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SUMMARY

Vascular organoids (VOs) are valuable tools for studying vascular development, disease, and regenerative 
medicine. However, controlling endothelial and mural compartments independently remains challenging. 
Here, we present a streamlined method to generate VOs from induced pluripotent stem cells (iPSCs) via 
orthogonal activation of the transcription factors (TFs) ETV2 and NKX3.1 using Dox-inducible or modRNA 
systems. This approach enables efficient co-differentiation of endothelial cells (iECs) and mural cells 
(iMCs), producing functional 3D VOs in 5 days without ECM embedding. VOs matured further upon ECM 
exposure, forming larger, structured vessels. Single-cell RNA sequencing revealed vascular heterogeneity, 
and temporal regulation of TF expression allowed modulation of arterial and angiogenic iEC phenotypes. 
In vivo, VOs engrafted into immunodeficient mice, formed perfused vasculature, and promoted revasculari  - 
zation in models of hind limb ischemia and pancreatic islet transplantation. These findings establish a rapid 
and versatile VO platform with broad potential for vascular modeling, disease studies, and regenerative cell 
therapy.

INTRODUCTION

Blood vessels are essential to nearly all tissues, delivering 

nutrients and oxygen, regulating hemostasis, and modulating 

inflammation. 1 During development, vasculature shapes organ 

formation 2–4 and supports postnatal tissue growth and repair. 5,6 

Vascular niches also maintain stem cell populations. 7–9 Recreat  - 

ing functional vascular networks is therefore foundational to both 

basic and translational vascular biology. 10,11 

Functional blood vessels require two key cell types: endothe  - 

lial cells (ECs) and perivascular mural cells (MCs). 12,13 Identifying 

reliable sources of these cells has been central to vascular engi  - 

neering. 14 Initial approaches relied on isolating primary cells from 

vessels, which has limited applicability. Alternatives such as 

endothelial colony-forming cells (ECFCs) and mesenchymal 

stem cells (MSCs) offer access to EC and MC progenitors, 15–19 

but their scarcity and reduced function in disease limit clinical

utility in autologous settings. 14,15,20 Induced pluripotent stem 

cells (iPSCs) have transformed the field, providing scalable, 

autologous sources of vascular cells. 21,22 Protocols to derive 

iECs and iMCs continue to improve, 23–25 expanding therapeutic 

possibilities. 

A major challenge, however, is the immaturity of iPSC-derived 

cells, which limits in vivo engraftment and functionality. 26,27 

Although multiple protocols have been developed to differentiate 

ECs and MCs independently 28–32 —using either chemically 

defined factors 28,29 or transcription factors (TFs) 30,31,33,34 —the 

development of these two lineages in vivo is tightly coordinated. 

Vascular maturation depends on EC-MC interactions through 

signaling pathways such as PDGFB, Notch, and TGF-β. 1,12,35 

Co-differentiation of ECs and MCs remains difficult because of 

their distinct and often incompatible culture requirements. 

Embryoid body (EB) models have long been used to induce 

spontaneous vascular differentiation, 36 but they offer limited
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Figure 1. Generation and in vivo engraftment of vascular organoids via ETV2 and NKX3.1 activation

(A) Schematic of the two-step protocol for generating vascular organoids (VOs) from iPSCs. Stage 1: differentiation of iPSCs into MePCs in 2D. Stage 2: 3D 

aggregation of MePCs and Dox induction of ETV2 and NKX3.1 leading to VO generation.

(B) Bright-field image of VOs at day 5.

(C) VO diameter over days 3–5 (top) and size distribution at day 5 (bottom). Data shown as box-and-whisker plot, where whiskers represent the 5th–95th 

percentile range, and dots correspond to VOs with sizes outside this range (n > 200).

(D) Flow cytometry of VE-Cadherin and CD31 at day 5 (left) with quantification of CD31 + /VE-Cadherin + iECs (right) (n = 3).

(legend continued on next page)
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control over cellular composition. Recent strategies have intro  - 

duced vascular organoids (VOs) for disease modeling. 37–39 How  - 

ever, these VOs still rely on the spontaneous emergence of MCs, 

limiting control over their cellular composition, and are not opti  - 

mized for therapeutic use—often requiring extracellular matrix 

components such as Matrigel, prolonged culture periods 

(∼3 weeks), and lacking scalability. 

Here, we present a method to generate VOs from human 

iPSCs through orthogonal activation of the vascular fate-deter  - 

mining TFs ETV2 and NKX3.1, enabling independent and 

synchronous differentiation of iECs and iMCs. This approach 

produces large numbers of uniform VOs in just 5 days, featuring 

robust vascular development, including lumenized vessels with 

apical-basal polarity and diverse, mature vascular cell popula  - 

tions. When transplanted in vivo, these VOs formed perfused 

human vasculature and improved tissue perfusion in models of 

hindlimb ischemia. This method provides a versatile platform 

for studying vascular assembly and holds translational potential 

in regenerative medicine.

RESULTS

Generation of VOs through orthogonal activation of TFs 

We previously developed 2D protocols to generate iECs and 

iMCs from iPSCs via transient activation of the vascular TFs 

ETV2 and NKX3.1, respectively. 30,31,40   Building on this, we 

investigated whether iPSCs could be co-differentiated into 

both lineages in a 3D configuration to form VOs (Figure 1A). 

We used engineered human dox-ETV2-iPSC and dox-NKX3.1  - 

iPSC lines, which were first differentiated into mesoderm 

progenitor cells (MePCs) over 2 days using GSK-3β inhibition. 

These MePCs were combined at a 1:1 ratio, aggregated in 

non-adherent plates on an orbital shaker, and exposed to doxy  - 

cycline (Dox) for 3 days (Figure 1A). This approach generated 

thousands of uniformly sized VOs in just 5 days, each with an 

average diameter of ∼250 μm (Figures 1B and 1C). 

The dual TF strategy enabled concurrent differentiation of iPSCs 

into iECs and iMCs. After 3 days of Dox exposure, ∼50% of cells 

were VE-Cadherin + /CD31 + iECs (Figure 1D). Immunofluorescence 

confirmed robust induction of ETV2 and NKX3.1 during differenti  - 

ation (Figure S1), while mesodermal markers TBXT and MIXL1 

declined following Dox treatment (Figures 1E and S1). By day 5, 

VOs contained iECs expressing CDH5 and PECAM1 (Figure 1E) 

organized into CD31 + vascular networks (Figure 1F), and iMCs 

expressing ACTA2 and MYH11 (Figure 1E). Spatially, 

CD31⁻/PDGFRβ + iMCs were interstitially distributed, with some

α-SMA + /MYH11 + cells adjacent to endothelial-lined structures 

(Figure 1F). These CD31 + cords displayed early lumen formation, 

not yet open or perfused, but structurally consistent with nascent 

vessels. iECs showed correct apical-basal polarity, with podoca  - 

lyxin marking the luminal surface (Figure 1G). 

Next, we assessed the capacity of the VOs to become 

perfused in vivo. To this end, we employed a renal capsule im  - 

plantation model in immunodeficient NSG mice, implanting 

1,000 VOs per mouse (Figure 1H). Engraftment of the VOs was 

monitored using a luciferase reporter expressed in the endothe  - 

lial compartment. Bioluminescent imaging confirmed that VOs 

successfully engrafted for several weeks, remained localized at 

the transplantation site, and maintained iEC presence without 

notable loss (Figure 1I). By day 14, analysis of explanted tissue 

revealed formation of highly vascularized grafts. Histology 

showed extensive networks of perfused vessels (Figure 1J), pre  - 

dominantly lined by human iECs, as indicated by human-specific 

CD31 expression (Figures 1K and S1), and containing mouse 

erythrocytes—evidence of anastomosis with the host vascula  - 

ture. Human vessels were surrounded by α-SMA + iMCs, consis  - 

tent with vessel maturation. Perfusion was confirmed by tail vein 

infusion of UEA-1, a lectin that selectively binds human ECs, de  - 

tected within vessel lumens at the time of infusion (Figure 1K). 

Taken together, this dual TF-driven VO methodology not only 

facilitated the orthogonal differentiation of iECs and iMCs but 

also promoted their interaction, resulting in the formation of a 

spatially organized vascular network that demonstrated the ca  - 

pacity to become perfused upon in vivo implantation.

VO differentiation facilitates vascular cell maturation 

To assess gene expression, VOs were dissociated into single 

cells and sorted by CD31 expression: CD31 + cells were desig  - 

nated VO-iECs, and CD31 − cells as VO-iMCs. These were 

compared with 2D-iECs and 2D-iMCs generated via monolayer 

protocols as non-co-cultured controls (Figure 2A). 

Bulk RNA-seq analysis revealed thousands of differentially ex- 

pressed genes (DEGs; log 2 fold change > 2; p < 10 − 2 ) between 

VO-derived and 2D vascular cells (Figure 2A). Hierarchical clus  - 

tering and principal-component analysis (PCA) showed that VO  - 

iECs clustered closer to 2D-iECs than to any iMC group 

(Figure 2B). In contrast, VO-iMCs displayed greater transcriptional 

divergence from 2D-iMCs, suggesting that co-differentiation in 3D 

exerts a stronger influence on MC identity. This divergence may 

reflect sustained proximity to iECs during differentiation, as endo  - 

thelial interactions are known to promote MC heterogeneity and 

maturation. 31

(E) qPCR analysis of mesoderm (TBXT and MIXL1), endothelial (PECAM1 and CDH5), and mural markers (ACTA2 and MYH11) during differentiation (n = 

3–6; ***p < 0.001).

(F) Immunofluorescence of VOs at day 5 showing endothelial (CD31 + , red), mural (PDGFRβ + , green), and smooth muscle (α-SMA + , green; MYH11 + , green) cells.

(G) Early-stage lumen formation in CD31 + vascular structures, indicated by apical podocalyxin (green) localization on the luminal surface of iEC-lined cords. These 

vessels exhibit proper polarity but remain non-perfused at this stage. 

(H–K) In vivo engraftment of VOs containing a luciferase reporter in the iEC compartment. (H) Schematic of the renal capsule transplantation model in NSG mice. (I) 

Bioluminescence imaging of transplanted VOs at weekly intervals (left) with quantification of signal intensity (right) (n = 3–4). (J) H&E staining on day 14 showing a 

representative VO graft and the presence of numerous perfused microvessels (yellow arrowheads). (K) Immunofluorescence of human CD31 + vessels and 

α-SMA + perivascular cells in the graft (yellow arrowheads), with perfused vessels confirmed by colocalization of perfused UEA-1 and h-CD31 staining (white 

arrowheads). 

All data are mean ± SEM. (D, E, and I). n are biological replicates (D, E, and I) and individual VOs (C). Statistics are one-way ANOVA with Bonferroni’s post-test 

analysis (E and I). Scale bars: 50 μm (F, G, K, and J right), 200 μm (B), and 400 μm (J left). (A) and (H) were partially created with BioRender.com. 

See also Figure S1.
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Figure 2. Phenotypic validation and maturation of VO-derived iECs and iMCs

(A) Schematic outlining the generation of VO-derived iECs and iMCs versus 2D monolayer differentiation protocols used as controls. Bulk RNA-seq identified 

DEGs between 2D-iECs and VO-iECs, as well as 2D-iMCs and VO-iMCs (threshold: log 2 FC > 2; p value < 10 −   2 ). 

(B) Principal-component analysis (PCA) showing transcriptional similarity of VO-iECs to 2D-iECs and VO-iMCs to 2D-iMCs (n = 3).

(C) Gene Ontology (GO) enrichment analysis revealed upregulation of genes related to vasculature development, angiogenesis, and SMC proliferation in VO-iECs 

compared with 2D-iECs (top). VO-iMCs showed enrichment of genes associated with mesenchymal development, morphogenesis of branching structures, and 

artery development (bottom).

(legend continued on next page)
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However, DEG analysis between VO and 2D vascular cells re  - 

vealed significant transcriptional differences associated with 

maturation. Gene ontology (GO) analysis showed that VO-iECs 

upregulated genes involved in vasculature development, 

angiogenesis, vasculogenesis, and smooth muscle cell (SMC) 

proliferation (Figure 2C). Key endothelial markers—CDH5, 

VWF, ERG, TEK, and KLF2—were elevated in VO-iECs versus 

2D-iECs by RNA-seq (Figure 2D) and confirmed by qPCR 

(Figure 2F). Compared with primary ECFCs, VO-iECs expressed 

similar or higher levels of CDH5 and PECAM1, though VWF re  - 

mained lower, indicating a relatively immature phenotype 

(Figure 2F). 

Similarly, VO-iMCs showed enrichment for genes associated 

with mature mesenchymal and mural functions, including 

mesenchyme development, branching morphogenesis, and ar  - 

tery development (Figure 2C). Markers of TGF-β and BMP 

signaling (e.g., SMAD9 and SMAD2) and angiogenic regulators 

(FGF2 and ANGPT2) were significantly upregulated (Figure 2E). 

Contractile genes—ACTA2, TAGLN, and MYH11—were also 

elevated in VO-iMCs versus 2D-iMCs, as confirmed by qPCR 

(Figure 2G). Compared with primary SMCs, VO-iMCs showed 

higher ACTA2 and MYH11 expression, likely reflecting the stabi  - 

lizing role of EC-mural interactions within VOs (Figure 2G). 

To contextualize these findings, we compared our TF-based 

VO (Dox-VO) approach with a chemically induced VO (Chem  - 

VO) protocol adapted from Wimmer et al. 37 While iEC gene 

expression was largely comparable at day 5, Chem-VOs ex  - 

hibited markedly lower expression of mural markers such as 

ACTA2, CNN1, TAGLN, and MYH11, indicating reduced mural 

maturation. Additionally, Chem-VOs contained fewer ECs 

(∼2%) than Dox-VOs at this stage, consistent with the slower 

EC specification in growth factor-based systems. These results 

highlight the advantage of the dual TF approach in promoting 

earlier and more robust vascular specification (Figures S2E–S2I). 

Lastly, to evaluate the individual roles of shear stress and co  - 

culture in vascular maturation, we modeled these conditions in 

2D. Shear stress alone partially enhanced endothelial matura  - 

tion, while co-culture with MCs had broader effects on both 

compartments. The most pronounced maturation occurred 

when both factors were combined, resembling the integrated 

cues in VOs. These findings underscore that VO conditions syn  - 

ergistically promote vascular maturation (Figures S2J–S2L). 

Together, these results indicate that VO differentiation en  - 

hances maturation of both iECs and iMCs.

Further vascular network development upon VO 

embedding into ECM 

A key feature of our VO model is the exclusion of exogenous 

ECM during early organoid formation. Unlike other VO protocols

that require matrix-rich environments such as collagen or Matri  - 

gel, 37 our method begins with ECM-free cell aggregates, relying 

on endogenous ECM deposition over time. 

However, we found that subsequent ECM embedding 

markedly enhanced vascular development. VOs cultured in 

collagen/Matrigel hydrogels for an additional 5 days without 

Dox produced mature VOs (mVOs) with expanded, complex 

vascular networks and diameters nearing 1,000 μm, compared 

with ∼250 μm initially (Figures 3A and 3B). These networks 

resembled ECM-based VO models and featured dense CD31 + 

vasculature covered by α-SMA + and MYH11 + MCs, with evident 

lumens by z stack and orthogonal imaging (Figures 3C, 3D, S3A, 

and S3B; Videos S1 and S2). Basement membrane components, 

such as collagen type IV, were localized along vessel walls 

(Figure 3E), and qPCR confirmed COL4A1 expression in VO  - 

iMCs (Figure 3I), supporting endogenous deposition rather 

than passive incorporation from the matrix. 

To assess vascular maturation after ECM embedding, we 

dissociated mVOs into single cells and sorted iECs (CD31 + , 

mVO-iECs) and iMCs (CD31 − , mVO-iMCs), comparing them 

with VO-derived cells. qPCR showed upregulation of endothelial 

markers PECAM1, CDH5, and VWF in mVO-iECs compared with 

VO-iECs (Figure 3F). Arterial markers (CXCR4, SOX17, and 

NRP1) were also elevated, while venous markers (NR2F2, 

NRP2, and EPHB4) were downregulated, indicating a shift to  - 

ward arterial-like identity. These changes occurred alongside 

broader endothelial maturation, including higher expression of 

pan-endothelial genes (Figures 3G and 3H). 

In the mural compartment, mVO-iMCs showed increased 

expression of contractile SMC markers (ACTA2, CNN1, and 

TAGLN) and reduced expression of pericyte markers (DES and 

PDE5A), further supporting vascular maturation and arterializa  - 

tion (Figure 3I). 

These results demonstrate that VOs can form extensive, orga  - 

nized vascular networks upon ECM embedding, recapitulating 

features of ECM-dependent developmental models. 

To test whether maturation resulted from ECM embedding 

rather than extended culture, we compared mVOs (day 10, 

ECM-embedded) with suspension-cultured VOs of equal dura  - 

tion (VO-D10). mVOs displayed significantly larger diameters 

(935 ± 78 vs. 340 ± 39 μm) (Figure 3B) and higher expression 

of EC and MC maturation markers—PECAM1, CDH5, and 

VWF in iECs, and ACTA2, CNN1, TAGLN, and MYH11 in iMCs 

(Figures S3C and S3D)—indicating that ECM embedding, not 

time alone, drives vascular maturation. 

This maturation includes both arterialization of iECs and upre  - 

gulation of lineage-specific genes across vascular cell types, 

bringing VOs transcriptionally closer to primary cells and under  - 

scoring their physiological relevance.

(D) Volcano plot displaying DEGs in VO-iECs compared with 2D-iECs (threshold: log 2 FC > 2).

(E) Volcano plot displaying DEGs in VO-iMCs compared with 2D-iMCs (threshold: log 2 FC > 1).

(F) RT-qPCR analysis of endothelial markers CDH5, PECAM1, and VWF in VO-iECs compared with 2D-iECs, showing significant upregulation in VO-iECs (n = 3; 

p < 0.001). Human cord blood-derived ECFCs served as primary ECs.

(G) RT-qPCR analysis of MC markers ACTA2, TAGLN, and MYH11 in VO-iMCs compared with 2D-iMCs, indicating enhanced expression of SMC-specific markers 

in VO-iMCs (n = 3–4; *p , 0.05, **p < 0.01, ***p < 0.001). Human saphenous vein-derived SMCs served as primary MC control. All PCR data normalized to GAPDH. 

All data are mean ± SEM (F and G). n are biological replicates (B, F, and G). Statistics are one-way ANOVA with Bonferroni’s post-test analysis (F and G). (A) was 

partially created with BioRender.com. 

See also Figure S2.
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Figure 3. Maturation of VOs upon ECM embedding

(A) Schematic comparing mature vascular organoids (mVOs) generated by embedding VOs in a collagen/Matrigel matrix for 5 days (top) versus VOs maintained in 

suspension culture for 10 days (VO-D10, bottom).

(B) Quantification of VO diameters. (***p < 0.001). 

(C–E) Whole-mount immunofluorescence of vascular networks in mVOs on day 5. (C) ECs (CD31 + , red) and SMCs (MYH11 + , green). (D) ECs (CD31 + , red) and 

α-SMA + SMCs (green). Nuclei counterstained with DAPI. (E) MCs (PDGFRβ + , green) and basement membrane (Collagen IV + , blue). 

(F–H) RT-qPCR of mVO-iECs compared with VO-D5-iECs. (F) Endothelial markers: ETV2, PECAM1, CDH5, and VWF. (G) Arterial markers: CXCR4, SOX17, and 

NRP1. (H) Venous markers: NT5E, NR2F2, NRP2, and EPHB4.

(legend continued on next page)
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A genetic-footprint-free alternative to generate VOs 

An important feature of our TF-mediated differentiation 

approach is that it relies on the transient expression of ETV2 

and NKX3.1, which opens the possibility of using chemically 

modified mRNA (modRNA) to achieve a genetic-footprint-free 

protocol. To implement this strategy, we began with unmodified 

iPSCs and differentiated them into intermediate MePCs over 

2 days. We then transfected half of the MePCs with modRNA en  - 

coding ETV2 and the other half with modRNA encoding NKX3.1. 

The transfected populations were combined at a 1:1 ratio, aggre  - 

gated in 3D using non-adherent culture plates and an orbital 

shaker, and cultured for 3 additional days (Figure 4A). This mod  - 

RNA-based method enabled the generation of uniformly sized, 

footprint-free VOs (modRNA-VOs) within 5 days, comparable in 

size to Dox-inducible VOs (Figure 4B). 

Similar to the Dox-inducible strategy, the modRNA approach 

enabled simultaneous differentiation of iECs and iMCs within 

modRNA-VOs. However, despite starting with a 1:1 MePC ratio, 

the day 5 iEC proportion was lower (20%–30%) than in Dox-VOs 

(∼55%) (Figures 4C and 1D). This discrepancy likely reflects dif  - 

ferences in TF expression dynamics: qPCR revealed that ETV2 

and NKX3.1 transcript levels in modRNA-VOs peaked early 

(4 h) and declined rapidly, whereas Dox-VOs maintained higher, 

sustained expression throughout (Figures S3E and S3F). 

Despite this, vascular cell maturation was not impaired in 

modRNA-VOs, as evidenced by expression of key endothelial 

and mural markers in iECs and iMCs, respectively (Figures 4D 

and 4E). 

Furthermore, similar to Dox-VOs, modRNA-VOs exhibited 

robust capacity to mature into vascular networks when 

embedded in collagen/Matrigel hydrogels. These networks 

featured CD31 + vessels extensively covered by α-SMA + and 

MYH11 + iMCs, indicating vessel maturation (Figure 4F). This 

contrasts with earlier stages, where α-SMA expression was 

more localized and less organized (Figure 1F). The additional 

5-day ECM embedding period enabled further mural maturation 

and structured coverage of endothelial networks.

Shorter TF activation promotes arterial identity 

A key difference between the Dox  - and modRNA-based 

methods is the duration of TF expression: Dox enables sustained 

activation, whereas modRNA yields transient (∼24 h) expres  - 

sion. To examine how reduced TF activation impacts VO devel  - 

opment and EC identity, we compared the standard 3-day Dox 

protocol (Dox3-VOs) with a 1-day Dox exposure (Dox1-VOs) dur  - 

ing the 3-day culture period (Figure 5A). 

There were no significant differences in VO size between Dox1  - 

VOs and Dox3-VOs at day 5 (Figure 5B), and both yielded ∼50% 

CD31 + iECs (Figure 5C). However, flow cytometry revealed 

distinct iEC compositions. Dox3-VOs harbored heterogeneous 

endothelial populations, comprising arterial-like (CD31 + /CXCR4 + ), 

venous-like (CD31 + /CXCR4 − /CD73 + ), and other ECs (CD31 + / 

CXCR4 − /CD73 − ). To support the arterial identity of CXCR4 +

iECs in Dox3-VOs, we sorted CXCR4 + and CXCR4 − subsets 

and confirmed higher arterial marker expression in the CXCR4 + 

population by qPCR (Figure S4A). In contrast, Dox1-VOs were 

predominantly composed of arterial-like iECs (CD31 + /CXCR4 + ), 

suggesting enhanced arterialization (Figure 5C). qPCR analysis 

of sorted iECs further supported these findings. Dox3-VO-iECs 

showed higher expression of venous markers (NT5E, NRP2, and 

NR2F2), whereas arterial markers (CXCR4, SOX17, NRP1, and 

EFNB2) were elevated in Dox1-VO-iECs (Figure 5D). Immunofluo  - 

rescence confirmed EC heterogeneity in Dox3-VOs, showing both 

SOX17 + arterial-like and SOX17 − non-arterial iECs within vascular 

structures (Figure 5E). 

Interestingly, the emergence of venous-like iECs with prolonged 

Dox exposure required a 3D VO environment. While the 2D proto  - 

col yielded a higher percentage of iECs, it failed to produce 

venous-like (CD31 + /CXCR4 − /CD73 + ) iECs (<1%) (Figures S2A 

and S2B). Expression of venous markers NT5E, NRP2, and 

NR2F2 was also markedly lower in Dox3-2D-iECs compared 

with Dox3-VO-iECs (Figure S2C). In contrast, Dox1 favored arte  - 

rial-like iECs in both settings, though arterial marker expression 

remained higher in Dox1-VOs (Figure S2D). 

We also assessed the functional properties of iECs. Dox3-VO  - 

iECs exhibited higher proliferation rates than Dox1-VO-iECs 

(Figures S4B–S4D). Nonetheless, both populations showed com  - 

parable ability to form vascular networks in vitro (Figure S4E) and 

similarly upregulated leukocyte adhesion molecules in response 

to TNF-α (Figure S4F). 

Previous studies have shown that venous ECs possess 

greater angiogenic potential than arterial ECs. To examine this 

in VOs, we embedded GFP-labeled Dox1-VOs and Dox3-VOs 

in fibrin gels and stimulated them with angiogenic factors for 

24 h to assess endothelial sprouting (Figure 5F). Quantification 

revealed significantly more sprouts in Dox3-VOs, indicating 

robust angiogenic activity. In contrast, Dox1-VOs exhibited 

fewer sprouts, which increased upon treatment with the 

NOTCH inhibitor DAPT, whereas Dox3-VOs remained unaf  - 

fected. These findings support the arterial-like phenotype of 

Dox1-VO-iECs, marked by reduced sprouting and NOTCH 

sensitivity. 

To assess whether these phenotypic differences translate into 

functional outcomes in vivo, we transplanted Dox1-VOs and 

Dox3-VOs under the renal capsule of NSG mice (Figure 5G). 

Both groups exhibited similar engraftment, as shown by biolumi  - 

nescence tracking of luciferase-labeled iECs over 4 weeks 

(Figure 5H). However, histological analysis revealed more perfused 

microvessels in Dox3-VO grafts (Figures 5I and 5J), indicating su  - 

perior vascular integration. Immunofluorescence confirmed more 

frequent incorporation of Dox3-iECs into vessel structures, while 

many iECs in Dox1-VOs remained as isolated, non-incorporated 

cells (Figure 5K). Dox3-VO grafts also exhibited a mix of arterial  - 

like vessels (α-SMA + mural coverage) and venous-like vessels 

(lacking α-SMA), whereas Dox1-VO grafts were predominantly 

arterial. Venous-like identity in Dox3-iECs was further supported

(I) RT-qPCR of mVO-iMCs compared with VO-D5-iMCs showing expression of NKX3.1 and SMC markers (ACTA2, CNN1, and TAGLN), and pericyte markers 

(DES and PDE5A). All PCR data normalized to GAPDH (n = 3; *p < 0.05, **p < 0.01, and ***p < 0.001). Scale bars: 100 μm (C and D) and 200 μm (E). 

All data are mean ± SEM (E–H). n indicates biological replicates (E–H). Statistics are one-way ANOVA with Bonferroni’s post-test analysis (B) and unpaired two  - 

tailed t test (F–I). (A) was partially created with BioRender.com. 

See also Figure S3 and Videos S1 and S2.
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by nuclear NR2F2 (COUP-TFII) expression in hCD31 + vessels 

(Figure 5L). These results suggest that the angiogenic, venous  - 

like iECs in Dox3-VOs enhance vascular heterogeneity and inte  - 

gration post-transplantation. 

Collectively, these findings suggested that shorter TF activa  - 

tion favors a predominant arterial identity in iECs, while pro  - 

longed activation results in a more heterogeneous EC popula  - 

tion, including venous-like iECs with greater proliferative, 

sprouting, and engrafting capacity.

VO cell heterogeneity at single-cell level 

To characterize vascular cell heterogeneity in VOs, we per  - 

formed single-cell RNA sequencing (scRNA-seq) on Dox1-VOs 

and Dox3-VOs at day 5, and on Dox3-VOs cultured for an addi-

tional 7 days without Dox (Dox1-D5, Dox3-D5, and Dox3-D12; 

Figure 6A). Our goal was to examine how TF activation duration 

and extended culture influence vascular cell maturation and 

diversification. Using the 10× Genomics platform, we profiled 

∼10,000 cells per time point, integrating datasets via Seurat. 

Thirteen transcriptionally distinct populations were identified 

based on canonical vascular markers (Figures 6B, 6C, and S5), 

including four endothelial clusters (#1–4; CDH5, PECAM1, and 

KDR), five mural clusters (#5–9; PDGFRB), and four transcrip  - 

tionally ambiguous clusters (#10–13), provisionally categorized 

as ‘‘undetermined’’ (Figures 6B and S5). 

Among the endothelial clusters, #1 and #2 showed a clear 

arterial phenotype, expressing markers such as EFNB2 and 

NRP1 (Figures 6D, 6E, and S6). These cells were enriched in

Figure 4. Comparative analysis of doxycycline-induced and modRNA-mediated generation of VOs

(A) Schematic outlining the differentiation of iPSCs into VOs using a modRNA-based method, with MePCs transfected with ETV2 and NKX3.1 modRNA to 

generate modRNA-VOs.

(B) Bright-field image of modRNA-VOs on day 5 (left) and comparison of VO diameters between Dox-VO and modRNA-VO (right) (n = 40).

(C) Flow cytometry analysis of CD31 expression in modRNA-VOs on day 5 (left) with quantification of CD31 + /VE-Cadherin + iECs (right).

(D) RT-qPCR analysis of ETV2 and endothelial markers (PECAM1, CDH5, and VWF) in CD31 + iECs isolated from Dox-VOs and modRNA-VOs (n = 

6–9; ***p < 0.001).

(E) RT-qPCR analysis of NKX3.1 and SMC markers (ACTA2, CNN1, and MYH11) in CD31 − iMCs isolated from Dox-VOs and modRNA-VOs (n = 6–9; ***p < 0.001). 

All PCR data are normalized to GAPDH.

(F) Whole-mount immunofluorescence of vascular networks from mature modRNA-VOs embedded in collagen/Matrigel for 5 days showing ECs (CD31 + , red) and 

SMCs (α-SMA + , green; MYH11 + , green), with nuclei counterstained by DAPI. Scale bars: 200 μm (B) and 100 μm (F). 

All data are mean ± SEM (B–E). n indicates biological replicates (C–E) and individual VOs (B). Statistics are unpaired two-tailed t test (B–E). (A) and (D)–(F) were 

partially created with BioRender.com. 

See also Figure S3.
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Figure 5. Effect of TF activation duration on iEC identity in VOs

(A) Schematic comparing the differentiation protocols of Dox1-VOs (1-day Dox exposure) and Dox3-VOs (3-day Dox exposure). 

(B) Comparison of VO diameters between Dox1-VOs and Dox3-VOs on day 5 (n > 30).

(legend continued on next page)
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genes linked to arterial specification and development, suggest  - 

ing advanced arterial differentiation. In contrast, clusters #3 

and #4 had less defined arterial identity and exhibited transcrip  - 

tional profiles associated with angiogenesis and endothelial-to  - 

mesenchymal transition (EndMT), including ANPEP, THY1, and 

ACTA2 (Figures 6D–6F and S6). 

Volcano plot analysis revealed distinct transcriptional signa  - 

tures, with cluster #1 enriched for arterial markers (NRP1, 

CXCR4, HEY1, EFNB2, DLL4, JAG2, and SOX17), while cluster 

#3 upregulated genes linked to EndMT and TGF-β signaling 

(Figure 6F). GO term analysis further supported this divergence: 

cluster #1 was associated with endothelial and arterial develop  - 

ment, whereas cluster #3 related to angiogenesis and mesen  - 

chymal differentiation (Figures S7A and S7B). Cluster #4 shared 

similarities with cluster #3 but also expressed cell-cycle markers, 

indicating a proliferative iEC population (Figures 6B–6E and S6). 

To further evaluate the venous identity of iECs observed by 

flow cytometry and qPCR in Dox3-VOs (Figure 5), we examined 

whether angiogenic cluster #3 corresponds to a venous-like pre  - 

cursor population. Canonical venous markers (NT5E, NR2F2, 

NRP2, EPHB4, and APLNR) were enriched in cluster #3 but 

also detected in cluster #1, annotated as arterial iECs 

(Figure S8A). This overlap is consistent with developmental 

studies showing arterial ECs emerge from venous progenitors 

via gradual reprogramming, during which venous transcripts 

persist transiently. The co-expression of venous markers in clus  - 

ter #1 at day 5 likely represents a transitional state. By day 12, 

cluster #1 exhibited downregulation of venous markers and 

upregulation of arterial genes, supporting progressive arterial 

specification (Figure S8B). 

To investigate the developmental trajectory between these iEC 

populations, we conducted RNA velocity analysis using a PAGA  - 

initialized model. This revealed a directional flow from cluster #3 

to cluster #1, consistent with a transition from a venous  - 

like, angiogenic precursor state to a more differentiated 

arterial phenotype (Figure S8C). Pseudotime analysis supported 

this view, placing cluster #3 at early and cluster #1 at late pseudo  - 

time values (Figure S8C). Additionally, day 5 iECs from Dox3-

VOs—representing cluster #3—expressed similar or higher levels 

of venous markers compared with HUVECs (Figure S8D). These 

findings support a model in which arterial iECs emerge from angio  - 

genic precursors via progressive downregulation of venous 

markers and upregulation of arterial genes. 

In the MC compartment, we identified four PDGFRB + clusters: 

SMCs (cluster #5), pericytes (cluster #6), fibroblasts (cluster #7), 

and mural progenitor cells (iMPCs; cluster #8) (Figures 6G, 6H, 

and S9). SMCs were marked by high expression of contractile 

proteins (TAGLN and ACTA2), ECM components (COL1A1), 

and low PDGFRA, as well as genes linked to oxidative phosphor  - 

ylation and mitochondrial respiration (Figures S7C and S7D). 

Pericytes showed lower levels of TAGLN, ACTA2, and COL1A1 

but higher expression of PDE5A and TGF-β receptors 

(Figures 6G–6I and S9). Both populations expressed COL4A1 

and FN1, supporting their perivascular identity (Figure S9). 

Cluster #7 was identified as fibroblasts based on high 

expression of PDGFRA and ECM components but low levels of 

contractile proteins. Cluster #8 represented NKX3.1-expressing 

iMPCs, 31 while cluster #9 was characterized as proliferating MCs 

due to elevated cell-cycle marker expression (Figure S9). 

To further interpret the transcriptional identity of the undeter  - 

mined clusters (#10–13), we projected our data onto a recently 

published multi-organ vascular reference atlas containing tran  - 

scriptional profiles of fetal, pediatric, and adult endothelial and 

mural subtypes. 41 This comparison confirmed our annotations 

of clusters #1–4 and #5–9 as endothelial and mural, respec  - 

tively (Figure S10). In contrast, clusters #10–13 showed low 

expression of canonical endothelial and mural markers 

(Figure S11) and mapped diffusely across the reference, lack  - 

ing the tight alignment seen for iEC and iMC clusters 

(Figure S10). Most cells in these clusters aligned with capil  - 

lary-like endothelial subtypes, which lack strong arterial or 

venous signatures and are thought to represent immature or 

transitional states. Based on these findings, we retain the unde  - 

termined label in the UMAP but interpret clusters #10–13 as 

predominantly EC-like populations undergoing early specifica  - 

tion or incomplete differentiation.

(C) Flow cytometry analysis of iEC composition in Dox1-VOs and Dox3-VOs on day 5 (left) with quantification of arterial-like (CD31 + /CXCR4 + ), venous-like 

(CD31 + /CXCR4 − /CD73 + ), and other ECs (right) (n = 3).

(D) RT-qPCR analysis of arterial (CXCR4, SOX17, NRP1, and EFNB2) and venous (NT5E, NRP2, and NR2F2) markers in CD31 + iECs isolated from Dox1-VOs and 

Dox3-VOs (n = 3–4; *p < 0.05, **p < 0.01, and ***p < 0.001). All PCR data normalized to GAPDH.

(E) Immunofluorescence staining of Dox3-VOs showing arterial-like (SOX17 + , yellow arrowheads) and non-arterial (SOX17 − , white arrowheads) CD31 + iECs.

(F) Vascular sprouting assay of GFP-labeled (ETV2) Dox1-VOs and Dox3-VOs embedded in fibrin gel, comparing control and DAPT-treated conditions (n = 8–10; 

**p < 0.01 and ***p < 0.001).

(G) Schematic representation of the renal capsule transplantation model in NSG mice.

(H) Bioluminescence imaging quantification of luciferase-labeled VOs over 4 weeks showing comparable engraftment between Dox1-VOs and Dox3-VOs (n = 

3–6).

(I) H&E staining of explanted grafts at 4 weeks. Yellow arrowheads indicate perfused blood vessels containing red blood cells.

(J) Quantification of perfused vessel density at 4 weeks (n = 3).

(K) Immunofluorescence staining of explanted grafts for human CD31 (red), α-SMA (green), and DAPI (blue) to assess vascular architecture and MC association. 

Arterial-like vessels were defined as small-diameter hCD31 + structures surrounded by α-SMA + MCs (yellow arrowheads), while venous-like vessels lacked 

α-SMA coverage and were only observed in Dox3-VO grafts. Free hCD31 + iECs not incorporated into vessel structures (blue arrowhead) were more abundant in 

Dox1-VO grafts. Insets show representative examples of each category.

(L) Immunofluorescence staining of explanted Dox3-VO grafts for human CD31 (red), NR2F2/COUP-TFII (green), and DAPI (blue) to assess venous endothelial 

identity. Venous-like vessels were identified by nuclear expression of NR2F2 in hCD31 + ECs (yellow arrowheads). Insets show representative NR2F2 + (venous  - 

like) and NR2F2 − (arterial-like) vessels. 

All data are mean ± SEM (B–D, F, H, and J). n indicates biological replicates (C, D, F, H, and J) and individual VOs (B). Statistics are unpaired two-tailed t test (B, D, 

and J) and one-way ANOVA with Bonferroni’s post-test analysis (F and H). (A), (D), and (G) were partially created with BioRender.com. 

See also Figure S4.
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Figure 6. Single-cell RNA sequencing reveals endothelial and MC heterogeneity within VOs

(A) Experimental schematic showing generation of Dox1-D5, Dox3-D5, and Dox3-D12 samples. Dox1-D5 and Dox3-D5 VOs were cultured with doxycycline (Dox) 

for 1 and 3 days, respectively, while Dox3-D12 VOs were cultured for an additional 7 days without Dox.

(legend continued on next page)
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We then evaluated how TF activation duration (Dox1 vs. Dox3) 

and extended culture (Dox3-D5 vs. Dox3-D12) influenced iEC 

and iMC populations (Figures 6J and 6K). Shorter activation 

(Dox1) enriched arterial-like iECs (clusters #1 and #2), while pro  - 

longed activation (Dox3) favored angiogenic iECs (cluster #3), 

aligning with our prior observations of enhanced arterialization 

in Dox1-VOs and increased sprouting in Dox3-VOs (Figure 5)— 

reinforcing that TF activation duration impacts iEC fate. 

In contrast, MC composition was largely unaffected by TF acti  - 

vation length. Both Dox1 and Dox3 predominantly produced 

pericytes, fibroblasts, and iMPCs, with few mature SMCs de  - 

tected at day 5 (Figures 6J and 6K). 

Upon extended in vitro culture (Dox3-D12), iECs declined from

∼50% at Dox3-D5 to <10%, as confirmed by flow cytometry 

across three VO batches (Figures S8E–S8G). This drop coincided 

with Dox withdrawal and diminished ETV2 expression. Meanwhile, 

arterial-like iECs (clusters #1 and #2) increased, and angiogenic 

iECs (cluster #3) disappeared (Figures 6J and 6K)—indicative of 

vascular maturation via pruning and arterialization. Concurrently, 

the mural compartment showed increased mature SMCs, peri  - 

cytes, and fibroblasts by Dox3-D12 (Figures 6J and 6K). These 

phenotypic shifts were supported by qPCR showing upregulation 

of endothelial and mural markers (Figures S8H and S8I). 

Together, scRNA-seq analyses demonstrate that (1) VOs cap  - 

ture vascular cell heterogeneity across iEC and iMC lineages, (2) 

TF activation duration shapes endothelial phenotypes, and (3) 

extended culture promotes arterialization and MC maturation.

In vivo therapeutic potential of VOs 

We previously showed that VOs can engraft into healthy tissues 

such as the renal capsule and form functional vascular connec  - 

tions with host circulation (Figures 1H–1K and 5G–5L). Building 

on this, we tested their therapeutic potential in disease models 

requiring revascularization. 

We used a murine hind limb ischemia model in diabetic, immu  - 

nodeficient nude mice—rendered diabetic with streptozotocin 

(STZ), as diabetes impairs collateral revascularization. 42,43 After 

ligating the proximal and deep femoral vessels and excising the 

intervening segment, we injected 1,000 VOs with luciferase-ex  - 

pressing iECs in 50 μL Matrigel at the ligation site (Figure 7A). 

For comparison, another group received an equivalent number 

of iECs and iMCs from 2D protocols as a single-cell suspension 

in Matrigel. 

VO engraftment in ischemic limbs was monitored via biolumi  - 

nescence imaging on days 1 and 7 (Figure 7B). VOs remained 

localized at the injection site, with some signal loss during the

first week. Nonetheless, VO engraftment was markedly greater 

than that of single-cell suspensions (Figure 7B). Histological 

analysis at 2 weeks supported these findings: limbs treated 

with VOs contained numerous microvessels lined by human 

CD31 + iECs, whereas vessels in single-cell-treated limbs were 

largely of mouse origin (Figure 7C). 

Most notably, VO treatment significantly improved blood flow 

recovery in ischemic limbs. Laser Doppler imaging showed

∼50% recovery (normalized to the contralateral healthy limb) 

by 2 weeks (Figure 7D), markedly exceeding the minimal restora  - 

tion seen with single-cell treatment. VO-treated limbs also ex  - 

hibited significantly less necrosis than controls or single-cell  - 

treated limbs, which developed severe tissue damage in most 

cases (Figure 7E). These results demonstrate that VOs effec  - 

tively engraft, restore perfusion, and prevent necrosis in a dia  - 

betic hind limb ischemia model. 

We next tested the therapeutic potential of VOs in a pancreatic 

islet transplantation model. Specifically, we assessed whether 

VO-mediated revascularization could improve islet engraftment 

and function. Mouse islets (m-islets), with or without 1,500 

VOs, were transplanted under the kidney capsule of STZ-treated 

diabetic NSG mice (Figure 7F). Groups received 500, 300, or 100 

islet equivalents (IEQ) per mouse. 

At 500 IEQ, both groups (with and without VOs) became normo  - 

glycemic shortly after transplantation, indicating this dose sufficed 

to correct hyperglycemia (Figure 7G). To better evaluate the VO 

benefit, we reduced the islet doses to 300 and 100 IEQ—subop  - 

timal levels for normoglycemia restoration. Diabetic NSG mice 

received either islets alone or islets plus 1,500 VOs. All mice 

receiving 300 IEQ + VOs and half receiving 100 IEQ + VOs 

achieved and maintained normoglycemia for up to 100 days. In 

contrast, only a few mice with 300 IEQ alone and none with 100 

IEQ alone reached normoglycemia. Nephrectomy performed 

2 days before day 100 led to rapid hyperglycemia, confirming 

that transplanted islets had maintained glycemic control. 

To investigate m-islet-VO interactions, we analyzed kidneys 

bearing grafts 2 weeks post-transplantation. H&E and IF staining 

showed INS + islets surrounded and infiltrated by perfused ves  - 

sels, indicating successful vascular integration (Figure 7H). 

Notably, these vessels were lined by human CD31 + iECs, con  - 

firming their VO origin (Figure 7I). 

In summary, findings from this second model suggested that 

co-transplantation with VOs enhances the functional engraft  - 

ment of pancreatic islets. By promoting revascularization, VOs 

enabled the use of a reduced number of m-islets to effectively 

reverse diabetes in mice.

(B) UMAP plot showing 13 distinct cell clusters, including arterial iECs, angiogenic iECs, proliferative iECs, SMCs, pericytes, fibroblasts, mural progenitor cells 

(iMPCs), and proliferative iMCs.

(C) UMAP feature plots displaying expression of key endothelial (CDH5 and PECAM1) and mural (PDGFRB and TAGLN) markers across clusters.

(D) Expression of arterial markers (CXCR4 and NRP1) and EndMT markers (ANPEP and THY1) distinguishing arterial and angiogenic iEC clusters.

(E) Dot plot showing marker expression across iEC clusters, delineating iEC identities.

(F) Volcano plots highlighting DEGs in arterial (Arterial_1) and angiogenic iEC clusters (threshold: log 2 FC > 1).

(G) Feature plots for markers (ACTA2, CSPG4, PDGFRA, and CDK1), defining SMC, pericyte, fibroblast, and proliferative iMC clusters.

(H) Dot plot of MC markers across iMC clusters.

(I) Volcano plots of pericyte versus SMC gene expression, highlighting distinct markers (threshold: log 2 FC > 1).

(J) UMAP of cells by sample type, showing changes in cluster distribution across conditions.

(K) Bar graphs showing cell counts and percentages of iEC and iMC populations across conditions, illustrating shifts in cell composition with prolonged TF 

activation and extended culture.

See also Figures S5–S11.
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Figure 7. In vivo therapeutic potential of VOs

(A) Schematic and timeline of the hind limb ischemia model in immune-deficient nude mice, including diabetes induction with streptozotocin (STZ) and femoral 

vascular ligation followed by VO transplantation.

(B) Bioluminescent imaging of VO-transplanted mice on days 1 and 7 (left), with quantitative analysis of bioluminescence intensity comparing VOs and single-cell 

grafts (right) (n = 4; *p < 0.05).

(C) Immunofluorescence staining of hind limb muscles at day 14, highlighting human-specific CD31 + (red) vessels (yellow arrowheads) and mouse vessels (white 

arrowheads). Vessels are covered by α-SMA + (green) perivascular cells.

(D) Laser Doppler imaging showing blood flow recovery in ischemic limbs over 14 days (left), with quantification of the ligated-to-non-ligated leg blood flow ratio 

(right) (n = 6–12; **p < 0.01 and ***p < 0.001).

(E) Necrosis score on day 14 (left) and necrosis incidence per group (right). Necrosis scoring: 0, no necrosis; 1, toes necrosis; 2, foot necrosis; 3, knee necrosis; 4, 

femoral necrosis; and 5, whole leg necrosis. Intact leg: necrosis score = 0; partial necrosis: score = 1–2; and full necrosis: score = 3–5 (n = 6–12; **p < 0.01 

and ***p < 0.001).

(F) Schematic of the kidney capsule transplantation model using diabetic NSG mice. Nx, nephrectomy (removal of the graft-bearing kidney).

(G) Non-fasting blood glucose levels of mice transplanted with mouse islets (m-islets) with or without VOs (n = 4) at varying islet equivalent (IEQ) doses.

(H) H&E staining of islet grafts at day 14, with perfused intra-islet vessels indicated (yellow arrowheads).

(legend continued on next page)
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DISCUSSION

In this study, we present a streamlined method for generating 

VOs from iPSCs via orthogonal TF induction using Dox-inducible 

or modRNA technology. By controlling ETV2 and NKX3.1 

expression, we rapidly co-differentiated MePCs into iECs and 

iMCs, producing uniformly sized 3D VOs with vascular structures 

in just 5 days. This fast and simplified approach supports both 

in vitro and in vivo applications, including disease models of 

hind limb ischemia and islet transplantation, where VOs pro  - 

moted revascularization and recovery. 

Current VO protocols, including those by Wimmer et al., have 

advanced in vitro modeling of vascular development. 38,44–47 

Many involve ECM embedding after initial differentiation but 

require prolonged culture and multiple steps, affecting scalability 

and reproducibility. 37 Other approaches, such as MePC incor  - 

poration or hanging-drop methods, often use primary cells or 

complex protocols. 48–50 Our orthogonal TF induction offers an 

alternative focused on early, precise vascular specification. By 

co-generating iECs and iMCs within 5 days without early ECM 

embedding, our method simplifies and scales VO formation. 

While our method uses Matrigel during 2D mesodermal induc  - 

tion, 3D aggregate formation proceeds without continuous ECM 

support. This early independence promotes cell-driven matrix 

deposition, reducing ECM manipulation during organoid assem  - 

bly. The self-organizing process also eliminates manual ECM 

extraction, a complication in other protocols. 37 At later stages, 

ECM embedding enhances vascular maturation, yielding larger, 

lumenized vessels. Thus, our protocol supports both ECM-inde  - 

pendent and ECM-enhanced phases, balancing scalability with 

the potential for further maturation in basic and translational 

studies. 

An important feature of our approach is the ability to control 

iEC and iMC differentiation independently. Existing protocols 

often favor one lineage due to incompatible culture require  - 

ments, with factors such as VEGF promoting iECs while indi  - 

rectly inducing iMCs via secondary signaling. 1,12 This limits se  - 

lective manipulation of vascular cell types. In contrast, our 

orthogonal TF strategy enables simultaneous yet independent 

generation of iECs and iMCs within the same VO, allowing pre  - 

cise control of cellular composition for mechanistic studies and 

targeted interventions. 

VO-derived cells in our model show functional maturity, with 

both iECs and iMCs expressing higher levels of vascular-specific 

genes than in 2D cultures, consistent with enhanced function  - 

ality. This aligns with the known role of EC-MC interactions 

in vascular maturation. 12 VOs formed complex structures, 

including polarized lumens and perivascular iMCs, within 

5 days. These cells also exhibited angiogenic sprouting, ECM re  - 

modeling, and host integration, suggesting that their intermedi  - 

ate maturation state may be advantageous for rapid in vivo 

revascularization. 

Our system’s temporal control over TF activation enables 

modulation of iEC phenotypes, revealing how transient versus

prolonged ETV2 activation affects endothelial identity. Shorter 

activation (Dox1) promoted arterial-like features, whereas pro  - 

longed activation (Dox3) suppressed arterialization and gener  - 

ated a heterogeneous population with angiogenic potential and 

higher sprouting and engraftment capacity. 51–53 Flow cytometry 

and qPCR showed upregulation of venous-associated markers 

and pro-angiogenic function in Dox3-iECs. However, single  - 

cell RNA-seq revealed a more complex picture, with cluster #3 

exhibiting pro-angiogenic traits but unclear venous identity. 

This discrepancy highlights the difficulty of defining iEC iden  - 

tities based solely on transcriptomic data and points to possible 

regulatory influences, such as epigenetic or transcriptional 

mechanisms, underlying the effect of prolonged ETV2 activation 

on arterial fate. Whether the venous-like traits seen by FACS and 

qPCR are functionally linked to the observed pro-angiogenic 

behavior remains unclear. Further studies are needed to clarify 

this relationship, which could inform strategies to fine-tune 

endothelial properties for therapeutic use. 29,53 

The overlap of venous and arterial marker expression in our 

iEC clusters reflects a known developmental trajectory in which 

arterial fate emerges from venous progenitors. In mammalian 

embryos, arterial ECs derive from venous ECs via transcriptional 

reprogramming and spatial reorganization, 54 regulated by flow 

and Notch signaling in contexts such as the yolk sac and 

retina. 53,55 Zebrafish imaging has shown venous tip cells contrib  - 

uting retrogradely to arterial vessels. 53 Single-cell studies of hu  - 

man iPSC-derived ECs also reveal arterial cells arising from 

venous-like intermediates marked by APLNR and NR2F2, with 

enhanced angiogenic potential. 29 These data support our inter  - 

pretation that cluster #3 in Dox3-VOs represents a venous-like 

precursor transitioning to arterial identity, as evidenced by tran  - 

scriptional maturation, loss of venous markers, and RNA velocity 

analysis. Collectively, these findings underscore that venous 

identity is a dynamic, permissive state along the arterial 

specification continuum—one that our VO model appears to 

recapitulate. 

While our study focused on VOs, this TF induction system may 

extend to vascularizing other organoid models, where the lack of 

integrated vasculature remains a major limitation. 56,57 Incorpo  - 

rating mature vascular cells into organoids often leads to cell 

segregation, limiting intermingling between cell types. 58 In 

contrast, orthogonal TF induction enables simultaneous differ  - 

entiation of parenchymal and vascular cell types, potentially 

improving integration. Engineered iPSCs with TF switches could 

be embedded into developing organoids to trigger vascular dif  - 

ferentiation upon activation, acting as a ‘‘Trojan horse’’ to deliver 

vascular cells in situ. This strategy could be adapted to organoid 

systems such as liver, kidney, and brain, where vascularization is 

essential. 59–63 

Our study also demonstrates the use of modRNA to generate 

VOs, providing a footprint-free alternative for contexts where 

permanent genomic integration is undesirable. 64   Because 

ETV2 and NKX3.1 require only transient expression to guide 

MePC differentiation, modRNA enables an efficient, short-term

(I) Immunofluorescence staining of grafts on day 14 showing insulin-positive (INS + , red) islets and human CD31 + iECs (green), with intra-islet vessels indicated 

(yellow arrowheads). Scale bars: 50 μm (C, H right, I) and 200 μm (H left).

All data are mean ± SEM (B, D, and E). n indicates biological replicates (B, D, E, and G). Statistics are one-way ANOVA with Bonferroni’s post-test analysis (B, D, 

and E). (A) and (F) were partially created with BioRender.com.
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expression system that does not integrate into the genome, 

offering flexibility across diverse iPSC lines. Although modRNA 

requires an additional transfection step, advances in high  - 

throughput electroporation and clinical-grade reagents may 

facilitate scalable, translational VO production. 65,66 

Together, these features position our VO platform as a versa  - 

tile tool for translational applications. In vivo, VOs integrated with 

host vasculature, revascularized ischemic tissues, and sup  - 

ported pancreatic islet transplantation—demonstrating utility in 

tissue repair. While VO-derived vessels were robustly incorpo  - 

rated, whether iECs acquire tissue-specific phenotypes remains 

unknown. Further studies are needed to evaluate long-term effi  - 

cacy and scalability in clinically relevant models, including stra  - 

tegies using autologous or hypoimmunogenic iPSCs for broader 

therapeutic applicability. 67,68 

In summary, VOs represent a versatile tool with wide-ranging 

applications in regenerative medicine, disease modeling, 

and basic vascular biology. The potential for rapid, efficient, 

and controlled vascular differentiation makes this TF-based 

approach to generating VOs a promising avenue for addressing 

critical needs in vascularized tissue engineering and therapeutic 

applications.

Limitations of the study 

Our VO system uses synchronized Dox-dependent activation 

of TFs to induce both endothelial and MC differentiation, limiting 

independent modulation of each compartment. Future refine  - 

ments using orthogonal induction systems or combining Dox 

with modRNA may offer more flexibility. 69–71   The absence of 

perfusion in our suspension culture precludes shear stress, a 

key regulator of endothelial maturation. 72 Incorporating VOs 

into perfusable systems could enhance physiological rele  - 

vance. 73,74 Additionally, whether iECs acquire tissue-specific 

phenotypes post-engraftment remains to be evaluated.
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Henke, E., and Ergü n, S. (2019). Generation of complex human organoid 

models including vascular networks by incorporation of mesodermal pro  - 

genitor cells. Sci. Rep. 9, 15663. https://doi.org/10.1038/s41598-019  - 

52204-7.

49. Schmidt, S., Alt, Y., Deoghare, N., Krü ger, S., Kern, A., Rockel, A.F., Wagner, 
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals 

Immunodeficient male nude mice (Foxn1/nu) aged 6 weeks were purchased from Envigo RMS LCC, and immunodeficient male NOD- 

SCID mice (NOD.Cg-Prkdc scid Il2rg tm1Wjl /SzJ) aged 6 weeks were purchased from The Jackson Laboratory. Mice were housed at 22 ± 

2 ◦ C, 40-60 humidity, under the standard laboratory conditions with free access to rodent feed and water, in the barrier mouse facility. 

All experiments were conducted at Boston Children’s Hospital in compliance with protocols approved by the Institutional Animal 

Care and Use Committee (IACUC).

Cell lines 

The BJ273 iPSC line was sourced from Boston Children’s Hospital’s Stem Cell Core. Dox-ETV2 and Dox-NKX3.1-iPSCs were en  - 

gineered from this parental BJ273 line. All iPSCs were cultured in mTeSR Plus medium (STEMCELL Technologies) with 5 μM 

Y27632 rock inhibitor (Selleck-chem) on Matrigel-coated (Corning) 6-well plates (Gene Clone). Human endothelial colony-forming 

cells (ECFCs), human umbilical vein endothelial cells (HUVECs), and human saphenous vein smooth muscle cells (vSMCs; kindly 

donated by Dr. Joyce Bischoff, Boston Children’s Hospital) served as primary cell controls. ECFCs and HUVECs were cultured in 

ECGM2 (Lonza) supplemented with 20% FBS (Genesee) without hydrocortisone. vSMCs were cultured in SmGM-2 medium (Lonza) 

on 1% gelatin-coated plate (Sigma-Aldrich).

METHOD DETAILS

Generation of doxycycline-inducible ETV2 and NKX3.1 iPSC lines 

Doxycycline-inducible ETV2 (dox-ETV2) and NKX3.1 (dox-NKX3.1) iPSC lines were generated using the piggyBac (PB) transposon 

and transposase system as previously described. 31,40 In brief, 1 μg of Super transposase (SBI System Biosciences, PB210PA-1) and 

5 μg of PB dox-ETV2 or NKX3.1 transposon were transfected into 2 million BJ273 iPSCs via the Neon electroporation system (Invi  - 

trogen, MPK10096) with parameters set to 1150 V for pulse voltage, 30 ms pulse width, and two pulses. Each reaction included 3 mL 

of electrolytic buffer and 100 μL of resuspension buffer R in 100 μL reaction tips. Post-electroporation, cells were seeded on Matrigel  - 

coated dishes in mTeSR Plus medium (STEMCELL Technologies, 100-0276) with 5 μM Y27632 (Selleckchem, S1049), and puromy  - 

cin selection at 0.5 μg/mL (InvivoGen, ant-pr-1) was applied. Positive iPSC clones were manually collected, and their pluripotency 

and doxycycline responsiveness were confirmed by qPCR and immunostaining assays.

Generation of vascular organoids 

Doxycycline-inducible Protocol 

Dox-ETV2 and dox-NKX3.1 h-iPSCs were initially dissociated into single cells using TrypLE Select (Thermo Fisher Scientific, 12563  - 

029) and plated onto Matrigel-coated 6-well plates in mTeSR plus medium with 5 μM Y27632. After 24 hours, when cells reached 30  - 

40% confluency, the medium was replaced with S1 medium, containing basal medium supplemented with 6 μM CHIR99021 (Sigma  - 

Aldrich, SML1046). The basal medium included Advanced DMEM/F-12 (Thermo Fisher Scientific, 12634010), 1x GlutaMax (Thermo 

Fisher Scientific, 35050061), 60 μg/mL L-ascorbic acid phosphate (Thermo Fisher Scientific, A8960-5G), and 0.4x P/S. After 24 hours, 

the medium was replaced again, and culture continued for another 24 hours to yield mesodermal progenitor cells (MePCs). 

MePCs were then dissociated, and 2 million MePCs from dox-ETV2 and 2 million from dox-NKX3.1 h-iPSCs were combined and 

cultured in 6-well suspension plates in S2 medium. This medium consisted of basal medium supplemented with 0.5 μg/mL Doxycy  - 

cline Hyclate (Sigma, D9891), 10 ng/mL EGF (ProSpec, CYT-798), 50 ng/mL FGF-2 (ProSpec, CYT-557), and 50 ng/mL VEGF 

(ProSpec, CYT-241). Plates were placed on an orbital shaker at 100 rpm, with daily medium changes. After 3 days, the VOs were 

obtained. 

modRNA protocol 

BJ273 hiPSCs were first differentiated into MePCs, as in the doxycycline-inducible protocol. MePCs were then dissociated into sin  - 

gle cells and transfected with modRNA: 2 million MePCs were transfected with 1 μg modETV2, and another 2 million with 1 μg 

modNKX3.1. Chemically modified RNAs encoding ETV2 and NKX3.1 were generated by TriLink Bio Technologies LLC through 

in vitro transcription, following a method previously described. 30,31 Briefly, T7 RNA polymerase-mediated transcription was conduct  - 

ed from a linearized DNA template with 5 ′ and 3 ′ UTRs and a poly-A tail; capped mRNAs were created using CleanCap Cap1 AG 

trimer, and additional processing steps included deoxyribonuclease treatment, phosphatase treatment to reduce immune response, 

and final purification on a silica membrane. 

Following transfection, cells were cultured in a 6-well suspension plate in S2 medium, consisting of basal medium supplemented 

with 10 ng/mL EGF (ProSpec, CYT-798), 50 ng/mL FGF-2 (ProSpec, CYT-557), and 50 ng/mL VEGF (ProSpec, CYT-241). Plates were 

placed on an orbital shaker (100 rpm), with daily medium changes. After 3 days, modRNA vascular organoids (modRNA-VOs) were 

obtained.

VO embedding in collagen/Matrigel matrix 

To embed VOs, one well of a 6-well plate was used to seed two 12-well plates, with each 12-well plate holding 40–60 VOs per well. 

Each plate required 12 mL of collagen I–Matrigel solution, with 6 mL per layer (0.5 mL per well). Matrigel was thawed on ice, mixed
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with collagen I, and 0.5 mL of the mixture was added to each well, followed by incubation at 37 ◦ C for 2 hours to solidify. Optimal VO 

density was maintained to promote vascular network formation while avoiding fusion. 

For embedding preparation, VOs were pipetted into 15-mL tubes, collected by gravity, and washed twice with StemPro-34 SFM 

(Gibco, 10639011). For the second layer, PureCol collagen I (Advanced BioMatrix, 5005) was combined with Matrigel on ice, and VOs 

were resuspended in this solution. The first layer in the 12-well plates was then overlaid with 0.5 mL of the VO-collagen I-Matrigel 

solution per well. Plates were gently rocked to evenly distribute VOs, and incubated at 37 ◦ C for 2 hours for gel solidification. 

After solidification, prewarmed (37 ◦ C) StemPro-34 SFM complete medium with 15% FBS, 100 ng/mL VEGF-A, and 100 ng/mL 

FGF-2 was added to each well to support blood vessel differentiation. Medium was refreshed every other day, and the blood vessel 

networks were analyzed using staining protocols on day 5.

Isolation of iECs and iMCs from VOs 

At designated time points post-differentiation, VOs were dissociated into single cells and sorted into CD31+ and CD31− populations 

using anti-human CD31 antibody-coated magnetic beads (DynaBeads, Thermo Fisher Scientific, 11155D). CD31+ iECs were 

cultured on 10-cm gelatin-coated dishes (1% gelatin) in EGM-2 medium, prepared by supplementing Endothelial Cell Growth me  - 

dium 2 kit into basal medium (excluding hydrocortisone; PromoCell, C22111) with 1x P/S. CD31− iMCs were expanded on 

10-cm dishes in SmGM-2 medium (Lonza, CC-3182).

Quantitative reverse transcription PCR 

Total RNA was isolated using either the RNease kit (Qiagen, 74106) or SYBR™ Green Cells-to-CT™ Kit (Thermo Fisher, 4402954). 

cDNA synthesis followed using either reverse transcriptase III (Thermo Fisher, 4368814) or the SYBR™ Green Cells-to-CT™ Kit. Quan  - 

titative PCR was performed with SYBR Green Master Mix (Thermo Fisher, A25776) on the QuantStudio™ 3 Real-Time PCR System 

(Thermo Fisher, A28567). Gene expression levels were normalized to GAPDH as a reference, with primer sequences listed in 

Table S1.

Flow cytometry 

Cells were dissociated with TrypLE, washed in phosphate-buffered saline (PBS) with FACS buffer (1x PBS, 0.5% BSA, 0.2 mM 

EDTA), and stained with fluorochrome-conjugated antibodies for 20 minutes at 4 ◦ C. After three washes, cells were resuspended 

in FACS buffer and analyzed on a BD Accuri™ C6 Plus flow cytometer (BD Biosciences), with data processed in FlowJo 10.10 

(BD Biosciences). Detailed antibody information is provided in key resources table.

Immunofluorescence staining 

Immunofluorescence staining of cells 

Cells were seeded at 2x10 4 cells/cm 2 on tissue culture-treated eight-well chamber slides (ibidi USA, Fisher Scientific, 50-305-795 or 

NC1535706). Cells were fixed with 4% paraformaldehyde (PFA), permeabilized with either 100% cold methanol at -20 ◦ C or 0.2% 

Triton X-100 in PBS for 15 minutes, and blocked with 10% BSA for 30 minutes at room temperature. Primary antibodies were applied 

for 1 hour at room temperature or overnight at 4 ◦ C, followed by three PBS washes. Secondary antibodies and DAPI were added for 

30 minutes at room temperature, and cells were mounted with DAKO fluorescence mounting medium (Agilent, S302380-2). Antibody 

details are provided in key resources table. 

Whole-mount staining of VOs 

VOs were fixed in 4% PFA for 1 hour, rinsed in PBS, and blocked with 5% BSA in PBS for 1 hour. Primary antibodies in blocking buffer 

(5% BSA in PBS) were applied overnight at 4 ◦ C on a rocking shaker. After three 10-minute PBS washes, organoids were incubated 

with secondary antibodies and DAPI for 2 hours at room temperature, followed by PBS washes. 

Whole-mount CUBIC clearing and staining of VOs 

Mature VOs, which remained embedded in ECM until fixation, were carefully dissected under sterile conditions using sterile 30-gauge 

needles to minimize residual matrix. Dissected VOs were then fixed in 4% PFA for 24 hours, rinsed in PBS, and treated with a 1:1 

dH2O R1 solution (35% dH2O, 15% Triton X-100, 25% quadrol, 25% urea) with three liquid exchanges over 6 hours, then incubated 

in R1 for 24 hours. VOs were washed three times in IHC buffer (PBS with 0.1% Triton X-100, 0.1% BSA, 0.01% sodium azide) for 

2 hours each, then incubated in primary antibodies for 48 hours at room temperature in IHC buffer. After three washes, VOs were 

incubated in IHC buffer with secondary antibodies overnight, washed in PBS, and cleared in CUBIC R2 (15% dH2O, 0.1% Triton 

X-100, 25% urea, 50% sucrose). Cleared VOs were transferred to an incubation chamber, mounted on slides, and imaged on a Zeiss 

880 confocal with Fast Airyscan.

Sprouting assay 

VOs, generated with a GFP reporter in the ETV2 line to label iECs, were collected on day 5 and embedded in fibrin gel (5 mg/mL fibrin  - 

ogen, Sigma-Aldrich, F8630; 0.5 U/mL thrombin, Sigma, T-9549). A 100-μL fibrin gel/VO construct was placed in the center of a 

35-mm glass-bottom dish (MatTek, P35G-1.5-10-C) and incubated at 37 ◦ C for 10 minutes to solidify. Constructs were cultured 

for 1 day, with 10 μM DAPT added in indicated experiments during embedding. GFP+ sprouts were imaged with an inverted fluores  - 

cence microscope, and sprout lengths were measured using ImageJ.
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Tube formation assay 

ECs (ECFCs, 2D-iECs, or VO-iECs) were seeded in a 96-well plate on top of 50 μL of solidified Matrigel in EGM-2 medium. After 6 

hours, cells were incubated with 1 μM Calcein-AM (BioLegend, 425201) for 10 minutes and imaged using a fluorescence microscope. 

Branch numbers were quantified with ImageJ.

Leukocyte adhesion molecule assay 

Cells were seeded on gelatin-coated 48-well plates (10̂5 cells per well) in EGM-2 medium. At confluency, cells were treated with or 

without 10 ng/mL TNF-α (PeproTech, 300-01A) for 5 hours, then lifted and stained with anti-ICAM-1, anti-E-selectin, or anti-VCAM-1 

antibodies for flow cytometry analysis.

Animal experiments 

All animal procedures were approved by the Institutional Animal Care and Use Committee at Boston Children’s Hospital in an 

AAALAC-accredited facility. 

VO transplantation in the kidney capsule 

In NOD-SCID mice, 1,000 tdTomato/luciferase-labeled VOs, with luciferase expression driven by the ETV2 line to track iECs, were 

transplanted under the left kidney capsule through a small incision. Bioluminescence was monitored weekly for 4 weeks using the 

IVIS system following administration of luciferin (150 mg/kg). Some grafts were explanted at 2 weeks for histological analysis with 

H&E and immunofluorescent staining. 

To assess vascular perfusion, mice received a tail vein injection of biotinylated Ulex Europaeus Agglutinin I (UEA-I; 50 μg in PBS; 

Vector Laboratories, B-1065-2) 30 minutes prior to euthanasia. UEA-I selectively binds to human ECs, allowing the identification of 

perfused human vessels in vivo. Following tissue harvest and fixation, Streptavidin Texas Red (Vector Laboratories, SA-5006-1) was 

applied to the histological sections of the grafts to visualize UEA-1+ vessels. Sections were also stained with human-specific anti  - 

CD31 to confirm the presence of human ECs. 

Mouse hind limb ischemia model 

Diabetes was induced in athymic nude mice via a single intraperitoneal injection of streptozotocin (220 mg/kg), with blood glucose 

levels checked to confirm hyperglycemia. Four days later, ischemia was induced by ligating the femoral artery and vein. Immediately 

after ligation, mice received either 1,000 VOs, with luciferase expression driven by the ETV2 line to track iECs, or 2 × 10̂6 cells (lucif  - 

erase-iECs + iMCs in a 1:1 ratio) suspended in 50 μL ice-cold Matrigel (Corning, 356237) injected into the ischemic muscle. Biolu  - 

minescence was monitored at indicated time points using the IVIS system following administration of luciferin (150 mg/kg). Blood 

flow recovery in the hind limbs was assessed using laser Doppler imaging pre-surgery and on postoperative days 0, 1, 3, 5, 7, 10, 

and 14, with relative blood flow calculated as the ratio of the operated to contralateral limb. 

Murine pancreatic islets transplantation model 

Pancreatic islets were isolated from C57BL/6 mice, digested with collagenase, and purified as previously described. 75,76 Isolated 

islets were combined with 1,500 VOs, washed in PBS, and resuspended in 50 μL PBS for transplantation. Non-fasting blood glucose 

was monitored weekly for up to 4 months to evaluate graft function. Two days before the end time point, mice underwent nephrec  - 

tomy of the kidney containing the graft to confirm that normoglycemia was graft-dependent.

Bulk RNA sequencing 

Bulk RNA sequencing was performed h-iECs and h-iMCs generated via both 2D and VO protocols, with three biological replicates per 

group. Total RNA extraction, library preparation, and sequencing were conducted by GENEWIZ (Azenta Life Sciences) using the Qia  - 

symphony RNA kit (Qiagen, 931636) for RNA extraction. Libraries were prepared with mRNA enrichment, fragmentation, cDNA syn  - 

thesis, end repair, adaptor ligation, and PCR enrichment, then sequenced on the Illumina HiSeq 2500 platform (2 ×150 paired-end). 

Sequencing data were processed with Illumina’s bcl2fastq software for fastq conversion and de-multiplexing. 

Raw reads were quality-checked and trimmed with Illumina v.0.39 to remove low-quality bases and adapter sequences, then 

aligned to the Homo sapiens reference genome (ENSEMBL) using STAR aligner v.2.7.11b. Unique gene hit counts were calculated 

with featureCounts (Subread package v.2.0.7) from exon regions, and differential expression analysis was conducted with DESeq2, 

using the Wald test to generate p-values and Log 2 fold changes. Genes with adjusted p-values < 0.05 and absolute Log 2 fold 

changes > 1 were considered differentially expressed. Gene ontology (GO) analysis of significant genes was performed with 

GeneSCF software, and principal component analysis (PCA) on the top 500 genes was visualized with the ‘‘plotPCA’’ function in DE  - 

Seq2 using Euclidean distance as the distance metric.

Single-cell RNA sequencing 

Cell and library preparation 

Cells were dissociated with TrypLE (3 minutes at 37 ◦ C for cells, 10 minutes for VOs), filtered through a FACS cell strainer, and pre  - 

pared for single-cell RNA sequencing using the Chromium Next 10X Genomics platform (10xGenomics, PN-1000128, PN-1000127) 

per the manufacturer’s protocol. DNA quantification and quality control were performed using a Qubit 2.0 Fluorometer and Agilent 

TapeStation D5000 at Harvard’s core facility. RNA sequencing libraries were prepared with the dual index kit (10xGenomics, 

PN-1000213) and validated using the Agilent TapeStation D1000.
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Illumine sequencing 

Sequencing was conducted by Medgenome on an Illumina Novaseq 6000, generating 150 paired-end reads (approximately 503 GB). 

The CellRanger software (10x Genomics) processed raw BCL files to produce FASTQ files and count matrices, utilizing the ‘‘cell  - 

ranger count’’ module for feature-barcode matrices. 

Dataset quality control 

Data were processed using 10x Genomics Cell Ranger (v8.0.1) and aligned to the GRCh38 human genome (refdata-gex-GRCh38  - 

2020-A). Quality control was performed in Seurat (v5.1.0), removing potential doublets identified by DoubletFinder (v2.0.4) and 

filtering for cells with 200–9,000 unique genes and <20% mitochondrial content to ensure high dataset integrity. 

Cell clustering 

Seurat (v5.1.0) was used for data normalization, scaling, and clustering. Feature expression was normalized with ‘‘LogNormalize’’ 

and scaled with ‘‘ScaleData.’’ The top 2,000 variable genes were identified with ‘‘FindVariableFeatures’’ for PCA. A K-nearest 

neighbor (KNN) graph, based on the first 15 principal components, was constructed with ‘‘FindNeighbors,’’ and cells were clustered 

with ‘‘FindClusters.’’ Differentially expressed genes (DEGs) were identified using ‘‘FindAllMarkers.’’

Microscopy 

Fluorescent images were captured on a Zeiss Axio Observer Z1 inverted microscope with an AxioCam MRc5 using a 20X objective, 

while 5X or 10X objectives were used for phase contrast imaging. Whole-mount VO staining was analyzed on a Zeiss LSM880 Laser 

Scanning Confocal microscope. Image analysis was performed using ZEN 3.6 (blue edition), ZEN 2.3 SP1, and ImageJ2 (2.9.0/1.53t).

QUANTIFICATION AND STATISTICAL ANALYSIS

All experiments were independently repeated at least three times with consistent results. Micrographs in the figures represent ex  - 

periments conducted on three or more occasions. Data are reported as means ± standard error of the mean (s.e.m.) unless specified 

otherwise. Statistical analyses included unpaired two-tailed Student’s t-tests for two-group comparisons and one-way ANOVA with 

Bonferroni correction for multiple group comparisons. No exclusion criteria were applied. All calculations were performed using 

GraphPad Prism v.10, with significance set at P < 0.05.
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