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Abstract

Endothelial cells (ECs) regulate vascular homeostasis, and their dysfunction is a key driver of many
cardiovascular and cerebrovascular diseases. Human-induced pluripotent stem cell-derived
endothelial cells (hiPSC-ECs) provide access to patient-specific vascular cells that can be directed
toward arterial, venous, or organotypic phenotypes, enabling personalized in vitro modeling of
endothelial pathology. In this review, we discuss how patient-specific iPSC-ECs are used as
predictive and personalized two- and three-dimensional models to dissect disease mechanisms and
prioritize targeted therapies, we highlight some limitations of this methodology, and outline future
directions for integrating iPSC-EC-based assays into individualized treatment algorithms.

Keywords: endothelial cells; induced pluripotent stem cells; personalized medicine; cardiovascular
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1. Introduction

Endothelial cells (ECs) form a thin, single-cell layer, known as the endothelium, that lines the
interior surface of all blood and lymphatic vessels, as well as the heart chambers [1,2]. These
specialized cells control the vessel tone, mediate the exchange of oxygen, nutrients and metabolic
waste products, and form a barrier between bloodstream and vascular or pericapillary tissues, thus
preventing thrombosis [3].

ECs are not a uniform population; instead, their phenotype aligns with their specific functions:
arterial ECs are long and narrow, oriented along the direction of blood flow to withstand high shear
stress, while venous ECs are wider and flatter with less regularly organized tight junctions [4]. In the
brain, ECs form a continuous, non-fenestrated monolayer with complex tight junctions and minimal
transcytosis, constituting the structural basis of the blood-brain barrier [5]. By contrast, endocardial
ECs are larger and possess numerous microvilli projecting into the cardiac cavity, which significantly
increase the luminal surface area, suggesting a sensor role for the endocardium in detecting changes
in the cardiac environment [6]. It has been extensively described that maladaptive endothelial
responses contribute to a broad spectrum of pathologies, including atherosclerosis [7], microvascular
complications of diabetes [8], pulmonary hypertension [9], stroke [10], and neurodegeneration [11].
Endothelial dysfunction is central to both cardiovascular and neurovascular disease: hallmark
features include impaired nitric oxide signaling [12], elevated reactive oxygen species [13], altered
expression of adhesion molecules, and abnormal permeability [14]. Advances in stem cell biology
now allow the generation of endothelial cells from human induced pluripotent stem cells (hiPSC-
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ECs), which can be further directed towards arterial, venous or organotypic phenotypes using
defined patterning cues and microenvironmental conditioning. These patient-specific hiPSC-ECs
provide a powerful platform to dissect endothelial dysfunction, model inherited and acquired
vascular diseases, and evaluate drug responses, thereby supporting predictive and personalized
medicine. An important strength of using differentiated cells derived from human iPSCs is that they
retain the complete patient-specific genotype, allowing disease-relevant phenotypes and drug
responses to be studied in a way that is difficult to achieve with animal models or heterologous cell
lines [15]. However, reprogramming to pluripotency is accompanied by extensive remodeling of
DNA methylation and chromatin, largely resetting epigenetic age and erasing many somatic, age-
and environment-associated epigenetic signatures, which can limit the ability of iPSC-derived cells
to fully capture late-onset or exposure-driven disease mechanisms [16].

iPSC-ECs may anticipate how the endothelium of the patient reacts to an insult. Since iPSC-ECs
preserve the donor’s genetic and current methods allow to analyze pathway-level responses, it has
become feasible to study patient-specific determinants of endothelial dysfunction and therapeutic
responsiveness in controlled experimental settings.

In this review, we will focus on how hiPSC-derived ECs can be used to recapitulate maladaptive
responses in vitro, and how such models can support precision medicine strategies and
individualized therapy selection. We will highlight technical and conceptual limitations, and describe
how hiPSC-EC models may be integrated into future workflows for individualized risk stratification
and therapy selection.

2. Endothelial Cells from iPSCs: Differentiation and Characterization

In the last decade, several protocols have been developed to generate ECs from iPSCs,
recapitulating embryonic vasculogenesis via the mesodermal progenitor stage [17]. During
embryonic development, ECs derive from mesodermal precursors, which establish a primitive
vascular plexus that, during vasculogenesis, is remodeled into a mature hierarchy of arteries, veins,
and capillaries [18]. Various developmental signaling pathways lead ECs to specialize in their specific
functions. Arterial specification is driven by VEGF-Notch signaling: high VEGF levels activate
VEGEFR2, which, by inducing the Notch pathway, promotes arterial differentiation and suppresses
venous traits [19]. Conversely, venous identity is promoted by transcription factors, such as NR2F2,
which represses Notch signaling and supports the venous gene program [20]. Hemodynamic forces
further contribute to the differentiation as arterial and venous ECs: laminar shear stress promotes
arterial differentiation of hiPSC-ECs by upregulating arterial genes such as EFNB2 and
downregulating venous markers via mechanotransduction pathways that augment Notch signaling
[21]. Blood-brain barrier endothelium, on the other hand, is induced and maintained by cues from
the neural microenvironment: in particular, Wnt/B-catenin signaling from glial and neural cells
induces CNS endothelium to acquire barrier properties, upregulating tight-junction genes such as
CLDNS5 during brain vascular development [22].

ECs are characteristically recognized by the expression of specific markers, including VE-
cadherin, platelet endothelial cell adhesion molecule-1 (PECAM-1/CD31), von Willebrand factor
(VWE), vascular endothelial growth factor receptor 2 (VEGFR2), and adhesion molecules such as
ICAM-1 and VCAM-1, which collectively reflect their identity, barrier function, and activation state
in the vascular system [23]. In vitro, ECs can be generated from hiPSCs within 4 to 15 days, depending
on the protocol, with typical cytokine-induced differentiation requiring about 8-10 days; faster
methods employ transcription factor ETV2, shortening the differentiation process to 4 days, followed
by expansion for subsequent use [24,25]. Endothelial arterial phenotype is primarily induced by
VEGF and Notch signaling. High VEGEF-A levels activate Notch by upregulating the ligand DLL4
and induce arterial markers such as ephrin-B2, NRP1 and HEY1/2, while lower VEGF permits the
venous program driven by NR2F2 [26]. Indeed, Notch signaling is crucial for arterial specification, as
Notch inhibition diverts differentiating cells to a venous fate, even in the presence of VEGF [26].
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cAMP agonists synergize with VEGF to enhance Notch activity and concomitantly suppress the
venous regulator NR2F2, thereby accelerating the arterial phenotype differentiation [21].

Several protocols have been established to generate iPSC-ECs, but it must be noted that certain
genetic backgrounds may influence differentiation. In their study, Carcamo-Orive and colleagues [27]
found that variations in the expression of homeobox transcription factors HOXA5 and HOXCI0,
which depends on donor genetic background, influence developmental programs that govern
mesodermal and vascular lineage commitment and thus differentiation efficiency toward the
endothelial lineage, potentially affecting patient-specific disease modeling outcomes. Also epigenetic
factors influence the differentiation of iPSCs: during the generation, iPSCs undergo extensive
reprogramming that erases most of the epigenetic signatures of the subject. However, some residual
“epigenetic memory” from the donor cell can persist, particularly in early-passages iPSC lines. This
residual memory can influence their differentiation potential, favoring lineages related to the donor
tissue. Such epigenetic memory is typically lost along cell passaging, as iPSCs progressively acquire
a more fully reprogrammed, higher state of pluripotency [28].

Furthermore, stochastic effects may impair reproducibility of the findings: in the same study,
Carcamo-Orive and colleagues [27] describe how the Polycomb Repressive Complex (PRC), an
epigenetic regulator that represses gene expression via trimethylation of histone H3 lysine 27
(H3K27me3), may influence cell differentiation. In particular, PRC target genes exhibited increased
non-genetic transcriptional variability across iPSC lines, reflecting heterogeneity in epigenetic
silencing states during reprogramming and maintenance of pluripotency. Such epigenetic variability
can influence differentiation trajectories and cellular phenotypes by controlling access to
developmental genes, thereby introducing non-genetic sources of functional variability in iPSC-
based disease models.

3. Patient-Specific iPSC-ECs as Predictive and Personalized Models for
Cardiovascular Applications

The idea that ECs could be used as patient-tailored experimental models was elegantly
illustrated by Jiménez-Torres and colleagues [29]. In their seminal work, the authors demonstrated
that it is possible to isolate patient-specific ECs from renal cell carcinoma (RCC) samples to model
and test anti-angiogenic treatments in vitro. Tumor-associated endothelial cells (TEnCs) and normal
endothelial cells (NEnCs) from each patient’s tumor and adjacent non-tumor kidney tissue, sorted by
CD31-based magnetic assay, were used to construct organotypic microvessels mimicking in vivo
blood vessels. The authors demonstrated that TEnC vessels exhibited higher angiogenic potential
than their normal counterparts, forming significantly more sprouts and showing disorganized
endothelial layers with reduced VE-cadherin expression, reflecting the pathological phenotype of
tumor vasculature. Quantitative PCR and ELISA revealed that TEnC vessels expressed and secreted
higher levels of pro-angiogenic molecules, including VEGF-A, VEGF-C, and FGF-2, and increased
the matrix metalloproteinases (MMP) MMP-2 and MMP-14, enzymes involved in extracellular matrix
remodeling and invasion. Conversely, adhesion-related genes such as CDH5 (VE-cadherin) were
downregulated. Importantly, when these personalized microvessels were exposed to the anti-
angiogenic drugs sunitinib and pazopanib, heterogeneous responses were observed among patients
and between TEnCs and NEnCs. In some patients, TEnC vessels responded to sunitinib with
decreased sprouting, while others were resistant or even showed increased sprouting. These variable
outcomes paralleled the clinical heterogeneity in drug response, demonstrating the model’s
predictive potential for personalized therapy selection.

More recently, iPSC-ECs generated from patients with familial hypercholesterolemia (FH) due
to LDLR mutations were found to display reduced LDL uptake, impaired angiogenic capacity, and
heightened inflammatory and oxidative stress signatures, providing a platform to interrogate
endothelial susceptibility to atherosclerosis and to test lipid-lowering or anti-inflammatory
interventions in a patient-specific manner. In their study, Zakharova and colleagues [30] generated
iPSCs from healthy donors and from two heterozygous FH patients carrying clinically characterized
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pathogenic LDLR variants affecting receptor trafficking and recycling. Then they directed these lines
through a three-step mesoderm-endothelium differentiation protocol followed by CD31-based
magnetic enrichment to obtain highly pure ECs (VE-cadherin*, CD31*, vVWEF*). At the protein level,
normal iPSC-ECs predominantly expressed the mature LDL receptor, whereas FH iPSC-ECs showed
a marked reduction in the mature form, with one line accumulating immature LDLR in the
endoplasmic reticulum and the other displaying an overall depletion of both immature and mature
receptor species; functionally, this translated into almost complete loss of fluorescent LDL uptake in
FH-derived endothelium despite preserved endothelial identity. This almost complete loss of LDL
uptake in FH-derived iPSC-ECs, despite preserved endothelial identity, closely mirrors the
fundamental cellular lesion in familial hypercholesterolemia, in which loss-of-function mutations in
LDLR abolish high-affinity LDL binding and internalization [31,32]. RNA-seq comparison between
control and FH-derived iPSC-ECs identified 39 differentially expressed genes, with downregulation
of monocarboxylic acid transporters and genes involved in exocytosis, cell-cell adhesion and
responses to external stimuli, and upregulation of genes related to cell secretion and leukocyte
activation, including dysregulation of angiogenesis- and Rapl pathway-associated genes.
Interestingly, Rap1l maintains endothelial barrier function, angiogenesis, and vascular homeostasis
[33] and protects against atherosclerosis, in murine models, by limiting inflammatory NF-kB-driven
signaling [34]. Taken together, these results indicate that endothelial cells with LDLR mutations are
intrinsically predisposed to dysfunction and chronic inflammation, regardless of systemic cholesterol
levels, thereby providing a mechanistically informative iPSC-EC platform for studying FH-associated
atherogenesis and screening therapies aimed to correct LDLR processing or mitigate endothelial
injury.

EC-based models have also been employed to investigate acquired diseases, thereby enabling
assessment of the contribution of the patient’s genotype. Zhou and colleagues investigated the use of
iPSC-ECs derived from patients with anti-complement factor H autoantibody-associated atypical
hemolytic uremic syndrome (aHUS) [35], an acquired autoimmune disease, with a high genetic
predisposition, caused by dysregulation of the complement system [36]. In patients with anti-
complement factor H autoantibody-associated atypical hemolytic uremic syndrome (aHUS), these
autoantibodies impair complement factor H normal regulatory function in the blood, leading to
excessive complement activation on the endothelial surface. The outcome is an increased deposition
of complement components, such as C3b, and the formation of the membrane attack complex, which
induces endothelial cell injury, apoptosis, and subsequent thrombotic microangiopathy. Notably, the
authors demonstrated that patient-derived ECs exhibit intrinsic endothelial defects, characterized by
impaired migration, tube formation, and proliferation, as well as aberrant activation of key signaling
pathways compared with control-derived ECs. In detail, impaired p38 MAPK signaling emerged as
a pivotal molecular hallmark of disease. p38 MAPK is known to maintain endothelial integrity partly
by regulating the expression of VE-cadherin [37], which is essential for cell-cell adhesion and vascular
homeostasis [38] and was also found to be downregulated in aHUS iPSC-ECs. This platform was then
used to test the effect of anisomycin, a specific p38 MAPK activator [35]. Anisomycin effectively
restored p38 phosphorylation levels and rescued endothelial dysfunction phenotypes, improving cell
migration and tube formation in the patient-derived iPSC-ECs. Additionally, overexpression of
MKKG®, a kinase that activates p38 signaling, also significantly enhanced p38 activity and endothelial
function. At the transcriptomic levels, RNA-seq identified 1,401 differentially expressed genes in
aHUS-derived ECs, including downregulation of PECAM1, BMP4, HOXA3, and CDH genes involved
in blood vessel development, cell migration, and angiogenesis [35,39—41]. Moreover, while both ECs
derived from patient-specific iPSCs and those derived from controls were vulnerable when exposed
to serum from aHUS patients containing anti-complement factor H autoantibodies, the former
showed a more pronounced aberrant response to complement dysregulation.

The damage caused by aHUS diseased serum was complement-dependent, as blocking
complement with compstatin rescued endothelial dysfunction. Thus, the iPSC-EC model effectively
recapitulates this pathological process, showing that patient serum triggers complement-mediated
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cytotoxicity, characterized by disruption of endothelial barrier function, increased apoptosis rates,
and exacerbated inflammatory signaling. These molecular and cellular events mimic the in vivo
endothelial damage observed in aHUS, validating the use of iPSC-ECs to mimic disease-relevant
endothelial pathobiology.

Further studying acquired diseases, Gorashi and colleagues developed an in vitro model of
diabetic endothelial dysfunction [42]. ECs derived from diabetic patient iPSCs expressed
inflammation-related markers such as VCAM-1, ICAM-1, and P-selectin, showed higher intracellular
ROS levels, and had a higher proportion of platelet-adherent cells compared with ECs derived from
control iPSCs. At the transcriptomic level, 3,464 genes were differentially expressed, including those
involved in angiogenesis and vascular development. Interestingly, when exposed to a medium rich
in glucose, urea, and TNF-a, which replicates diabetic plasma, control ECs increased expression of
ICAM-1, VCAM-1, and P-selectin, whereas such a response was not observed in ECs derived from
diabetic patients, suggesting that these cells may better tolerate the altered microenvironment. To test
the feasibility of this model as a platform for drug screening, the authors tested several compounds
known to improve endothelial function, such as the PPAR-y agonist pioglitazone, the angiotensin
receptor blockers telmisartan and valsartan, the anticoagulant heparin, aspirin, and resveratrol. The
authors not only demonstrated that pioglitazone, telmisartan, and valsartan were the most effective
drugs for reducing VCAM-1 expression, but also identified the optimal therapeutic regimen and drug
concentration for each patient, thereby generating a precision-medicine framework in which
treatment strategies can be precisely tailored.

To investigate the impact of obesity on endothelial dysfunction, Gu and colleagues generated
iPSC-ECs from both control and diet-induced obesity mice [43]. Functionally, iPSC-ECs from diet-
induced obesity mice exhibited significantly reduced migration, proliferation, increased apoptosis
under hypoxia, and diminished tube formation capacity, indicative of endothelial dysfunction.
Molecular analyses revealed altered gene expression in obese-derived iPSC-ECs, including
upregulation of apoptosis, inflammation, oxidative stress, and cellular senescence pathways. Key
molecular findings in obese-derived iPSC-ECs included also reduced NO production and impaired
endothelial nitric oxide synthase (eNOS) activity, reflected by decreased eNOS phosphorylation at
Ser1177, increased phosphorylation at Thr495 (which inhibits eNOS activity), and enhanced eNOS
uncoupling. Authors demonstrated that pravastatin restored NO production by enhancing eNOS
activity, thereby decreasing oxidative stress and improving NO bioavailability. Pravastatin enhanced
cell migration, proliferation, and tube formation, while significantly lowering apoptosis under
hypoxic conditions. These results were later confirmed in vivo, where pravastatin administration
improved perfusion and vascular regeneration in a murine hindlimb ischemia model transplanted
with obese-derived iPSC-ECs, and decreased muscle damage and inflammation. When transplanted
into ischemic hindlimbs, these iPSC-ECs led to poorer reperfusion and greater muscle damage and
inflammation than control iPSC-ECs. In line with the previous results, co-administration of
pravastatin improved vascular integration and functional recovery, confirming the therapeutic
potential of statin-mediated eNOS/NO pathway activation in reversing obesity-induced endothelial
dysfunction. This study demonstrated that obesity impairs the regenerative potential and function of
iPSC-ECs, highlighting important molecular pathways involving oxidative stress, inflammation, and
eNOS regulation. Such insights are crucial for advancing personalized regenerative therapies
targeting vascular complications of obesity and diabetes.

Similarly, Gu and colleagues [44] demonstrated that patient-specific iPSC-ECs can be used to
identify potential therapies for pulmonary arterial hypertension through combined phenotypic drug
screening and in silico transcriptomic analysis. Using iPSC-ECs from six patients with pulmonary
arterial hypertension, they demonstrated that they had reduced survival under stress, impaired
angiogenesis, reduced adhesion to extracellular matrices, and decreased migration. These cells
displayed altered bone morphogenetic protein (BMP) signaling pathways, including reduced
expression of the BMP receptor BMPR2. The authors then screened 4,500 compounds for their ability
to improve endothelial survival after serum withdrawal, a common in vitro stress condition,
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identifying tyrphostin AG1296, a selective tyrosine kinase inhibitor of PDGFR, as the lead compound
that enhanced survival and angiogenesis and reversed disease-associated molecular signatures.
Mechanistically, AG1296 restored and enhanced BMPR?2 signaling, a central pathway disrupted in
pulmonary arterial hypertension. It increased the abundance of BMPR1A, BMPR1B, and BMPR2
receptors and activated downstream signaling cascades including pSMAD1/5-ID1, pAKT, and pERK,
leading to improved endothelial survival, angiogenesis, and reduced apoptosis. Transcriptomic
analyses showed that AG1296 upregulated pro-survival and pro-angiogenic genes such as APLN,
VEGFA, BIRC3, and FST, while downregulating genes related to inflammation, smooth muscle
proliferation, and apoptosis. Notably, RNA-seq and LINCS-based bioinformatic analysis revealed
that AG1296 induced a robust anti- pulmonary arterial hypertension gene signature, characterized
by upregulation of CREB3 and CREB5, transcriptional co-activators that enhance SMAD1/5-ID1
signaling and endothelial stability. Functionally, AG1296 not only improved endothelial function,
but also suppressed pulmonary arterial smooth muscle cell (SMC) proliferation, contributing to the
regression of neointimal lesions in ex vivo lung organ culture. In a rat model of severe pulmonary
artery hypertension, AG1296 reduced right ventricular systolic pressure and reversed vascular
occlusions, demonstrating therapeutic efficacy in vivo. Importantly, compared to other TKIs such as
imatinib, dasatinib, axitinib, and pazopanib, AG1296 showed superior endothelial protection and
BMPR?2 activation without inducing endothelial apoptosis or inflammation.

Since iPSCs allow the generation of patient-specific testing models, they can be used to evaluate
the effects of environmental factors in a way that is much faster than a classical epidemiological
investigations [45], and to study the interplay between genetic background and external noxious
agents [46]. Tang and colleagues used H9 human embryonic stem cells differentiated into endothelial
cells (H9-ECs) as a model to study cadmium toxicity [47]. Cadmium is an environmental pollutant,
and its exposure is associated with an increase in all-cause and cardiovascular mortality [48]. To
evaluate its effects in vitro, H9-ECs were exposed to escalating doses of cadmium chloride (CdCl,)
for 24 hours, which reduced ECs proliferation and their ability to form capillary-like tube structures
on Matrigel in a dose-dependent manner, indicating impaired angiogenic capacity. In the wound
healing scratch assay, CdCl, treatment markedly decreased ECs migration, delaying wound closure
compared to controls. RNA sequencing identified a set of differentially expressed genes in H9-ECs
treated with CdCl, compared to control cells related to angiogenesis, i.e., vascular development
pathways, apoptotic processes, mitochondrial dysfunction and MAPK signaling, notably the p38 and
ERK branches. These functional deficits in angiogenesis, migration, and proliferation mirror the
endothelial dysfunction due to cadmium toxicity, supporting the model relevance to vascular injury.
Authors then tested the molecules SB203580 and PD0325901, respectively targeting the p38 and ERK
pathways, demonstrating that inhibition of these pathways mitigated apoptosis and partially
restored ECs function.

iPSC-ECs have also been used to study how inherited and epigenetically encoded factors
contribute to vascular ageing and inflammatory responses in coronary artery disease. As a
multifactorial disease, genetic predisposition and lifestyle significantly influence disease
development and progression. The group of Landmesser generated iPSCs from lifestyle-matched
donors stratified by cardiovascular risk (older healthy individuals, patients with stable coronary
artery disease, and younger patients with acute coronary syndrome) and differentiated them into
ECs, which were then stimulated with TNF-a to mimic an inflammatory state under static,
atheroprotective, and atheroprone flow conditions. Compared with cells from healthy donors, iPSC-
ECs from acute coronary syndrome patients tended to show stronger TNF-a—induced upregulation
of adhesion molecules such as E-selectin and ICAM-1, accompanied by increased monocyte
recruitment [49] even under laminar, classically protective flow patterns, while VCAM-1 responses
were comparatively blunted [50].

iPSC-ECs from higher-risk donors exhibited also more rapid telomere shortening with each
population doubling, consistent with features of accelerated endothelial senescence [50].
Transcriptomic profiling further indicated that TNF-a elicited distinct gene-expression programs in
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cells from acute coronary syndrome versus healthy donors, with differential enrichment of pathways
involved in leukocyte and lymphocyte regulation, adaptive immunity, and cytokine signaling.
Moreover, epigenetic “mitotic age” estimates derived from DNA methylation also increased
following endothelial differentiation in all groups, suggesting that these in vitro models can capture
aspects of proliferative history relevant to vascular ageing. These pioneering findings demonstrate
that iPSC serve as a viable in vitro model for polygenic diseases such as coronary artery disease.

Together, these observations support the use of iPSC-ECs as experimentally tractable, patient-
specific vascular surrogates that reflect individual cardiovascular risk profiles and offer a reliable
model for predictive and personalized testing in cardiovascular disease, accelerating the
identification of therapeutic targets and the development of predictive, individualized treatments
(Figure 1).
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Figure 1. Endothelial cell models of cardiovascular disease. ECs derived from patients with diabetes were used
to identify an optimal antidiabetic strategy. Patient-derived ECs can be generated and screened for their response
to multiple drugs and to assess treatment responses. Gorashi and colleagues exposed these ECs to different
PPAR-y agonists and measured reduced VCAM-1 expression as a proxy for diabetes-associated vascular
dysfunction. Right: ECs can model how cardiovascular risk shapes endothelial inflammatory responses.
Landmesser and colleagues generated iPSCs from lifestyle-matched donors stratified by risk (older healthy
individuals, stable coronary artery disease, and younger acute coronary syndrome) and differentiated them into
ECs, then applied TNF-a under static, atheroprotective, or atheroprone flow. Compared with healthy donor
cells, acute coronary syndrome iPSC-ECs showed greater TNF-a—induced upregulation of adhesion molecules

(E-selectin, ICAM-1) and distinct transcriptomic signatures.

4. Patient-Specific iPSC-ECs as Predictive and Personalized Models for
Cerebrovascular Studies

Cerebral  Autosomal Dominant Arteriopathy  with  Subcortical Infarcts and
Leukoencephalopathy (CADASIL) is a rare hereditary cerebrovascular disorder caused by mutations
in the NOTCH3 gene. It primarily affects the small blood vessels in the brain, leading to thickening
of vessel walls and reduced blood flow, which results in recurrent subcortical ischemic strokes,
cognitive decline, and progressive dementia [51]. The mutant NOTCHS3 protein in vascular smooth
muscle cells (VSMCs) and pericytes leads to loss of mural cells and capillary dysfunction.

To study CADASIL in vitro, Kelleher and colleagues [52] generated iPSCs from patients and
differentiated them into both ECs and VSMCs. Co-culture experiments with patient-derived cells
revealed that CADASIL mutant VSMCs showed an inability to support microvessel networks
formation. Specifically, CADASIL iPSC-derived VSMCs had lower expression of PDGF receptor-f3
and secreted less VEGF, impairing the survival and stability of capillary structures. As a result, when
patient-derived endothelial cells and VSMCs were combined, the capillary-like networks were
unstable and prone to degeneration, reflecting the small-vessel loss observed in patients. Authors
then tested tailored interventions on this model, adding back VEGF to the cultures, or using siRNA
to knock down mutant NOTCH3 in patient cells. Both strategies restored in part capillary stability.
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In detail, supplemental VEGF improved endothelial network formation, and reducing NOTCH3
activity in VSMCs mitigated its toxic gain-of-function effect, allowing for more normal vessel
development. These findings highlighted the molecular pathway by which NOTCH3 mutations
cause the disease and suggested potential therapeutic interventions. iPSC-EC model can help
predicting in specific patients the beneficial effects of drugs utilized to treat other diseases. For
example, CADASIL cells can be tested with various Notch pathway modulators or with metabolic
treatments to observe their impact on in vitro vessel integrity and guide off-label therapy tailored to
each single patient’s molecular defect.

Moyamoya disease (MMD) is a rare cerebrovascular disorder marked by progressive stenosis of
the intracranial internal carotid arteries and development of fragile collateral vessels at the base of
the brain [53]. In this disease, dysregulation of ECs results in altered vessel repair and maladaptive
formation of new blood vessels, contributing to the characteristic “puff of smoke” appearance on
angiography. Patient-specific iPSC-derived ECs have emerged as a powerful in vitro model to study
MMD in the context of an individual’s genetic background. These models allow researchers to
investigate endothelial dysfunction in MMD, uncover molecular pathways unique to patients, and
test personalized therapeutic strategies. Early iPSC studies provided the first direct evidence of
intrinsic endothelial defects in MMD. Hitomi and colleagues generated iPSC lines from MMD
patients (carrying the East Asian founder variant RNF213 R4810K) and healthy controls, then
inducing their differentiation into vascular ECs [54]. They found that MMD patient-derived iPSC-
ECs formed fewer, shorter tube-like structures than controls, indicative of reduced angiogenic
capacity. This angiogenic defect was observed even under pro-angiogenic conditions and was one of
the first functional phenotypes recapitulated in an MMD cellular model. These results were later
confirmed by Hamauchi and colleagues [55]. In co-culture assays, endothelial tubes formed by MMD
iPSC-ECs were significantly shorter and fewer than those formed by control ECs, regardless of the
presence of vascular growth factors such as VEGF or bFGF. Interestingly, endothelial proliferation
rates were similar between MMD and control iPSC-ECs, suggesting that the disease primarily impairs
the ability to sprout new vessels rather than general cell growth. Together, these findings indicate an
intrinsic endothelial dysfunction in MMD that leads to poor angiogenic response, consistent with
clinical observations of inadequate collateral vessel development in patients. At the molecular level,
DNA microarrays showed significant suppression of multiple ECM-receptor interaction genes in
MMD iPSC-ECs with integrin (ITG) B3 and ITGBS8, which mediate endothelial adhesion and
angiogenesis.

Since integrins are crucial for endothelial migration and organization during angiogenesis [56],
their downregulation provides one explanation for the poor tube-forming ability of MMD cells. In
contrast with the ECM genes, 117 genes were upregulated. Pathway analysis pointed to cell-cycle
and mitosis-related genes (e.g., BUB1 and PTTGI1 encoding securin) being enriched in MMD cells.
Proteomic analysis further showed increases in nuclear proteins involved in RNA processing
(heterogeneous nuclear ribonucleoproteins and splicing factors) and cell proliferation in MMD ECs,
whereas certain structural proteins (e.g., caldesmon and cytokeratin-18) were decreased. These shifts
suggest that MMD endothelial cells adopt an altered regulatory state, potentially affecting their
responses to stress or growth signals.

Notably, iPSC models have helped pinpoint which vascular cell types are most affected in MMD.
Using the same patient iPSC lines, Tokairin and colleagues differentiated not only ECs but also
VSMCs, the other major component of blood vessel walls [57]. Under baseline conditions, patient-
derived iPSC-VSMCs were almost indistinguishable from healthy controls in morphology, marker
expression, and functions such as proliferation, migration, and contractility. At the transcriptomic
level, only 6 genes were differentially expressed in MMD VSMCs compared to controls, and no
significant functional deficits were observed. In contrast, the iPSC-ECs from the same patients
showed about 120 gene expression differences and a clear angiogenic impairment. Such side-by-side
comparison helped to demonstrate that, at least in vitro, endothelial cells carry the predominant
disease signal in MMD and can help identifying potential therapeutic targets in this disease.
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Arce and colleagues [58] used iPSCs from patients with familial cerebral cavernous
malformation due to heterozygous KRIT1 mutations to generate ECs and self-assembled vascular
organoids. The patient-specific organoids developed abnormally dilated, leaky vascular structures
resembling cavernomas, and the iPSC-derived ECs showed alterations in the expression of genes
such as KLF2, KLF4, CAV1, ADAMTS4, and vWEF, as well as cell junctional defects, resulting in
reduced trans-endothelial electrical resistance. Taken together, these results indicate compromised
endothelial barrier integrity and are comparable to what is observed in vivo. Interestingly, when the
patient-derived ECs were injected into ex vivo mouse brain explants, they successfully integrated
into the existing mouse vasculature.

Unlike control ECs, the mutant ECs from cerebral cavernous malformation patients reshaped
and remodeled pre-existing vessels, leading to morphological changes, including increased vessel
diameter and reorganization of nearby vascular smooth muscle cells. This process has been shown in
murine cavernomas [59] and possibly mediated by the upregulation of genes involved in extracellular
matrix reorganization, such as ADAMTS4.

Taken together, these results show that, also in cerebrovascular diseases, iPSC-ECs can serve as
patient-specific models, enabling the identification of therapeutic targets and the mechanistic
pathways underlying the diseases (Figure 2).
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Figure 2. Endothelial cell models of cerebrovascular disease. ECs have been used to model cerebrovascular
disorders. Left: Vascularized organoids derived from healthy controls and cerebral cavernous malformation
patients. Patient-derived organoids developed abnormally dilated, leaky vascular structures resembling
cavernomas and showed dysregulated expression of the associated genes, including KLF2, KLF4, CAV1, and
ADAMTS4. Right: Kelleher and colleagues differentiated ECs and VSMCs from CADASIL iPSCs and assessed
vessel formation in co-culture. CADASIL mutant VSMCs failed to support microvessel network formation,
impairing capillary survival and stability; accordingly, patient-derived EC-VSMC networks were unstable and
prone to degeneration, consistent with small-vessel loss in CADASIL. Addition of VEGF partially rescued

endothelial network formation. CCM: cerebral cavernous malformation; HC: healthy controls.

6. Limitations

Despite the promise of iPSC-ECs as experimental models for personalized medicine, several
important technical and conceptual limitations remain. One significant drawback is the erasure of
epigenetic memory during the reprogramming process [60], which means that disease-relevant,
environmentally acquired epigenetic signatures from the donor are largely lost, reducing the capacity
to recapitulate complex, acquired pathological phenotypes, especially those influenced by age or
chronic exposures. Additionally, experimental designs often lack precise definition or control of the
duration and timing of exposure to pathological stimuli, such as toxins, inflammatory mediators, or
disease-causing mutations, making it challenging to model the gradual progression and cumulative
nature of many vascular diseases. Furthermore, long-term effects of potential treatments or gene edits
remain poorly characterized in vitro due to limitations in culture lifespan, batch variability, and an
inherent fetal-like or immature state of many iPSC-ECs. Importantly, the vascular endothelium does
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not function in isolation; its properties and pathophysiological responses are shaped by interactions
with pericytes [61], smooth muscle cells [62], immune cells [63], and neural components [64,65] within
the vessel microenvironment as well as the hemodynamic environment reproducing physical forces
acting on cells [66,67]. Consequently, truly predictive in vitro models require multicellular or three-
dimensional systems that recapitulate cellular crosstalk and tissue context [68]; current monoculture
or oversimplified models may miss key mechanistic insights relevant to in vivo physiology and
personalized therapeutic strategies.

7. Future Applications

In the future, with an increased knowledge of cell biology characteristics and a larger availability
of patient-derived iPSCs also for the generation of ECs, it is plausible that personalized in vitro
models will become increasingly widespread. These models will become more complex, introducing
a greater number of interconnected cellular components. For instance, assembloid, i.e., 3D models
composed of multiple cell lines, are proving better suited platforms for drug testing in neurology and
cardiology [69]. Moreover, emerging research highlights that iPSC disease modeling offers a
revolutionary approach to understanding how environmental toxins impact human health.
Leveraging iPSCs, scientists can generate highly specific, organ-like tissues—such as cardiac muscle
or complex organoids—that faithfully replicate native tissue architecture and function. This
innovative method allows for the exploration of gene—environment interactions, particularly how
genetic polymorphisms may increase individual susceptibility to environmental toxins. Through
iPSC-based models, researchers can uncover critical insights into how these interactions exacerbate
cardiovascular disease and contribute to adverse health outcomes. The integration of advanced
techniques like single-cell RNA sequencing, mass spectrometry, and comprehensive -omic analyses
provides detailed insights into how environmental factors disrupt cellular functions at a high
resolution.

This proactive approach not only could facilitate early detection of toxic effects and pathogenic
processes before they manifest in population-wide epidemiological patterns—supporting early
intervention and prevention—but also accelerate the discovery of biomarkers and therapies, thereby
advancing predictive and personalized medicine.
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Abbreviations

The following abbreviations are used in this manuscript:

aHUS Atypical hemolytic uremic syndrome

BMP Bone morphogenetic protein

CADASIL  Cerebral Autosomal Dominant Arteriopathy with Subcortical Infarcts and Leukoencephalopathy
ECs Endothelial cells

eNOS Endothelial nitric oxide synthase

FH Familial hypercholesterolemia

HO9-ECs H9 human embryonic stem cells - derived endothelial cells

hiPSC-ECs Human induced pluripotent stem cell — derived endothelial cells

MMD Moyamoya disease
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MMP Matrix metalloproteinases

PRC Polycomb Repressive Complex
TEnCs Tumor-associated endothelial cells
VSMCs Vascular smooth muscle cells
vWF Von Willebrand factor
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