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Treatment-refractory rheumatoid arthritis (RA) is a major unmet need, and
the underlying mechanisms are poorly understood. To identify molecular
determinants of refractory RA, we performed spatial transcriptomic
profiling on synovial tissue biopsy samples taken 6 months before and
after treatment. In the baseline biopsy samples of non-remitting patients,
we identified increased fibrogenic signaling within vascular tissue niches,
marked by high fibroblast COMP expression. We uncovered arole of
endothelial-derived Notch signaling as an upstream regulator of fibroblast
transforming growth factor beta (TGF[3) signaling via its opposing ability
toinduce TGFf isoform expression while suppressing TGF[3 receptors,
generating a proximal-to-distal gradient of TGFf sensitivity that can be
altered with disruption of steady-state Notch signaling. In posttreatment
biopsy samples, we observed significantimmune depletion with expansion
of fibrogenic niches, a process that can be reversed by inhibition of Notch
and TGFp signaling in RA patient-derived organoids. Collectively, our data
implicate targeting of TGF [ signaling to prevent exuberant synovial tissue

fibrosis as a potential therapeutic strategy for refractory RA.

Rheumatoid arthritis (RA) isacommon autoimmune disease character-
ized by chronicinflammationin the synovium'* While there have been sig-
nificantadvancesinthe treatment of RAwith the introduction of biologics
targeting inflammatory mediators, treatment-refractory RA remains a
major challenge’. Greater than 50% of patients do not achieve remission
withinitial lines of therapy and 5-30% of patients remain unresponsive
tomultiplelines*”. Clinically, such treatment-refractory patients present
more frequently with concomitant noninflammatory pain, suggesting
an alternate pathophysiology®. However, the molecular mechanisms
underlying refractory RA remain poorly understood. Synovial fibroblasts
are mesenchymal cells that together with macrophages constitute the
jointliningmembrane’.InRA, fibroblasts undergo expansion and acquire
pathological states that sustain inflammation and drive joint damage® .
Transcriptomic analysis of RA synovium has revealed high phenotypic
and functional diversity among synovial fibroblasts®*™*'* and fibroblastic
gene signatures that predict treatment failure™™".
Fibrosisisapathogenic process characterized by exuberant fibro-
blast activation, leading to the accumulation of connective tissue

components and extracellular matrix (ECM), mediated by TGFB'®".
Fibrosis leading to organ damage is typically associated with autoim-
mune diseases such as systemic sclerosis and interstitial lung disease
and is a contributor to joint stiffness and pain in osteoarthritis®. In
contrast, the potential contribution of synovial tissue fibrosis to RA
has not been well studied.

We have previously uncovered the role of spatial context in driv-
ing signals that generate fibroblast diversity and define positional
identity®”. Until recently, spatially aware transcriptomic profiling of
fibroblasts required multiple iterations of protein or RNA detection,
which poses a major barrier to high-dimensional characterization of
cellular niches and associated signaling. Here, we applied asubcellular
resolution, high-dimensional spatial transcriptomic technology to
pretreatment and 6-month posttreatment synovial biopsy samples to
identify spatial determinants of treatment resistance in recent-onset
RA. At this stage, there is a window of opportunity to achieve remis-
sion, which predicts better outcomes®. In the baseline biopsy samples
of non-remitting patients, we identified significant enrichment of
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fibrogenic fibroblast signatures, marked by the expression of COMP,
localized to vascular niches where we observed coordinated spatial
patterning of TGFf3 activity. Mechanistically, endothelial-derived Notch
signaling actively fine-tunes TGFp-mediated fibrogenic signaling by
simultaneously inducing TGF3 expressionand suppressing TGF3 recep-
tor expression, resulting in the establishment of a perturbable endothe-
lial proximal-to-distal transcriptional gradient among fibroblasts.

After treatment, both remission groups exhibited significant
immune depletion; however, lack of pain-related clinical response
sustained disease activity in non-remission patients, which was linked
to increased fibrogenic signaling. Therapeutic inhibition of Notch
and TGF signaling successfully reversed fibrogenic gene and protein
expressionin RA patient-derived synovial organoids. Together, these
data suggest that TGFf3 signaling drives an expansion of fibrogenic
fibroblasts in RA that leads to a treatment-refractory synovial tissue
phenotype and that targeting TGF 3 signaling could represent an adju-
vant therapy to prevent the development of refractory RA.

Results

Identification of distinct tissue niches in RA synovium

To identify spatial features associated with non-remission, we per-
formed spatial transcriptomics analysis on 17 treatment-naive biopsy
samples from patients with early RA as part of the 396.10 study
(Fig.1a). Newly diagnosed RA patients were assigned to triple-therapy
disease-modifying antirheumatic drugs (DMARDs) or anti-tumor
necrosis factor biologic adalimumab. Remission, defined as Disease
Activity Score-28 for Rheumatoid Arthritis with Erythrocyte Sedi-
mentation Rate (DAS28-ESR) < 2.6 and Disease Activity Score-28 for
Rheumatoid Arthritis with C-reactive protein (DAS28-CRP) < 2.4, was
recorded after 6 months of treatment (Supplementary Table1). In this
cohort, 10 patients achieved remission, 5 did not achieve remission
and 2 patients, classified as borderline, met the criteria for only one
of either DAS28-ESR or DAS28-CRP remission. Baseline DAS28-ESR/
CRPanditsindividual components did not differ significantly between
patients who achieved remission (n=10) and those who did not (n =5),
but non-remitting patients had significantly lower improvementsin dis-
easeactivity (Supplementary Table1). We first identified major synovial
tissue niches inbaseline biopsy samples using amethod that leverages
spatial differencesintranscript expression to draw boundaries between
tissue compartments® (Fig. 1b and Extended Data Fig. 1a). Graph-based
clustering of tiles revealed seven niches that were enriched for distinct
transcripts and their corresponding cell types: (1) fibroblast-rich, (2)
vascular, (3) stromal-adipose, (4) lining fibroblasts (‘liningF’), (5) lin-
ing macrophages (‘liningM’), (6) T cells and B cells (‘immuneT’) and
(7) plasma cells (‘immuneP’; Fig. 1c,d, Extended Data Fig. 1a-c and
Supplementary Table1). The lining niches (liningF, liningM) consisted
of amix of synovial lining fibroblasts (CD55") and lining macrophages
(HTRATI'). The immune niches contained dense infiltrates composed
of either primarily T cells (CD3E") and B cells (MS4AI'; immuneT’) or
plasmacell aggregates (MZBI'*; ‘immuneP’). Vascular niches consisted
of various endothelial subtypes including venules (SELP"), capillar-
ies (PLVAP") and arterioles (PODXL"), mural cells, including pericytes
(RGSS") and vascular smooth cells (ACTA2") and NOTCH3" vascular fibro-
blasts. Stromal-adipose niches contained vascular cells and fibroblasts
embedded among adipocytes (ADIPOQ"). Fibroblast-rich niches were
composed primarily of sublining fibroblasts (COL6AI™).

Hierarchical clustering of niche composition classified samples
into three broad categories, one characterized by stromal-adipose
enrichment (n=4), another by immune niche enrichment (n=35)
and a third marked by expanded vascular and fibroblast niches
(n=7; Fig. 1c and Extended Data Fig. 1d). While we observed high
concordance between immune niche tissue area and hematoxylin
and eosin (H&E)-based lymphomyeloid pathotype classification®*
(Extended Data Fig.1e), clear distinctions did not appear between the
diffuse myeloid and pauci-immune pathotypes (Fig. 1c), suggesting

that spatial transcriptomics analysis captures complexity in cellular
organization beyond traditional histologic assessment of synovial
tissue pathotype. Tissue areas of fibroblast-rich niches negatively
correlated with the area of combined immune niches, consistent with
prior studies utilizing histology*?* and single-cell transcriptomics™""
(Extended Data Fig. 1f). We observed no significant differences in
baseline niche composition by remission status, although we could
not exclude the possibility that heterogeneity in tissue sampling
masked underlying distinctions (Extended Data Fig. 1g). Therefore,
we investigated whether transcriptional differences could differenti-
ate remission groups.

Elevated fibrogenic signatures in non-remission

Since the sample size of our cohort was limited, we leveraged bulk
RNA-sequencing (RNA-seq) datafrom the larger PEAC cohort (n = 69)"
toidentify genes significantly associated with nonresponse (Fig. 2a). We
applied the nonresponder gene signature to spatial niches and found
enrichment of the signature in stromal-adipose, fibroblast-rich and
vascular niches (Fig. 2b). Among synovial cell types, fibroblasts were
enriched in the three nonresponder-associated niches and exhibited
the highest nonresponse scores (Extended Data Fig. 2a).

Toidentify specific fibroblast phenotypes® most strongly associ-
ated with nonresponse, we subtyped fibroblastsin our spatial transcrip-
tomic data and identified one lining and four sublining subsets. The
fibrogenic sublining subset was characterized by high ECM gene expres-
sion (COL6A1, COL8A1, COMP), the inflammatory subset by expres-
sion of inflammatory mediators (CXCL12), and the vascular subset by
NOTCH3 and THY1 expression. A minor subpopulation was marked by
expression of LICAM, a nerve-associated adhesion molecule” (Fig. 2c
and Extended Data Fig. 2b). We confirmed that lining fibroblasts were
the most abundant fibroblast subtype in lining niches and that vascu-
lar and inflammatory fibroblasts were most enriched in the immune
niches (Fig. 2c)*. Notably, fibrogenic fibroblasts were the subtype most
enriched for the nonresponse signature (Extended DataFig.2c) and were
specifically expanded in the nonresponse-associated fibroblast-rich,
stromal-adipose and vascular niches (Fig. 2c).

To assess whether fibrogenic programs stratified remis-
sion groups, we calculated a 12-gene fibrogenic activation score
using fibrogenic fibroblast markers, including POSTN, CTHRC1
and SFRP4 previously described in fibrotic disease” ' (Fig. 2d and
Extended DataFig.2d). The fibrogenic score was significantly elevated
in pretreatment fibroblasts of non-remitting patients compared to
remitting patients (Fig. 2d and Extended Data Fig. 2e,f).

While the vascular and inflammatory fibroblast compartments
have previously been characterized®*'*', the fibrogenic compart-
ment in RA remains incompletely understood®. To assess the pheno-
typic overlap between RA fibrogenic fibroblasts and myofibroblastsin
fibrotic diseases, we first confirmed enrichment of the 12-gene fibro-
genic fibroblast signature in publicly available systemic sclerosis and
idiopathic pulmonary fibrosis datasets**** (Extended Data Fig. 3a,b).
Spatial profiling of RA synovial tissue and lung tissue from patients
with late-stage RA interstitial lung disease (RA-ILD) exhibiting usual
interstitial pneumonia (Extended Data Fig. 3c,d) then revealed
high and specific enrichment of the signature in regions identi-
fied through histology as subepithelial-localized fibroblastic foci
(Extended DataFig. 3c).InRA synovial tissue, the fibrogenic signature
was expressed more diffusely throughout the sublining compart-
ment, with high-expressing regions characterized by deeper pink eosin
staining compared to low-expressing regions, indicating increased
ECM deposition. Collectively, we observed strong transcriptomic
overlap between fibrogenic populations in RA and fibrotic disease
(Extended DataFig. 3d).

Next, to determine whether there are specific cellular subtypes
within the RA fibrogenic compartment associated with nonresponse,
we subsetted and reclustered fibroblasts from patientsin the AMPRA/
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Fig.2|Fibrogenic signaling is enriched in non-remission biopsy samples.

a, Volcano plot representing differentially expressed genes in nonresponders
versus responders from bulk RNA-seq analysis of synovial tissue derived from
treatment-naive patients. Genes in the upper-right quadrant are log, fold
change >1and P, < 0.05 between nonresponders and responders. Differential
expression was tested with DESeq2 (negative-binomial generalized linear
model (GLM); Wald test); Pvalues are false discovery rate (FDR) corrected.
Selected genes, including those in the nonresponder gene set, are highlighted.
b, Violin plot representing the distribution of nonresponse scores per niche
type, with the number of niches analyzed indicated. Statistical comparison by
two-sided Wilcoxon test comparing a downsampled selection of nonresponse
scores in 500 niches from each niche type to arandom selection of scores from
500 other niches, with Bonferroni correction. Horizontal line represents the
median nonresponse score across all niches analyzed. ¢, Uniform manifold
approximation and projection (UMAP) plot of fibroblasts annotated by
subtype, and stacked bar plot representing the proportion of each fibroblast
subtype within each niche. d, UMAP (left) and violin plot (right) displaying the
projection and distribution of single-cell fibrogenic U cell scores, respectively.
Each dotin the violin plot represents the median fibrogenic score per patient,

with signature genes indicated to the left of the UMAP. Statistical comparison
by quasibinomial GLM with patientincluded as a cofactor, with Bonferroni
correction across cell types. e, Violin plot (left) displaying the distribution of
the nonresponder signatures (n =290 genes) in COMP", POSTN" and CXCL12"
clusters, as calculated by UCell. Two-sided Wilcoxon test was used for statistical
comparisons between the groups (P < 2.2 x 10 between COMP" nonresponse
score and each cluster). Jitter plot (right) representing quantification of
normalized COMPtranscript expression at baseline by remission status,

with representative images of COMP transcript expression. Scale bar, 2 mm.
Statistical comparison by two-sided Wilcoxon test. f, Stacked bar plot (left)
representing the proportion of each niche type that had fibrogenic scoresin
the low (‘lo’), medium (‘mid’) and high (‘hi’) categories with arepresentative
example (right) of niche tiles that scored low and high for fibrogenic scores.

g, Violin plot representing the distribution of fibrogenic scores for vascular
niche tiles by remission status. Each dot represents the median per-patient
fibrogenic score in vascular niches. Statistics calculated by two-sided GLM with
patient as a cofactor, with FDR correction across niche types. The box plotin
eshows the median and 25th-75th percentiles, the whiskers represent 1.5 times
the interquartile range, and outliers are shown beyond the whiskers.

SLE single-cell RNA-sequencing (scRNA-seq) dataset" that were highly
enriched for the 12-gene fibrogenic signature derived from the spatial
transcriptomic dataset (top 10% of cells; Extended Data Fig. 4a). We
observed three broad fibrogenic subclusters: a CXCL12-expressing
inflammatory cluster, a COMP-expressing cluster that coexpressed

DKK3 and FMOD, previously found to be associated with treatment
resistance”, and a POSTN-expressing cluster relatively enriched for
COL1A1 expression, illustrating distinct phenotypes among RA fibro-
genic fibroblasts (Extended Data Fig. 4b). Genes coexpressed in the
POSTN" cluster were positively associated with treatment response

Nature Immunology | Volume 27 | March 2026 | 556-571

559


http://www.nature.com/natureimmunology

Article https://doi.org/10.1038/s41590-025-02386-2
a POSTN b m c d Custom panel
R Perivascular Pauci-cellular 2] 100 R*=0.66,P=019
14,000 Value . 1.0 e — 2 -09, -
4x10 COMP 5 90 .
~. 13,000 3x107 o
12,000 2x107 POSTN 05 2 804
x107 K
1000 1x10 COL15A1 . T
o
6 o 0.0 0 CTHRCI S o
S oS B coens 3 A
M -0.5 54 56 58
- B % EC + mural cells
comp 0
14,000 Value ... COL1A1 : 5,101-gene panel
’ l 125 TR=0%6, P=012
“10° a = = = COMP __ +POSTN 2 =0.16, P=0.
_ 13,000 12x107 g E I8% g = . 8 100 4 ’
12,000 8.0x10° 3 8 8 : 3 ;,‘(3 3 g
s
1,000 4.0x10 3 O 0o o 2 751
O P L L P ':- 507 o
LLLLS .
¥ A%e¥ 0P of g ST
X Q Lo
R o T T T T
10 20 30 40
% EC + mural cells
e f
r[‘ % R
1.0 .
H TGFB2 I Adipocyte
CD55 Teell Cell type
|
W cotiar [ 05 B cell mmune
Plasma ) T cell
COL6A3 Dendritic Expression l
| SPARC o Mast 03 B cel
TGFB1 Myeloid I 0.2 Plasma
PECAM1 EC 01 Myeloid
COMP -0.5 2 Mural X
ACTA2 I3 Vascular 0 M Fibroblast
5] o
POSTN 10 a - Lining Mural
2 Inflammatory B <
[ | M rores 3 LICAM®
%@3285§§$E$ 5 Fibrogenic
633956336386 E N oo =
FT8gaTEosER 58
o [CECIRG]
[
h N
TGFB1 DAPI TGFp2 DAPI DAPI 1 Notch3 DAPI pSMADS3 DAPI Merge DAPI
3
3
o
(2]
@©
2
I3
a
g
=
o
@
‘o
3
©
[=8

VWF DAPI

VWF DAPI VWF DAPI

Fig. 3 | Perivascular compartmentalization of TGF signaling. a, Visualization
of kernel density estimates of POSTN (top) and COMP (bottom) expression
within arepresentative COL1AI-high region. b, Heat map showing mean pixel
correlations across synovial samples (n = 4) between kernel densities for selected
fibrogenic genes within COL1AI-high regions. ¢, Representative examples (n=4
RA tissues) of COMPtranscript expression in perivascular and pauci-cellular
regions. Scale bar, 50 um. d, Correlation between the percentage of fibroblasts
that express COMP (count > 0) per sample and abundance of endothelial and
mural cells as a percentage of total cells in the same sample. Statistics calculated
by two-sided Pearson’s correlation coefficient test. Top: 4 samples analyzed
witha 50-gene custom panel. Bottom: 16 samples analyzed with a 5,101-gene

panel. e, Mean pixel correlations across samples (n = 4) for TGFBisoform
expression compared to selected fibroblast and endothelial markers. f, Heat
map representing relative expression of TGFBisoforms across different cell
typesin synovial samples (n =17) analyzed with a 5,101-gene panel. g, Example
of datain fshowing TGFB transcripts overlaid on cell types. Scale bar, 50 pm.
h, Immunofluorescence staining of RA synovial tissue showing protein
expression of TGFf3 isoforms relative to EC marker VWF. TGF33 and vWF staining
were performed on serial sections. i, Inmunofluorescence data showing
Notch3, Collagen 1and pSMAD3 staining in perivascular and pauci-cellular
regions of the RA synovium. Scale bars, 200 pm. Immunofluorescence is
representative of n > 5 RA synovial tissue.

in the PEAC bulk RNA-seq data, in contrast to COMP-coexpressed
genes, which were more associated with treatment nonresponse
(Extended Data Fig. 4c,d). Accordingly, the COMP" fibroblast cluster
exhibited striking enrichment of the nonresponder signature com-
pared to the POSTN" and CXCL12" fibrogenic subclusters, suggesting
that COMP expression, specifically denotes the subset of fibrogenic
fibroblasts in RA associated with treatment resistance®** (Fig. 2e). At

the transcript level, COMP was more elevated in the treatment-naive
biopsy samples of patients who failed to achieve remission compared to
DKK3,FMOD or POSTN (Fig. 2e and Extended Data Fig. 4e) and was more
broadly enriched across non-remission niches (Extended Data Fig. 4f).
Additionally, baseline COMP" cell abundance correlated with reduced
6-month and 12-month improvements in tender joint counts (del-
taTJC28) inthe non-remission group (Extended DataFig. 4g). Further,
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Next, to investigate tissue niches in which increased fibrogenic
activation might drive differences in remission status, we first classi-
fied all niche tiles into low, medium and high for fibrogenic signature
expression (Fig. 2f and Extended Data Fig. 4h). Immune and lining
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Fig.4|ECs generate a proximal-to-distal gene expression patternin surrounding
fibroblasts. a,b, Representative visualization of spatially profiled 2D (a) and 3D (b)
co-culture with transcripts for fibroblast marker PDGFRB, and endothelial marker
PECAMI, overlaid on DAPI. Schematic summarizing the spatial distribution of
fibroblast transcripts based on EC proximity on the right. ¢, f,jm, Example images
of gene expression distribution overlaid on labeled cell types, to amaximum of
randomly selected 1,500 transcripts per gene, with Notch target genes shownin

¢, fibrogenic markersinf, TGFBligandsinjand TGFBreceptorsinm.d,g k,n, Line
plots representing average expression of transcripts per fibroblast relative to the EC

distance, with Notch target genes shownind, fibrogenic markersing, TGFBligands
inkand TGFBreceptorsinn.Solid line shows the mean; shaded regions show one
standard deviation. e h 1,0, Distance to the nearest ECin the top-versus-bottom
quantile of cells by expression of each gene, with Notch target genes shownine,
fibrogenic markersinh, TGFBligandsinland TGFBreceptorsin 0. Statistics by
two-sided Wilcoxon tests comparing distances from ECs for the top-versus-bottom
quantiles of cellsin expression of each gene. i, Heat map representing expression of
TGFBligands and receptors by cell type in the co-culture. Scale bars, 200 pm (a-c, f,
and m). Schematicinb created with BioRender.com.

niches were highly represented among tiles with low and medium
fibrogenic expression, whereas fibroblast-rich, stromal-adipose
and vascular tiles were prominently represented among tiles with
high fibrogenic signatures, consistent with nonresponder signature
enrichment. Among the three relevant niches, fibrogenic scores in
only the vascular niche were elevated in non-remission, suggesting
that vascular-associated fibrogenic activity may drive treatment non-
response (Fig. 2g and Extended Data Fig. 4i).

Perivascular compartmentalization of TGF signaling

To improve localization of fibrogenic fibroblasts in synovial tissue,
we designed a targeted panel of 50 stromal-associated genes for spa-
tial transcriptomics analysis of additional RA synovial tissue samples
(n=4).The smaller panel enhanced the detection of relevant tran-
scripts, including TGFB isoforms, key regulators of fibrosis' and COMP
(-14-fold increased detection). Gating on fibrogenic tissue regions,
defined by high COL1A1 expression, we found that COMP and POSTN
transcript kernel density estimates mapped to spatially distinct areas
(Fig.3a,b), consistent with their differential single-cell expression pat-
terns®. We observed two major patterns of COMP" fibroblast localiza-
tion: (1) within pauci-cellular fibroblast-rich regions and (2) within
the distal layers of perivascular regions, surrounding mural cells and
vascular fibroblasts (Fig. 3c). Accordingly, patient-level analysis of the
spatial datarevealed a positive association between the proportion
of vascular cells and the abundance of COMP-expressing fibroblasts
(Fig.3d). POSTNtranscripts, in contrast, were coexpressed with mural
cell (ACTA2) and vascular fibroblast (COL15A1) markers, indicating
strong expression of POSTN in the proximal cell layers of vascular
regions (Fig. 3e and Supplementary Fig. 1a). Together, our dataindicate
thatboth subsets of fibrogenic fibroblasts localize to the perivascular
compartmentin RA synovia, butin distinct layers.

We next asked whether TGF 3 isoform expression s spatially associ-
ated with fibrogenic niches in RA (Fig. 3e). TGFBI colocalized with the
lining fibroblast marker CD55 and endothelial cell (EC) marker PECAMI.
TGFB2 transcripts strongly colocalized with CD55. TGFB3 transcripts
not only colocalized with markers of endothelial (PECAMI) and mural
(ACTA2) cells, suggesting vascular and perivascular enrichment, but
also overlapped with fibrogenic transcripts, including POSTN, COMP
and COLIA1, indicating broad coexpression within fibrogenic popula-
tions. Analysis of TGFB isoform expression by cell type in 396.10 spatial
transcriptomic data confirmed lining fibroblast-specific expression

of TGFB2, diffuse expression of TGFBI and stromal-vascular-enriched
TGFB3expression (Fig. 3f,g and Supplementary Fig. 1b).
Immunofluorescence staining of synovial tissue revealed perivas-
cularlocalization of TGFf1, TGFf32 and TGF33 protein (Fig. 3h), although
TGFpB2also appearedinimmune aggregates. Accordingly, we observed
that a specific indicator of active TGFf signaling, pPSMAD3, was
restricted tofibroblastsin vascular regions and absent in pauci-cellular
regions characterized by dense collagen deposition (Fig. 3i and
Supplementary Fig. 1c), suggesting that active TGFf signaling occurs
specifically in the vascular compartment. Together, the observed spatial
patterning of both fibrogenic gene expression and TGFf indicates that
the perivascular niche is animportant hub for fibrogenic signaling.

ECs spatially pattern TGFp responsiveness

To better understand how vascular ECs generate spatial patterning
of TGFf signaling in fibroblasts, we modeled and spatially profiled
co-cultures of humanumbilical vein endothelial cells (HUVECs) with syn-
ovial fibroblastsin two-dimensional (2D) and in three-dimensional (3D)
systems (Fig.4a,b). Inboth systems, we observed distinct fibroblast tran-
scriptional programs as a function of proximity to the nearest EC: fibro-
blastsin the most proximal layer expressed Notch target genes including
JAGI1, HES1and NOTCH3, which decreased in distal layers of fibroblasts
that were over one cell layer away (Fig. 4c-e and Extended Data Fig. 5a—
c). Like Notch target genes, POSTN expression was also highest on the
proximal layer of fibroblasts adjacent to ECs and gradually decreased
in distal fibroblasts, in contrast to COMP expression, which increased
in distal compartments (Fig. 4f-h and Extended Data Fig. 5d-f). Col-
lectively, EC-derived signals pattern fibrogenic gene expressionina
proximal-to-distal manner, where POSTN represents an EC-proximal
program and COMP expression represents an EC-distal program.

Next, weevaluated thedistribution of TGFBisoformsandtheir recep-
torsalongthe EC proximal-to-distal axis to identify receptor-ligand pairs
responsible for differential fibroblast responses to TGF. Consistent with
the expression pattern in RA synovia, TGFBI was expressed on ECs and
on the EC-proximal fibroblast layer, with fewer average transcripts in
EC-distalfibroblasts (Fig. 4i-1and Extended Data Fig. 5h-j), while TGFB2
was lowly and diffusely expressed. TGFB3, like TGFBI, was induced on
endothelial-proximal fibroblasts and then sharply decreased in EC-distal
fibroblasts. Transcripts of TGFBRI, the TGF[3 signaling co-receptor,
TGFBR2,theligand-binding receptor, and TGFBR3, ahigh-affinity TGF3
binding co-receptor for all isoforms®>¢, were lowest in EC-proximal

Fig. 5| Notch signaling controls TGFp isoform and receptor expression in
synovial fibroblasts. a, UMAP plot of isolated single cells from the indicated

3D co-culture conditions’. Fibroblast monoculture: organoid containing
fibroblasts only; Fibroblasts + ECs: organoids containing fibroblasts and ECs;
Fibroblasts + ECs + DAPT: organoids containing fibroblasts and ECs treated with
aNotchinhibitor.b, UMAP plot of cells from organoid culture shaded by level of
fibrogenic gene signature score calculated with UCell. ¢, Dot plots representing
the expression of selected genes by condition. The asterisk indicates genes and
conditions with P<1x 107 between monoculture and co-culture. d,e, RT-qPCR
analysis of TGFBisoform (d) and receptor gene expression (e) on unstimulated
or DLL4-stimulated fibroblasts treated with or without DAPT (10 uM) for 72 h.
f,g, Immunoblots of TGF isoforms (f) and receptors (g) with lysates from
unstimulated or DLL4-stimulated fibroblasts (72 h). Data are representative of

three independent experiments. h, RT-qPCR analysis of COL1A1, COL3A1and
COL6A1 gene expression on unstimulated or DLL4-stimulated fibroblasts treated
with or without TGFf inhibitor (SB431542; 10 pM) or DAPT (10 pM) for 72 h.1,
ELISA quantification of fibroblast production of pro-collagenIalphalin 3 cell
lines over 24 h after 3 days of treatment with siRNA (20 nM) with or without DLL4
stimulation. j k, ELISA quantification of fibroblast production of POSTN (j) and
COMP (k) over 24 h after 3 days of treatment with siRNA (20 nM) with or without
DLL4 stimulation. For d, eand h, each data point represents anindependent
cellline (n = 6); fori-k, each data point represents biological replicates (n = 3)
fromasingle-cell line and are representative of at least two independent
experiments. Data are shown as the mean + s.d. Statistical analysis was performed
by atwo-sided ratio paired t-test for d, e and h, two-sided Bonferroni-corrected
Wilcoxon test for ¢ and unpaired two-sided ¢-tests fori-k.
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layers and gradually increased in EC-distal fibroblasts (Fig. 4m-o and
Extended Data Fig. 5k-m); the observations were concordant across
both the 2D and 3D culture systems. Collectively, these data suggest
that endothelial-derived signals determine spatial patterning of TGF[3

signaling via paired regulation of TGFf3 ligands and receptors.
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Patterning of TGF responsiveness via Notch signaling

Given the distinct spatial pattern of TGFf-related transcripts in
fibroblasts generated by contact with neighboring ECs, we evaluated
the potential role of endothelial-derived Notch in regulating TGF[3
signaling. We reanalyzed scRNA-seq data from Matrigel-embedded
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3D organoids of fibroblasts and ECs treated with or without the
Notch inhibitor DAPT’ (Fig. 5a-c and Extended Data Fig. 6a). We
observed significant induction of TGFBI1, TGFB3 and fibrogenic
gene expression when ECs were included in organoids as well as

suppression of TGFBR2and TGFBR3 expression (Fig. 5c). The addition
of DAPT reversed TGFBinduction and TGFBR suppression, directly
implicating Notch signaling as an upstream regulator of fibroblast
TGF[ signaling.
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Fig. 6| Endothelial-derived Notch signaling dictates fibroblast TGFf
responsiveness viaregulation of TGFp receptor Ill. a-d, A fixed number of
fibroblasts were seeded with varying numbers of HUVECs. Monoculture: 5,000
fibroblasts, 5:1ratio: 5,000 fibroblasts and 1,000 HUVECs, 2:1 ratio: 5,000
fibroblasts and 2,500 HUVECs, 1:1ratio: 5,000 fibroblasts and 5,000 HUVECs.
a,b, ELISA quantification of POSTN (a) and COMP (b) production during
co-culture. Pvaluesin the line graphs are displayed for the comparisons between
monoculture and I:1ratio. The respective bar charts to the right represent the
areaunder the curve. c,d, Flow cytometric quantification of fibroblast TGF3RII
(c) and TGFPBRIII (d) at the indicated days during co-culture with ECs. Pvalues are
shown for comparisons between monoculture and 1:1 ratio. Representative flow
cytometry histograms and mean fluorescence intensity (MFI) quantification

for day 7 of co-culture are shown. e, Gating strategy for classifying COMP" and
POSTN" fibroblasts from the Xenium-profiled co-culture (mutually exclusive top

quantile of cells expressing each gene, with POSTN < 3.5 for COMP")).f, Representa-
tive examples of COMP" and POSTN" fibroblasts in 2D culture are shown with
transcripts. g, Violin plot showing the distribution of TGFBR2 and TGFBR3
transcripts on POSTN" and COMP" gated fibroblasts in 2D co-culture, 3D co-culture
and RA synovium. h, Representative example (n = 4 RA synovial tissue) of gated
(mutually exclusive top quantiles of expressing cells) COMP" and POSTN" synovial
fibroblasts with transcripts. i,j, ELISA quantification of COMP (i) and POSTN (j)
production from co-culture of fibroblasts overexpressing (OE) GFP, TGFBR2 or
TGFBR3with ECsinal:lratio.Pvaluesare shown for the comparison between
TGFBR3-OE and GFP-OE data points. The bar plot on the right represents the area
under the curve. Data points are shown as the mean + s.d., represent n = 3 biological
replicates and are representative of at least two independent experiments. For
statistical analysis, a two-tailed Student’s t-test was used fora-d,iandj,and a
two-sided Wilcoxon test was used for g.

A2D culture system showed similar effects of Notch activationon
fibroblast TGFf3 signaling. We stimulated synovial fibroblast cell lines
(n=6)withplate-bound DLL4 and observed strong induction of TGFB1
and TGFB3 gene and protein expression and suppression of TGFBR2
and TGFBR3 that was reversed with the addition of DAPT (Fig. 5d-g).
Further, there were significant peaks in the promoter regions of TGFBR2
and TGFBR3 for binding of a Notch-associated transcription factor
(RBPJ) inHepG2 cells, supporting a role for Notch in direct transcrip-
tional regulation of TGFf3 receptors (Extended Data Fig. 6b).

Next, we assessed theimpact of Notch and TGF 3 signaling on fibro-
genic gene expression and observed induction of fibrogenic collagens
(COL1AI, COL3A1, COL6AI) with DLL4 stimulation that was reversed
with the addition of DAPT or TGFf inhibitor (SB431542; Fig. 5h). We
evaluated the extent to which Notch-mediated TGF signaling occursin
acell contact-dependent or soluble manner (Extended Data Fig. 6¢-f).
Low concentrations of soluble TGF1 were induced in the superna-
tant of DLL4-stimulated cells (Extended Data Fig. 6¢), but conditioned
medium from DLL4-stimulated fibroblasts was unable to induce
TGFpB-responsive genesinrecipient fibroblasts (Extended Data Fig. 6d).
Similarly, when we cultured fibroblasts in a Transwell chamber above
DLL4-stimulated fibroblasts, we observed noinduction of TGF signaling
(Extended Data Fig. 6e). Additionally, antibody blockade against indi-
vidual or pan-TGFf3 isoforms did not substantially diminish ECM produc-
tion. Altogether, our findings suggest that Notch-induced TGFp signaling
primarily occursinacontact-dependent manner (Extended Data Fig. 6f).

We then systematically tested the effects of each TGFf3 isoform
and receptor for Notch-mediated fibrogenic signaling (Fig. 5i-k and
Extended Data Fig. 6g-i). siRNA knockdown of TGFB diminished
pro-collagenlalphal(PRO-COL1) productionintwo of threecelllines
for siTGFBI, one of three cell lines for siTGFB2 and one of three cell
lines for siTGFB3. Combinatorial knockdown of pairs of TGFp iso-
forms (Extended Data Fig. 6h) did not significantly diminish PRO-COL1,
suggesting redundant roles for all three TGFf isoforms in mediat-
ing Notch-driven fibrogenic signaling in vitro. Among TGF recep-
tors, knockdown of TGFBRI did not significantly alter pro-collagen
production (Extended Data Fig. 6g), whereas TGFBR2 knockdown

diminished production in two of three cell lines and TGFBR3 knock-
down diminished productioninthree of three cell lines (Fig. 5i). Com-
binatorial knockdown of TGFBR2 and TGFBR3 diminished PRO-COL1
production the most, suggesting that expression levels of these
receptors more strongly regulate PRO-COL1 compared to TGFBR1
(Extended Data Fig. 6h). Subsequently, we examined how DLL4 stimula-
tionregulated the distinct EC-proximal (POSTN) and EC-distal (COMP)
fibrogenic programs (Fig. 5j,k and Extended Data Fig. 6i). Although the
production of both proteins was strongly induced by soluble TGFf3
(Extended Data Fig. 6f), POSTN was potentiated by Notch signaling,
whereas COMP was highly suppressed, and both were diminished with
TGFBR2and TGFBR3knockdown. Overall, while the responses of COMP
and POSTN expression to soluble TGFf3 and TGFf receptor knockdown
were similar, opposingimpacts of Notch signaling on COMPand POSTN
implicated an additional mechanism by which Notch regulates the
patterning of TGF[ responsiveness in fibroblasts.

To quantify the temporal dynamics of EC-derived Notchin regulat-
ing fibrogenic programs, we first set up 2D and 3D co-cultures treated
with or without DAPT and TGFi, collecting and replacing mediaevery
24 h to measure interval production of POSTN, COMP and PRO-COL1
(Extended Data Fig. 7a,b). In both systems, co-cultured fibroblasts
exhibited sustained production of PRO-COL1and POSTN compared to
monocultured fibroblasts and was diminished with DAPT or TGFfi. In
contrast, COMP production temporally decreasedin co-culture, consist-
ent with the suppression of COMP expression by endothelial-derived
Notch signaling. Next, we cultured a fixed number of fibroblasts with
varying numbers of ECs, measuring interval protein production. In
an EC ratio-dependent manner, POSTN production was significantly
induced, whereas COMP production was suppressed (Fig. 6a,b). Fur-
thermore, the suppression of COMP production mirrored the temporal
ECratio-dependent downregulation of TGFBRIland TGFQRIII, suggest-
ing that changes in fibroblast TGFf3 receptor availability may create
a dynamic threshold on the ability of fibroblasts to respond to TGF3
(Fig. 6¢,d). Accordingly, analysis of Xenium co-culture and synovial tis-
sue datarevealed significantly higher expression of TGFBR2and TGFBR3
in COMP" fibroblasts compared to POSTN" fibroblasts (Fig. 6e-h).

Fig.7| Disruption of steady-state Notch patterning activates a COMP" fibrogenic
program. a,b, ELISA quantification of POSTN (a) and COMP (b) production from
fibroblasts and EC co-culture (1:1ratio) treated with the indicated siRNAs (20 nM).
Pvalues are shown for the comparison between DLL4 siRNA and control siRNA
conditions (cumulative POSTN P < 0.0001, cumulative COMP P=0.0081). The bar
plots totheright represent the areaunder the curve. c-n, RNAscope quantification
of fibrogenic programin response to Notch perturbation. Representative images
of siControl-treated and siRNA against DLL4 (siDLL4)-treated co-cultures with
indicated fibrogenic (a-f), TGFB (g-j) and TGFBR (k-n) transcripts shown. PECAM
and DLL4 transcripts denote endothelial cells. Scale bars, 200 um. d,f h,j,1,n, Boxen
plots representing the distribution of MFIs of the corresponding genes in siControl
andsiDLL4 conditions on the indicated number of cells selected for quantification.
d f1,n, Ribbon plots showing spatial gene expression patterns in relation to EC

proximity for indicated genes between siRNA conditions. Solid line shows the

mean intensity, and shaded regions show one standard deviation. d,f, Violin plots
showing the distance to the nearest EC (in pum) for POSTN" and COMP" cells, defined
as cells with the highest quantile of POSTN and COMP fluorescence intensity,
respectively. Pvalues for the comparisons between siCtrland siDLL4 are P< 6 x 107
and P<2 %107 for TGFB3(j) and TGFBR3 (n), respectively. Thedatainaandbare
shownas means +s.d., represent n = 3 biological replicates and are representative
ofatleast two independent experiments. A two-tailed unpaired Student’s t-test

was performed for aand b and two-tailed Wilcoxontests ford, f,h,g,1andn.In

the boxen plots, boxes show nested quantile ranges (median, 25-75%,12.5-87.5%,
6.25-93.75%, and so on), the center line shows the median (50th percentile), the
whiskers represent minimum and maximum values, and the outliers are shown as
individual points outside the whiskers.
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Next, to determine the extent to which suppression of COMP
production in co-culture was mediated by dynamic TGFf receptor
downregulation, we used lentivirus to overexpress TGFBR2 and TGFBR3
infibroblasts (Fig. 6i,j and Extended Data Fig. 7c). ECs co-cultured with
fibroblasts overexpressing TGFBR3, but not TGFBR2, had significantly
diminished suppression of COMP. Moreover, daily POSTN production
was significantly enhanced in co-cultures with TGFBR3-overexpressing
fibroblasts, despite negligible effects of TGFBR2 and TGFBR3 on the
fibroblast response to TGFp itself, suggesting that modulation of

a ___P-00001
6 8- SiIJAGI ~ 25 P=0.0002
8- siDLL4+SUAGT = —
-8~ siControl € P <0.0001
— siDLL4 @ 20
Ea =
> = 15
& (%]
= Q
= 0.0126 o 10
32 P=0.0073 P= 0.0020 2
o) P-0.0054 P=0.0213 & poe
I S 5 ole
€
3
o ¥ T T T T T T O o T T T T
N e b 6 6 A > & & o
N A AT A A A S & Y ©
R . . .
P FF PSP P O
& N
N
Y
<
c d T
2 _ P=0.091
z S 1,000 - P00
3 10
‘E g 750
3 = 100 8 so00
s g S
c Q
5 g % 250
= 2
g z o g
2 g o
] > ™
Q PNY
[a) %\Q {1\0\/
n=12,873 n=12,345
1,000 -
c
o
‘@ 750 -
S o Condition
= 3 500
a < siCtrl
> ! > 2508 — siDLL4
1%]
[} 0-
a
250

0 100 200 300 400 500
Distance from nearest EC (um)

P=01
p— ‘|0A 4
9 >
g 3
g :
o
@ £ (]
g0y 2 2
= = |
Q .
@ [ 1
O —— —
= p— —
= Y
3 ol 8 8
Q Q> >
B é\o L}o\/
n=16271  n=16244
s
> §
3 S =
£ &8 =
£ g2 =
O | |
e 2 8
ES >
%\O (9\/
n=12571 n=12731
< 1,600 -
o
K
@ 1,200 -
5 Condition
= —< / siCtr
800 - v
[=] & TN sibua
0 3]
w
O 400

0 100 200300400500

Distance from nearest EC (um)

TGFpRIII availability is specific to endothelial-derived Notch signal-
ingin patterning of TGF 3 responsiveness (Extended Data Fig. 7d,e).

Notch disruption induces fibrogenic activation

Since we established that steady-state EC-derived Notch signaling
generates a proximal-to-distal axis of TGFf3 responsein fibroblasts, we
nextsoughtto understand the consequences of disrupting steady-state
patterning on fibrogenic gene expression. We hypothesized that dis-
ruption of a steady-state Notch signaling can activate expression of
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EC-distal gene expression programs. Knockdown of EC-specific Notch
ligand DLL4, fibroblast-expressed JAG1 or acombination of bothatthe
start of co-culture significantly diminished POSTN (Fig. 7a,b). COMP
was suppressed through day 3 but was de-repressed starting on day 4
inthe DLL4 knockdown condition (Fig. 7b).

To characterize alterations in spatial patterning resulting
from disruption of steady-state Notch signaling, we applied in situ
hybridization to co-cultures treated with control or DLL4 siRNA
(Supplementary Fig. 1a). As at the protein level, we observed signifi-
cantinduction of COMPexpression (P=1.4 x10"°) and diminishment of
POSTNexpression (P=0.04)inthe DLL4 knockdown condition (Fig.7c-
f). When we compared the average expression of POSTNin relation to
ECdistance, we observed nosignificant changes, asexpected, givenits
EC-proximalrestricted patterning (Fig. 7c,d). In contrast, we observed
thataverage COMPexpression was higher with DLL4knockdown com-
pared to control and that the average distance of COMP" cells to ECs
increased (Fig. 7e,f). We also examined the effect of DLL4 knockdown on
TGFBisoformandreceptor expression (Fig. 7g-n). While we observed
no significant changes in the patterns of TGFBI and only modest
changes for TGFBR2 expression across cells (Fig. 7g,h,k,1), we observed
asignificantincreaseinthe average expression of TGFBR3and decrease
inthe average expression of TGFB3 (Fig.7i,j,m,n). As with COMPexpres-
sion, we observed elevated TGFBR3 expression in both EC-proximal
and EC-distal compartments of DLL4 knockdown co-culture (Fig. 7n).
Together, these data suggest that the expansion of COMP-expressing
fibroblasts was specifically linked to the de-repression of TGFBRIII
mediated by DLL4 knockdown, rather than increases in TGF[3 expres-
sion, a potential mechanism by which EC-derived Notch signaling
dictates the spatial patterning of fibrogenic signaling.

To examine the extent to which COMP expression is linked to
Notch-mediated tuning of fibroblast sensitivity in synovial tissue, we
scored vascular niches according to their expression of Notch tran-
scriptional targets (Supplementary Fig. 2b). TGFBR3 expression was
negatively correlated with vascular Notch activation scores across
biopsy samples, supporting the role of Notch signaling in suppressing
TGFp receptor expressioninvivo. Collectively, ourinvitroand in vivo
results suggest that Notch can tune TGFf3 sensitivity via TGFf3 receptor
regulationin vascular niches.

Posttreatment expansion of fibrogenic niches

Next, we evaluated the effect of treatment on fibrogenic signaling by
analyzing 17 paired posttreatment synovial biopsy samples (Fig. 8a-c
and Extended Data Fig. 8a-f). Across patients we observed substantial
depletion ofimmune niches and immune subtypes and relative expan-
sion of fibroblast-rich niches regardless of response status or treatment
arm (Fig. 8b). Accordingly, tissue niche composition and swollen joint
counts (§JC44, P=0.2273) did not significantly differ between patients
whoachieved remission and those who did not (Extended DataFig. 8f,g
and Supplementary Table 1). However, while DAS28-ESR components
decreased across remission groups, non-remission status was driven by
significantly higher tender joint counts (TJC53, P=0.0037) and VAS pain
scores (P=0.0233; Supplementary Table1and Extended Data Fig. 8g).

Examination of fibrogenic gene expression in fibroblasts from
posttreatment biopsy samples revealed elevation of the fibrogenic
signature across groups (Fig. 8c and Extended Data Fig. 8h). Accord-
ingly, we observed increasesin the percentage of fibroblasts express-
ing COMP in most patients (remission/borderline, 5/10 patients;
non-remission, 6/7 patients), with starker increases under DMARD
treatment (Fig. 8d and Extended Data Fig. 8i). COMP" tissue regions
became more pauci-cellular after treatment, with aninverse relation-
ship between COMP"* cell abundance and COMP" cell density (Fig. 8d-f).
These datasuggest that after treatment, COMP-expressing fibroblasts
expand and may deposit fibrous ECM. Over time, this process could
generate pauci-cellular niches, thus supporting active fibrogenic
remodeling in the fibroblast-rich compartment of RA following
immune depletion.

Next, we evaluated whether serum markers could be used as sur-
rogates to track fibrogenic activity in synovium by profiling pretreat-
ment and posttreatment serum with an ~-5,400-plex protein panel
(Olink; Extended Data Fig. 9a,b). Neither individual fibrogenic pro-
teins nor inflammatory markers showed significant trends by time
point or remission group (Extended Data Fig. 9a). A number of stro-
mal markers, including EGFL7 (r = 0.685), an endothelial-expressed
angiogenic factor®, were highly correlated with the fibrogenic score
or changeinfibrogenicscore, although they did not meet significance
(Extended Data Fig. 9b). Therefore, we extended our analysis to the
AMP cohort” toidentify which cell-type abundance (CTAP) phenotype
was most associated with fibrogenic signaling (Extended Data Fig. 9c-
f). Fibroblasts from the CTAP characterized by endothelial, fibroblast
and myeloid cells (CTAP-EFM) were the most strongly enriched for
the fibrogenic gene signature and COMP expression compared to
fibroblasts from other CTAPs (Extended Data Fig. 9c). Interestingly,
patients belonging to CTAP-EFM, on average, also had significantly
longer disease duration (Extended Data Fig. 9d). We performed dif-
ferential abundance analysis of serum proteins in CTAP-EFM patients
(n=7) versus those classified as belonging to other CTAPs (n = 60).
In patients belonging to CTAP-EFM, we observed enrichment of sev-
eral established fibrogenic markers including SPARC, OGN and CCN2
(Extended Data Fig. 9e,f). Collectively, these data support fibrogenic
remodeling in a subset of patients with RA who have a longer disease
duration and the potential to capture proteomic signatures at later
stages of disease when joint activity may be reflected systemically®.

Finally, we evaluated the feasibility of targeting Notch and TGFf3
signaling to diminish fibrogenesis in RA synovial tissue (Fig. 8g—j and
Extended Data Fig.10a-e). We obtained synovial tissue from patients
withactive RA (n = 6), generated >30 patient-derived organoids (PDOs)
from each tissue with a 2-mm punch biopsy tool, and treated each
PDO with dimethylsulfoxide (DMSO), DAPT or TGFpi for 72 h after
overnight rest, collecting media after the initial overnight incubation
toestablish the baseline per-PDO fibrogenic protein secretion. Across
RA donors, we observed relatively high and variable production of
COMP, POSTN and PRO-COLI1 (Fig. 8h). Treatment of RAPDOs with both
DAPT and TGFfi resulted in a significant reduction of COMP, POSTN
and PRO-COL1 (Fig. 8h and Extended Data Fig. 10a). We applied the

Fig. 8| Active fibrogenic signaling can be abrogated with Notchand TGF
inhibition. a, UMAPs showing labeled posttreatment niche tiles. b, Quantification of
therelative abundance ofimmune and fibroblast-rich niches before treatment and
after treatment (n =16 patients). Line colors indicate remission status. ¢, Density
plot of fibrogenic UCell scores by time and remission status. Color gradient
represents the density of cells expressing the indicated score, with dashed lines
indicating percentile score distributions per biopsy category. d, Quantification
of COMP" fibroblast abundance and cell density before treatment and after
treatment (n =11 DMARD-treated, n = 6 adalimumab-treated). e, Correlation
between changes in the percentage of fibroblasts that express COMPand the

cell density of COMP" regions per patient after 6 months of treatment. Statistics
by two-sided Pearson correlation test. f, Representative COMP gene expression

and paired H&E for a pretreatment and posttreatment biopsy fromaborderline
patient. VWFmarks vasculature. Scale bar, 50 um. g, Schematic summarizing the
PDO experiments and representative transcript density plots for spatially profiled
PDOs showing genes that highlight core synovial tissue structures. Scale bar, 1 pm.
h, ELISA datashowing supernatant levels of POSTN, COMP and PRO-COL1in PDOs
incubated overnight (left), alongside the median per-patient log, fold change of
these proteins after 3 days of treatment, normalized to overnight per-organoid
protein production (n=10-13 PDOs per condition). Statistics by Gaussian GLM,
patientincluded as a cofactor, with FDR correction. i j, Representative images of
transcript expression inindicated conditions (top) and per-PDO average mural
cell (i) and fibroblast (j) expression of indicated genes (bottom).Inb, d,iandj, a
two-sided Wilcoxon test was used.
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custom fibrogenic gene panel to spatially profile PDOs from three RA
donors (Fig. 8i,j and Extended Data Fig. 10b-f), identifying four distinct
cellular niches based on marker gene expression: vascular, lining,
sublining and mural (Fig. 8g and Extended Data Fig. 10b,c). There was
evidence of immune activity, although the panel was not designed to
detect these populations (Extended Data Fig. 10d). To determine the
effect of DAPT on perivascular TGFf isoformand receptor expression,
we examined the EC-proximal mural cell compartment where Notch
signaling was most enriched (Fig. 8i and Extended Data Fig.10e). Con-
sistent with our observations frominvitro-cultured fibroblasts, DAPT
treatment significantly suppressed TGFBI and TGFB3 expression while
de-repressing TGFBR2 and TGFBR3. Further, per-organoid fibroblast
COMP expression was significantly diminished by TGF i and reduced
with DAPT (Fig. 8j and Extended Data Fig. 10f). Spatially, COMP was
most abundantly expressed in the pauci-cellular regions, where TGF i
most profoundly reversed gene expression (Fig. 8j). Collectively, our
datasuggest that therapeutic targeting of Notch or TGFf3 signaling may
abrogate fibrogenic signaling in RA synovia.

Discussion

Treatment failuresin RA lead to high costs for society and cause unde-
sirable morbidity associated withimmunosuppression. Several factors
have been suggested to contribute to RA treatment failure®, yet no
novel therapeutically targetable mechanism has beenidentified. Our
study defined aNotch-TGFf-driven fibrogenic transcriptional program
associated with non-remissionin RA, consistent with previous studies
that have suggested an association between the expansion of synovial
fibroblasts and refractory RA™®'"*°, By implicating Notch signaling in
regulating fibroblast TGFp activity, our results provide a molecular
driver of synovial tissue fibrosis in RA.

Notchisan evolutionarily conserved pathway by which cells gener-
ate boundaries within tissue*. In fibroblasts, we previously reported
an essential role of Notch signaling in the determination of vascular
fibroblast positional identity®. Our results demonstrate that Notch
tightly regulates TGFf3 receptor signaling in the perivascular compart-
ment. Our model further suggests that the border between mural cells
and fibroblasts is actively maintained via constant Notch signaling
from the endothelium and that disruption of stable Notch signaling
resensitizes perivascular fibroblasts to TGFf signaling, generating the
fibrogenic niche. In thismodel, fibrosis occurs when the tissue senses
aloss of vascularity through reduced Notch signaling.

Consistent with previous studies of RA synovia, we find substan-
tial immune depletion after treatment. However, we find this occurs
whether patients achieve remission or not, suggesting that reducing
the immune compartment alone is not sufficient to achieve clinical
remission. Several recent studies have highlighted pain sensing as an
important feature of synovial biology*-**. In our cohort, painand tender
joint count, rather than inflammatory components, were the drivers
of sustained disease activity, thereby linking fibrogenic fibroblast
populationsto lack of clinical response in pain parameters. Further, we
hypothesize that the subpopulation of patients who achieved remission
at 6 months but still showed increased COMP expression may have a
higher risk of relapse compared to patients with stable levels. This is
consistent with our finding that baseline COMPtranscript abundance
correlated with 12-month DAS28-ESR across remission groups, and
that the COMP* fibroblast population coexpresses genes such as DKK3
previously described in patients who wererefractory to multiple lines
of therapy”. A validation study with a larger cohort and longitudinal
data by the Accelerating Medicines Partnership Autoimmune and
Immune-Mediated Disease (AMP-AIM) network isunderway to address
changesin synovial tissue in response to treatment.

Based on our findings, targeting fibrogenic activation and
endothelial-fibroblast cross-talk may interrupt synovial tissue fibro-
sisand prevent refractory RA. Specifically, our study implicates TGF33
and TGFPRIIl as spatially regulated components of TGF[3 signaling that

drive differential TGFf response in fibroblasts. Of note, therapeutic
targeting of TGF3 by anti-TGF3 antibody attenuated fibrosis in an
animal model of fibrosis*, raising the possibility of selectively target-
ing TGFPB3 asanadjuvant therapy to prevent exuberant synovial tissue
fibrosisin RA patients.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
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Methods

Human clinical samples

RA synovial tissue was obtained from patient donors at the Flinders
Medical Center and was approved by the Southern Adelaide Clinical
Human Research Ethics Committee (protocol no. 396.10), the Mass
General Brigham Human Research Committee (IRB 2019P002924),
the Colorado Multiple Institutional Review Board (IRB 20-1908) and
Hospital for Special Surgery (IRB 2014-233). Samples were obtained
via synovial biopsy or retrieved from patients with RA who were
undergoing arthroplasty or synovectomy and were formalin-fixed
and paraffin-embedded (FFPE) or OCT-embedded immediately
after retrieval. RA synovial biopsy samples were retrieved using the
small-bore arthroscopic method on active joints under direct vision. A
biopsy was performed on the samejoint at baseline and 6 months. Clini-
cal characteristics of patients are available in Supplementary Table 1.
Enrollment complied with relevant ethical regulations of all institu-
tions. Informed consent was obtained from all participants.

Xenium slide preparation

FFPEblocks were sliced onto Xeniumslides according to the XeniumIn
Situ for FFPE Tissue Preparation Guide (CGO00578 Rev C,10x Genom-
ics) protocol. The Xenium slides were then prepared following the
Xenium InSitu for FFPE-Deparaffinization and Decrosslinking protocol
(CGO00580 Rev D, 10x Genomics). In brief, the slides were baked at
60 °C for 30 min and then sequentially immersed in xylene, ethanol
and nuclease-free water to deparaffinize and rehydrate the tissue.
Immediately after, the Xeniumslides were incubated in the decrosslink-
ing and permeabilization solution at 80 °C for 30 min, followed by a
wash with PBS-T.

For co-cultures, Xenium slides were precoated with diluted 1:10
diluted Matrigel (Corning, 356231) after which a mixture of fibro-
blasts (120,000) and HUVECs (60,000) were seeded for 72 h. Slides
were fixed and permeabilized according to protocols for fresh frozen
tissue (CGOOO0581).

Next, the slides were prepared according to the Xenium Prime In
Situ Gene Expression user guide (CGO00760 Rev A,10x Genomics) for
the remaining steps or Xenium In Situ Gene Expression - Probe Hybridi-
zation, Ligation & Amplification (CGO00582) for co-culture. Probes
from the Xenium Prime 5 K Human Pan Tissue & Pathways Panel (PN-
1000671, 10x Genomics) and the custom add-on panels were hybrid-
ized to the samples at 50 °C for 18 h. After hybridization, the slides
underwent washing, incubation with a ligation reaction mix, another
wash step and DNA amplification. Finally, cell segmentation staining
was conducted, and the slides were treated with an autofluorescence
quencher and DAPI before being loaded into the Xenium instrument.

Xenium Analyzer setup and data acquisition

Processed Xenium slides were loaded in the Xenium Analyzer and
imaged, following the guidelines in the Xenium Analyzer User Guide
(CGO00584 Rev F, 10x Genomics). After scanning, the Xenium
slides were removed from the Xenium Analyzer, and processed with
post-run H&E staining according to the Xenium In Situ Gene Expres-
sion - Post-Xenium Analyzer H&E Staining protocol (CGO00613 Rev
A,10x Genomics).

Xenium data cell typing and niche analysis

Cellsin Xenium data were segmented using Xenium Onboard Analysis,
based on nuclear expansion (custom panel co-culture data) or mul-
timodal cell segmentation using cell boundary, interior and nuclear
stains (5k data).

Single-cell and niche analysis were performed using Seurat v5.0.0
after filtering out cells with <50 transcript species (‘nFeatures’) and log
normalizing datafor each sample with the median transcripts detected
asthescalefactor. Single cells from different samples were integrated
using Harmony**. Niches were identified using Tessera® based on

Harmony embeddings. We labeled cell types and nichesin 5,101-gene
panel data based on the enrichment of marker genes associated with
co-clustering cells or niches. For cell types, neighbor detection and
UMAP were run with 20 principal components, and clustering with a
resolution of 0.3. For niches, neighbor detection and UMAP were run
with 10 principal components, and clustering with aresolution of 0.2.
Example niches were selected among the top three most typical (by
Euclidean distance to the average cell-type representation) within a
singlesampleinwhichall niches were detected. In some cases, Xenium
Explorer v3.2 was used for visualization of transcripts.

For the 50-gene custom panel data, endothelial and mural cells
were identified based on enrichment of markers (PECAMI and ACTA2,
respectively) in clustered data. For comparison to COMP" fibroblasts,
fibroblasts were identified based on expression of PDGFRB and
NOTCH2 > 0 and exclusion from endothelial and mural cell clusters.

Transcript kernel density estimate analysis

We calculated kernel density estimates using the tidy_kde function
from the eks R package®. Pairwise Pearson correlations were calcu-
lated by taking density values for different transcripts at each pixel
within a sample, after selecting for subregions on the slide based on
50% contour regions of the COLIAIkernel density estimate or regions
with DAPI above background, as specified. For COMP" regionsin Fig. 7,
we considered cell counts per area within regions defined by the 50%
contour region of the kernel density estimate per sample. We used the
R packages terra and raster to mask subregions.

scRNA-seq analysis

For analysis of scRNA-seq data, we used the R package Seurat v5.0 for
downstream analysis. The filtered count matrix was used as input, and we
used SCTransformto normalize databefore principal coordinate analysis
and UMAP projection. Differential expression analysis was performed
using the FindMarkers function with a Wilcoxontest and gene signature
scoreswere applied to datasets using the AddModuleScore_Ucell func-
tion fromthe UCell package. The DotPlot function was used to generate
bubble plots depicting the expression of indicated genes across cell
populations and the VInPlot function was used to generate violin plots.

Immunofluorescence

OCT-embedded synovial sections were equilibrated at —20 °C for
10 min, and 10-m sections were obtained using a cryostat, mounted
onto a glass slide and stored at —80 °C. Before staining, slides were
equilibrated for 5 min at 20 °C, sections were encircled with a PAP
pen (ImmEdge, Vector Labs), rehydrated with PBS for 5 min at 20 °C,
fixed for 10 min in 4% paraformaldehyde, washed three times with
PBS, and blocked for 1 h in TBS-T with 5% BSA and 0.2% Triton X-100.
The following primary antibodies were diluted in blocking buffer
and incubated overnight at 4 °C: phospho-SMAD3 (Thermo Fisher
Scientific; 1:200 dilution), TGFf1 (Thermo Fisher Scientific; 1:100 dilu-
tion), TGFB2 (Thermo Fisher Scientific; 1:50 dilution), TGFB3 (Thermo
Fisher Scientific; 1:100 dilution), NOTCH3-PE (BioLegend; 1:50 dilu-
tion), CD45-FITC (BioLegend; 1:50 dilution), collagen(Thermo Fisher
Scientific; 1:1,000 dilution) and vWF (Thermo Fisher Scientific; 1:100
dilution). Primary antibodies were removed, and sections were washed
with PBS-T three times before secondary antibody incubation with
the following antibodies at a1:500 dilution in blocking buffer: AF660
anti-mouse (Thermo Fisher Scientific, A-21074) and AF555 anti-rabbit
(Thermo Fisher Scientific; A-21424). Secondary antibodies were
removed, sections were washed three times with PBS-T and mounted
using Fluoromount-G mounting medium with DAPI (Thermo Fisher
Scientific). Images were acquired on an EVOS M7000.

Invitro culture
Synovial fibroblast cell lines were thawed and cultured in DMEM
supplemented with 10% FBS, 10 mM HEPES, 1% MEM amino acids, 1%
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non-essential amino acids, 1% L-glutamine, 1% penicillin-streptomy-
cin, 55 pM B-mercaptoethanol and 1% gentamicin (pH 7.4). HUVECs
(Thermo Fisher Scientific) were thawed and maintained in EGM-Plus
media supplemented with the EGM-plus bulletkit (Lonza). Passages
3 to 6 were used for experiments. For DLL4 stimulation experiments,
cell culture plates were precoated overnight with 5 pg ml™ DLL4-Fc
(R&D Systems) and for co-cultures, plates were precoated overnight
with al:10 dilution of Matrigel (Corning, 356231) and washed with PBS.
In some conditions, cells were treated with TGF beta-1 (PeproTech,
10 ng ml™), DAPT (Selleckchem, 10 uM) or TGF inhibitor (SB431542,
10 puM) or antibodies against TGFf isoforms (Proteintech a-TGF31
69012-1-1g; Thermo Fisher Scientific a-TGFp1,2,3 MAS5-23795, R&D
Systems a-TGF32 AB-12-NA, R&D Systems a-TGF[33 MAB243) at a con-
centration of 5 ug ml™. The following siRNAs (Thermo Fisher Scientific)
were added to monocultures or co-cultures at a20 nM concentration
atthestartof cultures and were re-dosed every 72 h, when applicable:
NTC (4390843), JAGI (s1174) and DLL4 (s534448), TGFB1 (s14054),
TGFB2 (s14059), TGFB3 (s224725), TGFBR1 (s14073), TGFBR2 (s14077)
and TGFBR3 (s24). siRNA treatment was performed as described in
the Lipofectamine RNAiMax protocol (Thermo Fisher Scientific). For
RT-qPCR experiments, 10,000 fibroblasts were seeded in 96 wells. For
immunoblotting, 250,000 fibroblasts were seeded in six-well plates
before stimulation and cell lysis. For co-cultures, a fixed number of
fibroblasts (5,000) were cultured with HUVECs (5,000) at a 1:1 ratio,
unless otherwise indicated in the figure legends.

Flow cytometry

Fibroblasts or co-cultures were trypsinized and directly stained with
an equal volume of primary antibody solution (Cell staining buffer,
BioLegend) containing eFluor 780 Fixable Viability Dye (Thermo Fisher
Scientific; 1:1,000 dilution), TGFBR2-APC (BioLegend;1:100 dilution),
TGFBRIII (Proteintech, 20000-1-AP; 1:100 dilution) or CD31-FITC
(BioLegend; 1:100 dilution) for 30 min at 4 C. Cells were washed with
cell staining buffer (BioLegend), fixed in 4% paraformaldehyde for
10 min at 20 °C, washed, and stained with AF555 anti-rabbit (Thermo
Fisher Scientific) for 30 minat 4 °C for detection of TGFpIII. Cells were
washed and resuspended in cell staining buffer. PDOs after 4 days of
culture were disaggregated in RPMI 1640 medium (Thermo Fisher
Scientific) containing Liberase TL (100 pg ml™; Sigma Aldrich) and
DNAse (100 pg ml™; Stemcell Technologies), filtered througha 70 pm
cell strainer, washed and stained as described with eflour780 Fixable
viability dye, CD31-BV21 (BioLegend; 1:100 dilution), FITC-CD45 (Bio-
Legend;1:100 dilution) and PE-PDPN (BioLegend; 1:100 dilution) in the
presence of Fc blocking reagent (BioLegend). Datawereacquiredona
BD FACSCanto Il and further analyzed with Flowjo version 10.

RNAScope and quantification

A3:1ratioof fibroblastsand ECs (7500 fibroblasts, 2500 HUVECs) was
seeded on Matrigel (Corning; 1:10 dilution) precoated 96-well plates
(Agilent, 204626-100). After culture and treatment with siRNA for 5
days, cells were washed with PBS, fixed in 10% NBF and processed for
staining and imaging according to the manufacturer’s protocol with
the RNAScope multiplex fluorescent V2 assay (ACD Bio, SOP 45-009 A).
Images were acquired on an EVOS M7000.

Results were quantified by segmenting nuclei based on DAPI stain-
ing using Cellpose*® and performing nuclear expansion to approximate
cellboundaries. We then used scikit-image*” to calculate mean intensi-
ties per cell.

Immunoblot

Followingincubation, cells were trypsinized and rinsed with cold PBS.
Cells were pelleted by centrifugation at 350g for 10 min. Cell pellets
were resuspended in 100 pl of RIPA buffer (Thermo Fisher Scientific,
89900) supplemented with 0.1% Triton X-100, protease and phos-
phatase inhibitor mini-tablets (Thermo Fisher Scientific, A32961) and

aphosphatase inhibitor cocktail (Active Motif, 37492). The cell lysate
was briefly vortexed at high speed to dissociate aggregates, incubated
onice for 30 min, and then centrifuged at high speed for 20 min at
4 °C. Protein concentration was determined using the Pierce BCA
Protein Assay Kit (Thermo Fisher Scientific, 23227). Between 30 pug
and 50 pg of protein was subjected to SDS-PAGE (Bio-Rad, 1610734)
and transferred to a PVDF membrane (Bio-Rad, 1704273) using the
Bio-Rad TRANS-BLOT TURBO transfer system (Bio-Rad, 690BR324)
withadrytransfer protocol for 30 minaccording to the manufacturer’s
instructions. Membranes were blocked for 15 min in Everyblot block-
ing buffer (Bio-Rad, 12010020), thenincubated overnight at 4 °C with
primary antibodies against TGFp1 (Proteintech, 21898-1-AP; 1:500
dilution), TGFB2 (Proteintech,19999-1-AP; 1:500 dilution), TGFf33 (Pro-
teintech,18942-1-AP;1:500 dilution), TGFBR1(RD Biosciences, AF3025;
1:300dilution), TGFR2 (Bioss, bs-0117R; 1:500 dilution), TGFfR3 (Cell
Signaling Technology, 2519S;1:500 dilution), GAPDH (Thermo Fisher
Scientific, MA5-15738) or beta-actin (Cell Signaling Technology, 3700).
Following primary antibody incubation, membranes were incubated
with HRP-conjugated secondary antibodies (Thermo Fisher Scientific,
anti-Rabbit, 32460, anti-Mouse, 31430, or anti-Goat, A16005) for1 h at
20 °C. Allthe antibody dilutions were in Everyblot blocking buffer. Blots
were developed using SuperSignal West Femto Maximum Sensitivity
Substrate (Thermo Fisher Scientific, 34095) or SuperSignal West Pico
PLUS Chemiluminescent Substrate (Thermo Fisher Scientific, 34577)
and imaged using a Bio-Rad ChemiDoc imaging system.

Analysis of Olink data

Olink protein concentration values (NPX) from AMP RA/SLE and 396.10
cohort patients were extracted with the OlinkAnalyze package. A count
matrix and a separate file with metadata indicating each patient’s CTAP,
remission status or clinical data were formed. The Imfit and eBayes
functions from the limma package were used toidentify the differential
abundance of proteinsin patients belonging to CTAP-EFM compared to
patients classified in other CTAPs and the cor functionin Rwasused to
calculate correlations. -log,,(unadjusted Pvalues) are reported in the
volcano plotand adjusted Pvalues (Benjamini-Hochberg correction)
arereported in the associated bar plot.

Bulk RNA-seq analysis
We analyzed both bulk RNA-seq and pseudo-bulk data from spatial
transcriptomics data using DESeq2 (ref. 48).

ELISA

Supernatant was collected on the indicated days and stored at 4 °Cin
sealed polypropylene plates before assay by ELISA. For measurement of
pro-collagenlalphal(R&D Systems, DY6220-05), COMP (R&D Systems,
DY3134) or POSTN (R&D Systems, DY3548B), TGFp1 (R&D Systems,
DY240-05), TGF32 (R&D Systems, DY302) and TGFf33 (DY243) plates
were incubated overnight at 4 °C with diluted capture antibody solu-
tion, washed with PBS-T and blocked for1 hat20 °Cinblocking buffer
(1% BSA in PBS). For activation of latent TGF 3 into animmunoreactive
form, supernatant was incubated with 1 N HCI for 10 min followed by
neutralization with 1.2 N NaOH/0.5 M HEPES buffer per the manufac-
turer’s protocols. Supernatant was diluted in a blocking buffer and
incubated on plates for 2 h at 20 °C, followed by a 2-h incubation of
detection antibody and 30-min incubation of HRP-Streptavidin (R&D
Systems) with PBS-T washes inbetween. The ELISA was developed with
50 pl of TMB substrate (Thermo Fisher Scientific) and stopped after
20 minwith 50 pl of 2 Nsulfuric acid. Absorbance was read with aplate
reader (Spectramax) at 450 nm with a 570-nm background subtraction.

qPCR

Cells were lysed in TRIzol (Thermo Fisher Scientific) and RNA was
extracted per the manufacturer’s protocols. cDNA was synthe-
sized using QuantiTect Reverse Transcription Kit (Qiagen) per the
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manufacturer’s protocols. The qPCR mastermix was prepared using
Brilliant Il Ultra-Fast SYBR Green QRT-PCR Master Mix (Agilent), and
samples were run on an AriaMX Real Time PCR machine (Agilent). The
relative abundance of transcripts was normalized to the expression of
GAPDH mRNA using the 27" method. All primer pair sequences were
obtained from Origene and synthesized by IDT.

Lentiviral transduction

TGFBR2 and TGFBR3 plasmids (pLV[Exp]-Bsd-CMV) were ordered
from VectorBuilder. 293FT cells were seeded at 6 x 10° cells ina T75
flask and incubated overnight. The next day, cells were transfected
according to the manufacturer’s protocol with 11.18 pg of target plas-
mid and 17.8 pg of packaging mix (Thermo Fisher Scientific, V53406)
using Lipofectamine 3000 (Thermo Fisher Scientific, L3000015)
in a T75 flask. Virus supernatants were harvested and filtered after
4 days and concentrated overnight using Peg-it virus precipitation
solution (System Biosciences) according to the manufacturer’s pro-
tocols. Cells were transduced with lentiviral supernatants containing
polybrene (10 pg ml™) for one week, with regular media changes, fol-
lowed by one week of selection with blasticidin (10 pg ml™) before use
in experiments.

PDOs

Cryopreserved synovial tissue specimens were thawed ina37 °Cwater
bath, transferred into a solution of DMEM + 10% FBS followed by PBS.
Synovial tissue fragments were subsequently transferred from PBS to
a100-mm x 15-mm Petri dish and punched with a2-mm punch biopsy
tool (Integra, 33-31-P/25) to generate organoids; aminimum of 30 orga-
noids were generated per tissue sample. Organoids were implanted
into wells of a 96-well plate that were precoated with 50 pl of Matrigel
(Corning, 356231). After allowing Matrigel to polymerize for 30 min
at 37 °C,100 pl of EGM-2 media was added to each well and incubated
overnight. For inhibitor treatment, all media were removed before
adding100 pl media containing DMSO, DAPT (10 pM) or TGFfi (10 pM).
Supernatant before (16 h) and after (72 h) inhibitor treatment was col-
lected for ELISA analysis. For spatial profiling, PDOs were embedded in
OCT after treatment, stored at —80 °C and later sectioned onto Xenium
slides (10 pM) using a cryostat.

Visium HD spatial gene expression

H&E staining and imaging were performed following the Visium
HD FFPE Tissue Preparation Handbook (CGO00684). Samples were
then processed and sequenced following the Visium HD Spatial Gene
Expression Reagent Kits User Guide (CGO00685). Space Ranger ver-
sion 3.0 was used for analysis. Bins (8 pm) were used for visualization
of gene signatures.

3D co-culture

Fibroblast and fibroblast-endothelial 3D cultures were generated as
previously described’. Briefly, fibroblast-only cultures consisted of
200,000 fibroblasts and fibroblast plus EC cultures contained 100,000
synovial fibroblasts and 100,000 HUVECs, which were combinedina
single 35-pl droplet of Matrigel, seeded on ultralow-attachment plates
(Thermo Fisher Scientific,174930) and cultured in1 ml EGM-2 medium
replaced atindicated time points (Lonza).

Transwell assay

In total, 5,000 fibroblasts were seeded onto both 96-well Transwell
inserts (0.2-uM pore) and DLL4 precoated receiver plates (Corning,
3381). After incubation for 72 h, fibroblasts in the Transwell chamber
andreceiver plates were lysed in TRIzol for RT-qPCR.

Statistics
Statistical tests were performed using GraphPad Prism version10.4.1or
Rversion4.4.1/4.4.2. There were no tests performed to assess normality.

Differences between data that were assumed to be normally distrib-
uted were assessed using Student’s two-tailed ¢-tests, and differences
in data assumed to be non-normally distributed data were evaluated
with Mann-Whitney Utests. Detailed statistical descriptions, including
sample size and calculation methods, are provided in the figure legends
and text. A Pvalue of <0.05 was considered statistically significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Previously published publicly available data used in this study are avail-
able in the following repositories: systemic sclerosis scRNA-seq data
(GSE195452), idiopathic pulmonary fibrosis scRNA-sequencing data
(GSE136831), synovial scRNA-seq data (syn52297840), micromass orga-
noid scRNA-seqdata (https://www.immport.org; SDY1599), PEAC data
(E-MTAB-6141) and RBPJ ChIP-seqdata (GSE127388; ENCSR596FEL). All
spatial transcriptomic datagenerated as part of this study are available
on Zenodo: RA synovial pretreatment data: https://doi.org/10.5281/
zen0do.15058262 (ref. 49). RA synovial posttreatment data: https://
doi.org/10.5281/zenodo.15058715 (ref. 50). RA synovial custom fibro-
genesis panel (n =4 tissues) and AMP Olink matrix containing NPX
values and clinical metadata: https://doi.org/10.5281/zenodo0.15059437
(ref. 51). Xenium profiling of 2D co-culture: https://doi.org/10.5281/
zenodo.15064564 (ref. 52). RA-ILD Lung and RA synovium Visum data,
RA patient-derived organoid Xenium data, 3D co-culture Xenium Data
and 396.10 Olink data: https://doi.org/10.5281/zenod0.16995699 (ref.
53).Source dataare provided with this paper.
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Extended Data Fig. 4 | RA fibrogenic fibroblast subtyping and quantification.
a, UMAP projection of synovial fibroblasts with cluster annotations (top, ref.15)
and projection of the fibrogenic score onto the UMAP as calculated by UCell
(below). b, UMAP projection (top) of subsetted and re-clustered fibroblasts

that had fibrogenic signature scores in the top decile. Dotplot of selected genes
differentially expressed across clusters with the color representing scaled
expression and size of the dot representing percent of cells expressing the gene.
¢, Violin plot of select genes differentially enriched in the POSTNhi versus COMPhi
clusters with the bar representing median expression and p-values calculated
using a two-sided Wilcoxon test. (Top) p < 2.2e-16 between POSTNhi cluster and
other clusters, (Bottom) p <2.2e-16 between COMPhi cluster and other clusters
forindicated genes. d, Volcano plot representing differentially expressed genes
innon-responders versus responders from bulk RNA-sequencing analysis of
synovial tissue derived from treatment naive patients. Genes in the upper right
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responders. Differential expression was tested with DESeq2 (negative-binomial
GLM; Wald test); p-values are FDR-corrected. Genes part of the fibrogenic
signature are highlighted. e, Jitter plot representing normalized transcript
detection of DKK3, FMOD, and POSTN from pre-treatment spatial transcriptomics
databy response status. Statistics by two-sided Wilcoxon test. f, UMAP projection
of COMP expression separated by remission status. g, plots showing correlation
between baseline COMP+ cell abundance and indicated DAS28-ESR timepoint or
changes in DAS28-ESR components. Statistical evaluation by two-sided Pearson
correlation test. h, Stacked barplot representing the cell type composition

of niche tiles that were classified as low (“lo”), medium (“mid”) or high (“hi”)

for fibrogenic scores. i, violin plots representing the distribution of tile-level
fibrogenic scores per indicated niche by remission status. The dots represent the
median fibrogenic score per patient. Statistical comparison by GLM with dataset
(biopsy) as a cofactor, FDR-corrected.
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Extended Data Fig. 6 | Notch-mediated regulation of TGF signaling. a, UMAP
projection and dotplots of single-cell 3D co-culture data displaying COMPand
POSTN expression’. b, Chip-seq analysis of RBP) binding to TGFBR2 (-350 bp

to -138 bp upstream of transcriptional start site (TSS)) and TGFBR3 (-185bp to
+84 bprelative to TSS) promoter regions in HepG2 cells (data from GSE127388).
Significant peaks are annotated with blue bars and were called using the
narrowPeak functionin MACS2. ¢, ELISA quantification of supernatant TGFf31,
TGFP2,and TGFP3 from fibroblasts stimulated with DLL4 for 3 days. d, RT-qPCR
analysis of TGFf3 isoform and fibrogenic gene expression in unstimulated

or DLL4-stimulated fibroblasts (72 h) and fibroblasts that were exposed to
conditioned media from unstimulated and DLL4-stimulated fibroblasts for

72 h.e, RT-qPCR analysis of TGF isoform and fibrogenic gene expressionin
unstimulated or DLL4-stimulated cells plated in the bottom chamber and

fibroblasts that were cultured in the above transwell insert for 72 h. f, Top: ELISA
quantification of supernatant COMP, PRO-COL1and POSTN from fibroblasts
stimulated with or without recombinant TGFf1 (10 ng ml-1) and with or without
apan-TGFp blocking antibody (5 ug mL-1) for 72 h. Below: ELISA quantification

of COMP, PRO-COL1 and POSTN on unstimulated or DLL4-stimulated fibroblasts
that were treated with antibodies against individual or pan-TGFf isoforms (Sug
mL-1) for 72 h. g, RT-qPCR analysis of fibroblasts with or without DLL4 stimulation
that were treated with siRNA (20 nM) for 96 h. h-i, ELISA quantification of
fibroblast production of PRO-COL1, POSTN and COMP over 24 hafter 72 h
treatment with indicated siRNA combinations (10 nM each) with or without DLL4
stimulation. For c-i Data are shown as mean +/-s.d with n = 3 biological replicates,
and representative of at least two independent experiments. Statistical analysis
was performed by unpaired two-sided t-test.
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of co-culture. P-valuesin the line graph are displayed for the comparisons between
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cumulative COMP: p = 0.0403). The respective bar charts to the right represent
theareaunder the curve. ¢, RT-qPCR analysis of TGFBR2 and TGFBR3 expression

in TGFBR2-overexpressing or TGFBR3-overexpressing fibroblasts respectively,
compared to control GFP-overexpressing fibroblasts. d-e, ELISA quantification of
COMP and POSTN production from GFP-OE, TGFBR2-OE or TGFBR3-OE stimulated
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representative of at least two independent experiments.
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Extended Data Fig. 8 | Analysis of posttreatment biopsies. a, Representative
pre-and post-treatment gene expression from remission (n =10) and
non-remission patients (n = 5). MZBI marks plasma cells, CD3ET cells and MS4A1
B cells; scale bar indicates 2 mm. b, Stacked bar plot summarizing cell type
proportion in post-treatment samples for 17 patients. ¢, Heat map representing
the abundance of tissue niches, by tissue area, in each post-treatment biopsy
and the associated clinical metadata. Baseline DAS and ADAS represent the
DAS28-ESR pre-treatment and the change at 6-months, respectively. d, Stacked
bar plot representing the proportion of cell types per niche post-treatment.

e, Quantification of the relative abundance of immune cell types pre-and
post-treatment. Line colors indicate remission status. Patient 5 is highlighted

inmagenta, and Patient 10 is highlighted in yellow. f, Jitter plot representing
the tissue area of each niche in post-treatment biopsies by remission status.

g, Line plots showing scores for pre- and post-treatment DAS components
separated by remission status. h, Violin plot (left) and niche UMAP projection
(right) displaying single cell fibrogenic UCell scores. Median values in violin
plotrepresented by awhite bar and median per patient values represented by
points. p <2.22e-16 for the comparison between indicated groups, two-sided
Wilcoxon test. i, Representative examples of COMPtranscript expressionin pre
and posttreatment synovial biopsies for a remission (n =10) and non-remission
patient (n = 5). e,f Statistics were calculated by two-sided Wilcoxon test.
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Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig. 10 | Proteomic and spatial analysis of inhibitor-

treated patient derived organoids. a, Jitter plots showing normalized per
organoid (dot) ELISA quantification of indicated proteins. Log, fold change

of measurements from 72 h treatment normalized to baseline measurements
obtained after overnight incubation is shown (n = 6 patients, PDO replicates
per treatment: RAOO1n=12,RA002n=12,RA003 n=11,RA004 n =13, RA005
n=13,RA006 n=12) b, UMAP projection of single cells detected in spatially
profiled PDOs with individual marker genes shown (right). c, UMAP projection
of Tessera-defined niches (left) and gene expression plots (right) showing

niche-tile level gene expression. d, Representative flow gating strategy (left)
with live cell type populations encircled and spatial plot (right) of a PDO with
indicated transcripts. Scale baris 100 pm. e, Jitter plot thatindicates average
mural cell expression, per-PDO, of indicated genes (top) and violin plot
(bottom) that shows aggregated single-cell expression by condition. f, Jitter
plotthatindicates average fibroblast expression, per-PDO, of indicated gene.
For atwo-sided unpaired t-tests were used and for e,f, two-sided Wilcoxon test
was used. Flow cytometry gating in d is representative of three independent
experiments and three biological replicates.
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data integration and niche analysis, one sample was excluded due to transcript sparsity.

Replication For spatial transcriptomic data, the observations were validated across 2 independent patient cohorts, as described in the text. The
reproducibility of all in vitro data was confirmed with at least two independent experiments.

Randomization  Paired pre- and post-treatment synovial samples from the same patient and same joint were run on the same spatial transcriptomic imaging
slide in order to reduce potential batch effects. Randomization n/a for other aspects of the study.
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Data collection
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studies involving existing datasets, please describe the dataset and source.
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any manipulations. State what population the sample is meant to represent when applicable. For studies involving existing datasets,
describe the data and its source.

Note the sampling procedure. Describe the statistical methods that were used to predetermine sample size OR if no sample-size
calculation was performed, describe how sample sizes were chosen and provide a rationale for why these sample sizes are sufficient.

Describe the data collection procedure, including who recorded the data and how.

Indicate the start and stop dates of data collection, noting the frequency and periodicity of sampling and providing a rationale for
these choices. If there is a gap between collection periods, state the dates for each sample cohort. Specify the spatial scale from which
the data are taken

If no data were excluded from the analyses, state so OR if data were excluded, describe the exclusions and the rationale behind them,
indicating whether exclusion criteria were pre-established.

Describe the measures taken to verify the reproducibility of experimental findings. For each experiment, note whether any attempts to
repeat the experiment failed OR state that all attempts to repeat the experiment were successful.

Describe how samples/organisms/participants were allocated into groups. If allocation was not random, describe how covariates were
controlled. If this is not relevant to your study, explain why.

Describe the extent of blinding used during data acquisition and analysis. If blinding was not possible, describe why OR explain why
blinding was not relevant to your studly.

Did the study involve field work? |:| Yes |:| No

Field work, collection and transport

Field conditions

Location

Access & import/export

Describe the study conditions for field work, providing relevant parameters (e.g. temperature, rainfall).

State the location of the sampling or experiment, providing relevant parameters (e.g. latitude and longitude, elevation, water depth).

Describe the efforts you have made to access habitats and to collect and import/export your samples in a responsible manner and in
compliance with local, national and international laws, noting any permits that were obtained (give the name of the issuing authority,
the date of issue, and any identifying information).
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Disturbance Describe any disturbance caused by the study and how it was minimized.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChiIP-seq
Eukaryotic cell lines |:| |Z Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms

>
Q
]
(e
D
1®)
O
=
o
c
-
(D
1®)
O
=
5
(@]
wn
(e
3
=
Q
A

Clinical data

Dual use research of concern

XXXNXXOO s
O000O0OK

Plants

Antibodies

Antibodies used Immunofluorescence : Phospho-SMAD3 (Ser423, Ser425) (16H5L12), Thermofisher Cat. 702292; TGF beta-1 (TB21), Thermofisher
Cat. MA5-18023; TGF beta-2 (220ct16.4.3.1), Thermofisher Cat. MA5-37505; TGF beta-3, Thermofisher Cat. PA1-38736; PE anti-
human Notch 3 (MHN3-21), Biolegend Cat. 345405; FITC anti-human CD45 (2D1), Biolegend Cat. 368507; Collagen | (COL-1),
Thermofisher Cat. MA1-26771; VWF (F8/86), Thermofisher Cat. MA5-14029; Goat anti-Mouse 1gG Alexa Fluor 660, Thermofisher Cat.
A-21055; Donkey anti-Rabbit IgG Secondary Antibody Alexa Fluor 555, Thermofisher Cat. A-31572.

Flow Cytometry: APC anti-human TGF-B Receptor II, Biolgend Cat. 399705; TGFBR3, Thermofisher Cat. 20000-1-AP; FITC anti-human
CD31 (WM59), Biolegend 303103. anti-Rabbit IgG Secondary Antibody Alexa Fluor 555, Thermofisher Cat. A-31572. BV421-CD31,
Biolegend Cat. 303123, FITC-CD45 Biolegend Cat. 368507, PE-PDPN Biolegend Cat. 337003

Western Blot: TGF Beta 1, Proteintech Cat. 21898-1-AP; TGF Beta 2, Proteintech Cat. 19999-1-AP; TGF Beta 3, Proteintech Cat.
18942-1-AP; Human TGF-beta RI/ALK-5, R&D Systems Cat. AF3025; TGF beta Receptor 2, Bioss Cat. BS-0117R; TGF-B Receptor |lI,
Cell Signaling Technology 2591S; GAPDH, Thermofisher Cat. MA5-15738

Validation All antibodies used are commercially available and have been validated by the manufacturer. Validation data is available on the

manufacturer's website.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) Primary synovial fibroblast cell lines isolated from OA or RA patients were used. HUVECs were attained from Thermofisher
(https://www.thermofisher.com/order/catalog/product/C0035C)

Authentication None of the cell lines were authenticated

Mycoplasma contamination Cells lines were not tested for mycoplasma.

Commonly misidentified lines  Not applicable
(See ICLAC register)

Plants

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor
was applied.

Authentication Describe-any-atithentication-procedtres for-each seed stock-tised-ornovel genotype generated—Describe-any-experiments-used-to
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.




Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|Z| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

& A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument
Software
Cell population abundance

Gating strategy

Fibroblasts or co-culture of fibroblasts and endothelial cells were trypsinized and directly stained with an equal volume of
primary antibody solution (Cell staining buffer, Biolegend) containing eFluor 780 Fixable Viability Dye (Thermofisher, 1:1000),
TGFBR2-APC (Biolegend, 1:100), TGFBR3 (Proteintech, 20000-1-AP, 1:100) or CD31-FITC (Biolegend, 1:100) for 30 minutes at
4C. Cells were washed with cell staining buffer (Biolegend), fixed in 4% PFA for 10 minutes at RT, washed, and stained with
AF555 anti-rabbit (Thermofisher) for 30 minutes at 4°C for detection of TGFBR3. Cells were washed and resuspended in cell
staining buffer.

BD FACSCanto Il
BD FACSDiva and Flowjo v10.10.0
Cells were not sorted prior to flow cytometry or experiments

Fibroblasts gating: FSC-A/SSC-A plots were used to determine cell population gates. FSC-A/FSC-H plots were then used to
determine singlet gates. Cells that were negative for the live/dead stain and negative for CD31 were selected for analysis.

|:| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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