e Taylor & Francis
Taylor & Francis Group
platelets|
e T—

) Platelets

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/iplt20

Developing human tissue engineered arterial
constructs to simulate human in vivo thrombus
formation

Jacob Ranjbar, Ying Yang & Alan G.S. Harper

To cite this article: Jacob Ranjbar, Ying Yang & Alan G.S. Harper (2023) Developing human
tissue engineered arterial constructs to simulate human in vivo thrombus formation, Platelets, 34:1,
2153823, DOI: 10.1080/09537104.2022.2153823

To link to this article: https://doi.org/10.1080/09537104.2022.2153823

© 2022 The Author(s). Published with
license by Taylor & Francis Group, LLC.

ﬁ Published online: 22 Dec 2022.

(&
Submit your article to this journal &

||I| Article views: 142

A
& View related articles &'

@ View Crossmark data ('

CrossMark

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journallinformation?journalCode=iplt20


https://www.tandfonline.com/action/journalInformation?journalCode=iplt20
https://www.tandfonline.com/loi/iplt20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/09537104.2022.2153823
https://doi.org/10.1080/09537104.2022.2153823
https://www.tandfonline.com/action/authorSubmission?journalCode=iplt20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=iplt20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/09537104.2022.2153823
https://www.tandfonline.com/doi/mlt/10.1080/09537104.2022.2153823
http://crossmark.crossref.org/dialog/?doi=10.1080/09537104.2022.2153823&domain=pdf&date_stamp=2022-12-22
http://crossmark.crossref.org/dialog/?doi=10.1080/09537104.2022.2153823&domain=pdf&date_stamp=2022-12-22

http://www.tandfonline.com/iplt
ISSN: 0953-7104 (print), 1369-1635 (electronic)

platelets

Platelets, Early Online: 1-7

DOI: https://doi.org/10.1080/09537104.2022.2153823

© 2022 The Author(s). Published with license by Taylor & Francis Group, LLC.

©

REVIEW

W) Check for updates

Developing human tissue engineered arterial constructs to simulate

human in vivo thrombus formation
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Abstract

Thrombus formation is highly dependent upon the physico-chemical environment in which it is
triggered. Our ability to understand how thrombus formation is initiated, regulated, and resolved
in the human body is dependent upon our ability to replicate the mechanical and biological
properties of the arterial wall. Current in vitro thrombosis models principally use reductionist
approaches to model the complex biochemical and cellular milieu present in the arterial wall,
and so researcher have favored the use of in vivo models. The field of vascular tissue engineering
has developed a range of techniques for culturing artificial human arteries for use as vascular
grafts. These techniques therefore provide a basis for developing more sophisticated 3D replicas of
the arterial wall that can be used in in vitro thrombosis models. In this review, we consider how
tissue engineering approaches can be used to generate 3D models of the arterial wall that improve
upon current in vivo and in vitro approaches. We consider the current benefits and limitations of
reported 3D tissue engineered models and consider what additional evidence is required to
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validate them as alternatives to current in vivo models.

Introduction

The process of thrombus formation is a carefully choreographed
dance that occurs through the dynamic interaction of the bloodstream
and the vessel wall. The integrity of the arterial wall is continuously
monitored by the flowing bloodstream at the interface between these
tissues. In the healthy, uninjured artery, the bloodstream is exclusively
exposed to the anti-thrombotic intimal lining that keeps the hemostatic
system quiescent through the production and expression of a range of
platelet (nitric oxide, prostacyclin, CD39) and coagulation inhibitors
(Tissue factor pathway inhibitor, thrombomodulin, endothelial protein
C receptor, heparin-like proteoglycans) by the endothelial monolayer
found in this arterial layer (Figure 1) [1]. Upon damage, the endothe-
lial layer is interrupted, locally removing this brake to the hemostatic
system. The bloodstream is then exposed to the pro-thrombotic sub-
endothelial matrix comprised of collagen, fibronectin and laminin
produced by the endothelial and smooth muscle cells [2]. This elicits
platelet activation upon the surface of the damaged artery.
Additionally, tissue factor expressed by medial smooth muscle cells
and adventitial fibroblasts trigger the activation of the extrinsic path-
way of coagulation [3]. This allows the targeted activation of platelets
and the coagulation cascade to produce a blood clot at the point of
injury, preventing excessive blood loss. This response is further pat-
terned by local changes in hemodynamics around the growing throm-
bus, which will alter platelet recruitment to the growing thrombus
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[4,5]. Therefore to best understand the processes that regulate throm-
bus formation, it is important to study this in the physical and chemical
conditions found within the human body. However, the practical and
ethical limitations of studying thrombus formation directly in volun-
teers has meant that scientists have had to develop alternative
biomimetic.

Advances in intravital microscopy have allowed us to study
thrombus formation in vivo in other species. These in vivo models
involve surgical exposure of accessible vessels under anesthesia in
the chosen animal species and tracking the thrombotic response
after induction of arterial or venous damage using a range of
different methods of chemical or physical injury [6,7]. However,
these responses may not replicate those seen in humans due to
known differences in hemodynamics, platelet molecular physiol-
ogy and coagulation profile between human and common model
species [8—10]. Previous research has also demonstrated that
in vivo models require significant standardization to obtain con-
sistent results, as data obtained can be significantly affected by
the type and extent of injury-induced [11,12], the vessel bed
targeted [13], the strain and age of mice used [6], types of
anesthesia used [14], as well as the skill of the researcher
[7,15]. The impact of inter-lab differences in experimental set-
up can be seen in the reporting of conflicting results when mouse
strain and injury type were the same [16,17]. As different experi-
mental approaches emphasize different aspects of thrombus for-
mation, it is unclear which set-up best represents in vivo human
thrombus formation. This uncertainty will limit the translational
potential of any results identified. A previous review of cardio-
vascular treatments tested in animal models found that only 21%
of positive results were successfully replicated in clinical trials
[18]. Given the great animal and financial costs of conducting
these in vivo studies and failed clinical trials, there is a need for an
effective humanized in vitro thrombosis model that could better
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Figure 1. The structure of the blood-arterial wall interface is the key regulator of hemostatic response. In the uninjured blood vessel, the hemostatic
system is kept quiescent by the physical and chemical barrier produced by the endothelial lining. The endothelial lining produces a range of
endogenous inhibitors of platelets and the coagulation cascade to prevent activation of the hemostatic system. The intimal layer also physically
separates blood from the pro-thrombotic constituents of the medial and adventitial layer of the artery. This includes the presence of pro-aggregatory
molecules such as collagen, fibronectin and laminin in the subendothelial matrix, and the production of tissue factor by smooth muscle cells in the
medial layer as well as adventitial fibroblasts. These systems help prevent the unwanted activation of the hemostatic system. In the event of vascular
damage, the loss of the endothelial lining locally removes the inhibitory effect of this lining and allows blood to interact with the pro-aggregatory and

pro-coagulant component of the arterial wall to initiate thrombus formation.

predict translational success of new treatments for hemostatic
disorders, whilst reducing the number of animals used in research.

The need for such models is critical for enhancing our understand-
ing of the pathological mechanisms and treatment of both arterial and
venous thrombosis. Whilst both involve unwanted blood clotting,
arterial and venous thrombosis occur in parts of the circulatory system
with significantly different structures —Arterial thrombosis is elicited
by atherosclerotic plaque formation and rupture, whilst venous throm-
bosis is elicited by venous stasis within the pockets of venous valves.
Thus in vitro models will need to accurately reproduce the differing
vascular geometries, rheology, mechanical and cellular properties of
the different sides of the blood circulation that contribute to these
distinct pathologies. Although there are currently excellent in vitro
models to study venous thrombosis currently being produced [19], in
this review we will focus on the

Current in vitro arterial thrombosis models

The modeling of thrombus formation in vitro involves the perfu-
sion of freshly-donated human blood under physiological flow

conditions over a simulacrum of the arterial wall held within
a flow chamber [20]. Recently this has been achieved through
use of microfluidic flow chambers as a basis to create physiolo-
gical and pathological flow patterns over the model of the arterial
wall. By minimizing the blood volumes, thrombogenic substrates
and drugs needed for an experiment, whilst producing a more
easily standardized model of thrombus formation, these thrombo-
sis-on-a-chip models provide a practical and cost-effective alter-
native to current in vivo models [21,22]. The success of these
models of human in vivo thrombus formation will be determined
by their ability to accurately replicate the pro- and anti-thrombotic
properties of the arterial wall. Traditionally in vitro thrombosis
models have used simple coatings of the flow chamber with
fibrillar type I or III collagen from equine or bovine sources
either alone or in combination with lipidated human tissue factor
to reproduce the core biochemical properties of the subendothelial
matrix [20]. This provides a simplified thrombogenic substrate to
elicit activation of platelets and the extrinsic coagulation, but
overlooks other pro-thrombotic subendothelial components that
contribute to thrombus formation and patterning [3]. These 2D
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acellular models of thrombus formation provide a reductionist
approach to in vivo thrombus formation that does not include
the controlling influence of the anti-thrombotic properties of the
remaining endothelial wall, and likely overemphasizes the pro-
thrombotic components of the arterial wall. For example, many
studies use channels fully coated with the thrombogenic sub-
strates. This can lead to an overexposure of blood to tissue factor,
which is normally only exposed and de-encrypted at points of
injury [23]. Additionally, the accumulation of platelet-derived
thromboxane A, and adenosine nucleotides play a key role in
thrombus growth downstream. These models over-estimate the
importance of these signaling pathways in the thrombotic
response seen [20,24]. It has been recommended to use
a micropatterned flow chamber in which there is an isolated
patch of the thrombogenic substrate to limit these effects [20].
In the last decade, there has been a rapid growth in the
development of endothelialised microfluidic flow chambers as
an alternative approach to modeling in vivo thrombosis [25,26].
The microfluidic flow chambers are coated with subendothelial
matrix components such as fibronectin, collagen or laminin to
facilitate endothelial cell attachment, which can then be cultured
to create fully endothelialised channels for use in flow studies,
with complex 3D geometries that can act as exquisite structural
replicas of the microvasculature and coronary circulation. For
example, one previous study has used computed tomography
angiography data to produce accurate 3D replicas of the human
coronary artery [27]. These models have been used to study the
effect of channel geometry or endothelial cell activation in micro-
vascular occlusion, arterial thrombosis and thrombo inflammation
[27-30]. However, by only recreating the intimal layer of the
arterial wall, these models cannot be used as tools to investigate
hemostatic or atherothrombotic reactions, whose reactions depend
on the presence of subendothelial structures of the arterial wall.
The coating of endothelial cells or thrombogenic substrate to
glass and plastic in flow chambers, creates a channel with
mechanical properties that can impact thrombus formation.
These surfaces are significantly stiffer (>1 GPa) than the native
arterial wall (34 kPa) [31]. The stiffness of the culture surface has
previously been demonstrated to alter the glycocalyx and perme-
ability of endothelial cultures [32,33]. Previous studies have also
demonstrated that platelets are mechanosensitive and responsive
to the stiffness of the arterial wall [34]. This mechanical sensi-
tivity alters platelets adhesive and pro-coagulant responses to type
I collagen when conjugated to polyacrylamide gels with both of
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these properties increasing at matrix stiffnesses above 5 kPa [35].
Furthermore, the lack of compliance of these stiff channels will
also act to exaggerate the pressure buildup in the flow channels
upon thrombus initiation, which has been demonstrated to impede
the development of occlusive thrombi [36]. A more compliant
construct could dampen blood pressure rises and better facilitate
thrombus growth. Thus, replica subendothelial matrices with
mechanical properties like the native artery will assist in the
simulation of thrombus formation in the in vivo environment.

Producing 3D arterial wall replicas using vascular tissue
engineering

Tissue engineering utilizes a multidisciplinary approach to develop
human tissues for the replacement of damaged tissues and organs in
patients. These skills and techniques can also be harnessed to gen-
erate tissues to create 3D human arterial wall substitutes with the
functional properties of the native tissue for use in in vitro alter-
natives to current in vivo experiments. The generation of any engi-
neered human tissue involves the successful combination of 3
principal components - a source of the requisite cell(s) required to
generate the target tissue, a scaffold that can support the growth of
the implanted cells and its subsequent transplantation into the human
body, and an appropriate physical, chemical and cellular environ-
ment in which to grow and mature the tissue to produce the optimal
structural and functional properties (Figure 2) [37]. Whilst develop-
ing a structurally accurate replica of the arterial wall is desired to
improve the physiological relevance of any model, this ambition
must be counterbalanced against the resultant manufacturing pro-
cess, ensuring it is widely accessible and cost effective [7]. A model
system that can only be made and used by specialized groups, is
unlikely to provide a feasible alternative to current in vivo models
that are widely used by groups around the world [7]. When con-
sidering accessibility, it is important to think about the required cost,
resources and researcher time needed to produce a vessel replica.
A feasible model therefore requires an easy and rapid method to
produce vessel constructs that is both reproducible between labs and
at a scale, to ensure research projects are not impeded by develop-
mental delays. These concerns significantly alter design options
beyond the need to just produce an accurate biological replica.
Biofabrication of tissue engineered vascular grafts can be
achieved using a variety of 3D scaffolds to produce artificial
arteries with the biological and mechanical properties of the
native human tissue. This includes the use of biopolymer
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Figure 2. A summary of the three pillars of vascular tissue engineering.
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hydrogels, electrospinning, decellularized of human or animal
arteries, and 3D bioprinting [37]. Each of these methods provide
synthetic, artificial, or endogenous scaffolds that provide key
biochemical and mechanical signals to the cultured cells. These
signals support the attachment, differentiation and proliferation of
the seeded cells to produce replicas of the intimal, medial and
adventitial layers of the artery (Figure 1). As a multi-layered
structure there are two broad approaches that can be used to
produce a 3D biomimetic arterial model. This has been achieved
by producing a 3D scaffold which replicates the subendothelial
and contains cell from the medial and adventitial layers of the
artery, and then subsequently culturing an endothelial monolayer
atop of this scaffold [38-40]. Alternatively, the model can be
made by producing multiple independent layers and then combin-
ing together [41,42]. Currently, type 1 collagen hydrogels are the
most commonly used method to produce a model of the medial
layer of the artery [38—42]. Due to the abundant presence of this
molecule in the arterial wall, this provides a biomimetic scaffold
that can be produced using simple and well characterized methods
of production, without the need for any specialist equipment.
Hydrogels can be produced through treating cell-containing mix-
tures of soluble monomers and triggering fibrillogenesis through
initiating shifts in pH or temperature or initiating enzymatic
digestion of the fibril precursors. As insoluble fibers form, this
creates a phase shift in the polymer solution into a hydrogel. For
vascular tissue engineering both fibrin and collagen hydrogels are
commonly used. These can be set into molds to provide the
desired 3D structure that can then be seeded with the desired
vascular cells. These can create tissues which have stiffness akin
to those found in vivo. For example, type I collagen hydrogels
have been produced to have a stiffness of around 3-15 kPa,
depending on the collagen concentration used [43]. Although
this is slightly below the stiffness of the native human tissue,
this can be increased through crosslinking or plastic compression
of the hydrogel [44]. However, it is difficult to precisely pattern
these scaffolds and generate constructs with high cellular density.
Artificial matrices can also be generated through electrospinning,
which uses high voltages to charge polymer solutions to create
nanofibers that better replicate the structure of the subendothelial
matix [45]. Electrostatic repulsion caused by the applied voltage
can trigger an elongated stream of fluid to be driven out of the
droplet which can be collected onto frames to form nanofibre
meshes. These can be used directly or further coated to facilitate
cell seeding and proliferation on the surface. These have been
utilized to either produce 2D sheets on which an endothelial
monolayer is cultured for an intimal layer structure, or can be
used to create multilayer structures for production of an entire
arterial wall structure [42,45,46]. This however requires expen-
sive equipment to perform and may not be an easy process to
standardize between labs. 3D bioprinting provides a promising
alternative to allow precise layer-by-layer deposition of a bioink
made of a synthetic or biopolymer solution containing the desired
vascular cells. This allows the creation of micropatterned multi-
cellular 3D tissues through its precise control of the spatial dis-
tribution of cells to accurately replicate the cellular structures of
the native tissue [47]. However, whilst it has been utilized for
tissue engineered vascular grafts, it has yet to be fully explored for
use in in vitro thrombosis models.

The availability of primary vascular endothelial, smooth
muscle and fibroblast cells with well-defined culturing condi-
tions provide an accessible, cost-effective and reliable method
for producing sufficient cell numbers for tissue-engineered
arterial constructs. These have been utilized in most previous
studies to produce 3D arterial wall models for use in in vitro
thrombosis studies [38—42]. However, the well-known issues
with inter-batch variability of primary cells may impact on the
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reproducibility of findings initiated from the generated con-
structs. This has led other groups to use a variety of stem
cells to generate tissue engineered substrates for in vitro throm-
bosis models [48,49]. Whilst these offer an opportunity to
provide a consistent cell source, there are issues concerning
their use, including the additional time and cost of triggering
differentiation or reprogramming of stems cells during the
development of the construct, and the heterogeneity of cell
subsets produced, which will require careful optimization and
validation for use in a model system [50]. Alternatively, recent
studies have utilized endothelial colony forming cells to gener-
ate patient-specific endothelial lining which will be a key pre-
cursor for adapting these models for personalized medical uses -
however the additional time costs in isolating and culturing
these progenitor cells prior to seeding (2-3 weeks), precludes
its use as a wide scale alternative to in vivo studies at pre-
sent [51].

The cellular components of 3D tissue engineered arterial
constructs provide key functional properties. For example, pre-
vious studies have utilized real-time assessment of human pla-
telet calcium signals exposed to a 3D tissue engineered arterial
construct to assess the efficacy of the luminal surface of a tissue
engineered arterial construct in eliciting hemostatic responses
when exposed to washed human platelet suspension. Whilst the
full arterial construct inhibited thrombin-evoked calcium sig-
nals, an intimal free-construct triggered platelet activation [46].
Therefore identifying the ability of the construct to recreate
both the anti- and pro-thrombotic properties of the intact and
“damaged” arterial construct. This correlated with decreased
and increased platelet aggregation under physiological flow
conditions [42]. The prothrombotic effect of the subendothelial
layers of the arterial construct were elicited by the endogen-
ously produced pericellular matrix (which contained type I and
IIT collagen) by the encapsulated smooth muscle cells, and not
the collagen hydrogel itself that was found to be inert [46].

Optimizing the culture of cells within the arterial constructs is
therefore essential in producing the optimal balance of anti- and
pro thrombotic responses. The maturation of cells on the scaffolds
can also be supplemented by exogenous chemical and physical
stimulation of the cells seeded within the vascular constructs.
Cellular proliferation and differentiation can also be influenced
by the scaffold through its structure, mechanical properties, bio-
chemical composition and nanotopography [52]. The sensitivity
of cellular behavior to minor alterations in these scaffold proper-
ties will require carefully defined manufacturing procedures to
ensure reproducible model production between groups. The use of
bioreactor systems to stimulate physiological blood flow condi-
tions during the culture period can improve the replication of
in vivo tissues as the phenotypic properties of both seeded
endothelial and smooth muscle cells are dependent on the pre-
sence of shear forces passing over the intimal surface as well as
the cyclical mechanical strain exerted by the changes in arterial
blood pressure that occur through the cardiac cycle [53,54]. For
instance, the exposure to laminar flow conditions helps to prevent
the expression of a pro-inflammatory endothelial cell phenotype,
whilst mechanical stimuli also help maintain smooth muscle cells
in a contractile phenotype [55,56]. The disadvantage of utilizing
these systems are the potential barrier it might represent to the
widespread uptake of this method due to the cost of bioreactors
systems and the expertise needed to use them. Therefore, a future
challenge will be to develop cost-effective methods to facilitate
continuous perfusion of tissue engineered arterial construct
throughout the development period. Recent work has shown that
chemical agonist of mechanosensitive channels can induce the
cellular responses seen in endothelial cells cultured under flow
conditions—suggesting that chemical supplementation of the
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culture media could be used as an alternative to bioreactor sys-
tems [57].

The challenges of using tissue engineered arterial
constructs within in vitro thrombosis models

There are now a range of methods that have been or could be
successfully used to produce 3D tissue engineered human arterial
constructs that could be utilized in in vitro thrombosis models.
These models will need to be scrutinized experimentally to assess
whether they can be considered a valid alternative to current
in vivo models. This would include demonstrating that the con-
struct can:

e When uninjured, resist thrombus formation when perfused
with human blood under physiological flow conditions for
a prolonged period.

e Able to support a robust and reproducible thrombotic

response when subject to chemical or mechanical injury
e Replicate the anti-thrombotic effect of clinically-approved

inhibitors of coagulation and platelet function when blood
is perfused under the same conditions over human arterial
samples obtained from surgical procedures

e Replicate the normal core-shell thrombus structure observed
in vivo [58].

e Be modified to produce models of vascular pathologies, such
as those currently being developed for atherosclerosis [59].

e Be able to be grown within specialist vascular microenviron-
ments related to key thrombotic pathologies, such as within
tumors or the central nervous system, or within medical
devices such as dialysis or ECMO machines.

e Demonstrate the capability to scale up the blood flow
through the microfluidic device from the low flux levels
that are typically used in single microfluidic channels to
create (patho)physiological shear rates, toward clinically-
relevant blood flow rates that allow investigators to more
accurately simulate the in vivo environment.

If multiple models can demonstrate these properties, there are
currently limited methods in place to compare the effectiveness of
these models. Assays have been reported for testing anti- and pro-
aggregatory properties of the tissue engineered constructs [45],
however a remaining challenge is to develop additional standar-
dized, quantitative methods that can be used to directly compare
the anti- and pro-thrombotic properties of tissue engineered arter-
ial constructs. These methods will allow us to assess the most
effective models for further development, as well as assess inter-
lab consistency in the biological responses observed to ensure
reproducibility of response to ensure widespread confidence in
the validity of results observed.

A previous study of opinion papers from investigators asses-
sing stroke models found that, despite the overwhelming failure of
pre-clinical in vivo models to predict success in clinical trials,
there is still significant investigator resistance to the use of
in vitro alternatives [60]. Building community confidence in any
developed alternative remains a significant challenge in replacing
current in vivo models. This will require engagement with
researchers, journal editors, grant funders and medical regulators
to produce agreed success criteria.

Vascular tissue engineering has provided powerful new ways
to produce new humanized in vitro thrombosis models with more
realistic replicas of the arterial wall, however future development
of the techniques to produce and validate these models will be
required to provide a widely-accepted alternative to current
in vivo thrombosis models. Given the rapid advances of vascular
tissue engineering this will be an exciting field of future study.
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