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Abstract 15 
 16 
Thoracic aortic disease (TAD) is often silent until a life-threatening complication occurs. 17 
However, genetic information can inform both identification and treatment at an early stage. 18 
Indeed, a diagnosis is important for personalised surveillance and intervention plans, as well 19 
as cascade screening of family members. Currently, only 20% of heritable TAD patients have 20 
a causative mutation identified and, consequently, further advances in genetic coverage are 21 
required to define the remaining molecular landscape (1). The rapid expansion of next 22 
generation sequencing technologies is providing a huge resource of genetic data, but a critical 23 
issue remains in functionally validating these findings. Induced pluripotent stem cells (iPSCs) 24 
are patient-derived, reprogrammed cell lines which allow mechanistic insights, complex 25 
modelling of genetic disease and a platform to study aortic genetic variants. This review will 26 
address the need for iPSCs as a frontline diagnostic tool to evaluate variants identified by 27 
genomic discovery studies and explore their evolving role in biological insight through to drug 28 
discovery. 29 
 30 
1. Introduction 31 
 32 
Aortic wall structure reflects its unique function to provide vascular capacitance for every 33 
cardiac cycle and predisposes to thoracic aortic disease (TAD) which includes classical 34 
pathologies of aneurysm and dissection. These diseases are the end points of molecular 35 
failures within the wall, and occur when wall stress exceeds strength resulting in life 36 
threatening complications (2). Acute aortic dissection confers high mortality with an 37 
estimated incidence of 6 events per 100,000 population (3). Despite the devastating clinical 38 
presentation, clinical outcomes for this cohort have seen little improvement over the last 15 39 
years (4). Diagnosis without cross sectional imaging is challenging and is compounded by the 40 
lack of a TAD specific biomarker (5). Importantly, there are no pharmaceutical treatments 41 
which prevent aneurysm formation or progression effectively, with current focus on reducing 42 
biomechanical loading of the aorta through antihypertensives. Patients require regular 43 
surveillance imaging and often surgical intervention. Presently, aortic diameter is the main 44 
indication for surgical intervention however an acute event can occur with a normal sized 45 
aorta. As such, there is need for additional molecular information that can be used in 46 
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multimodal risk scoring to predict disease severity and determine the need, and timeframe, 47 
for intervention. 48 
 49 
Rapid development of next generation sequencing technologies has led to genetic testing 50 
being increasingly used for Mendelian disease (6) but it remains difficult to functionally 51 
validate the huge wealth of data generated. Challenges in assigning causality to genetic 52 
variants and studying TAD include high inter- and intra-genic variability in risk and/or type of 53 
first aortic event (7), incomplete penetrance, private mutations, and lack of aortic tissue 54 
available for mechanistic study. The overarching rationale for genetic testing is critical 55 
because individuals can be identified as at-risk for TAD and associated mortality and morbidity 56 
are preventable, including for potentially at-risk family. Despite extensive genomic coverage 57 
in patients recruited through large databases, such as The 100,000 Genomes Project, many 58 
individuals are undiagnosed and uncertainty around assigning causality to variants remains 59 
(8), limiting clinical utility. 60 
 61 
Induced pluripotent stem cells (iPSCs) are patient-derived, reprogrammed cell lines which 62 
allow mechanistic insights and the ability to create complex models of genetic disease. This 63 
review will begin by defining the genetic basis of TAD, key signalling pathways implicated in 64 
pathogenesis and discuss unifying theories to aid targeting of therapeutics. Particular focus is 65 
given to the latest advances in the use of iPSCs and genetic engineering which can be applied 66 
to studying aortic disease variants identified by next generation sequencing (Figure 1). These 67 
recent strategies allow for increased mechanistic exploration with a view to expanding 68 
personalised management in TAD. 69 
 70 
2. Vascular abnormalities in thoracic aortic disease 71 
 72 
The aortic wall consists of three layers – tunica intima, tunica media and tunica adventitia. 73 
The intimal layer, on the luminal surface, is composed of endothelial cells and the basement 74 
membrane, separated from the tunica media with an elastic lamina. The tunica media is 75 
composed predominantly of concentrically arranged vascular smooth muscle cells (VSMCs), 76 
elastin and collagen. The adventitial layer is comprised of fibroblasts, pericytes, immune cells, 77 
nerves and lymphatics (9). Key to normal function is the high level of compliance within the 78 
aortic wall (10). Increased stiffness results in wall weakness and elevated cardiac afterload 79 
resulting in higher cardiovascular events (11) as well as increasing risk for type A aortic 80 
dissection when combined with high wall stress (12). 81 
 82 
2. 1 Vascular smooth muscle cell contractility required for vessel wall homeostasis 83 
 84 
VSMCs are the most abundant cell type within the aortic wall with a substantial body of 85 
evidence, particularly from human genetic data, implicating them in pathogenesis of TAD (13-86 
15). Similar abnormalities in their function and surrounding extracellular matrix (ECM) are 87 
observed in both syndromic and non-syndromic TAD, making them a strong candidate for 88 
mechanistic research and therapeutic strategy building. Specifically, loss of VSMC contractility 89 
is a common feature observed in many hereditary TADs (16, 17). Mutations in VSMC 90 
contractile genes are predicted to decrease the cells ability to generate the force needed to 91 
regulate the mechanical state of the wall (2). Altered force generation is one of the causes of 92 
TADs (18) with mutations in VSMC contractile protein coding genes ACTA2, MYH11 and MYLK 93 



responsible (19-21). Gain of function mutations in PRKG1 result in reduction of VSMC 94 
relaxation and predisposes to TAD, further implicating VSMC specific genes in pathogenesis 95 
(22). As such, contractility loss serves as a good readout in phenotypic assays (23). 96 
 97 
2.2 Maladaptive extracellular matrix remodelling at the core of aortic tissue failure 98 
 99 
Most major vessel groups have a characteristic ECM composition based on function and the 100 
aorta is typically is composed of elastin, glycoproteins, collagen and proteoglycans (24). The 101 
combination of elastic fibres and fibrillar collagens provides mechanical integrity as well as 102 
compliance. Indeed, pathogenic variants in ECM related genes such as LOX, encoding for an 103 
enzyme which crosslinks collagen and elastin, are causal in heritable TAD (25). There is 104 
constant remodelling of ECM in normal physiology through interplay between degrading 105 
proteins and their tissue inhibitors, in which VSMCs have a central role through a 106 
mechanotransductive feedback loop in response to mechanical load. VSMCs attach to the 107 
ECM through focal adhesions and integrins forming the elastin-contractile unit which is 108 
involved in force generation and mechanotransduction (26). A more plastic matrix would 109 
encourage the VSMCs to secrete fibrillar ECM components, such as collagens and fibrilins, to 110 
enable fibre formation. Mechano-adaptive remodelling is a well-orchestrated process 111 
entailing transcriptional, translational, and secretory pathway modulation required for 112 
normal functioning of the vessel wall (27-31). However, derangement of these processes 113 
results in maladaptive remodelling and an abnormal ECM predisposes to TAD. Ultimately, 114 
these changes impact cellular processes such as proliferation, cell migration, and contractility. 115 
Given this, understanding the VSMC-mediated ECM remodelling and turnover is critical in 116 
uncovering of TAD pathogenesis. 117 
 118 
VSMC contractile machinery, ECM and TGF-β pathways together are thought to regulate 119 
mechanosensing (mechanical stress and strain sensing) by VSMCs and control overall aortic 120 
wall health (32). The central hypothesis is that if the sensing of these mechanical cues is 121 
abnormal then inappropriate remodelling predisposes to wall failure. Recent mouse studies 122 
have highlighted the need for having a mechanoprotective role of YAP and TAZ for 123 
homeostatic functioning of aorta whereby their depletion leads to aortic aneurysm (33). 124 
Having fewer functioning elastin contractile units precludes appropriate mechanosensation 125 
and application of VSMC contractility, rendering the aortic wall susceptible to damage at high 126 
pressures (2, 34). Aside from contractile unit loss, failure of the structure leads to abnormal 127 
focal adhesion complexes and inappropriate sensing of the ECM by the VSMC (35-37). 128 
 129 
While diseased human and mouse aortic tissue provides an endpoint view of compromised 130 
mechanical integrity, there is limited scope to study matrix dynamics in detail. Use of 131 
decellularized ECM for label-free quantification of ECM proteins and glycoproteins using 132 
MaxQuant mass spectrometry has been used to study iPSC derived VSMCs in arterial diseases 133 
(38). Individual proteins such as Elastin and Collagen deposition have been evaluated using 134 
human vSMCs (39, 40). Secretome forms a huge part of vSMC matrix modulatory phenotypic 135 
responses and number of studies have explored this using ELISA-based MMP assays and 136 
zymography for MMPs and tissue inhibitors of metalloproteinases (41, 42). The potential of 137 
quantifying nascent ECM secretion through BONCAT mass spectroscopy has been shown with 138 
other disease models but could be also applied to TAD (43). When it comes to studying the 139 
mechanics of VSMCs, measuring both the stiffness of cells and its secreted ECM is key, 140 



particularly in 3D models. By using tools such as Atomic force microscopy, uniaxial stress and 141 
strain measurements, temporal insights to how elasticity of substrates can influence VSMC 142 
cell migration and proliferation can be gained (44, 45). Evidence of ECM stiffness and strain 143 
influencing the phenotypic switching of VSMCs was obtained by culturing primary VSMCs in 144 
vitro (34, 46). As such, TAD patient iPSC VSMCs can also be evaluated for the tendency or 145 
potential for phenotypic switching and calcification (47-49).  146 
 147 
2.3 Controversial role of TGF-β signalling in aortopathies 148 
 149 
In VSMC homeostasis regulation, transforming growth factor-β (TGF-β) signalling has a key 150 
role in cellular processes of proliferation, differentiation, and ECM remodelling (7). However, 151 
there remains considerable debate around whether TGF-β signalling is implicated in TAD or if 152 
it confers a protective effect. TGF-β is a VSMC differentiating factor and increases expression 153 
of smooth muscle actin, smooth muscle myosin, calponin and myocardin. Contributions of 154 
both canonical and non-canonical signalling are integral to embryonic VSMC lineage 155 
specification during development and VSMC cell fate (50). 156 
 157 
Impaired TGF-β signalling can lead to a loss of VSMC contractility markers and gain of 158 
proliferative markers indicating a synthetic phenotype switch. As a result, degradation of ECM 159 
and abnormal aortic wall remodelling is seen (51). In Marfan Syndrome (MFS), increased 160 
activation of TGF-β is related in part to abnormal Fibrillin-1, which normally sequesters latent 161 
TGF-β within the ECM (52). In MFS mouse models, increased TGF-β signalling has been 162 
demonstrated (53) with a TGF-β neutralising antibody or an angiotensin II type 1 receptor 163 
blocker reversing the disease phenotype (54). However, the exact role of TGF-β is not fully 164 
understood with several studies demonstrating a protective role (55-57). Use of TGF-β 165 
neutralising antibody conversely resulted in a severe manifestation of aortic disease (58) 166 
although the timing of this appears important with a protective benefit demonstrated at a 167 
later stage (55). Loeys-Dietz Syndrome (LDS) is defined by mutations in the TGF-β receptor or 168 
SMAD2/3 where patients exhibit aortopathy and cardiovascular events are the leading cause 169 
of death. In LDS, despite predominantly loss of function mutations in the TGF-β pathway, a 170 
paradoxical increase in phosphorylated Smad2/Smad3 complex has been shown in the aortic 171 
wall (59, 60) suggesting that even with an abnormal TGF-β receptor, overactivity of TGF-β is 172 
implicated in disease. Subsequent studies have identified lineage-specific TGF-β events in 173 
distinct VSMC subsets as an explanation for this paradox (61, 62). Nevertheless, it appears the 174 
exact role of TGF-β in TAD pathogenesis remains controversial, compounded by its temporal 175 
role in multiple cellular processes and cross talk with other implicated signalling pathways. As 176 
such, this is an area where future scientific endeavours should continue to focus. 177 
 178 
2.4 Intersection of “Unifying theories” lead to convergence of key druggable candidates from 179 
shared pathways 180 
 181 
Given the pathological and morphological similarities between many distinct genetic and 182 
polygenic types of TAD, is there a unifying theory for a “final common pathway” leading to 183 
aneurysm or dissection? This argues that regardless of the underlying signalling pathway that 184 
is perturbed, the changes that result are common across TAD. This includes phenotypic 185 
switching of a subset of VSMCs to form fibroblast-like, macrophage-like or adipocyte-like 186 
cells, marked by progressive loss in contractility, increased apoptosis, abnormal ECM 187 



remodelling alongside inflammation and endothelial cell related oxidative stress (63). These 188 
changes are aligned with dysfunctional VSMC mechanosensing which further exacerbates loss 189 
of ECM homeostasis through abnormal remodelling (64). Such a theory is attractive as it 190 
suggests that regardless of the initiator, therapeutic development could focus on the shared 191 
pathways. 192 
 193 
2.5 Other cell types important in vessel wall functioning and integrity 194 
 195 
Although VSMCs appear the dominant cell type in disease, there is evidence of the role of 196 
other cell types in the aortic wall. Endothelial cells sense shear stress and crosstalk with 197 
VSMCs (65) and endothelial dysfunction has been demonstrated to contribute to aortic wall 198 
pathology (66-68). Endothelial cell function is impacted by dysfunctional ECM through altered 199 
distribution of junctional proteins, like Occludin and Claudins, which has consequence on 200 
blood vessel integrity (69). The adventitial layer has a role in remodelling the aortic wall in 201 
response to mechanical stress (70). In such conditions, fibroblasts undergo phenotype 202 
switching to myofibroblasts which deposit collagen and invoke an inflammatory response 203 
(71). Abnormal activation of this pathway contributes to abnormal ECM remodelling and can 204 
lead to reduced integrity. Endothelial cells, and particularly adventitial cells, are relatively 205 
understudied in comparison to VSMCs in TAD pathogenesis and an approach which 206 
encompasses all these cell types is preferable. 207 
 208 
2.6 Regional aortic heterogeneity 209 
 210 
The thoracic aorta can be classified based on embryological origin with the aortic root derived 211 
from lateral plate mesoderm, the ascending and aortic arch from neural crest and the 212 
descending and abdominal aorta from paraxial mesoderm (72). Abdominal aortic aneurysms 213 
(AAA) are associated with hypertension, smoking, and atherosclerosis and are rarely seen as 214 
part of a multisystem connective tissue disorder. Aneurysm in the abdominal segment is more 215 
common than in the thoracic but the underlying aetiology of these are divergent despite 216 
sharing some common abnormalities in VSMC apoptosis, ECM degradation and immune 217 
infiltration. Evolving evidence from single cell RNA sequencing demonstrates both molecular 218 
similarities and differences between abdominal and thoracic aortic aneurysm (73). Despite 219 
this, genetic abnormalities play a significantly less important role in aneurysmal degeneration 220 
of the abdominal versus the thoracic segment, in particular there is no clear inheritance 221 
pattern in AAA. Recent endeavours have focussed on collating AAA implicated genes, such as 222 
in the AAAKB, to aid genetic study (74). No published iPSC models focus on AAA but VSMCs 223 
of paraxial mesoderm lineage (75) could be generated with view to establishing it. As such, 224 
this review will retain focus on TAD. 225 
 226 
Regional heterogeneity within the thoracic aorta is thought to be due to differential lineage 227 
specific response due to diverse embryological origin on the constituent cells. A recent study 228 
of single cell sequencing of lineage traced secondary heart field (SHF) derived VSMCs from 229 
the aortic root of Marfan mice (C1039G) revealed a distinct transcriptomic profile from the 230 
neural crest derived aortic SMCs and the activation of specific pathways such as integrin α5 231 
signalling (76). That combined with the preponderance of MFS aneurysms in the aortic root, 232 
imply that secondary heart field derived VSMCs are a critical cell type to be examined. Gong 233 
et al (62) demonstrated abnormal SMC contractility and ECM deposition in lateral mesoderm 234 



derived VSMCs suggesting a lineage specific response to a SMAD3 variant. This differential 235 
response can be evaluated using specific iPSC differentiation protocols producing VSMCs from 236 
lateral mesoderm, neural crest, and paraxial mesoderm (75, 77, 78). Such an approach can 237 
provide mechanistic insight into disease distribution in the aorta given that LDS has higher 238 
propensity of aortic root aneurysm, where there is predominantly lateral mesoderm derived 239 
VSMCs (61), and can aid clinicians in assigning region-based size thresholds for intervention. 240 
 241 
3. Disease modelling of TAD 242 
 243 
The difficulty in obtaining early-stage tissues from patients with TAD and the challenges of 244 
clinical trials mean that we need to use suitable model systems to understand pathogenicity 245 
and identify and test novel therapies. The complexity of the aortic environment, with multiple 246 
cell types featuring complex inter- and intra-cellular signalling, extensive vessel wall and 247 
vascular niche remodelling along with varying haemodynamic loads in a three-dimensional 248 
space makes this a challenging endeavour. Nevertheless, we would do well to remember the 249 
observation by George Box that “All models are wrong but some are useful” (79). 250 
Consequently, we will briefly review common in vivo models of TAD before describing iPSC 251 
based in vitro systems in some depth and discuss their advantages and disadvantages.  252 
 253 
3.1 In vivo models offer window into studying spatial interactions but are restrictive in 254 
mimicking human disease complexity 255 
   256 
While in vivo modelling using genetically engineered rodents offers an important solution for 257 
the spatial and systemic complexity of vascular diseases, they remain somewhat limited in 258 
their scope. The pathways affected in these models are not necessarily conserved with human 259 
disease. In monogenic aneurysmal disorders such as MFS and LDS, some mutant mouse 260 
models have captured aneurysm formation and dissections and have been useful in 261 
delineating the impact of these mutations in disease progression. However, these models are 262 
low throughput and capture only a small proportion of the mutational landscape seen in 263 
humans. For example, MFS has been reported to be associated with >1500 mutations in FBN1 264 
featuring missense mutations and splicing errors that lead to truncations (80). The two most 265 
widely used mouse models of MFS are the C1039G (81) and the MgR (82) which contain a 266 
missense and hypomorphic mutation in the FBN1 gene respectively. Further, these inbred 267 
models do not capture the heterogeneity arising from the genetic background of the affected 268 
human population and are not fully effective at predicting drug responses, a classic example 269 
being that of losartan that proved remarkably effective in vivo in the C1039G/+ model MFS 270 
(54) but did not perform as well in clinical trials (83). 271 
 272 
Therefore, to accurately model human genetic diseases it appears that a humanised model 273 
may have some advantages based around the conserved genetic background. In vitro models 274 
also have a wider scope than in vivo models for high throughput studies and allow detailed 275 
molecular characterisation, phenotype assessment, mechanistic exploration, and drug 276 
testing. In vitro models using primary vascular cells – smooth muscle or pericyte and 277 
endothelial – can be highly technically challenging. For example, VSMCs are phenotypically 278 
plastic and tend to lose their contractile properties and alter their molecular profiles once 279 
dissociated from tissue and cultured. Moreover, primary cultures display considerable 280 
variability making reproducibility a major challenge. 281 



 282 
3.2 iPSCs based modelling addresses genetic diversity of the mutation landscape 283 
 284 
The advent of iPSCs has been a game changer for disease modelling using direct patient-285 
derived culture systems. They provide an ethical source of cells and disease models compared 286 
to in vivo systems, and even embryonic stem cell-based platforms. Typically, skin fibroblasts 287 
or peripheral blood mononuclear cells are collected from the patient and re-programmed 288 
directly to produce pluripotent stem cells that retain the genetics of the somatic cells they 289 
were derived from (84-88). iPSCs can then be efficiently differentiated into a variety of cell 290 
types, and in the context of disease these iPSC-derived cells can be used as effective patient-291 
specific models (Table 1). This makes them an incredibly versatile and high-throughput 292 
platform for modelling disease states and capturing the heterogeneity between patients. 293 
Attempts to use iPSCs to model vascular cell types began in the late 2000s (89, 90) resulting 294 
in a mix of several cells including VSMCs and endothelial cells (ECs), in a form of co-culture. 295 
Since then, a large number of protocols have been described using highly defined media with 296 
small molecules or cytokine cocktails to drive differentiation (several of which are well 297 
summarised in these reviews (91-93)) that claim to have successfully produced VSMCs or ECs 298 
of high purities, organ-specific, developmentally pertinent lineages (75, 78) and fine-tuned 299 
phenotypic states including the contractile one (38, 94, 95). 300 
 301 
3.3 Single cell transcriptomic studies have hailed the in-depth study and comparison of in vitro 302 
iPSC-derived cell types and in vivo counterparts 303 
 304 
The rapid expansion of single cell transcriptomics has facilitated nuanced descriptions of 305 
individual vascular cells in different tissues and their developmental trajectories which, in 306 
turn, will pave the way for further advancements toward highly precise and effective 307 
differentiation protocols to achieve the exact cell state needed to model a specific condition. 308 
The ability of these protocols to produce vascular bed or niche-specific cells is important 309 
because some vascular diseases often show region-specific susceptibility to aneurysm 310 
formation e.g. aortic root aneurysms in LDS. Our own studies on MFS have provided huge 311 
insights into how patient iPSC-derived VSMCs are capable of clearly reflecting disease severity 312 
in vitro while uncovering the differential response to drugs between patients (23, 41) and 313 
hence are an invaluable platform for the development of personalised, tailored therapeutics.  314 
 315 
Despite these advances in iPSC-based modelling of patient-specific disease, there are several 316 
problems associated with these systems. Personal insights on technical aspects and 317 
limitations of iPSC models of aortic disease have been extensively discussed previously (23). 318 
Heterogeneity can be a major issue when trying to decipher pathways commonly perturbed 319 
in patients. While this can be a strength in modelling varying genetic backgrounds, particularly 320 
for disease susceptibility and drug responses, it can pose several technical challenges that 321 
might undermine the findings from such models. Another problem is modelling the correct 322 
cell type i.e. the appropriate source - vascular bed, lineage and/or regional specification on 323 
the vessel with respect to hydrodynamic forces. Directed differentiation protocols now allow 324 
for specification of several of these features in VSMCs and ECs. The incorporation of specific 325 
chemical cues, mechanical strain and flow-induced shear stress have helped to further fine-326 
tune cell phenotypic state e.g. contractile or synthetic or phenotypically switched. Work to 327 
increase the maturity of iPSC derived cells is ongoing with modification of differentiation 328 



protocols based on sequencing data. However, these disadvantages are far outweighed by 329 
the benefits of iPSC-based disease modelling and therapeutic targeting. 330 
 331 
4. Genetic modulation for mechanistic insight 332 
 333 
Utilising tools to manipulate cellular behaviour has advanced mechanistic understanding of 334 
disease. Particularly, DNA-level modulation offers stable and inheritable alterations, a vital 335 
tool in foundational research and therapeutic development, and has been useful in 336 
investigating cardiovascular disease. Progress in genome editing has augmented our toolkit, 337 
providing the ability to enact DNA modifications through numerous strategies across diverse 338 
frameworks, enabling either site-specific or random edits, and classifications based on 339 
modification nature (e.g., knock-ins, knock-outs) or timeliness (e.g., temporal, constitutive). 340 
Site specific edits allow manipulation of genetic information at endogenous genes despite 341 
presenting considerable challenges, such as hard-to-identify off-target effects. Moreover, 342 
technologies such as the Tet ON/Tet OFF systems allow temporal control over genetic 343 
modifications and their subsequent cellular impacts, thus widening the scope and potential 344 
applications of genome editing technologies (96, 97). 345 
 346 
4.1 CRISPR systems for gene editing 347 

 348 
The conventional CRISPR approach hinges on the Cas protein inducing a double-stranded 349 
break (DSB) in the DNA, where the guide RNA finds complementarity in the genome. 350 
Subsequent repair of this intentional DSB is executed via the cell’s intrinsic replication 351 
machinery, chiefly through two primary pathways: Non-Homologous End Joining (NHEJ) and 352 
Homology-Directed Repair (HDR) (98, 99). The evolution of CRISPR-Cas technology also 353 
brought the emergence of diverse Cas proteins, base editors, and prime editors which 354 
contribute to enhanced specificity and versatility of genome editing techniques. Engineered 355 
variants of Cas proteins have been pivotal in reducing off-target editing (100, 101) and 356 
enabling access to a broader genomic region, thereby expanding the scope of potentially 357 
editable regions (102). Moreover, the development of base editors, which use catalytically 358 
repressed or inactive Cas9 fused to a DNA deaminase enzyme, provide a means to edit single 359 
base pairs without generating a double-stranded break (DSB) (103). Using base editing, a 360 
recent study investigated the causal variants implicated in blood pressure through VSMCs 361 
(104).  362 
 363 
A more recent approach, prime editing, utilizes a Cas9 nickase fused to a reverse 364 
transcriptase, alongside pegRNA which is produced through the fusion of the repair template 365 
with the guide RNA (105). pegRNA therefore serves as a template for the reverse transcriptase 366 
to synthesize the edited strand, which then integrates directly into the genomic DNA, while 367 
guiding the Cas9 to the target site, collectively minimizing indel formation and off-target 368 
effects. While these newer technologies hold their own limitations, such as the inability to 369 
generate transversion mutations and potential inadvertent RNA edits with base editing, as 370 
well as the restriction on sizable insertions with prime editing, continuous improvements in 371 
methodologies have expanded the efficiency and toolkit of prime editing, propelling forward 372 
the evolution of CRISPR technology. 373 
 374 



Modulating cellular behaviour extends beyond manipulations at the DNA level, encompassing 375 
various regulatory layers, including the epigenome and RNA. The CRISPR domain has been 376 
adeptly utilized for such purposes, especially through innovative strategies involving 377 
engineered proteins. For example, by coupling CRISPR with a catalytically deactivated Cas 378 
protein and subsequently fusing it with specific domain allows modulating epigenetic 379 
behaviour (106), adding a nuanced level of genetic control without altering the underlying 380 
DNA sequence. Additionally, different Cas proteins can be employed to orchestrate edits at 381 
the RNA level, providing a mechanism to regulate gene expression post-transcriptionally 382 
(107). 383 
 384 
4.2 Genetic modifications in iPSCs for disease modelling 385 

iPSCs themselves are amenable to genetic modulations including via CRISPR-Cas9, making 386 
them a powerful tool to characterise the mechanisms underlying disease aetiology. For 387 
instance, ‘CRISPR-correction’ of patient iPSCs at mutated loci into wildtype sequences, allows 388 
for the generation of isogenic iPSC lines that preserve the genetic background of the patient 389 
while establishing causality of the mutation in question (108). What this also means is that 390 
patient-specific differences in disease susceptibility due to genetic background, for example 391 
the effect of accompanying SNPs, can be modelled in the absence of the confounding ‘main’ 392 
mutation. Several studies have used iPSCs and derived vascular cells - VSMCs, pericytes and 393 
ECs - to model a variety of vascular diseases including, pulmonary arterial hypertension (109-394 
116), Hutchison-Gilford progeria (117-121), atherosclerosis (48, 122, 123), 395 
neurodegenerative cerebro-vascular conditions like Moyamoya disease (124-128), CADASIL 396 
(129-132), diabetes and its associated conditions (133-135). 397 
 398 
Coupling CRISPR gene editing  technology with iPSCs has allowed for significant enhancement 399 
of aortic disease models such as syndromic aortopathies (23, 41, 108, 136) and aortopathy 400 
genetic variants (62, 137). Correction of a FBN1 mutation demonstrated rescue of in vitro MFS 401 
disease phenotype (108). iPSCs can determine causality of a disease variant of interest (62, 402 
138) and provide information for precision medicine and need for cascade screening. Further, 403 
researchers have generated reporter lines of ACTA2 and MYH11, which are used in improving 404 
stem cell derived VSMC differentiations (95). 405 
 406 
Despite challenges, each advancement in the CRISPR technology has gradually improved the 407 
specificity and applicability of these vital tools, enabling unprecedented insights into genetic 408 
mechanisms. This has facilitated innovative developments across diverse biological domains, 409 
with potential applications in many more non-syndromic aortic diseases. 410 
 411 
5. Genetic abnormalities in thoracic aortic disease 412 
 413 
In heritable TAD, irrespective of penetrance, 25% of patients have at least one first degree 414 
member affected (139, 140). Patients with a family history of TAD demonstrate more rapid 415 
aneurysmal growth than sporadic TAD or MFS aneurysm (32). Interestingly, there is significant 416 
variation in aortic event risk, even within functionally related genes, such as those regulating 417 
VSMC contraction (7). Such genetic information has been used to predict those at risk of 418 
severe, early onset TAD and those with late onset low penetrant TAD (7, 141).  419 
 420 



Initially highly penetrant monogenic variants were identified with a candidate gene approach 421 
and linkage analysis. More recently, next generation sequencing has accelerated novel variant 422 
identification but poses some challenges. Firstly, it can be unclear whether the variant is 423 
causal, particularly if it is within a gene not previously associated with the condition. Judging 424 
causality of a genetic variant based on its presence within a. known disease related gene is an 425 
inherently biased approach and could hinder discovery of new pathways. Identifying variants 426 
of unknown significance (VUS) poses a challenge to clinicians (142) and a make genetic 427 
counselling challenging and raise uncertainty in need for cascade screening. Additionally, 428 
penetrance classification and determining pathogenesis are critical in design of 429 
pharmacological therapy or determining prophylactic treatment. Despite this, the correlation 430 
between genotype and phenotype in most TAD cases remains poor and additional techniques 431 
to predict clinical course in patients are urgently required. 432 
 433 
5.1 Novel variants with lower penetrance identified by next generation sequencing can be 434 
assessed for causality using iPSC-based disease modelling 435 
 436 
iPSCs were first used to model genetic variants which result in substantial modification of a 437 
protein product, but this technology can be used in more advanced models where complex 438 
traits are investigated. Many genetic variants identified are within intronic or intergenic 439 
regions and can regulate gene function (143). Variable expressivity of monogenic disorders 440 
may be due to modulation by additional genetic variants and incomplete penetrance. A 441 
genome-wide association study (GWAS) of TAD in the Million Veteran Program revealed 21 442 
risk loci with suggestion that TAD is a distinct vascular disease with complex traits. 443 
Importantly, this work argues that TAD is not inherited exclusively through protein altering 444 
variants of large effect size but are due to a combination of multiple at-risk genetic variants 445 
(144). Similarly, GWAS of the UK Biobank revealed 14 overlapping loci in ascending and 446 
descending thoracic aortic aneurysm (145), adding to findings from earlier GWAS (146-148). 447 
Given these interesting findings, the need for functional validation and exploration of biology 448 
underpinning disease is clear. Diseases which encompass a combination of numerous low 449 
effect risk loci, often identified by GWAS, pose a challenge in an iPSC model. Each individual 450 
variant may be too subtle to demonstrate a phenotype in vitro, which is in part due to gene-451 
gene interactions not present outside of the patient’s genetic context (149). However, patient 452 
derived iPSCs, which carry all potential risk variants, can be used to demonstrate which 453 
regions are more relevant in phenotypic manifestation. Multiple patient derived iPSCs can 454 
used in a pooled culture creating a ‘cell village’ where the impact of variation can be studied 455 
at a population scale, providing in depth information of the effect of expression quantitative 456 
trait loci (eQLT) (150). The impact of eQLT on phenotypic manifestation of a genetic variant 457 
can be addressed using patient specific iPSCs and then CRISPR correcting these regions to 458 
create isogenic controls (151). As such, risk loci can be evaluated to assess their functional 459 
impact on common genetic variants which in turn can feed into individualised risk scoring. 460 
 461 
5.2 Use of iPSCs for determining the pathogenicity of novel genetic variants 462 

Heritable TAD is non syndromic and typically associated with a single mutation in a gene 463 
related to ECM, TGF-β signalling or VSMC contraction (152). Over time an increasing number 464 
of variants are being reported and genes classified as pathogenic (153). Substantial evidence 465 
exists for ACTA2, MYH11, MYLK, LOX and PRKG1 but other genes are implicated with varying 466 



levels of certainty (153). Most of the VUS are not causal but may be low penetrant risk variants 467 
contributing to TAD (141). Even in large, national whole genome sequencing studies the 468 
diagnosis rate in heritable TAD remains low (8). There is consequently great potential for 469 
using iPSC models from heritable TAD patients or by generating CRISPR knock ins in the hope 470 
of determining causality and providing clinicians with more biological information to inform 471 
future management plans. 472 
 473 
Mutations in FBN1 are associated with MFS which is the commonest single gene aortopathy. 474 
Currently there are over 3000 FBN1 pathogenic variants identified with most unique to a 475 
family (154). Genetic studies have demonstrated that cardiovascular risk is determined by the 476 
genetic variant possessed. Those with haploinsufficiency FBN1 variants have increased risk of 477 
major cardiovascular events than dominant negative mutations (155). Within the dominant 478 
negative group, variants which effect or create Cysteine residues and in frame deletions in 479 
exons 25-36 and 43-49 have over a 6-fold increase aortic event risk (154). Despite this, 480 
delineating the genotype-phenotype relationship, particularly in MFS, remains a major 481 
challenge. Genetic background is important as presence of another TAD associated variant 482 
can predispose to a more severe aortic disease phenotype (156). Genetic background can also 483 
partly explain the difference in phenotype severity within a family who carry the same FBN1 484 
mutation (23) but there are other factors at play which remain uncovered. An iPSC model 485 
could be used to provide an in vitro prediction of severity once appropriate parameters of 486 
assays have been defined. Such an approach would be particularly useful in a young patient 487 
with a novel FBN1 variant where the impact of intensive lifelong surveillance is significant. 488 
Similarly, each LDS subtype carries different severity and therefore the relationship between 489 
genotype and phenotype is important. iPSC models of LDS have demonstrated abnormal 490 
contraction and enhanced proliferation of VSMCs (136) and can be utilised to explore 491 
genotype-phenotype correlation. As new variants are discovered in LDS related genes, there 492 
is an emerging need for gene-based classification and personalised risk scoring for each 493 
patient (157). 494 
 495 
6. Complex three-dimensional disease models 496 
 497 
The vasculature is a complex organ that involves crosstalk between the cells of the various 498 
layers and their extra-cellular micro-environment. In 2D systems, even in co-cultures of 499 
multiple cell types, the organisation of a vessel wall or physiological cell-cell contact cannot 500 
be recapitulated. In 2D systems, cells are cultured on hard plastic surfaces whose stiffness far 501 
surpasses that of a physiological matrix which can promote a more synthetic VSMC 502 
phenotype. Further, iPSC derived VSMCs are not as mature as those derived from tissue which 503 
is partly due to a lack of pulsatile flow and mechanical force in a monolayer culture. Hence, it 504 
is necessary to model the three-dimensional, multicellular vessel wall anatomy using cells 505 
embedded in an appropriate extra-cellular scaffold to capture the full phenotypic 506 
manifestation of a healthy or a diseased vessel. When comparing uniaxial stretch in 2D culture 507 
to a 3D construct, there is significantly higher increase in VSMC specific markers ACTA2 and 508 
calponin (158) suggesting that a 3D environment allows for more robust cell-cell and cell-509 
matrix interactions. For this purpose, several 3D models (159) have been in development over 510 
the last several years that incorporate multiple cell types in a bio-degradable matrix. Some 511 
key formats include vascular organoids (VOs) (135), vessel on a chip microfluidic device (VoC) 512 
and bioink-based extrusion or bioprinting. Use of these 3D models is on the rise in conjunction 513 



with iPSC-derived vascular cells to understand how disease affects vasculature including 514 
formation or structure or integrity. 515 
 516 
6.1 Vascular organoids mimic tissue niches with functional cell-cell and cell-ECM interactions 517 
 518 
VOs can be made as simple, self-assembling structures with cells cultured in a hanging drop 519 
or in low adherence culture substrata. These are often spherical and in co-cultures of VSMCs 520 
and ECs, there is a level of self-organisation between the cell types. Co-culturing VSMCs and 521 
endothelial cells has been shown to improve SMC differentiation (160). However, these 522 
models tend to have high variability. To obtain a more controlled structure, scaffolds using 523 
extra-cellular matrix like collagen, Matrigel or other biomaterials are used and depending on 524 
the design, these can result in self-assembly of intricate branched vessel networks with a 525 
perfusable lumen lined by ECs and VSMCs or mural cells. VOs can be transplanted and engraft 526 
with host tissue to form vascular trees (161). A recent study used human iPSC-derived VOs to 527 
study basement membrane thickening seen in the skin microvasculature of diabetic patients 528 
which demonstrated vasculopathy. With exposure to high-glucose media, the VOs showed 529 
increased collagen IV production and captured the basement membrane phenotype (134). 530 
However, similar treatments of 2D iPSC-derived ECs did not show a similar result suggesting 531 
the usefulness of 3D models in capturing disease specific phenotypes. 532 
 533 
6.2 Vessels on chip enable shear stress, flow and associated mechanotransduction responses 534 
 535 
VoCs on the other hand are specifically designed microfluidic devices that can then be lined 536 
with ECs, VSMCs and other cells to induce network and vessel formation (162). This model 537 
has been well characterised recently with robust vascular network formation comparing 538 
primary and iPSC-derived vascular cells, namely ECs, VSMCs and mural cells. The group also 539 
established the functionality of these vascular networks – agonist mediated stimulation of 540 
VSMCs – and crosstalk between VSMCs and ECs mimicking the environment in a vessel wall 541 
(163, 164) validating the usefulness of this system to model vascular diseases where such 542 
architecture and cell-cell interactions might be disrupted. Adding flow into a 3D culture 543 
system allows endothelial cells to detect shear stress and with this cue they can modulate 544 
SMC differentiation through signalling pathways such as nitric oxide (165).  545 
 546 
Bio-printing uses cells mixed into collagen or other matrix materials as a bio-ink to be 547 
extruded into moulds where vessel formation would be observed (166-168). Numerous 548 
assays can be performed including transcriptomic and proteomic analysis, alongside classical 549 
ELISA, immunostaining, and Western blotting (162). Multiple chips can be connected in 550 
parallel to create complex models more reminiscent of human physiology (169). iPSC derived 551 
VSMCs from a patient with Hutchinson-Gilford Progeria syndrome in a chip system showed 552 
elevated DNA damage and inflammation, exacerbated by mechanical strain (121). An ‘aorta 553 
on a chip’ approach in congenital aortic valve disease demonstrated impaired mitochondrial 554 
function due to suppression of NOTCH1, reducing VSMC contractility which was partially 555 
rescued with drug treatment (170). Liu et al (171) developed a VoC model with VSMCs of all 556 
three aortic lineages in series and determined the differential response to Ciprofloxacin and 557 
identified the PI3K-Akt signalling pathway as key in response to stretch (171). It should be 558 
noted that these ‘aorta on a chip’ models do not reflect the structure, scale and stress in the 559 
aortic wall and so their predictive power over simpler systems is debatable. Nevertheless, 560 



VoCs will continue to evolve, and are increasingly useful for their strength of potential 561 
downstream processing of cells for further investigation of mechanistic details especially with 562 
a systemic-like drug dosage procedure. 563 
 564 
6.3 Larger vessel-like structures for testing of structural integrity and tissue failure 565 
 566 
Another interesting approach is to use 3D self-assembling tissue engineered vascular rings to 567 
provide a readout of aortic wall integrity. Dash et al (172) fabricated vascular rings using iPSC 568 
derived VSMCs and were able to model supravalvular aortic stenosis with uniaxial mechanical 569 
testing. This approach is advantageous as it is relatively quick to fabricate the rings once 570 
VSMCs have been differentiated. Vascular rings can assess the effect of both mutant VSMCs 571 
and ECs in combination, or in isolation, and determine the impact on a clinically relevant 572 
readout of burst pressure. However, mechanical loading and integrity in the ring are 573 
dependent on the homogenous compaction of cells and deposition of collagen which can 574 
frequently be non-uniform leading to point weakness of the ring due to a technical issue 575 
(Sinha lab, unpublished). An engineered vascular tissue approach using murine VSMCs to 576 
study ECM remodelling allowed for tensile strength testing and assessment of responsive to 577 
contraction agonists (173). Here, both protein and proteoglycan accumulation changes over 578 
time with vascular calcification changes were demonstrated. While this model is still under 579 
development to be used for tensile strength testing of human iPSC VSMCs and its derivative 580 
ECM, it does provide a good basis for establishing the same. Use of TAD patient-derived iPSCs 581 
VSMCs or fibroblasts can help massively to study transient as well as long-term changes in 582 
ECM using 2D and 3D models. Recently, a tissue engineered blood vessel model of 583 
Hutchinson-Gilford Progeria Syndrome containing patient iPSC-derived VSMCs and ECs, was 584 
shown to serve as a useful drug testing platform where key disease-specific phenotypes such 585 
as vascular calcification, VSMC loss and extracellular matrix deposition were clearly captured 586 
(117-119).  587 
 588 
7. Translational potential of iPSCs 589 
 590 
Crucially, no drug treatment can halt aneurysmal degeneration of the aorta hence there is 591 
urgent need for new therapeutics. Promising animal data for Losartan, an angiotensin 592 
receptor blocker, in MFS were not replicated in human trials (174, 175). The AIMS trial with 593 
Irbesartan was successful but only showed a very small benefit (0.22 mm/year) in slowing of 594 
aortic wall aneurysmal dilatation (176). This was certainly less than seen in the dramatic 595 
mouse studies and may reflect differences between mouse and human disease as well as 596 
heterogeneity of human populations. 597 
 598 
7.1 Use of functional genomics to model disease associated with predicted risk loci and 599 
severity in iPSC-based screens 600 
 601 
Over the years, a multitude of screening methods have emerged as methodologies in 602 
functional genomics to offer profound insights into gene functionality and regulatory 603 
networks, through both loss-of-function and gain-of-function screens. These range from 604 
CRISPR based methods to RNA by employing siRNAs or shRNAs to post-transcriptionally 605 
mitigate gene expression. CRISPR activation (CRISPRa) and CRISPR interference (CRISPRi) 606 
screens, characterized by systematic overexpression and repression of target genes 607 



respectively, offer a platform for identifying genes fundamental to varied cellular activities, 608 
such as proliferation and drug resistance (177, 178). Moreover, coupling CRISPR screening 609 
with single-cell RNA sequencing delves into the cellular transcriptional outcomes consequent 610 
to genomic perturbations, providing an insight into cellular heterogeneity and the varying 611 
strategies cells deploy to manage therapeutic interventions (179). These methods have been 612 
instrumental in delineating genetic networks, understanding the heterogeneity in cellular 613 
responses to genetic perturbations, and unmasking the differential susceptibilities among 614 
individual cells within a population. Functional genomics also allows for modelling stroke and 615 
other cerebral small vessel diseases where predicted risk loci are validated using iPSC-derived 616 
vascular smooth muscle cells and testing for classes of drugs such as HDAC inhibitors and 617 
MMP inhibitors (180-182). Recent studies have highlighted the ability to employ iPSCs-618 
derived cells, genomics, and machine learning-based analysis for predicting risk of 619 
occurrences of conditions like arrhythmia and heart failure susceptibility in cardiomyocytes 620 
(183, 184). Risk loci of coronary artery disease (CAD) (122) and schizophrenia severity (185) 621 
were also determined using iPSC-derived VSMCs and neurons respectively. In a recent move, 622 
single cell multi-omics that combines transcriptomic and epigenetic data has been used to 623 
determine the genetic determinants of arrhythmia (186). Large patient sample collection 624 
biobanks are being built across various countries thereby providing ample opportunity to 625 
apply functional genomics and build accurate severity prediction models employing the latest 626 
tools mentioned above. 627 
 628 
7.2 Phenotypic screening and drug discovery and in iPSC models offers potential for disease 629 
severity prediction 630 
 631 
iPSCs can be used to identify deregulated signalling pathways in vitro and assess response to 632 
compounds hypothesised to improve relevant readouts (110). As such, they serve as excellent 633 
drug testing platforms for development of disease-specific therapeutics. For example, 634 
pharmacological inhibition of PDGF signalling in iPSC-derived cardiomyocytes in LMNA-635 
related dilated cardiomyopathy, ameliorated the arrhythmic phenotypes (187). Further, even 636 
disease severity modelling and prediction both have been successful in a) Brugada syndrome 637 
where cardiomyocytes are affected by arrhythmogenesis of different severity (188) b) Marfan 638 
syndrome where proteolytic degradation by vascular smooth muscle cells was used to scored 639 
disease severity and response to drugs inhibiting Gsk3β activity to restore proliferation, 640 
curtail apoptosis and MMP secretion (41) and c) Alport syndrome where kidney organoids 641 
modelled severity based on extent of accumulation of Collagens and a marked reduction in 642 
the same was demonstrated by the use of chemical chaperones (189). Atherosclerotic plaque 643 
stability was demonstrated by KLF4 attenuation by ANGPTL4 treatment of iPSC-derived 644 
vascular smooth muscle cells and in mouse models (190). Currently, with very large drug and 645 
compound libraries being readily available through pharmaceutical companies, we are only 646 
limited by not having widespread use of robotic drug screening platforms and automated 647 
phenotype assessment modules (whether imaging or spectrophotometry based) to identify 648 
and validate disease modifying therapies. 649 
 650 
7.3 Drug repurposing and use of omics approaches shorten therapeutics identification time 651 
and enhance efficiency 652 
 653 



Current technologies of phenotypic drug screening have come far from relying on low 654 
throughput 2D cell culture assays along with time-consuming analysis, to high throughput or 655 
high content screening assisted by automated analysis (191). In high throughput drug 656 
screening, iPSCs can be used to find novel treatments, repurpose drugs or to predict effect 657 
(192). Pre-existing drugs for different pathologies are being repurposed for cardiovascular 658 
disease based on the phenotypic screening which assays for reducing disease-modifying 659 
effects. This kind of approach significantly reduces costs and time incurred in bringing a drug 660 
from benchside to clearing clinical trials. Re-engineering existing drugs to enhance efficacy 661 
using knowledge of medicinal chemistry, rational drug design to optimize design, delivery and 662 
pharmacokinetics in animal models is being done. Such re-engineered drugs are being 663 
screened and validated with iPSC models (193, 194). Going an extra mile to determine the 664 
complete extent of impact a given drug on modifying global gene expression in a diseased cell 665 
has been done in the latest studies by employing single cell transcriptomic profiling of drug 666 
response singularly or in combinations using Combi-seq (195).  With such advancement we 667 
are no longer dependant on gene expression of 1-2 downstream targets to know the efficacy 668 
of drug treatment, rather an unbiased and wholistic assessment of direct and indirect target 669 
gene changes can be done. 670 
 671 
7.4 “Clinical trials in a dish” and precision medicine 672 
 673 
Drug screening with iPSC-derived cells can enable a precision medicine approach with 674 
individualised therapeutic plans based on response in iPSC models and with the knowledge 675 
about patient’s lifestyle, genetic background, and environment (196). This platform can 676 
identify non-responders to drug therapy and in parallel be used to determine the molecular 677 
basis for this.  Given that iPSCs can identify drug targets, predict response levels, screen novel 678 
compounds, and repurpose licensed therapeutics, they provide an excellent resource to 679 
bridge the gap between preclinical investigation and clinical trials. ‘Clinical trials in a dish’ can 680 
fulfil the requirement of testing various drug therapy parameters in a high throughput 681 
fashion. Identifying those at higher risk of experiencing drug related complications can 682 
uncover the mechanisms leading to this and tailor therapy to mitigate the risk, such as 683 
reduced dosing regimens (197). Another important consideration is the vast resource and 684 
human impact of participating in a clinical trial. Using iPSC based ‘clinical trials in a dish’ would 685 
complement animal studies and provide important biological information which could 686 
confirm the need for, or advise against, human trials. ‘Clinical trials in a dish’ using iPSCs have 687 
been used for different cardiovascular cells such as endothelial cell function and crosstalk 688 
with cardiomyocytes improvement by Lovastatin in LMNA cardiomyopathy (198). Two hERG-689 
blocking drugs, Dofetilide and Moxifloxacin, were also tested on iPSC derived cardiomyocytes 690 
for QT prolongation (199). With continued improvement in iPSC differentiations, assay 691 
development and 3D modelling, the utility of this approach will only increase. 692 
 693 
7.5 Cell therapy in aortic disease 694 
 695 
A stem cell therapy-based approach has been on keen interest within the cardiovascular field. 696 
In aortic context, work has focussed predominantly on AAA with use of mesenchymal stem 697 
cells (MSCs) (200), umbilical cord stem cells (201), and iPSC derived smooth muscle cell 698 
progenitors (IPSC-SMP)(202) with delivery methods including intravenous injection, direct 699 
injection and through collagen scaffolds.  700 



 701 
Perivascular delivery of iPSC-SMP, integrated into a collagen scaffold, demonstrated 702 
feasibility, VSMC retention and reduced macrophage invasion in a murine model of AAA 703 
(202). However, in contrast to the primary VSMC collagen scaffolds, iPSC-SMP scaffolds did 704 
not result in reduced aneurysmal expansion. This could in part be due to using smooth muscle 705 
cell progenitors as the chosen cell type for delivery instead of more mature VSMCs which 706 
would be less likely to dedifferentiate and phenotype switch. An MSC intravenous infusion 707 
based clinical trial in patients with small AAA is underway with results awaited (203). 708 
 709 
Cell based therapies for aortic disease have shown promise in animal models, but selection 710 
and optimisation of the delivered cell type is key. Further work is needed to elucidate whether 711 
injection or scaffold-based approaches are more efficacious.  712 
 713 
Conclusion 714 
 715 
Coupling the wealth of data from genomic discovery studies with functional validation tools 716 
such as iPSCs is key in uncovering further genetic landscape in TAD to aid diagnosis, 717 
personalised management and rationalise cascade screening. The versatility of iPSCs and the 718 
capability for genetic editing allows for a powerful humanised model for mechanistic insight 719 
and risk determination alongside evolving roles in drug discovery and validation. The 720 
increasing accuracy of genetic editing and advancement in 3D aortic disease modelling paves 721 
the way for patient and mutation specific management approaches and an exciting era of 722 
precision medicine in aortic and other cardiovascular diseases. 723 
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Figure legend 753 
 754 
Figure 1: Graphical summary demonstrating the utility of induced pluripotent stem cells (iPSC) 755 
in understanding thoracic aortic disease (TAD) variants of unknown significance (VUS). iPSCs 756 
can be generated from a TAD patient or an established iPSC line genetically edited to carry a 757 
VUS. These can be differentiated in to vascular smooth muscle cell (VSMC) or endothelial cell 758 
(EC) in the form of a 2-dimensional (2D) culture or 3-dimensional (3D) culture system 759 
including vascular organoids (VO), vessel on a chip (VoC) and vascular ring. These models can 760 
proceed to multiomic evaluation, be used for drug or CRISPR screening, and then followed by 761 
assessment of drug response in high throughput manner. Such an approach allows for 762 
personalised management of the TAD patient and allow determination for need of cascade 763 
screening of family members. Figure created with BioRender.com. 764 
 765 
Publication licence granted by BioRender. Agreement number UH266AGKA0. 766 
 767 
Table 1: iPSC models of thoracic aortic disease that have been phenotypically characterized 768 
and reported.   769 
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Table 1 1357 
 1358 

Disease Muta�on 
within iPSC 

Phenotypic 
characterisa�on 

Rescue of phenotypic defect 

Marfan 
Syndrome 
(Granata et al., 
2017) 

FBN1 exon 30 
(c.3725G>A)  
FBN1 exon 21 
(c.2638G>A) 
 

Comparison of 
mutant and isogenic 
VSMCs 
FBN1 deposi�on, 
MMP expression, 
Cell contrac�lity and 
death. Cell stretching 
aggravates the 
phenotype. 

Yes. Inhibi�on of p38-MAPK or 
KLF4 knockdown 

Marfan 
Syndrome 
(Davaapil et al, 
2023) 

FBN1 exon 30 
(c.3725G>A)  
FBN1 exon 14 
(c.1837+5G>C) 
FBN1 exon 10 
(c.1051C>T) 

Comparison of 
mutant and isogenic 
VSMCs 
MMP expression by 
DQ gela�n and 
ac�vity through 
Zymography, 
Cell death and cell 
prolifera�on 

Yes. GSK3b inhibi�on reduces 
proteolysis by MMP secre�on and 
apoptosis 

Loeys-Dietz 
Syndrome 
(Dong Zhou et al, 
2021)  
 

TGFBR1 
c.688G>A 

VSMC lineage-
specific effects. CPC 
derived VSMCs have 
disrupted canonical 
TGF-β signalling and 
decreased gene 
expression of VSMC 
markers and 
contrac�lity 
markers. Abnormal 
ECM forma�on.  

Yes. Combina�on treatment with 
ac�vin A and rapamycin that could 
rescue the SMC defects caused by 
the  TGFBR1 variant 

Loeys-Dietz 
Syndrome 
(Jian Gong et al, 
2020) 
 

SMAD3 
c.652delA 
 

SMAD3 mutant 
VSMC 3D-vascular 
ring model had 
increased s�ffness 
 

Inhibi�on of mir-29 par�ally 
rescued ELN expression in SMAD3 
variant 
 

Loeys-Dietz 
Syndrome 
(M Perik et al, 
2023) 

TGFB3  
p.Asp263His 

Reduced 
contrac�lity of 
neural crest VSMC 
upon thromboxane 
A2 s�mula�on. 
Variability between 
clones observed 

No 

Bicuspid aor�c 
valve- (BAV-) 
related thoracic 
aor�c aneurysm 
(Jiao et al 2016) 

Notch1 muta�on 
not found but no 
other muta�on 
was specified  

Lineage specific 
effect of neural crest-
derived VSMC 
showing reduc�on in 
VSMC marker and 

Yes. Inhibi�on of mTOR pathway 
using rapamycin rescued defects 
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contrac�lity marker 
expression.  TGF-β 
signalling was 
decreased. Paraxial 
mesoderm derived 
VSMCs were not 
affected in these 
aspects 

Williams-Beuren 
syndrome (WBS) 
and  Supra 
Valvular Aor�c 
Stenosis 
(Kinnear et al 
2013) 

Hemizygous 
microdele�on of 
a 1.5–1.8 Mb 
region on 
7q11.23 involving 
26–28 genes, 
including ELN 

Immature VSMC 
phenotype 
having   reduced 
levels of elas�n and 
differen�ated SMC 
markers 
Func�onal 
immaturity due to 
lack of response to 
Carbachol 
s�mula�on for 
calcium transient 
genera�on  

Yes. EBPL2 is a synthe�c pep�de 
that contains a sequence, which is 
homologous to the human elas�n 
domain. EBPL2 binds to elas�n-
binding protein (EBP) to s�mulate 
ac�vity and induces elas�n 
receptor complex-dependent 
signaling 

Supra Valvular 
Aor�c Stenosis 
(Xin Ge et al., 
2012) 

4-bp nucleo�de 
(GTAT) inser�on 
in exon 9 of ELN 
that was 
predicted to 
result in a 
frameshi� and a 
premature 
termina�on 
codon in exon 10; 
2 clones were 
characterized 

VSMCs have 
defec�ve ac�n 
filament bundle 
forma�on 
Hyperprolifera�on 
and migra�on of 
VSMCs is observed 
Increased  ERK1/2 
ac�vity is implicated 
in hyperprolifera�on 
of SVAS iPSC-SMCs 

Yes. Elas�n and Small GTPase RhoA 
rescue phenotype defects 
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