Synovial tissue atlas in juvenile idiopathic arthritis reveals pathogenic niches associated with
disease severity
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One sentence summary: An atlas of the cellular and molecular landscape of the inflamed
synovium in juvenile idiopathic arthritis defines tissue niches associated with disease severity

Abstract:

Precision application of targeted therapies is urgently needed to improve long-term clinical
outcomes for children affected by inflammatory arthritis, known as Juvenile Idiopathic Arthritis
(JIA). Progress has been hampered by our limited understanding of the cellular basis of
inflammation in the target tissue of the disease, the synovial membrane. Here, we analyzed
biopsies from the inflamed joints of treatment-naive children with JIA, early in the course of their
disease, using single-cell RNA sequencing, multiplexed immunofluorescence, and spatial
transcriptomics to establish a cellular atlas of the JIA synovium. We identified distinct spatial
tissue niches, composed of specific stromal and immune cell populations. Additionally, we
localized genes linked to arthritis severity and disease risk to effector cell populations, including
tissue resident SPPI+ macrophages and fibrin-associated myeloid cells. Combined analyses of
synovial fluid and peripheral blood from matched individuals revealed differences in cellular
composition, signaling pathways and transcriptional programs across these distinct anatomical
compartments. Furthermore, our analysis revealed several pathogenic cell populations that are
shared with adult-onset inflammatory arthritis, as well as age-associated differences in tissue
vascularity, prominence of innate immunity and enrichment of TGF-3-responsive stromal subsets
that upregulate expression of disease risk-associated genes. Overall, our findings demonstrate the
need for age-specific analyses of synovial tissue pathology to guide targeted treatment strategies
in JIA.



INTRODUCTION

Juvenile idiopathic arthritis (JIA) is the most common inflammatory rheumatic disease in
childhood, affecting more than two million children worldwide (/). One to two thirds of children
with JIA experience arthritis that persists into adulthood, leading to long-term joint damage and
disability (2). The underlying pathophysiology and molecular drivers of JIA are poorly understood
and despite the therapeutic advances of the last two decades, long-term outcomes for children with
JIA remain disappointing (3). Response to targeted therapies are highly variable, with no reliable
predictors of drug response or disease severity (4). The current trial-and-error approach to
treatment selection carries a high risk of failure, often meaning children are treated with multiple
medications over the life-course of their arthritis, which can lead to poor long-term disease
outcomes (4).

High-resolution analysis of the synovial tissue from inflamed joints in adults, using single-
cell profiling technologies, has uncovered the cellular heterogeneity of the arthritic synovium. This
approach has elucidated disease-associated cell states, new tissue-resident cell subsets, and key
cellular interactions underpinning active disease and remission (35, 6). In JIA, practical challenges
have limited our ability to study the synovium directly, leading to a reliance on surrogate molecular
signals detectable in blood and synovial fluid (7). However, this approach has not yielded any
validated biomarkers of treatment response or disease trajectory, and the correlation between the
cellular and molecular pathology in the blood and synovium is poorly understood (7).

In the present study, we applied minimally invasive, ultrasound-guided tissue biopsies to sample
the synovium in the early phases of JIA. Using single-cell next-generation sequencing technologies,
we define a cellular atlas of the inflamed synovium in childhood-onset inflammatory arthritis. We
demonstrate how immune and stromal cell populations are organized into spatially distinct niches
within the inflamed synovium and describe age-associated differences in cellular composition that
may impact response to specific targeted therapies. Finally, we mapped genes relevant to disease,
including those associated with severity, to effector cell populations in the synovium.

RESULTS

Multimodal single-cell profiling of synovial tissue, synovial fluid, and blood in children with
JIA

To determine the cellular architecture of the inflamed synovium in JIA, 19 children underwent
biopsies of their joint synovia, a median of 19 days after clinical diagnosis (Fig. 1A, table S1).
Peripheral blood and synovial fluid samples from the same individuals were collected in parallel
with tissue biopsies. All children were naive to treatment with disease-modifying anti-rheumatic
drugs (DMARD) for their arthritis at the time of sample collection. The cohort included children
with four clinical subtypes of JIA (International League of Associations for Rheumatology
classification (ILAR)), with the majority classified as oligoarticular or rheumatoid factor-negative
polyarticular JIA (Fig. 1A, table S1). Biopsy samples underwent histopathological assessment and
samples from 10 participants were disaggregated for 5’ single-cell RN A-sequencing (scRNA-seq;
10x Genomics Chromium). Spatial profiling technologies, including transcriptomics and
multiplexed immunofluorescence, were performed on synovial tissue biopsy samples from 16
individuals. Furthermore, matched samples of peripheral blood mononuclear cells (PBMC) and



synovial fluid mononuclear cells (SFMC) from 9 individuals were assessed by 5’ scRNA-seq with
paired cellular indexing of transcriptomes and epitopes (CITE-seq) for detection of cell surface
antigens (Fig. 1A, fig. S1A).

For the scRNA-seq dataset, after quality control, we clustered and profiled a total of
250,816 cells from synovial tissue, PBMC, and SFMC samples with single-cell resolution (Fig.
1B, fig. S1, A to C). The major cell types that were observed across anatomical compartments
were annotated based on gene and cell surface antigen expression (fig. S1A, table S2). In synovial
tissue, stromal cell populations included fibroblasts, pericytes, vascular endothelial cells and a
small lymphatic endothelial cell population (Fig. 1, B and C). These cell types were absent from
the other specimen types, except for a small group of endothelial cells in the PBMC samples and
fibroblasts in the SFMC samples (Fig. 1, B and C). Principal component analysis (PCA) of
immune cell proportions separated samples by specimen type, indicating a distinct cellular
composition of synovial tissue compared with PBMC or SFMC samples (Fig. 1D).

Myeloid and plasma cell enrichment distinguishes the immune cell composition of synovial
tissue from synovial fluid and peripheral blood

To determine how the immune cell composition differed in tissue, we compared the
proportions of immune cell lineages across the three anatomical compartments (Fig. 2A).
Compared with PBMC samples, proportions of dendritic cells (DC), myeloid cells and cycling
cells were enriched in both synovial tissue and SFMC. Plasma cells were significantly more
abundant in synovial tissue than SFMC or PBMC (>3.5 log2 fold change (FC), P < 0.0001). In
contrast, DC, plasmacytoid DC (pDC), innate lymphoid cells (ILC), natural killer (NK) cells and
gamma-delta T cells were more abundant in SFMC than in synovial tissue.

We next tested whether cellular proportions in synovial fluid or peripheral blood reflected
the cellular composition of synovial tissue, at the level of individual participant samples. Cell type
abundance between participant-matched samples of tissue and SFMC or PBMC were not
correlated for most cell types; however, LAMP3+ DC and cycling cells in tissue were correlated
with SFMC proportions, and CD4+ T cells and myeloid cells in tissue were correlated with PBMC
proportions (P < 0.05) (Fig. 2, B and C).

Gene expression programs in immune cells are dependent on the anatomical location

To examine whether cell types shared across these three compartments displayed location-
specific programs of gene expression, we investigated which genes were differentially expressed
between specimen types (Fig. 2D, table S3). T cells, myeloid cells, and B cells differentially
expressed >1300 genes in synovial tissue compared with SFMC or PBMC. Distinct transcriptional
programs associated with varied signaling and effector pathways were differentially enriched in
cells across the three anatomical compartments (Fig. 2, E to H, table S4).

In synovial tissue, monocytes and macrophages upregulated pathways associated with pro-
inflammatory responses to IL-1 and collagen catabolism, necessary for tissue remodeling (M1
module, Fig. 2E). Response to interferon-y (IFN-y) and type-I interferon were upregulated in
monocytes and macrophages from SFMC (M2 and M6 modules, Fig. 2E), whereas genes



associated with leukocyte proliferation and extravasation were upregulated in PBMC (M3 module).
Myeloid DC in tissue displayed a pro-inflammatory phenotype, upregulating lipopolysaccharide-
response genes (D3 module, Fig. 2F). Myeloid DC from SFMC were also highly activated,
upregulating pathways involved in T cell co-stimulation (D2 module), perhaps contributing to the
high proportion of cycling cells in SFMC.

T cells in synovial tissue exhibited increased expression of transforming growth factor-§
(TGF-P) response pathways and genes associated with CD4+ T cell differentiation (T2 module,
Fig. 2G). In T cells from SFMC, type-I interferon response genes were also upregulated (T4
module), along with genes associated with chemotaxis and proliferation (T3 module). Pathways
relating to leukocyte rolling and tethering were upregulated in T cells from PBMC (T1 module).
Tissue-enriched B and plasma cells upregulated genes involved in complement activation and
immunoglobulin production (Bl module, Fig. 2H). Like other SFMC lineages, type-I interferon
and IFN-y response genes were upregulated in B cells (B2 and B3 modules respectively), along
with genes involved in actin filament polymerization (B2 module). The upregulation of interferon
response genes in immune cells from SFMC is consistent with the proportional enrichment of pDC
and NK cells (key producers of type-I IFNs and IFN-y) in SFMC compared with synovial tissue.
Increased expression of genes in pathways associated with chemotaxis and actin filament
polymerization in T and B cells from SFMC may reflect increased motility of the lymphocytes
migrating into the synovial fluid. Overall, these findings suggest synovial fluid serves as a
reservoir of activated cells and exhibits distinct features of immune dysregulation compared with
synovial tissue. These data highlight the limitations of relying on SFMC to infer the cellular
pathology of the inflamed synovium in JIA.

Joint inflammation drives a distinct shift in immune cell composition of the synovium

To identify how the cellular landscape changes in synovial tissue during arthritis, we
compared our data to a published scRNA-seq dataset of non-arthritic adult knee biopsies obtained
from bone tumor resections and organ donors (fig. S2, A and B) (§). On average, immune cells
made up 70% (£ 9%) of cells from the JIA synovial tissue, whereas non-arthritic biopsies were
predominantly stromal, with immune cells comprising only 21% (+ 3%) of the total cells (P <
0.001, fig. S2A). Among major cell types, B cells, plasma cells, and pDC were considerably more
abundant in JIA samples, being nearly absent from non-arthritic biopsies (combined total n =43 /
34557 cells) (fig. S2, A and B). To further delineate disease-associated immune cell states, we
subclustered JIA synovial tissue, SFMC, and PBMC scRNA-seq data more finely, yielding five
myeloid, four DC, nine T cell, five NK cell/ILC and nine B/plasma cell states, described on the
basis of gene and, where possible, cell surface antigen expression (Fig. 3, A to C, fig. S3, A to F,
table S5). Comparable cell states were identified in adult non-arthritic synovial tissue data using
label transfer to assess disease-associated changes in cell type abundance (fig. S4, A to D).

In the myeloid cell fraction, the most tissue-enriched populations in samples from children with
JIA included tissue resident MERTK+ macrophages and /L 1B+ myeloid cells (Fig. 3A). MERTK+
macrophages were enriched in non-arthritic biopsies, suggesting a potentially homeostatic role
within the joint (Fig. 3A, fig. S4, A and B). Within the JIA cohort, PBMC samples contributed
the largest proportion of S70048+ monocytes, which had high FCN1 expression, and TCF7L2+
DC, suggesting these primarily infiltrate the tissue from a circulating reservoir (Fig. 3A). SPPI+
macrophages with high expression of lining layer markers fibronectin and TREM?2 (9, 10) and the



chemoattractant CXCL 10 were the most abundant myeloid cells in SFMC (Fig. 3A, fig. S3A). An
SLC8A 1+ myeloid cluster expressing MERTK and ID2 resembled the proposed homeostatic
MERTK+ precursors (6, 10) (fig. S3A). This population was significantly enriched in JIA tissue
compared with the non-arthritic synovium (FDR < 0.01, fig. S4, A and B). Dendritic cells were
distinguished from monocytes by their lower surface protein levels of complement receptor CR1,
associated with phagocytosis (fig. S3B). Of these, conventional type 2 DC (CDIC+ cDC2) were
the most abundant DC population in JIA tissue and strongly expressed the activation marker
NR4A1 (Fig. 3A, fig. S3, A and B). Rarer conventional type 1 DC (CLEC94+XCR1+ cDC1) and
DC expressing the maturation marker LAMP3 present in SFMC and JIA tissue were almost
undetectable in PBMC samples and non-arthritic tissue (Fig. 3A, fig. S4, A and B). In the JIA
cohort, multiple myeloid subclusters, including /L /B+ and SLC8A4 I+ myeloid cells were positively
correlated with age, making up a larger proportion of cells in older children (fig. SSA). This
correlation could not be explained by JIA disease duration (fig. S5B).

Diverse unconventional T cell and memory T cell states dominate the inflamed synovial tissue

T cell subclusters had a similar distribution between JIA synovial fluid and tissue compartments,
once adjusted for the total cell number in each specimen type. As expected, in JIA samples,
CD45RO+ memory T cells were enriched in both synovial tissue and SFMC, whereas CD45RA+
naive T cells were enriched in PBMC (Fig. 3B, fig. S3C). CD8+GZMK+ memory T cells and
CD4+KLRBI+ memory T cells were the most enriched T cell populations in JIA tissue (Fig. 3B).
Only a very small proportion of activated NK-like T cells originated from JIA PBMC samples or
were detectable in non-arthritic adult tissue (Fig. 3B, fig. S4C). This mixed XCLI+ZNF683+
cluster of CD8+ T cells and type 1 gamma-delta T cells (VD1+ y3) had high expression of NK
markers GNLY and KLRC?2, but low expression of cytotoxic molecules such as granzymes and
perforin (fig. S3A). Consistent with recent studies (71), this population incorporating VDI1+ y3 T
cells was more enriched in younger children, showing a negative correlation with age (fig. SSA).
To identify cells with a resident memory T cell phenotype, we scored cells for their combined
expression of reported tissue-residency markers ITGAE (CD103), ITGAI (CD49a), PDCD1 (PD-
1) and CXCR6 (12) (fig. S3D). Cells with the highest expression of these markers localized to the
CXCL13+ T peripheral helper cluster, which contained both CD4+ and CD8+ cells, and the CD§+
GZMB+ / GZMK+ memory T cell cluster. There was an absence of cells highly expressing these
markers in PBMC samples (fig. S3D).

The presence or absence of afy-T cell receptors clearly delineated conventional and
unconventional T cells and confirmed our manual annotation of NK cells, ILC, and gamma-delta
T cells (fig. S3E). Recent studies have identified a ‘M T-high’ T cell population with a high amount
of mitochondrial RNA (73), which we identified as ILC in our dataset (NK-like ILC1 and
THEMIS+ IL7R+ ILC). This SFMC-enriched group of cells exhibited high expression of CD3z
(CD247) and MTRNR2L12, as well as key transcription factors (TOX, BCL11B and RORA) (14)
(fig. S3A). Among NK cells, IFNG+(ITGAE+) NK cells were the most tissue-enriched in JIA
samples, whereas CD56%™CD16+ NK cells were more enriched in JIA PBMCs and in non-arthritic
tissue samples compared with JIA synovial tissue (Fig. 3B, fig. S4C).

B cells within the synovial tissue display germinal center-like states



IgG+ plasma cells and activated IgG+(JUN+) plasma cells were highly enriched in JIA
tissue and more abundant in younger children within this cohort (Fig. 3C, fig. SSA). The
enrichment of plasma cells was not exclusive to children with oligoarticular disease nor observed
in all children with anti-nuclear antibody seropositivity. Compared to PBMC/SFMC samples and
non-arthritic biopsies, naive and memory B cells expressing germinal center (GC) markers such
as BCL2A1 and CD&83 were enriched in JIA tissue (IgD+ GC-like B and GC-like memory B cells),
suggesting the acquisition of this cell state upon entering the inflamed tissue microenvironment
(Fig. 3C, fig. S4C). ITGAX+ age-associated B cells and memory B cells were the most enriched
clusters in JIA SFMC and strongly expressed typical type-I IFN-response genes (MX1, IFITM1I;
Fig. 3C, fig. S3, A and F). As expected, naive IgD+ B cells and (SOX4+RAGI+) transitional B
cells were more enriched in JIA PBMC than other compartments. A PAX5+ B cell cluster was
identified that expressed a number of pro-B cell markers (EBF1, PAX5, BACH?2) (15) and high
proportions of mitochondrial RNA (fig. S3A).

Stromal-derived signals dominate cellular communication in the inflamed synovium

Within the stromal cells in the inflamed JIA synovium, fine sub-clustering yielded eight fibroblast,
one pericyte and four vascular subclusters (Fig. 3D). Two clusters, lining layer fibroblasts and
MMP+ fibroblasts, expressed classical lining layer markers (PRG4, PDPN), high expression of
matrix metalloproteinases, and upregulated extracellular matrix disassembly pathways (Fig. 3E,
fig. S3A, table S6). POSTN+ and CD34+(MFAP5+) fibroblasts had the highest expression of
collagen 1 (COLIAI, COLIA2) and genes associated with collagen fibril organization (Fig. 3E,
fig. S3A). POSTN+ fibroblasts were the most enriched population in JIA tissue compared with
non-arthritic biopsies (fig. S4D). CXCL 4+ fibroblasts highly expressed the proposed universal
fibroblast progenitor marker P/16 (16) and upregulated genes involved in insulin-like growth
factor responses and non-canonical Wnt signaling (Fig. 3E, fig. S3A). This population was
significantly enriched in non-arthritic biopsies compared with JIA samples, suggesting a non-
pathogenic role (FDR < 0.01, fig. S4D). The fibroblast cluster upregulating the chemoattractant
CXCL12 also highly expressed SFRPI, an extracellular modulator of the Wnt pathway that
influences the acquisition of an invasive fibroblast state (/7). Venous cells could be distinguished
by their expression of the atypical cytokine receptor ACKRI, characteristic of post-capillary
venules, and the absence of NOTCH4 gene expression seen in the arterial and capillary clusters
(fig. S3A). The venous cluster also highly expressed POSTN, involved in repair and remodeling
following injury (18). Arterial cells highly expressed the VEGF-A receptor KDR and upregulated
pathways that promote angiogenesis (Fig. 3E).

To identify cell-cell interactions at the site of inflammation, we performed an interactome
analysis of the ligands and receptors expressed by JIA synovial tissue cells, which suggested that
stromal cells produced the strongest signals dictating the microenvironment (Fig. 3F). Specifically,
CD34+ fibroblasts, POSTN+ fibroblasts, lining layer fibroblasts, and CXCL 2+ fibroblasts were
predicted to be the dominant producers of signals in the inflamed joint. Among immune cells,
tissue-enriched MERTK+ macrophages, /L 1B+ myeloid cells, and SPPI+ macrophages expressed
the strongest outgoing signals, whereas GZMB+ and GZMK+CDS8+ T cells had the greatest
predicted response to incoming signals, suggesting they are highly reactive to external stimuli
within the microenvironment (Fig. 3F).



The inflamed synovial tissue is composed of distinct cellular niches

To further hone our analysis of cellular interactions, we sought to focus on populations that were
in close spatial proximity within the tissue microenvironment. We used spatial transcriptomics
(10x Genomics Xenium, with the Xenium Human Multi-Tissue and Cancer Gene Expression and
hMulti_v1 gene panel) to profile JIA synovial tissues sections, facilitating localization of specific
cell states. The spatial expression of 377 genes from 365,279 cells over 413 fields of view were
analyzed from 8 JIA synovial tissue samples, with cell identities deconvoluted using our synovial
tissue scRNA-seq data (fig. S6, A and B, table S7 and S8). We identified seven transcriptionally
distinct niches, based on gene expression, cell type composition, and spatial location (Fig. 4, A to
C). This spatial analysis allowed us to focus the ligand-receptor interactions from our scRNA-seq
data to those between cells within the same spatial tissue niche (Fig. 4D).

The lining layer niche contained SPPI+ macrophages interfacing with the synovial cavity,
with PRG4+ lining layer fibroblasts located immediately beneath (Fig. 4, B and C). Multiplexed
immunofluorescence confirmed the presence of SPP/+ macrophages in the lining layer (Fig. 4C).
We hypothesized that the abundance of SPP/+ macrophages in SFMC may therefore arise from
these cells being sheared off the surface of the membrane into the synovial fluid. SPP1 interactions
were a top predicted outgoing signaling pathway within this niche (Fig. 4D). Within the lining
layer niche, we also found LAMP3+ DC, CDIC+ c¢DC2, S10048+ monocytes and a small
population of T cells (Fig. 4, B and C). MERTK+ macrophages were enriched in multiple niches
and were found to interface with lining layer fibroblasts and vascular cells (Fig. 4, B and C), in
keeping with the transcriptional diversity of this cellular subset (6, 10).

In the sublining, we observed a myeloid-lymphoid niche, seen as a dense band on
immunofluorescence staining beneath the lining layer containing CD4+ and CD8+ T cell subsets,
pDC, myeloid cells, NK cells, and cycling plasma cells (Fig. 4, B and C). Cells within this niche
upregulated several adhesion-related pathways including those involving VCAM, P-Selectin
(SELPLG) and ALCAM (Fig. 4D). Outgoing TGF-f signaling pathways were also strongly
upregulated in this niche (Fig. 4D). A distinct plasma cell-rich niche in the sublining was
composed of plasma cells and granulocytes (Fig. 4, B and C). The BAFF and APRIL pathways,
known for their role in B cell survival and maturation (7/9), were highlighted as key signals
influencing this niche (Fig. 4D).

The vascular and perivascular niches encompassed pericytes, lymphatic vessels and endothelial
cells, with lymphatics identifiable by immunofluorescence in the superficial sublining from their
co-expression of PDPN and LYVEI (Fig. 4, B and C). Consistent with previous studies of adult-
onset arthritis (20), outgoing NOTCH signaling was highest in vascular cells (Fig. 4D). Outgoing
chemokine signaling (CCL) pathways were upregulated by cells that comprised the
vascular/perivascular niches and the myeloid-lymphoid niche, emphasizing their role in leukocyte
recruitment (Fig. 4D). The sublining stromal niche included granulocytes and all remaining
fibroblast subsets (Fig. 4, B and C). POSTN+ fibroblasts were localized with immunofluorescence
to regions around vasculature (Fig. 4C). As expected, collagen-, fibroblast growth factor- (FGF)
and THYI- signaling was upregulated by cells within the stromal sublining niche (Fig. 4D). Finally,
an adipose-rich niche was identified containing adipose cells, mast cells, POSTN+ and CXCL12+
fibroblasts (Fig. 4, B and C), suggesting a possible role for these fibroblast states in tissue
remodeling during inflammation (21). As adipose cells were not present in our sScRNA-seq dataset,
it was not possible to examine the putative signaling pathways within this niche.



Cellular signaling networks localize to distinct anatomical niches within the synovial tissue

We next validated the predicted incoming and outgoing signals of each niche (from scRNA-seq
ligand-receptor analysis, Fig. 4D) with a specific interrogation of genes found in our spatial
transcriptomic dataset (fig. S6, C and D). Increased expression of genes from 12 out of 15
outgoing signaling pathways could be confirmed in the relevant niches of the spatial transcriptomic
data, including, for example, increased SELL in the myeloid-lymphoid niche and HLA-DQOB2 in
the lining layer niche, lending weight to the prediction that trafficking- and MHC class II-related
pathways are involved in the myeloid-lymphoid and lining layer niches, respectively (Fig. 4D, fig.
S6C). Exceptions to the rule included those genes involved in CXCL, CLEC and CCL signaling
pathways, where distinct cytokines and C-type lectins may have diverse functions and expression
profiles, not well-summarized by the single aggregated pathway (fig. S6D).

Composition of cellular niches within the synovium varies with the severity of inflammation

To assess how the abundance of cells in different spatial niches related to the degree of tissue
inflammation, we examined the synovitis scores from histological assessment (22) of sections from
the same biopsy tissues. Despite a limited sample size, we observed a positive correlation between
the proportion of cells within the plasma cell and myeloid-lymphoid niches and the Krenn
inflammatory infiltrate scores (fig. S7A). This suggests that although this measure does not
differentiate between distinct immune cell compositions, these niches are associated with severity
of joint inflammation. In contrast, niches with a higher degree of stromal cells, including sublining
stroma, perivascular and lining layer niches, showed a negative correlation with infiltrate scores
(fig. STA). Accordingly, the proportions of both cycling plasma cells and cycling T cells were
associated with higher infiltrate scores on spatial transcriptomic sections, whereas cycling myeloid
and cycling fibroblast populations were negatively correlated (fig. S7B).

Disease-associated biomarkers are enriched in fibrin-infiltrating myeloid cells of the lining
layer niche

To validate the spatial localization of cells within the seven defined tissue niches, we analyzed
multiplexed immunofluorescence staining of synovial tissue sections (Fig. SA). Following cell
segmentation, the average fluorescence of 21 nuclear and cytoplasmic markers was used to
annotate cell types (Fig. SB, table S9). Hierarchical clustering of proximity scores identified 6
groups of co-localizing cells which corresponded to the niches identified in our spatial
transcriptomic analysis (Fig. 5, C and D, Fig. 4, A to C). Compared with the transcriptionally
defined niches identified from the spatial transcriptomic data, some additional features of cellular
zonation were revealed from multiplexed immunofluorescence. Lymphatics and small CD146-
high blood vessels clustered within the myeloid-lymphoid niche in the superficial sublining (group
2 in Fig. 5, C and D). Vessels approximating the lining layer became smaller in diameter and
expressed higher levels of CD146 protein, associated with leukocyte trafficking (23), compared
with vessels deeper in the sublining expressing more smooth muscle actin (SMA-hi vessels; Fig.
5D, fig. S7C). LYVEI1+ macrophages were abundant in the adipose-rich group, potentially
reflecting their homeostatic function (/0)(Fig. 5, C and D). From immunofluorescence staining,



10

it was apparent that the granulocytes present in the adipose-rich niche in our spatial transcriptomic
data corresponded to MCT+ mast cells (Fig. SD). Accordingly, MCT+ mast cells had greater
proximity to collagen-rich fibroblasts and adipose cells than other granulocytes included in the
analysis (Fig. 5C).

Multiplexed immunofluorescence revealed an additional niche of fibrin-associated cells
distinguishable by proximity analysis and confirmed by cross-comparison with histological
assessment (Fig. 6, A and B, fig. S7, D and E). Fibrin is an insoluble protein that aggregates
within the synovial cavity following extravascular activation of the clotting cascade and can be
gradually absorbed into the synovial membrane (24). Fibrin deposits were identified on
multiplexed immunofluorescence images by the absence of vessels or lining layer, a distinct
texture from synovium, low expression of collagens, and high expression of the glycoprotein
clusterin (CLU), an extracellular chaperone that promotes aggregate formation and is abundant in
clots (25, 26) (Fig. 5B, Fig. 6A, fig. S7, D and E). Proximity analysis showed a grouping of
neutrophils and myeloid cells within fibrin deposits (group 3 in Fig. SC; Fig. 6A). We observed
in our spatial transcriptomic data that lining layer fibroblasts upregulated prothrombotic
fibronectin (FNI), the CLU gene and pathways associated with platelet degranulation, suggesting
involvement in fibrin deposition (Fig. 3E, fig. S3A).

Circulating ST00A8/9 protein, produced by S70048+ monocytes, as well as by neutrophils,
are one of the few available biomarkers predictive of flare in JIA, so we sought to localize these
cells in synovial tissue (27). S10048+ monocytes represented the only immune cell type in the
lining layer niche which were not tissue-enriched, instead being uniquely more abundant in PBMC
samples (Fig. 3A, Fig. 4, B and C). Proximity analysis of spatial transcriptomic data revealed that
S10048+ monocytes were most likely to be located close to SPP/+ macrophages in the synovial
lining layer, as well as in tissue fragments close to the lining layer that resembled fibrin deposits,
where SPPI1+ macrophages form aggregates (Fig. 6, C and D, fig. S7F). Other myeloid cells
found in the lining layer niche, including MERTK+ macrophages, LAMP3+ DC and CD1C+ cDC2,
were also found in closest proximity to S7/0048+ monocytes, and their presence in fibrin deposits
could be confirmed on multiplexed immunofluorescence images (Fig. 6A). This suggests that
S10048+ monocytes migrate into the tissue before infiltrating fibrin deposits alongside other
tissue-resident myeloid cells.

Genes implicated in susceptibility of JIA and risk of progression to severe disease are
enriched in SPPI+ MERTK-CDZ206- macrophages

We next examined the expression of genes which we previously reported to be differentially
expressed in the SFMC of children whose arthritis, though limited to <4 joints at time of diagnosis,
extended to multiple other joints within 6 months (extended oligoarticular JIA, n = 8), compared
with children whose arthritis remained limited (persistent oligoarticular JIA, n = 13) in our SFMC
data (Fig. 6, E and F)(28). We found the genes that were associated with a severe arthritis
trajectory were enriched in SPP/+ macrophages that were MERTK-CDZ206- but expressed TREM?2
and pro-inflammatory CXCL10 and S10048 (Fig. 6E, fig. S3A, fig. S7G). Several of these genes
related to phagocytosis, including multiple C/Q genes, MARCO and TIMD4 (Fig. 6E).
Additionally, from this analysis, we noted that LAMP3+ DC, typically considered tolerogenic,
were associated with high expression of Thl-promoting T cell chemoattractant CXCL9 (29). In
contrast, genes upregulated from children whose arthritis remained limited to a few joints were
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enriched in T cell lineages, including unconventional T cells (MAIT cells and Vd2+ gamma-delta
T cells) and CD8+/CD4+ memory cells (T peripheral helper, GZMK+GZMB+ T cells), as well as
in CLEC94+ ¢DC1 and pDC (Fig. 6F).

Mapping expression of susceptibility loci from two large genome-wide association studies of JIA
onto our SCRNA-seq synovial tissue dataset highlighted enrichment in similar lineages, with the
addition of a stromal cell group (Fig. 6G) (30, 31). A large group of JIA risk genes (TYK2, FAS)
were strongly expressed by myeloid and stromal cells, with enrichment in MERTK+ and SPPI+
macrophages. Another group of genes were specifically highly expressed by stromal cells (/L6,
TNFSF11) with high expression in venous cells and POSTN+ fibroblasts; and another by T cell
subsets (IL2RB, PTPN22, RUNX3) with enrichment in CXCLI3+ T peripheral helper cells and
activated NK-like T cells. Given the tissue-enrichment of these cell types, this highlights the
importance of tissue resident cells as key drivers of disease pathology in JIA.

JIA synovial tissue biopsies are more homogeneous than those from adults with RA,
irrespective of clinical classification

To understand the distinctions between the inflamed tissue microenvironment in children with JIA
compared with adults with RA, we compared our scRNA-seq data to a well-characterized adult
synovial tissue dataset (/3). We sought to limit confounders by comparing scRNA-seq data of
synovial tissue from knee biopsies of DMARD-naive individuals with a disease duration under
one year in both cohorts (Fig. 7A, table S10). In a direct comparison between arthritic states,
children with JIA had more myeloid cells, NK/ILC and vascular cells on average, whereas adults
with RA had more T and B cells (Fig. 7, A to C). Myeloid cells were the most abundant cell type
detected in 7 of 10 tissue samples from children with JIA, comprising 34.6% =+ 14.4% of cells (Fig.
7, A and B). Furthermore, comparison of tissue composition by PCA showed separation between
JIA and adult RA tissue samples (Fig. 7C). Samples from children with JIA were more
homogeneous than samples from adults with RA, despite the inclusion of three different ILAR JIA
clinical subtypes in this analysis (Fig. 7, B and C). We also performed a comparative analysis of
multiplexed immunofluorescence images of RA and JIA synovium, using the previously described
workflow (fig. S8A, table S11). Comparing cell numbers from annotated multiplexed
immunofluorescence images between these age groups confirmed increased vascularity of JIA
tissue compared with adult RA, and a significantly increased proportion of lymphatic vessel cells
in JIA synovial tissue (P = 0.002, Fig. 7, D and E).

Transferring cell labels between pediatric JIA and adult RA synovial tissue scRNA-seq
datasets enabled the identification of corresponding cell types between cohorts based on shared
transcriptomic features (fig. S8B). Several pathogenic populations identified in adult RA (32) were
also present and transcriptionally similar in children with JIA, including B cell-augmenting
CXCL13+ T peripheral helper cells and IgG1+IgG3+ plasma cells (Fig. 7F). In accordance with
analysis of multiplexed immunofluorescence images, comparing cell type abundance in adult RA
and JIA datasets revealed that capillary (FLI/+/SPARC+) and venous cells were more abundant
in JIA synovial tissue in whichever direction label transfer was applied (FDR < 0.01; Fig. 7G, fig.
S8C). Lymphatic cells were confirmed to be more abundant in the JIA samples (fig. S8C, fig. S9).
Among ILC/NK cell types, ILC were particularly enriched in JIA samples (Fig. 7G, fig. S8C). Of
the cell states that were more abundant in younger children in the JIA cohort, activated plasma
cells and POSTN+ fibroblasts were also enriched in JIA samples compared with RA samples (Fig.
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7G, fig. SS5A), raising the possibility that their enrichment reflects age-related differences, rather
than disease distinctions.

TGF-B-driven progenitor-like fibroblast states are uniquely enriched in JIA synovium

SOX5+ fibroblasts were strongly enriched in synovial tissue from children with JIA compared
with adults with RA (FDR < 0.01) (Fig. 7G). The transcriptomic profile overlapped with both
CLIC5+ lining layer fibroblasts and CD34+ sublining fibroblasts in the adult RA scRNA-seq data
(Fig. 7F). Abundance of this cell type was not correlated with age (fig. S10A). To ensure the
relative enrichment of SOX5+ fibroblasts was not a technical artefact of cell label projection, we
integrated JIA and RA stromal populations and re-annotated the integrated cell states, which
confirmed the finding (Fig. 8, A and B, fig. S10, B and C). Differential gene expression analysis
of all stromal cells from JIA synovial tissue revealed two gene modules (S5 & S6 modules)
upregulated in both SOX5+ fibroblasts and FLI/I+ capillary cells (Fig. 8C), another cell type
enriched in JIA compared with adult tissue (Fig. 8, A and B, Fig. 7G). The genes in the S6 module
were associated with WNT and HIPPO signaling, critical pathways linked to joint
development/homeostasis and organ growth respectively (Fig. 8C, fig. S10D)(33, 34). SOX5+
fibroblasts did not highly express the universal fibroblast progenitor marker P//6 identified in
adult datasets (73) (fig. S3A). Nonetheless, pseudotime trajectory analysis suggested that SOX5+
fibroblasts were the origin of emergent fibroblasts states terminating in either lining layer/MMP+
fibroblasts or collagen-expressing sublining fibroblast states (CD34+ / POSTN+; Fig. 8D).
Consistent with these observations, spatial transcriptomic analysis showed that SOX5+ fibroblasts
were found in closest proximity to CD34+ fibroblasts, POSTN+ fibroblasts and lining layer
fibroblasts, the final differentiation states suggested by trajectory analysis (Fig. 8, E and F).

Signaling from epidermal growth factor (EGF), platelet-derived growth factor (PDGF) and
TGF-p pathways were upregulated in SOX5+ fibroblasts (Fig. 8G). To verify the role of TGF-3
signaling in influencing this cell state, we performed ex vivo stimulation of synovial fibroblasts
cultured from synovial tissue biopsies from children with JIA using TGF-f, followed by bulk RNA
sequencing (Fig. 8H, table S12). Synovial fibroblasts stimulated with TGF-3 showed upregulation
of genes that strongly overlapped with SOX5+ fibroblast and FLI/+ capillary markers, suggesting
TGF-p plays a role in promoting the emergence of these subsets in JIA (Fig. 8I). As a proportion,
there was also a large overlap with POSTN+ fibroblast markers following TGF-f3 stimulation (Fig.
8I), suggesting a strong influence of this cytokine on this disease-associated population (Fig. 6G,
fig. S4D). The strongest outgoing signals from SOX5+ fibroblasts came from the pro-angiogenic
mitogenic PDGF pathways, suggesting they may promote the vascularization of synovial tissue
(Fig. 8J). Distinctions in anatomical structures, cellular proportions and stromal cell states between
children with JIA and adults with RA further emphasizes the need for pediatric-focused tissue
research.
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DISCUSSION

In this study, we present a comprehensive single-cell and spatial multi-omic tissue atlas of the
inflamed synovium in JIA. We elucidated the cellular heterogeneity of the tissue landscape,
including the identification of rare and previously under-studied cell types, and distinguish
immune cell phenotypes in synovial tissue from those in synovial fluid and blood. Our analysis
identified age-correlated differences in the composition of myeloid and plasma cells within
synovial tissue, highlighting their spatial organization within distinct tissue niches and their
associated cellular signaling networks. We demonstrated an enrichment of JIA disease risk and
severity genes in SPPI+ tissue macrophages and show that cells upregulating disease-associated
biomarkers co-localize with SPPI+ macrophages in the lining layer. Additionally, these cell types
are found within fibrin deposits in the synovial cavity, suggesting a potential role for fibrin
processing in disease pathogenesis.

A critical barrier to implementing precision medicine strategies in JIA is our limited understanding
of the cellular and molecular heterogeneity of the disease at the site of inflammation, which is not
reflected in current classifications of JIA (7). In our data, tissue composition at diagnosis diverged
most clearly in the abundance of plasma and myeloid cells and could not be distinguished by
histological synovitis scores. Our results are consistent with previous studies that have profiled
JIA PBMC/SFMC samples and tissue biopsies with bulk RNA sequencing, which found the main
drivers of heterogeneity amongst individuals with JIA were related to the upregulation of B cell,
plasma cell/immunoglobulin or myeloid cell signatures, irrespective of ILAR subtype (335, 36).
Our scRNA-seq analysis of synovial tissue also aligns with gene profiles identified previously in
JIA PBMC (36), where increased plasma cells were associated with a younger age of JIA onset
and myeloid cells were more abundant in older children. Such age-specific cellular correlations
could have important implications for the strategic application of targeted therapeutics. BAFF
inhibitor treatments, such as belimumab, have been successfully employed in the treatment of other
autoimmune diseases, including systemic lupus erythematosus and rheumatoid arthritis (RA) to
reduce survival of autoreactive B cells. Given the enrichment of BAFF-related signaling in the
plasma cell niche, BAFF inhibition may offer a pharmacological route for perturbing this niche

(19).

In human adult and murine studies of synovium, macrophages highly expressing TREM?2 and
MERTK are ascribed an immunoregulatory function in suppressing joint inflammation, with
production of inflammation-resolving lipid mediators (6, /0). In contrast, SPP1+MERTK-CDZ206-
myeloid cells have been characterized as inflammatory infiltrating cells in RA, with SPPI+
macrophages absent in healthy tissue (10, 37). Strikingly, we find genes associated with arthritis
severity (progression to extended oligoarticular disease) and risk of JIA to be strongly enriched in
SPPI+ macrophages. This cell type appears to acquire a pro-inflammatory program, expressing
CXCLI10 and alarmins (S10048/S100412), but also genes typically associated with tissue
residency (TREM2, TIMD4) (37). SPP1+ macrophages localized to the outermost lining layer of
the synovium in those with JIA, raising the question of whether a functional transition occurs in
the barrier-like TREM2+ macrophages. Polymorphic variants in the SPP1/osteopontin gene have
been directly associated with a more severe disease course in JIA (38), suggesting this
pleiomorphic glycoprotein has an active role in disease, rather than being simply a marker of a
pathogenic cell state.
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In JIA, the S100 calcium-binding alarmin proteins (S70048, S10049, and S100A412) have been
identified as biomarkers for risk of flare upon withdrawal of methotrexate therapy and for
identifying individuals less likely to respond to T cell targeting agents (27, 39—-41). In our study,
we show that cell types expressing elevated alarmins (neutrophils, SPP/+ macrophages and
S10048+ monocytes) are present in fibrin deposits in the synovial cavity. Fibrin deposition is an
established feature of the inflamed synovium in JIA and impaired fibrin degradation from reduced
fibrinolysis has been reported previously (42—44). Gene signatures related to coagulation and
platelet function have been prominently detected in PBMC of patients with JIA and an older onset
age of disease, in addition to the myeloid signature previously described (36). Recent studies have
shown increased fibrin deposits and its precursor, fibrinogen, at an early stage in children who
progress to more severe disease (42, 45). These data correspond with our own findings that genes
upregulated early in the disease course of individuals who progress to a more severe and
polyarticular disease were enriched in cell types present within fibrin deposits. Animal models
have demonstrated that fibrin aggregates may directly drive invasive changes in fibroblasts,
promote cartilage degradation and elevate expression of destructive enzymes (46), which suggests
fibrin formation may not simply be a correlate of heightened inflammation, but an active
pathogenic driver of disease.

Identifying molecular correlates of specific synovial tissue states from blood and synovial fluid
remains an important step for predicting therapeutic response in a non-invasive manner. However,
it is not currently known if such ‘liquid biopsies’ from blood or synovial fluid do indeed reflect
tissue pathology. In the current study, we clearly define pathology related to resident cell biology
in tissue that is not captured by analysis of PBMC or SFMC, including key signaling pathways, as
well as immune and stromal cell states. With this unique opportunity to compare matched samples
across anatomical compartments, we highlight distinctions in cellular composition and expression
of compartment-specific transcriptional programs, for example the abundance of plasma cells in
tissue and increased type-I IFN signaling in SFMC. These findings are important for
contextualizing prior studies of JIA, highlighting that extrapolation of findings from SFMC
analysis requires caution, and demonstrates the importance of studying the diseased tissue directly.

A detailed understanding of tissue immunology during development, across the age-spectrum and
throughout the life-course of arthritis, especially in children, remains a substantial knowledge gap.
There is a paucity of high-dimensional datasets available that incorporate childhood and
adolescence. Our analysis is limited by an inability to compare with healthy age-matched tissue
and across anatomically distinct joints (including load bearing and non-load bearing joints),
however we do identify features from the inflamed knee synovium in JIA that are distinct from
adults with RA and are therefore specific to this disease context. Careful interpretation is needed
given the seropositive status of many of the adult RA participants, which may reflect differing
underlying disease mechanisms to the seronegative participants with JIA. Although transcriptional
diversity in fibroblasts has been demonstrated across anatomically distinct joints (47), initial
scRNA-seq studies in RA have not identified populations unique to specific joints (73). However,
appropriately powered well-matched studies are yet to be performed in either children or adults.
Ultimately, our data emphasizes the need for a sufficiently powered tissue-based molecular
stratification of JIA to guide therapeutic approaches and clinical care pathways in the pediatric
population. To overcome the power limitations of the present study, in future we aim to provide a
larger pathology-led molecular classification of JIA synovitis using a multi-center, biopsy-driven
approach (TRICIA consortium: https://tricia.network/). This study represents an important step in
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tissue-based analytics in pediatric rheumatology by providing a detailed characterization of the
immune and stromal landscape of the inflamed synovium in children; to move towards treatment
stratification that is informed by molecular pathology and improve long-term outcomes for
children with JIA.

MATERIALS AND METHODS
Study design

The objective of this study was to characterize the cellular and spatial organization of the synovial
microenvironment in children with JIA. Cellular composition and spatial proximity was assessed
to identify disease-specific niches and molecular pathways. 19 children and young people with
active JIA, who were less than 17 years of age and naive to DMARD treatment at time of biopsy,
were participants in this study, recruited from two UK pediatric rheumatology centers (table S1).
Minimally invasive ultrasound-guided synovial tissue biopsies, synovial fluid aspirations and
peripheral blood sampling were performed during routine clinical care while participants were
receiving a therapeutic joint steroid injection under general anesthetic. 18/19 biopsies were
obtained from the knee, the most commonly affected joint in children with JIA (48). Sample size
was selected to capture a representative sample of the synovial architecture in JIA, incorporating
children of different ages with multiple disease subtypes. Samples were excluded from sequencing
protocols if disaggregated tissue yielded less than 40,000 live cells or if synovium was not detected
by histological assessment of the biopsied tissue. Procedures were performed following written
consent by the responsible parent or guardians, with age-appropriate participant assent where
possible. Ethical approval was granted by the East of England - Cambridgeshire and Hertfordshire
Research Ethics Committee (IRAS 292585, REC 21/PR/0410). For comparison of cellular
composition, scCRNA-seq datasets of arthritic (» = 13) and non-arthritic (n = 3) adult synovial tissue
knee biopsies were obtained (8, /3). Tissue samples for multiplexed imaging comparisons were
provided by adults with RA in the Birmingham Early Arthritic Cohort (BEACON) study who were
DMARD-naive and obtained by ultrasound-guided needle biopsy (49) (table S11). The BEACON
study (12/WM/0258) was approved by the West Midlands Black Country Research Ethics
Committee. All participants gave written, informed consent.

Statistical analysis

All statistical analyses were performed in RStudio v4.1 or higher. Differential cell abundance of
cell types from scRNA-seq was performed using scProportion test, utilizing Fisher’s exact test and
random permutations to generate a P-value. An FDR threshold of 0.01 and a log2 fold change
threshold of 0.58 was used for significance. Correlation analyses were performed by Spearman’s
rank or Pearson’s correlation coefficient, depending on normality of data as assessed by the
Shapiro-Wilk test. Pseudobulked differential expression was calculated using Wald test with
Benjamini-Hochberg correction to calculate adjusted P-value in DESeq2, where an adjusted P-
value threshold of 0.01 was applied. Proximity analysis P-value was derived from the z-score using
the cumulative distribution function of the normal distribution with Benjamini-Hochberg
correction to determine adjusted P-value. Gene ontology (GO) terms were determined using
gsfisher and filtered on a P-value of < 0.05, calculated using Fisher's exact test. For proportion
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comparisons of multiplexed immunofluorescence images, the t-test or Wilcoxon test was used
depending on normality of data as assessed by the Shapiro-Wilk test. Bulk RNA sequencing
differential expression was calculated using Wald test with Benjamini-Hochberg correction to
calculate adjusted P-value in DESeq2, applying an adjusted P-value threshold of 0.05. All
individual level data are available in data file S1 or in GEO repositories at: GSE278962,
GSE278968, GSE278969.
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Figure 1: Synovial tissue biopsies from children with JIA capture specific cell populations
not represented in blood or synovial fluid. (A) Schematic showing study overview. Minimally
invasive tissue biopsies with matched synovial fluid mononuclear cells (SFMC) and peripheral
blood mononuclear cell (PBMC) samples were collected from children with JIA who were
DMARD-naive. Table shows JIA subtypes included in analysis. ILAR, International League of
Associations for Rheumatology; RF, rheumatoid factor. Fresh frozen paraffin embedded (FFPE)
biopsy samples were analyzed by histology (n = 18), multiplexed immunofluorescence imaging
(Leica Cell DIVE, n = 7), and spatial transcriptomics (10x Genomics Xenium, n = 8). Synovial
tissue biopsies and PBMC and SFMC were analyzed by scRNA-seq (10x Genomics Chromium),
cell number per patient and anatomical compartment are presented as stacked bar graph (n = 12).
Portions of the schematic are adapted from Servier Medical Art graphics, licensed under CC BY
4.0. (B) Seurat-integrated Uniform Manifold Approximation and Projection (UMAP) embeddings
of main cell type annotations split by anatomical compartment and colored by cell type. Synovial
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tissue, n = 10; PBMC, n = 9; SFMC, n = 9. (C) Total number of synovial tissue cells, PBMC and
SFMC analyzed by scRNA-seq following quality control. Colors indicate cell type from (B). (D)
PCA of immune cell type abundance from scRNA-seq. Dots indicate individual participant
samples of different specimen types.
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Figure 2: Synovial tissue immune cells differ in phenotype and composition compared with
those in synovial fluid or peripheral blood. (A) Comparison of proportions of immune cell
populations annotated by scRNA-seq data between compartments. Synovial tissue, n = 10; SFMC,
n=9;and PBMC, n=9. Data are presented as log2 fold change between anatomical compartments.
Synovial tissue, brown; PBMC, red; and SFMC, blue. Analysis by Fisher’s exact test with 10,000
permutations. Significantly enriched populations were > 0.58 log2 fold change, FDR < 0.01. Non-
significant comparisons shown in grey. (B) Scatter plots of significantly correlated immune cell
populations between matched specimen types. Dots represent individual participants. Spearman’s
correlation analysis. Spearman’s rank coefficient [r] > 0.5, unadjusted P <0.05. n="7. (C) Summary
heatmap of correlations of immune cell populations between specimen types in matched samples.
n = 7. Color scale, Spearman’s rank correlation coefficient; *unadjusted P < 0.05. (D) Bar chart
showing number of differentially expressed genes between synovial tissue and SFMC or PBMC
samples across the main immune cell lineages (>1 log2 fold change, adjusted P < 0.01, DESeq
package). (E to H) Analysis of differentially expressed gene modules in immune cell lineages
between anatomical compartments for macrophages/monocytes (E), myeloid DC (F), T cells/NK
cells/ILC (G) and B/plasma cells (H). For each cell lineage, the heatmap (left panel) shows the
genes differentially expressed between specimen type; rows represent genes, columns represent
participant samples, modules defined by hierarchical clustering. Dot plot (right panel) shows
biological pathways (GO terms) associated with upregulated genes in modules, differentially
expressed between specimen type (adjusted P < 0.05). In (D to H) synovial tissue, n = 10; SFMC,
n=29;and PBMC, n=9.
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Figure 3: Immune and stromal cell landscape of the inflamed synovium in JIA. (A to C) High
resolution UMAP clustering of all cells across anatomical compartments for myeloid and
plasmacytoid dendritic cells (A); T cells, NK cells, and innate lymphoid cells (B); and B cells and
plasma cells (C). Synovial tissue (left), PBMC (middle), and SFMC (right). Clusters are colored
according to bar chart labels. Right panel: Bar charts of the contribution of each compartment to
cell numbers per cluster. Proportions per specimen type shown are stacked and scaled to 100%.
Synovial tissue, n = 10; PBMC, n = 9; and SFMC, n = 9. (D) UMAP showing high resolution
clustering of stromal cell types in synovial tissue, n = 10. (E) Analysis of biological pathways (GO
terms, adjusted P < 0.05) and associated differentially expressed marker genes (>1 log2 fold
change) between stromal clusters. Dot size, number of genes in pathways; color scale, odds ratio.
(F) Scatter plot of predicted interactions between fine cell states in synovial tissue based on
aggregate expression of ligand and receptor genes showing interaction strength of total outgoing
and incoming signals (CellChat package), unadjusted P < 0.05, n = 10. Only clusters containing >
300 cells in tissue are visualized; cell clusters not labelled on plot are defined on right hand panel.



f 1 rl] = Ir—‘—TH r’_rL‘l_I Spatial niches

M Lining layer

ENEEEEEEEEE I Myeloid-lymphoid
e | M Plasma cell-rich
Sublining stroma
J. Perivascular
Vascular
i I Adipose-rich
PRRBBDALOAN-LOOOOAOOO NG BB 82  Fraction of cell
988233080 FEBBEBB888BRBREGRBEF] I WIN IR
T==T 30 ] == == [ =% h led
£88E8>+-3%- E-FFFm2oww888585% £2  per niche (scaled):
Q—QQQCE(’)L+=+“++U’ §EE993299 -3
OSS59G6 L0t BN ES ra R R R=-R-] £
CEEGEPS>0°0 580 S QI BEEFESL > Low  High
TSol8 /=8 XOoqrS E Saatitmstd -
EETIEGSSIRZ0TIIS & A=00 Y
13 +Q3 £90 L3300 S 2 ok X
S =9 < TX £ dHdun 9Q
56 £5 5 iR& 5 88 °°
u ®® 3@8 6 Qo
= q
Spatial niches D o 2 By = 1 PR

I Lining layer

I Myeloid-lymphoid

M Plasma cell-rich
Sublining stroma

I1
g

Perivascular
Vascular
. I Adipose-rich
LLAVODBBODELRT R
LoD D D oW =g i
828883295333 T L8 Fractionof cells
oREH 2" MBOTSS2  perniche (scaled):
58E++73 G2 ER ’
r288a¢ 88 24
=g
2200z oo Low High

Lining layer
v
[ LL fibroblasts
LAMP3+DCs

M Lining layer T cells
B cD1C+cDC2s

Fibroblasts Gra

Other

M Plasma cells

Myeloid cells

M Lining layer
Vascular

CD138 CD31 CD15

Endothelial cells
M Lymphatics
M Pericytes
M Lining layer

I Adipose

Granulocytes
M Lining layer
Vascular

Other

aSMA DKK3 LYVE1 PDPN

B SPP1+macrophages
B MERTK+ macrophages
S100A8+ monocytes

B CXCL12+fibroblasts
B SOX5+ CDH11+fibroblasts

M Pericytes M Lining layer

Endothelial cells
Cycling plasma cells

M Granulocytes ——>

Other

Other

POSTN+ fibroblasts
B CXCL12+fibroblasts

Average pathway
expression of
cells within
niche (scRNA-seq)

|
2 0 2

Cycling fibroblasts
M Cycling myeloid &
PTPAM |
Vascular Other PERIGETM L
SPP1 KI67 MERTK PDPN /SPARC ANFPT
TEI As INC T T
M CD4+ KLRB1+T cells COMFL Mpgi e B A
B CD4+ naivelcentral mem T PN P PERIOSTIN |
GZMK+ CD8+ T cells Exgk = ] PN |
Tcells  LLTcells COLLAGER L cDgg |
B FOXP3+ Tregs MR ] BAFF |
Cycling T cells ncill = fb_ TENASAN |
Myeloid cells A g oM
lis/l B2 NS
B bocs M ooz R IR
Memory B cells \;\‘.“gﬂgq ?\:b‘-’o DO
M Lining layer 0\%%\\?8%‘
POt Vascular  Other W Qc_,\;go
CD11C CD8 CD4 N
SMA/CD90/DKK3/PDPI
Bisama celiitich CD56 SMA/CD90/DKK3/PDPN ‘
I CD34+ fibroblasts
POSTN+ fibroblasts

nulocytes

FABP4 CD15
COL6A1 SMA/CD146




23

Figure 4: The inflamed synovial tissue architecture in JIA is composed of distinct tissue
niches. (A) Representative annotation of spatial transcriptomic section showing the distribution of
7 spatial niches (regions of shared gene expression profiles) in a synovial tissue fragment (top).
Polygons represent individual cells detected; polygon color represents niche annotation. Region of
biopsy section visualized is highlighted in red (bottom left). Heatmap shows cellular composition
of the 7 spatial niches identified (bottom right). » = 8 children (365,279 cells over 413 fields of
view). (B) Heatmap showing cellular composition of finely clustered cell states in the 7 spatial
niches, grouped by hierarchical clustering. Rows, niche; Columns, cell states as defined in fig. S6,
A and B. (C) For each spatial niche, a representative section of synovial tissue shows distribution
of cell annotations from spatial transcriptomic analysis in each niche (left), multiplexed
immunofluorescence of cell protein marker expression (right). Polygon colors, cell annotations in
associated key; colors for antibody markers indicated below image (right). Vascular and
perivascular niches are shown in the same panel. Spatial transcriptomic plots are not matched to
multiplexed immunofluorescence images. Key for adipose and plasma cell-rich niche shown left
of images. (D) Heatmap showing top predicted interactions of cells comprising each niche, based
on aggregate expression of ligand and receptor genes in synovial tissue (scCRNA-seq), unadjusted
P < 0.05; n = 10. Unsupervised hierarchical clustering illustrates the inferred communication
networks and distinct signaling pathways associated with each niche. For outgoing signals,
pathways with genes present in the 377-gene spatial transcriptomics panel are highlighted in bold
(grey = highlighted in fig. S6C, yellow = highlighted in fig. S6D). Vasc, vascular.
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Figure 5: Multiplexed immunofluorescence validates the proximity of cells within spatial
tissue niches. (A) Analysis workflow for identifying and quantifying cell types using multiplexed
immunofluorescence staining to investigate cell localization in spatial niches across multiple
biopsies, n = 7. Left: representative example of synovial biopsy tissue fragments stained for CD68
expression; middle-left: synovial biopsy tissue following serial rounds of staining with
fluorescently-labelled antibodies (LL = lining layer, SL = sublining); middle-right: images
demonstrating calculation of marker expression per cell, showing nuclei detection (top) and cell
segmentation (middle) to identify individual cells and calculation of marker fluorescence per cell
(bottom); right: representative example of cell annotation following integration of data from all
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biopsy sections. (B) Dotplot showing cell type annotation of synovial tissue cell populations
visualized by multiplexed immunofluorescence, based on average expression of 21 nuclear and
cytoplasmic markers; n = 7. Color scale, relative average expression; dot size, percentage of
detected cells expressing marker. (C) Heatmap showing proximity analysis of cell types in
synovial tissue from multiplexed immunofluorescence based on the nearest neighbor of each cell.
Hierarchical clustering of proximity scores shows groups of cells that co-localize, samples as in
(B). Color scale, frequency of co-localization by nearest neighbor. (D) Representative multiplexed
immunofluorescence images of synovial tissue split by cell groupings identified from proximity
analysis. Imaging (bottom panel) and computational annotation of detected cells are shown (top
panel, dot color = cell types indicated in key above). Scale bars, 400 um or 100 um (adipose).
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Figure 6: Genes associated with JIA disease risk and severity are expressed most highly in
myeloid cell types present in the lining layer niche and fibrin deposits. (A) Representative
multiplexed immunofluorescence image of CL U+ fibrin deposit alongside PDPN+ synovial tissue
lining layer. Target proteins and color annotated under each image. Scale bars, 200 pm. (B) CD68+
immunohistochemical stain of synovial biopsy tissue showing the fibrin deposit alongside synovial
tissue. (C) Spatial transcriptomic plots of regions containing S700A48+ monocytes, showing fibrin
fragments containing SPP/+ macrophages, adjacent to the lining layer of a synovial tissue
fragment. (D) Proximity analysis of cell types closest to S7/0048+ monocytes from spatial
transcriptomics, » = 8. (E and F) Heatmap showing average expression of differentially expressed
genes (>2 fold change, unadjusted P < 0.05) from SFMC obtained in early disease, which were
associated with a subsequent disease course of more severe and extensive disease (> 4 joints,
extended oligoarticular JIA, n = 8) (E) or more limited joint involvement (< 4 joints, persistent
oligoarticular JIA, n = 13) (F). Gene set from reference: (28). Heatmap shows the 5 highest
expressing cell types per gene. Color scale, average expression of genes in SFMC from our
scRNA-seq data, n = 9. (G) Heatmap showing average expression of JIA genome-wide association
study (GWAS) susceptibility loci (30, 50) in synovial tissue scRNA-seq from participants with
JIA, n=10. Hierarchical clustering analysis identifies groups of genes enriched across cell lineages
and particular cell states. Top 3 cell types shown with the highest expression per gene. Color scale,
average expression.
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Figure 7: Distinct and shared features of the inflamed joint in children with JIA compared
with adults with RA. (A) Comparative analysis of cell type proportions in synovial tissue of knee
joints from adults with RA (n = 12, (13)), children with JIA (n = 7), and non-arthritic adults (n =
3, (8)) (enumerated from scRNA-seq). In arthritic cohorts, synovial tissue samples were derived
from biopsies of DMARD-naive individuals with a disease duration under one year. (B) Bar chart
showing composition of individual synovial tissue samples by main cell types of all knee biopsies
from children with JIA (n = 10), adults with RA (# = 13) and non-arthritic individuals (n = 3) from
scRNA-seq data, irrespective of disease duration at time of biopsy; bars represent individual
participant samples; disease duration indicated underneath. For JIA samples, ILAR clinical
classification is indicated below: pO = persistent oligoarticular; RF- = rheumatoid factor negative
polyarticular; PsA = psoriatic arthritis. For RA samples, American College of Rheumatology
(ACR) / European Alliance of Associations for Rheumatology (EULAR) 2010 serology
classification is indicated below: high positive rheumatoid factor (RF) / anti-citrullinated protein
antibody (ACPA) (+); negative RF & ACPA (-); low ACPA (-*); RF unknown ( ). (C) PCA and
biplot of synovial tissue cell type composition from children with JIA and adults with RA. Arrow
length represents magnitude of impact on data variance; arrow direction represents correlation with
principal components. Dots represent individual samples. (D) Representative examples of
multiplexed immunofluorescence (left) and matched computational annotation (right) of synovial
tissue from JIA synovial tissue (top) and RA synovial tissue (bottom). Scale bar, 200 um. (E)
Quantification of proportions of cell types found in multiplexed immunofluorescence images of
JIA (n =7), and RA synovial tissue samples (n = 6). Dots, individual participant samples. Box
plots show median, IQR and highest/lowest value within 1.5 * IQR; Unadjusted P as shown;
statistical tests used: vascular cells, t test; myeloid cells and lymphatics, Wilcoxon rank sum. (F)
Plot showing concordance between JIA cluster annotation and predicted labels following label
transfer from full RA (n = 69) to JIA (n = 10) synovial tissue scCRNA-seq datasets. Color scale
indicates the fraction of cells in JIA subclusters labelled with RA cluster annotation (label overlap).
Black square outline indicates >50% concordance. Clusters with >15% concordance visualized.
Fbs, fibroblasts. (G) Comparative analysis of proportional differences in inflamed RA adult and
pediatric JIA joints in synovial tissue sSCRNA-seq. Samples as in (A), clusters labelled using label
transfer from JIA to RA datasets. Significantly enriched cell types in JIA samples (green) and adult
RA samples (purple) are shown (FDR < 0.01 (Fisher’s exact test and 10,000 permutations), > 0.58
log2 fold change). Non-significant findings shown in grey. Cell states shown that composed >0.5%
of cells in synovial tissue.
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Figure 8: A progenitor-like fibroblast cluster is enriched in pediatric tissue samples. (A) Re-
annotation of stromal cell types following integration and clustering of JIA (n =7) and RA (n =
12) synovial tissue samples from DMARD-naive participants with disease duration < 1 year. (B)
Bar plot showing proportions of re-annotated cell clusters by disease. (C) Analysis of modules of
differentially expressed genes between stromal cell clusters in JIA synovial tissue, n = 10. Data
presented as heatmap of average gene expression in the module with hierarchical clustering (full
analysis in fig. S10D). Color scale, average expression of genes in module. (D) Pseudotime
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trajectory analysis of fibroblast populations from JIA synovial tissue scRNA-seq, n = 10. Left
panel, cells colored by subcluster annotation. Right panel, cells colored by pseudotime trajectory.
(E) Proximity analysis of cell types closest to SOX5+CDHII+ fibroblasts in spatial
transcriptomics, n = 8. Proximity scores indicate likelihood of cell types being the closest nearest
neighbor. (F) Representative example of SOX5+CDHI1+ fibroblast distribution in spatial
transcriptomic data. Polygon color, cell types indicated in (E). (G) Predicted incoming signaling
pathways from ligand-receptor analysis of stromal cells (identified from scRNA-seq), synovial
tissue n = 10. Top pathways per stromal cluster shown (tile color, communication probability of
ligand-receptor interactions summarized in signaling pathways; columns, signaling pathways,
unadjusted P < 0.05). (H) Schematic of experimental set-up for bulk RNA sequencing of TGF-f3-
stimulated (10 ng/mL) JIA synovial fibroblasts (from n = 3 children, 1 independent experiment).
(I) Number (x axis) and proportion (y axis) of significantly upregulated genes (adjusted P < 0.05)
following TGF-f stimulation that overlap with each stromal cell state’s marker genes (from
scRNA-seq). Red dotted lines, half maximum value. (J) Top predicted outgoing signaling
pathways from ligand-receptor analysis of stromal cells from JIA synovium, synovial tissue n =
10. Tile color, communication probability of ligand-receptor interactions summarized in signaling
pathways; columns, signaling pathways (unadjusted P < 0.05).
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Synovial tissue samples were dissected into 1-2 mm pieces, and 6-12 fragments were suspended
in cryopreservation media (C2874, CryoStor CS10, Sigma-Aldrich). Remaining tissue was set
aside for tissue culture and/or fixed in formalin (D8418, Sigma-Aldrich) overnight and then
embedded in paraffin. Synovial fluid was first treated with hyaluronidase (H4272, Sigma-
Aldrich) for 30 minutes at 37 °C. PBMC and SFMC were isolated by density centrifugation
using Lymphoprep (85450, Stem Cell Technologies) with SepMate PBMC Isolation Tubes
(85450, Stem Cell Technologies) and stored in freezing media (10% DMSO (D8418, Sigma-
Aldrich) in non-heat inactivated fetal calf serum (Fetal Bovine Serum, FCS-SA, Labtech)) in
aliquots of 5 million cells.

Histological assessment of synovial tissue

Synovial biopsy sections were formalin-fixed paraffin-embedded (FFPE) for histological
analysis. Hematoxylin and eosin (H&E)-stained synovial biopsy sections were examined
histologically for the degree of lining layer hyperplasia and the severity of inflammatory
infiltrate using the Krenn synovitis score as previously described (57). Two pathologists
provided independent scores and the mean of these scores was used for further analysis.

Preparation of samples for scRNA-seq

Tissue fragments were separated mechanically and enzymatically in digestion buffer (100 pg/mL
Liberase TL (5401020001, Sigma-Aldrich) and 100 ng/mL DNase I (DN25, Sigma-Aldrich) in
RPMI-1640 (21875034, Gibco) supplemented with 100 U/mL penicillin and 100 pg/mL
streptomycin (15140122, Invitrogen)) in a 37 °C water bath for 30 minutes, with mechanical
agitation at 15 minutes. Single cell suspensions from disaggregated synovial tissues were
assessed for cell quantity and cell viability by trypan blue.

scRNA-seq library preparation and analysis

scRNA-seq libraries were prepared using Chromium Next GEM single-cell 5° kit (v2 Dual
Chemistry, PN-1000265, 10x Genomics), Chromium Single Cell Human TCR/BCR
Amplification Kit (PN-1000252 and PN-1000253, 10x Genomics) and TotalSeq-C Human
Universal Cocktail (v1.0, 399905, BioLegend) and sequenced using the NovaSeq 6000 platform
to a read depth of 50,000 reads for gene expression and 5,000 reads for VDJ sequencing/surface
antigen detection. Alignment to the GRCh38 reference genome and generation of count matrices
for each sample was competed using CellRanger v7.0.01 (10x Genomics).

scRNAseq analysis was completed using RStudio (v.4.1 for initial integration of data, v4.2 for
downstream processing). SoupX (v1.6.2) was used to remove ambient mRNA contamination.
Cells with a doublet score > 0.25 were excluded (scrublet v.0.2.3, python v.3.9). Data was
analyzed in Seurat (v4.0.3, v5.0.0), where the following quality control metrics were used per
cell: <200 or >7000 detected genes (nFeature RNA), <12.5% of mitochondrial RNA counts,
except innate lymphoid cells where <20% was applied, and for PBMC and SFMC samples,
<10,000 protein counts of surface antigens. Data was processed using the following Seurat
functions: NormalizeData(), FindVariableFeatures(), RunPCA(), FindNeighbours(),
RunUMAP(), FindClusters() and FindMarkers(). Samples were integrated using
FindIntegrationAnchors() and IntegrateData() (reduction = “rpca’). Additional batch correction
was performed where cellular subtypes were not well integrated using the Harmony package
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(v0.1). Different resolutions of clustering were considered and the expression, as well as the
number, of variable features was inspected between clusters for annotation (table S2 and S5).
AddModuleScore() was used to score cells by their aggregate expression of tissue-resident
memory T cell markers.

Differential abundance analysis was performed using scProportionTest (v0.9). Differential
expression of pseudobulked counts across specimen types/anatomical compartments was
analyzed in DESeq2 (v1.40.2) (table S3), modules were generated using igraph (v1.4.2) and data
was visualized using ComplexHeatmap (v2.14) or pheatmap (v1.0.12). Biological pathway
analysis was performed using gsFisher (v0.2) (table S4 and S6). For interactome analyses, the
CellChat package (v1.6.1) was used and adapted. Trajectory analysis was complete using
monocle (v2.28.0). Average expression of disease-associated genes was performed with
AggregateExpression() (Seurat v5). Cells were ordered using setOrderingFilter() and all marker
genes for stromal cell clusters. Dimensions were reduced using
reduceDimensions(max_components = 2, method = 'DDRTree'") and ordered using orderCells().
For comparison of pediatric and adult datasets, cell identity labels were transferred from (2)
using FindTransferAnchors() and TransferData(). Processed inflamed human synovium
scRNAseq data was kindly provided by Prof. Wei and is publicly available from Synapse
(https://doi.org/10.7303/syn52297840).

Spatial transcriptomics sample processing and data analysis

RNA and sample quality of FFPE tissue samples were evaluated using DV200 metrics and H&E
staining. Slides were prepared, processed, imaged and underwent post-run staining according to
Xenium (10x Genomics) protocols: “CG000580 Rev C”, “CG000582 Rev D”, “CG000584 Rev
B” and “CG000613 Rev A”. For gene detection, slides hybridized with probes from the
predesigned Xenium Human Multi-Tissue and Cancer Gene Expression and hMulti_v1 design
(chemistry v1, 10x Genomics), consisting of 377 genes, was used (table S7).

Cells were segmented from raw decoded transcripts using baysor (v0.6.0) and a prior
segmentation cell radius of 10um. Segmented data was processed using the previously
mentioned functions in Seurat (v4.3.0) (table S8). Cells with <15 genes and <20 transcripts were
removed. Cellular boundaries, proximity analysis and niche analysis was completed using: sfdct
(v0.2.0), st (v1.0-13), spatula (v0.9) and sp (v2.0-0). Samples were batch corrected across fields
of view (FOVs) using harmony.

Multiplexed immunofluorescence imaging

One synovial tissue biopsy was analyzed using both spatial transcriptomics and multiplexed
imaging, meaning samples provided an independent cohort for comparison. FFPE synovial tissue
was sectioned at 4 pm, incubated for 1 hour at 60 °C, deparaffinized and rehydrated according to
the Leica Cell DIVE standardized protocol consisting of successive changes of Xylene (2x wash)
for 5 minutes each with gentle agitation, followed by 2x wash of 5 minutes each in 100%, 95%,
70% and 50% ethanol with gentle agitation, and two changes of phosphate-buffered saline (PBS)
for 5 minutes each. Permeabilization was performed for 10 minutes in 1x PBS with 0.3% Triton
X100, followed by a PBS wash of 5 minutes. Antigen retrieval was carried out using a pressure
cooker, according to manufacturer’s recommendations. Slides were then stained with DAPI and
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imaged for the first scan plan. Imaging was performed at 20X to acquire background
autofluorescence and generate virtual H&E images. Each staining round consisted of 3
conjugated antibodies incubated at 4°C overnight or for an hour at room temperature (table S9).
Manually conjugated antibodies were purchased in a BSA-Azide-free format and conjugated
using antibody labelling kits (A20181, A20187, A20186, ThermoFisher). Between staining
rounds, slides were bleached and re-stained with DAPI to assist in image registration and
alignment. Anti-CD138 staining was unsuccessful and, therefore, plasma cells were subsequently
visualized using confocal microscopy.

Confocal microscopy

FFPE paraffin embedded slides were deparaffinized and rehydrated, and antigen retrieval at Tris-
EDTA pH9 performed for one hour at 95 °C (Dako Target Retrieval Solution, S2367, Agilent).
Before antibody addition, slides were pre-treated with Image-iT FX Signal Enhancer (136933,
Invitrogen). Slides were incubated with the following antibodies overnight at 4 °C: anti-CD15,
anti-CD138, anti-CD31 (table S9). Secondary antibodies were used to detect primary antibody
bound to epitope. Autofluorescence quencher was used (Vector TrueVIEW Autofluorescence
Quenching Kit, SP-8400, Vector Laboratories) and slides mounted with DAPI (VECTASHIELD
Vibrance Anti-Fade Mounting Medium + DAPI, H-1800, Vector Laboratories) for visualization.
Slides were imaged on a Zeiss LSM 880 confocal microscope and analysed in QuPath v0.5.0.
Single-stain and isotype-matched controls were run to validate staining.

Computational analysis of multiplexed immunofluorescence imaging

Cell segmentation of Leica Cell DIVE images was performed in QuPath (v0.4.4). Cell detection
was performed using the initial DAPI staining, with a background nucleus radius of 6 mm.
Following segmentation to define cell boundaries, average fluorescence intensity was calculated
across the nucleus and cytoplasm. Intensity matrices from each sample were read into R (v4.2.0),
processed using sctransform and Seurat using the functions previously described. Proximity
analysis was completed using korsunskylab/spatula (v0.9) and Matrix (1.6-0).

Fibroblast culture and cytokine stimulation

Up to 4 < 1 mm fragments of synovial biopsy tissue were cultured in RPMI-1640 media
(31870025, Gibco™), which was supplemented with 10% non-heat inactivated fetal calf serum,
1% [100X] MEM Non-essential amino acids (M7145, Sigma-Aldrich), 1% [100 mM] Sodium
Orthopyruvate (S8636, Sigma-Aldrich), 2 mM glutamine, 100 U/mL penicillin and 100 pg/mL
streptomycin (G6784, Sigma-Aldrich). Fibroblasts were expanded until passage 3-6 for in vitro
experiments. For TGF-b stimulation, cultured synovial fibroblasts (n = 3 biological replicates, all
derived from female patients) were treated for 24 hours with 10 ng/mL recombinant human
TGF-B (201-LB-005/CF, Bio-Techne) or DMSO (D8418, Sigma-Aldrich).

Bulk RNA sequencing sample preparation

RNA was extracted using ARCTURUS PicoPure RNA Isolation Kit (KIT0204, Thermo Fisher
Scientific) according to the manufacturers’ instructions. Library prep was completed using
Novogene NGS RNA Library Prep Set and sequenced on a NovaSeq X Plus using [llumina with
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PE-150 strategy. Sequenced reads were aligned to the GRCh38 human genome using Bowtie2
(v2.4.4). PCR duplicates were removed using SMAtools (v1.15.1). Count matrices were
generated using Subread (v2.0.1). Differential expression was completed using DESeq2
(v1.40.2) (table S12).

Sample attrition

Some samples were omitted from further analysis because they were found to be of insufficient
quality or cell number for analysis. In the sSCRNA-seq analysis, this included 2 x tissue scRNA-
seq samples. For comparisons between anatomical compartments (SFMC, PBMC and synovial
tissue), only JIA samples with sufficient cell numbers in all 3 specimen types were included to

ensure a fair comparison (n = 6). In 3 x H&E images, no lining layer was captured in the tissue
fragments and this was therefore not scored for hyperplasia. Additionally, 2 x JIA multiplexed

immunofluorescence images could not be analyzed as stain processing was unsuccessful.
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Figure S1: Key transcriptomic and protein markers of the major cell types in the inflamed
synovium of children with JIA. (A) Average expression of cell surface antigens (CITE-seq:
BioLegend TotalSeq) and genes to annotate main cell types found in JIA samples. (B and C)
UMAP embeddings of integrated scRNA-seq from synovial tissue, PBMC and SFMC (n=12
participants) split by batch (B) and patient (C).
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Supplementary Figure 2

A Non-arthritic B
synovial tissue JIA synovial tissue Non-arthritic synovial tissue JIA synovial tissue
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Figure S2: Comparative analysis of knee synovial tissue composition in JIA and non-arthritic
adult samples. (A) Bar chart showing composition of individual synovial tissue samples by main
cell types of all participants with JIA (n = 10, 106492 cells) and non-arthritic adults (n = 3, 34557
cells) from scRNA-seq data of knee biopsies. (B) Seurat-integrated UMAP embeddings of main
cell types, split by disease status. Samples as per (A).
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Supplementary Figure 3
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Figure S3: Key transcriptomic and protein markers of the finely-clustered cell types in the
tissue and cell samples from children with JIA. (A) Average expression of gene markers
identifying clusters from integrated scRNAseq analysis (synovial tissue, PBMC and SFMC, n =
12) at high cluster resolution across 4 cell lineages. Mem: memory. (B) Feature plot showing
CITE-seq analysis of cell surface antigens in CRI+ monocytes/macrophages (left) and
cDC2s/LAMP3+ DCs (right) in myeloid cells from PBMC and SFMC samples. (C) Feature plot
showing cell surface antigen detection of naive CD45RA+ T cells (left) and CD45RO+ memory
T cells (right) in T cells/NK cells/innate lymphoid cells from PBMC and SFMC samples. (D)
Feature plot of aggregate expression scores of resident memory (Trm) markers in T cells/NK
cells/innate lymphoid cells from tissue and PBMC samples. (E) Feature plot showing presence or
absence of alpha-beta T cell receptors (abTCR) in PBMC + SFMC samples from cell surface
antigen detection analysis to distinguish conventional T cells from unconventional T cells, ILC
and NK cells. (F) Feature plot showing cell surface antigen detection of IgD+ naive B cells (left)
and ITGAX+ age-associated B cells (right) in B/plasma cells from PBMC and SFMC samples.
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Supplementary Figure 4
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Figure S4: Comparative fine subcluster analysis of knee synovial tissue composition in JIA
and non-arthritic adult samples. (A) Seurat-integrated UMAP embeddings of finer cell sub-
clustering following label transfer split by disease status; JIA samples » = 10, n = 106492 cells;
non-arthritic adult samples n = 3, n = 34557 cells. (B-D) Comparative analysis of proportional
differences between non-arthritic adult and pediatric JIA knee biopsies across myeloid (B),
lymphocyte (C) and stromal (D) populations, from synovial tissue scRNA-seq. Significantly
enriched cell types in JIA samples (green) and non-arthritic adult samples (orange) are shown
(FDR < 0.01 (Fisher’s exact test and 1,000 permutations), > 0.58 log2 fold change). Non-
significant changes shown in grey. Only clusters containing > 300 cells in tissue are visualized.
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Supplementary Figure 5
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Figure S5: The impact of age on cell type proportions in the inflamed joint of children with
JIA. (A) Correlation between participant age at time of biopsy and cell type proportions in the
synovial tissue of children with JIA (scRNA-seq, n = 10). The 6 cell states with the strongest
positive and negative correlations are shown (Spearman’s rho, unadjusted P values). Each dot
represents a sample. (B) Correlation between symptom duration and cell type proportions in the
synovial tissue of children with JIA for the cell states shown in (A) (Spearman’s rho, unadjusted
P values). Each dot represents a sample.
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Supplementary Figure 6
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Figure S6: Identification and localization of fine cell states from spatial transcriptomics
analysis. (A) Key markers of cell states identified from spatial transcriptomic analysis of synovial
tissue (n = 8, 365,279 cells over 413 slides) at high resolution clustering. (B) UMAP embedding
of cell states identified in spatial transcriptomics. Samples as per (A). (C-D) Average expression
of genes, from predicted outgoing signaling pathways of Fig. 4D, in cells belonging to different
niches that (C) confirmed the findings or (D) did not demonstrate enrichment in the same niches.
Box plots show median gene expression from spatial transcriptomics according to identified niches
(n = 8). Individual dots = average gene expression across cells, per niche, for each donor. Box
plots show median, IQR and highest/lowest value within 1.5 * IQR. X axis abbreviations as
indicated in color key. In (C) Unadjusted P values * < 0.05; ** <0.01; *** <0.001; **** <0.0001,
Wilcoxon rank sum test.
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Supplementary Figure 7
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Figure S7: Validation of cellular localization and signaling within niches using a multi-modal
approach. (A-B) Correlation between proportions from spatial transcriptomics of (A) each niche
or (B) each cell type, and Krenn inflammatory infiltrate scores across each sample, n = 7. Pearson’s
correlation coefficient (r) and unadjusted P values as indicated. Krenn infiltrate scoring based on
H&E sections from the same biopsies, as scored by at least two histopathologists (average score
shown). Each dot represents a donor. In (B), cell types correlated with P value < 0.05 shown. (C)
Cell type detection of full biopsy fragment imaged with multiplexed immunofluorescence (Leica
Cell DIVE) shown in Fig SD. (D) Representative example showing the infiltration of CD15+
neutrophils and CD68+ myeloid cells in fibrin deposits on multiplexed imaging (lower panel) and
the corresponding cell annotation (upper panel). (E) Representative example of multi-lobed
neutrophils infiltrating fibrin deposits from H&E. (F) Proximity analysis of cells from spatial
transcriptomics based on the nearest neighbor of each cell type with hierarchical clustering
identifies groups of cells approximating the same cell types, n = 8. Color scale, frequency of co-
localization. (G) Feature plot of residency markers across myeloid cells from tissue scRNA-seq
samples (n = 10).
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Supplementary Figure 8
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Figure S8: Synovial tissue from children with JIA shows key distinctions to biopsies from
adults with RA when matched for disease duration and site. (A) Dotplot of average expression
of immunofluorescence markers detected per cell type following integration, clustering and
manual annotation of #» = 6 biopsies from adults with RA and a disease duration < 1.06 years,
visualized by multiplexed immunofluorescence. (B) Schematic of cell label transfer analysis to
identify corresponding cell states from scRNA-seq datasets of synovial tissue from children with
JIA (n = 10) and adults with RA (n = 69). (C) Projecting scRNA-seq cluster labels from knee
biopsies of adults with RA (Zhang et al 2023, AMP2 Consortium, n = 12 individuals) onto our JIA
dataset identifies cell states proportionally enriched in the different cohorts. Label transfer is
performed in the opposite direction to that shown in Fig 7G, (FDR < 0.01, > 0.58 log2 fold
difference, 10,000 permutations). Non-significant enrichments shown in grey. Cell states shown
that were present with >200 cells in pooled data.
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Figure S9: The synovial cavity exhibits distinct features of immune dysregulation compared
to synovial tissue. Infographic summarizing differences in inferred signaling pathways and
cellular enrichment of different anatomical compartments from analyses in Fig 2 & Fig 3. Created
in BioRender. Neag, G. (2025) https://BioRender.com/mogme60.
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Supplementary Figure 10
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Figure S10: SOX5+ fibroblasts and FLI1+ capillary cells share upregulated gene expression
programs. (A) Correlation between patient age and proportion of SOX5+ fibroblasts and FLII+
capillary cells in synovial tissue scRNA-seq from participants with JIA (Spearman’s rho,
unadjusted P values). Each dot represents a sample, n = 10. (B) Original annotation of stromal cell
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types from JIA (n = 7, left) and RA (n = 12, right) synovial tissue samples following integration
of scRNA-seq data. (C) Feature plots showing example gene markers for the integrated stromal
clusters showing expression of lining layer markers (PRG4) and sublining markers (CDHI1,
POSTN, CD34) within the SOX5+ fibroblast cluster, total n = 19 from JIA and RA samples. (D)
Pseudobulk analysis of stromal cells from JIA scRNA-seq dataset, n = 10. Left: heatmap showing
modules of co-expressed genes; right: dotplot showing biological pathway analysis.

Table S1: Demographics, clinical and histology details for the pediatric JIA cohort.
Table S2: Global marker genes (scRNA-seq).

Table S3: Pseudobulk analysis of differentially expressed genes for the main lineages
(macrophages, T cells, B cells, dendritic cells; from scRNA-seq).

Table S4: Gene ontology terms for the main cell lineages in PBMC (macrophages, T cell, B cells
and dendritic cells).

Table S5: Top 20 gene markers for the fine subclusters of each cell lineage (scRNA-seq).

Table S6: Top 30 biological pathways per stromal cluster based on differential gene
expression (scRNA-seq).

Table S7: Spatial transcriptomics panel probe list.
Table S8: Markers of fine subclusters (spatial transcriptomics).

Table S9: Immunofluorescence antibodies used for multiplexed immunofluorescence (Leica Cell
DIVE) and confocal microscopy.

Table S10: Demographics, clinical and histology details for RA cohort (scRNA-seq)

Table S11: Demographics, clinical and histology details for the adult RA cohort (multiplexed
immunofluorescence

Table S12: Differentially expressed genes from bulk RNA-sequencing of TGF-b stimulated
synovial fibroblasts compared to vehicle control.



