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ABSTRACT

Objectives: Systemic sclerosis (SSc) is an autoimmune disease that transitions from vasculopathy
as an initiating pathogenic event to tissue fibrosis. The mechanisms of these transitions remain,
however, poorly understood, mainly because complex multicellular human models of SSc vas-
culopathy are lacking. We aimed to develop a complex multicellular human model of SSc vascul-
opathy and use it to investigate the mechanisms underlying this process.

Methods: Blood vessel organoids (BVOs) were derived from induced pluripotent stem cells of
patients with SSc and healthy controls. Organoids were exposed to serum from patients with SSc
with clinically manifest microvasculopathy or healthy donors. Structural and molecular changes
were evaluated using confocal imaging, transcriptomic (RNA sequencing), epigenetic (assay for
transposase-accessible chromatin sequencing), and spatial proteomic (codetection by indexing)
profiling. Serum immunoglobulin G (IgG) was selectively depleted or enriched to investigate
antibody contributions. Therapeutic interventions included bosentan and the y-secretase inhibi-
tor N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester (DAPT).

Results: SSc-derived BVOs exposed to SSc serum exhibited profound angiogenic defects, charac-
terised by reduced vessel integrity, loss of endothelial-pericyte interactions, and induction of
endothelial-to-mesenchymal transition (EndMT). Epigenetic and transcriptional profiling
revealed upregulation of fibrosis-related genes and loss of endothelial markers. Spatial proteo-
mic data confirmed EndMT at the protein level and demonstrated shifts in endothelial and peri-
cyte subpopulation as well as alterations in their interactions reminiscent of those seen in tissues
of patient with SSc. IgG depletion from SSc serum restored vascular structure, and transfer of
SSc IgG to healthy serum phenocopied the pathological phenotype, implicating autoantibodies
in endothelial injury. Both bosentan and DAPT partially reversed vascular abnormalities and
downregulated EndMT markers.

Conclusions: This study establishes BVOs as a complex human model of SSc vasculopathy and dem-
onstrates in a multiomic approach that they recapitulate disease-specific vascular dysfunction and
its transition to fibrosis. We show that genetic susceptibility and pathogenic autoantibodies syner-
gise in driving microvascular injury in SSc. Furthermore, we provide evidence that SSc BVOs are a
promising platform for evaluating therapies that prevent the transition from vasculopathy to fibro-
sis, and present Notch/y-secretase inhibition as a potential novel target in SSc vasculopathy.

INTRODUCTION

The vascular pathogenesis of SSc remains incompletely
understood. EC dysfunction is thought to result from the inter-

Connective tissue diseases, also known as collagen vascular
diseases, are autoimmune disorders within the rheumatic spec-
trum, characterised by vasculopathy, inflammation, and tissue
fibrosis as shared pathogenic features. Systemic sclerosis (SSc) is
the connective tissue disease associated with the highest case-
specific mortality of all autoimmune rheumatic diseases [1]. SSc
is characterised by widespread vasculopathy, autoimmunity,
and fibrosis [2,3]. Therapeutic options remain limited to date
[4]. Microvasculopathy is the first detectable manifestation of
SSc and is thought to be the initiating event that not only trig-
gers autoimmunity and fibrosis, but also plays a crucial role in
disease progression [5,6]. SSc is thus a prototypical connective
tissue disease that transitions from microvasculopathy to inflam-
mation and tissue fibrosis.

Endothelial cell (EC) damage triggers a cascade of pathologic
events, including aggregation of platelets at the denuded basal
membrane, recruitment of leukocytes, and subsequent activa-
tion of fibroblasts. Microvascular changes are visualised in the
clinical routine by nailfold capillaroscopy. In the early stages of
SSc, characteristic findings include capillary dilatation and dis-
torted capillary architecture, whereas in advanced disease, these
microvascular changes progress to loss of capillaries and small
arteries, leading to avascular areas [7].
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play of inflammatory features such as autoantibodies and cyto-
kines with a subsequent imbalance between proangiogenic and
antiangiogenic factors in genetically predisposed individuals [8
—10]. Several susceptibility genes have been implicated in endo-
thelial damage and vascular pathology in SSc, including poly-
morphisms in genes related to angiogenesis or oxygen sensing
[11-13]. However, the relative contribution of the individual
drivers and their interplay remains elusive.

Our limited understanding of the vascular pathophysiology
of SSc is at least in part a consequence of the paucity of preclini-
cal models. Microvascular ECs are more challenging to isolate
from fibrotic tissues of patients with SSc than many other cell
types such as fibroblasts. Moreover, most mouse models of SSc
do not recapitulate the microvascular features of SSc, and the
few mouse models that display certain vascular features of SSc
are difficult to breed and are available only at few centres [14].
Multicellular human in vitro models of the vascular changes in
SSc with sufficient complexity have not been reported so far.

In this study, we aimed to assess whether blood vessel orga-
noids (BVOs) derived from induced pluripotent stem cells
(iPSCs) of patients with SSc and healthy individuals exposed to
serum from patients with and without severe microvasculopathy
can replicate key features of SSc vasculopathy. These BVOs are
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WHAT IS ALREADY KNOWN ON THIS TOPIC

» Systemic sclerosis (SSc) is an autoimmune disorder in which
microvasculopathy serves as the initiating pathogenic event,
driving progression towards tissue fibrosis.

Endothelial dysfunction and perturbed angiogenesis are recog-
nised as hallmark features of vascular pathology in SSc.

The mechanisms of transition from vasculopathy to fibrosis in
SSc remain poorly understood, mainly due to the lack of human
models that recapitulate the multicellular complexity and dis-
ease-specific vascular perturbations inherent to SSc.

.

WHAT THIS STUDY ADDS

* We established blood vessel organoids (BVOs) from patients
with SSc as a complex human model that recapitulates endothe-
lial cell and pericyte subpopulations, as well as endothelial-
pericyte interactions and microvascular architecture.

We demonstrate in a multiomic approach that these organoids
recapitulate key features consistent with the pathological
sequence seen in SSc, including early microvascular damage,
endothelial-to-mesenchymal transition (EndMT), and vascular
rarefaction when exposed to SSc serum from patients with clin-
ically manifest microangiopathy.

Both y-secretase inhibition and treatment with bosentan
restored endothelial homeostasis and attenuated aberrant
EndMT, supporting the utility of the organoids as a platform
for drug screening and demonstrating that Notch/y-secretase
might be a novel target in SSc.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

* BVOs from SSc donors represent a unique human model that
offers both sufficient complexity for studying cell-cell interac-
tions that lead to vasculopathy and fibrosis, but also high
throughput that allows drug screening.

By recapitulating key pathologic mechanisms in SSc vasculop-
athy, BVOs from SSc donors bridge the gap between animal
models and in vitro culture and enable scalable evaluation of
candidate therapies for SSc and potentially other collagen vas-
cular diseases.

Pharmacological targeting of Notch/y-secretase signalling may
offer new strategies to preserve vascular function and limit
fibrosis in early-stage SSc.

composed of ECs and pericytes (PEs), which self-assemble in 3-
dimensional (3D) vessel structures. We conducted a comprehen-
sive multiomics analysis to investigate how SSc-derived iPSCs
and SSc serum induce an SSc-like vascular phenotype. Finally,
we explored the potential of BVOs as a novel platform for testing
vasoactive drugs for the treatment of SSc.

METHODS

Detailed descriptions of the materials and methods are avail-
able in the online supplementary materials due to word count
limitations in the main text.

RESULTS

Generation of SSc and healthy BVOs and comparison of their
vessel structure

We first generated BVOs from SSc-iPSCs and control-iPSCs
(SSc-BVO and healthy BVO, respectively) following a previously
described differentiation method [15,16]. The demographic and
clinical characteristics of the iPSC donors are summarized in
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Supplementary Table S1. This involved reproducing vessel
development in embryonal life, in several steps: (i) formation of
aggregates from iPSC, (ii) mesoderm induction, (iii) vascular
lineage induction with formation of vessel aggregates, and (iv)
collection of single vascular networks and further vascular dif-
ferentiation to form BVOs (Fig 1A). Confocal microscopy with
an LSM 880 confocal microscope (Carl Zeiss, Jena, Germany)
confirmed the successful formation of vascular networks in both
groups, consisting of cluster of differentiation 31 (CD31)* ECs,
platelet-derived growth factor receptor beta (PDGFRf)* and/or
smooth muscle protein 22-alpha (SM22)* PEs, and a surround-
ing collagen type IV (COLIV)* basement membrane (Fig 1B,C,
Supplementary Videos S1 and S2, Supplementary Fig S1A). 3D
image reconstitution revealed intricate vascular structures in
both healthy and SSc BVOs, where ECs formed tubular networks
in close association with PEs and the basement membrane
(Fig 1C, Supplementary Video S2).

We next analysed vessel morphology using 2 tools: (i) Angio-
Tool [17], which relies on 2-dimensional maximum intensity
projection representations of the 3D images, and (ii) VesselVio
[18], which uses directly 3D images, to quantify vessel density,
length, volume, and degree of branching, which are parameters
commonly evaluated in nailfold capillaroscopy in clinical prac-
tice. SSc BVOs had a higher vessel density and total vessel
length, thus indicating an upregulation of angiogenesis (Supple-
mentary Fig S1B-G). However, the SSc BVOs also had a higher
number of branching points and of vessel segments, as well as a
higher average volume and a higher percentage of vessels with
very high volume, indicating a lower degree of maturation of
the newly formed vessels (Fig 1D-I). This reflects early changes
in SSc vasculopathy, characterised by aberrant angiogenesis
with the formation of highly branched immature vessels and the
presence of giant capillaries [19,20].

Healthy male- and female-derived BVOs had comparable ves-
sel length, density, and branching, suggesting that the gender-
related effects on angiogenesis in BVOs are minimal (Supple-
mentary Fig S2).

Exposure to serum from patients with SSc with severe
vasculopathy induces angiogenic defects in SSc-BVOs

Although aberrant angiogenesis with the formation of
immature vessels is typical for early stages of SSc, later disease
stages are marked by angiogenic defects with extensive loss of
small vessels [21]. We reasoned that circulating factors in
patients with SSc might be required to reproduce this pheno-
type in SSc BVO. To test this hypothesis, we exposed SSc and
healthy BVOs to serum from patients with SSc suffering from
active ischaemic digital ulcers (current open ulcers with tissue
loss present at the time of serum collection, excluding pitting
scars/healed lesions and minor fissures/abrasions) as clinical
manifestation of severe ongoing microangiopathy at the time
of serum collection (denoted as serum from patients with SSc
with active digital ulcers [SSc_aDU] serum) and serum from
healthy donors (denoted as healthy serum) for 7 days. Expo-
sure to serum from patients SSc without active digital ulcers
(denoted as serum from patients with SSc without active digi-
tal ulcers [SSc_noDU] serum) was included to control for the
effects of other disease-associated mediators (eg, proinflamma-
tory and profibrotic) on angiogenesis. Systemic disease activity
(European Scleroderma Trials and Research group (EUSTAR)
activity index) was recorded for SSc serum donors and was pre-
dominantly high in both SSc_aDU and SSc_noDU groups, reduc-
ing the likelihood that differences were driven solely by
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systemic inflammatory activity (Supplementary Table S2). Sera
were pooled to reduce idiosyncratic single-donor -effects
(SSc_aDU serum n = 13; SSc_noDU serum n = 5; healthy
serumn = 5).

We operationalised angiogenic defects as microvascular rar-
efaction of the vascular network in the BVOs, quantified by
reduced vessel density/length/branching and reduced vascu-
larised surface area/volume. SSc_aDU serum induced profound
angiogenic defects in SSc BVOs, as evidenced by a reduction in
vessel density, vessel length, number of junctions, branching
index, surface area, and volume occupied by vessels (Fig 2A-G,
Supplementary Fig S3A-F). In contrast, SSc_noDU serum
caused only mild vascular changes (Fig 2A-G, Supplementary
Fig S3A-F), suggesting that SSc BVOs can recapitulate the
severity of vasculopathy of the serum donors. Interestingly,
SSc_aDU serum induced only minor vasculopathic features in
healthy BVOs (Fig 2A-G, Supplementary Fig S3A-F), which sug-
gests that SSc BVOs are particularly vulnerable to SSc_aDU
serum-induced vasculopathy. These findings highlight that the
combination of genetic predisposition and serum-mediated
effects is required to fully manifest SSc-associated microvascu-
lar changes in BVOs.

To evaluate possible associations of gene variants with the
increased susceptibility of SSc BVOs for SSc_aDU serum-induced
vasculopathy, we performed Sanger sequencing of the SSc and
healthy iPSCs for 6 single-nucleotide polymorphisms (SNPs)
that were previously linked to SSc susceptibility and/or to vas-
culopathy: (i) rs1799983 in nitric oxide synthase 3 (NOS3); (ii)
rs1870377 in kinase insert domain receptor (KDR); (iii)
rs2010963 in vascular endothelial growth factor A (VEGFA);
(iv) rs5498 in intercellular adhesion molecule 1 (ICAM1); (v)
14317244 in ankyrin repeat domain 37 (ANKRD37); and (vi)
rs11217020 in DEAD-box helicase 6 (DDX6) (Supplementary
Fig S4A-F, Supplementary Table S3) [12,22—-25]. Both SSc
donors carried the VEGFA rs2010963 GG genotype, whereas the
2 healthy donors carried the CC and CG genotype (Supplemen-
tary Fig S4C). The GG genotype was previously associated with
impaired angiogenesis [26,27], and might, thus, contribute to
the higher susceptibility of SSc BVOs to SSc_aDU serum.

Multiomics-based characterisation of SSc serum-induced
vasculopathy in SSc BVOs

To characterise the mechanisms that lead to the profound
angiogenic defects in SSc BVO exposed to SSc_aDU serum, we
next performed a multiomics-based evaluation of SSc BVOs
exposed to SSc_aDU and healthy serum at the epigenomic level
by assay for transposase-accessible chromatin sequencing
(ATACseq), at the transcriptomic level by RNA sequencing
(RNAseq) and at a multiplexed protein level by codetection by
indexing (CODEX).

Exposure to SSc_aDU serum induced both changes in chroma-
tin accessibility and in transcriptomes of SSc BVOs, with 612
genes with differentially accessible regions (DARs) (104 with
gain and 498 with loss of DAR), as well as 94 differentially
expressed genes (24 upregulated and 70 downregulated)
(Fig 3A,B).

Notably, several profibrotic genes, including actin alpha 2,
smooth muscle (ACTA2), twist family bHLH transcription factor
1 (TWIST1), snail family transcriptional repressor 2 (SNAI2),
transforming growth factor beta 2 (TGFB2), and collagen type I
alpha 2 chain (COL1A2), gained DARs and were upregulated at
the mRNA level in ECs purified from SSc BVOs, whereas several
EC marker genes, such as claudin 5 (CLDN5), platelet and
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endothelial cell adhesion molecule 1 (PECAM1), cadherin 5
(CDH5), and von Willebrand factor (VWF), lost DARs and were
downregulated at the mRNA level in ECs purified from SSc
BVOs, suggesting a shift towards a profibrotic and endothelial-
to-mesenchymal transition (EndMT)-like phenotype in SSc
BVOs treated with SSc_.aDU serum (Fig 3C,D). This EndMT-
related gene expression shift induced by exposure to SSc_aDU
serum was less consistent in ECs purified from healthy BVOs
(Supplementary Fig S5A,B).

Pathway enrichment analysis revealed consistent de-
enrichment of pathways related to tight junction, endothelial
integrity, and vascular function, thus indicating a compro-
mised endothelial phenotype, with enrichment of pathways
related to collagen production, extracellular matrix organisa-
tion, contraction, transforming growth factor beta (TGF-f)
and WNT signalling and leukocyte migration and activation in
SSc BVOs exposed to SSc_aDU serum both at the epigenomic
and at the transcriptomic level (Fig 3E,F, Supplementary Fig
S5C,D). Furthermore, transcription factor (TF) activity infer-
ence from the RNAseq data provided evidence for decreased
activity of TFs related to an EC phenotype, such as GATA bind-
ing protein 2 (GATAZ2), ETS proto-oncogene 1 transcription
factor (ETS1), forkhead box 04 (FOXO0O4), nuclear factor of
activated T cells 2 (NFATC2), ETS transcription factor 1
(ELK1), and ETS transcription factor 4 (ELK4) in ECs purified
from SSc BVOs, and increased activity of profibrotic TFs,
including AP-1 transcription factor subunit (JUN), RELA
proto-oncogene, NF-xB subunit (RELA), SMAD family member
3 (SMAD3), and snail family transcriptional repressor 1
(SNAII), in SSc BVOs exposed to SSc_aDU serum (Supplemen-
tary Fig SSE,F).

CODEX analysis confirmed that SSc_.aDU serum induces
angiogenic defects in SSc BVOs (Fig 3G,H) and demonstrated
upregulation of EndMT markers (Twist1, zinc finger E-box bind-
ing homeobox 1 (ZEB1), SNAI1, and SNAI2), myofibroblast
markers (aSMA), profibrotic TFs (FRA2), and increased expres-
sion of collagen type I at the protein level (Fig 3I-P; antibodies
and manufacturer information are provided in Supplementary
Table S4). Furthermore, SSc_aDU serum induces upregulation of
ICAM1, an EC activation marker, in SSc BVOs (Fig 30).

Of note, SSc_noDU serum treatment had milder pro-EndMT
effects in SSc BVOs than SSc_aDU serum, and SSc_aDU serum had
weaker and less consistent effects in inducing aSMA and EndMT
markers in healthy BVOs (Fig 3I-P, Supplementary Fig S5G).

We further data mined a previously published single-cell
RNAseq dataset from SSc and healthy skin (GSE138669 [28]),
performed unbiased clustering and identified ECs based on
their expression of specific genes such as PECAMI1, CDHS5,
VWEF, or ETS-related gene (ERG) (Supplementary Fig S6A-C).
Differential expression analysis revealed that genes associated
with EndMT, such as transforming growth factor beta 1
(TGFB1), collagen type IV alpha 1 chain (COL4A1), collagen
type IV alpha 2 chain (COL4A2), and periostin (POSTN), along
with the adhesion-related gene vascular cell adhesion molecule
1 (VCAM1I), were upregulated in SSc ECs (Supplementary Fig
S6D,E). Gene Ontology (GO) enrichment analysis of the genes
upregulated in SSc indicated significant enrichment in path-
ways related to extracellular matrix organisation, TGF-§ signal-
ling, and cell adhesion (Supplementary Fig S6F). These
analyses demonstrate that the transcriptomic changes induced
by SSc_aDU serum in SSc BVOs recapitulate the transcriptomic
changes in ECs from SSc skin.

Our multiomics approach, thus, highlights that exposure to
SSc serum from patients with severe microvascular disease
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induces changes on the epigenetic, mRNA and protein levels to
induce a vascular phenotype in SSc BVOs that reproduces key
pathogenic features of SSc vasculopathy, including EndMT.

SSc BVOs recapitulate EC and PE populations observed in SSc
skin

We next aimed to leverage the single-cell resolution of
CODEX and evaluate changes in subpopulations of ECs and PEs
and their function in SSc BVO upon treatment with SSc serum
(Fig 4A). We analysed 70,660 cells, including 50,619 from SSc
BVOs and 20,041 from healthy BVOs, each group exposed to
either healthy, SSc_aDU or SSc_noDU serum.

We performed metaclustering of all cells to identify PEs,
expressing high levels of PDGFRJ, regulator of G protein signal-
ling 5 (RGS5), cluster of differentiation 90 (CD90), SM22, and
aSMA, but no CD31; lymphatic ECs (LECs), expressing CD31
and high levels of lymphatic vessel endothelial hyaluronan
receptor 1 (LYVEL), vascular endothelial growth factor receptor
2 (VEGFR2), and vascular endothelial growth factor receptor 3
(VEGFR3), and blood ECs (BECs), with strong expression of
CD31, but with no or low levels of the PE- and LEC-specific
markers (Supplementary Fig S7A,B).

We further aimed to evaluate whether SSc BVOs recapitu-
late BEC subpopulations identified in SSc skin by single-cell
analyses in previous studies [28—30]. We subclustered the
BECs and identified 8 distinct BEC subpopulations: (i) delta-
like ligand 4 (DLL4) " cluster of differentiation 34+ BECs, with
an endothelial tip cell phenotype; (ii) CD34™ BECs; (iii) Hes-
related family bHLH transcription factor with YRPW motif 1
(HEY1) *DLL4 " CD34* BECs, demonstrating arterial BEC com-
mitment; (iv) uclear receptor subfamily 2 group F member 2
(NR2F2)"CD34*% BECs, with venous BEC commitment; (v)
tyrosine kinase with immunoglobulin-like and EGF-like
domains 2 (TIE2)* BECs, with an endothelial stalk cell pheno-
type; (vi) endothelial progenitor cells (EPCs), expressing
VEGFR2 and CD34, (vii) aSMA*DLL4*NR2F2* BECs, and
(viii) aSMA*NR2F2* BECs, expressing high levels of aSMA as a
marker of EndMT (Fig 4B,D, Supplementary Fig S7C) [31].
Thus, BVOs reproduce key EC populations previously
described in SSc and healthy vasculature, including arterial
BECs, venous BECs, stalk and tip cell BECs, EPCs, aSMA™
BECs, and LECs [28—30].

The 2 aSMA™ EC populations expressed high levels of other
EndMT-associated markers (SNAI1, SNAI2, ZEB1, and TWIST1)
as well as high levels of intracellular collagen type 1, and are
thus bona fide EC subsets undergoing EndMT (Fig 4C). Further-
more, they expressed high levels of the EC activation markers
ICAM and VCAM, high levels of FRA2 and low levels of leukemia
integration 1 transcription factor (FLI1) (Fig 4C), an expression
pattern reminiscent of a dysfunctional EC phenotype previously
described in SSc [32].

We further subclustered the PEs to evaluate whether SSc
BVOs recover PE populations observed in SSc skin [29]. We
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identified 4 distinct populations: (i) CD90™ PEs; (ii) aSMA-
higm22M PEs; (iii) PDGFRA™ PEs, and (iv) ADAM metallopepti-
dase domain 12 (ADAM12)™ PEs (Supplementary Fig S8A,B).
BVOs, thus, recapitulate previously described PE populations in
SSc skin, including CD90™, PDGFRA™, and ADAM12" PEs, as
well as a population of aSMAMSM22" PEs that demonstrate evi-
dence of PE-to-myofibroblast transition [29].

SSc BVOs exposed to SSc serum recapitulate shifts in frequencies
of EC and PE populations observed in SSc skin

We further evaluated whether SSc_aDU serum induces shifts
in frequencies of BEC and PE subsets in SSc BVOs. We observed
remarkable shifts in BEC subpopulations following SSc_aDU
serum treatment in SSc BVOs, with increases in frequencies of
the 2 aSMA® populations that are undergoing EndMT and
decreases in EC populations involved in angiogenesis
(DLL4*CD34" BECs, Tie2* BECs, and HEY1*CD34*DLL4" BECs)
(Fig 4E-G). Of note, enrichment of an aSMA* subpopulation of
ECs undergoing EndMT was previously described in SSc skin
[29].

We further observed an increase in the frequency of the
aSMAPMSM22" and ADAM12" PEs and a decrease in the fre-
quency of PDGFR/" and CD90™ PEs upon exposure of SSc BVOs
to SSc_aDU serum (Supplementary Fig S8B,C). Enrichment of
ADAM12" and aSMAM PEs, as well as loss of CD90™ PEs, was
previously described in SSc skin [29].

Taken together, these results demonstrate that exposure of
SSc BVO to SSc_aDU serum reproduces shifts in EC and PE sub-
sets observed in SSc skin.

Of note, the shifts in EC and PE subpopulations in response to
SSc_aDU serum are weaker in healthy than in SSc BVOs (Supple-
mentary Figs S7D and S8D).

Altered interaction networks of EC subsets with PEs in SSc BVOs
exposed to SSc serum

Since ECs-PEs interactions are critical for physiological vessel
development and maturation [33,34], we wondered whether
these interactions might be impaired by exposure of SSc BVOs
to SSc_aDU serum. To evaluate this, we leveraged the spatial res-
olution of CODEX to examine the changes in spatial proximity
between BEC subpopulations and PEs in SSc BVOs exposed to
serum from different donor groups (Fig 5A). On exposure to
healthy serum, PEs were in close spatial proximity to multiple
BEC subpopulations, including TIE2* BECs, HEY1*CD34*DLL4*
BECs, and NR2F2*CD34* BECs (Fig 5A,B). However, in SSc
BVOs exposed to SSc_aDU serum, the interaction patterns were
altered: the TIE2" BECs and the HEY1*CD34*DLL4" BECs lost
interactions with PEs, whereas the aSMA*NR2F2* BECs and the
aSMA'DLL4*"NR2F2* BECs were spatially avoiding PEs (Fig 5B).
Thus, BEC subsets involved in angiogenesis lost interactions
with PEs that are critical for vessel formation, which likely con-
tributes to the angiogenic defects, whereas BEC subsets

organoids from 4 iPSC clones), shown as box plots (median + IQR). Statistical significance was determined by the Kruskal-Wallis test followed by the
Dunn multiple comparisons test. ATACseq, assay for transposase-accessible chromatin sequencing; BVO, blood vessel organoid; CODEX, codetection
by indexing; DAR, differentially accessible region; DEG, differentially expressed gene; EC, endothelial cell; EndMT, endothelial-to-mesenchymal transi-
tion; GSEA, gene set enrichment analysis; iPSC, induced pluripotent stem cell; RNAseq, RNA sequencing; SSc, systemic sclerosis; SSc_aDU serum,
serum from patients with SSc with active digital ulcers; FDR, false discovery rate; PDGFRJ, platelet-derived growth factor receptor beta; COLIV, colla-
gen IV; ICAM, intercellular adhesion molecule; DAPI, 4',6-diamidino-2-phenylindole; Wnt, Wingless/Integrated; aSMA, alpha-smooth muscle actin;
VEGFA, vascular endothelial growth factor A; NES, normalized enrichment score; TGF-f, transforming growth factor beta; TWIST1, twist family bHLH
transcription factor 1; ZEB1, zinc finger E-box binding homeobox 1; SNAI1, snail family transcriptional repressor 1; SNAI2, snail family transcriptional
repressor 2; FRA2, FOS-related antigen 2; ICAM, intercellular adhesion molecule 1; COL1, collagen type I.
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CODEX-based characterisation of endothelial cell subpopulations in SSc BVOs and their shifts upon treatment with SSc serum. (A) Sche-
matic workflow of CODEX single-cell data processing and analysis. Software information for the analyses is provided in Supplementary Table S5. (B,
C) Heatmap showing the relative expression levels of endothelial phenotype markers (B) and EndMT markers (C) across BEC subpopulations identified
by CODEX analysis. (D) Representative CODEX images of CD31 (red), aSMA (grey), and DAPI (blue). Arrowheads indicate aSMA + CD31 + BECs.
Scale bars = 30 pm. (E) UMAP plots showing the BEC subpopulations in SSc BVOs treated with healthy serum, SSc_aDU serum, or SSc_noDU serum.
(F) Radar chart showing the changes in frequencies among BEC subpopulations (from all BECs) upon exposure to healthy serum, SSc_aDU serum, and
SSc_noDU serum in SSc BVOs. (G) Changes in frequencies of BEC subpopulations in SSc BVOs exposed to healthy serum, SSc_aDU serum, or SSc_noDU
serum (n > 11 organoids from 4 iPSC clones; samples with <15 total BECs were excluded) shown as box plots (median + IQR). Statistically significant
P values (Kruskal-Wallis test followed by Dunn’s multiple comparisons test) are included. BEC, blood endothelial cell; BVO, blood vessel organoid;
CODEX, codetection by indexing; EC, endothelial cell; EndMT, endothelial-to-mesenchymal transition; EPC, endothelial progenitor cell; iPSC, induced
pluripotent stem cell; SSc, systemic sclerosis; SSc_aDU serum, serum from patients with SSc with active digital ulcers; SSc_noDU serum, serum from
patients with SSc without active digital ulcers; UMAP, uniform manifold approximation and projection; DAPI, 4’,6-diamidino-2-phenylindole; aSMA,

1373



Y. Xiao et al.

A

' 1 - GSMA'DLL4'NR2F2' BECs
1 v, 1+ oSMA'NR2F2* BECs
1 1 + + +
bl * HEY1'CD34'DLL4" BECs
1 A i, -CD34"
! "‘ju:‘, ‘tjt' \i : NR2F2'CD34 BECs
1 1
1 1
1 1
1 1

v o .
I ’.‘- o . g' - . (F?g;er ECs
-'!4 PR 4
p:.-;." 2, ,"v,. '2.‘-.: 11 * TIE2*BECs
.4 S engn A
b oo - - - - Ll

HEY1*CD34*DLL4* BECs !HEY1’CD34*DLL4‘ BECs HEY1*CD34*DLL4* BECs

Ann Rheum Dis 85 (2026) 1365—1380

'-—-—F--_--w—r-'a
v -

« HEY1*CD34°DLL4" BECs

- 0SMA'DLL4'NR2F2" BECs [ty == e S P (] °D34D
+ aSMA'NR2F2* BECs N e 1 * NR2F2'CD34' BECs
* HEY1CD34*DLL4* BECs [Nt : A A 1 - other BECs
1 » x 1.
* NR2F2°CD34* BECs | SAEURS .--.,". i PEs’
- other BECs VA LT TIE2 BECs
. s o
PEs |. ...‘ :.“ 1 el
g = A % Y A
1 b e |
1 Mg P ol
[z g "N SN SV -

= Attraction
Avoidance
0.5, aSMA*NR2F2* BECs@ aSMA*NR2F2* BECs@) aSMA'NR2F2" BECs@  nteraction frequency
= 0.2
mm 04
= 0.6
,04 m 08
PEs PEs
PEs
0.3 @TiE2' BECs @ ez BeCs =
NR2F2-CD34*BECs NR2F2'CD34" BECs NR2F2'CD34'BECs @
02|  aSMA'DLL4'NR2F2* BECs aSMA'DLL4'NR2F2" BECs q aSMA'DLL4'NR2F2' BECs

03 04 05 06 07 0803 04 05
X

07 0803 04 05 06 07 08

Figure 5. Altered interaction networks between endothelial cell subsets and pericytes in SSc BVOs exposed to SSc serum. (A) Representative histolog-
ical images (HE stainings) and CODEX-based identification of BEC subpopulations and PEs neighbouring each other (found in close spatial proximity),
exposed to healthy serum, SSc_aDU serum, and SSc_noDU serum in SSc BVOs. Scale bars: 100 ym. (B) Interaction network analysis of PEs and BEC sub-
populations exposed to healthy serum, SSc_aDU serum, and SSc_noDU serum in SSc BVOs. The width of the lines represents the interaction frequen-
cies, ie, proportion of samples exhibiting statistically significant interactions, with red indicating attraction and blue indicating avoidance. BEC, blood
endothelial cell; BVO, blood vessel organoid; CODEX, codetection by indexing; HE, haematoxylin and eosin; PE, pericyte; SSc, systemic sclerosis;
SSc_aDU serum, serum from patients with SSc with active digital ulcers; SSc_noDU serum, serum from patients with SSc without active digital ulcers;
aSMA, alpha-smooth muscle actin; DLL, Delta-like ligand; HEY1,HES-related family bHLH transcription factor with YRPW motif 1; CD34, cluster of dif-
ferentiation 34; NR2F2, nuclear receptor subfamily 2 group F member 2; TIE2, tyrosine kinase with immunoglobulin-like and EGF-like domains 2

undergoing EndMT avoided PEs, likely because the mesenchy-
mal phenotype they acquired allowed them to migrate away
from vessels. Of note, the interaction network of SSc BVOs
exposed to SSc_noDU serum resembled that of SSc BVOs exposed
to healthy serum (Fig 5B), highlighting on an additional experi-
mental level that BVOs are specifically reacting to vasoactive
mediators from patients with SSc with digital ulcers rather than
to factors associated with SSc in general. These results demon-
strate that SSc_aDU serum disrupts the physiologic ECs-PEs
interaction networks.

SSc serum-induced vasculopathy in SSc BVOs is immunoglobulin
G dependent

Since immunoglobulin G (IgG) autoantibodies with direct
pathogenic roles in SSc vasculopathy, such as anti-EC antibodies
(AECA), antiendothelin receptor type A (anti-ETAR), or antian-
giotensin II type 1 receptor (anti-AT1R), were previously
described [35—37], we reasoned that IgGs might mediate the
deleterious effects of SSc_aDU serum in SSc BVOs. To evaluate
this, we treated SSc BVOs with SSc_aDU serum depleted of IgGs

alpha-smooth muscle actin; VEGFR, vascular endothelial growth factor; DLL, Delta-like ligand; HEY1, HES-related family bHLH transcription factor
with YRPW motif 1; CD34, cluster of differentiation 34; NR2F2, nuclear receptor subfamily 2 group F member 2; TIE2, tyrosine kinase with immuno-

globulin-like and EGF-like domains 2.
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Table
Serum AECA, anti-ETAR, and anti-AT1R antibodies in patients with
SSc_aDU

Antibody n/N elevated (%) Median (IQR) Units

AECA 2/7 (28.6) 1.64 (1.44-2.03) OD ratio (OD_sam-
ple/OD_nega-
tive)

ETAR 6/7 (85.7) 12.20 (10.63- U/mL

15.43)
AT1R 3/7 (42.9) 9.01 (7.33-11.09) U/mL

AECA, antiendothelial cell antibodies; AT1R, angiotensin II type 1 recep-
tor; ETAR, endothelin receptor type A; SSc, systemic sclerosis; SSc_aDU,
patients with SSc with active digital ulcers; OD, optical density; OD ratio
was calculated as OD_sample/OD_negative.

or with healthy serum enriched in IgGs from SSc_aDU serum
(Fig 6A, Supplementary Fig S9).

IgG depletion from SSc_aDU serum partially restored vascular
integrity in SSc BVOs, leading to improved network formation
and branching, with increased vessel length and number of junc-
tions and numerical increases in vessel density and branching
index compared with SSc BVOs exposed to non-IgG-depleted
SSc_aDU serum (Fig 6B-H). Enrichment of IgG-depleted healthy
serum with IgGs from SSc_aDU serum phenocopied the effects of
SSc_aDU serum, and reduced vessel density, vessel length,
branching index, and number of junctions in SSc BVOs (Fig 6B,1I-
N). These findings highlight that I1gGs from patients with SSc
with severe vasculopathy are central mediators of the effects of
SSc_aDU serum in SSc BVOs.

For 7 of the SSc donors that contributed to the pooled
SSc_aDU serum, we assessed the presence of AECA, anti-ETAR,
and anti-AT1R. AECA positivity was detected in 2 patients
(29%), whereas anti-ETAR and anti-AT1R antibody positivity
were present in 6 (86%) and 3 (43%) patients, respectively
(Table 1), suggesting that these antibodies, and in particular
anti-ETAR, might be directly responsible for the antiangiogenic
effects of SSc IgGs in SSc BVOs.

SSc BVOs exposed to SSc serum as a model for testing of drugs
that target SSc vasculopathy

We next aimed to evaluate the potential of using SSc BVOs
exposed to SSc_aDU serum as a platform for evaluating drugs
targeting SSc-related vasculopathy. Gene set enrichment analy-
sis of our RNAseq data identified the endothelin pathway as
enriched in SSc BVOs upon exposure to SSc_aDU serum (Fig 7A).
Given that the endothelin receptor antagonist bosentan (BST) is
currently used in clinical practice to prevent the formation of
ischaemic fingertip ulcers in SSc [38], we aimed to evaluate
whether treatment with BST (Cayman Chemical, Ann Arbor,
Michigan, USA) can protect the SSc BVOs from the deleterious
effects of SSc_aDU serum. SSc BVOs exposed to SSc_aDU serum
and treated with BST had a significantly increased vessel density
and total vessel length, numerical differences with increased
number of junctions and branching index, and reduced aSMA
expression compared with vehicle-treated BVOs (Fig 7B-H,Q,R),
thus demonstrating that BST treatment can partially protect
against EndMT and vessel damage induced by SSc serum.

We further observed that Notch signalling pathway-associ-
ated genes were upregulated in ECs treated with SSc_aDU serum
compared with those treated with healthy serum in SSc BVOs
(Fig 71). Aberrant Notch signalling has previously been impli-
cated in diabetes-induced microangiopathy [23]. y-secretase
inhibitors are the most frequently used pharmacological
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approach to target Notch signalling. Treatment with the y-secre-
tase inhibitor N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenyl-
glycine t-butyl ester (DAPT; MedChemExpress, Monmouth
Junction, New Jersey, USA) protected SSc BVOs from the effects
of SSc_aDU serum, with increased vessel density, vessel length,
number of junctions, branching index, and reduced aSMA
expression (Fig 7J-R).

Taken together, these data demonstrate that SSc BVOs
exposed to SSc serum from patients with severe vasculopathy
can be used for testing of drugs that target SSc vasculopathy.

DISCUSSION

We provide evidence in the current study that human BVOs
can be employed as an in vitro model for the study of vascular
pathology in SSc and for testing of drugs that target microvascul-
opathy.

BVOs are differentiated from iPSCs to form ECs assembled as
3D vessels residing on a basement membrane and surrounded
by PEs, thus reproducing key features of adult human vessels
and being ideally positioned for the study of microvascular
responses [16]. We show that BVOs recapitulate important EC
populations observed in humans, including LECs, endothelial
tip, and stalk cells, involved in angiogenesis, EPCs, ECs commit-
ted to an arterial or venous phenotype, and ECs undergoing
EndMT. Furthermore, BVOs recapitulate PE subpopulations
observed in humans and their interaction with ECs.

BVOs maintain the genetic background of the donor of origin
and allow the disentangling of the relative contribution of
genetic and environmental factors to a pathologic vascular phe-
notype. We demonstrate that BVOs generated from SSc donors,
thus maintaining the genetic susceptibility of patients with SSc,
display features consistent with early stages of vasculopathy
observed in patients with SSc, with aberrant angiogenesis and
formation of immature vessels. Moreover, these SSc-derived
BVOs demonstrate a distinct reaction to external factors com-
pared with healthy BVOs. When exposed to serum from patients
with SSc with clinically manifest severe microvasculopathy,
they recapitulate typical features of vasculopathy in later stages
of SSc, such as loss of small vessels and presence of avascular
areas. These phenotypes observed in SSc-derived BVOs resemble
the pathologic vascular changes observed in patients with SSc
upon evaluation by capillaroscopy as a standard diagnostic tool
[7,39]. Notably, SSc serum had only mild effects on angiogene-
sis in healthy BVOs, suggesting that a susceptible background
amplifies the effect. We further demonstrate that the SSc donors
carried the VEGFA rs2010963 GG genotype, which was previ-
ously associated with impaired angiogenesis [24,26,27],
whereas the healthy donors carried the CC and CG genotype.
This genetic variant might contribute to the higher susceptibility
of SSc organoids to the antiangiogenic effects of SSc serum.
Although this hypothesis requires validation in future studies,
our work nonetheless establishes a methodological framework
for future gene variant-specific mechanistic studies of SSc vas-
culopathy.

We further elucidate the mechanisms leading to angiogenic
defects in SSc BVOs exposed to SSc serum. We demonstrate in a
multiomics approach that SSc ECs undergo EndMT in the pres-
ence of SSc serum, with increased chromatin accessibility
assigned to genes related to a mesenchymal phenotype, and
decreased accessibility for genes related to an endothelial phe-
notype, which leads to a corresponding shift in gene expression
and pathway activity and to an increased expression of EndMT
promoting TFs, markers of myofibroblasts and collagen type 1
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production. At a single-cell level, this is accompanied by a shift
from endothelial stalk or tip cell subsets, as proangiogenic sub-
populations, to subpopulations that express high levels of
aSMA, collagen type 1 alongside TFs involved in EndMT. Of
note, not only ECs but also PEs transition from a
PDGFRAMaSMA~ or CD90™ oSMA~ phenotype to an
aSMA*"SM22* phenotype and thus contribute to the pool of
myofibroblasts. EndMT and PE-to-myofibroblast transition have
been previously described in the skin of patients with SSc and
lungs of patients with SSc-ssociated interstitial lung disease
(ILD) [21,31,40,41], thus demonstrating that SSc-BVOs can
recapitulate key features of SSc pathology in affected tissues.
Not only do the fate transitions of ECs and PEs contribute to the
angiogenic defects in SSc BVOs, but also an altered EC-PE inter-
action network, with, eg, loss of interactions between TIE2™"
endothelial stalk cells with PEs, interactions that are critical for
maturation of newly formed vessels [42,43].

Our data demonstrate that exposure of SSc BVOs to SSc
serum induces a dysregulation of a TF network, with reduced
expression and/or activity of TFs involved in angiogenesis, such
as ETS1, FOX04, or ELK4, and increased expression and/or
activity of TFs involved in EndMT, such as ZEB1, SNAI1, SNAI2,
or TWISTI. This dysregulation might be the consequence of a
sequence of events that involve chromatin remodelling with
subsequent changes in mRNA and protein expression to induce
transition from an endothelial to a mesenchymal fate.

Thus, exposure of SSc BVOs to SSc serum induces key patho-
genic vascular changes observed in patients with SSc that link
vasculopathy with tissue fibrosis. BVOs might, thus, be used to
study not only vasculopathy but also the transition and the rela-
tive contribution of vasculopathy to tissue fibrosis. Furthermore,
our data suggest that ECs from SSc BVOs exposed to SSc serum
upregulate the adhesion molecules ICAM and might promote
leukocyte migration and activation. A previous study demon-
strated that interleukin-1 beta (IL-1/)-activated ECs can trigger
alternative activation of macrophages, which subsequently
induce fibroblast activation [44]. Macrophages could be
included in BVOs to study and potentially interfere with the
crosstalk between ECs and macrophages.

The inhibitory effects of serum from patients with SSc with
severe SSc vasculopathy are at least in part mediated by IgG
autoantibodies, since depletion of IgGs prevents these effects,
whereas enrichment of IgG-depleted healthy serum with SSc
IgGs phenocopies the effects of complete SSc serum. Several
autoantibodies present in patients with SSc could potentially
mediate these effects. Patients with SSc with digital ulcers
exhibit higher levels of AECA in serum compared with those
without digital ulcers [37,45], and AECA has been identified as
a marker of vascular damage [46]. Furthermore, anti-AT1R and
anti-ETAR antibody-positive IgGs from SSc sera were previously
shown to induce changes in the phenotype of ECs [36]. We
show that the sera of most SSc donors with vasculopathic mani-
festations used in our experiments were positive for anti-AT1R,
and a high percentage were positive for anti-ETAR or AECA, sug-
gesting a potential role of these autoantibodies, which remains
to be validated in future studies.

However, pathogenic autoantibodies might not be the only
mechanism responsible for the deleterious effects of SSc serum.
Matrix metalloproteinase-12 (MMP-12)-dependent urokinase
plasminogen activator receptor domain 1 (uPAR-D1) cleavage,
eg, was previously shown to mediate the induction of EndMT by
SSc serum [47].

We further demonstrate that treatment with the endothelin-1
(ET-1) antagonist BST or with the y-secretase inhibitor DAPT
prevents microvascular changes and EndMT induced by SSc
serum in SSc BVOs. BST was previously shown to prevent angio-
genic defects and EndMT in ECs cocultured with SSc fibroblasts
[48], and is currently in clinical use in SSc for the prevention of
recurring digital ulcers [49]. The efficacy of BST in BVOs, thus,
serves as proof of concept that BVOs respond to well-established
drugs that target SSc vasculopathy. Notch signalling was previ-
ously shown to be upregulated in SSc [28,50], and 1 of the
aSMA™ EC subsets defined by our CODEX approach expresses
high levels of the Notch ligand DLL4. The efficacy of DAPT in
ameliorating SSc serum-induced vasculopathy in SSc BVOs pro-
vides evidence that aberrant Notch signalling is involved in
mediating angiogenic defects and EndMT in SSc. Our data could,
thus, stimulate follow-up studies with y-secretase inhibitors for
the treatment of SSc vasculopathy.

Our study has limitations. The main experiments were per-
formed with iPSCs from 2 SSc donors (both male) and 2 healthy
donors, with 2 clones per donor. We therefore prioritised in-depth
analyses of SSc-serum effects rather than expanding the number
of iPSC lines, and the limited number of SSc iPSC donors limits
generalisability and precludes assessment of interindividual vari-
ability. However, the small sample size applies only to the iPSC
donors; in the serum treatment experiments, we used pooled sera
from 13 patients with SSc with active digital ulcers (defined as
current open ulcers with tissue loss at the time of serum collec-
tion) and 5 patients without active digital ulcers. The iPSC donors
from healthy donors and patients with SSc were not gender
matched. However, further comparison of healthy female and
male BVOs showed comparable vessel density and architecture
between male- and female-derived healthy organoids, suggesting
that, within our system, baseline sex-related effects on angiogene-
sis are limited, although sex-specific interactions with SSc serum
cannot be excluded. In this study, we pooled sera from multiple
donors for the serum treatment experiments, which precludes
stratified analyses according to donor-specific characteristics
other than the presence of active digital ulcers. This design, how-
ever, attenuates the influence of single-donor outliers and idio-
syncratic exposures of the organoids.

In summary, we characterised SSc-BVOs as a novel human
model system to study SSc-associated vasculopathy. We provide
evidence that genetic predisposition and circulating mediators,
such as autoantibodies from SSc serum, synergise to produce a
broader range of SSc-like vascular changes in this system such
as upregulated EndMT, PE-to-mesenchymal transition, and loss
of ECs-PEs interactions in BVOs, which result in dysfunctional
angiogenesis and perivascular fibrosis. Exposure of SSc-BVOs to
SSc serum triggers changes on epigenetic, mRNA and protein
levels to downregulate proangiogenic pathways and activate

BVOs treated with healthy serum, SSc_aDU serum, DAPT + SSc_aDU serum, or BST + SSc_aDU serum. Each condition included 4 iPSC clones with 1 to
4 organoids each. P values are from LMMs with serum/BST/DAPT treatment as a fixed effect and a random intercept for iPSC clone, which accounts for
the correlation of organoids derived from the same clone (avoiding pseudoreplication). SSc_aDU serum was pooled from n = 13 donors; active DU was
defined as a current open ulcer at sampling (Supplementary Table S2). ATACseq, assay for transposase-accessible chromatin sequencing; BST, bosen-
tan; BVO, blood vessel organoid; CODEX, codetection by indexing; EC, endothelial cell; GSEA, gene set enrichment analysis; iPSC, induced pluripotent
stem cell; LMM, linear mixed-effects model; RNAseq, RNA sequencing; SSc, systemic sclerosis; SSc_aDU serum, serum from patients with SSc with
active digital ulcers; 3D, 3-dimensional; DAPT, N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester; aSMA, alpha-smooth muscle

actinBST, bosentan
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EndMT programmes. We also show that SSc-BVOs can serve as a
preclinical model system to evaluate the effects of drug candi-
dates on SSc microvasculopathy and use this model to provide
the first evidence for potential therapeutic effects of y-secretase
inhibition on SSc vasculopathy.
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