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Abstract

Atherosclerosis is a disease with a complex pathogenesis,
consisting of the interrelationships of many different
light of the
cardiovascular diseases, the precursor of which is

elements. In increasing spread of
atherosclerosis, the study of the intricacies of its
pathogenesis remains an important research task. For its
achievement, it is necessary to choose the right model. To
date, the most common are models of small animals, in
particular mice. However, extensive work is being carried
out towards the development of cellular models that
would allow moving away from the use of animals as model
objects, as well as bypassing the problems of translating
the results. In this review, we collected data on the current
advances in the field of cellular models of atherosclerosis.
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Introduction

Atherosclerosis is a complex biological process that occurs due to
low shear stress. It progresses due to impaired functioning of
endothelial cells (ECs), leading to the accumulation of oxidized low-
(LDL) beneath the

inflammation, and the de-differentiation, migration, and growth of

density  lipoproteins endothelium,
vascular smooth muscle cells (VSMCs). The development of
atherosclerosis is mainly observed in the bends and branches of
arteries where blood flow is weak or fluctuating, resulting in a low
time-averaged wall shear stress (<10 dyn/cm2), in the presence of
systemic risk factors such as genetic predisposition, smoking,
hypertension, hyperlipidemia, and diabetes (Zhou et al., 2023; Botts
etal., 2021).

Preclinical models play a clinical role in the study of the
pathophysiology of atherosclerosis. They also help in the
development of anti-atherosclerotic treatments. Experiments with
animal models of atherosclerosis provide valuable mechanistic
information, but they cannot reproduce the complex biology of
blood vessels and the natural course of atherosclerosis as it occurs
in humans (Zhang et al,, 2021).

Moreover, animal experiments can be time-consuming and
expensive. In contrast, in vitro atherosclerosis models on cell
cultures are more affordable and time-saving. However, it should
be noted that they lack the ability to reproduce cellular interactions
and complex molecular pathways that occur in vivo. Currently,
three types of cell culture methods are used in vascular biology. (1)
Single-cell cultures of ECs, monocytes, or VSMCs on tissue culture
plates. They are among the most popular and simple cultures, but
they do not allow the study of complex interactions between

different cell types and the extracellular matrix (Vedder et al., 2020).
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(2) Two-cell cultures in which two types of cells are either co-
cultured on top of each other, separated by a porous membrane
(indirect co-culture), or placed next to each other (direct co-
culture). These cultures are more complex and advanced than
single-cell cultures, but they still cannot fully demonstrate the
complex multicellular interactions that occur in humans
(Kuppusamy et al., 2020). (3) Three-cell co-cultures, which are
more representative of human vascular biology. They also allow for
complex communication between different cell types (direct co-
cultures). However, they may be less reproducible and
homogeneous, and their development typically requires more time,
resources, and equipment. Further development of in vitro co-
culture models that include a human-like vascular wall could
provide economically efficient atherosclerosis research and support
more targeted and significant research on animals and humans (Liu
et al,, 2023). A valuable tool for studying the pathophysiology of
atherosclerosis and conducting drug research could be a highly
reproducible and economically efficient three-cell co-culture model
of atherosclerosis that allows for direct interaction between the

major types of vascular cells (Figure 1), (Chen et al., 2022).

Cellular Models in the Search for Antiatherosclerosis Therapy

A biological model has proven to be a valuable tool for the
development of new pharmaceutical and nutraceutical products.
Unlike traditional safety and efficacy tests that must be conducted
before clinical trials on humans, biological models can be quickly
deployed and analyzed. These models allow for rapid assessment of
potential drug activity, metabolism, and direct therapeutic effect.
However, when simplifying the model, it is important to maintain
similarity to the biological system. One application of this cellular
model strategy is the search for natural anti-atherosclerotic agents
(Mitra and Murthy, 2022).

To study this approach, two cellular models were used in one of the
studies, in vitro and ex vivo. In the in vitro model, primary cultures
of subendothelial cells were used. They were obtained from the
thoracic aortas of deceased men and women aged 40 to 65. In the
ex vivo model, the same cell cultures were used but in a different
way. The in vitro model was developed to assess the ability of
synthetic and plant compounds to reduce the atherogenicity of
human serum and prevent the accumulation of cholesterol in the
intima of blood vessels (Zakiev et al., 2017). To do this, live cells
were extracted using collagenase from various sections of the aorta.
Then, they were cultured for 7-10 days at 37°C in fresh media. The
resulting heterogeneous cell population consisted mainly of
pericyte-like cells and typical and modified smooth muscle cells. To
obtain a "control” cellular model with properties different from the
affected cellular model, cells were cultured from a healthy section of
the aorta in a similar manner. By incubating cells with atherogenic
with atherosclerosis,

serum from patients abnormal lipid

deposition in cells was induced (He et al, 2020). The tested
products were added to both models. This allowed for the
assessment of their ability to prevent lipid accumulation in
relatively "control" cells and reduce cellular lipid deposits in affected
cells. The capability to reduce the accumulation of lipids in cells was
tested on cells that were already laden with lipids, and a decrease in
intracellular cholesterol level that was statistically significant was
considered as a positive antiatherosclerotic effect. The ability to
prevent lipid buildup was measured on a second cellular model,
which was cultured from a normal intimal aorta and exposed to
atherogenic serum (Agarwal et al, 2020). If the cells showed
resistance to lipid accumulation, it was considered a positive result.
If both stages yielded positive results, the tested product proceeded
to the next stages of development. The third (ex vivo) model was
based on macrophages derived from monocytes obtained from the
venous blood of healthy volunteers through 14-day culturing at
37°C. The tested product was given to volunteers with sufficient
blood serum atherogenicity, meaning their serum had the ability to
induce the pathological accumulation of cholesterol in the cellular
model (Nikiforov et al., 2019). A series of blood collections were
conducted, with the first sample taken before administering the
product, and subsequent samples collected at 2, 4, 6, 8, 12, and 24
hours to assess short- and long-term effects. The serum from
collected blood samples was added to the culture of aortic cells or
Then, the

atherogenic potential, intracellular lipid content, and cellular

monocytes-macrophages. assessment of serum
protein content was conducted. This model allowed the authors to
assess the antiatherogenic effect of substances taking into account
the metabolic processes in the human body. These two models
eliminated ineffective botanicals and identified only a few non-
pharmaceutical compounds. Three drugs were developed and
further evaluated in clinical studies (Figure 2), (Bowen and

Remaley, 2014).

In vitro 2D Models for Atherosclerosis Studies

For decades, 2D in vitro models have been crucial for studying the
pathology of various diseases and evaluating drug efficacy. The
most commonly used 2D in vitro models are single-cell culture
systems that contain only one type of cell component found in
atherosclerotic plaques, such as foam cells, macrophages, ECs, and
SMCs. These single-cell cultures have played an important role in
evaluating new therapeutic agents, such as microRNAs and
exosomes, and in studying mechanisms related to atherosclerosis
(Mohandas et al., 2023). Recently, they have also been widely used
to assess the efficacy of drug delivery systems for treating
atherosclerosis, as free drug administration is associated with its
own problems. However, despite their widespread use, single-cell

models may be unreliable in predicting therapeutic efficacy in
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Figure 1. In Vitro Models in the Search for Antiatherosclerosis Therapy. In Vitro Models for Antiatherosclerosis Therapy:
Overview of common in vitro models including 2D cell models, single-cell models, co-culture models, 3D spheroids, 3D cell-

laden hydrogel constructs, tissue-engineered blood vessels, and vessel-on-a-chip. Emphasizes advantages and disadvantages of
each model type.
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Figure 2. Human primary cell cultures used in the study of antiatherosclerosis. By utilizing human primary cell cultures,
researchers can mimic the cellular interactions and responses that occur in the human body during atherosclerosis. These
studies provide valuable insights into the molecular mechanisms underlying the disease and can aid in the development of

novel therapeutic strategies. Furthermore, such cell models make it possible to evaluate the antiatherogenic effect of various
substances, taking into account metabolic processes in the human body.
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patients due to their inability to accurately mimic the structure of
blood vessels and human plaques. Therefore, single-cell models are
usually combined with in vivo models to obtain a significant
understanding of the therapeutic efficacy and pathogenesis of
atherosclerosis (Yang et al., 2022).

In addition to single-cell culture systems, research has also focused
on developing co-culture models for atherosclerosis studies. These
co-culture models can be direct, with cells in physical contact, or
indirect, using transwell systems. As far back as 1986, various cell
types
macrophages, ECs, and SMCs, were used in direct and indirect co-

involved in atherosclerosis pathology, including
culture studies to create blood vessels and study inflammation in
atherosclerosis. With advancements in engineering, significant
efforts have been made to develop more sophisticated 2D in vitro
systems, such as those using 2D scaffolds or microfluidic chips, to
better mimic the physiological and pathological environment of
atherosclerosis. This section summarizes these systems (Liu et al.,
2023).

Single-Cell Model

Single-cell models have become widely used in assessing drug
delivery systems due to their simplicity of production and easy
availability. These models typically involve specific types of cells,
such as macrophages, SMCs, ECs, or foam cells. One application of
these models is the assessment of the cellular absorption of drug
delivery systems. For instance, Schwendeman et al. developed a
single-cell model using THP-1 monocytes that were differentiated
into macrophages to evaluate the cellular uptake of synthetic high-
density lipoproteins that were labeled with DiD dye (DiD-sHDL)
(Owsiany et al, 2019). The results revealed that 99% of
macrophages displayed positive staining for DiD after a 2-hour
incubation with the particles. Other studies have utilized various
cell types, such as HUVECs treated with TNF-a and vascular
smooth muscle cells (VSMCs) from mice, to demonstrate efficient
cellular uptake of P-cyclodextrin nanoparticles and biomimetic
nanoparticles that were functionalized with macrophage
membrane, respectively. Additionally, the Liu group reported using
single-cell systems comprised of HUVECs, RAW cells, or foam cells
to examine the cellular binding of platelet-mimicking nanoparticles
to these cells. With these single-cell models, they discovered that
platelet-mimicking nanoparticles strongly bound to foam cells, but
not to other cell types (Ma et al., 2020).

The efficacy of drug delivery systems loaded with therapeutics to
combat atherosclerosis depends on their ability to modulate critical
biological processes associated with macrophages and macrophage-
derived foam cells, such as foam cell formation, ROS generation,
inflammation resolution, and cholesterol efflux. Macrophages have
been extensively used to assess the impact of drug delivery systems
on these processes. For instance, Ghosh et al. employed

macrophages to evaluate the regulation of cholesterol efflux and

influx mediated by drug delivery systems (Ghosh et al., 2022). They
that

demonstrated mannose-functionalized ~ dendrimeric
nanoparticles (mDNPs) co-delivering siRNA and LXR ligands
could significantly reduce cholesterol content in macrophages.
Macrophage systems have also been utilized to investigate the effect
of drug delivery systems on efferocytosis and plaque stability, as
macrophages in the plaque express Ca2+/calmodulin-dependent
protein kinase (CaMKIIy) and suppress efferocytosis receptors,
leading to efferocytosis suppression and plaque necrosis (Chen,
2021). Shi and colleagues incubated bone marrow-derived
macrophages with siRNA-loaded nanoparticles to evaluate the
effect of siRNA nanoparticles on efferocytosis (Shi et al., 2022).
They found that siRNA-loaded nanoparticles could significantly
decrease CaMKIIy expression, thus increasing macrophage
efferocytosis and plaque stability. Furthermore, the ability of
therapeutic-loaded drug delivery systems to induce inflammation
resolution is also being investigated for treating atherosclerosis. The
Scott group showed that anti-inflammatory nanocarriers, such as
celastrol-loaded nanocarriers, could significantly reduce TNF-a
production in macrophages compared to untreated cells (Vincent
et al., 2022; Davis et al., 2020).

Single-cell models have been used not only to evaluate drug delivery
systems loaded with therapeutics, but also to study the mechanisms

associated with atherosclerosis pathogenesis. For example, ECs

have been wused to investigate the effects of various
pathophysiological stimuli, including hypercholesterolemia,
hypertension, hemodynamic factors, and pro-inflammatory

cytokines, on inflammation, endothelial dysfunction, and cellular

senescence in atherogenesis. Similarly, single-cell models
containing SMCs or monocytes have been used to assess the impact
of these stimuli on SMC phenotype changes, monocyte
differentiation, and foam cell formation, which are critical
processes in the development of atherosclerosis (Yang et al., 2020).
In vitro 3D models for Atherosclerosis Studies

Conventional 2D in vitro platforms for studying atherosclerosis
have limitations, as they lack the physiological 3D structure and
pathological compositions observed in vivo. Additionally, 2D
cultures suffer from issues with substrate topography and stiffness,
and may provide misleading information on the safety and efficacy
of lead compounds. On the other hand, 3D culture has emerged as
a promising approach, allowing for cell constructs that mimic the
3D structure of organs with more natural extracellular matrix
(ECM), and enabling better cell-cell and ECM-cell interactions
(Savoji et al., 2019). This approach can improve predictability of
therapeutic toxicity and sensitivity, as drug responses in 3D models
may differ from those in 2D models. Developing in vitro 3D models
through bio-fabrication has become a growing interest in
atherosclerosis modeling and drug testing. This approach generates

organized structures with biological function using living cells, cell
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aggregates, biomaterials, and bioactive molecules via bio-assembly
or bio-printing, followed by tissue maturation (Brancato et al,
2020).

In vitro 3D Spheroids

Three-dimensional spheroids are cell aggregates that resemble
spheres and are increasingly used for therapeutic evaluation due to
their better resemblance to natural tissue compared to 2D culture
systems (Figure 3). The formation of spheroid cultures involves the
use of extracellular matrix fibers with a ligand motif, such as
tripeptide Arg-Gly-Asp, that bind with integrin membrane proteins
on the cell surface, allowing the cells to aggregate and bind together
with homophilic cadherins. This leads to solid adhesion and
compaction of the cell mass, resulting in the formation of a spheroid
(Bialkowska et al., 2020). Over the past several decades, various
fabrication methods have been used to develop spheroid cultures,
including the hanging drop method, centrifugation, spinner flask,
and culturing cells on a non-adherent substrate. It is important to
note that spheroid cultures exhibit different gene expression,
metabolism, and cellular motility, differentiation, and polarity
compared to monolayer cultures in 2D. Spheroid models have been
increasingly utilized for studying and modeling atherosclerosis due
to their ability to more accurately mimic the structures of native
tissue compared to traditional 2D monolayer cultures (Ryu et al.,
2019).

Foam cells are macrophages that have absorbed lipids, which is the
primary component of atherosclerotic plaque. In recent times,
scientists have been exploring the development of a foam cell
spheroid model to examine how specific compounds affect foam
cell formation and associated inflammation (Poznyak et al., 2021).
For example, Nguyen et al. demonstrated that using a 3D spheroid
model of foam cells, dexamethasone (Dex) and fluocinolone
acetonide (FA) could significantly decrease foam cell formation, but
FA was more effective than Dex (Nguyen et al., 2018). Hydroxyl
beta-cyclodextrin (HBCD) is a polysaccharide that increases
cholesterol efflux and solubility. In another study, Kwan et al.
utilized the foam cell spheroid model to assess the effectiveness of
co-delivery of HBCD and sirolimus loaded poly-co-lactic-co-
glycolic acid microparticles (mc-PLGA-MPs) on foam cell
formation under ultrasound stimulation. These studies highlight
the potential of the foam cell spheroid model for research on
atherosclerosis (Su et al., 2021).

Vascular smooth muscle cells (VSMCs) are a critical element in the
thickening of arterial walls, the formation of atherosclerotic
plaques, and the regulation of plaque stability. In a study conducted
by Chun et al, the effects of membrane-type 1 matrix
metalloproteinase (MT1-MMP) on VSMC proliferation were
examined using 3D spheroid models composed of silenced MT1-
MMP gene VSMCs in mice (Chun et al., 2004). The results
indicated that silencing the MT1-MMP gene significantly increased

the proliferation of mouse VSMCs in this 3D model, whereas
minimal effects on VSMC proliferation were observed in a 2D
model. This study highlighted the importance of using 3D spheroid
models for investigating biological processes associated with
atherosclerosis, in addition to 2D models. Moreover, focal adhesion
kinase (FAK) has been found to control VSMC proliferation
through N-Cadherin and is significant for cell adhesion (Barnes et
al., 2017). Vaidyanathan et al. developed a VSMC spheroid model
to study the regulation of FAK and its downstream genes, Cdc42,
Rac, and Rho, with the aim of identifying potential pathways for
treating neointima formation (Vaidyanathan et al., 2021). By
quantifying the expression of Rac and Rho in VSMC spheroids, the
authors were able to establish that FAK-Rac-N-cadherin or FAK-
Rho-N-cadherin are necessary for VSMC spheroid formation,
which could become a future target for treating atherosclerosis-
related neointima formation.

The mentioned models were focused on developing an early
atherosclerosis model with one type of cellular component. It is
worth noting that atherosclerosis is a chronic inflammatory disease
encompassing various stages. As for an improved atherosclerosis
model, Weber et al. conducted a study in which they first succeeded
in creating a spheroid pseudo-atherosclerotic plaque in vitro
consisting of a spheroidal core and a layer of surrounding
myofibroblasts to simulate the late stage of human atherosclerotic
lesion - fibroatheroma (Mallone et al., 2018). In addition to this,
two types of pseudo-atherosclerotic plaques, t- and b-plaques, were
developed using myeloid blood cells and THP-1 cells to
manufacture the core. Spheroidal cores were also filled with
dendritic cells and collagen, a lipid matrix with macrophages. It was
found that the distribution of the cell population between t- and b-
plaques was similar, including major components such as
plasmacytoid dendritic cells, macrophages, monocytes, and
activated dendritic cells. However, their components differed from
human carotid plaques, which mainly consisted of activated
dendritic cells and plasmacytoid dendritic cells. It is also worth
mentioning that compared to pseudo-plaques, native sleep plaques
demonstrated a significant reduction in the regulation of pro-
inflammatory and remodeling genes. Although this is possibly the
most reliable spheroid atherosclerosis model in vitro, age, gender,
or genetic predisposition were not taken into account (Ilhan and
Kalkanli, 2015).

In vitro 3D Cell-Laden Hydrogel Constructs

Cell-encapsulated hydrogel constructs consist of cells, hydrogels,
and growth factors, creating a 3D in vitro environment that is useful
for exploring atherosclerosis. In contrast to 2D cell sheets produced
by seeding cells onto a 2D scaffold, cell-encapsulated hydrogels are
usually made by embedding cells into 3D hydrogel matrices with

growth factors, and then cultured statically or dynamically.
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Notably, these constructs can be created in various geometries,
sizes, and compositions, enabling cells to behave similarly to those
in vivo. Regarding atherosclerosis research, cell-encapsulated
hydrogel constructs offer a 3D in vivo-like model for observing
cellular interactions and pathophysiology, with the added benefits
of lower cost, improved controllability, and higher throughput
when compared to animal models (Nicodemus and Bryant, 2008).
A hydrogel suitable for creating a cell-laden hydrogel system should
possess  certain  characteristics such as biocompatibility,
biodegradability, good porosity, and high-water content. It should
also facilitate the growth, proliferation, and migration of cells by
allowing nutrient diffusion throughout the scaffold. Collagen is the
primary structural protein found in the extracellular matrix (ECM)
and has been extensively used in creating cell-laden hydrogel
constructs. For example, researchers have used collagen hydrogel
constructs to investigate the impact of different factors on
monocyte attachment (El-Sherbiny and Yacoub, 2013). Chiu et al.
created a model using a collagen gel with embedded smooth muscle
cells (SMCs) and seeded an endothelial cell (EC) monolayer over
the SMC-laden hydrogel to study the influence of SMCs on
inflammation and monocyte adhesion in atherosclerosis
development (Chiu et al, 2022). In another study, SMC-laden
collagen hydrogel constructs were used to examine the roles of
SMCs and flow in leukocyte adhesion and transmigration.
Moreover, the ability of the EC-seeded SMC-laden collagen-based
hydrogel construct to mimic the intima-media structure of vessels
has led to its use in modeling atherosclerosis (Liu et al., 2021). In a
recent study, Su et al. induced EC dysfunction and SMC migration
by treating the cell-hydrogel construct with IL-1p, TNFa, and Ox-
LDL, allowing the quantification of SMC migration into the EC
layer. This approach provides greater sensitivity than traditional
transwell assays (Su et al, 2021). Furthermore, this system has
potential as a tool for drug screening, as evidenced by the
atheroprotective effects of vitamin D and metformin observed in
experiments using this model. Nevertheless, a major limitation of
this study is the lack of a monolayer EC layer, and its thickness being
equivalent to that of the SMC layer, and the absence of a tunica
adventitia (Su et al., 2021). In a separate study, Garcia-Sabate et al.
utilized monocyte-laden collagen hydrogel constructs with low or
high densities to mimic early or late-stage atherosclerotic tissues
and examine the effects of the ECM (collagen) on macrophage
behavior in these two environments (Garcia-Sabaté et al., 2020).
The construct was created by first embedding THP-1 cells within
the collagen hydrogel with Ox-LDL, then differentiating them into
macrophages and activating them into pro- (M1) and anti-
inflammatory (M2) phenotypes. Through the detection of
inflammatory cytokines produced by the model, the authors

discovered that M1 macrophages, M2 macrophages, and THP-1

monocytes displayed different responses in high and low tissue
density hydrogel constructs (Zhang et al., 2018).

Dorweiler et al. also utilized a fibrin gel-based model to simulate the
early stages of atherosclerosis. In this model, smooth muscle cells
were initially encapsulated in the fibrin gel, followed by seeding of
endothelial cells on top to form an endothelial-seeded smooth
muscle cell-laden fibrin construct (Dorweiler et al., 2006).
Lipoproteins and monocytes were then added to the culture to
promote foam cell formation and atherosclerotic plaque
development. The model was shown to be stable for up to six weeks
and allowed for the study of autologous in vitro vascular models to
investigate the progression of early atherosclerotic lesions.
Similarly, Vogel et al. used a 3D engineered smooth muscle cell-
fibrin construct with specific geometry to investigate the impact of
hemodynamic forces on atherosclerosis development. They
discovered that high shear stress could protect the newly formed
extracellular matrix from degradation by metalloproteinases,
whereas low shear stress would induce smooth muscle cell
proteolytic activity and shift the balance towards increased collagen
and reduced elastin, leading to a shift in smooth muscle cell
phenotype. These findings highlight the potential of using cell
hydrogel constructs to evaluate the effects of hemodynamic forces
on cell behavior during atherosclerosis development (Hosseini et
al., 2020).

In vitro 3D Vessel Based Systems

Tissue-Engineered Blood Vessels (TEBV:)

In recent years, the fields of tissue engineering, regenerative
medicine, biomaterials, and cell biology have undergone
remarkable progress, leading to the development of tissue-
engineered blood vessels (TEBVs) as potential vascular grafts for
treating atherosclerosis. As a result, TEBVs have become essential
tools for studying atherogenesis and have been transformed into in
vitro atherosclerosis models that can simulate the critical aspects of
this disease. These models offer an alternative to traditional 2D cell
cultures and animal models, providing a valuable platform for
research on atherosclerosis and therapies for this condition (Song
etal., 2018).

Advancements in tissue engineering, regenerative medicine,
biomaterials, and cell biology have allowed for the development of
tissue-engineered blood vessels (TEBVs) as a means of treating
atherosclerosis. TEBVs are created by seeding vascular cells onto
biodegradable polymeric scaffolds, such as poly-(I-lactide-co-e-
caprolactone) (PLCL), and maturing the tissue in a perfusion
system (Truskey, 2016). For example, single-layered TEBVs was
fabricated by seeding mouse smooth muscle cells on a PLCL
scaffold coated with fibronectin and gelatin. The TEBVs achieved
mechanical properties similar to those of native arteries. In addition
to the seeding strategy, cell sheet technology has been used to create

TEBVs. The Germain group developed single-layered TEBV's by
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Figure 3. In vitro 3D Cell-Laden Hydrogel Constructs. Using in vitro 3D cell-laden hydrogel constructs in atherosclerosis

research provides a more physiologically relevant and biomimetic platform for studying the disease. This approach offers

opportunities for investigating cell-cell interactions, recapitulating tissue architecture, and evaluating therapeutic interventions

in a controlled environment.

Table 1. Atherosclerosis models and their limitations.

standardization of fabrication | results across studies due to

methods. variability in spheroid

formation.

Model Limitation Consequence Recommended Approach
2D Cell Models Inability to accurately mimic | Single-cell models may not Combine 2D single-cell
the complex structure of reliably predict therapeutic models with in vivo models
blood vessels and human efficacy in patients. for comprehensive
plaques. understanding.
3D Spheroids Limited scalability and Difficulty in comparing Establish standardized

protocols for reproducible 3D
spheroid generation.

3D Cell-Laden Hydrogel Lack of tunica adventitia and

Constructs

Challenges in modeling the
complete structure of blood accurate vessel architecture

vessels, including all layers. representation.

Enhance models to
incorporate complete vessel
layers for better mimicry.

Tissue-Engineered Blood
Vessels (TEBVs)

Difficulty in replicating all Incomplete representation of

aspects of native complex disease progression.
atherosclerotic lesions in

vitro.

Further refine TEBV models
to better mimic advanced
disease stages.

Vessel-on-a-Chip Models Current focus on non- Limited application of vessel-

diseased models with limited | on-a-chip models in studying
diseased vessel-on-a-chip atherosclerosis disease

systems. mechanisms.

Develop more disease-
relevant vessel-on-a-chip
models to advance
atherosclerosis research.
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rolling fibroblast cell sheets into a vessel-like structure, while a
multi-layered TEBV was developed by decellularizing a single-
layered TEBV, seeding SMCs and ECs in the decellularized TEBV,
and maturing the TEBV in a bioreactor (Laterreur et al., 2014).
Rolle et al. recently developed spatially controlled TEBV's by fusing
SMC ring units into a vessel structure with heterogeneous
compositions similar to those observed in intimal hyperplasia or
atherosclerosis (Strobel et al., 2018). The TEBV was created by self-
assembling human aortic SMCs (hAoSMC) ring units, threading
them onto a mandrel, and maturing them in a dynamic
environment using a bioreactor. Although some TEBVs have been
generated by seeding cells on 2D scaffolds followed by rolling and
maturing of the vessel structure, we still discuss them in the 3D
section as those TEBV's provide a 3D vessel shape. These advances
in TEBV fabrication have provided valuable models for studying
atherogenesis and have offered alternative in vitro platforms for
atherosclerosis and associated therapy studies, supplementing the
traditional 2D and animal models (Pan et al., 2022).

In the field of atherosclerosis research, 2-layered tissue-engineered
blood vessels (TEBVs) have been utilized for investigating the roles
of various factors in atherosclerosis development. The Truskey
group, for instance, used a 2-layered TEBV to investigate the impact
of PCSK9, an enzyme linked to high cholesterol levels, on
atherogenesis, independent of LDL. In addition, the group
examined the effect of oxidative stress on vascular inflammation
and senescence using a 2-layered TEBV consisting of endothelial
and fibroblast layers (Yurtseven et al., 2020). The results indicated
that oxidative stress could promote atherosclerosis by increasing
vascular inflammation. Similarly, Chen et al. developed a 2-layered
TEBV containing both endothelial and smooth muscle cells, and
employed it in an imaging chamber to visualize the real-time
process of leukocyte recruitment and penetration through the
endothelium into the intima, offering a novel approach for studying
the pathogenesis of atherosclerosis and for testing the efficacy of
potential drugs in a micro-physiological system (Chen et al., 2018).
Despite early efforts to design TEBVs without curvature, recent
research has increasingly focused on developing branched TEBV's
to study disease. This is due to the fact that different vascular
geometries can lead to varying flow patterns that may have a
significant impact on atherogenesis (Lee et al., 2021). For example,
the Leong research team constructed a branched TEBV to
investigate the impact of flow patterns on atherogenesis (Chen et
al., 2018). Their findings revealed that the athero-prone region
(branched side outlets) had greater monocyte adhesion than other
regions. In another study, Chavez et al. developed an angulated
TEBV that mimicked the bent human vessel to study the effects of
stents on atherogenesis in athero-prone regions (Chavez et al,,
2019). The TEBV was constructed by seeding HUVECs on an
expanded polytetrafluoroethylene tubular scaffold with bent

geometry. The authors discovered that endothelialization was
significantly reduced on the stented TEBV compared to the un-
stented control. These studies demonstrate that a controllable in
vitro TEBV platform with specific geometries can simulate the
athero-prone conditions of the artery, making it an ideal candidate
for future intravascular device evaluations.

Diseased TEBVs, which exhibit features of atherosclerosis, have
garnered significant attention in the field due to their potential to
model this disease. However, the complexity of the atherosclerotic
plaque has made it challenging to develop TEBVs with relevant
features (Cai et al., 2021). One notable study by Hoerstrup et al.
involved the creation of a 2-layered diseased TEBV by seeding
vascular cells on a biodegradable tubular scaffold and adding LDL
and inflammatory cells under high and low shear stress (Hoerstrup
et al, 2002). The diseased TEBV model exhibited early
atherosclerotic features such as monocyte attachment and LDL
accumulation. In another study, Truskey et al. attempted to develop
a 3-layered TEBV comprising endothelial cells, smooth muscle
cells, and dermal fibroblasts (Salmon et al, 2020). Early
atherosclerosis was induced in this model using LDL with or
without TNF-a, and the TEBV displayed the maintenance of
vascular cell phenotype and early atherosclerosis symptoms such as
endothelial activation, vasoactivity, monocyte accumulation, foam
cell formation, and macrophage polarization. Furthermore, this
model was utilized to examine the effects of various substances on
disease progression, including LDL, lovastatin, and P2Y11 inhibitor
(NF157). Lovastatin was found to prevent the altered vasoactivity
and NO production induced by eLDL and TNF-a in this model
(Zhang et al., 2020).

As aresult, utilizing diseased TEBV's can provide an effective means
of studying specific vascular functions that are difficult to assess in
vivo. In another study, Cho et al. employed cell printing technology
to fabricate three-layered vascular constructs with atherosclerotic
features, including tunable geometries such as stenosis and tortuous
structures, a monolayer of confluent endothelium, and condensed
smooth muscle cell (SMC) layers. The resulting turbulent flow in
the TEBVs with stenosis and tortuous structures, along with the co-
culture of SMCs and endothelial cells (ECs), led to greater
endothelial dysfunction, LDL accumulation, foam cell formation,
and THP-1 cell recruitment - all of which are early hallmarks of
atherosclerosis. These findings underscored the importance of
athero-prone vascular structures and the co-existence of multiple
vascular cell types to generate atherogenesis in the model (Greco et
al.,, 2022). Notably, the authors also demonstrated the significance
of TEBVs in drug testing for atherosclerosis. They showed that
atorvastatin was effective in reducing atherosclerotic symptoms in
the TEBV model, including endothelial dysfunction, monocyte
recruitment, LDL oxidation and uptake, and improvement of free

cholesterol efflux. Therefore, this study provided further evidence
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that TEBVs are a promising tool for biomedical applications,
including pathological research and novel drug identification and
evaluation (Demir et al., 2018).

Vessel-on-a-Chip

Vessel-on-a-chip is a type of organ-on-a-chip (OOC) system that
has become increasingly popular among atherosclerosis
researchers. OOC systems are biomimetic microfluidic platforms
that combine microfluidic technology, biomaterial science, tissue
engineering, and cell biology to mimic the micro-physiological
environment of functional human organs. Typically, an OOC
system consists of an engineered architecture built in a micron-
sized electron fluidic chip chamber that recreates the functional
architectures and micro-physiological environment of a human
organ (Paloschi et al., 2021). This chamber can be connected to a
pump with controlled flow rates and shear stresses. Alternatively,
certain critical features of human diseases in a specific tissue can be
induced in the OOC to model the disease. In comparison to
traditional static 2D cultures, OOC systems provide a more
dynamic environment that more accurately represents vascular
physiology, morphology, and response. Furthermore, the high-
throughput capacity of OOC systems makes them more cost-
effective than animal models, which is an important consideration
for reducing R&D costs. As a result, OOC systems, particularly
vessel-on-a-chip, have become promising platforms for studying
biochemical and metabolic processes, investigating cellular
responses during atherogenesis, and evaluating the therapeutic
efficacy and safety of treatments for atherosclerosis. In the following
section, we will review recent advances in this field (Ronaldson-
Bouchard and Vunjak-Novakovic, 2018).

A vessel-on-a-chip system consists of a vessel-like structure on a
microchip, either with or without disease features. These systems
have been created by seeding cells onto a fiber scaffold. To address
issues commonly encountered in vessels grown under static
conditions, such as shedding of endothelial cells and irregular
orientation, the Li research group developed a chip by seeding
endothelial cells (ECs) onto a highly oriented electrospun scaffold
made of poly(e-caprolactone) fibers. The ECs cultured on this chip
showed enhanced endothelialization when perfused with nutrients,
and were able to align themselves in a manner similar to natural
blood vessels (Hasan et al., 2015). Aside from seeding cells directly
onto a scaffold, vessel-on-a-chip systems have also been fabricated
by creating cell-laden constructs and then seeding cells onto the
hybrid constructs. For example, a gelatin methacryloyl gel was
developed that contained fibroblast and smooth muscle cells. They
subsequently seeded ECs onto the construct through perfusion,
which resulted in the formation of a confluent endothelium layer in
just 3 days (Klotz et al., 2016). This vessel-on-a-chip system is useful
for drug safety screening because of its three-layered structure and

perfusion system. Li et al. conducted a study on their blood-vessel-

on-chip system that enables the creation of controllable vessel
structures (straight, wavy, or helical) to mimic different
physiological environments of blood vessels. Firstly, the researchers
created a hollow microfiber with a desired structure by adjusting
the flow rate, injection device radius, and fluid composition of each
channel. Then, the inner surface of collagen and alginate-coated
hollow microfibers were seeded with HUVECs to achieve a fully
covered endothelium layer. Finally, a proof-of-concept test was
conducted to show that this cell-laden microfiber could be
developed into a vessel-on-a-chip (Delannoy et al., 2022).

Despite some headway in the development of vessel-on-a-chip
systems, the majority of research has been focused on creating non-
diseased vessel-on-a-chip models with limited practical use, and
only one study has demonstrated the creation of atherosclerotic
vessel-on-a-chip. This groundbreaking research was conducted by
Hoerstrup et al., who used tissue-engineered arteries (hiTEV) made
from cells derived from human-induced pluripotent stem cells
(hiPSCs) to induce atherosclerosis on a chip (Hoerstrup et al.,
2002). The researchers successfully induced SMC, EC, and
macrophage-derived cells from hiPSCs, and showed that the hiPSC-
derived SMCs and ECs could express SMC contractile phenotype
markers and endothelial phenotype markers. By seeding the hiPSC-
derived SMCs in the biodegradable tubular-shaped conduits
carrying fibrin scaffold and cultivating, followed by seeding the
hiPSC-derived ECs in the inner lumen of the conduits on a
microfluidic chip, the researchers were able to fabricate two-layered
hiTEV. The matured hiTEV was composed of endothelium and
SMC layers that displayed positive expressions of EC and SMC
hiTEV

underwent plaque formation when treated with hiPSC-derived

phenotype markers, respectively. Additionally, the
macrophages and LDL, resulting in plaque-like structures
(Stephenson et al, 2019). The authors noted that the tissue-
engineered plaque contained dendritic cells, ECs, and macrophages
that closely resembled those found in native plaque. Furthermore,
the expression of ECM assembly and remodeling genes in the
tissue-engineered plaques was similar to that of native plaques.
Despite the close emulation of native plaque, the study had
limitations and drawbacks. One issue was that the hiPSC-derived
cells had a fetal-like cell phenotype and did not exhibit the aged
phenotype seen in atherosclerosis patients of different ages.
Additionally, while T and B cells play a critical role in
atherosclerosis development, they were not included in the model.
Finally, the study did not demonstrate any specific applications of
this system (Dudley andGriffioen, 2023).

Vessel-on-a-chip systems have been widely employed for studying
the biological mechanisms of atherosclerosis and evaluating the
safety of different compounds. Joore et al. designed tubular vessels-
on-a-chip to investigate the adhesion of monocytes to endothelial

cells (Poussin et al., 2020). The tubular vessels were generated by
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seeding human coronary artery endothelial cells into a collagen gel
and culturing them with perfused flow. The authors found that after
treatment with TNF-a, the vessels expressed high levels of ICAM-1
proteins and recruited significant numbers of monocytes. They also
used this model to demonstrate that aerosol extract was less toxic to
the endothelium than cigarette extract, as shown by the lower
expression of ICAM-1 and monocyte adhesion induced by the

aerosol extract.

In another study, Li et al. created a carotid artery model by
combining EC and gelatin. This model was designed to mimic the
common carotid artery (CCA), internal carotid artery (ICA),
external carotid artery (ECA), and carotid sinus (CS) using a tuning
fork-shaped artery composed of four distinct parts (Chen et al,
2019). To generate a flow, a perfusion loop consisting of a medium
and a pump was used. Interestingly, the laminar flow in the CCA
region changed to disturbed flow with lower wall shear stress in the
CS regions due to its curvature structure when the flow was applied.
However, the flow pattern changed when it reached the ICA and
ECA regions, creating a laminar flow with higher WSS. The chip's
distinctive design led to various flow conditions in different areas,
allowing the authors to study the hemodynamic effects, including
wall shear stress (WSS), on endothelial cells (ECs). The authors
discovered that the ECs in the chip responded differently to the
changes in flow. In the ECA region, the ECs stretched and aligned
with the flow direction, while in the CS region, they had a round
shape and were more disorganized (Sui et al., 2008). Furthermore,
an endothelialized monolayer formed in the ECA region, while the
expression of ICAM-1 and VCAM-1 was more significant in the CS
region than in the ECA region. Over time, WSS was found to
increase nitric oxide production in the system, but decreased
expression of ZO-1, the primary EC tight junction marker, was
observed in the CS regions compared to the ECA region. This study
showcases an example of how a vessel-on-a-chip with unique
features can be created and utilized to study the effects of
hemodynamic force on critical cellular components associated with
atherosclerosis, which is not achievable in most other static in vitro
systems (Chen et al., 2019). In Table 1, we summarized the

limitations and their consequences of the range of models.

Conclusion

Despite advances in bioengineering in cell model development,
murine models remain the most popular choice among
atherosclerosis researchers. Many different models have been
developed in recent years, from a classic 2D single-cell culture
system on TCP to advanced 3D TEBVs and vessel-on-a-chip
models. The main advantages of using such models are their low
cost, the speed of cultivation, as well as the relative ease in

evaluating the result compared to animals. Despite this, the

available models cannot fully model human atherosclerosis, but
they show significant potential. 3D models seem to be especially
promising. All of them have their own benefits and limitations, but
the choice should be made individually according to the purpose of
an exact experiment. Research using cellular models in
atherosclerosis holds promising translational potential and offers a
glimpse into future advancements. These models play a pivotal role
in drug screening and development, facilitating the discovery of
novel therapeutics. They also open doors to personalized medicine
by utilizing patient-derived cells to tailor treatments based on
individual genetic and environmental factors.

Furthermore, cellular models aid in biomarker discovery,
identifying crucial markers for early detection and monitoring
disease progression. By delving deeper into the molecular and
cellular mechanisms of atherosclerosis, these models pave the way
for targeted interventions.

Looking ahead, future directions in atherosclerosis research involve
integrating multicellular models to mimic complex cell interactions
within blood vessels. By incorporating bioengineering approaches,
researchers can recreate dynamic microenvironments, including
flow patterns and extracellular matrix composition. Advanced
imaging technologies will provide real-time visualization of cellular
responses, enhancing research outcomes.

Validation studies with animal models and clinical data will ensure
the relevance of findings from cellular models. Additionally, the
development of high-throughput screening platforms will expedite
drug discovery processes by quickly screening compounds and
potential therapeutic targets.

By embracing these future directions and leveraging the
translational potential of cellular models, researchers can advance
our understanding of atherosclerosis, identify new therapeutic

targets, and ultimately improve patient outcomes.
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