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Abstract
As the field of medicine is striving forward heralded by a new era of next-generation sequencing (NGS) and integrated tech-
nologies such as bioprinting and biological material development, the utility of rare monogenetic vascular disease modeling 
in this landscape is starting to emerge. With their genetic simplicity and broader applicability, these patient-specific models 
are at the forefront of modern personalized medicine. As a collective, rare diseases are a significant burden on global health-
care systems, and rare vascular diseases make up a significant proportion of this. High costs are due to a lengthy diagnostic 
process, affecting all ages from infants to adults, as well as the severity and chronic nature of the disease. Their complex 
nature requires sophisticated disease models and integrated approaches involving multidisciplinary teams. Here, we review 
these emerging vascular disease models, how they contribute to our understanding of the pathomechanisms in rare vascular 
diseases and provide useful platforms for therapeutic discovery.

Keywords Rare vascular disease modeling · Monogenetic vascular disease · iPSC · Endothelia cell · Smooth muscle cell · 
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Introduction

Rare diseases make up a significant proportion of the 
global disease burden. There are between 6,000 and 8,000 
identified rare diseases and the majority is caused by a 
mutation in a single gene. These monogenetic diseases tend 
to be severe in phenotype causing significant debilitation 
with decreased quality of life and are typically life-limiting 
with three-quarters affecting children [1]. Most rare diseases 
have no treatment or cure and are often diagnosed (if at all) 
following a long and expensive investigation. Despite their 
individual rarity, the chronic and disabling nature of these 
diseases disproportionality consumes healthcare budgets 
[2]. Cardiovascular disease (CVD) is the leading cause of 
mortality globally [3–5] and within this group, there are a 

myriad of rare vascular diseases that when combined, make 
up a significant proportion this burden. In this era of modern 
medicine, with access to technologies that can assess 
whole genomes, transcriptomes, biomes, and proteomes 
to accelerate biological discovery, the development and 
use of patient-specific disease models is an innovative 
and increasingly powerful tool to study rare monogenetic 
vascular diseases. This approach not only addresses the 
elusive clinical challenges for these rare diseases but 
also allows for in-depth investigation of disease-causing 
molecular mechanisms and phenotypes shared with more 
common vascular disease. Thus, broadening the application 
of knowledge sourced from rare vascular disease patients 
to a significant proportion of the global population affected 
by CVD.

Patient-specific vascular disease modeling draws upon 
innovative research technologies and pairs this with novel 
strategies of application (Fig. 1). With the development of 
unbiased next-generation DNA sequencing (NGS), more 
specifically whole-exome sequencing (WES) in 2010 and 
whole-genome sequencing (WGS) in 2009, identification 
of genes with disease-causing alterations in rare disorders 
has significantly increased [1, 6, 7]. It is now possible to 
address the challenges that arise from the heterogeneous 
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pathophysiology of rare vascular diseases, in a more 
efficient manner [8]. These studies can be extended to 
assess affected patients to include unaffected relatives 
and aid in generating a list of candidate targets based on 
deleteriousness, inheritance patterns, and population 
frequency [9]. Once the disease-causing gene mutation 
is identified in a patient, in vitro systems such as induced 
pluripotent stem cells (iPSCs) and primary cell lines, 
specifically fibroblasts from skin punches that are relatively 
easy to obtain, can be used in advanced vascular disease 
model platforms including vascular organoids (VOs), 3D 
printed blood vessel constructs, teratomas, and vascular 
grafts and patches for in vivo transplantation. In addition 
to in  vivo disease models including transgenic mouse 
models, both approaches can be stably developed to aid 
further investigation of pathomechanisms. Importantly, 
these provide a relevant platform for high-throughput drug 
screening with the ultimate focus on meeting a critical unmet 
clinical need.

Patient-specific vascular disease models can be used 
in vitro, in vivo, or ex vivo, developed with the aim to 
recapitulate and recreate disease phenotypes. In  vitro 
systems employ primary cells derived from a myriad of 
patient biospecimens, mesenchymal stem cells (MSCs), 
iPSCs, non-vascular cells, and blood-derived immune 

cells and progenitor cells [10]. These models range from 
simple two-dimensional monocultures and co-cultures 
to complex spherical organoids and four-dimensional 
vascular structures. While in vitro models have significant 
advantages due to their inexpensive simplicity and 
potentially unlimited or abundant supply and malleable 
qualities, they also have shortcomings due to their lack of 
in vivo environmental factors [3]. In vivo vascular models 
typically involve rodent models due to their availability, 
easy manipulation of their genome, accessibility, and cost. 
However, physiological differences in the cardiovascular 
systems of mice and rat models make it challenging to 
translate findings to human disease. Larger animal models 
such as pigs, sheep, and non-human primates are seen as 
a preferred alternative to address these differences and 
their development makes them more applicable to human 
disease as pre-clinical models [3]. Due to the limitations of 
both in vitro and in vivo models, some research programs 
have concentrated on studying ex vivo tissue directly. 
These models typically use blood vessels isolated from 
animals or ex planted human tissue to study blood vessels 
without compromising their architecture [11]. While all 
these models have their advantages and disadvantages, 
used in the correct context, they are extremely useful 
tools for researchers. Using these systems specifically 

Fig. 1  Patient-specific translational disease modeling pipeline. 
Starting at the point of the patient, a clinical evaluation is made to 
ascertain the pathophysiology, severity, and baselines of the patient’s 
condition. Samples are then taken for NGS evaluation where disease-
causing variants can be identified, and novel molecular pathways are 
discovered, leading to the identification of new therapeutic targets. 

In parallel to this, patient samples are also taken to establish both 
in vitro and in vivo models. These can be used to further investigate 
molecular pathways, be used for high-throughput screening, and 
contribute to proof-of-concept therapy intervention studies. This 
pipeline is geared to feedback therapy options to the patient with the 
hope to relieve or even cure the disease. Created with BioRender.com
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for modeling monogenetic vascular diseases is the very 
basis of personalized and precision medicine, leading to 
enhanced and accelerated learning.

Vascular disease models

In vitro vascular model systems

In the pursuit of developing vascular models that reca-
pitulate human disease, researchers have moved towards 
in vitro cell models as more a robust, reproducible system 
to delve into not only disease causation but also patho-
mechanisms and drug discovery. The simplicity and cost 
effectiveness of in vitro cell models make them an excel-
lent candidate for rare vascular modeling, and when these 
models are combined with current NGS technology and 
cutting-edge platforms, in vitro cell models become an 
extremely powerful tool.

Primary cells

The complexity within the cardiovascular system gives 
rise to many cell types that are individually heterogenous. 
This array of cells can be dependent on the organ, adjacent 
cells, vessel structure, and environmental factors such as 
shear stress, metabolism, gas exchange, and blood deriva-
tives. Thus, it has become imperative to seek cells that 
originate from the environment that is most relevant to 
characterize the disease pathology. Primary cells isolated 
from human and animal tissues have become a staple for 
in vitro cell model systems. Vascular primary cell in vitro 
models typically use cardiomyocytes (CMs) and non-myo-
cyte cells to study the heart. Endothelial (EC) and smooth 
muscle cells (SMCs) are the critical cell types in blood 
vessels investigations [12] and, further, there are a myriad 
of other relevant cells that either interact or influence these 
vascular cells, such as fibroblasts and immune cells.

Cultured primary fibroblasts have proven to be a useful 
and adaptable tool for investigating rare monogenetic 
vascular diseases as these cells have been shown to 
recapitulate disease phenotypes. St Hilaire et  al. used 
primary fibroblasts to identify ecto-5-prime-nucleotidase 
(NT5E) mutations in patients with arterial calcifications 
due to deficiency of CD73 (ACDC) and went on to use 
these primary cells to further characterize loss-of-function 
of CD73, the protein NT5E encodes [13]. CD73 is an 
enzyme that converts extracellular AMP to adenosine and 
inorganic phosphate. A total of 9 patients from 3 separate 
families were identified with severe calcifications of the 
lower-extremity arteries and hand and foot capsules. 
The differentiating pathological feature of ACDC from 

traditional atherosclerotic vascular calcifications is the 
calcification and dysplasia occurring in the medial portion 
of the arterial blood vessel wall. This results in claudication 
of the calves, thighs, and buttocks, with the patients 
experiencing chronic and debilitating ischemic pain in 
their extremities. Fibroblasts from one family showed 
markedly reduced NT5E RNA, CD73 protein expression, 
and enzyme activity. These studies also showed increased 
alkaline phosphatase levels and accumulation of calcium 
phosphate crystals, all hallmark features of ACDC. Genetic 
rescue studies and adenonsine treatment reduces alkaline 
phosphatse and calcium accumulation. Subsequent studies 
using ACDC patient-specific fibroblasts have shown a 
role of tissue non-specific alkaline phosphatase (TNAP) 
as an important mediator for pathological ectopic tissue 
calcification [14]. Using these patient-specific fibroblasts 
has provided the impetus for an on-going ACDC clinical 
trial investigating the utility of the drug Etidronate, which 
was identified by using patient-specific disease modeling 
to perform drug screening studies [15]. In parallel to this 
clinical trial, studies are ongoing using these primary cells, 
as well as other patient-specific models, to continue to 
investigate the complex molecular pathomechanisms for 
patients with ACDC in hopes of finding further effective 
treatments [14].

Furthermore, primary fibroblasts have played an impor-
tant role in identifying the importance of hypoxia induc-
ible factor-1α (HIF1α) stabilization for angiogenesis and 
extracellular matrix (ECM) deposition in wound healing of 
patients with autosomal-dominant hyper IgE syndrome (AD-
HIES), which is caused by a loss-of-function mutation in 
STAT3 [16]. Included in the clinical presentation of this dis-
ease are immunodeficiency, as well as skeletal, connective 
tissue and vascular abnormalities, and poor post-infection 
lung healing, often resulting in pulmonary failure. Using 
patient-specific skin wound models in parallel with global 
gene expression analysis of primary fibroblasts, these studies 
confirmed deficiency in STAT3-controlled transcriptional 
molecular pathways that controlled ECM remodeling and 
angiogenic capacity in these patients, with HIF1α playing 
a pivotal role in the transcriptional networks. Further stud-
ies using these patient fibroblasts confirmed dysregulated 
angiogenesis and wound healing, as well as helping develop 
a platform to test and demonstrate the utility of HIF1α stabi-
lizing drugs, prolyl hydroxylases (PHD) inhibitors, dimethyl 
fumarate (DMF), and daprodustat. These in vitro studies 
provided an excellent basis to test the treatment efficacy 
for further in vivo studies in an AD-HIES mouse model, 
where the researchers were able to further explore patho-
mechanisms as well as proof-of-concept to target HIF1α for 
therapy in this patient cohort.

In the field of pulmonary arterial hypertension (PAH), 
primary cells taken from small and large vessels have 
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successfully been used to investigate pathomechanisms 
for this rare fatal disease. While the exact cause and 
precise pathomechanism remains unclear, there is a 
causal link between mutations in the bone morphogenetic 
protein receptor type 2 (BMPR2) and PAH, characterized 
by increased pulmonary artery pressure (PAP) due to 
uncontrolled EC and SMC proliferation, resulting in 
vascular occlusions of distal pulmonary arteries. Primary 
ECs and SMCs isolated from small, medium, and large 
vessels of ex  vivo transplanted lungs have allowed 
investigators to identify disease-causing dysfunction 
within these cell types in isolation, co-culture [17, 18], 
and in systems that recapitulate dynamic shear [19].

Studies such as those described here for ACDC, AD-
HIES, and PAH have not only helped in elucidating the 
disease-causing mutations and pathomechanisms of these 
specific disorders and shown the ability of vascular disease 
modeling in drug screening for personalized patient-spe-
cific therapies but they have also driven the development 
of valuable platforms that can be adapted and innovated 
for virtually any other condition, rare or common, that 
present with vascular calcification, abnormal wound heal-
ing, and cellular dysfunction in pulmonary arteries, for 
example.

While isolation and use of primary cells is possible and 
preferable to non-vascular immortalized cell lines, the severe 
phenotypic nature of rare vascular disorders as well as the 
limited number of candidates can limit the availability and 
biological diversity of these cell types. It was this limitation 
that fueled immense interest in circulating progenitor cells. 
These peripheral blood-derived cells are not only used as 
biomarkers for endothelial dysfunction [20–22], but they can 
also be isolated and differentiated into endothelial progenitor 
cells (EPCs) and smooth muscle progenitor cell (SMPC)-
like cells and are an ideal patient-specific in vitro model for 
rare vascular diseases [23]. Mechanistic studies on the pro-
liferative effects of bone morphogenetic protein 9 (BMP9), 
an agent proposed to be an effective treatment in proof-of-
concept PAH animals models, have shown that PAH-derived 
EPCs hyper-proliferate in response to BMP9 treatment [24]. 
These studies have been critical for understanding impor-
tant molecular and signaling pathways to move towards 
developing therapies for a fatal rare disease. Endothelial-
like progenitor cells have also been used as an effective 
vehicle for gene therapy in a proof-of-concept PAH animal 
model, where they were virally transduced with BMPR2 
and intravenously given to rats with established PAH [25]. 
With their affinity to home to certain vascular niches such as 
areas of trauma and oxidative stress, as well as offering an 
autologous cell therapy option, these cells are an excellent 
therapeutic candidate [26, 27]. Despite the increased inter-
est and use of progenitor cells as in vitro vascular models, 
their differentiation and expansion from such small numbers 

in the peripheral circulation leads to the loss cell integrity 
and lifespan, which is limiting to their application. Not to 
mention ongoing academic debates on progenitor cell char-
acterization, origination, and definition [28–30].

Stem cells

With the ability to proliferate indefinitely and differentiate 
into most cell types, stem cells are an extremely useful tool 
for investigating pathomechanisms of any disease and are the 
ultimate tool for developing innovative research platforms 
for disease modeling, therapeutic targeting, high-throughput 
drug discovery, and regenerative therapies [10].

Induced pluripotent stem cells are a type of stem cell that 
has been reprogrammed from a somatic cell into a pluripo-
tent cell with the capacity to propagate indefinitely and dif-
ferentiate into many different cell types, including induced 
EC (iEC), induced SMC (iSMC), myeloid lineage cells 
(iMLCs), and induced mesenchymal stromal cells (iMSCs). 
Importantly, these cells can be derived from peripheral 
blood mononuclear cells (PBMCs), urine, skin fibroblasts, 
or keratinocytes from hair. A readily available, relatively 
easily obtainable cell reservoir coupled with their plastic-
ity makes them a powerful in vitro model for rare vascular 
diseases. Additionally, once these cells are reprogrammed, 
they are capable of stably retaining gene mutations [31], 
making them critical for investigating monogenetic vascular 
disease [32, 33].

Generation of iPSC lines from rare monogenetic vascular 
disease is one of the critical components of a patient-specific 
disease model pipeline. Following NGS studies to identify 
disease-causing gene variants on patients with unknown 
disease etiology, the generation of patient-specific iPSC 
lines to further explore pathomechanisms is an extremely 
useful tool. Jin et al. demonstrate this by generating iPSC 
lines from AD-HIES patients carrying a STAT3 mutation 
[34]. Chen et al. generated iPSC lines from 5 patients with 
cerebral autosomal-dominant arteriopathy with subcortical 
infarcts and leukoencephalopathy (CADASIL) and OUT-
LIN-related autoinflammatory syndrome (ORAS) [32, 33]. 
Following reprogramming of fibroblasts or PBMCs using a 
lentivirus system, cells are characterized via immunofluo-
rescence staining, flow cytometry analysis (FACS), and gene 
expression for their capacity to differentiate into three germ 
layers: endoderm (AFP), ectoderm (NESTIN), and meso-
derm (RUNX1), as well as assessed for their ability to dif-
ferentiate as a monolayer of cells. Following these functional 
tests, the lines are karyotyped to ensure the desired gene 
mutation is retained during the reprogramming. Once the 
lines are characterized and validated, they have the poten-
tial to differentiate into multiple cell types. For all these 
rare monogenetic diseases, the pathomechanism remains 
unknown, thus these iPSC patient-specific disease models 
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are essential for studying the effect of not only the effect of 
gene mutations of STAT3, NOTCH3, and OUTLIN but also 
the role of these genes in normal physiology.

Recently, the capability of generating isogenic controls for 
patient-specific lines has increased the validity of research 
using these cells, allowing for off-target effects to be identi-
fied and controlled for as well as demonstrating the effect of 
correcting mutations in specific cell types. The generation of 
isogenic iPSC controls has emerged from the development 
of CRISPR/Cas technology, which is an adapted strategy 
piggybacking off a naturally occurring bacterial gene edit-
ing system. The CRISPR/Cas system, using a guide RNA 
and the Cas enzyme, uses the guide RNA to target a DNA 
sequence in the genome, where the Cas enzyme can cut the 
DNA and utilize the cells’ own DNA repair machinery to 
repair the site, incorporating the introduced DNA sequence. 
Specifically for isogenic iPSC control lines, the site of the 
patient-specific gene mutation is targeted and removed, and 
the “non-mutated” sequence is put in its place, generating 
a patient-specific iPSC control line. Using this strategy, 
Song et al. created patient-specific isogenic iPSC control 
to examine pathomechanism in Fabry disease, an X-linked 
inheritable lysosomal storage disease caused by a deficiency 
of α-galactosidase A (GLA). This leads to an accumula-
tion of globotriaosyceramide (GB3) in ECs of many tissues 
that can result in multiple organ failure, and dysfunction 
of endothelial cells in the microvasculature. Using this iso-
genic iPSC control line to derive ECs, they demonstrated 
a reversal of inflammatory responses, including decreased 
cytokine release and specific inflammatory markers such as 
ICAM, CCL2CCL5, CXCL1, IL6, IL8, monocyte inducible 
factor, and CXCL10 [35]. The importance of using isogenic 
controls is highlighted in this monogenetic rare vascular dis-
ease model, allowing the examination of pathologic pheno-
types in a system without the modeling limitations of using 
healthy control lines, such as epigenetic, environmental, and 
genetic background differences.

Endothelial cells are a heterogenous population depend-
ent on the tissue type they originate from and what function 
they perform in that context. These cells are critically impor-
tant for regulating tissue homeostasis, regeneration, regulat-
ing immune response, and providing a barrier and conduit 
for molecules. The study of human genotype–phenotype in 
the context of vascular disease has shown that when dys-
regulated, the endothelium is pathogenic in many diseases. 
A critical need has been to establish an in vitro EC platform 
that can overcome the limited availability of patient-specific 
ECs. Human iPSC (hiPSC)-derived ECs (hiPSC-ECs) are a 
powerful tool not only for investigating pathomechanisms 
but also for drug screening and cell therapy [10]. There have 
been many reports of varying methods of differentiating 
hiPSCs into hiPSC-ECs [36, 37] for a myriad of applica-
tions. The generated cells will not only express endothelial 

surface markers: CD31, VE-cadherin, vascular endothelial 
growth factor (VEGF), and KDR but can also form tubes in 
Matrigel as well as a barrier monolayer and take-up low den-
sity lipoprotein (LDL) [37–39]. Comparison studies between 
hiPSC-ECs and primary pulmonary arterial endothelial 
cells (PAECs) isolated from PAH patients with a mutation 
in BMPR2 showed that hiPSC-ECs showed similar charac-
teristics to the PAEC in adhesions, tube formation, surface 
marker expression, migration, and survival [40]. HiPSC-ECs 
have successfully been used to investigate pathomechanisms 
in familial PAH (FPAH). Gu et al. were able to show reduced 
adhesion, migration, and angiogenesis potential in patient-
derived hiPSC-ECs with mutations in BMPR2, compared 
with healthy control hiPSC-ECs [41]. These mechanistic 
studies led to further work where they utilized hiPSC-ECs in 
a high-throughput drug discovery coupled with a phenotypic 
screening strategy to identify tryphostin-AG1296, a platelet-
derived growth factor (PDGF) receptor inhibitor, capable of 
inducing apoptosis and cell migration [42]. The advantage of 
these hiPSC-EC vascular cell models is their patient speci-
ficity and applicability to the disease pathogenesis. These 
studies were critical in identifying, assessing, and producing 
an alternative therapy option for FPAH patients. Another 
research study using hiPSC-ECs to study pathomechanisms 
in Fabry disease used hiPSC-EC to identify a decrease in 
superoxide dismutase 2, increased reactive oxygen species 
(ROS), and enhanced AMPK activity causing dysregulated 
EC function. Targeted therapy directed towards this novel 
pathway may lead to a viable treatment option for those with 
Fabry disease [43].

Vascular disease not only encompasses EC dysregulation, 
but SMCs also play an important role in blood vessel forma-
tion and maintenance. Human iPSC-derived SMCs (hiPSC-
SMCs) have been used to investigate this cell type’s role in 
rare vascular diseases. Granata et al. developed a vascular 
model for Marfan syndrome (MFS) to better understand the 
pathogenesis of aortic aneurysm, using hiPSC-SMCs [44]. 
This model was able to recapitulate the phenotype seen in 
MFS aortas, including defects in fibrillin-1, ECM degra-
dation, transforming growth factor-β (TGF-β) signaling, 
contraction, and apoptosis, as well as to identify a novel 
pathogenic pathway involving p38 and Kruppel-like factor 
4 (KLF4) [44].

Both the hiPSC-EC and hiPSC-SMC in vitro models are 
particularly useful for gene editing studies where both Gu 
et al. and Granata et al. used CRISPR-based gene editing 
technology to correct the known mutations in these cell 
models and demonstrate reversal of the disease phenotypes 
[41, 44]. In addition to this plasticity in editing iPSCs, the 
ability to generate many cell types from a single patient 
allows complex models that recapitulate blood vessel 
physiology more accurately. Co-culture of hiPSC-ECs 
with hiPSC-SMCs enables modeling and investigation of 
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the crosstalk that exists in vivo between these cell types in 
blood vessels, increasing the accuracy of the mechanistic 
evaluations of one or both cell types in the context of 
vascular disease. Furthermore, the role of hiPSC-MLCs on 
these cells within this system can also be assessed. Addition 
of either hiPSC-monocyte or macrophages either activated 
or not activated to a monolayer or co-culture can provide 
critical insight into the role of acute or chronic inflammatory 
processes in the context of vascular disease. These processes 
are often purported to be a trigger for disease development 
and progression so the utility of patient-specific iPSC 
for investigating rare monogenetic vascular diseases is 
extensive.

The ability to generate patient-specific human iPSCs 
opens the door for developing cell-based personalized dis-
ease modeling for many different cell types. These cells are 
then used as the foundation for advanced vascular disease 
model platforms including VO, 3D printed blood vessel 
constructs, teratomas, and vascular grafts and patches for 
in vivo transplantation. These platforms are employed to 
elucidate pathomechanisms and become the medium for 
high-throughput drug screening in a more physiologically 
relevant setting. Co-culture systems have been helpful in 
elucidating molecular crosstalk and manipulating cell signal-
ing between cell types. However, this model is a monolayer 
system, and we know that blood vessels are tubular, and the 
alignment of both ECs and SMCs is critical in determining 
their function within this system so 3D model systems can 
be used to provide complementary data that the 2D settings 
cannot provide. Organ-on-a-chip technology uses a hydro-
gel in a chamber on microfluidic chips, where iPSC cells 
are cultured to form 3D blood vessel-like structures. These 
chips can accommodate multiple cell types, giving rise to 
a 3D co-culture system with the goal of recreating an even 
more physiologically relevant in vitro model that can include 
flow-induced shear stress [45]. These engineered microvas-
cular models have been used to assess endothelial barrier 
dysfunction, cancer, organ regeneration, and for drug screen-
ing [46]. Printing of 3D blood vessels using iPSCs is another 
platform emerging to bridge the gap between 2D monocul-
ture and representative in vitro vascular models [47]. While 
this technology is in its infancy, there have been promising 
advances for this platform. Zhou et al. developed a 3D ves-
sel printing method that can generate small diameter vessels 
loaded with vascular SMC and EC and have shown that the 
cells can proliferate in culture with fluid flow [48]. Their 
bioprinting method not only allows for variable diameter 
vessels with distinct cell layers but the fluid flow can also be 
modulated to recapitulate the physiological shear environ-
ments observed in different types of vessels (venules, veins, 
arterioles, etc.) while enabling cell-to-cell interactions that 
can be critical for vessel homeostasis. When used in combi-
nation with patient-derived primary, iPSC, and iPSC-derived 

cells, one can hypothesize that this technology may be cou-
pled with next-generation sequencing studies to not only 
shed light on the unknowns of rare genetic vascular disease 
but to also test therapeutic approaches in a high-throughput 
manner that is more physiologically relevant. Further, as 
these vessels are fine-tuned with these techniques in fluidic 
tissue culture, they may be then implanted or engrafted into 
humanized animal models to add the complexities of blood 
flow, the impact of additional cell types, and the metabolism 
in genetic or disease mechanism studies.

Cui et al. developed a cardiac patch that not only with-
stood in vitro physiological testing but was also successfully 
engrafted into a murine model [49]. This platform is a great 
method for meeting a clinical need of engraftment of blood 
vessels for an array of conditions, and an effective vascular 
disease model platform. As these technologies gain more 
momentum, when they are coupled with readily available 
patient-specific iPSCs, they will provide a much needed and 
accessible model to investigate monogenetic rare vascular 
diseases.

The development of VOs is a promising advancement 
on studying the vasculature in the context of specific tissue 
[50]. While this technology is still in its infancy, its potential 
and utility for studying rare monogenetic vascular disease is 
immeasurable. These diseases tend to be multi-facetted with 
the involvement of many organs and systems, making it a 
complex problem-solving exercise. In 2019, Wimmer et al. 
shared, in great detail, a reproducible protocol developed 
for the generation of self-assembling vascular organoids 
from human iPSCs, showing that the vasculature formed 
in these constructs mimicked anatomical and physiological 
characteristics of the human microvasculature [50]. Further, 
they implanted these vascular organoids into immunocom-
promised mice, where they were able to integrate into the 
murine vasculature and further differentiate into various 
types of blood vessels. Since this protocol was published, 
this and other groups have implemented this technology for 
a myriad of applications, ranging from angiogenesis [51] to 
pathomechanism investigation and elucidation of signaling 
pathways/cellular interactions [52–54] as well drug screen-
ing in conditions such as type 2 diabetes [55] and, most 
recently, COVID-19 [56, 57]. As this technology continues 
to be reproduced, used, and further improved, it opens the 
doors for personalized, patient-derived disease modeling for 
a virtually unlimited number of vasculopathies.

The use of iPSC-derived teratoma’s for studying vascu-
larization in rare vascular diseases bridges in vitro technol-
ogy with in vivo animal model utility. Upon subcutaneous 
injection of patient-specific iPSCs in mice, vascularized 
teratomas will form and start growing. These are then 
explanted and can be assessed in a variety of ways to help 
in elucidating cause and effect of monogenetic diseases on 
vascular formation. Dmitrieva et al. used this technique to 
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assess impaired angiogenesis and altered ECM metabolism 
in patients with AD-HIES [16]. With this platform, it was 
confirmed that AD-HIES patients have defective neo-vas-
cularization capacity, which was confirmed by observing 
decreased teratoma weights and CD31 positive cells after 
8 weeks of growth.

In vitro vascular models have advanced considerably 
in the last 10–15 years. This has been mostly due to the 
increased knowledge combined with the use of iPSC tech-
nology and isolation methods for primary cells. With the 
introduction of NGS technology, patient-specific vascular 
modeling employing these techniques and platforms has 
accelerated our understanding of pathomechanisms and 
aided in identifying critical therapeutic targets.

In vivo vascular model systems

Animal models are an important component of rare vascu-
lar disease modeling as an up-scalable and readily avail-
able alternative to patient-specific in vitro systems, which 
rely on a limited supply of subjects. Despite the obvious 
divergence from human anatomy and physiology, the use of 
animal models remains critical for pathomechanisms inves-
tigation and proof-of-concept studies for potential novel 
therapies. In the context of cardiovascular disease, both large 
and small animal studies have been insightful for discov-
ering fundamental pathomechanisms as well as assessing 
pharmaceutical interventions [58]. A recent review of over 
9,000 publications utilizing mouse models reported that 
after a genome-wide association study (GWAS), there was 
significant overlap (45 of 46 genes) shared between mouse 
and humans involved in coronary artery disease [59]. The 
advantage of this over in vitro platforms is the context of 
a multiorgan, integrated system where a diverse range of 
environments, treatments, and genetic manipulations can 
be applied with a plethora of endpoint results that can be 
assessed. As most rare vascular diseases are monogenetic, 
animal models and more specifically transgenic mouse mod-
els are particularly useful [60].

Mouse models have become by far the most widely used 
animal models in vascular research. With the development 
of genetic and molecular manipulation, these models 
have become somewhat “humanized” [61]. Targeted 
manipulations developed by individual investigators have 
given this field the tools needed to narrow their studies 
on specific organs and cell types, as well as when and 
how to induce these changes [62]. Specifically in the field 
of PAH, there are models targeting only EC [63], SMC 
[64], and, recently, monocytes [65], where inducible 
knockout of BMPR2 in these cell types is used for either 
pathomechanistic or therapeutic rescue studies. A critical 
understanding of the BMPR2 signaling cascade and its 
components of some mothers against decapentaplegic 

(SMAD) and non-SMAD proteins have been extensively 
studied in the pursuit of more effective treatments [66–71]. 
A novel transgenic mouse model has led to insightful 
pathomechanisms in stimulator of interferon genes (STING)-
associated vasculopathy with onset in infancy (SAVI), an 
autoinflammatory disorder caused by a gain-of-function 
mutation in TMEM173 encoding the STING protein [72]. 
The overactivation of STING leads to a chronic activation 
of interferon pathways leading to endothelial dysfunction. 
This disease affects multiple organs and coupled with its 
genetic component, rarity, and limitations associated with 
sample collection from infants is a great candidate to 
investigate using a mouse vascular disease model. Another 
rare vascular disease that has seen great advancement in 
understanding and treatment with the aid of mouse models 
is sickle cell anemia (SCA) [73, 74]. There are currently 
many clinical trials for SCA underway that target vaso-
occlusion, inflammation, gene editing, and cell therapy with 
gene editing, all made possible through the use of proof-of-
concept animal models [74].

With their genetic simplicity, rare monogenetic vascular 
diseases are ideal candidates for transgenic mouse mod-
els. Despite the known physiological limitations of animal 
models, they have been proven to show relevant genetic and 
phenotypic similarities with human disease, particularly 
following gene modification. Thus, there remains a certain 
utility for rare vascular disease in vivo models when used in 
conjunction with patient-specific in vitro platforms. These 
models are particularly helpful to extensively study patho-
mechanisms in an integrated multiorgan system as well as 
for proof-of-concept therapy approaches.

Concluding remarks

The continued advancement of NGS and the incorporation 
of cutting-edge technologies such as bioprinting and nano-
technology biomaterial development will continue to revo-
lutionize the landscape for rare vascular disease modeling. 
This has heralded a new era of complex patient-specific 
experimental platforms, integrated technologies with the 
output and analysis of big data with the ultimate goal of 
seamlessly translating medicine from the bed to bench-side 
and back again. Personalized medicine is gaining tremen-
dous momentum and rare monogenetic vascular diseases are 
the perfect candidate. These approaches have far-reaching 
positive outcomes not only for addressing the enormous 
disease burden that these conditions have collectively on 
the global community but also the scientific discoveries that 
they enable have broader applicability to similar pathomech-
anisms of more common cardiovascular disease.
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fumarate; PAH:  pulmonary arterial hypertension; BMPR2:  bone 
morphogenetic protein receptor type 2; PAP:  pulmonary artery 
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muscle progenitor cells; BMP9:  bone morphogenetic protein 9; 
iEC:  induced endothelial cell; iSMC:  induced smooth muscle 
cell; iMLCs: myeloid lineage cells; iMSCs: induced mesenchymal 
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species; hiPSC-SMC: human-induced pluripotent stem cell-derived 
smooth muscle cell; MFS: Marfan syndrome; TGF-β: transforming 
growth factor-β; KLF4: Kruppel-like factor 4; VOs: vascular organoids; 
GWAS:  genome-wide association study; SMAD:  some mothers 
against decapentaplegic; STING:  stimulator of interferon genes; 
SAVI: stimulator of interferon genes-associated vasculopathy with 
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