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Abstract

The vasculature is crucial for tissue development and survival, and the stability of blood 
vessels to perform these functions relies on the interplay between endothelial cells (ECs) 
and mural cells. Pericytes are a subtype of mural cells found in the microvasculature that 
extend their processes to wrap around the endothelial monolayer. Pericytes are recruited 
during vessel growth through the excretion of soluble factors from ECs where they stabilize 
angiogenic sprouts and induce maturation of the resident cells. Alterations in these 
interactions between ECs and pericytes are associated with aberrant vessel growth and 
disrupted vasculature function characteristic of numerous diseases. Therefore, deeper 
understanding of the cross-talk between these cell types has numerous implications for 
understanding morphogenesis and elucidating disease mechanisms. In this review, we 
highlight recent advances and current trends studying the interactions between ECs and 
pericytes in vitro. We begin by analyzing three-dimensional hydrogel platforms that mimic 
the tissue extracellular matrix to investigate signaling pathways and altered vascular 
function in disease-specific cells. We next examine how microfluidic vasculature-on-a-
chip platforms have elucidated the interplay of these vascular cells during angiogenesis 
and vascular network formation under controlled physiochemical cues and interstitial 
flow. Additionally, studies have utilized microvessels to measure the effect of shear stress 
on barrier function through the control of luminal flow and the impact of inflammation 
on these vascular cell interactions. Finally, we briefly highlight self-assembling human 
blood vessel organoids, an emerging high-throughput platform to study ECs and pericyte 
interactions.
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Introduction

Understanding the mechanisms governing vascular 
morphogenesis to efficiently vascularize engineered tissues 
continues to be a major roadblock in tissue engineering. A 
fundamental challenge in engineering the complexity of 
microvascular systems is incorporating multiple cell types 
in a physiologically relevant environment and spatial 
arrangement. Interactions between endothelial and mural 
cells are critical for forming and stabilizing the vasculature. 
Blood vessels are lined with a monolayer of endothelial 
cells (ECs) surrounded by mural cells communicating 
through signaling pathways and direct cell–cell contact 
to regulate vessel function and development. Mural cells 
can be subdivided into two cell types: vascular smooth 
muscle cells (vSMCs) and pericytes, as characterized by 
differences in cell morphology, location, and density. 
vSMCs are most commonly found in larger vessels such 
as arteries and veins, whereas pericytes are located in the 
microvasculature and capillaries. Although there is no 
single marker specific to pericytes, several surface markers 
are commonly used to identify pericytes, specifically 
platelet-derived growth factor receptor (PDGFR)-β, 
neural/glial antigen 2 (NG2), and CD13, as well as 
cytoskeletal proteins such as α-smooth muscle actin (α-
SMA), desmin, and calponin (1, 2, 3, 4). Pericytes play 
a crucial role in blood vessel development, where ECs 
recruit them through factors such as PDGF-BB to stabilize 
angiogenic sprouts and induce the differentiation of 
ECs (5). Disruption of pericyte–EC interactions can 
lead to altered vasculature function and is associated 
with numerous disease pathologies such as blood–brain 
barrier (BBB) dysfunction (6), diabetic retinopathy 
(7), and tumor angiogenesis (8). Thus, understanding 
pericyte–EC interactions has numerous implications for 
understanding vascular development and disease.

Previous in vivo studies have informed signaling 
pathways between ECs and pericytes (9), such as the 
PDGF-BB/PDGFR-β axis directed from ECs to pericytes 
(10), the angiopoietin–Tie axis directed from pericytes to 
ECs (11), and tissue-specific signaling pathways, such as 
EC–pericyte signaling in the brain (12). Additionally, in 
vivo studies have demonstrated the importance of direct 
EC–pericyte contact for cell–cell communication through 
physical interactions, including gap junctions, such as 
connexin 43 (13), and adherens junctions, specifically 
N-cadherin (14). However, constructing physiologically 
relevant in vitro systems that successfully incorporate 
both cell types and the complexity of their interactions 
continues to be a challenge. In vitro culture systems provide 

numerous advantages, such as tunability of the cellular 
microenvironment through engineered materials to mimic 
the extracellular matrix (ECM) and isolate the role of 
specific matrix properties on vascular function (15, 16, 17). 
Additionally, using hydrogels to create three-dimensional 
(3D) models allows for the visualization of vascular 
network formation and angiogenesis while recapitulating 
the 3D spatial arrangement observed in vivo compared 
to 2D models. Various cell types and sources can also be 
incorporated to improve model specificity. Pericytes can 
be isolated from vascularized tissues such as the brain (18), 
retina (19), and lungs (20). Pericytes derived from stem cell 
populations, such as human-induced pluripotent stem 
cells (iPSCs), are also a desirable cell source as they can be 
used to create patient-specific models with higher clinical 
relevance (1, 2).

Engineering vasculature in 3D in vitro models with 
both ECs and pericytes is a significant step toward 
vascularizing engineered tissues. These platforms also 
provide the opportunity to elucidate vascular disease 
progression and serve as drug screening platforms to 
advance clinical translation. Yet, current models lack 
the complexity observed in vivo, such as necessary 
biomechanical cues or inflammatory key players such as 
macrophages. Here, we review recent advances in 3D in 
vitro models to study EC–pericyte interactions in order of 
increasing complexity and highlight the need for more 
physiologically relevant constructs of smaller vessels on 
the scale of the microvasculature.

Hydrogels

Hydrogels are biomaterials composed of natural or 
synthetic polymers that aim to recapitulate the ECM of 
soft tissues and the various biochemical and biophysical 
cues cells experience in vivo that guide cellular processes. 
Hydrogels are a desirable tool to study EC–pericyte 
interactions in vitro as they provide a physiologically 
relevant 3D co-culture platform that supports cell 
proliferation, migration, angiogenesis, and vascular 
network formation. Here, we review in vitro systems 
composed of 3D hydrogels, primarily collagen-I, Matrigel, 
or polyethylene glycol (PEG), to inform signaling pathways 
and pathological interactions between ECs and pericytes.

Collagen-I hydrogels

Collagen-I hydrogels are a natural biomaterial commonly 
used to study vascular processes in vitro. Collagen-I is an 
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abundant protein in ECM that can self-assemble into 
a hydrogel when subjected to physiological conditions 
(21). These natural hydrogels are favorable as in vitro 
cell culture platforms due to their biocompatibility and 
similarity to ECM, including their fibrous structure, the 
diffusivity of small molecules, and stiffness reminiscent 
of soft tissues (21). Previous in vitro studies have cultured 
ECs and pericytes in collagen-I hydrogels to elucidate their 
interactions under certain conditions. Kemp et  al. (2020) 
(22) identified EC-derived growth factors that promote 
pericyte recruitment, primarily PDGF-BB, PDGF-DD, and 
endothelin-1, by culturing pericytes along the surface 
of collagen-I gels (2.5 mg/mL) and measuring their 
invasion response to each growth factor. The study further 
confirmed the role of these growth factors by co-culturing 
ECs and pericytes in collagen-I gels and blocking these 
growth factors or their receptors on pericytes to confirm 
decreased capillary network co-assembly. Similarly, Bowers 
et al. (2020) (23) co-cultured ECs and pericytes in collagen-I 
gels supplemented with stem cell factor (SCF), interleukin 
(IL)-3, stromal-derived factor (SDF)-1α, fibroblast growth 
factor (FGF)-2, and insulin to study the effect of priming 
ECs with vascular endothelial growth factor (VEGF) on 
EC–pericyte capillary network co-assembly. The studies 
demonstrated that pretreating ECs with VEGF for 8 h led 
to an upregulation of PDGF-BB, PDGF-DD, and heparin-
binding epidermal growth factor, which have been shown 
to play a role in pericyte proliferation and recruitment (24). 
These results were consistent with the observed increase in 
pericyte recruitment to the EC-lined tubes using the VEGF-
primed ECs.

Disease-specific cell types can also be incorporated 
into collagen-I hydrogel co-culture systems to study 
pathological alterations in EC–pericyte interactions. A 
severe genetic risk factor for Alzheimer’s disease (AD) is 
the ε4 allele of the APOE (APOE4) gene that encodes for 
apolipoprotein E4, and its effect on vascular function 
is widely unknown. Yamazaki et  al. (2020) (25) used 
pericytes isolated from apoE3- and apoE4-targeted 
replacement mice (apoE3-PCs and apoE4-PCs) to study 
how apoE isoforms in pericytes alter EC phenotype 
through the use of collagen-I hydrogels. ECs and 
apoE3-PCs or apoE4-PCs were co-cultured in collagen-I 
hydrogels and allowed to form vascular networks. They 
demonstrated that apoE4-PCs resulted in decreased 
network formation and shorter branch length than 
apoE3-PCs, concluding that apoE4 pericytes are inferior 
at supporting ECs in tube formation. The results of this 
study inform the potential role of apoE4, pericytes, 
and altered EC–pericyte interactions in AD and 

demonstrate the role of collagen-I hydrogels as a useful 
in vitro platform to elucidate pathological EC–pericyte 
interactions. While this study provides insight into how 
AD-related mutations alter vasculogenic capacity, AD 
is a degenerative disease; therefore, a platform to study 
the deterioration of established vessels in this disease 
context should be explored as next steps to advance the 
relevance of these platforms.

Matrigel

In the microvasculature, pericytes are embedded within the 
basement membrane (BM) surrounding the EC monolayer 
(3). A hydrogel known as Matrigel can be formed from BM 
extracts, including BM proteins laminin-I and collagen 
IV, and has been used in previous studies as a platform to 
study ECs and pericytes (26). Mannino et  al. (2020) (19) 
cultured human adipose-derived mesenchymal stem cells 
(hASCs) in a specific pericyte medium to derive pericyte-
like cells (PM-ASCs) and tested their interactions with ECs 
co-cultured in Matrigel. The expression of α-SMA and NG2 
confirmed differentiation into pericyte-like cells. Using 
human retinal ECs, they demonstrated that the hASCs 
cultured in pericyte medium localized circumferentially 
around the tubular structure formed by the ECs, similar 
to human retinal pericytes. Blanchard et  al. (2020) (27) 
developed a BBB model by differentiating isogenic 
APOE3/3 and APOE4/4 iPSCs into brain ECs, pericyte-like 
cells, and astrocytes and encapsulating them in Matrigel 
to form vascular networks and study the effect of the 
APOE genotype on amyloid accumulation, a common 
pathological mechanism in AD (28). Here, differentiation 
of the iPSCs into pericyte-like cells was confirmed by the 
upregulation of pericyte-associated genes and lack of 
markers for fibroblasts and mesenchymal cells. The study 
demonstrated that the presence of the pericyte-like cells 
was required for the amyloid beta accumulation and that 
the APOE4 cell line resulted in higher accumulation than 
APOE3, informing potential therapeutic targets. It is worth 
noting that Matrigel contains numerous active growth 
factors, such as transforming growth factor β (TGF-β) and 
PDGF, which can influence EC and pericyte behavior (29). 
If a more matrix-based platform is desired, growth factor-
reduced Matrigel is an alternative that can reduce potential 
confounding variables from the growth factor activity (30).

Engineered hydrogels (PEG)

Hydrogels can also be engineered to mimic specific 
microenvironmental cues, such as composition, stiffness, 
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viscoelasticity, and oxygen, to study how altered matrix 
properties affect cellular processes in certain pathologies 
and stimuli. However, using engineered hydrogels to study 
EC–pericyte interactions has yet to be widely explored. 
Previous studies have used PEG hydrogels, a highly tunable 
synthetic polymer, as an engineered co-culture hydrogel 
platform. Matta et  al. (2021) (31) engineered a porous 
and fibrillar 3D PEG hydrogel to recapitulate the stiffness, 
porosity, and composition of brain tissue to study how 
signaling from the co-culture of EC and pericytes affects 
neural stem cell (NSC) clustering and migration. They 
observed that pericytes do not play a major role in the 
migration, clustering, or phenotypic switch of NSCs when 
co-cultured with ECs. Roudsari et al. (2016) (32) studied the 
role of ECs and pericytes in tumor angiogenesis and cancer 
cell migration by co-culturing human umbilical vein 
endothelial cells (HUVECs), human vascular pericytes, and 
lung adenocarcinoma cancer cells (344SQ) in a two-layer 
PEG hydrogel. Here, vascular cells were encapsulated in 
one layer, and cancer cells were encapsulated in the other. 
Clusters of the 344SQ cells formed at the interface of the 
hydrogel layers, and morphological changes in the cancer 
cells occurred close to the vascular cells. The secretion of 
TGF-β1 from the vascular cells increased the secretion of 
VEGF, PDGF-BB, and FGF-2 from the 344SQ cells, indicating 
a cross-talk between ECs, pericytes, and cancer cells. These 
studies provide a preview into the opportunities of using 
engineered hydrogels with tailored matrix properties to 
better inform the counterplay between ECs, pericytes, and 
the surrounding ECM.

Microfluidic vasculature-on-a-chip platforms

Over the years, microfluidics have become an increasingly 
popular tool to study microvasculature processes in vitro, 
including angiogenesis, vascular network formation, 
and BBB function (33). These vasculature-on-a-chip 

platforms combine biophysical approaches to recapitulate 
the 3D cellular microenvironment in vivo that improve 
upon hydrogels alone, such as advanced cell seeding 
configurations, chemokine gradients, and mechanical 
stimuli. They are often designed with a center hydrogel 
chamber surrounded by two media channels connected 
to inlet ports where cell seeding, media exchange, 
and the addition of soluble factors can be achieved 
(Fig. 1A) (34). These devices are frequently fabricated using 
polydimethylsiloxane (PDMS), a desirable material due to 
its ease of use, biocompatibility, and gas permeability (35). 
The upright posts along the center chamber create surface 
tension during hydrogel injection to contain the gel 
solution within the posts and create an accessible gel surface 
alongside the media channels after polymerization (34). To 
study angiogenesis, ECs are seeded along the surface of the 
hydrogel, and a chemokine gradient is added across the 
media channels to induce invasion and sprouting through 
the gel (Fig. 1B). To create microvascular networks, ECs 
are mixed within the gel solution before injection, where 
they self-assemble into connected capillary-like networks 
after gel polymerization (Fig. 1C). Multiple cell types, 
such as pericytes, can be incorporated to increase model 
complexity and study the interactions between cell types. 
Here, we review recent vasculature-on-a-chip models used 
to study various microvasculature processes containing 
both ECs and pericytes.

Microfluidic models are valuable platforms to study 
angiogenic responses due to the ability to create directed 
gradients of soluble factors, such as VEGF, across the 
hydrogel to visualize invasion and sprouting. Bai et  al. 
(2021) (36) used the three-channel microfluidic device 
to demonstrate how this platform can elucidate the role 
of pericytes in angiogenesis and study differences in 
angiogenic response from different strains of brain ECs 
and pericytes. Specifically, ECs and pericytes were isolated 
from the brains of two mouse strains classified as either 
a ‘high’ or ‘low’ angiogenic strain. The ECs and pericytes 

Figure 1
Schematic illustration of microfluidic vasculature-
on-a-chip platform. (A) Accessible ports to the 
microfluidic channels allow for various seeding 
configurations, media exchange, and the addition 
of soluble factors. (B) Seeding ECs and pericytes 
in the outer channels with the addition of a VEGF 
gradient allows for the visualization of 
angiogenesis. (C) Vascular networks form within 
the center channel when ECs and pericytes are 
suspended within the hydrogel. Created with 
BioRender.com
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were co-cultured along the surface of a 3D collagen-I gel 
using one media channel, and VEGF (25 ng/mL) was 
added to the opposite media channel to create a gradient 
across the gel and induce angiogenesis. The physiological 
process of angiogenesis was observed where vessel sprouts 
invaded the collagen-I gel, and pericytes migrated 
along the sprouts formed by ECs. By comparing EC and 
pericyte co-cultures to ECs alone, pericytes were shown 
to stabilize the lumen structures formed by ECs, prevent 
vessel leakage, and play a role in EC proliferation and 
migration. Additionally, ECs from the ‘high’ angiogenic 
mouse strain demonstrated longer sprouts and larger 
vessel diameters than the ECs from the ‘low’ angiogenic 
mouse strain. Using a similar microfluidic platform setup, 
Uwamori et al. (2019) (37) used a three-channel device to 
demonstrate differences in the angiogenic responses of 
organ-specific ECs co-cultured with pericytes. Along the 
surface of a fibrin gel formed in the center channel, brain 
microvascular ECs (BMECs) or HUVECs were co-cultured 
with mesenchymal stem cells (MSCs) that differentiated 
into pericyte-like cells. The cells invaded the fibrin gel 
to form angiogenic sprouts where the pericyte-like cells 
surrounded the ECs. The EC types did not demonstrate 
differences in pericyte coverage, but differences in the 
microvascular sprouts were observed, highlighting the 
need to consider organ-specific cell types when designing 
cell culture models. Different variations of the three-
channel device have also been used. Yamamoto et  al. 
(2019) (38) similarly co-cultured HUVECs and pericyte-
like cells derived from MSCs alongside the surface of a 
collagen-I hydrogel in a unique device design. A challenge 
in co-culturing ECs and pericytes is optimizing the ratio of 
ECs to pericytes to achieve physiological lumen diameters 
similar to that of capillaries (<10 μm) and increase lumen 
stability. Testing HUVEC:MSC ratios of 1:1, 2:1, 5:1, and 
10:1 and HUVEC monocultures demonstrated that the 
1:1 ratio resulted in capillary-like lumen diameters that 
remained stable for 21 days. Deposition of BM proteins, 
laminin and collagen-IV, was confirmed in the 1:1 
co-culture, whereas both proteins were not observed in 
the monocultures. These results further demonstrate the 
role of EC–pericyte interactions in BM formation, which 
is important for vessel stabilization.

Microfluidic devices have gained significant 
popularity in modeling the BBB due to the ability to 
simultaneously co-culture ECs, pericytes, and astrocytes 
with advanced cell–cell and cell–matrix interactions. A 
challenge in developing efficient drugs and therapeutics 
for brain and neurovascular disease is understanding 
their transport across the BBB in pathological conditions. 

Therefore, in vitro platforms that recapitulate the BBB 
microvasculature and effectively model its permeability 
can be useful in drug development. Campisi et al. (2018) 
(39) used the three-channel device design to create 
microvascular networks of the BBB by suspending iPSC-
derived ECs, human primary brain pericytes, and human 
primary astrocytes within a fibrin gel. To further mimic 
the complexity of the BBB, a monolayer of iPSC–ECs 
was cultured on both sides of the networks using the 
two outer channels of the device. This novel 3D BBB 
model formed stable, perfusable vascular networks with 
physiological diameters and comparable permeabilities. 
Notably, the results of this study not only supported the 
dynamic role of pericytes in assisting the formation of 
stable networks in the BBB but also suggested the role 
of pericytes in differentiating the iPSC–ECs into brain-
specific ECs. As shown in the aforementioned studies, 
three-channel devices are an established model to study 
interactions between multiple cell types and the ECM 
during vascular development. However, five-channel 
devices can add complexity to these models by utilizing 
an additional channel for the culture of proangiogenic 
factor-secreting cells. Fibroblasts, specifically lung 
fibroblasts, can be cultured in an outer channel to 
secrete proangiogenic factors and ECM proteins to 
further induce and stabilize angiogenic sprouts (40). A 
five-channel device was used by Kim et al. (2021) (41) to 
model angiogenesis in the BBB and determine the role of 
pericytes or MSCs in creating BBB-like microvasculature. 
First, lung fibroblasts suspended in a fibrin hydrogel were 
added to the right outermost channel, and astrocytes 
suspended in a fibrin gel were added to the center 
chamber. Then, human BMECs (hBMECs) and human 
pericytes or human bone marrow MSCs were cultured 
along the surface of the gel using the left-inner channel. 
An interstitial flow was induced through the network by 
increasing the media level in the right-inner channel 
reservoirs compared to the left-inner channel reservoirs, 
creating a pressure difference that drives directional flow. 
The gradient of angiogenic factors released by the lung 
fibroblasts induced sprouting and invasion of these cell 
types across the gel. Pericytes were shown to play a role in 
regulating vessel diameter; however, MSCs also behaved 
as pericytes by constricting the vessels more efficiently to 
achieve diameters and vessel architecture closer to that of 
the BBB. Compared to pericytes, MSCs exhibited a higher 
expression of PDGFR-β, N-cadherin, and α-SMA and 
higher secretion of VEGF and SDF-1α. Therefore, MSCs 
were proposed as a useful substitute for pericytes when 
modeling the BBB.
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Microfluidic platforms of the BBB can also contribute 
to understanding how pathogens cross the BBB and 
lead to brain infection. Kim et  al. (2021) (42) designed 
a ‘neurovascular-unit-on-a-chip’ to model the BBB 
penetration of Cryptococcus neoformans, a pathogen that 
causes fungal meningitis. The study used an advanced 
vertical three-channel device with gravity-driven flow 
to encapsulate NSCs within a collagen–hyaluronic acid 
hydrogel and then culture hBMECs and pericytes along the 
edge of this gel. Two chambers were attached to the channel 
accessing the EC–pericyte BBB layer where C. neoformans 
was injected. C. neoformans appeared to form clusters at 
the EC–pericyte layer and then penetrate the gel without 
causing significant changes in the EC tight junctions or 
continuity of the EC–pericyte layer, suggesting the fungi is 
transported across the BBB through transcytosis.

Engineered microvessels

Engineered microvessels are biomimetic 3D platforms 
that seek to recapitulate the luminal structure of blood 
vessels and serve as a valuable model to study EC–pericyte 
interactions under fluid flow. Shear stress caused by fluid 
flow plays a critical role in endothelial function, including 
migration, proliferation, and gene expression, through 
mechanosensitive pathways (43). Furthermore, in 2D 
platforms, fluid flow has been shown to prevent matrix 
remodeling and maintain vascular quiescence in pericytes 
in direct contact with ECs, indicating a mechanosensitive 
response of pericytes to promote vascular stability (44). 
Vascular permeability is another important function of 
the vasculature to maintain homeostasis and is partially 
regulated by EC–pericyte interactions under fluid flow. 
However, investigating the mechanisms by which 
pericytes interact with ECs to regulate barrier function has 
relied on in vivo models that lack the ability to external 
control blood flow and cellular responses. In vitro systems 
incorporating both cell types and allowing for precise 
fluid flow control through the system could advance basic 
understanding. Engineered microvessels serve as a useful 
system to investigate EC–pericyte interactions under 
shear stress, such as barrier function, through the use of 
a perfusable lumen. These engineered microvessels are 
frequently fabricated by injecting a hydrogel, commonly 
collagen-I, into a PDMS mold where a needle is held in 
place through the center of the hydrogel chamber (45). 
After polymerization, the needle is removed, leaving 
a casted cylindrical channel. ECs and pericytes can be 
seeded through to channel to form an endothelium lining 

surrounded by pericytes, and fluid flow can be controlled 
through access ports. Measuring the permeation of 
fluorescent-labeled dextran or lucifer yellow (LY) through 
the endothelial layer is a useful method to quantify 
barrier function in these systems. For example, Jamieson 
et  al. (18) developed a microvessel platform using this 
method to study the role of iPSC-derived pericytes on the 
barrier function of iPSC-derived BMECs (Fig. 2A). First, 
iPSC-derived pericytes were seeded through a channel 
cast in a collagen-I gel to create a discontinuous outer 
layer. Then, iPSC-derived BMECs were seeded to form an 
inner monolayer. As a result, the 3D spatial arrangement 
of iPSC-derived BMECs surrounded by iPSC-derived 
pericytes observed in vivo was recapitulated (Fig. 2B). 
Gravity-driven flow was induced through the channel 
to model physiological shear stress in the postcapillary 
venules. The permeability of LY through the microvessel 
was measured, demonstrating that physiologically low 

Figure 2
Engineered microvessel platforms. (A) Fabrication of microvessel platform 
by casting a cylindrical channel in a collagen-I hydrogel and sequentially 
seeding iPSC-derived pericytes and iPSC-derived BMECs (Jamieson et al. 
(18)). (B) Resulting 3D lumen structure with iPSC-derived BMEC inner 
monolayer and a discontinuous abluminal layer of iPSC-derived PCs 
(Jamieson et al. (18)). (C) Microvessel platform formed within a fibrinogen 
hydrogel with an inner monolayer of HUVECs and human brain-derived 
pericytes suspended in the surrounding matrix. Scale bar = 500 μm (van 
Dijk et al. (46)). (D) Longitudinal cross-section of the engineered 
microvessel (van Dijk et al. (46)). (E) Diffusion of 70 kDa dextran 
rhodamine 1 min and 30 min after infusion to evaluate barrier function of 
microvessels with no cells, HUVECs only, and HUVECs and pericytes. Scale 
bar = 500 μm (van Dijk et al. (46)). Arrangement and results were slightly 
modified for formatting.
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barrier function was achieved. No significant differences 
in LY permeability were measured for the 3D co-culture 
of iPSC-derived BMECs and pericytes compared to iPSC-
derived BMECs alone, indicating that iPSC-derived 
pericytes did not affect barrier function in this system, 
despite observing the opposite effect in their 2D models. 
Contrarily, van Dijk et  al. (46) showed that human 
primary brain pericytes positively impacted barrier 
function in microvessels formed from HUVECs within a 
fibrinogen gel under continuous, unidirectional flow from 
a pump system (Fig. 2C, D and E). In this model, human 
brain pericytes were suspended within the gel solution 
before polymerization. Then, HUVECs were seeded in 
the lumen to form an inner monolayer. The human brain 
pericytes were recruited to the parent vessel over time 
and assisted ECs in maintaining a monolayer (Fig. 2D). 
Differences in the role of pericytes on barrier function 
in these microvessels may result from differences in cell 
sources, seeding arrangements, shear stress magnitude, 
and lumen diameter. Recently, Tefft et  al. (47) used a 
microvessel model with human brain vascular pericytes 
and human neonatal dermal blood microvascular ECs to 
investigate the signaling pathways involved with pericyte 
stabilization of the endothelium. Pericyte NOTCH3 and 
EC NOTCH1 played critical roles in forming stable EC 
junctions. Specifically, pericytes upregulated DLL4 that 
activated NOTCH1 on ECs to stabilize cell–cell junctions.

Pericytes exist in a quiescent or active state. Pericyte 
activation is characterized by pericyte detachment 
and migration, as observed in angiogenesis or tissue 
regeneration, where pericytes migrate to stabilize 
developing vasculature. Pericyte activation can also 
occur in response to inflammation and stress, leading 
to pericyte loss and aberrant vasculature growth 
characteristic of numerous disease pathologies, such as 
diabetic retinopathy (48). However, mechanisms in which 
pericyte activation is triggered are still widely unknown. 
Previous studies have revealed engineered microvessels as 
a useful platform to study the alterations of EC–pericyte 
interactions in the presence of inflammation signals. For 
example, Alimperti et  al. (49) developed a microvessel 
platform to inform mural cell and EC interactions 
under exposure to inflammation factors, such as 
lipopolysaccharide, thrombin, and tumor necrosis factor 
(TNFα). HUVECs and human bone marrow stromal cells 
(hBMSCs) were co-cultured in a collagen-I gel and treated 
with the inflammatory factors. hBMSCs exhibited surface 
marker expression, abluminal vessel localization, and 
attachment to the BM similar to mural cells. Furthermore, 
hBMSCs acted similar to pericytes under inflammation by 

detaching from the BM and EC monolayer. Specifically, 
Ras homolog family member A (RhoA) activity increased, 
leading to less mural cell coverage of the endothelium 
and increased permeability. The inflammation was 
also shown to alter Rac1 and N-cadherin, leading to 
unstable cell–cell junctions and decreased barrier 
function. Kang et al. (50) further investigated the effects 
of TNF on angiogenic sprouting from the parent vessel 
by developing a semicylindrical microvessel system in 
a collagen gel. HUVECs and human primary pericytes 
were sequentially seeded to form an EC monolayer 
surrounded by pericytes, and TNFα was diffused through 
the gel to model inflammation. Low doses of TNFα were 
shown to enhance angiogenesis; however, high doses of 
TNFα suppressed angiogenesis. The presence of pericytes 
appeared to modulate this switch, where the presence of 
pericytes rescued the antiangiogenic effects of TNFα at 
high doses to become proangiogenic.

Organoids

Recently, there has been an increasing interest in miniature 
3D organ systems, known as organoids, formed from stem 
cells in vitro. Pluripotent stem cells can self-assemble into 
3D organoids, allowing the study of morphogenesis and the 
role of genetic mutations on cellular function. Blood vessel 
organoids were established in a seminal study by Wimmer 
et  al. (51). Self-assembling human blood vessel organoids 
composed of ECs and pericytes were formed from PSCs by 
exposure to various growth factors. To form the organoids, 
aggregates of human PSCs were differentiated via mesoderm 
induction and subsequent vascular lineage induction 
to derive ECs and pericytes (52). Then, the aggregates 
were encapsulated in a collagen-I hydrogel, where they 
formed vascular networks and were extracted to create 
single blood vessel organoids. These vascular networks 
demonstrated the physiological localization of pericytes 
surrounding the lumens and the formation of a BM 
encasing the networks. Single organoids were suspended in 
individual wells of a low-attachment 96-well plate to allow 
for high throughput. To study the role of diabetes on EC 
and pericyte dysfunction, the organoids were exposed to 
hyperglycemia and inflammatory cytokines. Thickening 
of the BM was observed, specifically increased deposition 
of collagen-IV, laminin, and perlecan, resulting from EC 
and pericyte upregulation of ECM synthesis. Furthermore, 
splitting of the BM layer was observed, consistent with 
dermal microvasculature samples from patients with 
type 2 diabetes. Decreases in the ratio of ECs to pericytes, 
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as well as the absolute cell number for both cell types, 
were also observed, indicating alterations in EC–pericyte 
interactions in the diabetic organoids.

Organoids have also been used to model the BBB 
using ECs, pericytes, and astrocytes to inform the 
development of brain-penetrating drugs. Simonneau 
et al. (53) developed BBB organoids using human cerebral 
microvascular ECs, brain microvascular pericytes, and 
astrocytes to study mechanisms of transport in the BBB. 
The BBB organoids formed a core of astrocytes surrounded 
by a layer of pericytes and ECs that acted as a transport 
barrier. Receptor-mediated antibody transcytosis through 
the human transferrin receptor was observed. CRISPR/
Cas9 was used to investigate the molecular mechanisms 
governing this transport, which led to the identification 
of clathrin as a requirement for transferrin receptor-
dependent transcytosis in the BBB organoids.

Discussion/Conclusion

In recent years, significant progress has been made 
in modeling EC–pericyte interactions in vitro to 
inform vascular development and disease pathologies 
(Fig. 3). The inherent property of ECs and pericytes 
to form vascular networks within hydrogels under 
physiological conditions provides significant 

opportunities to study their collective role in vascular 
function, such as signaling pathways involved in pericyte 
recruitment and localization, barrier function, and BM 
formation. Utilizing novel microfabrication techniques 
in combination with hydrogels has advanced these in 
vitro systems by adding directed chemokine gradients, 
interstitial flow, and complex cell seeding arrangements. 
Engineered microvessels use hydrogels to recapitulate 
the 3D cylindrical structure of blood vessels and allow 
for luminal flow to measure the role of shear stress on 
these cellular interactions. Altogether, these platforms 
have contributed to understanding the complex 
interplay of ECs and pericytes in modulating vascular 
function. However, there are numerous opportunities for 
improvement to engineer more physiologically relevant 
vasculature models with ECs and pericytes in vitro.

The microvascular ECM is a complex environment 
that plays a dynamic role in vascular morphogenesis and 
guiding vascular cell processes (54). ECM proteins act as 
signaling entities to ECs and pericytes through integrins 
to mediate their function. Furthermore, these vascular 
cells are mechanosensitive and respond to their physical 
environment. For example, Feng et  al. (55) demonstrated 
that hydrogel stiffnesses reminiscent of tumorous tissues 
induced pericyte–fibroblast transition and increased 
migration. Thus, the composition and mechanical 
properties of the hydrogels must be considered when 
designing physiological in vitro systems to model EC–
pericyte interactions. Hydrogels derived from ECM 
proteins, such as collagen-I and Matrigel, are relevant 
biomaterials due to their natural biochemical cues and 
biocompatibility. However, these natural biomaterials are 
characterized by poor mechanical properties and rapid 
degradation. On the contrary, synthetic hydrogels such 
as PEG are highly tunable, allowing for modulation of 
their physical properties and degradation rate, but lack 
natural biochemical cues. Therefore, there are significant 
opportunities for designing systems with engineered 
hydrogels, such as hybrid natural hydrogels with engineered 
mechanical properties, to mimic the biochemical and 
biophysical properties ECs and pericytes experience 
in vivo. Furthermore, using engineered hydrogels to 
elucidate the role of specific microenvironmental cues on 
EC–pericyte interactions, such as oxygen level or matrix 
stiffness, is a widely untapped area but will provide insight 
into numerous disease pathologies characterized by EC–
pericyte abnormalities and altered matrix properties. For 
example, diabetic retinopathy is characterized by pericyte 
detachment in the microvasculature, leading to decreased 
blood supply to the retina and hypoxic conditions that 

Figure 3
Schematic illustration of in vitro systems to model EC–pericyte 
interactions. Created in BioRender.com
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exacerbate EC dysfunction. Therefore, hypoxia-inducible 
hydrogels could be useful for measuring the role of oxygen 
on altered EC–pericyte function in diabetic retinopathy 
(56). Furthermore, the interactions between EC and 
pericytes vary from tissue to tissue, such as the ratio of 
each cell type (57). Therefore, using tissue-specific cells and 
considering tissue-specific seeding differences in future in 
vitro systems will help improve model specificity.

Microfluidic and engineered microvessel platforms 
have gained significant popularity as co-culture systems 
for ECs and pericytes. However, these platforms pose 
numerous challenges, such as proper cell seeding and even 
cell distribution, which can lead to variability in results. 
Standardizing the seeding protocols for these devices will 
contribute to eliminating these variabilities. However, 
exploring different seeding configurations and spatial 
arrangements is an advantage of these devices that may 
require more work to standardize. An additional limitation 
in using microvessel platforms to model EC–pericyte 
interactions is the relatively large diameter of these vessels. 
The microvessel platforms reviewed here range from 160 
to 500 μm in diameter; however, capillaries are only 1–10 
μm in diameter. Therefore, these ‘micro’vessel platforms 
should be discussed more in the context of larger vessels, 
such as arteries/arterioles and veins/venules, rather than 
the microvasculature. Furthermore, pericytes are not 
present on larger diameter vessels; therefore, the relevance 
of these platforms to study EC–pericyte interactions is 
drawn into question. Zhao et  al. (58) recently developed 
a novel microvessel platform with capillary-scale lumens, 
but these vessels lacked pericytes due to challenges in 
creating perfusable lumens with multiple cell types. 
Therefore, constructing microvessel platforms with both 
cell types and diameters closer in size to the capillaries 
warrants further attention. As mentioned, microfluidic 
devices are commonly made using PDMS due to its ease 
of use, biocompatibility, and gas permeability. However, 
PDMS also leads to drug absorption, which presents 
challenges during drug studies (59). This challenge can 
be overcome by using mass spectroscopy to account for 
the effects of PDMS, but it adds complexity to using these 
platforms for drug studies. Organoids are also a promising 
platform for drug studies for diseases impacting EC–
pericyte interactions as they allow for high-throughput 
screening, and patient-derived cells can be used for 
patient-specific screens.

Overall, the in vitro systems reviewed here have 
proven useful platforms to inform the vasculature's 
complex relationship between ECs and pericytes. 
However, numerous questions still remain or have yet to 

be addressed with regard to the physiological relevance 
of these platforms. The verification of pericyte function 
in these systems is often limited to immunolabeling and 
comparative effects on permeability. It remains unclear 
whether pericyte function as observed in vivo is really 
mimicked in these platforms; therefore, researchers must 
consider the degree of pericyte function in these systems 
to understand how they can be used to inform EC–pericyte 
interactions. Further discussion and improvements in 
these systems will promote a deeper understanding of 
these interactions in vivo and continue to advance the field 
of tissue engineering.
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