levels in 

clusters 2–4. Selective expression of genes involved in cell cycle(46) identified cluster 5 as 

the only proliferating one (fig. S5D) whereas the expression of an exhaustion-specific gene 

signature recently reported in SKG T cells (Bach2, Eomes, Ikzf2, Irf4, Tigit, Tox, Tox2 Jun, 

Ntpd1)(47) was weak across exTh17 cell clusters (fig. S5E).

Although exTh17 cells can only be rigorously identified in fate-mapping mouse models, 

given our ability to extract specific gene signatures of joint exTh17 cells that were supported 

by both bulk and single-cell gene expression data, we also explored whether cells with 

exTh17-like gene signatures could be identified among the CD4 T cells characterized from 

synovial biopsies of RA patients. We reanalyzed single-cell RNA-seq (scRNAseq) data from 

a single center cohort of five RA synovial biopsies (48) and carried out scRNAseq analysis 

of a new single-center cohort of 21 RA synovial biopsies (Fig. 3G, fig. S5F, Table S3). For 

the reanalysis, we identified the T cell cluster followed by extraction of clusters with CD4 

signature leading to ~1800 CD4+T cells in 6 different clusters, while the new cohort detected 

~3400 CD4 T cells subdivided into 7 clusters. We assessed expression of exTh17 cell 

signature genes in T cells from the Accelerating Medicines Partnership (AMP) cohort(49), 

which consists of 52000 CD4 T cells split into 11 clusters (Fig. 3I) Quantification and 

visualization of exTh17 cell signature genes demonstrated that a substantial fraction of these 

genes was highly expressed in CD4 T cells from RA biopsies (Fig. 3HI, I, fig. S5G). As 

seen in mouse joint cell multiome analysis, CD44, S1PR4, RGS1, GIMAP4 and GRAP2 
were expressed across all clusters for both cohorts, whereas HSPA1A was enriched in a 

clustered subset. None of the signature genes appeared to be specific to known clusters of 

human RA synovial CD4 T cells, however RGS1 and S1PR4 were enriched in Tph and 

Tfh, which are a key pathogenic population in human RA(50). A notable exception was that 

IFIT3 displayed little if any expression in RA synovial T cells. Data from these three human 

cohorts show expression of key exTh17-upregulated genes in T cells from synovial biopsies 

of RA patients, suggesting their relevance in RA pathogenesis.
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Single-cell chromatin accessibility and RNA velocity analyses highlight upstream cluster-
specific regulators and potential checkpoints for exTh17 cell development.

To elucidate the upstream regulators involved in differentiation into each exTh17 cell 

subset/cluster, we performed motif enrichment analysis for differentially accessible regions 

(DARs) (Fig. 4A). Consistent with the distribution of signature genes across clusters, 

aggregation of scATAC-seq tracks per cluster showed cluster-specific accessibility patterns 

for ISG and HSP genes but not for S1pr4 or Cd44 (Fig. 4B). An analysis of top enriched 

transcription factor (TF) motifs highlighted specific patterns for clusters 0 (ISG-enriched), 

3 (HSP-enriched) and 1 (low IL-17). Cluster 0 showed enrichment for the Ikaros Zinc 

Finger Ikaros (Ikzf1) and Stat2, two TF that control IFN signaling (51, 52). Binding motifs 

for Heat Shock Factors proteins(53) Hsf1, Hsf2 and Hsf4 which control HSP expression 

were distinctly enriched in cluster 3 (Fig. 4A and fig. S6A, motifs for the key enriched 

TF are shown in fig. S6B). Cluster 1 DARs (Fig. 4A) showed strong enrichment for TFs 

involved in mediating T cell activation and/or Th17 cell differentiation such as the Activator 

Protein-1 TF Basic leucine zipper transcription factor, ATF-like (Batf), nuclear receptor 

subfamily 4A (NR4A) member Nr4a1 (a.k.a. Nur77) and the two Nuclear factor of activated 

T-cells (NFAT) members Nfatc1 and Nfatc4(54–57). Together these data point to a potential 

reactivation of the Th17 cell transcriptional programs in a subset of exTh17 cells during 

chronic arthritis, similar to what occurs more extensively in lung exTh17 cells during an 

infection rechallenge(39).

We used RNA velocity analysis for insights into the potential differentiation trajectory 

among different subsets of joint exTh17 cells. For this, we utilized both scRNA-seq and 

scATAC-seq component to calculate cell velocity (Multivelo)(58). This analysis, coupled 

with latent time (Fig. 4C) suggested that HSP-signature cluster 3 likely represents an early 

differentiation state of exTh17 cells. In addition to upregulation (high velocity) and high 

expression of HSP genes, Cd44 was also most upregulated in this cluster suggesting an 

early role for Cd44 in exTh17 cell differentiation. Cluster 1 had low but detectable levels of 

Il17a expression and non-zero velocity for this gene, which confirmed its potential trajectory 

toward Th17 cell redifferentiation. The cluster with the latest latent time was cluster 0 that 

had both upregulation and high expression of ISG suggesting that this cluster could be a late 

differentiation state of exTh17 cells in mice.

FLS can modulate the joint microenvironment to promote formation of exTh17 cells.

In an attempt to localize exTh17 cells in the synovium of Rag2-KO-CD4 mice, we 

optimized a method for performing immunofluorescence (IF) microscopy on non-decalcified 

joint sections, which allows co-staining with other antibodies (Ab) while preventing the 

quenching of the fluorescence of tdTomato. Co-staining sections of chronically arthritic 

joints with anti-podoplanin (a FLS marker) and anti-IL-17 Ab showed an abundance of 

Il17−tdTomato+ exTh17 cells densely interspersed with FLS in the synovium, where there 

were very few Th17 cells (Fig. 5A and Fig. S7A). FLS-secreted IL-6 induces instability of 

Treg in RA and SKG synovium(30, 59). Due to the observed physical proximity of exTh17 

cells to FLS, we tested whether FLS could influence the Th17-exTh17 cell conversion in 

an in vitro two-chamber co-culture assay. We observed that when naïve triTh17 cells were 

differentiated in Th17 cell polarization media(30), exTh17 cells constituted around 20% of 
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the resulting TdTomato+ cells; however, FLS in the lower chamber led to a large increase 

in the fraction of resulting exTh17 cells (Fig. 5B). These experiments suggest that soluble 

factor(s) from FLS might play a role in promoting the conversion of Th17 cells into exTh17 

cells in inflamed joints.

To gather confirmation of a potential relationship between FLS and exTh17 cells in human 

RA, we carried out spatial transcriptomics using the 10X Visium platform in arthroplasty 

human synovium from 3 RA patients (Fig. 5C-E and fig. S7B-E, Table S3). We visualized 

the density of transcripts that point to FLS identity (PDPN, CDH11, PDGRFA) and a gene 

signature that characterizes exTh17 cells (CD4, CD44, S1PR4, RGS1, NKG7, LTB, IRF8, 
IL18R1, IFIT3, HSPH1, GRAP2, GIMAP4). Despite the less homogeneous distribution 

of FLS in RA compared with SKG synovium (Fig. 5C), a co-localization analysis, using 

MistyR(60) showed that hot spots of that exTh17-signature tended to co-localize with hot 

spots of FLS in the synovial specimens analyzed (Fig. 5D,E and fig S7D,E). When we 

assessed the distribution of the top three pathway that differentiate mouse joint exTh17 cells 

versus Th17 cells (Fig. 3C), there was evidence these localized in proximity to the exTh17-

FLS co-localization hot-spots (Fig. S7B). To gather further evidence at the single-cell level 

of co-localization between exTh17 cell markers and FLS in human RA, we subjected tissues 

from two synovial biopsies to spatial transcriptomic analysis using the Xenium platform(61). 

We used the Human Multi-Tissue and Cancer panel (377 genes) with additional custom 

panel of 50 genes which included FLS and exTh17 cell markers ( Table S4). Fig 5F, G and 

Fig S7F shows that CD4 T cells with exTh17 cell markers are interspersed with fibroblasts 

within the synovium. A correlation analysis of exTh17 cell marker expression and proximity 

to FLS showed significant positive correlation for Cd44 and S1pr4. These data suggest that 

FLS might play a role in the conversion of Th17 cells into exTh17 cells, possibly through 

the secretion of one or more soluble factors and/or spatial proximity between T cells and 

FLS.

S1pr4 contributes to joint exTh17 cell generation.

We tested multiple cytokines in an in vitro Th17 cell differentiation assay to identify 

which soluble factors mediate Th17 to exTh17 cell conversion. Tgfβ is a soluble factor 

that is produced by RA FLS(62) and is a critical promoter of exTh17-IL10+ formation 

in colitis(37). However, addition of TGFβ to the in vitro Th17 cell differentiation assay 

led to a strong decrease of exTh17 cell production (Fig. 6a). Stimulation with TNFα and 

IL-1, cytokines that are not produced by FLS but heavily present in arthritic synovium, 

also did not affect the outcome of this assay (Fig. S8A). IL-7 is produced by lymphatic 

endothelial cells and is important for the maintenance of memory phenotype of Trm cells in 

the lungs(39). IL-7 is produced by FLS(63), however, neutralization of IL-7 did not reduce 

Th17 cell conversion in the triTh17-FLS co-culture assays (fig. S8A). The phenotype of 

exTh17 cells resembles cytokine-activated T cells (Tck) cells previously described in RA 

(64), thus we generated SKG Tck by incubating naïve SKG T cells with IL-2, IL-6 and 

TNFα and compared their phenotype with exTh17 cells. SKG Tck cells expressed less 

IL-17a and IL-6 than exTh17 cells but comparable TNF, suggesting that SKG Tck cells 

share some features with exTh17 cells but are not identical (fig. S8B).
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FLS display abundant basal production of S1P, which is enhanced in hypoxia which can 

occur in the chronic RA pannus(65, 66). We repeated the triTh17 cell differentiation assay 

with the addition of a selective S1PR4 antagonist CYM50358(67) and noticed that the 

compound decreased the fraction of exTh17 cells in the assay (Fig. 6B). CYM50358 is 

not suited for in vivo use, so we assessed whether S1PR4 plays a role in exTh17 cell 

production in vivo with an in vivo knockdown strategy. TriTh17 CD4 T cells underwent in 

vitro CRISPR-mediated knockdown of S1pr4 followed by transfer into Rag2-KO mice. We 

validated this strategy by showing that knockdown of Rorc led to a decrease in arthritis 

severity and differentiation of Th17 and exTh17 cells in the lymph nodes (fig S8D). 

Similarly, as shown in Fig. 6D-F and fig. S8C, knockdown of S1pr4 strongly decreased 

the severity of arthritis and the joint exTh17/Th17 cell ratio.

We next carried out an experiment by treating Rag-KO-CD4 with the S1P inhibitor 

FTY720 (68, 69). Because of lack of S1P receptors on lung Trm exTh17 cells, in vivo 

administration of FTY720 did not affect Trm exTh17 cell numbers in the lungs(39). 

However, FTY720 ameliorated disease severity in several mouse models of RA including 

an SKG-based model(70)￼. cellsexTh17 cell (39)￼￼Treatment with FTY720 led to a 

significant decrease in the severity of arthritis in Rag-KO-CD4 mice (Fig. 6G and fig. S8E). 

We did not detect significant changes in Th17 cell counts in the joints or lymph nodes 

of FTY720 treated mice however there was a strong decrease in exTh17 cell numbers in 

the joints with a decreasing trend also observed in the lymph nodes leading to decreased 

joint and lymph node exTh17/Th17 cell ratio (Fig. 6F and fig. S8F). The lymph node/joint 

ratio of exTh17 cells in FTY20 treated mice was much lower than for general CD4 cells 

or Th17 cells, pointing to substantial decrease in exTh17 cell conversion in addition to the 

expected lymph node sequestration (Fig.6Iand fig. S8G). To determine whether FTY20 had 

a specific effect on IFN-signaled T cells, we used immunofluorescence to quantify total 

CD3+ T cells and IFN-signaled T cells (defined by IFIT3+ CD3+ co-expression) in the 

joints of FTY720 vs untreated mice. We found that FTY720 reduces the total T cell number 

and not IFN-signaled T cells specifically (fig. S9). We conclude that signaling through the 

S1PR4 is likely to play a role in the conversion of Th17 cells into exTh17 cells in inflamed 

joints and potentially their pathogenic action in SKG arthritis. Our results also highlight 

that the phenotype of joint exTh17 cells is likely different from lung Trm exTh17 cells and 

potentially exTh17 cell populations in other tissues.

CD44 promotes the pathogenicity of exTh17 cells in inflammatory arthritis.

We used Rag2-KO-exTh17 mice to dissect the pathogenic mechanism of exTh17 cells. We 

focused onCD44 because of its dramatic overexpression in exTh17 cells and its known role 

as a promoter of arthritis in other models(71). Joint exTh17 cells produce more IL-6 and 

TNFα than Th17 cells. Both IL-6 and TNFα are necessary for SKG arthritis(28). Since 

IL-6 receptor blockade ameliorates established SKG arthritis(30), we compared the effect 

of global IL-6 receptor vs CD44 blockage on the severity of arthritis caused by exTh17 

cells. Fig. 7A and fig. S10B show that CD44 blockade was more effective than IL-6 receptor 

blockade. Since CD44 is expressed in multiple cell types (including RA FLS(72)), we 

confirmed that in vivo CD44 knockdown reduces arthritis caused by triTh17 CD4+ T cells 

(Fig. 7B and fig. S10A).To compare the pathogenic effect of Cd44+ vs Cd44− exTh17 
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cells adoptively transferred into CD44+ recipients, we performed in vivo knockdown Cd44 
in triTh17 cells followed by sorting of CD44+ vs CD44− T cells from arthritic Rag2-KO-

sgRNA_Cd44 mice and adoptive transfer of these two populations into recipient Rag2-KO 

mice to generate Rag2-KO-tdTomato+CD44− and Rag2-KO-tdTomato+CD44+ mice (Fig. 

7C and fig.S10C). Fig. 7D and fig. S10D shows that arthritis severity was substantially 

lower in Rag2-KO-tdTomato+CD44− vs Rag2-KO-tdTomato+CD44+ mice. Flow cytometry 

analysis of lymph nodes (Fig. 7E, F; fig.S10E shows that the vast majority of T cells from 

Rag2-KO-tdTomato+CD44− mice remained CD44-negative) showed increased frequency of 

exTh17 cells and expression of IL-6 in T cells in arthritic Rag2-KO- tdTomato+CD44+.

Hyaluronan is produced in large amounts by FLS(73) and CD44 has been hypothesized 

to mediate adhesion between lymphocytes and FLS in RA(74). CD44 is also known 

to enhance T cell activation(75). We hypothesized that expression of CD44 on exTh17 

cells could ultimately promote FLS inflammation. We sorted joint T cells and FLS 

from arthritic Rag2-KO- tdTomato+CD44− vs Rag2-KO- tdTomato+CD44+ and assessed 

expression of key arthritogenic genes (fig. S10F, G). As shown in Fig. 7G, CD4 cells 

from Rag2-KO-tdTomato+CD44+ displayed increased expression of Tnfa a key promoter 

of FLS inflammation(27), and FLS from Rag2-KO- tdTomato+CD44+ displayed increased 

expression of Il6 and Mmp3. There was a similar, albeit not significant, trend for Mmp2. 

We conclude that overexpression of CD44 on exTh17 cells is a key promoter of the 

arthritogenicity of these cells, perhaps through cross talk between FLS-produced hyaluronan 

and CD44-mediated stimulation of proinflammatory cytokine production by exTh17 cells.

DISCUSSION

The working model suggested by our data is summarized in Fig. 7H. Overall, we show that 

the pro-inflammatory environment of arthritis induces a population of exTh17 cells whose 

phenotype is distinct from the Th1-, Tr1-, and Trm exTh17 cells described in models of 

colitis, EAE and lung infection(37, 39). Differentiating features of arthritis-induced exTh17 

cells include persistent RORγt expression, lack of IFNγ or IL-10 expression, and the ability 

to promote chronicity of arthritis without re-expression of IL-17. These cells also show low 

proliferative features, and widespread expression of exhaustion-related genes. We show that 

blockage of S1P-S1PR4 signaling inhibits in vivo exTh17 cell conversion independent of 

the known regulation of LN T cell trafficking by S1P. This effect of S1P on exTh17 cell 

formation is reminiscent of the known stimulatory role of S1P on Th17 cell differentiation, 

which is mediated by S1PR1(76). It remains to be established whether other S1PRs play a 

role in exTh17 cell generation and whether S1PR4 upregulation in exTh17 cells contributes 

to survival or stability. We demonstrate that FLS likely play a critical role in promoting 

exTh17 cell generation in arthritic synovium through production of S1P. RA FLS in humans 

and mice express sphingosine kinases and are major producers of S1P in mouse arthritic 

and RA joints(77). Deletion of sphingosine kinases(65) or treatment with FTY720(78) or 

inhibitors of S1PR1(79) are effective in mouse models of RA.

SKG exTh17 cells have a heightened arthritogenic potential when compared to Th17 cells 

and promote IL-6 and TNF-enriched arthritis. As TNF is a major pro-inflammatory stimulus 

for FLS(27), and IL-6 promotes formation of Th17 cells, conversion of Th17 cells into 
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exTh17 cells might generate a vicious cycle which fuels expansion of FLS and further 

formation of exTh17 cells. CD44 is another molecule that is overexpressed in exTh17 cells 

and promotes their arthritogenicity. CD44 is highly expressed by T cells and additional cell 

types -including FLS- in RA synovium, and is considered as a therapeutic target for RA(71). 

CD44 mediates activation of T cells by hyaluronan (HA), which is highly expressed in 

normal and RA synovial fluid and regulates inflammation in autoimmunity(80–82). FLS are 

major producers of HA in RA joints(87), thus overexpression of CD44 could promote the 

observed physical co-localization between TNF-producing exTh17 cells and FLS. Another 

potential role of CD44 in exTh17-mediated pathogenesis is through its interaction with CD6, 

a T cell surface glycoprotein(83).

The comparative analysis of exTh17 cell transcriptional signatures and subsets from SKG 

vs human RA synovium enabled the identification of CD4+ cells in RA synovium that 

share markers of SKG exTh17 cells. Expression of HSPs (which identifies cluster 3 of 

SKG exTh17 cells in Figs. 3, 4) might mark a subpopulation of human RA exTh17 cells. 

However, there was less direct correlation between the exTh17 cell clusters and CD4 clusters 

identified in our vs published CD4 single-cell transcriptomics studies. Human RA patient 

cohorts are considerably more heterogeneous than inbred mouse strains in terms of genetic 

structure and pathotype/FLS enrichment of synovium(84, 85) asynchronous onset of arthritis 

and-often- multicentric nature of the human studies. It is possible that clusters of human 

exTh17 cells more homologous to SKG exTh17 cells occur only in specific patients or stage 

of disease. For example, there is no ISG expression in T cells from established RA synovium 

however, Cooles et al have hypothesized that an IFN signature positivity is a feature of early 

RA(86). In addition, we cannot rule out that exTh17 cells are plastic and they could further 

morph into more RA-like CD4 clusters during the course of disease.

Our study has additional limitations. The IL-17cre driver generated by the Stockinger group 

(also utilized by Hirota et al(18)) inactivates expression of IL-17, thus rendering our triTh17 

mice IL-17 haploinsufficient. While this might explain the slower development of arthritis 

displayed by triTh17 mice, triTh17 CD4+ cells were able to elicit robust arthritis after 

transfer into Rag2-KO mice. The dynamic appearance, distinct phenotype, and enhanced 

pathogenicity of exTh17 cells combined with their inability to re-express IL-17 after transfer 

into Rag2-KO mice strongly supports the idea that our study identified genuine exTh17 

cells. Some limitations might stem from our focus on the SKG mouse model. In SKG 

arthritis, the role of Th17 cells and their interplay with FLS in the RA synovium has been 

well characterized, making it the best suited model for fate-mapping studies of Th17 cells in 

autoimmune arthritis. However, other aspects of human RA as less well recapitulated by the 

SKG model. For example, B cells albeit present in SKG synovium do not play a significant 

role(19, 30), while CD8 cells are found in human RA synovium(87, 88) but not in SKG 

synovium(30). The SKG phenotype could also be affected by the innate immune stimulus 

utilized to synchronize arthritis (89, 90). The assessment of synovium obtained from surgical 

arthroplasties carries limitations due to the frequent concurrence of pathological changes due 

to secondary OA.

Despite these limitations, our study does complement previous studies focused on human 

bona fide IL17low exTh17 cells. A subpopulation of IFNγ+exTh17 cells are found in early 

Zoccheddu et al. Page 12

Sci Immunol. Author manuscript; available in PMC 2026 March 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



SKG arthritis, thus it is possible that that the reported human circulating IL17low exTh17 

cells represent early stage exTh17 cells. However, it is currently difficult to draw further 

comparisons between SKG exTh17 cells and human IL17low exTh17 cells, as no genomics 

data is available for IL17low exTh17 cells. Furthermore, the NK1.1 molecule, the murine 

equivalent of CD161, has not been described in mouse Th17 cells.

Our model explains previous observations that while IL-17 is necessary for triggering 

SKG arthritis, once disease is established, it is only mildly sensitive to IL-17 

neutralization(30).Similarly, conversion of Th17 cells into exTh17 cells might in part 

underlie the complete absence of Th17 cells from synovia of patients with established 

RA -as shown now by two rounds of AMP-supported studies(15, 49)- and the consequent 

insensitivity of DMARD-unresponsive RA to IL-17-targeting therapies. Two recent reports 

on peripheral T cells from patients with pre-RA/at risk and early RA(91, 92) showed 

significant presence of cells with Th17 cell features in pre-RA/at risk vs patients with 

established RA. In patients with pre-RA/at risk, conversion of Th17 cells to exTh17 cells 

might contribute to loss of mucosal microbial control which is a key risk factor in the 

pathogenesis of RA, especially in the lung and oral mucosa (93, 94). On the other hand, 

IL-17 might selectively play a role in the switch from pre-RA/at risk to early RA, in which 

case, trials of FDA approved anti-IL-17 Ab in patients with pre-RA/at risk could delay or 

prevent disease.

MATERIALS AND METHODS

Study design:

The aim of this study was to investigate the presence and role of exTh17 cells in the 

autoimmune arthritis of the SKG mouse model and cross-correlate mouse exTh17 cell data 

with CD4 T cell data from human RA synovium. Our hypothesis was that Th17 cells that are 

present in the synovium in early arthritis can convert into exTh17 cells in the chronic phase. 

We utilized models of adoptive transfers of T cells from fate mapping mice and assessed 

human synovial specimens by single cell RNA sequencing and spatial transcriptomics. 

We also performed in vitro Th17 cell differentiation assays in the presence or absence of 

synovial fibroblasts, to examine how synovial fibroblasts in chronic arthritis may contribute 

to the conversion of Th17 cells into exTh17 cells. T cells for adoptive transfers were pooled 

from several mice, while number of recipient animals varied between 3 and 9 for each 

experiment. For antibody treatments, we assessed 3 recipients. For all the other experiments 

we assessed 4–9 recipients. These numbers were consistent with the standards described 

our ethical protocols, and determined to have an 80% power to see a difference with a 

significance of p<0.05. Bulk RNA sequencing studies of mouse cells were performed in 4 

replicates, each one obtained by pooling cells from 7–8 mice. 10X Multiome studies were 

done in one experiment with a pool of 10 mice. Single cell RNAseq studies on human 

samples were carried out on 21 specimens. Spatial transcriptomics (ST) experiments were 

carried out on 5 total specimens. The robustness of the human studies was increased by 

either assessing our data in comparison to another independent data set or cross-correlating 

data between two different ST approaches (Visium platform utilized in 3 specimens and 

Xenium platform utilized on 2 specimens). In vitro cellular immunology experiments were 
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independently repeated 3–7 times, and graphing and statistical analysis were carried out on 

experimental replicates. No outlier removal was performed for this study. Histopathological 

scoring was performed blindly following Standardized Microscopic Arthritis Scoring of 

Histological (SMASH) guidelines (95). We have indicated in the figure legends the number 

of mice, or human specimens, or experimental replicates and statistical tests utilized and 

whether the image provided is representative of multiple replicates/experiments.

Mice.

SKG mice were obtained by Dr. S. Sakaguchi and have previously been described(19, 

23, 30). Generation of C57BL/6 (B6) mice carrying the SKG mutation and the H2d 

MHC haplotype (B6.SKG.H2d) has been previously described(22, 30). Il17aCre (Jax 

# 016879) (31), Il10eGFP (Jax# 014530)(32), IfngYFP (Jax# 017581)(33), and B6.Cg-

Gt(ROSA)26Sortm14(CAG−tdTomato)Hze/J floxed (R26tdTomfl/fl; Jax# 007914)(34) mice were 

obtained from Jackson Laboratories (Jax) and crossed with B6.SKG.H2d in house 

to generate B6.l17aCre/WTIl10eGFP/eGFPIfnγYFP/YFPR26tdTomfl/flZap70SKG/SKG.H2d/d mice 

(here referred to as triTh17 cells). Rag2-knock out mice on a C57BL/6 (Jax# 008449)

(96), background were crossed with congenic B6.H2d (Jax # 000359) mice to generate 

Rag2-knock out H2d mice (here referred as Rag2-KO). These mice were used as recipient of 

triTh17 CD4 T cells. Il17a-gfp reporter mice (C57BL/6-Il17atm1Bcgen/J [Jax# 018472(97)]) 

were used as source of T cells for in vitro assays. All mice were housed in the University 

of California San Diego (UCSD) Altman Clinical and Translational Research Institute 

(ACTRI), vivarium under specific pathogen–free conditions. All experiments were carried 

out with approval by the UCSD Institutional Animal Care and Use Committee (IACUC)– 

approved protocol #S16098.

Statistical analyses.

Comparisons between two groups were analyzed using unpaired t-test. All t-tests were 

two-tailed except for Fig S3B, which was one-tailed. Comparisons among more than 

two groups were analyzed using one-way ANOVA with Dunnett’s post hoc test or two-

way factorial ANOVA with Šídák’s post hoc test. Correlation analysis was done using 

Pearson correlation. All statistical analyses were performed using GraphPad Prism software 

unless stated otherwise. The 0.05 significance level was used throughout. An independent 

statistician reviewed all statistics and deemed them to be appropriate.

Cell preparation and flow cytometry.

Single-cell suspensions were prepared from lymph nodes and joints (ankle and wrists). 

For isolation of synovial cells, joints were carefully dissected to avoid breakage of bones 

and bone marrow cell contamination. Joint tissue pieces were then digested at 37°C in 

isolation buffer containing 1 mg/ml Collagenase Type VIII (Sigma Cat# C2139–1G), 1 

ug/ml DNase I (Roche Diagnostics cat#10104159001), 10% FBS, 25mM HEPES and 1% 

penicillin /streptomycin in RPMI 1640 medium. After isolation, cells were pre-incubated 

with Fc block (BD Pharmingen cat# 553142 clone 2.4G2 RUO) before antibody staining. 

For surface staining, fluorophore-conjugated antibodies specific for TCRβ (eF450_H57–

597) and CD4 (RM4–5). For intracellular cytokine staining, cells were incubated with 

20 ng/mL Phorbol 12-myristate 13-acetate (PMA, Sigma Aldrich cat# P1585) and 1 μm 
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Ionomycin (Sigma Aldrich cat# I0634) in the presence of Brefeldin A (1:1000 dilution, 

eBioscience/Thermo Fisher) for 5h at 37°. Intracellular staining was performed with the 

IC fixation buffer (eBioscience/Thermo Fisher) and permeabilization buffer (eBioscience/

Thermo Fisher). For intracellular staining of transcription factors the FoxP3/Transcription 

Factor staining buffer set was used (eBioscience/Thermo Fisher). Antibodies recognizing 

FoxP3 (FJK-16s), RORγt (B2D), IL-17A (eBio17B7), IL-6 (MP5–20F3), and TNFa (MP6-

XT22) were obtained from eBioscience/Thermo. Dead cells were excluded from analysis by 

staining with Fixable Viability dye from eBioscience/Thermo Fisher. Cells were analyzed 

on a Bio-Rad ZE5 Cell Analyzer and SONY ID7000. Flow cytometry data was analyzed 

using FlowJo software (Tree Star, Inc.). Gating of cells was based on isotype control and 

fluorochrome minus one (FMO) staining when needed. All the cells were gated on live cell 

population to exclude dead cells, and target population were gated on TCRβ+CD4+ cells or 

tdTomato+CD4+. All the staining (surface and intracellular) were done in 96-well plate U 

bottom in 200ul of above-described buffers and antibody mix. For all washes, cells were 

transferred in 96-well V bottom plate and centrifuged for 3 minutes at 1400 rpm twice in 

200ul of FACS buffer.

Isolation of CD4 T cells, Th17 and exTh17 cells for adoptive transfer experiments.

CD4 T cells were isolated from the spleen and lymph nodes of 8–10 weeks old triTh17 mice 

(heterozygote for the Il17a-Cre insertion) using EasySep™ Mouse CD4+ T Cell Isolation Kit 

(StemCell Catalog #19852). After isolation, the purity and tdTomato expression in CD4 T 

cells was assessed by flow cytometry using a Bio-Rad ZE5 Cell Analyzer. Th17 and exTh17 

cell populations were isolated for adoptive transfer into Rag2-KO from mice adoptively 

transferred with CD4 T cells from triTh17 mice (here referred to as Rag2-KO-CD4) using 

a mouse IL-17 Secretion Assay kit (Miltenyi Biotec Inc., cat# 130–094-207), a method 

we have previously used for the isolation of live IL-17-secreting cells (30). Briefly, a 

single-cell suspension was prepared from spleen and lymph nodes of arthritic Rag2-KO-

CD4. Cells were stimulated with 20 ng/ml of PMA and 1 μg/ml ionomycin in TexMACS 

media (Miltenyi Biotec) containing 5% mouse serum for 3 hours, after which cells were 

stained with a streptavidin-labeled IL-17 capture reagent and incubated for 45 minutes. 

Cells were pre-incubated with Fc block during capture assay and before antibody staining. 

After stimulation, cells were counterstained with anti-biotin–APC, Viability Dye (Fixable 

eFluor™ 506), TCRβ (eF450_H57–597) CD4 (PE/Cy7_RM4–5). For at least 3 independent 

experiments, cells were stained with CD8 to check possible contamination after using CD4 

T Cell Isolation Kit, and neither CD8 expression nor changing in gates were found. Before 

each adoptive transfer tdTomato expression in enriched CD4+T cells was confirmed by 

flow cytometry. Th17 cells (Live Tcrb+CD4+tdTomato+IL-17A+) and exTh17 cells (Live 

Tcrb+CD4+tdTomato+IL-17A-) cells were sorted using an FACSARIAIII or BD Aria Fusion 

at the Flow Cytometry core of La Jolla Institute for Immunology (LJI). For bulk RNASeq or 

qPCR analysis, cells were sorted directly into Trizol LS (cat# 10296010 Fisher Scientific). 

For adoptive transfer experiments, cells were sorted into pure FBS. For scATACSeq into 

PBS containing 1% BSA. Single-cell suspensions were prepared from lymph nodes and 

joints as described above. Dead cells were excluded, and target populations were gated on 

TCRβ+CD4+ cells or tdTomato+CD4+. Flow cytometry data were analyzed using FlowJo 

software (Tree Star, Inc.). All the stainings (surface and intracellular) were done in 96-well 
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plate U bottom in 200ul of above-described buffers and antibody mix. For all washes, cells 

were transferred to 96-well V bottom plates and centrifuged for 3 minutes at 1400 rpm twice 

in 200ul of FACS buffer.

Adoptive transfer of CD4 T cells, Th17 and exTh17 cells to Rag2-KO mice.

triTh7 CD4 T cells (1×106 cells per transfer) or Th17 cells and exTh17 cells sorted from 

Rag2-KO-CD4 mice (1×105 sorted cells per transfer) were adoptively transferred into 8 to 

10 weeks old Rag2-KO mice via retro-orbital (r.o.) injection. Mice adoptively transferred 

with Th17 or exTh17 cells are here referred to respectively as Rag2-KO-Th17 or Rag2-KO-

exTh17. One week after cell transfer, arthritis was induced through a single intraperitoneal 

(i.p.) injection with 20 mg of mannan (Sigma-Aldrich cat# M7504), in accordance with our 

previously described protocol(22, 30). Arthritis was assessed as described below.

Clinical assessment of arthritis.

Arthritis was assessed in a blinded manner by clinical score and ankle thickness 

measurement once or twice a week. Mice were euthanized 35 to 69 days after cell transfer. 

Clinical signs of arthritis in front and hind paws were scored as follows (30): 0, no joint 

swelling; 0.1 per swollen digit joint (3 digits on front paw and 4 digits on hind paw); 

0.5, mild swelling of wrist or ankle; 1.0, severe swelling of wrist or ankle. Scores for 

all digits, joints, wrists and ankles were combined for each mouse, yielding a maximum 

score of 5.4, which was considered the clinical endpoint. Ankle thickness measurement 

was performed with a digital caliper (Mitutoyo 700–118-20 Quick Mini Digital Thickness 

Gauge, Inch/Metric, with 0–12.7 mm range, 0.01 mm resolution and +/−0.025 mm accuracy. 

Mice reaching the clinical end point score were sacrificed according to IACUC guidelines. 

Data were reported as the difference between measured thickness and baseline thickness for 

that timepoint.

Histological scoring and histomorphometry of mouse arthritic joints.

Whole joints were fixed in 10% zinc formalin for 48h, decalcified with 5% formic acid 

until the bones start to gain weight, trimmed, and embedded in paraffin. Sections were 

prepared from tissue blocks and stained with Hematoxylin Eosin (H&E) and toluidine 

blue (TB) at the LJI Histology Core. Joints of arthritic mice were histopathologically 

assessed following the Standardized Microscopic Arthritis Scoring of Histological sections 

‘SMASH’ guidelines(95). SMASH provides standardized recommendations for processing, 

evaluating, and scoring histological joint sections in inflammatory arthritis models, to 

improve reproducibility and comparability across studies. Separate parameters are scored 

independently (synovial inflammation, bone erosion, cartilage damage/proteoglycan loss, 

possibly new bone formation). At least two non-serial sections must be blindly scored 

by two independent observers. Images of whole ankles or wrists were acquired using a 

Zeiss Axioscan.Z1 (Zeiss) slide scanner and analyzed using Zen software (Zeiss) or QuPath 

software (98). H&E-stained tissues were assigned a score from 0 to 4 for inflammation 

based on H&E staining, according to the following criteria: 0 = normal; 1 = minimal 

infiltration of inflammatory cells in periarticular area; 2 = mild infiltration; 3 = moderate 

infiltration; and 4 = marked infiltration. TB-stained tissues were assigned a score from 
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0 to 4 for bone resorption based on, according to the following criteria: 0 = normal; 1 

= minimal (small areas of resorption, not readily apparent on low magnification); 2 = 

mild (more numerous areas of resorption, not readily apparent on low magnification, in 

trabecular or cortical bone); 3 = moderate (obvious resorption of trabecular and cortical 

bone, without full thickness defects in the cortex; loss of some trabeculae; lesions apparent 

on low magnification); and 4 = marked (full-thickness defects in the cortical bone and 

marked trabecular bone loss). Cartilage depletion was identified by diminished TB staining 

of the matrix and was scored on a scale from 0 to 4, where 0 = no cartilage destruction (full 

staining with TB), 1 = localized cartilage erosions, 2 = more extended cartilage erosions, 

3 = severe cartilage erosions, and 4 = depletion of entire cartilage. To quantify immune 

cell infiltration in histological sections (Fig. S1C and Fig. S3B), representative H&E images 

were used to train a cell classifier using built-in classification tools to broadly classify 

immune cells, muscle and tendon, and bone according to recommended methods in QuPath 

documentation. Once trained, the classifier was then used to detect and classify types in 

regions of interest. Separate classifiers were trained for each histology batch analyzed. Skin 

and digits were excluded from the analysis to prevent misidentification of dermal cells as 

immune cells(99).

Treatment with neutralizing antibodies.

Rag2-KO-Th17 and/or Rag2-KO-exTh17 mice were injected with either IL-17A 

neutralizing antibody (100μg, BioXcell, Clone 17F3), anti–IL-6R blocking antibody (200μg, 

BioXcell, Clone 15A7), a CD44 blocking antibody (150μg, BioXcell, Clone M7) or an IgG 

isotype control (BIoXcell, Clone MOPC-21). The first antibody administration was done r.o. 

2 hours before the i.p. injection with mannan. Subsequent antibody administrations were 

done via i.p injections once per week for a total of 4 weeks. All antibodies were diluted in 

sterile PBS.

qPCR analysis.

Sorted cells (T cells or subsets, myeloid cells, and fibroblast) were directly sorted in TRIzol 

LS. For whole mouse joints, flash frozen samples were first smashed then homogenated 

in TRIzol (cat# 15596018 Invitrogen) on ice using a hand homogenizer. CD4 T cells 

from triTh17 cells after CRISPR-Cas9 cell culture were directly lysed in RLT+10% β-

Mercaptoethanol (cat# 74034 Qiagen and Sigma Aldrich cat# M3148) lysing buffer. RNA 

was purified from the chloroform phase or RTL+ β - Mercaptoethanol lysing buffer using the 

RNAeasy Plus Micro kit (cat# 74034 Qiagen). cDNA was synthesized using the SuperScript 

III First-Strand Synthesis SuperMix for real-time quantitative reverse transcription PCR 

(cat# 11752250 Life Technologies). qPCR was performed on a Bio-Rad CFX384 Real-Time 

PCR Detection System, with primer assays (Sigma Aldrich cat #KSPQ12012G) in a final 

concentration of 10μM and SYBR Green qPCR Master Mix from Qiagen (cat# 330513). 

Primer assay efficiencies were guaranteed by the manufacturer to be greater than 90%. Each 

reaction was carried out in technical triplicates, and data were normalized to the expression 

levels of the housekeeping gene Gapdh. Results are presented as fold change compared 

to the expression level in control samples with the Relative Quantification (RQ) method 

compared to the expression of Gapdh. Gene list with RefSeq IDs: Cxcl13 (NM_018866), 
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Il17a (NM_010552), Il6 (NM_031168), Mmp2 (NM_008610), Mmp3 (NM_010809), Rorc 
(NM_011281), Tnf (NM_013693), Gapdh (NM_008085).

Bulk RNA sequencing.

Experiment. Th17 and exTh17 cells from pooled lymph nodes and joints of 6–8 arthritic 

Rag2-KO-CD4 were subjected to the above-described IL-17 capture assay and sorted 

in Trizol LS. SMARTer® Stranded Total RNA-Seq Kit v2 was used for low input 

RNA (cat# 634411). Sequencing was performed at the Next Generation Sequencing 

Core of LJI. Quantification of gene expression. RNA-seq data was processed by our 

custom pipeline (https://github.com/ay-lab/RNA_SEQ_PIPELINE, https://doi.org/10.5281/

zenodo.17317028). Input fastq files were processed by fastp for QC analysis (100). Paired-

end RNA-seq reads were aligned with respect to the mm10 reference genome using the 

default parameters of STAR (version 2.7.3a) (101). GENCODE v23 GTF annotation file 

was used as reference. STAR quantMode geneCounts was used to estimate the gene counts. 

Differential gene expression analysis. The raw gene counts from individual samples were 

used with DESeq2(102) (version 1.34.0) to identify differentially expressed (DE) genes. 

P-values for differential expression were calculated using the Wald test for differences 

between the base means of two conditions. These p-values were then adjusted for multiple 

testing using the Benjamini-Hochberg method. We considered genes differentially expressed 

between two groups of samples when the DESeq2 analysis resulted in an adjusted P < 0.05 

and the gene had expression > 5 TPM for at least one input sample. Pathway analysis. The 

analysis was done with online version of Metascape(103) on the 214 upregulated DE genes 

in Joint_exTh17. All terms with statistically significant enrichments were then hierarchically 

clustered based on similarities among their gene sets. In Fig. 3d we selected a subset of 

representative terms from each cluster and converted them into a network layout using 

Cytoscape(104) with “force-directed” layout and with edge bundled for clarity. Each term is 

represented by a circle node, where its size is proportional to the number of input genes fall 

under that term, and its color represents cluster identity. Terms with a similarity score > 0.3 

are linked by an edge (the thickness of the edge represents the similarity score). One term 

from each cluster is selected to have its description shown as label.

10x Multiome (scRNA-seq + scATAC-seq) sequencing.

Experiment. Th17 and exTh17 cells from pooled lymph nodes and joints of 6 arthritic Rag2-

KO-CD4 were subjected to the above-described IL-17 capture assay and sorted. scRNA-seq 
+ scATAC-seq (10x Multiome) was performed at the LJI Next Generation Sequencing 

core facility using Chromium Next GEM Single Cell Multiome ATAC+ Gene Expression 

kit (10X Genomics cat#1000283). 10x Multiome cell cluster analysis. We processed the 

Multiome datasets using cellranger-arc (version 2.0.1) routines mkfastq, count and aggr, 
with respect to the reference genome mm10. The cellranger-arc output gene expression 

matrices and chromatin accessibility fragment files were then exported to Signac (version 

1.6.0) (105). We used mm10 reference genome and EnsDb.Mmusculus.v79 annotation in 

Signac. To remove any low-quality cells, we only retained the cells having RNA count 

between 1000 and 25,000, and ATAC count between 1000 and 100,000, nucleosome signal 

< 2 and TSS enrichment > 1. We also removed any ATAC-seq signal from non-standard 

chromosomes, and inferred the ATAC-seq peaks by MACS2 (106). Gene expression (RNA) 
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was normalized using the routine SCTransform, and PCA was used for dimensionality 

reduction. ATAC-seq data was normalized by the routines RunTFIDF and RunSVD. 

Feature reduction in ATAC-seq was done using latent semantic indexing (LSI). Finally, 

the clustering was performed on the multimodal data (assay SCT) using the weighted nearest 

neighbor (WNN) algorithm, dimensionality reductions with PCA (dimensions 1:50) and 

LSI (dimensions 2:40), and employing the resolution 0.3. UMAP was used to visualize the 

clusters. Cluster-specific upregulated peaks were identified using the function FindMarkers 
with logistic regression (LR) test. scATAC-seq motif analysis. Cluster-wise ATAC-seq signal 

coverages were plotted using the routine CoveragePlotof Signac. We used JASPAR2020 core 

motifs (genome mm10) for motif analysis. First, we extracted top differentially accessible 

peaks (p-value < 0.005) from each cluster and applied the Signac function FindMotifs 
to identify the motifs enriched in cluster-specific topmost differentially accessible peaks. 

Union of top 5 significant motifs from each cluster were used to plot (R balloonplot) 
the cluster-specific motif enrichment and the percentage of cells expressing these motifs. 

Identification of peak-to-gene links was performed by the Signac routine LinkPeaks. Co-

accessibility analysis was performed by Cicero, using the Signac routines make_cicero_cds 
and run_cicero. Gene signature analysis for single cells. For each literature-derived gene 

set of interest, we used the AddModuleScore() routine of Seurat to perform the gene set 

signature analysis. We used scaled normalized gene expression data as the input. For this 

analysis, Seurat first computes average expression for each gene across all cells, sorts the 

genes with respect to this average expression and distributes them into equally sized bins 

called expression bins (nbin=24 by default) with each bin including genes with similar 

average expression. Next, for each gene in the signature gene set of interest, it samples a 

number of control genes (we used ctrl=5) from the expression bin that the specific gene of 

interest falls in. The mean of expression differences between the signature genes and the 

sampled control genes determines the signature score with positive values indicating higher 

mean expression for that cell for the signature gene set compared to the matching control 

set. Signature gene sets for type I and II IFN signaling was derived from Seumois et al., 

2020(45), for cell cycle from Best et al., 2013(46), for anergy and exhaustion from Ashouri 

et al., 2022(47) and for Trm from Amezcua Vesely et al., 2019(39).

Human scRNA-seq data analysis.

The first human scRNA-seq data used in this study was downloaded from the NCBI 

Sequence Read Archive (SRA) database accession code PRJNA725073(48). We used cell 

ranger-count (version 3.0.2) and reference genome GRCh38 to align the fastq files. We then 

used Seurat (version 4.0.2) functions read10X and merge to combine the gene expression 

matrices from cell ranger into one Seurat object. All cells were removed that had either more 

than 20,000 UMIs, over 5000 or below 500 expressed genes, or over 20% UMIs derived 

from mitochondrial genome. The transcriptome data was log-transformed and normalized 

by a factor of 10,000 per cell. Principal component analysis was carried out using the 

top 2000 variable genes on scaled counts. To eliminate any batch effects, we used the 

RunHarmony function from the package Harmony(107). Seurat clustering was performed 

using Louvain algorithm with resolution = 0.5, and clusters were visualized using UMAP. 

We annotated the T cell clusters using the marker genes provided in the Supplementary 

Table 4 (15). We then re-clustered the extracted T cells using the same clustering parameters 
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and identified the CD4 and CD8 cell types using the marker genes provided in the same 

document. Finally, we extracted the cells corresponding to CD4 T cells, and re-clustered 

them using the same clustering parameters. The second human scRNA-seq data used in 

this study was performed at Northwestern University. We recruited DMARD-naïve RA 

patients that have a diagnosis of RA as defined by either the 1987 ACR (108) or 2010 ACR 

criteria (109), ages 18–80 years with adult-onset RA who have at least moderately active 

disease, defined as a Simplified Disease Activity Index (SDAI) >11.0, at least 4 swollen 

joints at screening and are DMARD naive. We defined DMARD-naïve as patients who 

have not received any DMARD but have been treated with NSAIDs and/or acute steroid 

treatment. In addition, all patients must have at least one inflamed joint (knee, wrist, elbow, 

ankle) that meets the ultrasound criteria for active disease, which is at least a grey scale 

of 2 or greater (110). The exclusion criteria was (1) Pregnant or lactating women, (2) 

Active infections, (3) Uncontrolled renal, hepatic, hematologic, gastrointestinal, endocrine, 

pulmonary, cardiac, or neurologic disease, (4) History of bleeding disorder, (4) Platelet 

count (within one month of biopsy) less than 100 × 103 cells/mL, (5) History of infection 

with human immunodeficiency virus (HIV), hepatitis B, or hepatitis C, (6) Documented 

diagnosis of SLE or seronegative spondyloarthropathy, (7) Soft tissue or intra-muscular 

corticosteroid injections within 4 weeks prior to biopsy, (8) Corticosteroid injection in joint 

to be biopsied within 8 weeks prior to biopsy, (9) Current use of warfarin, clopidogrel, 

or other anticoagulant, (10) Prednisone dose > 10 mg daily and (11) any DMARD. The 

synovial biopsy was performed as we described (111), consistent with all published studies 

using ultrasound guided synovial biopsies (110, 112–125) on wrist or knee. Previous studies 

have shown that paired wrist and knee biopsies exhibit similar histologic features (126). 

Human samples were processed as previously described (111) and in agreement with SOPs 

developed by the AMP consortium (127). We performed CITE-seq on CD45+-sorted cells 

on the same day as the biopsy. Single-cell samples were processed in metabolomics core at 

Northwestern University. The Next Generation Sequencing (NGS) facility at Northwestern 

University performed quality control (QC) by Tapestation, and samples were sequence on 

an Illumina Nova seq machine. Before full sequencing, we performed MiniSeq runs to 

ensure the quality of samples and estimate cell numbers for more accurate sequencing depth. 

Sequenced libraries were processed using the CellRanger pipeline to generate the single-cell 

matrix files of RNA and ADT. Sequencing metrics, including alignment, read quality, 

fraction of reads in cells, and detected genes, were assessed for sample QC. The Seurat R 

package was used to perform filtering of cells for potential doublets, empty droplets, and 

high percent mitochondrial reads. Seurat and/or Harmony was used to merge samples across 

patients and initial analysis of RNA data including clustering, visualization, and annotation. 

We then extracted the cells corresponding to CD4 T cells, and re-clustered them for further 

analysis.

RNA Velocity analysis using MultiVelo.

RNA velocity analysis on multi-omics data was performed by MultiVelo(58). First, gene 

expression matrices from Cell Ranger ARC were converted to MultiVelo compatible loom 

format using the tool Velocyto(128). In addition, we provided the ATAC-seq peak annotation 

file (atac_peak_annotation.tsv) and feature linkage file (feature_linkage.bedpe) from cell 

ranger-arc output as the inputs to MultiVelo. We also extracted the neighborhood graph 
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information from Signac object, together with its UMAP coordinates, as the inputs to 

MultiVelo, so as to use the UMAP embedding computed in Signac, instead of re-computing 

them in MultiVelo. We followed the MultiVelo documentation to process the input RNA and 

ATAC files, integrate ATAC peaks, normalize the peaks using TF-IDF, and integrate both 

omics data. We used the recover_dynamics_chrom routine in MultiVelo to run the multi-

omics dynamical model, and computed velocity stream and latent time using the routines 

velocity_graph and latent_time, respectively. The routine velocity_embedding_stream in 

MultiVelo was used to generate the stream plot of velocity, while the functions pl.scatter and 

pl.velocity from scVelo(129) were employed to plot the variation of latent time, velocity and 

gene expression.

Gene regulatory network analysis.

Gene regulatory network using the multi-omics data was inferred by SCENIC+ pipeline 

[Scenicplus2022](130). We skipped the scRNA-seq UMAP and clustering in SCENIC+, 

and re-used the UMAP coordinates and clustering outputs from Signac. We followed 

the SCENIC+ tutorial to process the ATAC-seq component using cisTopic. We provided 

the cell barcodes from the input Signac object to the valid_bc argument of function 

create_cistopic_object_from_fragments to ensure that the same cells from Signac object 

were used in the cisTopic object instead of using the QC-filtered cell barcodes from 

SCENIC+. We followed the SCENIC+ pipeline for analyzing motif enrichment and 

generating eRegulons. From the filtered eRegulons (generated by the pipeline), we 

considered only those TFs for network analysis which regulate one or more differentially 

expressed genes derived from bulk RNA-seq data.

Confocal microscopy.

Ankles from arthritic Rag2-KO-CD4 mice were harvested and fixed for 8–10h in 4% 

paraformaldehyde (PFA) at room temperature. After fixation, samples were washed twice 

with PBS and transferred into 30% sucrose overnight at 4°C followed by two more washes 

and buffer replacement then diluted 1:1 into a solution of 50% Optimal Cutting Temperature 

compound (OCT, Sakura cat#4583) and 30% sucrose (reaching a final concentration of 

25% OCT and 15% sucrose) Samples were processed at the LJI Histology and Microscopy 

core without decalcification. Ankles were embedded in OCT and 4 μm sections were cut 

with a CryoJane Tape-Transfer System (Leica BioSystem cat#39475205). Before staining, 

the sections were air dried to promote tissue adhesion and blocked using a 10% normal 

goat serum (Cat# G9023–10mL Sigma Aldrich), 0.5% BSA blocking solution (Cat# 

10735078001 Roche) and 1:100 Fc block (Cat# 101302 BioLegend). Slides were stained 

for podoplanin (primary antibody Cat# 14–5381-82 Thermo Scientific, 1:800 dilution) or 

CD4 (primary antibody Cat# 14–0042-82 Thermo Scientific, 1:100 dilution) with Alexa 

Fluor 594 (secondary antibody cat# A-21113 Thermo Scientific, 1:500 dilution), or IL-17A 

(primary antibody cat# PA5–106856 Thermo Scientific, 1:400 dilution) with Alexa Fluor 

647 (secondary antibody cat# A32733 Thermo Scientific, 1:500 dilution) and Hoechst 3342 

(Cat# H3570 Thermo Scientific, 1:1000 dilution). Some slides were stained for Il17 as above 

and for CD4 (Fig. S7A). Whole slides were imaged for the above listed fluorophores and 

tdTomato expressed by the transferred T cells with Zeiss AxioScan Z1 (20× 0.8NA, Colibri 

7 light source, Hamamatsu OrcaFlash 4.0 camera, and appropriate single-band filter cubes). 
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Regions of interest were further analyzed using a Zeiss LSM 880 microscope. We used a 

40× 1.4NA oil objective, 405, 561, 594, 633 nm excitation, spectral detection ranges set up 

using single-stained controls (415–695 nm, 561–588 nm, 606–668 nm, and 662–721 nm, 

respectively). Voxel size was set to 60×60×450 nm, pixel dwell time was 1.22 μs, and 15 Z 

slices encompassing tissue thickness were max intensity projected in ZEN software. Images 

were further analyzed with QuPath.

Preparation of mouse FLS lines.

Ankle joints from 8 to 10-weeks-old C57BL/6 (B6) mice were isolated. Briefly, minced 

tissues were digested in collagenase IV (0.5 mg/ml) (Sigma cat#C2139) in RPMI 1640 

(Gibco cat#11875093) for 2 hours at 37°C with gentle agitation and the cultured in complete 

Dulbecco’s modified Eagle’s medium (Corning cat#10–017-CV) (21). For all experiments, 

FLS were used between passages 4 and 8.

CD4 T cell-mFLS co-culture assay.

Naïve CD4 cells were isolated from 10–14 weeks old triTh17 mice using EasySep™ 

Mouse Naïve CD4+ T Cell Isolation Kit (cat# 19765). 2–3.5 ×105 cells were cultured in 

anti-CD3 coated (2μg/ml, clone 145–2C11, cat# 10030 Biolegend) 12 or 24 well plates 

under Th17 cell polarization conditions - T cells media with: 50 ng/mL IL-6 (cat# 406-

ML-005 R&D Systems), 5 ng/mL rhTgfb (cat# 240-B-002 R&D Systems), 1 ug/mL LEAF 

anti-CD28 (clone 37.51 cat# 102115 Biolegend), 10 ug/mL Ultra-LEAF anti-IL-4 (clone: 

11B11, Cat# 504121 Biolegend), 10 ug/mL Ultra-LEAF anti-IFNγ (clone: XMG1.2, cat# 

505705 Biolegend), 10 ug/mL Leaf anti-IL-2 Biolegend (Clone: JES6–1A12, Cat# 503704 

Biolegend). Anti-CD3 coating was done for 3h at 37°C or overnight at 4°C and plates 

were washed once with PBS before naïve CD4 cell seeding. Naïve CD4 were cultured 

under polarization conditions for 5 days with and without CYM50358 (Sigma Aldrich cat# 

567737) with final concentration of 25nM. Mature Th17 cells were cultured for 3 days with 

20ng/ml of IL-2 (R&D cat# 402-ML-100/CF) and 10μl/1×106cells of mouse T-Activator 

(Thermo Fisher Dynabeads™ Mouse T-Activator CD3/CD28 for T Cell Expansion and 

Activation cat# 11456D). For mFLS co-culture assays, mFLS were kept separated from 

naïve CD4 T cells by a 0.4 um pore polyester membrane (Corning Cat# 3470). Naïve CD4 

T were cultured in an anti-CD3 coated plate and 2–3×104 mFLS were equilibrated overnight 

(day 0) in the transwell with complete T cell media before the co-culture with naïve CD4 

T cells. At the time of co-culture with mFLS (day 1) naïve CD4 T cells were plated the 

anti-CD3 coated plate, complete T cell media was removed from mFLS and replaced with 

Th17 cell polarization media. Both cell type mFLS and naïve CD4 T cells were cultured 

under Th17 cell polarization media. After 5 days, T cells were harvested, washed twice 

with PBS, and stimulated with 20 ng/mL PMA and 1 μm ionomycin and 1x brefeldin A 

in complete T cell media for 4–5h at 37°C before analysis. All the stainings (surface and 

intracellular) were done in 96-well U bottom plates in 200ul of the above-described buffers 

and antibody mix. For all washes cells were transferred in 96-well V bottom plates and 

centrifuged for 3 minutes at 1400 rpm twice in 200ul of FACS buffer.
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Spatial Transcriptomics 10X Visium on FF Human Synovium.

Experiment. Human synovium samples from total hip arthroplasties of patient diagnosed 

with RA according to 1987(108) or 2010(109) criteria were obtained from the Pini 

Orthopedic Hospital (a teaching hospital of University of Milan) in Italy. The study 

was approved by the local ethical committee (Comitato Etico Milano Area 2, RF-2018–

465_2017bis/963_2019) which was submitted to and ratified by the UCSD IRB. Clinical 

data about the patients are shown in Supplementary Table 1. The synovium was collected 

during the surgery and immediately embedded in OCT, flash frozen and stored at −80°C 

then processed at the LJI Histology and Microscopy core. Prior experiment, 3 μm section 

were cut from the OCT blocks and subjected to a tissue optimization (TO) assay to 

select the ideal permeabilization time needed to release RNA from the tissue to the slide. 

During this step cDNA staining was performed in the time of RT (Reverse Transcriptase) 

reaction. Fluorescent cDNA tissue (on the tissue permeabilization slide) was imaged with 

Zeiss Axioscan.Z1 (Zeiss) slide scanner to determinate the ideal permeabilization time. 

Entire TO experiment was done following 10X Genomics protocols. For gene expression 

experiment, 3 μm section were cut from the OCT blocks and placed on the Visium Spatial 

Gene Expression slide inside the 6.5 × 6.5mm fiducial frame. The area inside the fiducial 

frame contains 5000 barcoded spots. Tissues were fixed and stained with H&E according 

with 10X Genomics protocols prior to imaging. The GEX slide was H&E stained and 

imaged at 10X and 20X magnification on an Axioscan.Z1 (Zeiss) slide scanner. The 

percentage of tissue within the fiducial frame was measured using the tissue recognition 

tool on QuPath software and sequencing depth was calculated accordingly. Sequencing 

was performed at the LJI Next Generation Sequencing core. Cell clustering and MistyR 

analysis . Raw sequencing data was demultiplexed and converted to fastq format by using 

bcl2fastq v2.20 (Illumina). Space Ranger software v2.0.0 (10X Genomics) was used for 

reads alignment, tissue detection, fiducial detection, and barcode/UMI counting with default 

parameter. Briefly, raw reads were aligned to the human reference transcriptome (GRCh38, 

version=2020-A), then reads with the same barcode, UMI and gene annotation were grouped 

for UMI counting. For image processing, the slides’ barcoded spot pattern was aligned to 

the input image, and tissue and background were discriminated. A UMI count matrix was 

generated, with gene identities as rows and spatial barcodes as columns. Seurat v4.2.1(131) 

in R v4.1.3 was used for advanced downstream analysis. The matrix was loaded into Seurat 

to create a Seurat object and low-quality spots were filtered out based on the total number 

of UMI (< 600 and > 30,000) and total number of genes expressed (< 300). Further, spots 

with > 15% reads mapped to mitochondrial genes were removed. Count data of the remained 

spots was normalized using sctransform(132). To obtain two-dimensional projections of the 

population’s dynamics, principal component analysis (PCA) was run on the top 5,000 most 

variable genes to reduce the number of features. The top 5,000 most variable genes were 

identified based on their mean and dispersion. After running PCA, t-distributed stochastic 

neighbor embedding (t-SNE) analysis was performed to further reduce these components 

to visualize spots in a two-dimensional space. SPATA2(133) was used to calculate the 

average expression of exTh17 cell and FLS marker genes. MistyR (v1.6.0)(60) was used to 

investigate the associations between the exTh17 cell and FLS maker genes. In MistyR, the 

neighborhood parameter was set to 5 spots and the cutoff threshold for the importance scores 

of markers was set to 0.5 standard deviation.
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In situ gene expression analysis by Xenium

Synovial biopsies were prepared following the manufacturer’s protocol (10X Genomics, 

CG000578 Xenium In Situ for FFPE Tissue Preparation Guide) at the Northwestern 

core facility. Formalin-Fixed Paraffin-Embedded (FFPE) tissues were sectioned at 5 μm 

thickness, placed onto Xenium slides, and underwent deparaffinization and decrosslinking 

(CG000580) to expose RNA targets. A pre-designed panel from Xenium (377 genes on 

the Human Multi-Tissue and Cancer Panel) and an Add-on custom design panel (50 

genes) (Supplementary Table 4) were used. Gene expression detection involved probe 

hybridization (CG000749) at 50°C overnight, followed by washing, ligation, and rolling 

circle amplification (RCA) to amplify the signal. Samples were subsequently blocked and 

stained at 4°C overnight. Autofluorescence was chemically quenched, and nuclei were 

stained with DAPI before imaging. The prepared slides were analyzed using the Xenium 

Analyzer (10X Genomics), running on Instrument Software Version 3.0.2.0 with Analysis 

Version xenium-3.0.0.15. We used two regions (region 3 and region 4) of the Xenium 

slide for downstream analysis. For cell segmentation, DAPI-stained nuclei from the DAPI 

morphology image were segmented to define individual cells. Nuclear boundaries were 

either expanded or combined with a cell boundary stain, ensuring accurate transcript 

assignment per cell. Cell segmentation was performed with 10X Xenium onboard cell 

segmentation. For each sample, count matrices were generated based on the expression of 

transcriptomics inside each segmented cell along with x and y coordinates. Scanpy v1.9.3 

was used for downstream analysis. For quality control all cells with n < 50 total transcripts 

for region 3 and n < 25 total transcripts for region 4 were filtered out before downstream 

processing. Count data of the remained cells were log-normalized. Dimensionality reduction 

was performed with principal component analysis (PCA). Marker genes for exTh17 cells 

and Fibroblasts were used for cell type annotation (Fig. 5G). To investigate the role of 

FLS in exTh17 cell generation, neighborhood analysis was performed by calculating the 

correlation between the expression levels of CD44 and S1PR4 in exTh17 cells and their 

distances to the closest FLS cells (Fig. 5H). The results show that exTh17 cells near FLS 

cells express higher levels of CD44 and S1PR4. Negative correlation values indicate that as 

the distance from exTh17 cells to the nearest FLS cells increases, the expression levels of 

CD44 and S1PR4 decreases.

In vivo CRISPR-Cas9 gene knockdown.

CD4+ T cells from 8–10 weeks old triTh17 mice were isolated using the EasySep™ Mouse 

CD4 T Cell Isolation Kit. After isolation, cells were cultured for 3 days with 20ng/ml of 

IL-2 and 10 μl/1×106 cells of mouse anti-CD3/CD28 coated beads Activator. Following 

expansion, 1×106 - 2×106 cells per condition were nucleofected with 0.65 μM of Cas9 

Nuclease (IDT Alt-R® S.p. HiFi Cas9 Nuclease V3, 500 μg cat# 189676867) and single 

guide RNA (sgRNA) against CD44 (cat# SQ-041132–01-0002), S1pr4 (cat# SQ-044703–

01- 0002) or control (cat# U-009505–01-02). All single guide RNA were bought from 

Horizon Discovery Biosciences. After nucleofection, cells were cultured for 3 h in complete 

T cells media, after which mouse IL-2 (20ng/ml) and anti-CD3/CD28 coated beads were 

added to the media and cells were cultured for an additional 2 days. After 2 days, the anti-

CD3/CD28 coated beads were removed from the cells and small aliquots were stored for 

assessment of knockdown by qPCR. The remaining cells were adoptively transferred to 8–
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10 weeks old Rag2-KO mice (3×105 cells per mouse). One week after transfer, arthritis was 

induced one week after transfer through an i.p. injection of mannan (20 mg) and assessed 

as described above. Mice transferred with CD4 T cells nucleofected with CD44, S1pr4, 

or control sgRNA are referred to as Rag2-KO-sgRNA_CD44, Rag2-KO-sgRNA_S1pr4 and 

Rag2-KO-sgRNA_Ctrl, respectively. All the staining (surface and intracellular) were done in 

96-well plate U bottom in 200ul of above-described buffers and antibody mix. For all the 

washes cells were transferred in 96-well V bottom plate and centrifuged for 3 minutes at 

1400 rpm twice in 200ul of FACS buffer.

Treatment of mice with FTY720.

Rag2-KO were adoptively transferred with CD4+= T cells from triTh17 mice as described 

above. One week after transfer, Rag2-KO-CD4 mice were injected with mannan (20 mg) to 

induce arthritis and 1mg/Kg of FTY720 (Tocris Biotecne cat# 6176) was administered by 

oral gavage every other day for a total of 35 days(70).

tdTomato+CD44− vs tdTomato+CD44+ adoptive transfers.

CD4+T cells were isolated from triTh17 mice and nucleofected with sgRNA targeting 

CD44 as described above. Nucleofected T cells were adoptively transferred into Rag2-KO 

mice and arthritis was induced one week after transfer through an i.p. injection of mannan 

(20 mg). At day 52, tdTomato+CD44− and tdTomato+CD44+ CD4+ T cells were flow 

sorted from lymph nodes of arthritic Rag2-KO-sgRNA_CD44 mice (Fig. S10C). Flow 

sorted tdTomato+CD44- and tdTomato+CD44+ cells (1×105 per mouse) were then adoptively 

transferred into new recipient Rag2-KO mice and arthritis was induced one week after 

transfer through an i.p. injection of mannan (20 mg) and assessed as described above. At 

day 49, CD4+ T cells subsets in lymph nodes and joints were analyzed by flow cytometry. 

Fibroblast (CD90+CD31-CD45-) and T cells (CD45+TCRb+CD11b-) cells were flow sorted 

(Fig. S10F,G) from the joints of arthritic mice for gene expression analysis by qPCR (2 mice 

were pooled to obtain enough mRNA, which was then quantified in technical triplicates).

Immunofluorescence staining of CD3 and IFIT3 on FFPE mouse joints.

Wrists from arthritic Rag2-KO-CD4 mice were harvested, fixed, decalcified and paraffin-

embedded as previously described. Before staining, the sections were air dried to promote 

tissue adhesion and baked at 60°C overnight. Following deparaffinization and rehydration, 

antigen retrieval was performed by steaming slides for 20 minutes in 1X citrate buffer 

pH 6 (Cat# ab64236 Abcam). Sections were permeabilized in 0.2% Triton in PBS for 10 

minutes and blocked with 5% BSA blocking solution (Cat# 50–550-390 Fisher). Sections 

were stained for CD3 (primary antibody Cat# MCA1477 BioRad, 1:100 dilution) with Alexa 

Fluor 647 (secondary antibody cat# A-21247 Thermo Scientific, 1:1000 dilution), and IFIT3 

(primary antibody cat# PA5–22230 Thermo Scientific, 1:50 dilution) with Alexa Fluor 568 

(secondary antibody cat# A-11011 Thermo Scientific, 1:1000 dilution) and Hoechst 33342 

(Cat# 62249 Thermo Scientific, 1:1000 dilution). Slides were imaged for the above listed 

fluorophores with ECHO Revolve Microscope (ECHO Revolve, and appropriate single-band 

filter cubes). Photos were taken with 40x oil objective, 380, 560, 630 nm excitation. Regions 

of interest were defined as a field of view with at least one CD3+ cell. 5 photos of regions 
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of interest were taken per section. Photos were randomized in ImageJ (Fiji) and counting of 

CD3 positive and IFIT3 and CD3 double positive cells was done blinded.

Tck assay.

Naïve CD4 cells were isolated from 8–10 weeks old SKG mice using EasySep™ Mouse 

Naïve CD4+ T Cell Isolation Kit (cat# 19765 StemCell Technologies). 2 ×105 cells were 

cultured in anti-CD3 coated (2μg/ml, clone 145–2C11, cat# 10030 Biolegend) 96 well 

plates under Th17 cell polarization conditions - T cells media with: 50 ng/mL IL-6 (cat# 

406-ML-005 R&D Systems), 5 ng/mL rhTgfb (cat# 240-B-002 R&D Systems), 1 ug/mL 

LEAF anti-CD28 (clone 37.51 cat# 102115 Biolegend), 10 ug/mL Ultra-LEAF anti-IL-4 

(clone: 11B11, Cat# 504121 Biolegend), 10 ug/mL Ultra-LEAF anti-IFNγ (clone: XMG1.2, 

cat# 505705 Biolegend), 10 ug/mL Leaf anti-IL-2 Biolegend (Clone: JES6–1A12, Cat# 

503704 Biolegend). Anti-CD3 coating was done for 3h at 37°C or overnight at 4°C and 

plates were washed once with PBS before naïve CD4 cell seeding. On day1, naive CD4 

were restimulated with T cells media with: 50 ng/mL IL-6, 5 ng/mL rhTgfb, 1 ug/mL LEAF 

anti-CD28 in anti-CD3 coated plate, On day4, mature Th17 cells were washed with T cells 

media and cultured under two different condition: Th17 cell condition - T cells media with: 

50 ng/mL IL-6, 5 ng/mL rhTgfb, 1 ug/mL LEAF anti-CD28 in anti-CD3 coated plate or Tck 

condition - T cells media with: 100 ng/mL IL-6, 25 ng/mL IL-2, 25 ng/mL TNF-α (cat# 

130–101-688 Miltenyi Biotec), 1 ug/mL LEAF anti-CD28 in anti-CD3 coated plate. After 3 

days, T cells were harvested, washed twice with PBS, and stimulated with 20 ng/mL PMA 

and 1 μm Ionomycin and 1x Brefeldin A in complete T cell media for 4–5h at 37°C before 

analysis. All the stainings (surface and intracellular) were done in 96-well plate U bottom 

in 200ul of the above-described buffers and antibody mix. For all the washes cells were 

transferred in 96-well V bottom plate and centrifuged for 3 minutes at 1400 rpm twice in 

200ul of FACS buffer.
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Refer to Web version on PubMed Central for supplementary material.
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Data and materials availability:

SKG Mice are available upon request. Mouse bulk RNA-seq and scRNA-seq + scATAC-seq 

(10x Multiome) data are available through GEO Accession ID GSE234597. Human synovial 

Visium data is available through GEO Accession ID GSE232734. Human synovial scRNA-

seq (Hu2) data is available through GEO Accession ID GSE303539. Human synovial 

Xenium data is available through GEO Accession ID GSE293972. Computer code can 

be accessed at the following links: https://github.com/ay-lab/RNA_SEQ_PIPELINE, https://

doi.org/10.5281/zenodo.17317028. All other data needed to support the conclusions of the 

paper are present in the paper or the Supplementary Materials. Tabulated data underlying 

Figs. 1 to 7 and figs. S1 to S10 are provided in data file S1. All data are available in the main 

text or the supplementary materials.
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Figure 1. Th17 cells convert into exTh17 cells and become a prominent T cell population in joints 
and lymph nodes of SKG mice with chronic arthritis.
(A) Scheme of triple Th17 cell fate mapping SKG mice (triTh17 cell: B6.Il17aCre+/

−.IL10eGFP/eGFP.IFNgYFP/YFP.R26tdTomfl/fl.Zap70SKG/SKG.H2d/d) used as a source of cells 

for the experimental arthritis model.

(B) Scheme of arthritis model. TriTh17 CD4+ T cells (1×106) were adoptively transferred 

into Rag.B6.H2d (Rag2-KO) and arthritis severity and T cell fate in joint and lymph nodes 

were assessed.

Zoccheddu et al. Page 37

Sci Immunol. Author manuscript; available in PMC 2026 March 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(C and D) Time course of arthritis includes 4 time points (one group of mice per time point) 

with N=5 mice for each group. C) Arthritis assessment, evaluated by clinical score (left 

panel) with area under the curve (AUC, right panel). Boxes under the figure list time points 

utilized in Fig. 1E-H) Ankle thickness measurement (left panel) and AUC (right panel). 

Ankle thickness was plotted as the difference between measured thickness and baseline 

thickness for that timepoint. Statistics were calculated on the AUC.

(E) Representative histology for Rag2-KO-CD4 mice assessed at the indicated time points, 

H&E staining. Arrows indicate areas of inflammation.

(F) Histological quantification of synovitis at the indicated time points.

(G) End points for each group in time course of arthritis experiment (N=5 mice per point)

(H) Frequency (% of TCRβ+CD4+) of T cell subpopulations (Th1, exTh1, Tr1-like 

(Tdtom−IL10+), Th1-like (Tdtom− IFNγ+), ExTh17-IL10+ and ExTh17-IFNγ+ cells in 

lymph nodes (left panel) and joints (right panel) of Rag2-KO-CD4 from day 7 after CD4+ T 

cell injection to day 69 of arthritis.

(I) mRNA expression of indicated genes in sorted Th17 cells vs exTh17 cells from 

arthritic ankles of Rag2-KO-CD4 (N=3). Graphs show relative quantification (RQ) versus 

housekeeping gene.

Graphs in (C, D and H) show grouped summary data plotted at mean ±SEM, each line 

corresponding to a different group of mice, and each point in histograms represents data 

from an individual mouse (statistics for H are shown in Fig. S2C). Histograms in (F, H, and 

I) show mean ±SEM and each point in histograms represents data from an individual mouse.

(C, D and F) one-way ANOVA with Dunnett’s multiple comparisons test, reference group is 

G1; (I) unpaired t-test; two-tailed. *p<0.05; **p<0.01; ****p<0.0001; ns: not significant.
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Figure 2. Higher arthritogenic potential of exTh17 cells vs Th17 cells in SKG arthritis does not 
depend on re-expression of IL-17.
(A) Scheme of arthritis model. Th17 cells vs exTh17 cells were sorted from lymph nodes of 

Rag2-KO-CD4 and 1×105 cells were adoptively transferred in Rag2-KO mice and arthritis 

severity and T cell fate in joint and lymph nodes were assessed.

(B) Arthritis assessment in female Rag2-KO-Th17 (N=6) and Rag2-KO-exTh17 (N=9) 

mice, evaluated by clinical score (upper panel) and ankle thickness measurement (lower 
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panel). Ankle thickness was plotted as the difference between measured thickness and 

baseline thickness for that timepoint. Statistics were calculated on the AUC.

(C) Representative joint histology from experiment in B.Rag2-KO-Th17 and Rag2-KO-

exTh17 mice evaluated via H&E staining (black arrows indicating areas of synovitis, top 

panels) and toluidine blue staining (black arrows indicating areas of cartilage depletion, 

bottom panels) and (D) Histological quantification of synovitis (top graph) and cartilage 

depletion (bottom graph) from panel C.

(E) mRNA expression of indicated genes in joint homogenates from arthritic female Rag2-

KO-Th17 and Rag2-KO-exTh17 mice from panel B. Graphs show relative quantification 

(RQ) versus Gapdh housekeeping gene.

(F) Frequency (% of CD4+TdTomato+) of Th17 and exTh17 cell populations in lymph 

nodes of arthritic female Rag2-KO-Th17 and -exTh17 mice from panel B.

(G) Arthritis assessment evaluated by clinical score of Rag2-KO-Th17 (left panel) and 

Rag2-KO-exTh17 (right panels) treated with IL-17A neutralizing (Clone 17F3) (Rag2-KO-

Th17 N=3, Rag2-KO-exTh17 N=6) or isotype control Ab (Clone MOPC-21) (Rag2-KO-

Th17 N=3, Rag2-KO-exTh17 N=4). Statistics were calculated on the AUC.

(H) Frequency (% of CD4+TdTomato+) of Th17 and exTh17 cells in lymph nodes of 

Rag2-KO-Th17 (left panel) and Rag2-KO-exTh17 (right panel) mice treated with IL-17A 

neutralizing (N=3) or isotype control Ab (N=3).

Graphs in (B and G) show grouped summary data plotted as Mean ±SEM, each line 

corresponds to a different group of mice and each point in histograms represents data from 

an individual mouse; graphs in (D, E, F and H) show mean ±SEM and each point represents 

data from an individual mouse.

(B, D and E) unpaired t-test; two-tailed (F and H) Two-way ANOVA with Šídák’s multiple 

comparisons test; Interaction was significant for (F) (p=0.0013) and (H) Rag2-KO-Th17 

(p= 0.0014) and not significant for (H) Rag2-KO-exTh17. *p<0.05; **p<0.01; ***p<0.001; 

****p<0.0001; ns: not significant.
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Figure 3. Integration of bulk transcriptome and single-cell multiome data highlight subclusters 
of exTh17 cells whose signature is found in RA synovium.
(A) Venn diagram showing different intersections of differential upregulated genes from 

bulk RNA-seq after pairwise analysis of joint Th17 cells (Joint_exTh17) vs joint exTh17 

cells (Joint_exTh17) and Joint_exTh17 vs lymph node Th17 cells (LN_Th17). Intersection 

A and B in total include 214 genes upregulated in the Joint_exTh17samples. Each group 

(Joint_exTh17, Joint_Th17 and LN_Th17) represents a sorted population from female 
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arthritic Rag2-KO-CD4 mice with a N=4 replicates per group (each replicate representing a 

pool of 7–8 arthritic mice).

(B) Heatmaps of relevant genes from the 214 upregulated genes in Joint_exTh17.

(C) Pathway analysis on 214 upregulated genes in Joint_exTh17 vs Joint_Th17.

(D) Network layout from the entire set of 214 upregulated genes in Joint_exTh17 vs 

Joint_Th17 visualized using Cytoscape with “force-directed” layout and with edge bundled 

for clarity. Sub-pathways of each network are represented by circle nodes. The size of each 

circle is proportional to the number of genes within a pathway. Nodes with same color 

belong to the same main pathway from panel C. The network analysis shows the genes that 

are found highly expressed and involved in interactions between pathways.

(E) UMAP plot on data from 10x Multiome experiment performed on sorted exTh17 cells 

from arthritic joints of Rag2-KO-CD4 mice. Clusters were obtained using the weighted 

nearest neighbor (WNN) analysis in Seurat that utilizes both the RNA-seq and the ATAC-seq 

component for each cell. Clusters 8 and 9 with less than 100 cells were removed from 

downstream analysis.

(F) Feature plots showing single-cell level expression of selected genes among 214 that were 

identified as upregulated in Joint_exTh17 vs Joint_Th17 from bulk RNA-seq data.

(G) UMAP visualization, clustering and dot plots for selected genes of T cells from Wu et 

al. 2022 (PRJNA725073 – left panel – Human data 1 [Hu1]) (52) and human RA synovium 

CD4+ T cells extracted from a single-center cohort (right panel – Human data 2 [Hu2], GEO 

Accession ID GSE303539). ~1800 and 3400 different CD4+ T cells were computationally 

extracted (more details in Fig. S5C), respectively from each study.

(H) Feature plots showing expression of selected genes using UMAP visualizations of 

scRNA-seq data for Hu1 and Hu2.

(I) Feature plots showing expression of exTh17 cell signature genes CD44 and S1PR4 using 

UMAP visualizations of scRNA-seq data for Accelerating Medicines Partnership (AMP) 

cohort(53).
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Figure 4. Single-cell chromatin accessibility and RNA velocity analyses highlight upstream 
cluster-specific regulators and potential checkpoints for exTh17 cell development.
(A) Top transcription factor motifs enriched in the marker ATAC-seq peaks upregulated in 

each cluster. Motif enrichments were obtained using FindMotifs function of Signac on the 

differentially accessible peaks across clusters. The top 4 TFs with most enriched motifs 

were extracted for each cluster and combined together for dot plot analysis. Color represents 

percent of marker ATAC-seq peaks with the occurrence of the specified motif. Cluster 4 did 

not have any TF with motif enrichment.

Zoccheddu et al. Page 43

Sci Immunol. Author manuscript; available in PMC 2026 March 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(B) Cluster-wise aggregated chromatin accessibility signal (ATAC-seq) for selected gene 

loci.

(C) Velocity vectors calculated using gene expression and ATAC-seq (multiVelo) visualized 

on the UMAP of Joint_exTh17 multiome data (top left panel) with pseudotime inferred 

from the velocity analysis visualized on the same UMAP (top right panel). Bottom panels 

show phase portraits derived from gene expression profiles of selected genes. A pool of 10 

Rag2-KO-CD4 mice was used to sort exTh17 and Th17 cells from joints and lymph nodes.

Zoccheddu et al. Page 44

Sci Immunol. Author manuscript; available in PMC 2026 March 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. FLS can modulate the joint microenvironment to promote formation of exTh17 cells.
(A) Representative immunofluorescence images of calcified joint from arthritic Rag2-KO-

CD4. Left panel shows an overview of the joint. Text boxes indicate relevant bones 

(Nav: navicular; Cun: cuneiform; Meta: metatarsal). High-resolution image of the area in 

yellow rectangle is shown on the right. IL-17A signal is turquoise, TdTomato is magenta, 

podoplanin is green, Hoechst is grey and bone autofluorescence is blue (only in left panel).
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(B) Results from the co-culture assay using naïve CD4+ T cells and mouse fibroblast-like 

synoviocytes (mfls) from 3 mice per replicate and 7 replicates for a total of 21 triTh17 mice. 

Graph shows frequency (% of CD4+ TdTomato+) of Th17 and exTh17 cells.

(C) Representative figure of co-expression analysis of N= 1 RA human synovium ST data. 

Boxes list genes used to define exTh17 cells (left) and FLS (right) in the deconvolution 

analysis. Green circles highlight co-localization spots.

(D, E) MistyR analysis of neighboring spots on samples RA 1. Bars indicate how much 

each view component (intra, para exTh17 cells and para fibroblast) contributes to explaining 

(predicting) the expression of exTh17 cell markers. Intra indicate exTh17 cell markers of 

the same spots, para exTh17 cells indicate exTh17 cell markers of nearby spots and para 

fibroblasts indicates FLS markers of nearby spots. (E) Plots quantifying each fibroblast 

component marker (x axes) in predicting the expression of exTh17 cell makers (y axes). A 

positive importance value indicates that the feature contributes to the prediction of a target.

(F, G) Spatial transcriptomic analysis (10X Xenium) on human synovium from RA patients 

F) Spatial plot of Xenium with cells colored by cell type. exTh17 cells are shown with red 

color and FLS cells are shown with blue color (Region 3). G) Negative correlation between 

exTh17 cell-to-FLS cell distance and expression of CD44 and S1PR4. Neighborhood 

analysis was performed to assess the relationship between gene expression in exTh17 cells 

and their spatial proximity to FLS cells in Region 3 and Region 4. Expression levels of 

CD44 and S1PR4 in exTh17 cells were negatively correlated with their distance to the 

nearest FLS cells, indicating higher expression in cells closer to FLS. Correlation coefficient 

for CD44: R = −0.34 (p-value = 0.05); for S1PR4: R = −0.40 (p = 0.07).

Graph in B shows mean ±SEM and each point represents data from a separate experiment. 

(B) Two-way interaction model between groups was significant (p<0.0001). Two-way 

ANOVA with Šídák’s multiple comparisons test; 2-way factorial ANOVA Model was 

significant. **p<0.01.
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Figure 6. S1pr4 contributes to joint exTh17 cell generation.
(A) Differentiation assay in the presence of mfls (as described in Fig. 5b) of naïve CD4+ 

T from triTh17 mice, with (N=3) and without TGFβ (N=3). Graph shows frequency 

(% of CD4+tdTomato+) of Th17 and exTh17 cells in triplicate.(B) Naïve CD4+ T cells 

from triTh17 mice were cultured in Th17cell polarization conditions for 5 days, with 

(N=3) and without S1PR4 antagonist (CYM50358) (N=3). Graph shows frequency (% of 

CD4+tdTomato+) of Th17 and exTh17 cells.
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(C) Scheme of CRISPR/Cas9 mediated knock down of S1pr4 in CD4+ T cells isolated from 

triTh17 mice before adoptive transfer into Rag2-KO mice.

(D) Expression level of S1pr4 mRNA in CD4+ T cells from triTh17 mice (N=4 mice, 

value represents a triplicate from cultured CD4+ T cells) subjected CRISPR/Cas9-mediated 

knockdown prior to transfer into Rag2-KO mice in E. Graphs show relative quantification 

(RQ) versus housekeeping gene.

(E) Assessment of arthritis in Rag2-KO-CD4 mice after adoptive transfer with 

sgRNA_S1pr4 (N=4) or sgRNA_Ctrl (N=5) triTh17 CD4+ T cells, evaluated by clinical 

score (left panel) with AUC (right panel). Statistics were calculated on the AUC.

(F) Frequency (% of CD4+tdTomato+) of Th17 and exTh17 cells in lymph nodes and joint 

of sgRNA_S1pr4 (N=4) or sgRNA_ctrl (N=5) Rag2-KO-CD4 mice.

(G) Assessment of arthritis in Rag2-KO-CD4 mice treated with either FTY720 (N=5) or 

vehicle (N=4) evaluated by clinical score (left panel) with AUC (right panel). Statistics were 

calculated on the AUC.

(H) Numbers of Th17 and exTh17 cells in lymph nodes (left graph) or joints (right graph) 

from Rag2-KO-CD4 mice treated with either FTY720 (N=5) or vehicle control (N=4).

(I) T cell sequestration in lymph nodes vs joints (∑ = counts of Th17 or exTh17 cells in 

lymph nodes / counts of Th17 or exTh17 cells in joints)

Histograms in (A and B) show Mean ±SEM and each point represents data from a separate 

experiment.

Graphs in (E and G) show grouped summary data plotted at Mean ±SEM, each line 

corresponding to a different group of mice, and each point in histograms represents data 

from an individual mouse. Graphs in (D, F, H, and I) show mean ±SEM and each point 

represents data from an individual mouse.

(A, B, F, H and I) 2-way ANOVA with Šídák’s multiple comparisons test; Interaction was 

significant for (A) (p=0.0001), (B) (p <0.0001), (F) (p <0.0001), (H) joints (p=0.0003) 

and, (I) (p=0.0001) and not significant for (H) lymph nodes; (D, E and G) unpaired t-test, 

two-tailed; *p<0.05; **p<0.01; ****p<0.0001; ns: not significant.
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Figure 7. CD44 promotes the pathogenicity of exTh17 cells.
(A) Assessment of arthritis (left panel) and area under the curve (right panel) in Rag2-KO-

exTh17 treated with either anti-CD44 (N=3), anti-IL6R (N=3) or isotype-Ctrl (N=3) Ab 

during the indicated time period.

(B) Assessment of arthritis (as performed in A) in Rag2-KO-CD4 mice after adoptive 

transfer with sgRNA_Cd44 (N=4) and sgRNA Ctrl triTh17 (N=4) CD4+ T cells evaluated by 

clinical score (left panel) with AUC (right panel). Statistics were calculated on the AUC.
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(C) Scheme of 2nd adoptive transfer of tdTomato+CD44+ and tdTomato+CD44− cells 

isolated from arthritic Rag2-KO-sgRNA_Cd44 mice generated via adoptive transfer with 

sgRNA_Cd44 triTh17 CD4+ T cells.

(D) Assessment of arthritis (performed as in A) in Rag2-KO mice after adoptive transfer 

with either tdtomato+CD44+ (Rag2-KO-tdTomato+CD44+) (N=4) or tdTomato+CD44− 

(Rag2-tdTomato+CD44−) from Rag2-KO-CD4 (N=4) mice shown in C. Statistics were 

calculated on the AUC.

(E) Frequency (% of CD4+tdTomato+) of Th17 and exTh17 cells in lymph nodes from 

Rag2-KO-tdTomato+CD44+ (N=4) and Rag2-KO-tdTomato+CD44− mice (N=4).

(F) Mean Fluorescence Intensity (MFI) of IL-6 in tdTomato+ CD4+ T cells from lymph 

nodes of Rag2-KO-tdTomato+CD44+ (N=4) and Rag2-KO-tdTomato+CD44− mice (N=4).

(G) mRNA expression of key genes in CD4+ T cells or FLS sorted from the joints of 

arthritic Rag2-KO-tdTomato+CD44+ (N=2) and Rag2-KO-tdTomato+CD44− mice (N=2), in 

technical triplicate.

(H) Working model for interplay between Th17-exTh17 cells conversion and FLS 

pathogenicity in SKG arthritis synovium.

Graphs in (A, B, and D) show grouped summary data plotted at Mean ±SEM, each line 

corresponding to a different group of mice, and each point in histograms represents data 

from an individual mouse. Graphs in (E and F) show Mean ±SEM and each point represents 

data from an individual mouse. Graphs in (G) show Mean ±SEM and each point represents a 

technical replicate.

(A) Dunnett’s multiple comparisons test, reference group is the control antibody group; (E) 

one-way ANOVA with Šídák’s multiple comparisons test; Interaction was not significant. 

(B,D, F and G) unpaired T test, two-tailed; *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; 

ns: not significant.
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