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Abstract
Traditional human blood vessel organoids, built primarily around endothelial monocultures,
fail  to  replicate  the  multicellular  architecture  and  dynamic  immunological  functions  of
native microvasculature. This review synthesizes an emerging paradigm shift toward third-
generation,  multi-lineage,  and  immune-competent  vascular  organoids.  Multicellular
integration, combining perivascular mural lineages (pericytes and vascular smooth muscle
cells) with functional immune populations (macrophages, microglia, and lymphocytes), is
delineated. Its role in reinstating baseline barrier tightness, contractility, and tissue-level
immunosurveillance is highlighted. Critical bioengineering workflows are examined, with
emphasis on fluidic shear stress in microfluidic platforms, the spatial precision afforded by
three-dimensional (3D) bioprinting, and multiplex CRISPR gene editing. These technologies
resolve  lineage-specific  media  conflicts  and  enable  off-the-shelf,  hypoimmunogenic
vascular constructs. Furthermore, the capacity of these systems to recapitulate complex
pathophysiology  is  evaluated.  Such  pathophysiology  includes  complement-driven
immunothrombosis in SARS-CoV-2 infection, neurovascular degeneration in Alzheimer’s
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disease, genetic small-vessel disorders, and tumor-immune barriers that govern chimeric antigen receptor T (CAR-
T) cell infiltration. Finally, persistent translational hurdles are outlined, including metabolic bottlenecks, diffusion
limits, scale‑up challenges, and the lack of large‑animal efficacy and safety data. Strategies that may help transition
these models from research tools toward clinically relevant platforms are also discussed.

INTRODUCTION
The human vasculature is a dynamic homeostatic hub that extends beyond blood conduction. In addition to

delivering oxygen and nutrients, and clearing metabolic waste, blood vessels also direct tissue

morphogenesis, organ-specific functional specialization, and regenerative capacity
[1]

. Structural stability in

native blood vessels relies on a specialized architecture in which a continuous endothelial cell (EC)

monolayer is enveloped by perivascular mural cells - microvascular pericytes and vascular smooth muscle

cells (VSMCs) in larger vessels - and anchored within a dense basement membrane. This multicellular

assembly depends on reciprocal crosstalk among ECs, mural lineages, and tissue-resident immune cells to

maintain barrier function and homeostasis
[1]

. Crucially, the vasculature exhibits striking organ-specific

heterogeneity, adapting to distinct physiological demands
[2]

.

Disruption of this coordination precipitates severe pathologies. Endothelial dysfunction, aberrant vessel

remodeling, and compromised barrier integrity underpin metabolic syndromes, stroke, neurodegeneration,

viral infections, and tumor metastasis
[3]

. Despite decades of biomedical research, modeling human vascular

pathophysiology in vitro remains challenging. Traditional two-dimensional (2D) monolayer cultures lack

essential cell-matrix interactions and shear stress, which rapidly triggers endothelial dedifferentiation and

functional decline
[4]

. Animal models, although physiologically intact, frequently fail to predict human

responses because of interspecies differences in receptors, inflammatory cascades, and drug metabolism
[5]

.

The emergence of human-induced pluripotent stem cell (hiPSC) technology, coupled with advanced

bioengineering, has redefined this landscape. Human blood vessel organoids (BVOs) now provide a

physiologically relevant, three-dimensional (3D) platform that recapitulates aspects of human vascular

development and pathology. First-generation BVOs established self-assembling endothelial networks
[6]

.

Second-generation models incorporated mural cells, thereby improving basement membrane deposition,

lumen formation, and mechanical stability
[7,8]

.

A critical limitation persists: the omission of functional immune populations. In vivo, immune cells,

particularly macrophages and T cells, are integral to the vascular niche and drive physiological remodeling,

inflammation resolution, and tissue repair
[9,10]

. Omitting immune lineages severely limits current vascular

organoids, restricting the modeling of immune-mediated vascular pathologies, infectious barrier breaches,

and tumor-immune-vascular microenvironment.

Next-generation bioengineering is driving a paradigm shift toward third-generation, multi-lineage, immune-

competent vascular organoids [Table 1]. In this review, we synthesize recent advances in establishing these

complex assemblies. We explore crosstalk among endothelial, mural, and immune lineages, evaluate

engineering enablers, from microfluidic organ-on-a-chip to 3D bioprinting, and highlight applications in

disease modeling and regenerative therapeutics. Finally, we outline key biofabrication bottlenecks and

challenges in scalability, current Good Manufacturing Practice (cGMP) compliance, engraftment, and long-

term safety.

Several reviews have already summarized BVO differentiation and its applications
[6,11-13]

. However, none has

systematically examined functional immune integration as a design principle. This review fills that gap by

framing third-generation vascular organoids through three interdependent dimensions:
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Table 1. Proposed generational framework of vascular organoid complexity

Generation Cellular composition Functional hallmarks Representative advances Period

First Self-assembled endothelial networks
Baseline lumen formation; static
2D/3D culture

Early BVO protocols[6] ~2014-2018

Second
Endothelium + mural cells
(pericytes/VSMCs); basement
membrane deposition

Structural stabilization; tight-junction
reinforcement; limited barrier function

Disease-modeling CC[7]; mural-
integration studies[8] 2019-2023

Third
Endothelium + mural cells + functional
immune populations; dynamic
immune interactions

Shear-dependent barrier integrity;
leukocyte trafficking; immune-
regulated remodeling; perfusion-
enabled stability

Immune-integrated organ-on-
chip and tri-culture
platforms[12,13]

2024-present

This framework is our proposed organizational scheme to clarify the progressive addition of cellular complexity. BVOs: Blood vessel organoids;
VSMCs: vascular smooth muscle cells; CC: collaborative cross.

• Compositional complexity: simultaneous presence of endothelial, mural, and functional immune lineages

alone is insufficient. The key is the dynamic heterotypic crosstalk among all three compartments, which

generates emergent properties (e.g., immune-regulated barrier permeability, pericyte-mediated control of

leukocyte trafficking) that binary co-cultures cannot reproduce;

• Functional capabilities: Beyond cell types, third-generation vascular organoids acquire tissue-level

functions, including shear-dependent barrier integrity, contractile responsiveness, and dynamic

immunosurveillance, that are absent in earlier generations. These requires both the cellular triad and

appropriate biomechanical cues (e.g., fluid shear stress, cyclic stretch), bridging the gap between structural

complexity and physiological relevance;

• Engineering enablers: Third-generation systems are architected by advanced bioengineering platforms,

microfluidic perfusion, 3D bioprinting with spatial precision, and clustered regularly interspaced short

palindromic repeats (CRISPR)-based isogenic lineage generation, which coordinate spatial organization,

deliver physiological forces, and unify genetic backgrounds. These engineering solutions are what make the

multi-lineage integration functionally meaningful.

To define the scope, we searched PubMed and Web of Science for English-language studies since 2000, using

combinations of “vascular organoid”, “blood vessel organoid”, “organ-on-a-chip”, “pericyte co-culture”, and

“immune integration”, prioritizing primary studies from 2019 onward.

BUILDING MULTI-LINEAGE AND IMMUNE-COMPETENT VASCULAR ORGANOIDS
Recapitulating the perivascular niche: mural cells and basement membrane assembly

Functional vascular maturation requires precise spatiotemporal coordination and heterotypic signaling

between ECs and mural lineages
[14]

. In late-stage angiogenesis, pericytes stabilize nascent endothelial

sprouts
[15]

, strengthen tight junctions through paracrine factors and direct contact
[16]

, and deposit basement

membrane components
[17]

. Heterocellular gap junctions such as Connexin 43 (Cx43) mediate these

interactions and stabilization events
[8]

. Mural cell recruitment thus directly determines microvascular

integrity, compliance, and selective permeability.

To recreate this niche in vitro, stem cell bioengineering employs two main strategies.

• Spontaneous co-differentiation vs. directed sequential induction: This approach mimics embryogenesis by

guiding mesodermal progenitors through wingless-related integration site (WNT) and transforming growth

factor-beta (TGF-β) signaling modulations to generate distinct endothelial and mural fates
[18]

. Early protocols
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by Patsch et al.
[19]

 and Orlova et al.
[20]

 demonstrated the concurrent expansion of hiPSC-derived ECs with

VSMCs or pericytes, respectively. Beyond soluble factor cocktails, the biophysical and spatial cues of the

surrounding microenvironment actively instruct endothelial fate determination. Zhang et al. demonstrated

that a 3D differentiation protocol not only enhances the efficiency of hiPSC-EC generation but also preserves

a stable endothelial phenotype, highlighting that spatiotemporal 3D context - rather than biochemical signals

alone - is a critical determinant of EC specification
[21]

. More recently, the identification of shared

mesenchymoangioblast (MAB) progenitors has accelerated pericyte differentiation
[22 ,23]

. PDGFRβ+

CD271
+
CD73

-
 progenitors derived from MABs further differentiate into pericytes {cluster of differentiation

274 [CD274]+ capillary or delta-like homolog 1 [DLK1]+ arteriolar}, VSMCs and stromal cells. Self-

assembling vessel organoids differentiated via WNT activation and BMP4 stimulation exhibit endothelial

lumens, covered by a continuous basement membrane and interact closely with pericytes
[6,24]

.

• Orthogonal transcription factor (TF) reprogramming: To bypass conflicting morphogenetic signals, recent

studies have turned to direct TF-driven fate engineering
[25]

. Gong et al. demonstrated that orthogonal

activation of TF ETV2 (endothelial) and NKX3.1 (mural) using Dox-inducible or modified mRNA

(modRNA) systems induces balanced co-differentiation within five days
[26]

. Delivering these TFs via

chemically modified mRNA produces footprint-free, physiologically relevant organoids, offering a scalable

platform for disease modeling
[27]

. However, forced TF overexpression may bypass normal developmental

checkpoints
[28,29]

, raising concerns about incomplete epigenetic remodeling and off-target effects
[29]

. For

ETV2/NKX3.1 systems, independent control of endothelial and mural compartments remains challenging

due to the shared trigger, and absent perfusion limits maturation
[26]

.

Parallel to lineage specification, accommodating these multicellular networks requires animal-origin-free

extracellular matrices (ECMs) to replace batch-variable Matrigel preparations
[30]

. Recombinant vitronectin,

engineered fibrin and human-derived collagen hydrogels match Matrigel in driving sprouting and capillary

morphogenesis
[30]

. Paired with ultra-low attachment U-bottom or “sitting drop” configurations, these

platforms enable standardized, high-throughput biofabrication of biomimetic vascular architectures
[31]

 [Table

2].

Integrating the immune compartment: leukocyte trafficking and vascular-immune crosstalk

Beyond the physical barrier, the vascular endothelium functions as a dynamic immunological interface

coordinating homeostasis, repair, and inflammatory cascades
[32,33]

. Under inflammatory conditions or altered

shear stress, ECs upregulate adhesion molecules such as intercellular adhesion molecule-1 (ICAM-1) and

vascular cell adhesion molecule-1 (VCAM-1), capturing circulating leukocytes for rolling, adhesion, and

transendothelial migration (TEM)
[13]

.

Single-cell transcriptomics revealed that aged splenic endothelial subpopulations acquire immune-like

intermediate states with antigen-presentation signatures
[34]

. This vascular-immune coupling is most evident

at the blood-brain barrier (BBB), where ECs collaborate with pericytes and astrocytes to regulate central

nervous system (CNS) immunosurveillance
[33]

.

Modern vascular organoid models incorporate immune compartments by co-differentiating or embedding

myeloid and lymphoid lineages into 3D constructs.

• Myeloid integration (monocytes/macrophages): hiPSC-ECs closely mimic primary human umbilical vein

endothelial cells (HUVECs) in inflammatory responsiveness. In microfluidic systems exposed to tumor

necrosis factor-alpha (TNF-α), hiPSC-ECs support increased monocyte adhesion, capturing leukocyte

extravasation
[13]

. Once recruited via endothelial chemokines, monocytes and macrophages drive ECM
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Table 2. Summary of multi-lineage and immune integration strategies

Integration type Approach Cell types
Key
technologies

Advantages Limitations References

Multi-lineage:
pericytes/VSMCs

Spontaneous co-
differentiation and
directed sequential
lineage induction

ECs + pericytes/VSMCs

Sequential
modulation of
WNT and TGF-β
signaling

Mimics in vivo
developmental
spatiotemporal
sequence

Time-consuming,
asynchronous
maturation, high
batch-to-batch
heterogeneity

[18-20,22,23]

Multi-lineage: organotypic
vascularization

Co-development of
mesoderm and endoderm

ECs + organ-specific
parenchymal cells
(lung/gut epithelia)

Simultaneous
differentiation of
mesodermal and
endodermal
lineages within
same spheroid

Captures organ-
specific endothelial
specialization and
tissue-resident
immune niches

Complexity of
multi-lineage co-
differentiation;
limited to specific
organ systems

[24]

Multi-lineage:
pericytes/VSMCs

Orthogonal transcription
factor activation

ECs + pericytes/VSMCs

ETV2 (endothelial)
+ NKX3.1 (mural),
chemically
modified mRNA or
Dox-inducible
systems

Rapid generation
within 5 days,
footprint-free,
controllable ratio

Long-term
stability and in
vivo functionality
require further
validation; forced
TF
overexpression
may introduce
non-physiological
phenotypes or
bypass normal
developmental
checkpoints

[25-29]

Multi-lineage:
pericytes/VSMCs

Modular assembly with
animal-origin-free matrix
culture

Pre-differentiated ECs +
pre-differentiated
pericytes/VSMCs

Recombinant
vitronectin, fibrin-
based hydrogels,
human-derived
collagen, “sitting
drop” method

Enhanced batch-to-
batch consistency,
compatible with
high-throughput
automation, xeno-
free, clinically
translatable

Matrix
composition
optimization
requires
systematic
investigation

[30,31]

Immune: myeloid
(monocytes/macrophages)

hiPSC-EC co-culture with
monocytes/macrophages

ECs +
monocytes/macrophages

TNF-α-induced
ICAM-1/VCAM-1
upregulation;
MMP-9 and VEGF
secretion

Recapitulates
leukocyte adhesion
and migration under
inflammatory
conditions

Precise control of
macrophage
polarization
(M1/M2)
remains
challenging

[13,35]

Immune: T cells/NK cells Vascular chip co-culture
ECs + Pericytes + T
cells/NK cells

Microfluidic
perfusion, TNF-α-
mediated
endothelial
activation, TEM
quantification

Enables quantitative
assessment of T-
cell rolling,
adhesion, and TEM

Device
complexity,
limited
throughput,
requirement for
specialized
equipment

[36,37]

Immune: organ-specific
(neurovascular unit)

Multi-cell co-culture with
glial components

ECs + pericytes +
astrocytes + microglia

Co-culture-induced
BBB phenotype
(tight junctions,
restricted solute
permeability)

Recapitulates
tissue-specific
vascular-immune
interactions and
CNS
immunosurveillance

Complex cell
sourcing,
optimization of
multi-cell ratios
and maturation
kinetics required

[38-40]

Dual integration (multi-
lineage + immune)

Full-spectrum tri-culture
platforms

ECs + pericytes/VSMCs
+ macrophages/T cells

Multi-cell hydrogel
encapsulation +
microfluidic
perfusion

Offer increased
physiological
complexity, enables
triadic (EC-mural-
immune) crosstalk
studies

Media
incompatibility
remains a critical
bottleneck,
scaling and
standardization
challenges

[44-46]

VSMCs: Vascular smooth muscle cells; EC: endothelial cell; TF: transcription factor; hiPSC: human-induced pluripotent stem cell; TNF-α: tumor
necrosis factor-α; MMP-9: matrix metalloproteinase-9; TEM: transendothelial migration; BBB: blood-brain barrier; CNS: central nervous system;
VEGF: vascular endothelial growth factor; WNT: wingless-related integration site; TGF-β: transforming growth factor-beta; NK: natural killer;
ICAM-1: intercellular adhesion molecule-1; VCAM-1: vascular cell adhesion molecule-1.

remodeling, endothelial sprouting, and lumen anastomosis by secreting Matrix Metalloproteinase-9

(MMP-9) and vascular endothelial growth factor (VEGF)
[9,35]

.

• Lymphoid integration [T cells/ natural killer (NK) cells]: Modeling adaptive immune cell trafficking

through 3D vascularized matrices is essential for evaluating cancer immunotherapies and chronic

inflammation
[36]

. Perfused microfluidic platforms with arterial-venous ECs wrapped by pericytes allow
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real-time tracking of T-cell rolling and TEM after cytokine stimulation
[37]

. These systems provide quantitative

models to test the homing, extravasation efficiency, and tumor-penetration kinetics of engineered cell

therapies, including chimeric antigen receptor (CAR) T cells.

• Organ-specific immune microenvironments: Replicating specialized pathology requires tailored

multicellular design. Modeling the neurovascular unit, for instance, requires the integration of microglia, the

brain’s resident myeloid population. Co-culturing hiPSC-derived brain microvascular ECs with astrocytes

induces mature BBB phenotypes with tight junctions and restrictive permeability
[38,39]

. Adding microglia

enables precise dissection of heterocellular communication and cellular dynamics under neuroinflammatory

conditions
[40]

.

Synergistic homeostasis: the triadic crosstalk driving vascular maturation

Mural and immune integration are functionally interdependent. Mural cells regulate immune trafficking by

controlling vessel diameter, tone, and basal permeability, governing leukocyte TEM kinetics
[16]

. Conversely,

integrated macrophages secrete pro-angiogenic factors (e.g., VEGF) to direct tip-cell sprouting while

recruiting and anchoring pericytes.

Tri-culture systems (EC + mural + immune) have been reported to enhance network complexity, basement

membrane assembly, and long-term stability
[41-43]

. Defining and exploiting this triadic crosstalk is key to next-

generation organoids, though translating these advances into therapeutic applications will require

overcoming substantial barriers in scale, safety, and functional validation
[44-46]

.

MULTI-LINEAGE COMPLEXITY IN DISEASE MODELING
The translational utility of immune-integrated vascular organoids centers on their capacity to model disease

mechanisms that simpler platforms cannot capture. Unlike single lineage endothelial cultures, these multi-

lineage systems reconstruct dynamic, multicellular pathological events under highly controlled conditions

[Table 3].

Recapitulating vascular inflammation and cytokine dynamics

Leukocyte rolling, adhesion, TEM, and secondary leakage are hallmarks of inflammatory conditions
[47]

. Next-

generation organoid systems move beyond static end-point measurements and capture these shear-

dependent cellular dynamics in real time.

In advanced BBB models exposed to ischemia/reperfusion, the introduction of circulating monocytes triggers

a classic biphasic barrier breakdown via upregulation of pro-inflammatory cytokines, including TNF-α,

interleukin-6 (IL-6), and interleukin-1 beta (IL-1β), driving MMP release and basement membrane

degradation
[48,49]

. Notably, monocyte migration across the damaged barrier has been documented in

inflammatory BBB models, where chemokine gradients and endothelial adhesion molecules orchestrate

leukocyte diapedesis
[50]

. Real-time imaging shows monocytes migrating across destabilized junctions toward

the abluminal space. These emergent properties materialize only when endothelium, perivascular stroma,

and immune cells interact simultaneously
[51]

.

Deconstructing the tumor-immune-vascular interface

In tumor microenvironments, aberrant, leaky vasculature sustains immunosuppression, impairing adoptive

immunotherapy delivery. Coupling vascular organoids with microfluidic chips provides a controllable

system to deconstruct this interface
[52]

.
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Table 3. Representative applications of multi-lineage vascular organoids in disease modeling

Disease area Integrated cell types Key pathological processes Major mechanisms References

Vascular inflammation
ECs + pericytes +
monocytes (BBB-on-a-
chip)

Leukocyte rolling, firm adhesion,
TEM; biphasic barrier opening;
MMP-mediated basement
membrane degradation

Cytokine-driven barrier disruption and
leukocyte diapedesis

[48-51]

Tumor-immune
interface

ECs + pericytes + CAR-
T/NK cells (vascularized
tumor-on-a-chip)

CAR-T cell homing, rolling, firm
adhesion, and transendothelial
infiltration into tumor parenchyma;
immunosuppressive vascular
barrier

Pericyte-governed permeability and
tumor-vascular crosstalk

[52-56]

SARS-CoV-2 infection
hiPSC-derived ECs +
pericytes/VSMCs

Microvascular endothelitis;
immunothrombosis

Complement-mediated microvascular
occlusion and thrombotic
microangiopathy

[57]

Bacterial meningitis
ECs + astrocytes + neurons
(BBB-on-a-chip)

Pathogen crossing of endothelial
barrier; junctional protein
impairment; monocyte
extravasation across compromised
barrier

Endothelial barrier disruption and
leukocyte TEM

[58-60]

SARS-CoV2 intestinal
viral infection

Vascularized colon
organoids-on-chip
(intestinal epithelium +
vascular endothelium)

Increased viral signals within
vascular lumens upon STEAP3
depletion

Host-factor-mediated viral
dissemination from intestinal
epithelium into circulation

[61]

Placental viral
infection

Human placental organoids
MPS + vascular
endothelium

Trophoblast-vascular interface;
viral infection modeling

Pathogen breach of the trophoblast-
vascular barrier leading to vertical
transmission

[62]

HHT ECs + VSMCs
Capillary structure thickening;
decreased EC-SMC interaction;
reduced cell viability

ENG haploinsufficiency-driven Notch
signaling disruption

[63]

CSVD ECs + VSMCs + pericytes

Lower growth density; earlier blood
vessel sprouting; longer and
thinner vascular filaments; smaller
final vascular organoids

NOTCH3-driven transcriptional
repression of vascular maturation
genes

[64]

Atherosclerosis

iPSC-derived BVOs (ECs +
VSMCs) + shear stress +
LDL + pro-inflammatory
cytokines + monocyte co-
culture

Endothelial dysfunction;
inflammatory responses; foam cell
formation; fibrous plaque; plaque
calcification

M2 polarization and lipid-lowering
intervention

[65]

Capillary
malformation (CM)

ECs + VSMCs (patient
iPSC-derived)

Increased EC and SMC density;
elongated vascular branches

Endothelial-to-mesenchymal transition
features; aberrant NR2F2 expression;
adherens junction disruption

[66]

Moyamoya disease
(MMD)

ECs + neural crest-derived
VSMCs (RNF213
mutant/KO patient iPSCs)

Reduced vascular branching;
impaired branch elongation; CD31+

endothelial network and Col IV+

basement membraned disruption

RNF213-related ECM dysregulation
and vascular branching defects

[67,68]

Hutchinson-Gilford
progeria syndrome
(HGPS)

ECs + VSMCs (LMNA
mutant hESC)

Accelerated vascular aging
phenotype

SRF pathway repression and
mechanosignaling disruption

[69]

Diabetic vasculopathy
hESC-derived BVO (ECs +
pericytes/VSMCs)

Basement membrane thickening;
excessive ECM deposition;
microvascular rarefaction

Hyperglycemia-driven pericyte-
endothelial dysfunction and
remodeling

[7,70-72]

Alzheimer’s disease

Vascularized neuroimmune
organoids (neurons +
microglia + astrocytes +
blood vessels)

Aβ plaque-like aggregates; tau
tangle-like aggregates;
neuroinflammation; elevated
microglial synaptic pruning;
synapse/neuronal loss; impaired
neural network activity

AD pathology induction and amyloid-
directed vascular inflammation

[73,74]

MASLD
Hepatobiliary organoids +
vascular organoids (liver-
vascular co-culture)

Hepatic steatosis; foam cell
formation in vascular organoids

Liver-vascular metabolic crosstalk and
foam cell formation

[75,76]

EC: Endothelial cell; BBB: blood-brain barrier; TEM: transendothelial migration; CAR-T: chimeric antigen receptor T; MMP: matrix metalloproteinase;
MPS: microphysiological systems; HHT: hereditary hemorrhagic telangiectasia; VSMCs: vascular smooth muscle cells; BVOs: blood vessel
organoids; iPSC: human-induced pluripotent stem cell; LDL: low-density lipoprotein; MASLD: metabolic dysfunction-associated steatotic liver
disease; ECMs: extracellular matrices; CSVD: cerebral small vessel disease; Aβ: amyloid-beta; NK: natural killer; SMC: smooth muscle cell; ENG:
endoglin; hESC: human embryonic stem cell; LMNA: lamin A/C; AD: Alzheimer’s disease; SRF: serum response factor.
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When hiPSC-ECs are cultured in 3D matrices exposed to tumor-conditioned medium, they assemble into

perfusable networks that adopt tumor-like transcriptional and structural signatures. Here, perivascular mural

cells (pericytes and VSMCs) directly determine vessel permeability and tight junction integrity, thereby

controlling how effectively immune cells penetrate the matrix. These platforms allow quantitative tracking of

the homing, rolling, adhesion, and transendothelial extravasation efficiency of engineered cellular

therapeutics, including chimeric antigen receptor T (CAR-T) cells or NK cells
[53-56]

. By capturing the interplay

between tumor-derived angiogenic factors [e.g., vascular endothelial growth factor-A (VEGF-A),

Angiopoietin-2] and the vessel wall, these models help clarify why immunotherapies fail in solid tumors and

serve as screening tools for vascular normalization drugs.

Modeling infectious disease pathology and barrier invasion

Vascular networks serve as both primary target tissues and physical barriers for diverse pathogens, which

makes multi-lineage organoids valuable for infectious disease modeling.

In human vascular organoids infected with SARS-CoV-2, complement factor D (CFD) has been identified as

a critical driver of microvascular endothelitis and immunothrombosis, providing a potential link between

viral infection, complement cascade activation, and vessel occlusion
[57]

. Similarly, dynamic BBB-on-a-chip

models have been employed to replicate the stepwise passage of diverse blood-borne pathogens across

restrictive human endothelia. In bacterial meningitis models, pathogens disrupt tight junction proteins and

activate local endothelial cells
[58]

. These platforms also capture fungal neurotropism
[59]

 and viral encephalitis

pathology
[60]

.

Vascularized organoid platforms extend infection modeling to tissue interfaces beyond endothelium. In

vascularized colon organoids-on-a-chip models, STEAP3 depletion increased viral signals within the vascular

lumen, demonstrating host-factor facilitation of viral dissemination
[61]

. Likewise, vascularized human

placental organoids microphysiological systems (MPS) maintain trophoblast viability, proliferation, and

differentiation while enabling the study of vertical transmission at the trophoblast-vascular interface
[62]

.

Modeling hereditary and vascular disorders

Multi-lineage vascular organoids are also advancing the study of genetic vasculopathies and metabolic

disorders.

• Hereditary hemorrhagic telangiectasia (HHT): Organoids generated from endoglin (ENG)-haplo-

insufficient hiPSCs display microvascular wall thickening, disrupted endothelial-smooth muscle interactions,

and reduced cell survival. Single-cell transcriptomics in these models identified dysregulated Notch signaling

as a core driver of the phenotype
[63]

.

• Cerebral small vessel disease (CSVD): Vascular organoids carrying the NOTCH3 p.R141C mutation,

modeling the most common monogenic cerebral small vessel disease, exhibit reduced capillary density,

premature sprouting, and stunted overall organoid growth. Transcriptomic profiling indicates widespread

downregulation of genes associated with cell adhesion, ECM assembly, and vessel maturation
[64]

.

• Atherosclerosis: In vitro models of atherosclerosis combine iPSC-derived vessel organoids with fluid shear

stress, low-density lipoprotein (LDL) exposure, pro-inflammatory cytokines, and circulating monocytes.

This setup captures key pathological events that require both mural and immune components, including

endothelial activation, monocyte-to-foam cell transition, fibrous plaque formation, and calcification
[65]

.
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• Other vascular disorders: Capillary malformation organoids show increased EC/smooth muscle cell (SMC)

density, elongated branches, and endothelial-to-mesenchymal transition features
[66]

. Moyamoya disease

organoids (RNF213-mutant) exhibit reduced branching with ECM dysregulation
[67,68]

. Lamin A/C (LMNA)-

mutant organoids model progeroid vasculopathy via serum response factor (SRF) pathway repression
[69]

.

Finally, diabetic vasculopathy organoids reproduce basement membrane thickening, excessive ECM

deposition, and microvascular rarefaction under hyperglycemia
[7,70-72]

.

Modeling neurodegenerative and metabolic disease

Vascularized neuroimmune organoids containing neurons, microglia, astrocytes, and blood vessels develop

Amyloid-beta (Aβ) plaque-like and tau tangle-like aggregates, neuroinflammation, synaptic pruning, and

network dysfunction within four weeks of exposure to brain extracts from patients with sporadic Alzheimer’s

disease. Notably, lecanemab reduced amyloid burden but increased vascular inflammation, with direct drug-

safety implications 
[73,74]

. Liver-vascular co-culture shows that effluent from steatotic hepatic organoids

induces foam cell formation, revealing a liver-vascular axis in metabolic dysfunction-associated steatotic liver

disease (MASLD) and providing a system to test interventions such as sirolimus
[75,76]

.

Together, these models illustrate the generality of the multi-lineage concept: wherever a pathogen must cross

a tissue barrier to reach the bloodstream, an organoid that reconstructs both the barrier and its vascular exit

route becomes a uniquely informative platform. Combining multi-lineage organoids with single-cell multi-

omics and CRISPR gene editing establishes a precise, human-relevant framework to map how cell-cell

interactions drive disease phenotypes and to identify target-directed therapeutics.

ENGINEERING PLATFORMS ENABLING MULTI-LINEAGE INTEGRATION
Orchestrating multi-lineage cellular assemblies alongside functional immune networks requires

bioengineering platforms that extend beyond static culture dishes. Modern approaches combine biomaterial

science, microfluidics, 3D bioprinting, and targeted gene editing into a unified biofabrication pipeline
[77]

.

This workflow addresses three architectural challenges: spatial arrangement (“where”), biomechanical force

regimes (“how”), and cellular lineage origin (“what”) [Figure 1].

Solving “where”: spatial organization and biomaterial architecture

Recreating native microvasculature requires micro-scale spatial control: mural cells must wrap the abluminal

surface of endothelial capillaries, whereas immune cells require functional routes from luminal fluid into

perivascular tissues.

• Layer-by-layer bioprinting: Modern 3D bioprinting addresses this spatial challenge by depositing diverse

cell types embedded in customized bioinks with micrometer-level precision. For example, in skin-on-a-chip

models, multi-layered extrusion printing embeds perfusable microvascular networks within dermal

equivalents, which are subsequently capped with stratified epidermal layers to build functional, organotypic

barrier models
[78]

.

• Matrix chemistry and integrin signaling: These spatial approaches are complemented by biocompatible

hydrogels, such as gelatin methacryloyl (GelMA) and alginate derivatives, engineered with tunable

mechanical  s t i f fness  and viscoelast ic i ty to mirror nat ive t issue compliance and guide cel l

morphodynamics
[79,80]

. Functionalizing these matrices with basement membrane proteins, such as laminin

and type IV collagen, engages cellular integrins (e.g., αvβ3/α5β1), triggering focal adhesion kinase (FAK)

signaling to direct endothelial polarization and leukocyte extravasation
[81]

.
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Figure 1. Bioengineering platforms driving multi-lineage and immune integration in vascular organoids. The biofabrication pipeline
addresses three architectural challenges: (left) spatial organization, 3D bioprinting and engineered matrix chemistry position mural and
immune cells around the abluminal endothelial surface; (center) force regimes, microfluidic perfusion applies physiological shear stress
and soluble gradients; (right) lineage definition, CRISPR editing and transcription-factor reprogramming unify the genetic identity of all
compartments derived from a single donor line. TEM: Transendothelial migration; FAK: focal adhesion kinase; GelMA: gelatin
methacryloyl; HLA: human leukocyte antigen; CRISPR-Cas9: clustered regularly interspaced short palindromic repeats/CRISPR-associated
protein 9; PECAM-1: platelet endothelial cell adhesion molecule-1; VE: vascular endothelial; KLF2/4: Krüppel-like factors 2 and 4.

• Translational ECM formulations: Non-swelling, degradable hydrogels matching the viscoelastic properties

of brain tissue provide physical space for organoid expansion without imposing compressive mechanical

stress. Replacing batch-variable Matrigel with defined recombinant human vitronectin and engineered fibrin

matrices provides standardized, animal-origin-free scaffolds compatible with clinical-grade, high-throughput

biofabrication
[30,82]

.

Solving “how”: dynamic microenvironments and biomechanical force regimes

Vascular network assembly depends on physical forces. The incorporation of cellular complexity into 3D

matrices must therefore be paired with microfluidic technologies that provide physiological fluid dynamics.

• Mechanotransduction and junctional tightening: Perfusable microchannels generate physiological pressure

gradients and fluid shear stress, both of which are essential for endothelial maturation and barrier

permeability regulation
[83]

. Shear stress stimulates endothelial mechanosensors, driving downstream

activation of the TFs, which regulate tight junction proteins. When pericytes and perivascular fibroblasts are

introduced at the abluminal surface under flow, these systems induce the self-assembly of stable, non-leaky

networks with robust basement membrane deposition
[84,85]

.

• Perfusion dynamics and live-cell diagnostics: Microfluidic architectures with perfusable channels generate

uniform cytokine gradients and steady shear stress profiles across the organoid network. These perfusion

systems enable real-time imaging of reactive oxygen species (ROS) levels
[86]

, leukocyte recruitment, rolling,

adhesion, and TEM under controlled hemodynamic regimes
[87]

.

• On-chip multi-omics and multi-organ linkage: Beyond mechanical stimulation, microfluidic platforms with

integrated automated processing modules can isolate high-viability single-cell suspensions directly from
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dense 3D matrices without conventional enzymatic digestion. When coupled with on-chip single-cell RNA

transcriptomics, these platforms track dynamic phenotypic drift and spatial heterogeneity in integrated

immune cells in real time
[88-90]

. At a systemic level, multi-organ-on-a-chip setups connect distinct tissue

modules (e.g., cardiac, hepatic, osseous, and cutaneous compartments) via endothelialized fluidic channels,

maintaining organ-specific endothelial phenotypes while modeling human pharmacokinetic profiles and

systemic immune trafficking
[91-94]

.

Solving “what”: defining cell sources and unifying genetic identity via fate engineering

A persistent challenge in engineering third-generation vascular networks is sourcing scalable, donor-

matched, and immune-compatible endothelial, mural, and immune cell lineages
[4]

. Precision gene editing

and TF driven reprogramming are increasingly addressing this limitation.

• CRISPR editing and single-cell droplet selection: CRISPR-Cas9 genome editing allows precise targeted

modification of hiPSCs before directed differentiation into discrete vascular or hematopoietic branches
[95-97]

.

Encapsulating these edited hiPSCs within microfluidic droplet platforms enables single-cell clonal selection

and rapid line validation
[98]

.

• TF-directed reprogramming: The transition from empirical cytokine cocktails to TF-guided fate

engineering is informed by single-cell multi-omics, which maps the molecular checkpoints governing

vascular lineage decisions. Large-scale perturbation screens and single-cell multi-omic analyses have

identified TFs governing early mesodermal-to-endothelial fate commitment
[99]

. Furthermore, TF-directed

reprogramming has enabled the generation of organ-specific endothelial subtypes, including brain-specific

barrier phenotypes with functional efflux transporter activity
[99]

.

• Isogenic multicellular assembly: By temporally modulating the VEGF-Notch signaling axis, hiPSC-ECs can

be directed toward specific arterial (e.g., EphrinB2+) or organ-specific barrier states
[100]

. Recent advances have

demonstrated the feasibility of generating endothelial, mural, and immune compartments from a single

hiPSC donor line, providing an isogenic platform for disease modeling and therapeutic screening
[101]

. This

shared genetic background reduces the risk of confounding allogeneic immune responses, providing an

isogenic system for disease modeling and therapeutic screening.

Single-cell and spatial multi-omics for quality assessment and mechanistic dissection

As vascular organoids increase in complexity, bulk analysis methods become insufficient. Emerging single-

cell and spatial multi-omics are essential for evaluating organoid quality, maturity, and physiological

relevance.

Evaluating cellular identity

Single-cell multi-omics enables unbiased characterization of cell type composition and lineage trajectories.

Nikolova et al. used this approach to reconstruct human brain vascular organoid (hBVO) development,

identifying TFs such as MDS1 and EVI1 complex locus (MECOM) that play critical roles in endothelial and

mural specification
[99]

.

Assessing maturation and heterogeneity

Murine BVOs single-cell RNA sequencing revealed heterogeneous and dynamic trajectory of endothelial,

mesenchymal, and macrophage clusters, with ECs adopting arterial, venous, capillary, and tip/stalk cell

identities - recapitulating in vivo diversity
[102]

.
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Deciphering cell-cell communication

Spatial transcriptomics platforms such as Slide-seq allow unbiased mapping of ligand-receptor pair

distributions within intact organoid architectures. In vascularized liver organoids, spatial transcriptomic

profiling identified insulin-like growth factor 2 (IGF2)-insulin-like growth factor 1 receptor (IGF1R)-protein

kinase B (AKT)/mitogen-activated protein kinase (MAPK) signaling as a key axis governing spatial

organization and functional maturation
[103]

.

Resolving spatial organization

Spatial multi-omics preserves 3D architecture, enabling researchers to map molecular dynamics, uncover

novel spatial patterns, and analyze cell-cell interactions within an intact architectural context, enabling

analysis of EC polarization, mural positioning, and immune cell compartmentalization - criteria essential for

physiological relevance
[104]

.

Quality control applications

These technologies serve as molecular “fingerprinting” tools to benchmark batches, identify aberrant cell

states, and guide protocol optimization. As spatial technologies continue to advance in resolution,

throughput, and accessibility, they are poised to become standard components of the vascular organoid

biofabrication pipeline - transforming organoid engineering from empirical optimization into data-driven,

quality-controlled biomanufacturing.

CHALLENGES, FUTURE DIRECTIONS, AND TRANSLATIONAL BOTTLENECKS
Despite clear conceptual and technical progress in engineering third-generation vascular organoids, key

biological, engineering, and immunological barriers must be overcome before these multicellular systems can

be routinely deployed for industrial screening or clinical applications
[105]

. Beyond the biochemical and

engineering obstacles discussed below, the integration of functional immune populations introduces a

distinct set of biological challenges that merit separate consideration.

Navigating biochemical antagonism, media incompatibility, and metabolic paradoxes

A central biological obstacle in constructing complex tissue models arises from the distinct, and often

conflicting microenvironmental, biochemical, and metabolic requirements of different cell lineages.

• Divergent lineage dependencies: Under normal homeostasis, ECs, mural cells, and immune populations

operate in tight synchrony. In co-culture, however, their survival and maturation requirements diverge
[106]

.

Quiescent ECs require continuous laminar fluid shear stress and baseline VEGF signaling to maintain barrier

integrity. Conversely, perivascular mural cells rely on specific ECM cues and TGF-β signaling to sustain a

contractile, non-fibrotic phenotype
[107]

. These divergent dependencies can be partially reconciled through

targeted modulation of shared intracellular signaling nodes
[108]

. Adding tissue-resident macrophages

introduces another layer of complexity, because their functional plasticity and survival depend on localized

cytokines that can directly oppose the anti-inflammatory, quiescent state required for a baseline endothelial

barrier
[109]

.

• Diffusion limits and nutrient gradients: When these cell types are assembled at physiological densities,

nutrient and oxygen diffusion limits emerge, causing necrotic core formation and network regression
[110,111]

.

While microfluidic channels help partition lineages and establish nutrient or oxygen gradients, dynamically

balancing these signals, such as promoting angiogenic sprouting without triggering hyper-inflammatory

immune responses, remains difficult. This is further complicated by donor-specific transcriptomic variation

in hiPSC-derived cells
[18]

.
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• Integrated multi-omic solutions: Resolving these limitations requires single-cell multi-omics

(transcriptomics, metabolomics, and fluxomics) to map the metabolic consumption and signaling networks

of each cell subpopulation in real time. These datasets can inform the design of switchable, computer-

controlled perfusion media and precision delivery systems
[106]

.

Scaling, automation, and the transition to predictive biomanufacturing

To move multi-lineage vascular organoids from small-scale laboratory prototypes to standardized platforms

compliant with cGMP guidelines, the field must overcome limitations in scalability and batch-to-batch

variability.

• Artificial intelligence (AI)-driven robotic assembly: Manual and semi-automated fabrication methods suffer

from inconsistent embryoid body size, variable cellular aggregation, and uneven ECM crosslinking.

Automated, AI-guided paradigms, such as “pick-place-perfuse” (Bio-P3), enable robotic systems to assemble

pre-formed microtissue modules (e.g., ring- or honeycomb-shaped perivascular aggregates) with high spatial

accuracy while maintaining continuous luminal perfusion to preserve cell viability
[112]

.

• Systemic multi-organ linkage: When coupled with microfluidic chips, these platforms may help establish

biomimetic branching, hierarchy, and shear-induced maturation under physiological flow conditions.

Interconnecting distinct organoid modules (e.g., heart, liver, bone, and skin) via vascularized channels helps

preserve organ-specific endothelial identities over extended durations (exceeding four weeks) while

capturing systemic pharmacokinetic and pharmacodynamic profiles
[113]

.

• Closed-loop feedback systems: Combining solid-state sensors with deep-learning models enables

continuous tracking of dissolved oxygen, pH, and metabolite levels (e.g., lactate, glucose). Autonomous,

closed-loop adjustments convert vascular organoid engineering from empirical optimization to predictive

biomanufacturing
[114]

.

Immunological compatibility and immune cell integration challenges

For clinical applications, such as using vascularized constructs as therapeutic grafts for ischemic disease,

allogeneic rejection remains a critical hurdle
[115]

. Additionally, immune cell integration introduces distinct

biological challenges.

• Universal hypoimmunogenic master lines: Patient-specific hiPSCs offer an autologous source, but are time-

and cost- prohibitive for acute interventions such as myocardial infarction or stroke
[116]

. Universal off-the-

shelf allogeneic cell lines are being developed via CRISPR-Cas9 genome editing
[117]

. Disruption of human

leukocyte antigen (HLA) class I and II complexes {via β-2-microglobulin [B2M] and class II transactivator

[CIITA] knockouts} combined with CD47 overexpression (“don’t-eat-me” signaling) helps constructs evade

both adaptive T cell responses and innate NK-cell surveillance
[118]

.

• Biomaterial encapsulation and immunomodulation: Semi-permeable, immune-protective biomaterials

allow nutrient exchange while shielding constructs from immunoglobulins and cytotoxic T cells
[119]

.

Additionally, embedding tolerogenic subsets, such as regulatory T cells or M2-polarized macrophages, can

promote local immune tolerance and facilitate integration with the host microvasculature after

transplantation
[120]

.

• Immune cell maturation and maintenance: induced pluripotent stem cell (iPSC)-derived macrophages

often exhibit fetal-like phenotypes with immature cytokine profiles
[121]

. Maintaining long-term function

remains difficult since niche signals, such as colony-stimulating factor 1 (CSF-1), interleukin-34 (IL-34), and
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Table 4. Practical challenges in immune cell integration and potential solutions

Challenge Underlying Mechanism Potential Solutions References

Immune cell maturation
iPSC-derived macrophages exhibit fetal-like
phenotype; incomplete surface marker expression
and cytokine profiles

Optimize differentiation protocols with
tissue-specific niche signals (CSF-1, IL-34,
TGF-β); co-culture with target tissue cells to
drive maturation

[121]

Maintenance of immune
function

Conventional organoid medium lack survival
factors for long-term immune cell persistence;
static culture limits nutrient/gas exchange

Develop immune-supportive medium;
integrate microfluidic perfusion for
continuous nutrient delivery

[122]

Phenotype-dependent effects
M1/pro-inflammatory immune cells inhibit
vascular development and disrupt homeostasis;
M2 cells support maturation

Precise control of polarization state via
cytokine modulation; use of inducible
systems for on-demand activation

[40]

Tissue-specific immune
phenotypes

Organ-specific macrophage identities (microglia,
Kupffer cells) require local environmental cues not
present in generic cultures

Co-differentiation with organ-specific
parenchymal cells; use of tissue-derived
ECM scaffolds

[123,124]

Batch-to-batch variability
Heterogeneity in immune cell differentiation and
polarization across differentiations

Implement quality control checkpoints; use
AI-driven image analysis for phenotype
validation

[125]

Immune disruption of vascular
homeostasis

Activated immune cells secrete inflammatory
cytokines (TNF-α, IL-6, IFN) that compromise
endothelial barrier integrity and promote
thrombosis

Incorporate negative feedback mechanisms;
use hypoimmunogenic or regulatable
immune cell lines

[126]

AI: Artificial intelligence; TNF-α: tumor necrosis factor-α; IL-6: interleukin-6; IFN: interferon; CSF-1: colony-stimulating factor 1; IL-34: interleukin-34;
TGF-β: transforming growth factor-beta; iPSC: induced pluripotent stem cell; ECM: extracellular matrix.

TGF-β, are often absent in conventional organoid culture medium, limiting chronic disease modeling
[122]

.

• Context-dependent effects: The impact of immune cells is highly context-dependent. In a 3D tri-culture

model, pro-inflammatory (M1) microglia inhibited neuronal differentiation and vascular development, while

anti-inflammatory (M2) microglia supported neurovascular maturation via the stromal cell-derived

factor-1/C-X-C chemokine receptor type 4 (SDF-1/CXCR4) signaling axis
[40]

. While appropriately polarized

immune cells can support vascular maturation, uncontrolled or pro-inflammatory immune populations may

actively disrupt organoid development and homeostasis.

• Tissue-specific immune phenotypes: Organ-specific macrophages (microglia, Kupffer cells, alveolar

macrophages) require tissue-specific cues to instruct appropriate immune cell differentiation, making

recapitulation of tissue-specific inflammatory or infectious pathologies challenging
[123,124]

.

• Immune disruption of vascular homeostasis. While quiescent macrophages support vascular homeostasis

and remodeling, their activation, whether by pathogens, or damage-associated signals, can rapidly destabilize

the vascular network
[125]

. SARS-CoV-2 infection activates inflammatory macrophages and upregulates

interferon signaling, driving cytokine release and vascular damage
[126]

. Balancing baseline stability with on-

demand inflammatory responses remains a critical challenge.

Table 4 summarizes these challenges and potential solutions.

AI-driven quality control and phenotypic screening

Deep learning models and computer vision pipelines are transforming quality control and phenotypic

screening in vascular bioengineering
[127]

.

• Label-free image analysis: Because multi-lineage organoids exhibit high structural complexity, manual

quantification of network connectivity, capillary diameter, and spatial organization is inefficient
[128]

.
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Convolutional neural networks, such as the Vessel Connectivity Network (VC-Net), enable label-free,

automated classification of normal versus disrupted vascular networks directly from brightfield or phase-

contrast images
[129]

.

• High-throughput sandbox for precision medicine: Applying these AI vision systems during manufacturing

provides real-time quality control, flagging defective batches and guiding protocol adjustments. Combining

patient-derived multi-lineage organoids with microfluidic chips under physiological flow creates a robust

platform for precision medicine. These integrated platforms allow researchers to study how hemodynamics

influence patient-specific disease phenotypes and drug responses, connecting genetic variation to functional

human pathophysiology.

Beyond the current blueprint: engraftment, missing lineages, and aging

Several frontiers remain largely unexplored. First, in vivo functionality: although hypoimmunogenic master

lines address immune rejection, the decisive translational test is whether transplanted vascular constructs

anastomose with the host circulation and sustain perfusion; engraftment, inosculation, and long-term

patency should become standard reporting criteria. An alternative or complementary approach to

circumvent the engraftment and rejection challenges is the use of cell-free therapeutics. Wei et al. recently

demonstrated that nanovesicles derived from hiPSC-ECs effectively promote angiogenesis and restore

perfusion in ischemic limb disease models, suggesting that the paracrine/vesicular payload of vascular

organoids - rather than the cells themselves - may offer a safer, more scalable route to clinical translation
[130]

.

Second, the current multilineage blueprint omits perivascular nerves (regulating tone beyond the

neurovascular unit) and lymphatic endothelium (coordinating fluid homeostasis and immune trafficking);

integration of these lineages may define the next level of physiological completeness. Third, aging: organoids

derived from progeria patients
[69]

 and aged endothelial populations
[34]

 indicate that vascular organoids can

serve as tunable models of vascular aging, opening a route to test senolytic and rejuvenation strategies.

CONCLUSION
The evolution of vascular organoid bioengineering reflects a shift from structurally reducible models toward

functionally integrated human microvasculature, a transition defined not merely by the addition of cell types,

but by the convergence of compositional complexity, functional maturation under physiologically relevant

biomechanics, and engineering-enabled architectural control. Early endothelial-centric systems provided

valuable insight into lumen formation, but they lacked the cellular diversity, mechanical resilience, and

immunological capacity of native tissues. Third-generation vascular organoids address these limitations by

establishing a dual-integration framework: incorporating mural lineages (pericytes and VSMCs) to reinforce

barrier function and vascular tone, alongside functional myeloid and lymphoid populations to capture

dynamic immunosurveillance, angiogenic remodeling, and inflammatory cascades.

Realizing the translational potential of these multi-lineage systems requires bridging the gap between stem

cell biology and advanced bioengineering. Convergence across microfluidics, 3D bioprinting, biomaterial

design, and targeted gene editing provides the technical foundation for controlling the spatial arrangement of

cells, simulating physiological shear stress, and overcoming lineage-specific media conflicts. Furthermore,

combining multiplex CRISPR editing to produce off-the-shelf hypoimmunogenic cell lines with deep-

learning-driven quality control elevates these platforms from empirical setups to standardized, predictive

biomanufacturing systems.

As these multilineage and immune-integrated models continue to mature, they already offer a versatile

platform for studying complex human pathophysiology, from acute infectious barrier breaches and

neurovascular degeneration to tumor angiogenesis and metabolic vasculopathies. When paired with
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single-cell multi-omics and patient-specific hiPSCs, these organoids hold promise for drug discovery,

mechanobiological research, and the development of personalized therapeutic strategies.

However, clinical translation, particularly as implantable grafts, faces formidable hurdles that should not be

underestimated. These include the lack of standardized cGMP‑compliant protocols; insufficient large‑animal

efficacy data; unknown immunogenicity even with hypoimmunogenic modifications; thrombosis and

leakage risk; high cost and time for patient‑specific organoid generation; and no benchmark criteria for

“sufficient” functional maturity.

Moreover, while TF-driven reprogramming offers rapid lineage specification, it is important to acknowledge

its inherent limitations. Unlike physiological development, where lineage commitment unfolds through

sequential, dose-dependent signaling with built-in quality control checkpoints, forced TF overexpression

imposes an abrupt and non-physiological instruction
[ 2 8 , 2 9 ]

. This bypass of normal developmental

intermediates raises concerns about incomplete epigenetic remodeling, residual donor-cell gene expression,

and suboptimal functional maturation
[ 2 9 ]

. Moreover, TF overexpression may cause nonspecific

transcriptional interference (“squelching”) and off-target gene suppression, with potential safety implications

including chromosomal abnormalities and oncogenic transformation. For ETV2/NKX3.1-based orthogonal

activation systems specifically, independent control of endothelial and mural compartments remains

challenging due to the shared Dox-inducible trigger, and the absence of perfusion in current suspension

cultures limits endothelial maturation
[26]

. These considerations underscore that TF-driven approaches, while

powerful, require rigorous functional benchmarking and safety validation before clinical translation.

Until these challenges are systematically addressed, the primary translational value of multi-lineage vascular

organoids will remain in disease modeling, target discovery, and preclinical drug screening. The path toward

regenerative therapeutics will require sustained interdisciplinary effort to bridge the gap between in vitro

complexity and in vivo functionality.
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