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Abstract 

Vasculopathy is a pathological process occurring in the blood vessel wall, which 

could affect the haemostasis and physiological functions of all the vital 

tissues/organs and is one of the main underlying causes for a variety of human 

diseases including cardiovascular diseases. Current pharmacological 

interventions aiming to either delay or stop progression of vasculopathies are 

suboptimal, thus searching novel, targeted, risk-reducing therapeutic agents, or 

vascular grafts with full regenerative potential for patients with vascular 

abnormalities are urgently needed. Since first reported, pluripotent stem cells 

(PSCs), particularly human induced pluripotent stem cells, have open new 

avenue in all research disciplines including cardiovascular regenerative 

medicine and disease remodelling. Assisting with recent technological 

breakthroughs in tissue engineering, in vitro construction of tissue organoid 

made a tremendous stride in the past decade. In this review, we provide an 

update of the main signal pathways involved in vascular cell differentiation from 

human PSCs and an extensive overview of PSC-derived tissue organoids, 

highlighting the most recent discoveries in the field of blood vessel organoids 

as well as vascularization of other complex tissue organoids, with the aim of 

discussing the key cellular and molecular players in generating vascular 

organoids.  

 
Key Words: 
Vascular organoid; Organoid vascularization; Tissue-engineered vascular graft; 

Vasculopathy; Vascular disease; Pluripotent stem cell; Induced pluripotent stem 

cell; Embryonic stem cell; Blood vessel; Vascular endothelial cell; Vascular 

smooth muscle cell.   
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1. Introduction  

Vasculopathy is an umbrella term used to summarize a plethora of vascular 

diseases characterized by abnormalities of the vasculatures. These 

pathological anomalies are often associated with a variety of risk factors or as 

a direct result of pre-existing conditions including diabetes, rheumatic diseases, 

livedoid vasculopathy, and systemic sclerosis. Vasculopathy is the key 

underlying cause of cardiovascular disease (CVD), which is the prevailing 

cause of mortality in modern society, accountable for more than 36% of all 

deaths worldwide1. Current mainstream pharmacological interventions aim to 

either delay or stop progression of vasculopathies and subsequent high-risk 

cardiovascular events2. Despite extensive clinical usage and compelling results 

from both pre-clinical and clinical studies, a gap of knowledge yet remains with 

regard to the precise mechanisms of most therapeutic interventions, not to 

mention the risk profile associated with long-term exposure of various 

preventative drug therapies, complexed by a myriad of patient-to-patient 

inconsistencies that might inevitably lead to contradicting treatment outcomes3. 

Thus, the introduction of novel, targeted, risk-reducing therapeutic agents for 

patients with vascular abnormalities pose a considerable challenge for the 

advancement of vascular disease prevention, treatment and healthcare.  

Over the past decades, the world had come to appreciate the power of modern 

technologies which had enabled advancements in uncovering the biochemical 

bedrocks of vascular diseases. The revelation that specific biological signalling 

pathways facilitating pathophysiological events had driven extensive 

mechanistic studies toward targeted treatments and drug development. For 

instance, endothelial dysfunction, inflammation and lipid infiltration were initially 

believed to be the precursors of atherosclerotic lesions4, however, the scope of 

the problem was greatly underestimated as countless follow-up studies 

revealed an elaborate, interwoven network of communications between 

different cell types, signalling molecules and downstream effectors5, with many 

still under debate for their validities. Moreover, identification of novel biomarkers 

for diagnostics and targeted therapies is an arduous process that also demands 

tremendous efforts from the current experimental models, which unfortunately 

has become somewhat obsolete in many aspects. 

Traditionally, scientists have relied on in vitro systems to conduct mechanistic 

studies at a cellular/tissue level. The simplistic, cost-effective nature of in vitro 

setups had become well-integrated by most fields of biochemical research, yet 

many do agree unanimously to the rhetoric that primary or immortalised cells 

differ tremendously from their tissue-level counterparts, therefore do not reflect 

normal cellular behaviours in their naïve microenvironments6. In vivo and ex 

vivo animal models are considered the other ‘pillar’ of vascular research, which 
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enabled researchers to recreate key pathophysiological events whilst 

assessing multiple influencers at once, and most importantly, to observe 

systemic changes within a live organism. However, most animal models suffer 

from poor translatability because of the intrinsic differences in physiological 

characteristics between human and other organisms, which have led to 

inconsistencies that are detrimental for translating pre-clinical findings into 

meaningful clinical outcomes7. Consequently, to guarantee reproducibility and 

translatability in vascular research, more innovative, reflective and 

sophisticated modelling techniques are required to overhaul current established 

systems.   

The first human pluripotent stem cell (hPSC) line, more specifically human 

embryonic stem cell (hESC), was prominently introduced in 19988. Due to its 

huge potential to self-renew indefinitely and differentiate into any desirable cell 

type under controlled laboratory settings, hESC has been highly applicable in 

many research disciplines. Although this potential was realized shortly after, 

many researchers avert their eyes due to concerns over ethical issues, immune 

rejection, availability and patient-specificity. However, with the emergence of 

human induced pluripotent stem cell (hiPSC) technology9, it is now possible to 

obtain an unlimited source of patient-specific hiPSCs devoid of any ethical and 

immunological concerns. Once established, hiPSC lines encompass all the 

essential characteristics of human hESCs without the need to sabotage human 

blastocysts, while remaining autologous and disease-specific to its patient-

origin; moreover, introduction of powerful gene-editing tools such as Zinc Finger 

Nuclease (ZFN), transcription activator-like effector nucleases (TALEN) and 

CRISPR-CAS9, together with hiPSC technology, brings new insights to the 

pathophysiological roles of disease-related genes, and facilitates discovery-

driven, high-throughput drug screening without the concerns for cell availability.  

Joining forces with recent technological breakthroughs in the field of tissue 

engineering, in vitro construction of tissue mimetic via a combination of scaffold 

materials, key growth factors and hPSCs10, breathed new life into an otherwise 

stagnant monolayer culture system that was widely adopted in most early stem 

cell research. By virtue of incorporating critical biophysical cues such as 

dimensionality, stiffness and tomography11, three-dimensional (3D) culture 

systems far outclass traditional 2D systems in translatability and scalability, as 

many have found success from small-scale tissue reconstruction, including 

skeletal muscle fibres12, vascular grafts13, cartilage tissues14 and Organ-On-A-

Chip15, to large-scale reconstruction of organs with de-cellularized extracellular 

matrix (ECM) scaffold and hPSCs16. In this Review we will seek to examine the 

more recent discoveries in hPSC-derived vascular cells and blood vessel 

organoids, with particular emphasis on the newly reported key signalling 

pathways governing vascular cell specification and most recently established 

protocols in generating vascular organoids and the vascularization of other 
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complex tissue organoids. 

 

2. Vascular cell specification and tissue engineering 

Vascular mural cells (MCs) and endothelial cells (VECs) are the two main 

functional cell types within human blood vessels (Figure 1). MCs can be further 

categorized into vascular smooth muscle cells (VSMCs) and pericytes. VSMCs 

are predominantly located in the middle layer of most arterioles and all arteries, 

whereas pericytes are most frequently found to reside along abluminal side of 

VECs that line the luminal surface. The phenotypic and functional identities of 

these vascular cells are pre-determined and are guided by spatiotemporal 

activation of particular signalling pathways at early embryonic development17-

20. 

 

2.1. Vascular cell differentiation from human PSCs  

Based on key discoveries in embryonic vascular development, three well-

accepted methods have been established for the generation of vascular cells 

from hiPSCs (Figure 2): 1) hiPSCs were first differentiated into neural crest 

stem cells (NCSCs) by fibroblast growth factor 2 (FGF-2) treatment 21, 22, then 

matured into VSMCs by seeding the NCSCs onto a relative stiff matrix, which 

were maintained in serum-free media containing transforming growth factor-β1 

(TGF-β1), as a result, the matured VSMCs exhibited enhanced mechanical 

properties23; 2) hiPSCs were differentiated into mesoderm following the 

treatment of bone morphogenic protein 4 (BMP4) and GSK3 inhibitors 

CHIR99021/CP21, the mesoderm was then treated with vascular endothelial 

growth factor (VEGF) and Forskolin to induce VECs specification; alternatively, 

by using platelet-derived growth factor-BB (PDGF-BB) and Activin-A to induce 

VSMC specification24. As a result, the induced VECs and VSMCs were 

comparable to primary cells in transcriptomes, metabolomic profiles and 

functional properties, as well as drastically reduced differentiation period in 

contrast to previous study25; 3) instead of traditional static culture set up, the 

introduction of dynamic forces, such as shear stress, combined with VEGF and 

FGF treatments, can accelerate VEC specification and yield a greater number 

of tube-like network; in particular, the improved maturation of VECs was 

accompanied by upregulated Notch1 signalling and F-Actin filament re-

aglinment by media flow26. It is worth noting that the response of iPSC-induced 

VECs to shear stress was different from human umbilical artery/vein endothelial 

cells, as distinguished by specific marker gene expressions27; overall, external 

mechanical stimuli can help facilitate the maturation of iPSC-derived VECs.  

Regarding the protocols mentioned above, despite all three approaches 
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sharing several intrinsic similarities in culture methods, there are fundamental 

differences which could be reflected in the time of establishment, 

phenotypic/functional differences in matured vascular cells and their potentials 

in clinical applications. In terms of timeline, protocol 1 was reported in 2015, 

followed by protocol 2 in 2019, and protocol 3 in 2020. The establishment of 

later protocols was somewhat inspired by the previously established protocols, 

for example in protocol 2, VSMCs and VECs were efficiently and rapidly 

induced using monolayer-directed differentiation method that is more time- and 

cost-efficient, whilst being accessible for most laboratories28 comparing to 

embryoid body (EB) formation; however, since the induced vascular cells were 

generated in static media in vitro, meaning a lack in any forms of biophysical 

stimulations, which is an important functional parameter for real blood vessels. 

In addition, there was no distinction between arterial and venous VECs in 

protocol 2, where the induced cells were far less capable in mechanical 

durability and therefore unsuitable for clinical usage. To circumvent this 

drawback, protocol 3 incorporated distinctive magnitudes of shear stress in 

addition to in vitro culture setup, correspondingly, it was found that shear stress 

also played an important role in specification of mouse iPSCs towards venous 

or arterial ECs, as evidenced by upregulated marker expressions for general 

VECs and arterial ECs, elevated level of nitric oxide secretion and parallel 

alignment of VECs to the direction of the laminar flow26. Nevertheless, protocol 

3 was predominantly an in vitro differentiation strategy, where iPSCs are of 

mouse origin and the induction of VSMCs was not included; whereas protocol 

1 encompassed both cyclic circumferential stretching and in vivo biological 

environment as two co-existing factors to induce VSMCs from human iPSCs. 

The induced VSMCs exhibited enhanced mechanical strength and more 

durable vascular grafts23. As for the growth factor combinations deployed for 

each protocol, there are no studies confirming which combination is the most 

optimal. Importantly, it is worth mentioning that these vascular cells generated 

from PSCs in these three protocols were still fraught with numerous intrinsic 

limitations including cell-to-cell and line-to-line heterogeneity, as well as 

functional, metabolic and biological immaturity of these hPSC-derived cells. 

Therefore, these protocols are still confined in generating differentiated 

vascular cells, albeit with adequate morphologies and acceptable functional 

capacity, are not ready for generating in vivo self-assembling vessels or 

creating in vitro engineered vascular grafts yet. In conclusion, more research 

has yet to be done before the wide-spread adoption of cell-based therapeutic 

strategies can take place in clinical application.  

 

 

2.2. Signalling pathways in vascular cell specification 
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Naturally, the transition from PSCs into VSMCs and VECs encompasses many 

signalling pathways that facilitate stem or progenitor cells to commit into a 

specific lineage, and ultimately mature into vascular cells. Knowledge of these 

underlying signalling mechanisms is therefore crucial for designing in vitro 

induction protocols, whether to construct tissue-engineered vascular graft 

(TEVG) or blood vessel organoid (see later section). In this section, we mainly 

focus on the most recent updates on two vital signalling pathway, Notch and 

Wnt (Table 1) and their involvements in vascular differentiation, whereas others 

such as TGF-β1, PDGF-BB, serum response factor, retinoic acid, small 

GTPase RhoA, reactive oxygen species29-31, VEGF, TGF-β/BMPs32, 33, histone 

deacetylases34-37, micro-RNAs38-40, matrix metalloproteinase41-43, and 

extracellular matrix-integrin signalling44, will not receive many attentions as they 

have already been elucidated comprehensively in previous reviews45-53. 

 

2.2.1. Canonical Notch signalling pathway 

Canonical Notch is a highly conserved signalling pathway that plays a crucial 

role in MC and VEC specification54, as evidenced by disruption of Notch 

signalling can lead to failure in arterial lineage commitment, malformation of 

vascular network and even embryonic lethality20. Notch3 is most predominantly 

expressed in MCs, where a loss of function mutation in mouse embryonic cells 

can result in stepwise disruptions of arterial VSMCs55-57. Additionally, it was 

shown in zebrafish that Notch3 upregulates MC proliferation, and activation of 

different Notchs, such as Notch2 and Notch3, in the mesenchyme precedes 

MC specification in a region-specific pattern58, 59. In other words, diverse 

signalling effects can be achieved through different Notch receptor-ligand 

binding pattern. For example, Delta-like4 and Jagged1 are two reverse Notch 

ligands involved in angiogenesis, depending on their glycosylation status60. 

Delta-like4 may also influence the differentiation of pericytes from skeletal 

myoblasts61. Similarly, the intracellular domain of distinct Notch receptors may 

elicit different response when bound to the promoters of target genes62. On the 

other hand, Notch1 and Notch4 are mainly involved in VEC development. 

However, upon vascular injury, Notch1 and Notch3 instead play an important 

role in mature VSMC phenotype modulation63-65 and VSMC differentiation from 

adventitial stem/progenitor cells41. It is understandable that Notch receptors 

and ligands are expressed in advance by signalling cells that subsequently 

participate in Notch signalling. However, it remains unknown if these molecules 

are simultaneously upregulated in vascular cells and/or other cells within 

arterial vessels, prior to Notch signalling activation during vascular 

development and arterial remodelling. 

2.2.2. Canonical Wnt signalling pathway  
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Wnt signalling pathways are divided into canonical (β-catenin dependent) and 

non-canonical (β-catenin independent) pathways. Canonical Wnt signalling 

pathway is highly conserved, and plays an irreplaceable role in maintaining 

stem cell function, cell fate specification, tissue homeostasis and organ 

development66, 67, as well as in vascular cell specification. Notably, the 

functional involvement of Wnt signalling at different stages of embryonic 

development has not been entirely clear. As for mammals, the specification of 

somatic vascular cells normally undergoes four phases: undifferentiated PSCs, 

primitive streak, ectodermal neural crest or mesoderm, and somatic cells. The 

first step of PSC differentiation is the formation of primitive streak, where PSCs 

give rise to all endodermal and mesodermal lineages68. At this early stage of 

mesodermal development, transcript level of Wnt3 gene, along with Brachyury 

(T), eomesodermin (EOMES), FOXA2, MIXL1, and MESP1, are upregulated, 

all of which coordinate the induction and patterning of mesoderm68. Additionally, 

Wnt signalling pathway combined with BMPs, Activin/Nodal and FGFs, are 

momentous inducers for mesoderm formation68, 69. More specifically, during the 

process of mesodermal induction from hPSCs, activation of β-catenin 

dependent Wnt signalling pathway by GSK3 inhibitors (CHIR99021 or CP21) 

and BMP signalling via BMP4 protein, push PSCs to commit into mesodermal 

lineages, enabling downstream vascular lineage specifications24. The vital role 

of Wnt signalling pathway in facilitating mesoderm induction has been 

extensively studied, however, there are less studies on Wnt signalling-regulated 

vasculogenesis. More recently, a study has found that for human ESCs, the 

activation of Wnt signalling by GSK3 inhibition after mesodermal induction 

increased formation of vessel-like network, as well as the number of matured 

VECs70. They also reported that the over-expression of Wnt3a could lead to 

increased number of mature VECs, which was mediated by auto-upregulated 

transcription factor, Lef1, whereas the over-expression of Wnt8 was shown to 

impact the size of VECs70.  

2.2.3. Other important signalling pathways  

Sonic hedgehog (Shh) is an important component of the hedgehog family, it 

was demonstrated in zebrafish that Shh signalling pathway is crucial in lineage 

commitment of endothelial progenitors to form artery20. A communication model 

for Shh and Notch signalling was proposed as to be the underlying mechanism 

of arterial cell maturation71. Specifically, Shh initially binds to the G protein–

coupled receptor Smoothened (SMO) and transmembrane receptor Patched 

(PTC), then it indirectly induces VEGF production in nearby somite, which 

subsequently activates Notch signalling pathway to boost arterial induction in 

zebrafish72-75. Nevertheless, whether the same signalling interplay takes place 

in mammals is yet to be determined. Hippo signalling pathway, an extremely 

conserved kinase cascade, is conventionally regarded as a vital regulator in 
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modulating cellular growth, organ size and other functions. Hippo signalling 

pathway plays an important role in injury-induced arterial remodelling. When 

the carotid artery is injured, the expression level of Yap is dramatically 

upregulated in VSMCs which in turn, promotes proliferation and migration of 

VSMCs76. Moreover, an important role for Hippo signalling pathway in 

developmental and pathologic lymphangiogenesis77, 78, angiogenesis79, SMC 

differentiation80, and coronary vasculature development81 has been well-

documented in the literature. 

2.2.4. Cross-talks between Wnt and Notch signalling pathway 

Although canonical Notch signalling pathway is highly conserved and self-

contained, it may also exert other signalling effects beyond its original role82-85 

by cross-talking with other signalling pathways. For example, a study showed 

that membrane-bound Notch can cross-talk with Wnt signalling pathway and 

down-regulate the cytoplasmic level of unphosphorylated (activated) β-catenin 

protein in stem and colon cancer cells, by directly interacting with active β-

catenin86. Additionally, during cerebrovascular VEC development, activation of 

the canonical Wnt signalling pathway can influence the amount of 

monocarboxylic acid transporter 1, which mediates the transportation of 

monocarboxylate fuels for brain VECs; whereas inhibition of the Notch 

signalling via γ-secretase inhibitor antagonize the up-regulation of 

monocarboxylic acid transporter 1, further supporting the functional importance 

of the cross communication between the canonical Notch and Wnt signalling 

pathway in VEC development87. 

 

2.3. PSC-based tissue engineering vascular graft (TEVG)  

Clinically, autologous and allogenic graftings are primarily limited by the narrow 

availability of native human blood vessels88, 89. However, ever since the 

introduction of vascular constructs built from biocompatible materials, synthetic 

vascular graft gradually rose to popularity as a main-stream player in most 

vessel-replacement therapies. Nonetheless, due to several post-operative 

concerns such as intimal hyperplasia, restenosis, immunologic rejection and 

post-operative infection89, 90, further improvement or alternatives are urgently 

needed. Fortunately, the emergence of tissue engineering technologies have 

brought about new insights into circumventing these existing challenges89. 

Vascular engineered constructs are artificial blood vessel tissue mimetics that 

encompasses adequate mechanical durability, protein synthesis and cell types 

comparable to the naïve human vessels. Over the decade, numerous platforms 

have been developed with the aim to steadily produce patient-compatible 

TEVGs (Figure 3). 

As an example, Manikowski and colleagues established a novel protocol to 

D
ow

nloaded from
 https://academ

ic.oup.com
/cardiovascres/advance-article/doi/10.1093/cvr/cvaa313/5949049 by guest on 02 N

ovem
ber 2020



10 
 

generate clinically applicable tissue engineered vascular constructs by casting 

the 3D hydrogel matrix onto the decellularized porcine small intestinal 

submucosa fixed in a custom-made metal frame. Human adipose tissue-

derived stromal cells (hASCs) and five different types of hVECs (HUVECs, 

human umbilical vein endothelial cells; hCEC, human cardiac endothelial cell; 

hPAEC, human pulmonary artery endothelial cell; iCell-ECs, iPSC derived 

endothelial cells from Cellular Dynamics International; hiPSC-ECs, human 

iPSC-derived endothelial cells) were co-cultured within the 3D hydrogel matrix. 

All co-culture systems demonstrated capacities to self-assemble and 

spontaneously form vessel-like networks which featured with small diameter 

lumens within the 3D hydrogel91 (Figure 3A). Meaningfully, this study brought 

new insights to the generation of TEVGs, which not only featured five types of 

hVECs, but also introduced an alternative mural cell hASCs, apart from SMCs 

and pericytes. Although hASCs are easily obtained from subcutaneous fats of 

patients, which mitigates the issues of cellular availability and immunogenicity 

against host92, the patients whom undergo this procedure are typically senior, 

with higher abundance of somatic cells exhibiting reduced proliferative 

capacities, comparing to younger patients; Secondly, the utilization of animal 

product as scaffolding materials still remained a huge drawback. Matrigel for 

example is still a controversial subject in clinical studies due to its batch-to-

batch inconsistent immunogenicity and composition. Thus, the clinical adoption 

of this therapeutic strategy is still pending for extensive investigations. 

Additionally, a recent study has also found that by co-culturing of iPSC-derived 

VSMCs and VECs under atheroprone hemodynamic context, the matured cells 

were highly similar to primary VSMCs and VECs93; In another study94, hiPSC-

derived VSMCs (hiPSC-VSMCs) were seeded onto a biodegradable scaffold 

and incubated under defined physical cues, more specifically, incremental 

increase of pulsatile radial distention at 110–120 beats/minute. The resulting 

hiPSC-VSMCs-based TEVG was engrafted into a nude rat, which remained 

patent after 4 weeks, with no longitudinal extension, radial dilation or teratoma 

formation, thus demonstrating excellent mechanical strength, durability and in 

vivo stability. Apart from radial distention stress, shear stress also plays a vital 

role in promoting iPSCs differentiation into VECs and facilitating VEC 

maturation.  

Although hiPSCs can be readily reprogrammed from somatic cells of either 

patients or donors, several impeding factors are in play, such as difficulties in 

obtaining reprogrammable cells from patients with advanced age, time spent 

on laboratory procedures, and reduced effectiveness of cell-based therapy for 

patients with genetic disorders, altogether hindering the application of hiPSC 

technology in clinical practices. To circumvent these challenges, two novel 

approaches have been recently developed (Figure 3B): 1) Inspired by the 
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immunologic tolerance phenomenon between the maternal immune system 

and paternal antigens during pregnancy95, researchers96 are now able to 

produce hypo-immunogenic iPSC from other young, health donors; more 

specifically, it was found that the syncytiotrophoblast cells, which constitute the 

interface between foetal tissue and maternal blood, express low level of major 

histocompatibility complex (MHC) class I and II, but up-regulated expression of 

CD47. CD47 is an omnipresent membrane protein that impedes phagocytosis 

by interacting with multiple cell surface receptors97. Based on these findings, 

Deuse et al96 adopted a versatile gene-editing tool, CRISPR-CAS9, to knock 

out β2-microglobulin (B2m) gene, a configurational component of MHC class I, 

and Ciita gene, the primary modulator of MHC class II genes98, followed by the 

insertion of Cd47 gene sequence via lentivirus transfection. The 

B2m−/−/Ciita−/−/Cd47-expressing hiPSCs featured hypo-immunogenicity with 

full developmental capacities96. Building on this, the usage of this hypo-

immunogenic hiPSC in vascular graft should minimize host immune rejection, 

as well as efficiently prevent coagulation and restenosis post-implantation. 

Notably, this breakthrough in iPSCs technology can offer healthy, vigorous 

pluripotent cells to senior-age patients, or patients with inherent genetic deficits 

or systemic diseases; 2) Gene-editing tool can be utilized to correct the gene 

deficits in patient somatic cells, then reprogrammed to patient-specific iPSCs 

devoid of defective gene copies. In recent years, the revolutionary CRISP-

Case9 system has been increasingly used for efficient gene manipulation of 

embryonic cells, somatic cells or gametes99. Specifically, CRISPR/Cas9, a 

RNA-guided nuclease system, is far superior to other gene-editing tools, with 

low possibilities of non-specific targeting or incomplete suppression of the 

target genes, while showing significant improvements in precision for gene 

editing in hiPSCs100, 101. 

Although vascular tissue engineering technologies have shown many promises, 

more systemic assessments are needed before the wide-spread application of 

TEVGs into clinical practice, such as mechanical durability, physiological 

functions, compatibility to host, cell plasticity, spatial-temporal degradation rate 

and cost-efficiency. More specifically, long-term in vitro cell culture may result 

in the gradual loss of cellular identities20, 102, hence is more likely to induce cells 

with weaker functional capacities and higher heterogeneity comparing to their 

in vivo counterparts. Additionally, vascular cell specification and maturation are 

closely influenced by environmental cues, as the absence of which may lead to 

complicated epigenetic and genetic changes23, 93. It is also dreadfully difficult to 

accurately control cell growth conditions in a correct time frame to recreate in 

vivo events. Moreover, with respect to the stage of cell development, the VECs 

in TEVGs are matured, therefore when engrafted, the plasticity of the 

engineered vessel is low and the integration with host blood vessel is less 

warranted. Finally, the artificial 3D biomimetic vessels used in transplant 
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surgeries may cause blood anastomosis. Nevertheless, despite the countless 

technical improvements in experimental designs, tissue engineering 

approaches in general, does not faithfully recapitulate vessel development due 

to insufficient multicellular communication and hemodynamic interactions which 

provide critical clues for vascular development in naïve biological system. 

 

3. A new perspective: vascular organoids 

3.1. Organoid technologies hold enormous potentials in 
clinical research and regenerative medicine 

Organotypic technology represents a tremendous stride in the refinements of 

tissue engineering techniques. Owning to the organoid’s ability to self-organize 

under in vitro setups, it is now possible to generate stable, well-defined 3D 

structural mimics that resemble their in vivo counterparts in microstructures, 

cellular organizations and functional characteristics103. Comparing to traditional 

tissue engineering techniques, the advantages of using hPSCs/hiPSCs-derived 

organoids are: 1) highly versatile with downstream applications, 2) easy to 

visualize across all stages, 3) free of ethical concerns, 4) cost-effective, 5) 

ability to self-organize, 6) superior morphologies104, 7) remains genetically 

stable in long-term cultures105. 

To date, organoids have been successfully generated from hESCs106, 

hiPSCs107, resident progenitor cells108 and patient-derived cancer cells109. 

Research platforms that utilized healthy organoids have revealed key 

information of organ-specific developmental pathways which were previously 

difficult to obtain with most in vivo models, such as the role of FGF signalling in 

gut formation110, the role of SHH signalling in lung-specific cell fate 

determination107, and fate-mapping of neural stem cells during brain 

development111. Alternatively, with disease-specific organoids derived from 

either patients or genetically modified cells, researchers were able to conduct 

mechanistic studies on disease progression, identifying disease-related genes, 

and assessing drug toxicity/efficacy in a high-throughput manner, as 

demonstrated in a recent study that outlined the causal link between infectious 

disease and microcephaly using brain organoid112, or another study which 

predicted gene-associated drug response in cystic fibrosis patients113. However, 

despite being met with overwhelming enthusiasm by most of the research 

communities, organoid-based research is still at the fetal stage of development 

and is faced with numerous practical challenges. Whether organoids can truly 

become the ‘game changer’ in regenerative medicine that many have 

envisaged is still an open question. 

Undoubtedly, organoid technologies also open up new avenues in the field of 
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regenerative medicine, as an alternative to tissue/organ engraftments for 

patients who had sustained non-recoverable loss of vital organs. Although 

conceptually promising, the efficacy and long-term safety of organoid-based 

therapies are still pending evaluation due to insufficient human studies; in other 

words, the wide-spread clinical integration of organoid technologies for tackling 

degenerative diseases still faces significant constraints (Table 2). Most 

importantly, the production of human organoids has to be in compliance with 

good manufacturing practices (GMP) criteria, that are universal for all clinical 

products114 prior to clinical utilizations. In any case, organoid-based 

regenerative studies are to be further expanded and diversified in spite of the 

remarkable progress thus far. The positive results produced by animal-based 

organoid transplant models such as colon epithelium115, cerebral cortex116 and 

liver lobules117, indeed make attractive headlines and fill the hearts with 

overwhelming confidents, but we still face numerous obstacles before the full 

potential of organoid technologies are harnessed. 

3.2. The making of vascular organoids 

During embryonic development, formation of the circulatory system precedes 

other system developments in all vertebrate embryos118. The need for 

transporting nutrients and expelling waste heavily outweighs the rest, since 

passive oxygen diffusion is no longer capable of sustaining rapid fetal growth 

during late-gastrulation119. Vasculogenesis and angiogenesis are crucial 

processes that govern the development of embryonic vasculatures. Whereas 

vasculogenesis describes the de novo formation of primary capillary plexus 

from the fusion of blood islands - small aggregates of endothelial precursor cells 

that are able to form a hierarchical networks of primitive blood vessels120, 

angiogenesis describes the refinement of the vasculatures, via extensive 

remodelling and expansion of capillary networks, thus promoting the formation 

of a mature circulatory system121. By the same token, reconstruction of blood 

vessel-like structures ex vivo is a comparable process to normal vascular 

development, where the end-product should adequately recapitulate structural 

organizations of innate vasculatures, sufficient in functional capacity for 

carrying out physiological roles, and promote host tissue integration without 

adverse effects122. 

Drawing inspirations from established 2D induction methods and 3D co-culture 

assays, Wimmer et al streamlined their approach and designed a multi-step 

protocol that successfully gave rise to hPSC-derived vascular organoids in vitro 

(Figure 4), without the need to independently induce and purify multiple 

populations of homogenous vascular cells. Structurally, hPSC-derived vascular 

organoid forms a self-contained, interconnected 3D microvascular network 

composed of VECs, pericytes and a continuous layer of basement 

membrane123. In a previous study, Patsch et al, reported that hiPSCs could be 
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directed toward the mesodermal lineage via Wnt activation and BMP4 

stimulation, followed by uninterrupted VEGF-A and Forskolin treatments for 

vascular lineage specification24. Instead of starting off with hPSCs in monolayer 

cultures, Wimmer et al selected ultra-low attachment plates which allowed 

hPSCs to self-aggregate. When embedded within 3D collagen I–Matrigel gels, 

these hPSC aggregates were able to develop into stable, branching, vessel-

like endothelial networks under the treatment of VEGF-A, FGF-2 and Fetal 

bovine serum (FBS). Amongst many highlights, there were several key findings 

that took the spotlight: 1) isolated vascular organoids could be maintained 

individually in 96-well plate for a long duration, 2) in vivo transplantation 

confirmed excellent vascular integration, and demonstrated incredible stability 

for >6 months post-transplantation in SCID mice, 3) upon dissection, lumen-like 

cavities were observed within sprouting microvasculature, as well as vessel-

like cellular organizations where VECs formed luminal cavity, tightly associated 

with pericytes and enveloped by an outer layer of ECM proteins, 4) vascular 

organoids were composed of multiple cell types, including pericytes, VECs, 

mesenchymal stem-like cells and haematopoietic cells, 5) organotypic cultures 

displayed excellent angiogenic potentials, 6) microvasculature formation was 

observable despite using a small number (n=2-5) of vascular organoids. 

Undeterred by the simplicity and efficiency of Wimmer et al ’s methodology, one 

glaring constraint, which also happens to be a major bottleneck for the majority 

of organotypic differentiation protocols124, was the issue with reproducibility and 

scalability; more specifically, the formation of hPSC-aggregates (EB formation) 

in static suspensions was undoubtedly a great starting point for downstream 

lineage specifications, whilst providing the hPSCs with the highest level of 

organizational freedom, as well as rich intercellular communications; however, 

there were no additional measures implemented during the early stages of 

differentiation, in order to reduce the likelihood of unwanted cellular 

heterogeneity. The absence of cell-sorting procedures also does not bode well 

for the overall reproducibility of the protocol, thus, the incorporation of technique 

such as fluorescence assisted cell sorting would greatly benefit the overall 

scalability and reproducibility of this protocol; additionally, the protocol did not 

address the implementation of a robust quantitative quality control step, which 

is necessary to meet GMP standards and should be put in place as a way to 

combat the potential impacts of interexperimental or intercolonial variations125. 

In any case, the establishment of a rigorous quality control guideline is key for 

fulfilling the overall potentials of vascular organoid technology in both clinical 

research and therapeutic applications.  

 

3.3. Vascularization of other complex tissue organoids 
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A lack of vascularization has always been a major roadblock for de novo 

generation of functional, viable biomimetic tissue constructs that are suitable 

for clinical and research applications. Consequently, vascularization strategies 

were incorporated for the purpose of circumventing growth arrests commonly 

seen in large organotypic cultures. Under the absence of de novo vasculatures, 

the generation of a functional organ is often impeded by the formation of 

necrotic cores, and subsequent loss of proliferative capacities126. In light of 

recent technological advancements in the field of tissue engineering, 

construction of in vitro vasculatures at various scales can be achieved by a 

variety of techniques, including 3D bioprinting, sacrificial networks, 2-photon 

fabrication, subtractive fabrication and many more127. While state-of-the-art bio-

fabrication techniques can impose appropriate structural patterns for organoid 

vascularization, Wimmer et al provided a simplistic hPSC-based platform that 

are capable of giving rise to self-organizing, vascularized organoids in vitro; 

similarly, Pham et al also achieved tremendous success in establishing highly 

vascularized, self-organizing brain organoids by co-culture with VECs derived 

from patient iPSC with remarkable longevity128. Here, we briefly discussed the 

recent advancement of vascularization of complex human organoids using 

hPSC-based vascularization strategies (Figure 5). 

3.3.1. Vascularization of human cerebral organoids 

Whole-brain organoids were first introduced by Lancaster et al, although the 

organoids could remain viable for over a year under controlled environment, 

absence of vasculature formation directly contributed to its lacklustre expansion 

capacity, as well as inadequate neural tissue patterning129 (Figure 5a). Whilst 

it has been proven that the established cerebral organoids is capable of 

integrating into host brain tissue, generating functional microvasculatures, 

neuronal tissues, and even producing synaptic activities130, the inclusion of 

mouse as host environment for vascularization does not necessarily translate 

to other host organisms. To overcome this, Pham et al re-embedded the non-

vascularized cerebral organoids generated from hiPSCs with 250,000 ECs 

derived from the same hiPSC line (Figure 5b); as a result, robust 

vascularization of re-embedded organoids was observed after 2 weeks, as 

demonstrated by robust infiltrations of CD31+ cells into the cerebral organoids 

and subsequent formations of tubular structures within these organoids. 

Consequently, vascularized cerebral organoids demonstrated superior 

survivabilities in vivo and deep penetrations into the STEM121+ core region, 

which were absent in non-vascularized organoids. Similarly, Wörsdörfer et al 

established a hiPSC-based co-culture method that encouraged formation of 

heirachical, branching vascular structures within iPSC-derived Sox1+ neural 

spheroids131 (Figure 5c). Upon close inspection, it was reavealed that iPSC-

derived mesenchymal progenitor cells spontaneously integrated with neural 
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spheroids and gave rise to mesenchymal tissues, which later matured into 

sprouting endothelial networks comprised of CD31+ VECs, finalized with lumen 

formation as well as recruitment of periendothelial cell (resembling 

myoendothelial junctions132. Morevoer, Cakir et al vascularized human cortical 

organoids by incorporating ETV2 (human ETS variant 2, a transcription factor 

when ectopically expressed can induce endothelial differentiation133)–

overexpresing human VECs into early embryoid body cultures (Figure 5d). 

Whereby the presence of ETV2-expressing cells on day 18 had greatly 

enhanced the formation of vasculature-like structures during subsequent neural 

and endothelial differentiation, with improved functional characteristics as 

observed in the mature microvascular assemblies134. It should be noted that 

although these strategies achieved vascularization via different approaches, 

they are principally similar in differentiation methodologies – directed 

differentiation that also incorportated other cell types. The advantages are of 

course the freedom of controlling external stimuli while allowing intercellular 

communications between different cell types; however it should be noted that 

co-culture organotypic setup may result in restricted access to external 

differentiation factors135; the use of genetically modified hPSC may also have 

subtle ramifications in organoid functions, or gene expressions profiles, which 

should be scrutized under rigorous quality control procedures. 

Last but not least, Ham et al generated blood vessel-like networks within iPSC-

derived cerebral organoids in absence of iPSC-derived progenitors cells, 

displaying outstanding architectural, functional and biochemical characteristics 

similar to that of blood-brain barrier seen in live organisms (Figure 5e). This 

was achieved by incorporating human recombinant VEGF during embryoid 

body culture and neural differentiation, followed by a 2-month treatment of 

Wnt7a in the presence of VEGF, which had successfully induced vessel 

maturation and microvascular-network infiltration in cerebral organoids136. 

However, although the strategy offered cell-type diversity with some degree of 

chemical-based control, the unpredictable nature of allowing EB formation at 

early differentiation stage means high variability and heterogeneity, which might 

present at some point of organoid development and pose a significant 

challenge for achieving large scale reproductions.  

 

3.3.2. Vascularization of human kidney organoids  

Analogous to the brain, kidneys also require extensive vascular networks in 

order to achieve functional competence and homeostasis. Whereas previously 

established protocols may excel in generating iPSC-derived renal organoids 

with distinguishable, nephron-like 3D organizations of renal cells in static in vitro 

cultures137-139, a lack of vascularization and insufficient glomerular/tubular 
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maturation remained fundamental challenges for deriving functionally mature 

renal organoids. Despite evidences of endothelial cells being detected inside 

established renal organoids140, an absence of blood vessel-like organization of 

vascular cells indicated no meaningful glomerulus infiltration or tubular 

compartmentalization, effectively, zero functionality.  

Interestingly, Homan et al employed a dynamic culture setup that could 

generate vascularized renal organoids with perfusable lumen space, consisting 

of PECAM1+ mature endothelia and recruited PDGFRβ+ pericyte-like MCs141. 

By semi-embedding developing renal organoids onto a gelatin-fibrin (Gelbrin)-

coated millifluidic chip, Homan et al were able to observe markedly improved 

tubular epithelia maturation, glomerular vascularization and overall functional 

maturation of kidney organoids, comparing with the original hPSC-based 

method reported by Morizane et al142. Despite this flow-enhanced 

vascularization being achieved with only a collection of defined chemo-

mechanical parameters, additional signalling components may still be required 

to ensure stable generation of perfusable renal vascular network. Moreover, 

this protocol showed no meaningful coordination in patterning of different 

nephron cell components during organoid development, marking a stark 

contrast to normal kidney development in vivo. 

Recently, Low et al introduced a static induction platform that could robustly 

generate vascularized renal organoids via dose-dependent exposures to Wnt 

signalling activator, GSK3 inhibitor CHIR99021, at different stages of organoid 

differentiation143. Specifically, following the induction of intermediate mesoderm 

(IM) progenitors, Low et al adapted two medium recipes, namely in addition to 

50 ng/mL FGF9 (basal medium), 3 μM or 1 μM CHIR99021 were also 

supplemented chronologically. The differentiation medium containing 3 μM 

CHIR99021 were used to ‘prime’ the IM for lineage commitment (termed 

‘Priming CHIR’) for two days, 1 μM CHIR99021 were then supplemented in the 

basal medium at day 14 of differentiation, which were then ‘pulsed’ for a 

duration of 1-10 days (termed ‘Patterning CHIR’). As a result, the final 

organoids at day 24 exhibited remarkable proximal-distal patterning of kidney 

tissues, as well as sufficient infiltrations of vasculatures comprised of 

CD31+/CD34+ endothelial cells143. However, similar to the conundrums faced 

by human brain organoids, the concerns regarding the overall reproducibility 

and scalability of static, unguided differentiation methodology persists.  

3.3.3 Vascularization of other human organoids 

In addition to human cerebral and kidney organoids, other complex organotypic 

models such as human cardiac, liver, pancreatic and intestinal organoids could 

also benefit from increased cellular complexity. The two most common 

approaches are co-culture methods and transplantation assays, as the 
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inclusion of appropriate supporting cell types or exposures to in vivo 

environments could enhance organoid complexities, when compared to 

traditional mono-culture setup144; these approaches are often implemented for 

most vascularization strategies of other human organoids.  

For example, conventional hPSC-derived cardiac organoids were obtained 

through EB-mediated cardiac differentiation, which often suffered from poor 

spatial arrangements of cardiomyocytes (CMs) and stromal cells, as well as 

lacking capillary network formation due to the absence of biophysical stimuli145. 

Instead, when hPSC-derived CMs (hPSC-CMs) were mixed with ventricular 

cardiac fibroblasts and HuVECs at a ratio that similar to the cell ratios in 

developing hearts (5:4:1) and seeded onto a micro-fabricated insert with 

appropriate biophysical parameters, the cardiac organoids closely resembled 

native tissue architectures, forming microvascular networks comprised of 

CD31+ VECs, while also exhibiting contractile and electrophysiological 

properties when matured146-148. These newly developed and vascularized 

human cardiac organoids could be cultured in a 96-well format, with minimal 

requirement of tissue handling and allowing for real-time analysis of cardiac 

contractile parameters, thus enabling high-content screening of mature hPSC-

CMs, elucidating underlying mechanisms of human cardiomyocyte cell-cycle 

arrest, proliferation and apoptosis, predicting drug cardiac toxicology, and using 

as drug discovery pipelines to identify the most efficacious activators of cardiac 

regeneration149.  

For human hepatic organoids, many vascularization strategies abide by the 

same core elements – a Matrigel-assisted 3D co-culture of hPSC-derived 

hepatocytes, source of ECs and mesenchymal stromal cells (MSCs). 

Interestingly, the source of ECs may vary between human umbilical vein 

endothelial cells150, human adipose microvascular endothelial cells151 and 

hPSC-derived ECs152; whereas MSCs may vary from human bone marrow-

derived MSCs150, hPSC-derived MSCs153 to human dental pulp-derived 

MSCs154. In general, 3D co-culturing of hPSC-derived hepatocytes, ECs and 

MSCs could facilitate the in vitro self-organizations and subsequent 

maturations into hepatic spheroids, completed with self-contained 

microvascular networks comprising of CD31+ endothelial cells155. Additionally, 

transplantation of hepatic organoid into immune-compromised mice could 

promote further maturations of the CD31+ endothelial networks and improve 

overall tissue architectures156. Similarly, vascularized pancreatic organoids 

were generated by 3D co-culturing of human isolated islet cells, ECs and MSCs, 

embedded in scaffolding materials such as hydrogels; further maturations of 

the self-contained microvascular networks were observed post engraftments157. 

However, formation of microvascular networks was not observed when human 

isolated islet cells were replaced with hPSC-derived pancreatic progenitor cells, 
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as no endothelial networks were constructed158; last but not least, the 

vascularization strategies of hPSC-derived human intestinal organoids159 were 

strictly confined to in vivo models, more specifically, de novo formation of 

microvascular network was only observable in a form of host vessel integration 
160. 

3.4. Applications of vascular organoids technology in 
vasculopathies research 

One of the potential applications of vascular organoid cultures, as Wimmer et 

al described, is to study the pathophysiological development of diabetic 

vasculopathy, and to validate existing pharmaceutical interventions for this 

disease. To their surprise, the organotypic culture was able to faithfully 

recapitulate the thickening of the basement membrane of distal microvascular 

network – a pivotal pathological event of diabetic vasculopathy observed in 

human patients161. It was achieved by conditioning the organotypic cultures with 

a combination of inflammatory cytokines and high level of glucose. Further in 

vivo studies also confirmed similar microvascular abnormalities in host mice. 

Importantly, the 96-well organotypic cultures enabled high-throughput drug 

screenings and led to the subsequent discovery of critical signalling effectors, 

DLL4 and NOTCH 3, both are key drivers of the thickening of basement 

membrane commonly observed in diabetic vasculopathy162, 163.  

The implications of this approach are enormous (as shown in Figure 6). 

Keeping in mind that vasculopathies are manifestations of structural or 

functional ailments of either large or small blood vessels, a culture system that 

promotes formation of functional, vessel-like networks from an endless supply 

of precursor cells in vitro, can potentially revolutionize the field of vascular 

research. For example, healthy vascular organoid is ideal for mechanistic 

studies of pro-/anti-angiogenic factors, as insufficiency of angiogenesis cause 

disruption of normal vessel homeostasis, resulting in ischemia-related diseases 

such as myocardial infraction, vascular degeneration and neural 

degeneration164. Moreover, unmodulated angiogenesis is responsible for 

tumour growth, metastasis and evolution. Additionally, abnormal 

vascularization is also responsible for inflammatory disorders, atherosclerosis 

and blindness165. Furthermore, disease-specific vascular organoids derived 

from either patient or genetically modified hiPSCs can provide a robust, high-

throughput drug screening platform for personalized therapies. With rapid 

generation (11 days) and a 96-well culture format, a large number of patient-

specific vascular organoids can be generated simultaneously, enabling 

researchers to discern disease-related gene effectors, via a discovery-based 

approach. 

Endothelial dysfunction is a highly complex vascular disorder and it is known 
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for its role as an initiator of development of atherosclerosis, hypertension, 

arterial stiffening and systemic vessel-related complications. Traditionally, in 

vitro assessment of endothelial functions are performed in monolayer cell 

cultures166 and whole-organ cultures167. Cell cultures are commonly used for 

discovering signalling pathways and characterisations of endothelial response 

to endothelium derived relaxing factors; whereas whole-organ cultures are 

often deployed for functional studies within the context of an organ. Despite the 

significant contributions made by whole-organ cultures throughout the past 

decades of vascular research, very little progress was achieved in regard to 

overcoming a number of deep-rooted flaws, including organ deterioration due 

to ischemia and lack of perfusion, difficulties in preserving organ functions, and 

overwhelming economic burdens. In recent times, applications of hiPSC/hPSC 

derived microvascular constructs in modelling endothelial functions have 

gained tractions, as more and more robust modelling techniques are being 

reported, including the human blood-brain barrier168, 3D microvasculatures169, 

and 3D vascularized renal tissue170. Organoid technologies are therefore highly 

applicable in modelling endothelial dysfunctions, measuring responses to 

vasoconstrictors/vasodilators, using either patient-derived iPSCs or gene 

edited iPSCs, in a rapid, high-throughput fashion. 

As described by Wimmer et al, transplantation of hiPSC-derived vascular 

organoid in immunodeficient, diabetic mice faithfully recapitulated key 

pathological event of diabetic vasculopathy in vivo. Thus, organotypic 

transplant can potentially serve as an efficient, highly versatile in vivo platform 

for prospective genetic studies of chronic vascular diseases, as well as 

modelling facets such as inflammation response, immune cell interactions, 

vessel permeability, lipid interactions, and vascular remodelling. Additionally, a 

standardized host model can provide retrospective evidence for drug efficacy, 

biomarker validities and other vascular disease-related parameters, or produce 

complementary results for a range of preclinical studies. 

 

4. Pressing challenges and future directions  

Although vascular organotypic technology represents a tremendous stride in 

generating patient-specific TEVGs, using hPSC-derived vascular cells or other 

cell types to create engineered vascular grafts and organoids in vitro is at the 

very early stages of development and far from being ready for clinical 

applications (Table 2). One of the major challenges of vascular organoid 

technologies is the lack of perfusion of blood under in vitro settings. 

Conventionally, perfusion of blood is only achievable via transplantation into a 

live organism, which alleviates problems such as nutrient gradient and waste 
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accumulation in long-term 3D cultures. The inclusion of perfused blood could 

drastically improve the longevity of vascular organoid cultures, as seen in renal 

organoid cultures. It could also incorporate key functional parameters of native 

blood vessels, as it is evident that haematopoietic cells, immune cells and 

circulating vascular progenitor cells all contribute to the homeostasis of vascular 

networks171. Mechanobiological forces created by blood perfusion are also 

equally important in maintaining the viability of vasculatures172. Moreover, since 

circulating bone marrow-derived cells, such as leukocytes and monocytes, are 

facilitators of the inflammatory responses localized around pathological lesions, 

as well as the systemic response hallmarked in atherosclerosis, inclusion of 

blood and/or selected immune cells in organotypic cultures could enhance 

translatability and provide responses that are more reflective of the naïve 

physiological environment, as demonstrated by Noonan et al in their tri-cellular 

2D cultures173. 

Cellular heterogeneity in organotypic cultures is frequently regarded as a 

significant improvement by most research communities. In actuality, a culture 

of heterogeneous population of cells and its subsequent response to drugs can 

be somewhat unpredictable and difficult to reproduce, even more so in case of 

vascular organoids, as evidenced by the fact that more than two subsets of 

cells were observed; conversely, the development of organotypic cultures with 

varied cellular compositions, such as cardiac tissues, can be extremely 

challenging due to the complexities of functional cell types and relevant spatial 

organizations174, the precise ratios of each heterogeneous populations175, 

differences in transcriptomes between hPSC-derived cardiac & vascular cells 

and their native cells176, as well as any potential impacts they may exert; finally, 

clonal drift is another inescapable event that has the potential of severely 

impacting the overall reproducibility of organotypic cultures (termed ‘organoid 

heterogeneity’). To emphasize, there is still a great deal of knowledge required 

to perpetuate advancements and refinements of vascular organoid 

technologies.  

The use of animal products, such as serum or tissue scaffolds with animal 

origins, is still an existing flaw in most current setups of organotypic cultures, 

including the protocol reported by Wimmer et al, which also used Collagen I-

Matrigel and FBS to encourage formation of microvascular networks and to 

improve survivability. Inclusion of animal products can potentially lead to 

abnormal growth, premature differentiation or impeded formation of 

microvasculatures, due to batch-to-batch variations of animal products, which 

ultimately manifest as discrepancies among different studies. Such negative 

impacts may also affect drug screening results or any downstream applications. 

Accordingly, to meet Good Manufacturing Practice (GMP) standards, 
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improvements needed to be made by using synthetic, biocompatible 

alternatives.  

Finally, undeterred by the enormous strides made in terms of translatability, 

relevancy and scalability of in vitro modelling platforms, complex in vitro 

systems would most inevitably suffer from difficulties in data integration, 

interpretation and application, not to mention the increased likelihood of 

anomalies due to the inherent unpredictability of different cell types residing in 

a constructed microenvironment. Computational modelling analysis can 

therefore be incorporated into organotypic culture setups as a mean to reliably 

extrapolate complex datasets of genomic, proteomic and metabolic information, 

and transform these datasets into mathematical models that are accurate 

representations of native biological system. Additionally, although it was 

believed that human-based modelling platforms are vastly superior in predicting 

human responses than animal-based models, implementation of computational 

models is most definitely beneficial for validating screening outcomes from 

organotypic cultures, as well as predicting relevant clinical endpoints. 

In conclusion, although current vascular organoid technologies still represents 

a primitive version of a powerful platform for studying both functional and 

genetic aspect of human vasculopathies, they have exceptional potentials in 

studying disease etiology, vascular development, high-throughput drug 

screening under simplistic set up, and providing unlimited reliable vascular 

grafts for life-threating vascular diseases. 
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Signalling 

pathways 

Main 

ligands/rece

ptors 

Transcriptional 

mediator, co-

regulators & Key 

response element 

Functions in vascular 

cell specification 

Reference 

Canonical 

Notch 

Ligand:  

Dll 1, 3 and 4; 

Jagged 1 and 

2; 

Receptor: 

Notch1-4 

Mediator: 

NICD (degradation of 

Notchs by Sel-

10/Cdc4); 

Co-regulator: 

RBPJ & MAML; 

Response element 

with consensus 

sequence of 

RTGRGAR (where R 

is G or A) 

 

Ligand-receptor type-

dependent effect and 

region-specific 

distinctions; 

Notch3 and Notch2 

predominately regulate 

MC development, while 

Notch1 and Notch4 

mainly control EC 

development and 

function 

177;178;55; 56; 

57 

Canonical 

Wnt 

Ligand:  

Wnt-1, -2, -3, 

-3a, -8a, -8b, -

10a, and -

10b; 

Receptor: 

Frizzled 

family; 

Co-receptor: 

Lrp5/6 

β-catenin: a 

transcriptional co-

activator; 

Transported between 

cytoplasm & nuclear; 

Downregulated by 

Axin2, while 

upregulated by 

extracellular R-

Spondin; 

Co-regulator: 

TCF/LEF; 

Wnt-response 

element (WRE: C/T-

C-T-T-T-G-A/T-A/T) 

  

Ligand- and/or cellular 

context-dependent 

manner: 

Maintains stem cell 

function & tissue 

homeostasis cell; 

Controlling cell fate 

commitment, and organ 

development; 

Facilitates mesoderm 

induction when 

activated; 

Promotes vessel-like 

network formation and 

increases functional EC 

production 

179;180, 181;66, 

67;24; 70;182, 

183; 184 

TGF-β/ 

BMP 

signalling 

Ligand: 

TGF-βs 

Mediator: 

Smad-1, -5, -8 

Critical role in vascular 

remodelling; 

Regulates vascular 

185,186,187,18

8,189 
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BMP-2, -4,-5,-

6,-7,-8,-9,-

10,-12,-13,-

14,  

Receptor: 

TGF-βRI & II 

Specific to 

BMPs: 

BMPR-1A or 

ALK3, BMPR-

1B or ALK6, 

BMPR-2;  

Also for 

Activins: 

ActR-1A or 

ALK2, ActR-

2A, and ActR-

2B 

Co-mediator: 

Smad-4 

Smad-1/-5/-8 can 

associate with co-

mediator Smd-4 and 

form a signalling 

complex, which is 

translocated into the 

nucleus and function 

as transcriptional 

factor 

BMP responsive 

element: Smad-

binding element motif 

(GTCTG) and GC-rich 

boxes (TGGCGCC) 

progenitor development 

during embryonic 

development; 

BMP-dependent 

vascular 

proliferation/differentiati

on is regulated by 

Smad-dependent 

microRNA processing 

VEGF 

Signaling 

Ligand: 

VEGF-A, -B, -

C, -D 

PIGF 

Receptor: 

VEGFR-1, -2, 

-3 

Mediator: 

PI3K/Akt/MAPK 

Src 

PLCγ/ PKC 

Response element: 

High-GC domain 

~88bp upstream of 

transcriptional 

initiation site 

GGCGGG/GCGGGG

GCG 

Receptor dimerization 

is triggered by VEGF 

ligand binding, then 

initiate downstream 

cascade via protein 

kinase mediators  

Promotes nitric oxide 

production and 

increased vascular 

permeability/endothelial 

cell survival; 

Critical regulator of 

angiogenesis in both 

adult and foetal 

development; 

Promotes endothelial 

stem cell differentiation 

and induce 

differentiation of hPSC 

to functional 

endothelium 

49,190,191,192

,193,194 
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PDGF 

Signaling 

Ligand: 

PDGF-A, -B,-

C,-D 

Receptor: 

PDGFR-A,-B 

Mediator: 

PI3K/Akt/MAPK;Src;P

LCγ/ PKC; 

PDGF ligand dimers (-

AA, -BB, AB) exhibits 

varied affinities to 

different receptor 

isoforms 

Dimerization of 

PDGFR subunits 

initiates signal 

transduction which is 

mediated downstream 

protein kinase 

cascade 

 

Promotes lineage 

specification of MSCs 

into mesenchymal 

lineages; 

Directs differentiation of 

MSCs towards vascular 

cell fate; 

Facilitates recruitment 

of VSMCs/pericytes 

during embryonic 

development; 

Promotes VSMC 

proliferation and 

phenotype switching 

 

195, 

196,197,198 

Table 1. Brief summarization of Notch, Wnt, BMP, VEGF and PDGF signalling pathways 

and their underlying roles in vascular cell specification and development. Abbreviation: 

Dll, Delta-like; NICD, Notch intracellular domain; Lrp, lipoprotein receptor-related protein; RBPJ, 

recombination signal sequence-binding protein Jkappa; MAML, Mastermind-like coactivator; 

TCF/LEF, T-cell factor/lymphoid enhancer factor; MC, mural cell; EC, endothelial cell; MSC, 

mesenchymal stem cell; VSMC, vascular smooth muscle cells; BMP, bone morphogenetic 

protein; VEGF, vascular endothelial growth factor; VEGFR, vascular endothelial growth factor 

receptor; PIGF, placental growth factor; PI3K, phosphotidylinositol-3 kinase; MAPK, mitogen-

activated protein kinase; PLCγ, phospholipase C gamma; PKC, protein kinase C; PDGF, 

Platelet-derived growth factor; PDGFR, platelet-derived growth factor receptor. 
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Unresolved issues 

over organoids-

based therapies  

Challenges/Concerns Further measurements 

PSC clonal variation Huge variabilities were reported in 

different PSC-derived organoids 

due to the variations existed in the 

different PSC lines including 

epigenetic profiles, gene/marker 

expressions, as well as 

unpredictable long-term genomic 

destabilities 

To generate more PSC lines 

from a diverse pool of 

genetic/epigenetic 

backgrounds, and conduct 

long-term in vitro and in vivo 

rigorous functional 

characterisation of PSC lines 

and PSC-derived organoids. 

Widely accepted 

international guideline and 

standardised (well-

characterised) protocols are 

urgently required to 

circumvent this issue    

Size and architectural 

differences 

Organoids are usually much 

smaller in size comparing to in vivo 

organs, mainly due to the 

constraint of culture conditions and 

lack of vascularization 

Further optimization into the 

culture conditions using 

novel culture technologies 

(e.g., spinning 

bioreactors and orbital 

shakers) that could 

improve oxygenation and 

increase nutrient availability 

to the organoid center 

Incorporation of 

vascularization strategies 

into organoids 

Reproducibility Batch-to-batch variations that may 

negatively affect treatment 

outcomes and raise safety 

concerns 

To develop experimental 

model systems with high 

fidelity, robustness of cell 

fate specification, and 

precision of self-assembly 

into higher-order organoids  

Scalability Large-scale production of 

functional organoids are still 

unachievable in current laboratory 

settings 

Utilisation of GMP-qualified 

PSC lines and products, 

standardised and scalable 

protocols, as well as step-

wise quality control 

measurement 

D
ow

nloaded from
 https://academ

ic.oup.com
/cardiovascres/advance-article/doi/10.1093/cvr/cvaa313/5949049 by guest on 02 N

ovem
ber 2020



45 
 

Inadequate 

morphology/function 

Lack of cell-type diversity and 

communication leads to 

inadequate functional development 

More cells (vascular and 

non-vascular) and 

environmental cues 

(haemodynamic response, 

hypoxia, nutrients, PH, 

electrolyte, etc) could be 

incorporated into the 

experimental 

model systems to produce 

functional and dynamic 

organoids 

Lack of pre-clinical 

validation 

Currently, organoid-based pre-

clinical studies are largely 

conducted on small animals 

Examine the in vivo long-

term patency, compatibility, 

and applicability in large 

animals with human disease 

settings 

Limited 

understanding of cell 

types 

Cell types in organoid models 

were currently validated using 

staining for known marker genes, 

which need to be more extensively 

characterized for it to be 

determined if they are truly 

reflective of the rich cell diversity 

found in the complex human 

organs 

New technologies such as 

single-cell RNA-sequencing 

should be used to better 

define the molecular 

taxonomy of cell types within 

organoids 

Lack of stable 

organized elastin 

A lack of stable organized elastin 

in the vascular organoids is likely 

to contribute to poor in vivo 

patency and/or vascular rupture  

New approaches in 

stimulating elastogenesis in 

the vascular organoids 

should be 

developed/incorporated into 

the current protocols, such 

as promoting de novo 

generation of elastic 

fibers by SMCs, 

incorporating engineered 

synthetic elastin into 

organiods, and using 

decellularized elastin-

containing extracellular 

matrix 
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Unknown metabolic 

and physiological 

processes in 

organoids 

Current studies are mainly focused 

on gene/protein expression, and 

have limitations in capturing the 

defining features of cellular 

identity/properties within organoids 

More effective identification 

and comparisons of cellular 

composition in organoids 

using proteomics, epigenetic 

profiling, metabolomics, 

and electrophysiological 

characterization 

of cell types in organoids 

Lack of knowledge 

into the interactions 

of organoids with 

other organs and the 

environment 

A clear drawback of current 

organoid systems is lacking of 

interorgan communication. Its 

interaction with local and remote 

environment remains elusive 

More efforts are urgently 

required to develop an 

‘organoid-on-a-chip’ 

technology 

Table 2. Potential challenges that hinder the applications of organoid in regenerative 

medicine. Abbreviation: GMP, good manufacturing practices; SMCs, smooth muscle cells. 
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Figure Legend: 

Figure 1. Spatial arrangement of vascular system. Endothelial cells 

constitute the inner layer of all types of blood vessels, where smooth muscle 

cells make up the middle layer (except for capillaries). Moreover, the middle 

layer of veins is thinner than that of arteries. Arterioles and venules are the 

secondary vessels of arteries and veins, respectively. As for capillaries, 

pericytes can be readily found just in-between the endothelial cells and 

basement membrane. 

 

Figure 2. Schematic diagram illustrating the following induction 

processes: (1) iPSCs can be differentiated into neural crest cells by FGF-2, 

followed by further differentiation on stiff matrix, with serum-free medium 

containing TGF-β1; differentiated VSMCs were then seeded onto 

biodegradable scaffold, followed by cyclic stretching to stimulate cell maturation 

and collagen synthesis; (2) iPSCs were differentiated into mesodermal cells 

using BMP4 combined with glycogen synthase kinase 3 inhibitor (CHIR99021 

or CP21), and then specified into two different fates, VSMCs and VECs, with 

either PDGF-BB+Activin-A or VEGF+Forskolin; (3) Parallel-plate flow chamber 

can maintain a consistent shear stress, which alters the cytoskeleton of iPSC 

and enhanced their differentiation capacities to VECs. Abbreviations: VSMCs, 

vascular smooth muscle cells; VECs, vascular endothelial cells; iPSCs, induced 

pluripotent stem cells; FGF-2, basic fibroblast growth factor; BMP4, bone 

morphogenetic orotein 4; TGF-β1, Transforming growth factor beta 1; PDGF-

BB, platelet-derived growth factor BB. 

 

 

Figure 3. Strategies to manufacture tissue engineered vascular graft 

(TEVG). A. Co-culture of VECs and hASCs on decellularized small 

intestinal submucosa: VECs from five different sources (HUVECs, hCECs, 

hPAECs, iCell-ECs hiPSC-ECs) were co-cultured with hASCs under controlled 

stimuli (growth factors, 3D hydrogel) in bio-incubator, resulting in spontaneous 

formation of vascular network via self-organization. Importantly, VECs were 

surrounded by hASCs as mural cells, forming small caliber lumens within the 

3D hydrogel. B. iPSC-derived VSMCs and VECs: Somatic cells can be 

isolated either from patients themselves or from other healthy individuals and 

then reprogrammed into hiPSCs. For homologous hiPSCs, gene-editing tool 

(CRISPR-Cas9) enables acquisition of hypoimmunogenic hiPSCs 

(B2m−/−/Ciita−/−/Cd47). Afterwards, hiPSC-VSMCs were seeded onto a scaffold 

with appropriate stiffness and then transferred into bio-incubator, where proper 

temperature, mechanical stimulation, humidity, pH and growth factors are 
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controlled precisely to generate preliminary TEVG. Thereafter, hiPSC-VECs 

coated the lumen of preliminary TEVG to create the final TEVG which are ready 

for vascular grafting. Abbreviations: VSMCs, vascular smooth muscle cells; 

VECs, vascular endothelial cells; hASCs, human adipose tissue-derived 

stromal cells; HUVECs, human umbilical vein endothelial cells; hCEC, human 

cardiac endothelial cell; hPAEC, human pulmonary artery endothelial cell; iCell-

ECs, iPSC derived endothelial cells from Cellular Dynamics International; EC, 

endothelial cells. 

 

Figure 4 Schematic representation of in vitro generation of hPSC-derived 

vascular organoids. Using this multi-step protocol as reported by Wimmer et 

al vascular organoids can be successfully created from hPSCs (human 

pluripotent stem cells) and maintained in culture dishes, which could be used 

for pathophysiological study, disease modelling, high-throughput drug 

screening, and in vivo transplantation, respectively.  

 

Figure 5. A diagrammatic representation of the original and vascularized 

whole-brain organoid protocols reported by a) Lancaster et al. 2014 as well 

as recently developed strategies of vascularization of human whole-brain 

organoids by b) Pham et al. 2018, c) Wörsdörfer et al. 2019, d) Cakir et al. 

2019, and e) Ham et al. 2020).  

 

Figure 6 Applications of in vitro vascular organotypic technology. A. 

Pluriopotent Stem Cell-derived vascular organoids may provide new insights 

into pivotal developmental events or signalling pathways during organogenesis. 

B. Patient-derived or gene-modified vascular organoids can be employed to 

study disease development, progression and oncogenesis. C. Patient-

compatible vascular organoids for application in regenerative medicine. D. 

Scalable, translatable vascular organoid-based platforms for high-throughput 

drug screening and development. 
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