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Juvenile idiopathic arthritis (JIA) is the most prevalent chronic inflammatory arthritis of childhood,

yet the spatial organization in the synovium remains poorly understood. Here, we perform
subcellular-resolution spatial transcriptomic profiling of synovial tissue from patients with active

JIA. We identify diverse immune and stromal cell populations and reconstruct spatially defined
cellular niches. Applying a newly developed spatial colocalization analysis pipeline, we uncover
microanatomical structures, including endothelial-fibroblast interactions mediated by NOTCH
signaling, and a CXCL9/CXCRS3 signaling axis between inflammatory macrophages and CD8* T cells,
alongside the characterization of other resident macrophage subsets. We also detect and characterize
tertiary lymphoid structures marked by CXCL13/CXCR5 and CCL19-mediated signaling from Tph cells
and immunoregulatory DCs, analogous to those observed in other autoimmune diseases. Finally,
comparative analysis with rheumatoid arthritis reveals JIA-enriched cell states, including NOTCH3* and
CXCL12 sublining fibroblasts, suggesting potentially differential inflammatory programs in pediatric
versus adult arthritis. These findings provide a spatially resolved molecular framework of JIA synovitis
and introduce a generalizable computational pipeline for spatial colocalization analysis in tissue
inflammation.

Introduction

Juvenile idiopathic arthritis (JIA) is the most common chronic arthritis of childhood, affecting 1.6-23 cases
per 100,000 children (1, 2). It comprises a heterogeneous group of conditions classified into 8 subtypes (3),
of which oligoarticular and rheumatoid factor-negative (RF-negative) polyarticular JIA (hereafter referred
to as oligo/poly JIA) account for 60%—80% of cases in North America (4). Recent advances in therapy
have transformed the overall prognosis of JIA; however, a substantial proportion of children with oligo/
poly JIA continue to experience chronic, relapsing disease courses (5, 6). The biological processes that
determine the prognosis remain largely unknown.

Synovial tissue, a connective tissue lining the joints, is the primary site of the inflammation in JTIA. How-
ever, previous studies on JIA have relied on synovial fluid due to practical difficulties of obtaining tissue. A
recent study provided a cellular atlas of treatment-naive JIA synovium, combining CITE-Seq with in situ
spatial transcriptomics platform that profiled 377 genes (7). This study highlighted the age-dependent differ-
ences in synovial cell populations and identified macrophage subsets associated with disease progression.

To deepen these insights, we sought to generate a comprehensive spatial and transcriptional profile of the
JIA synovium. In this study, we applied a high-plex in situ transcriptomic platform (10x Genomics Xenium
Prime 5K) to JIA synovial tissue, enabling the transcriptomes of thousands of cells to be measured within
their native spatial organization at near single-cell (sub-10 pm) resolution in formalin-fixed, paraffin-em-
bedded (FFPE) tissues. We developed an analytic pipeline tailored for high-resolution spatial transcrip-
tome data, performing spatial neighborhood enrichment analyses at both cell type and single-spot levels.
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Using this approach, we rediscovered the spatial interaction between fibroblasts and endothelial cells —
previously identified in rheumatoid arthritis (RA) synovium (8) — in JIA tissues. Furthermore, we char-
acterized macrophage and T cell cross-talk and defined tertiary lymphoid structures (TLS) within the JIA
synovial microenvironment, providing insights into immune-stromal interactions in JIA.

Results

High-resolution spatial profiling uncovers cellular architecture in JIA synovium. To explore the cellular diversity and
spatial organization within the inflamed synovium of patients with JIA, we employed advanced spatial tran-
scriptomic profiling on synovial biopsy samples from 9 patients with oligo/poly JIA, defined by Internation-
al League of Associations for Rheumatology (ILAR) classification (3) (Supplemental Table 1; supplemental
material available online with this article; https://doi.org/10.1172/jci.insight.198074DS1). All oligoarticu-
lar patients with JIA were classified as a persistent subtype at the time of biopsy. We collected synovial biop-
sies from treatment-naive patients (# = 3) and from patients who had received various treatments, including
intraarticular steroid injections, methotrexate, leflunomide, and anti-TNF inhibitors (nz = 6). All patients
were negative for RF. Six patients have normal C-reactive protein (CRP) levels, a finding consistent with
previous reports indicating that 50%—-70% of patients with oligo/poly JIA exhibit normal CRP (9, 10). At
the time of biopsy, all of our JIA samples exhibited active synovitis, as diagnosed by board-certified pediatric
rheumatologists and supported by elevated Krenn inflammatory infiltrate scores (Supplemental Table 1).

Utilizing the 10X Xenium Prime 5K platform, we generated high-resolution spatial transcriptomic
data capable of identifying discrete cell populations and characterizing their spatial interactions and niche
formations within the tissue microenvironment (Figure 1A and Supplemental Figures 1 and 2). After
preprocessing and batch correction steps (Supplemental Figure 1, A-C), we performed unsupervised
clustering of the spatial transcriptomic data and, based on manual annotation using canonical markers,
delineated 4 major cellular compartments: T cell-innate lymphoid cells (ILCs), B/plasma cells, myeloid
cells, and tissue-associated stromal cells, which included diverse subsets of fibroblasts and endothelial
cells (Figure 1, B-G). Marker genes for each subcluster are listed in Supplemental Table 2, and spatial
visualization of annotated cell clusters on histological sections are provided in Supplemental Data 1-9 in
an interactive format.

T cell-ILC subpopulations included fine-scaled T cell subsets as well as ILCs (Supplemental Figure
1D). The CD8" T cell population encompasses CCR7" TCF7" naive CD8* T cells, along with granzyme B*
(GZMB") and granzyme K* (GZMK") CD8* T cells, which have been previously characterized in the synovi-
um of patients with RA (11). We also identified a distinct CD8* T cell population, tissue-resident memory
T cells (TRM), marked by expression of ZNF683, which encodes HOBIT (12). IFN stimulated CD8* mem-
ory T cells were enriched with IFN-stimulated genes such as [FITI and IFIT3. CD4" T cells consisted of
CCR7*TCF7* naive CD4" T cells, FOXP3* Tregs (13), and an IFNG*TBX21* population designated as type 1
helper T cell (Th1). We also identified CD4"* T cells expressing CXCL13 and IL21, corresponding to periph-
eral T cells and follicular T cells (T,,/Tg,) (14). We further detected TRDC* y3 T cells and innate-like T
cells expressing ZBTBI16 (encoding PLZF) and NK receptor KLRBI, with transcriptional profile resembling
invariant NK T cells (iNKT cells) (15) and mucosal associated innate T (IMAIT) cells (16). Innate subpopula-
tions, NK cells, and ILCs were also identified. ILCs were characterized by NCAMI and CD3E negativity and
enrichment for /L5 and IL174, suggesting the presence of ILC2 and ILC3 subset (17).

B cell-plasma cells comprised MS4A41* (encoding CD20) B cells, CD38" plasma cells, and MKI67*
plasmablast populations (Supplemental Figure 1E).

Myeloid cells encompassed diverse macrophage populations, DCs, plasmacytoid DCs (pDC), and mast
cells (Supplemental Figure 1F). The macrophage clusters comprised several distinct clusters: MERTK"
macrophages, characterized by the enrichment of scavenger receptor CD163 and MRCI (encoding CD206)
and MERTK (18); TREMZ2* macrophages, defined by high expression of TREM?2 as well as tissue-remodel-
ing chemokines such as MMP9 (19); proinflammatory macrophages expressing mediators such as CXCL9,
CXCL10, and ILIB; and CCR2, a chemokine receptor indicative of infiltrating monocyte-derived macro-
phages (20-22). We also identified a subset of stressed macrophages marked by high expression of endo-
plasmic reticulum stress-related genes (HYOU!, PDIA4, DDIT3) (23). The DC cluster included CLEC9A4* X-
CRI'THBD* DC1 and CDIC'CLECI0A* DC2 (24). Additionally, 1 DC cluster was characterized with
LAMP3*, CCR7*, and immunomodulatory molecules such as CD274 (encoding PD-L1), corresponding to
recently described mature DCs enriched in regulatory molecules (mregDCs) (25).

JCl Insight 2026;11(1):e198074 https://doi.org/10.1172/jci.insight.198074 2
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Figure 1. Spatial transcriptomic profiling of synovial tissue in patients with JIA. (A) Synovial biopsy samples were collected from 9 patients
diagnosed with JIA. Subcellular resolution spatial transcriptomic data were acquired from FFPE biopsy samples using the 10X Xenium Prime 5K
platform. Cell types within synovial tissues were identified, and spatial neighborhoods were characterized based on spatial proximity analysis. (B)
Identified major immune and tissue-associated cellular compartments in synovium, including T cells, B cells, myeloid cells, and stromal tissue cells
(endothelial and fibroblast subsets). Within each broad cell type, fine-scale cell subpopulations were annotated. (C) Representative example of the
FFPE histological slide of synovial biopsy sample and spatial mapping of identified cell clusters. Colors are corresponding with panel B. Scale bar:
500 um. (D-G) Identified fine-scaled cell clusters on UMAP (left) and composition across samples (right) for T cells (D), myeloid cells (E), B/plasma
cells (F), and stromal tissue cells (G).

Stromal tissue—associated cell types included lining and sublining fibroblasts as well as endothelial
cells (Supplemental Figure 1G). Fibroblasts were classified into PRG4" lining, THY1" sublining fibro-
blasts and a mixture of NOTCH3* sublining fibroblast and MCAM* (encoding CD146) mural cells. Lin-
ing fibroblasts were further divided based on the expression of DKK3, which could play role in repair
pathways (26), into DKK3" and DKK3"PRG4* subsets and intermediate populations, which exhibited
gene expression patterns between lining-sublining fibroblasts (27, 28), including RSPO3*, which could
modulate Wnt/f-catenin signaling and have crucial effects on angiogenesis (29, 30). Sublining fibro-
blasts were further categorized based on the expression of CXCL12, CD34, DKK3, and POSTN. Endo-
thelial cells were classified into PROXI*FLT4* lymphatic and blood vascular vessels, the latter were
further divided into LIFR*SELE* venules and NOTCH4" arteriolar endothelial cells.

JCl Insight 2026;11(1):e198074 https://doi.org/10.1172/jci.insight.198074 3
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To investigate the cellular sources of cytokines and receptors relevant to synovial inflammation, we
examined the expression of genes from a curated cytokine signaling gene set (31) (Supplemental Fig-
ure 1H). Most cytokines and receptors showed dominant expression within specific cell populations; for
instance, fibroblasts and B cells predominated among cells with detectable /L6, whereas IL/8 expression
was primarily restricted to macrophages and DCs.

To quantitatively characterize morphological differences across cell types, we computed cell area and
circularity (Supplemental Figure 2C). Stromal cells such as fibroblasts and endothelial subsets exhibited
larger and more variable cell areas compared with immune cells, whereas lymphocyte populations demon-
strated higher circularity, consistent with their small, rounded morphology.

Disease-linked stromal cell population. Quantitative assessment across individual biopsy samples revealed
variability in cellular composition, with significant interpatient heterogeneity observed in the proportions
of immune and stromal cells (Figure 1, D-G, and Supplemental Figure 2D). Correlating this heterogeneity
with clinical inflammatory state using covarying neighborhood analysis (32), we found that patients with
higher inflammation state defined by serum CRP levels exhibited enrichment of sublining/intermediate
fibroblast and endothelial cell (venules and arteriolar endothelium) populations relative to total synovial
cells, indicating a potential critical role for these cells in potentiating inflammation in JIA synovium (Figure
2, A and B), as sublining fibroblasts are known as a resource of inflammatory molecules in RA-synovium
(28, 33). Conversely, some key immune populations, such as CD8" T cells and proinflammatory macro-
phages, appeared relatively depleted in this analysis. This observation likely reflects a proportional shift
rather than a decrease in absolute cell numbers; in a highly inflamed synovium, the substantial expan-
sion of the stromal and endothelial framework can diminish the relative proportion of even an expanded
immune cell compartment.

To investigate the spatial genetic relevance of cell populations within the synovium, we applied gsMap
(34), a recently developed statistical framework that integrates spatial transcriptomic data with GWAS
through stratified linkage disequilibrium (LD) score regression (SLDSC). This approach enables the map-
ping of disease heritability enrichment onto specific spatially resolved cell populations based on GWAS
summary statistics of JIA (35). Notably, stromal populations — not only intermediate/sublining fibroblasts
and vascular endothelial subsets, but also lining fibroblast and T cell subsets — exhibited significant enrich-
ment of JIA-associated genetic signals (Figure 2, C and D). This suggests that these spatially localized
niches — in particular, stromal cells — may contribute to not only inflammatory activity but also disease
susceptibility via genetically driven mechanisms.

Together, these results offer a detailed characterization of the spatially resolved cellular landscape of
JIA synovium and their association with clinical indicators and disease susceptibility.

Spatially resolved niches reveal distinct immune-stromal compositions and gene programs. To identify tissue
microenvironments with distinct immune and stromal compositions, we defined spatial “niches” based on
local cooccurrence patterns of cell clusters within the synovium. A spatial “niche” was defined here for each
cell by examining the composition of its 30 nearest spatial neighbors, summarizing the local abundance
of each cell type. Cells with similar neighborhood compositions were grouped using k-means clustering
to delineate discrete spatial niches. Each niche was then annotated by its relative enrichment in major cell
lineages, resulting in 4 biologically interpretable niche classes: T+B/plasma cell niche, Myeloid+Stromal
cell niche, Myeloid+T cell niche, and Stromal niche (Figure 3, A and B, and Supplemental Figure 3, A and
B). Analysis of these niche classes revealed the substantial heterogeneity of the synovial microenvironment
across patients (Figure 3A). Even within a major class, functional diversity was observed. For example, the
Myeloid+Stromal cell niche contained functionally diverse subniches: some, like Niche 10 in patient JIA3,
were enriched in macrophages and corresponded with high systemic inflammation, while others were dom-
inated by PRG4" lining fibroblasts and exhibited a less inflammatory profile (e.g., Niche 22). This intraniche
and interpatient heterogeneity highlights a granular spatial organization where specialized microenviron-
ments can differ between individuals, even those with similar clinical classifications such as elevated CRP
(e.g., JIA2 vs. JTIA3).

To investigate the functional states of these niches, we performed pathway enrichment analysis
comparing niche clusters. This analysis revealed class-dominant pathway signatures, including IFN-
a/y signaling in Myeloid+T cell-enriched niches, inflammatory and phagocytosis-related signatures in
Myeloid+Stromal-rich niches, T and B cell receptor signaling in B+T cell-enriched niches, and angiogen-
esis-related pathways in stromal niches (Figure 3C). In addition, several other signaling cascades known

JCl Insight 2026;11(1):e198074 https://doi.org/10.1172/jci.insight.198074 4
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Figure 2. Links between synovial cell states and clinical phenotypes in JIA. (A) Heatmap of covarying neighborhood analysis (CNA) associations of specif-
ic cell states with each clinical variable. All testing was adjusted for age and sex. Colors represent the percentage of cell neighborhoods from each cell state
with positive phenotype correlations from white to red (expanded) or blue (depleted). Clinical variables associated globally (permutation P < 0.05) are
annotated by asterisk. (B) CNA for CRP association with cell states. Cells in UMAP are colored for expansion (red) or depletion (blue). (C) Representative
region, with cells colored by broad cell types (top) and the significance of the association (-log, [P value]) with JIA derived from gsMap analysis (bottom).
(D) Violin plot showing the distribution of disease associations for each spatial spot across annotated synovial cell type, ordered from left to right by
decreasing median association value.

to be implicated in JIA pathogenesis were selectively enriched across spatial niches. For instance, the
IL-6/JAK/STAT3 pathways — critical in T cell differentiation (36) and chronic inflammation (37) — as
well as complement components, were elevated in Myeloid+Stromal cell niches. The activation of the
classical complement pathway and its association with markers of disease activity, such as elevated levels
of complement-bound circulating immune complexes, have been well documented in JIA (38). Mean-
while, TGF-p and WNT signaling pathways, implicated in fibroblast activation and tissue fibrosis (39, 40),
and fibroblast-mediated inflammation and treatment-refractory in RA (41, 42), were more pronounced in
stromal niches.

Histological mapping of niches and individual cell clusters demonstrated their anatomical relevance.
For instance, stromal niches exhibited localized enrichment of the angiogenesis pathway, as visualized by
spatial gene set scores (Figure 4, A-D). Another histological section also showed enrichment of IFN-y
signaling in Myeloid-T cell and Myeloid+Stromal-rich niches (Figure 4, E-H).

These findings highlight the spatial heterogeneity of the synovial immune microenvironment in JIA and
demonstrate that spatial niches are associated with distinct cell type compositions and molecular programs.

Spatial neighborhood enrichment analysis reveals NOTCH3-mediated interactions between endothelial cells and
sublining fibroblasts in JIA synovium analogous to RA. Since tissue-microenvironment shapes both the cell
identity and localization, we aimed to characterize the cell-cell interaction in each niche based on spatial
proximity. To achieve this, we developed a custom pipeline to statistically test the spatial proximity between
these cell types (Figure 5A). We tested the performance of the pipeline using simulation data, assuming
proximity pattern as concentric circle and layer, and found that it could efficiently identify pairs of cell

JCl Insight 2026;11(1):e198074 https://doi.org/10.1172/jci.insight.198074 5
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Figure 3. Characterization of spatial niches in JIA synovium. (A) The central heatmap displays the percentage area of 30 spatial niches (columns) for each
patient (rows). Patient samples are annotated by clinical features on the left. The bar plots above illustrate the proportional composition of cell clusters
for each corresponding niche. Spatial niches are grouped by the major annotated niche clusters shown at the bottom. (B) UMAP embedding of niches
based on theirimmune-stromal cell composition. Each dot represents a niche and is colored by an annotated niche cluster. (C) Heatmap showing normal-
ized gene set enrichment scores for related pathways across the 4 annotated niche classes.

types that were close to each other within 30 um (Figure 5, B and C). To validate our spatial neighbor-
hood analysis pipeline, we further utilized publicly available spatial transcriptomic data of human breast
cancer and mouse brain (Supplemental Figure 4, A-D). Spatial neighborhood analysis revealed significant
enrichment in proximity such as between cancer-associated fibroblasts (CAFs), cytotoxic T cells, astrocytes,
and oligodendrocytes, underscoring their spatial interplay in the tissue architecture as described in the
published study (43, 44). The human breast cancer and mouse brain datasets comprised 8,273 and 17,215
cells, respectively, and the analysis, using 4 parallel threads, was completed in 7.6 seconds and 31.7 seconds,
respectively, demonstrating the computational efficiency of the pipeline.
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We applied this spatial neighborhood enrichment analysis pipeline to our JIA synovium spatial tran-
scriptomic data and identified significant spatial proximities such as those between endothelial cells and
sublining fibroblasts (Figure 6A). Given previous findings that endothelial cells and fibroblasts interact via
NOTCHS3 signaling in RA synovium (8), we further investigated whether a similar interaction exists in JIA.
Indeed, we observed that THY7* sublining fibroblasts were enriched in proximity to endothelial cells and
simultaneously exhibited elevated NOTCH3 expression (Figure 6, B and C). Consistently, endothelial cells
highly expressed the NOTCH3 ligands, such as DLLI/4 and JAGI (Figure 6D). Representative regions high-
lighting the spatial niche established by these interacting cell populations demonstrated the colocalization
and reciprocal signaling between endothelial cells and sublining fibroblasts (Figure 6, E and F, and Supple-
mental Figure 4, E and F). This observation suggests an organized microanatomical structure within the
synovial tissue, reinforcing the notion that endothelial-fibroblast interactions mediated through NOTCH3
signaling might contribute to the formation and maintenance of inflammatory niches in JIA synovium.

Spatial crosstalk with T cells and vasculature orchestrates macrophage polarization. Given the established
importance of macrophages in the pathogenesis of inflammatory arthritis, we aimed to explore how mac-
rophage gene expression is altered in relation to their spatial proximity to other cell types within the syno-
vial tissues. Since monocytes enter through vasculature and differentiate to synovial macrophages (45—47),
we first examined how gene expressions in macrophages correlated with their distance to endothelial cells
(Figure 7A). Antiinflammatory or tissue-repairing markers such as MRCI, CSFIR, and MERTK, which
were known to be expressed on healthy synovial tissue macrophages (48) and increased in synovium of
patients with RA with remission states (18), showed higher expression in macrophages proximal to vas-
culature, whereas expression of proinflammatory-associated genes, including ILIRN, NFKB2, and JAK2,
increased with distance from the nearest endothelial cell. We also noted that TREM?2, a gene traditionally
associated with tissue-repairing macrophage programs (49), exhibited a distinct spatial pattern compared
with other antiinflammatory markers, as TREM?2 expression increased with distance from endothelial cells.
CD14 expression decreased while CD68 expression concurrently increased with distance from endothe-
lial cells, suggesting that circulating monocytes progressively differentiate into macrophages after entry
through the endothelium as they adapt to the synovial microenvironment (45-47).

Next, we aimed to characterize the microenvironmental cues that induce inflammatory gene expres-
sion in macrophages. As expected from our definitions of cell type clusters, proinflammatory macro-
phages exhibited the highest proinflammatory module scores (50, 51) (Figure 7B). We observed a positive
correlation between proinflammatory polarization and distance from endothelial cells (R = 0.35, P <
0.001) (Figure 7C). Since we found that proinflammatory macrophages are colocalized with GZMB*CD8*
T cells (Figure 6A), we asked whether inflammatory gene expression in macrophages is induced when
they are in close proximity to CD8* T cells. Indeed, proinflammatory scores in macrophages gradually
decreased along with distance from GZMB* CD8* T cells (R = —0.20, P < 0.001) (Figure 7D), and a
similar trend was observed for GZMK*CD8* T cells (R = —0.11, P < 0.001) (Supplemental Figure 5A).
‘While the strength of these spatial correlations is modest, their statistical significance is suggestive of this
pathogenic interaction. Importantly, 2-dimensional density contour plots revealed distinct spatial patterns
across macrophage subsets (Figure 7E); proinflammatory macrophages were located closer to GZMB*
CDS8* T cells than endothelial cells.

In contrast, MERTK" macrophages showed a strong spatial association with endothelial cells. To further
investigate the potential identity of MERTK" macrophages, we examined their similarity to LYVE-1* perivas-
cular macrophages, which have been previously described as collagen-remodeling cells positioned near blood
vessels in steady-state tissues. As LYVE-1 itself was not included in our Xenium probe panel, we inferred
LYVE-1*like phenotype by computing gene module scores across macrophage clusters using a gene signature
associated with LYVE-1* macrophages (18). The analysis revealed that MERTK" macrophages exhibited the
highest LYVE-1* macrophage score among the identified subsets (Figure 7F). This result supports the notion
that MERTK" macrophages in JIA synovium represent a transcriptionally related population to homeostatic
LYVE-1* perivascular macrophages, potentially involved in vascular support and extracellular matrix turnover.

Given the reciprocal interactions of macrophages and fibroblasts (52), we examined their spatial
relationships with lining fibroblasts. We observed that while several macrophage subsets were located in
proximity to lining fibroblasts, this was also clearly apparent for TREM2* macrophages (<50 pum) (Sup-
plemental Figure 5B). To further characterize TREM2* macrophage populations, we computed a module
score using the CX3CR1* lining macrophage gene signature previously defined in a murine model of
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Figure 4. Spatial niches and associated pathway activities. (A-D) Representative images of association between niche clusters and ANGIOGENESIS pathway.
Spatial mapping of annotated niches (A) from a representative synovial tissue section and H&E staining (B). (C) Spatial distribution of cell clusters in the zoom-
in of the section in A. (D) Left, spatial enrichment score of the ANGIOGENESIS pathway. Right, Corresponding DAPI and expression of representative genes of
the pathway. (E-H) Representative images of association between niche clusters and IFN-y response pathway. Spatial mapping of annotated niches (E) from a
representative synovial tissue section and H&E staining (F). (G) Spatial distribution of cell clusters in the zoom-in of the section in E. (H) Left, spatial enrichment
score of the IFN-y response pathway. Right, Corresponding DAPI and expression of representative genes of the pathway. Scale bars: 1 mm (A and E).

joint inflammation (53). We observed significantly higher CX3CR1" lining macrophage scores in TREM2*
macrophages, compared with other macrophage subsets (Supplemental Figure 5C). These results suggest
that TREMZ2" macrophages in our dataset may represent a human equivalent of CX3CR1* barrier-forming
macrophages, supporting their putative role in maintaining tissue homeostasis and limiting inflammatory
responses at the synovial interface (53, 54).

Colocalization score schema highlights crosstalk between T cells and macrophage. Although our spatial
neighborhood enrichment analysis effectively captured cell type interactions, it did not resolve indi-
vidual cell-level proximities. To overcome this limitation and enable identification of direct cellular
interactions at single-spot resolution, we developed a colocalization score framework designed to pre-
cisely capture interactions between specific cell populations within spatial transcriptomics data (Figure
8A). We implemented this new scoring method, leveraging spatial coordinates to assign higher scores
to cells that coexist closely within the spatial neighborhood. Using simulated and public spatial tran-
scriptomics data, we confirmed the robustness of this approach, demonstrating that our colocalization
score accurately identified known pairs of spatially proximal cells under various controlled scenarios
(Figure 8B and Supplemental Figure 5, D and E).

Subsequently, we utilized the colocalization score to investigate ligand-receptor signaling interactions
between macrophages and T cells by integrating ligand-receptor pair predictions from the COMMOT pipe-
line (55) (Supplemental Figure 5F). The distribution of correlation P values showed ligand-receptor inter-
action signals that were spatially covaried with macrophage—T cell colocalization scores (Supplemental
Figure 5G). CXCL9/CXCR3 ligand-receptor pair exhibited the highest correlation with the macrophage-T
cell colocalization scores, implicating this chemokine signaling axis as a potential critical mediator facili-
tating spatially organized crosstalk between these immune cells within JIA synovium (Figure 8, C-E, and
Supplemental Figure 5, H-J).
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We next focused on the niches composed primarily of macrophages, endothelial cells and T cells
(Figure 8, F-H, and Supplemental Figure 5K). While both MERTK* and TREM2* macrophages were
distributed across the lining and sublining layers, these subsets exhibited partially distinct spatial patterns;
MERTK* macrophages showed local enrichment around endothelial cells, whereas TREM?2* macrophages
were broadly present in both lining and sublining areas. This distribution of TREM?2* macrophages is con-
sistent with findings in RA, where they are observed in both compartments in the active disease state (18).
On the other hand, proinflammatory macrophages were colocalized with T cells. Within the Myeloid+T
cell niche, GZMB*CDS8* T cells exhibited the high expression of IFNG transcripts, which drives macro-
phage polarization toward a proinflammatory phenotype (Supplemental Figure 5L). We further quan-
tified IFN-y production by lymphocyte subsets in synovial fluid samples from oligo/poly patients with
JIA, and we confirmed that CD8" T cells are the predominant source of IFN-y (Figure 8, I and J). Spatial
transcriptomic mapping demonstrated enriched expression of macrophage-related inflammatory genes
precisely at these niches (Figure 8, K and L, and Supplemental Figure 5M). Immunofluorescence staining
of active JIA synovial samples confirmed that MERTK* macrophages exhibited focal accumulation within
the sublining layer, likely around endothelial cells, whereas TREM2* macrophages dispersed in both lining
and sublining layers (Figure 8M). Additionally, physical colocalization of CD8* T cells with proinflam-
matory macrophages (Figure 8N) was observed in JIA synovial tissue, providing orthogonal validation of
these inflammatory niches in situ.

Taken together, these findings underscore the spatial diversity of macrophage subsets in JIA synovium
and suggest a dynamic phenotypical change in shaping the inflammatory macrophage phenotype via mac-
rophage-T cell interactions, particularly through chemokine and cytokine signaling.

Spatial identification and cellular characterization of TLS in JIA synovium using T and B cell colocalization
scores. Given the established roles of TLS in chronic inflammatory conditions (56-59), we investigated
their presence and cellular composition within JIA synovium. First, we applied the colocalization score
framework to specifically assess interactions between T cells and B/plasma cells in order to detect potential
TLS regions. These computationally identified regions matched with validated TLS regions by indepen-
dent histopathological analysis performed by a blinded pathologist and T+B/plasma-rich regions by spatial
mapping of broad cell types (Figure 9, A-C).

To assess the molecular mechanisms underlying TLS formation, we examined ligand-receptor signal-
ing between T cells and B cells within identified TLS. The chemokine signaling axis CXCL13/CXCR5
showed significant enrichment in these TLS regions, suggesting a shared mechanism of TLS formation and
maintenance with other chronic diseases (Figure 9D).

Histological image (Figure 9E), spatial visualization of TLS colocalization scores (Figure 9F and Sup-
plemental Figure 6), and distribution of cell clusters confirmed the enrichment of Tph/Tth cells within
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representative fibroblast genes. Statistical significance was assessed using Spearman correlation coefficients and P values. (D) Heatmap of gene expres-
sions related to NOTCH signaling pathway components across different cell types. (E) Representative spatial coordinates of an identified niche of sublining
fibroblasts and endothelial cells, matching pathological images. Cells are colored according to their cluster assignments. (F) Spatial expression patterns of
fibroblast-related and NOTCH signaling-related genes within the identified niche location. Scale bar: 100 pm.

TLS-dense regions (Figure 9G). These clusters coexpressed high levels of key TLS-related genes including
CXCLI13, CXCRS, ICOS, and CCR7 (Figure 9, H and I). Notably, we also identified mregDCs as a likely
source of CCL19, the ligand for CCR7, pointing to a potential cellular axis contributing to the establishment
of TLS-associated chemotactic gradients in JIA. The elevated expression of CD40 and CD80 in mregDCs
may facilitate the priming of naive T cells.

To further characterize the spatial organization of cell types within TLS, we quantified the distance from
each cell to its nearest B cell across identified TLS regions and calculated the distribution of cell types across
distance. This analysis revealed that several immune cell populations, particularly T cells as expected, including
Tph/Tth cells as the most enriched cell types, proxy for B cells (Figure 10A). These spatial features highlight
the coordinated positioning of TLS-associated immune and stromal populations, supporting their roles in TLS
formation and maintenance, likely through CXCL13/CXCRS5 (T+B) and CCL19-mediated signaling from
mregDCs (Figure 10B). We summarized the percentage of each cell cluster within 10 um of B cells and com-
pared the rate of spatial decay with distance (Figure 10, C and D). Tph/Tth cells and mregDCs showed high
enrichment and steepest decay, indicating strong localization near B cells. Together, these findings demonstrate
the utility of the colocalization score in identifying TLS in JIA synovium and provide insights into the complex
cellular interactions and signaling pathways driving TLS formation and maintenance.

Integrated comparison of JIA and RA synovial tissue reveals potential disease-specific cellular niches. To compare
the cellular architecture of JIA and RA synovium, we integrated our spatial transcriptomic data with pub-
licly available RA synovial scRNA-Seq data (28) (Methods). RA-derived cell clusters were transferred to
JIA cells in the shared latent space (Figure 11A). The transferred cell type labels showed high concordance
with our annotations for major immune and stromal compartments in JIA synovium, including T cells/
ILCs, B/plasma cells, myeloid cells, and stromal tissue cells (Figure 11B), with detailed results for each
lineage shown in Supplemental Figure 7.

Unsupervised clustering in the integrated latent space yielded 42 shared cell clusters encompassing
cells from both JIA and RA samples (Figure 11C). To identify disease-relevant cell states, we applied a
CNA approach. This approach identified clusters with significantly different neighborhood compositions
between the 2 conditions; for instance, integrated-clusters 10 was expanded in JIA, while integrated-clus-
ters 21 was depleted (Figure 11D).

To mitigate potential technical artifacts arising from differences in tissue dissociation sensitivity between
spatial transcriptomics and scRNA-Seq (60), we performed lineage-normalized comparisons between JTA
and RA by calculating the relative abundance of key subsets within major immune lineages, with focus
on cell populations, which were dominant in skewed integrated cell clusters toward JIA or RA (Figure
11E). Specifically, NOTCH3"* sublining fibroblasts (matched with mural cells in the RA-cluster), CXCL12*
sublining fibroblast cells, and GZMK*CD8" T cells were enriched in JIA, whereas clusters enriched in RA
included GZMB*CD8" T cells. Although it did not show statistical significance, Tph/Tth cells showed a
trend toward enrichment in RA (P = 0.089). Collectively, these findings demonstrate the power of integrat-
ed spatial single-cell analysis to reveal potential cellular distinctions between JIA and RA pathogenesis.

Discussion
In this study, we present the largest subcellular-resolution spatial transcriptomic atlas, to our knowledge,
of JIA synovium. We profiled whole synovial sections with single-molecule transcript detection, capturing
a rich landscape of diverse immune and stromal cell populations in situ. By mapping cells in their native
tissue context, our atlas reveals how innate and adaptive immune cells, fibroblasts, and endothelial cells
organize into discrete pathogenic niches within the JIA joint. Key inflammatory cell states identified (e.g.,
proinflammatory macrophages, Tph/Tth, GZMK*/GZMB* CD8" T cells, innate-like T cells, B/plasma
cells, and distinct fibroblast subsets) spatially colocalize in patterns consistent with functional crosstalk.
Our findings corroborate the niche architecture and stromal-immune hubs as previously reported in
treatment-naive JIA synovium (7). We extend that work by (a) leveraging high-plex, subcellular spatial data
and a single-spot colocalization/neighborhood framework that identifies endothelial- NOTCH3* sublining
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Figure 7. Spatial distribution of distinct macrophage states in JIA synovium. (A) Scaled gene expression of selected macrophage markers plotted as a
function of distance from the nearest endothelial cell. Center heatmap shows scaled expression of macrophage-related genes in individual cells ordered

by proximity to endothelial cells (0-300 um), with representative genes annotated. (B) Violin plots showing the distribution of proinflammatory module
scores across macrophage subtypes. P values were determined by the Wilcoxon rank-sum test. (C and D) Correlation between proinflammatory module
scores of individual macrophage cells (each point) (y axis) and distance to the endothelial cells (C) or GZMB* CD8 T cells (D) (x axis). Color-filled contours
represent 2-dimensional kernel density estimates. Spearman’s correlation coefficient and P values are shown. (E) Density plots depict the distances of
individual macrophage cells (each point) to the nearest endothelial cells (x axis) and GZMB* CD8 T cells (y axis) by macrophage subtypes. Color-filled con-
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fibroblast and CXCL9/CXCR3 macrophage-CD8" T cell circuits in situ; (b) linking JIA genetic risk to
defined fibroblast states; and (c) quantitatively resolving TLS composition and chemokine context.

The identification of spatially resolved tissue niches within JIA synovium reveals distinct immune-stro-
mal architectures that likely underpin localized pathogenic processes. Our unsupervised classification of
microanatomical niches into 4 major classes — T+B/plasma cell, Myeloid+Stromal, Myeloid+T cell, and
Stromal — reflects the complex cellular crosstalk shaping the inflamed synovial landscape. The Myeloid+T
cell and T+B/plasma cell niches exhibited enrichment for IFN-a/y signaling and adaptive immune path-
ways, respectively, echoing findings from adult RA studies in which Thl-type cytokines and B cell-T cell
interactions dominate lymphoid-rich synovitis (28). The presence of angiogenesis-associated signatures
within stromal-rich niches further supports prior work suggesting that fibroblast cells with enrichment for
genes associated with the vasculogenesis program sustain chronic inflammation (61, 62). These spatially
confined signaling environments may facilitate niche-specific therapeutic resistance or responsiveness, as
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target cells across tissue sections by simulated patterns. (C) Spatial heatmap of colocalization scores between T cells and macrophages. (D) Spatial map
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ments (G and H). (I) Representative flow cytometry plot showing intracellular IFN-y expression. (J) Quantification of the frequencies of CD4* T cells, CD8* T
cells, NK cells, and y3 T cells among IFN-y* cells from the synovial fluid of oligo/poly patients with JIA (n = 4). Each line connects measurements from the
same individual across different cell types. P values were determined by Friedman'’s test. (K and L) Spatial expression of representative marker genes for
macrophages (K) and T cells (L). Color scale indicates normalized expression levels. (M) Representative immunofluorescence image showing the localiza-
tion of CD68*MERTK* macrophages (white arrows) and CD68*TREM2* macrophages (red arrows) in the synovial tissue. Nuclei were counterstained with
DAPI (blue). (N) Representative immunofluorescence image demonstrating physical colocalization of CD8* T cells (red arrows) and IL-13*CD68* proinflam-
matory macrophages (white arrow) within inflammatory niches of the synovium. Nuclei were counterstained with DAPI (blue). Images are representative
of n =5 independent samples. Scale bars: 100 pm (G); 20 um (M and N).
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prior study has shown that pauci-immune synovium with abundant fibroblasts is associated with poor
therapeutic response in RA (28, 63). Future studies integrating spatial proteomics and longitudinal biopsy
cohorts could clarify how these niches evolve over disease course or in response to therapy, ultimately
advancing precision medicine strategies in JIA.

Synovial fibroblasts are broadly classified into lining and sublining fibroblasts: sublining fibroblasts
exhibit a secretory phenotype characterized by high expression of inflammatory molecules such as IL-6,
CXCL12, and CCL2, which recruit monocytes, whereas lining fibroblasts are the source of the metallopro-
teinase as the main driver of invasion and cartilage degradation (64, 65). A striking finding in our study is
the spatial coupling of sublining fibroblasts with the synovial endothelium via NOTCHS3 signaling, a niche
interaction that mirrors observations in RA (8). In RA, endothelium-derived NOTCH signals imprint a
positional identity on perivascular fibroblasts, promoting an aggressive inflammatory phenotype (8). The
shared endothelial-fibroblast niche architecture in JIA and RA underscores a fundamental pathological
circuit and raises the hypothesis that targeting the NOTCH3 pathway could attenuate fibroblast pathoge-
nicity in JIA, echoing therapeutic insights previously shown in RA models (8). Interestingly, when integrat-
ing the JIA Xenium spatial transcriptomic data with RA scRNA-Seq data, many of the NOTCH3" fibro-
blasts in JTA synovium were predicted to align with mural cell identities, suggesting continuous cell states
between them. This finding is congruent with the previous study showing that there are no universal spe-
cific markers to distinguish fibroblasts and mural cells (66) and that mural cells can arise from perivascular
fibroblast-like cells through NOTCH signaling (67). Furthermore, when we applied gsMap, PRG4* lining
fibroblasts showed the strongest association with JIJA GWAS signals. This finding stands in contrast to the
inflammatory sublining fibroblasts enriched in patients with high CRP and suggests that distinct fibroblast
phenotypes may be differentially involved in disease susceptibility versus disease activity or progression.
Such a model parallels observations in systemic lupus erythematosus (SLE), where gene programs associ-
ated with disease-state differ from those linked to severity (68).

Our spatial analysis also uncovered intimate interactions between infiltrating T cells and synovial mac-
rophages that appear to form a positive feedback loop driving proinflammatory-polarized inflammation. In
JIA synovium, CXCR3" T cells were frequently colocalized with CXCL9*CXCLI10* proinflammatory mac-
rophages. CXCL9/CXCR3 or CXCL10/CXCR3 chemokine axis is known to recruit and activate Th1 cells
in inflamed joints (69): synovial macrophages (and lining cells) secrete CXCR3 ligands CXCL9/CXCL10
under IFN-y stimulation (70), which align with enrichment of IFN-a/y signaling in Myeloid+T cell niches
described in our analysis. Our data support this model in situ, suggesting that T cells and proinflammatory
macrophages engage in reciprocal activation — effector T cells maintain macrophages in a proinflammato-
ry state, and macrophage-derived CXCL9/CXCL10 attracts more T cells into the tissue. Importantly, our
spatial transcriptomic data reveal that, while GZMB*CD8* T cells are a rare population (representing < 2%
of total T cells), they exhibit the highest per-cell expression of IFN-y transcripts, highlighting them as a
small but potent potential source of this key cytokine.

MERTK* macrophages and TREM?2" macrophages identified in our study correspond to functional ana-
logs of LYVE-1* perivascular macrophages and CX3CR1* lining macrophages previously described in mouse
models, respectively (53, 71). In parallel, RA remission has been associated with MERTK" macrophage sub-
sets, including LYVEI* and TREM2" populations (18). The spatial proximity of MERTK" macrophages to
endothelial cells, combined with their transcriptional signature, supports a role for these cells in vascular
maintenance and resolution of inflammation in the pediatric synovium. In RA, MERTK*LYVEI* macro-
phages predominantly reside in the lining layer during homeostasis and remission but shift to perivascular
regions in the sublining layer during active inflammation (18). The localization of MERTK" macrophages in
our JIA samples mirrors this pattern and may reflect the inflammatory state of the tissue, as all biopsies in our
study were obtained from clinically active joints. Moreover, recent work has highlighted a specialized vascu-
lar-immune interface at the synovial lining-sublining boundary, where fenestrated PV1* endothelial (proxy for
venules in our dataset) cells permit entry of circulating immune complexes, initiating inflammatory responses
(47). These are sensed by resident macrophages and nociceptor neurons, which act as components of the
synovial defense system and potential secondary effectors of fibroblasts. The enrichment of endothelial-fi-
broblast interactions and the anatomical proximity of perivascular macrophage subsets in JIA synovium are
consistent with this emerging model of immune surveillance.

Using spatial colocalization analysis, we identified organized aggregates of B cells, T cells, and DCs
in the synovium, often with structures reminiscent of germinal centers. These TLS-like aggregates in
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Figure 9. Identification and characterization of tertiary lymphoid structures (TLS) using T and B cell colocalization scores. (A) H&E staining images of
synovial tissue, illustrating representative TLS as identified by a blinded pathologist. (B) Spatial distribution of T and B cells. Scale bar: 1 mm. The high-
lighted gray square indicates the TLS-enriched region. (C) Colocalization scores for T and B/plasma cells. (D) Spatial CXCL13-CXCRS5 interaction signals. (E)
H&E staining image of zoomed-in of the area with the highest TLS density highlighted in B. (F and G) Same region as in E, colored by T and B/plasma cell
colocalization score (F) and fine-scale cell cluster assignments (G). (H) Violin plots showing the expression levels of key TLS-related genes across different
cell clusters identified within the TLS. (1) Spatial expression patterns of TLS-associated genes. Scale bars: 1 mm (B); 100 pum (G).

JIA closely mirror those observed in adult autoimmune diseases such as RA and SLE, amplifying local
autoimmunity and inflammation (72, 73). Likewise, JIA TLS may serve as sites of local antigen pre-
sentation and lymphocyte activation, potentially driving epitope spreading or autoantibody production
even in a pediatric setting, although the specific antigens involved remain unknown. In the context of
JIA, lymphoid aggregates in the synovium have been reported (58). Intriguingly, a prior study by Gre-
gorio et al. reported that these nascent TLS in JIA did not strongly associate with disease duration
or severity, though they found them to be more common in antinuclear antibody* (ANA™) cases. The
TLS we observed shared molecular features with TLS in other disorders — for example, JIA TLS areas
showed upregulation of lymphoid chemokines CXCLI13 from Tph/Tth cells and CCL!9 from mregDCs,
and CD40 in B cells (74). These findings encourage further study of TLS as a prognostic marker and as a
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Figure 10. Composition of cell states in TLS. (A) Line plot showing the proportion of each immune cell cluster (y axis, percentage of total cells within

each cluster) relative to its binned distance to the nearest B cell within identified TLS regions (x axis, log-scaled). Each line represents a distinct immune
cluster, with colors corresponding to the cluster identities. Points denote the proportion per 5 um distance bin, and annotations on the right indicate the
top clusters based on peak proximity to B cells. (B) Representative TLS region showing colocalization of Tph/Tfh cells, B cells, and mregDCs. (C) Bar plot
showing the percentage of each immune or stromal cell cluster located within 10 um of a TLS B cell. Percentages are displayed above each bar. (D) Estimat-
ed decay rates of cell cluster proximity to TLS B cells, expressed as the slope of the proportion of cells per um distance. Negative values indicate stronger
spatial enrichment close to TLS B cells with rapid decline at increasing distances. Data are shown as 95% Cl from linear regression fits.
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potential therapeutic target, especially given that some of the agents targeting TLS-related pathways are
currently in clinical trials for RA (75).

While JIA and RA are distinct diseases (1), our findings might enable a cross-comparison of pediatric
vs. adult synovial pathogenesis. Within stromal cells, the cellular composition of inflamed JIA synovium
skewed toward inflammatory elements, including NOTCH3* and CXCLI12" sublining fibroblasts compared
with RA. The preferential enrichment of GZMK*CD8"* T cells in JIA and GZMB*CD8* T cells in RA sug-
gests that divergent modes of tissue inflammation and immune activation via GZMK and GZMB pathways
(76, 77) may contribute to different pathogenic mechanisms in pediatric versus adult arthritis. Furthermore,
they may reflect differences between seronegative JIA (RF-negative) and seropositive RA, the latter of
which includes the majority of patients with RA in our comparison, with over 75% testing positive for anti-
cyclic citrullinated peptide antibodies. We therefore acknowledge that these findings are preliminary and
that future studies in larger, prospectively matched cohorts are needed to confirm these cellular distinctions.
Nonetheless, these contrasts between adult and pediatric arthritis, although preliminary, provide hypothe-
ses about how age and immune maturation influence the inflammatory microenvironment.

Methodologically, this study introduces a computational pipeline for quantifying spatial colocal-
ization at both cell-type and single-spot levels. The latter approach yielded quantitative “colocalization
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Figure 11. Comparative analysis of JIA and RA synovium using integrated spatial-transcriptomic and scRNA-Seq data. (A) Cell type level label transfer
results, where RA synovium scRNA-Seq was used as the reference and JIA synovium Xenium data as the query. RA-derived annotations were transferred
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clustering in the integrated latent space. UMAP visualizations of both JIA (Xenium) and RA (scRNA-Seq

=

cells are colored by newly defined shared clusters.

(D) CNA identifies integrated-space clusters that are expanded or depleted in JIA synovium relative to RA synovium. Sex and disease duration were
adjusted for, while age was excluded from covariates due to its collinearity with disease status, reflecting the distinct age of onset between RA and JIA.
Left: Spatial visualization of cells colored by neighborhood correlation (red, expanded in JIA; blue, depleted). Middle: Violin plots showing distribution of
neighborhood correlations for each integrated cluster. Only clusters with cells either of positive or negative correlation > 80% are shown. Right: Bar plots
showing cell-type composition of each cluster in RA (left) and JIA (right) synovium. For each cluster, the most abundant original cell type (from either RA or
JIA) is annotated with text in each bar. Center bar plot showing relative proportion of cells derived from JIA versus RA within each cluster (orange, JIA; blue,
RA). (E) Box plots showing the lineage-normalized proportion of cell clusters across individual samples, stratified by condition (JIA versus RA synovium).

P values were calculated using Wilcoxon rank-sum tests. Box plots showing the median, interquartile range, and 1.5x interquartile range (IQR) whiskers.

scores” for cell pairings and enabled linking with the established framework for inferring ligand-re-
ceptor signals. While prior single-cell studies in RA inferred cell interactions from dissociated cells
(78-81), our pipeline provides a spatially resolved view of cell communications, adding confidence
by requiring physical proximity in tissue. We envision that this analytic framework can be applied to
other spatial omics datasets, enabling a deeper understanding of tissue organization and cross-talk in
health and disease.

This work has several limitations that warrant discussion. First, the number of patient samples is
modest, reflecting the difficulty of obtaining pediatric synovial biopsies; thus, the generalizability of
some findings (e.g., TLS presence or specific rare cell populations) will need confirmation in larger JTA
cohorts. Relatedly, while we systematically tested associations between all cell populations and mul-
tiple clinical covariates — including disease duration, treatment status (e.g., MTX, bDMARDs, ste-
roid injection), and the presence of uveitis — we found no statistically significant associations apart
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from CRP levels, underscoring the need for validation in larger cohorts to better define the relationship
between synovial cell composition and clinical phenotypes. Second, our comparisons between JIA and
RA relied on integrating our spatial transcriptomics data with published scRNA-Seq data from adult
RA, and we acknowledge that such cross-study comparisons are inherently indirect due to differences in
tissue processing and assay platforms. However, these differences can also offer complementary insights.
For instance, spatial transcriptomics has a higher capture rate of stromal cells compared with disso-
ciative scRNA-Seq, which often underrepresents these cell types (60). This allowed us to characterize
immune-stromal interactions more comprehensively in JIA synovium.

In conclusion, our high-resolution spatial transcriptomic data of oligo/poly JIA synovium in combina-
tion with potentially new computational pipelines charted the inflammatory cell atlas and microanatomy
of the disease with unprecedented detail, paving the way for future studies to leverage spatial omics in
understanding tissue-level immunology. By combining spatial genomics with multi-omics and experimen-
tal validation, we move closer to unraveling the cellular choreography of arthritis and translating these
insights into targeted therapies for children and adults suffering from joint inflammation.

Methods
Supplemental Methods are available online with this article.

Sex as a biological variable. This study considered sex as a biological variable and included both
female and male patients. The patient cohort, detailed in Supplemental Table 1, consists of a higher
proportion of female patients, which is representative of the known sex predominance in the epidemi-
ology of JIA. To account for potential confounding effects, sex was included as a covariate in relevant
statistical models.

Subject recruitment and clinical data collection. Children who met the ILAR classification criteria for a
diagnosis of JIA (3) and were seen at Children’s Hospital Colorado were recruited for the study. Clinical
information was obtained through a review of medical records. ANA and RF were considered positive if
detected at any titer and at any point during the disease course. CRP levels were measured within 3 months
of the procedure.

Statistics. The statistical tests performed are indicated in the figure legends or Methods. For the analysis
of our data, the Wilcoxon rank-sum test was used for comparing continuous variables between 2 groups.
Spearman’s rank correlation was utilized to examine the relationship between 2 continuous variables. We
corrected for multiple comparisons using the Benjamini-Hochberg procedure to control the false discovery
rate. Adjusted p values less than 0.05 were considered significant.

Study approval. This study was approved by the Institutional Review Board at University of Colorado
School of Medicine (protocol number 23-2268). The design and conduct of this study fully complied with
all relevant regulations regarding the use of human study participants, including the U.S. Department of
Health and Human Services regulations for the protection of human subjects (45 CFR 46), and adhered to
the ethical principles outlined in the Declaration of Helsinki.

Data availability. All raw and processed data will be available at dbGAP (accession no. phs004370.
v1.pl). Spatial transcriptome data for benchmarking spatial neighborhood analysis and colocalization
score was downloaded from https://www.10xgenomics.com/jp/support/software/xenium-onboard-anal-
ysis/latest/resources/xenium-example-data. We used publicly available software for the analyses. New-
ly developed R package for spatial neighborhood enrichment analysis and colocalization scoring system
and vignette using simulation data and public 10X spatial transcriptome data will be available on Github
(https:// github.com/juninamo/spatial Cooccur; commit ID 6039663). Other analytic codes to generate fig-
ures are available on Github (https://github.com/juninamo/JIA_Xenium; commit 71010db). Values for
all data points in graphs are reported in the Supporting Data Values file.
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