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This Research Topic celebrates the 50th anniversary of the first heart transplant 
performed in December of 1967 in Cape Town, South Africa. Cardiovascular researchers 
met in South Africa in December 2017 to commemorate this event, presenting an 
opportune time to reflect on the achievements of applied cardiovascular research 
and highlight forthcoming technology developments that will shape the future of 
cardiovascular medicine. The clinical breakthrough in 1967 offered hope to many 
patients suffering with cardiac complications, and these life-saving surgeries continue 

Christiaan Barnard, the surgeon who performed the first heart transplant, shown 

with a small child. 

Courtesy of the Chris Barnard Division of Cardiothoracic Surgery, University of 

Cape Town.
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to have a tremendous impact. Tissue shortages, surgical risks, and complications 
due to improper host-transplant tissue interactions, however, limit the utility of 
heart transplants to the most severe cases of cardiac morbidity. Recent advances 
have yielded mechanistic insight into the factors that control cardiovascular tissue 
maintenance and remodeling. The field of regenerative medicine seeks to control 
these factors to promote in situ tissue regeneration or engineered tissue replacement. 
These exciting new technologies could lead to a renaissance in the treatment of many 
cardiovascular diseases, just as the realization of heart transplantation 50 years ago. 
In this Research Topic, researchers and clinicians from regenerative medicine and 
applied cardiovascular biology provide literature reviews and original manuscripts to 
demonstrate the trajectory of cardiovascular medicine. The contributions vertically 
integrate advances by clinicians, engineers, and basic scientists, all researching similar 
topics from different angles and with complementary perspectives. Taken together, 
these contributions demonstrate the process of applied cardiovascular research from 
basic science discoveries to implementation in clinical practice.
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Editorial on the Research Topic

Exploring the Frontiers of Regenerative Cardiovascular Medicine

In this special issue of Frontiers in Cardiovascular Medicine, we assembled a collection of
original research articles (4), reviews (6), a case report and a perspective within an over-arching
theme of “Exploring the Frontiers of Regenerative Cardiovascular Medicine.” This collection
of work engaged multiple disciplines. From this set of articles, we identified two emerging
themes representing current knowledge and active progress within research domains related
to regenerative medicine in the cardiovascular space. The first theme explores recent basic
science efforts in uncovering new disease mechanisms, addresses challenges of working in
human pathologic tissue and cell culture models and identifies novel theories in cardiovascular
pathophysiology. The second theme encompasses recent translational strides. In this issue, a
perspective article from investigators of the International Society for Applied Cardiovascular
Biology (ISACB) by Hutcheson et al. details significant progress in applying cardiovascular biology
in translational directions. A comprehensive retrospective first takes us through the work of
international experts since the first human heart transplant in Cape Town, South Africa. This
benchmark event in 1967 was commemorated 20 years later when this society was born and then
50 years later in 2017 when scientists reconvened in Cape Town for a celebration and international
convention on cardiovascular disease. Motivated by the topics discussed at this commemorative
assembly, this comprehensive perspective takes us through the past 50 years, highlighting the
pioneering and innovative efforts of the scientific community of clinician, engineer, biologist
and industry thought leaders to meet the critical needs of yesterday through interdisciplinary
and international cooperation and to address today’s unmet clinical needs for patients with
cardiovascular disease. This published Research Topic represents a curated collection of articles
that uniquely attack cardiovascular disease from multiple directions, and uniformly embrace
a reaffirmed interdisciplinary mission to understand and treat cardiovascular disease through
regenerative medicine.

ON THE BASIC SCIENCE FRONT: CARDIOVASCULAR DISEASE

MECHANISMS AND MODEL SYSTEMS

In abdominal aortic aneurysm (AAA), an inflammatory process drives medial degeneration,
whereas in the ascending thoracic aorta, non-inflammatory smooth muscle cell loss accompanies

6
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accumulation of proteoglycans amidst elastin fragmentation (1).
Martufi et al. authored a case report detailing the intra-patient
heterogeneity in simulated wall stress and histopathological
features of an unruptured aneurysmal specimen of human
aorta from a single patient. Using finite element analysis
and computational fluid dynamic simulations, mechanical wall
stress, and shear stress field were estimated from computed
tomographic angiography captured 2 weeks prior to elective
aortic replacement. Tensile strength testing and histological
analyses of resected aortic specimens from multiple regions were
compared with predicted stresses. Using geometric values (e.g.,
wall thickness and thrombus thickness), the constitutive model
exhibited good predicative value of resected specimen tensile
testing. Post-operative assessment revealed appreciative regional
variability in both mechanical testing and histological evaluation
of elastin and collagen content and organization. The study
findings are consistent with an emerging contemporary opinion
that aortic size alone is an insufficient predictor of rupture risk (2,
3) and vessel heterogeneity at the tissue level in association with
local biological factors could better inform on wall vulnerability.

The epi-center of human aneurysmal disease of the aorta has
traditionally been the aortic media where the histopathologic
hallmarks of aneurysm in both the thoracic and abdominal
aorta include elastin degradation. Though the adventitia is
known to provide a majority of the biomechanical support
to the vessel (4), and local cell populations influence medial
biology (5), there is much less known about the role of the
adventitia in aneurysmal disease. Furthermore, there resides
within the adventitia, several population of progenitor-like
cells associated with a microvascular network known as
the vasa vasorum (6) that penetrate the outer two-thirds
of the medial layer in vessels of at least 29 layers of
elastic lamellae (7). Focusing on specimens of human aorta,
Billaud et al. made detailed morphometric analyses of the
adventitial vasa vasorum and revealed several features of
microvascular remodeling including reduced density of vessel,
thicker walls, and increased lumen area. In accordance with
these microvascular abnormalities in the adventitia, evidence
of hypoxia was noted in the aortic media by detection of
increased protein expression of glucose transporter 1. In a
finding consistent with prior work from the same group of
decreased angiogenesis-related factors in the adventitial ECM
of aneurysmal human aorta (8), decrease of pro-angiogenic
gene expression was associated with increased expression of the
anti-angiogenic factor thrombospondin 1 (TSP-1), supporting
the notion that angiogenic signaling is deficient in aneurysmal
aorta. Taken together, the data bolster a theory that vasa
vasorum dysfunction leads to a malperfused aortic media in
aneurysmal patients. A more complete understanding in how
the adventitia biologically and biomechanically influences aortic
medial homeostasis may pave the way for novel therapeutic
interventions that have the potential to be not only preventative,
but also less invasive than the standard of care of surgical
aortic replacement.

Critical to the translation of novel therapies for valvular
and vascular pathologies is the development of new clinically
relevant animal models. The ovine model currently serves

as the gold standard for testing tissue engineered heart
valves (TEHVs). Post-implantation remodeling processes in
vivo have been largely under-studied and constitute a gap
in knowledge impeding progress in TEHV optimization. In
this issue, Dekker et al. comprehensively tested a sheep-
specific immunohistochemical panel and validated several
antibodies that detect ECM composition, cellular phenotype,
and inflammatory status in ovine tissues. Inspired by the
ECM composition and cellular profile of human native
aortic and pulmonary valves and working specifically with
formalin-fixed paraffin-embedded sections, the immunological
panel was validated using the aortic valve, spleen, and
kidney from normal juvenile sheep and one juvenile sheep
diagnosed with endocarditis. The authors concluded that use
of the immunohistological panel to evaluate ovine models
will inform the researcher of ECM remodeling, cellular
composition and inflammatory processes post-implantation
of TEHVs.

Indeed, an understanding of native cellular composition is
key to unraveling how phenotype transitions contribute to
cardiovascular pathologies. From the laboratory of Hortells
et al. reviewed current knowledge in the role of phenotypic
changes in cardiovascular calcification. Previously thought to be
a passive process, ectopic calcification exhibit features similar to
biological processes of bone formation and remodeling. Focusing
on the contribution of cellular phenotype, plasticity and their
ability to transition to osteoblast-like cells, this review shares
evidence from studies of animal disease models and human cell
culture systems. Phenotypic transitions to osteoblast-like cells
can occur due to fibroblast tomyofibroblast conversion, EndoMT
processes, and smooth muscle cells phenotypic switching.
The authors raise several provocative questions pertaining to
the theory that de-differentiation of a lineage-specific cell to
an immature state may permit up-regulation of genes that
contribute to calcium deposition and remodeling, a common
denominator among these cellular transitions in cardiovascular
calcification. Because cells in areas of pathological cardiovascular
calcification have exhibited the ability to produce calcifying
extracellular vesicles (9), the role of cell phenotype in production
of extracellular vesicles whose contents either inhibit or promote
mineral imbalance will be of high importance (10).

Tissue biomechanics can also influence cellular phenotype
and understanding how different forces affect cell behavior is
critical to developing clinically relevant cardiovascular disease
models. Castellanos et al. explored changes in the cytoskeleton
of bone marrow-derived stem cells (HBMSCs) under conditions
mimicking fluid-induced shear stresses relevant to heart valves.
Using a microfluidic channel device, HBMSCs were exposed to
pulsatile shear stress (PSS) or steady shear stress (SS). When
compared with no flow controls and SS exposed cells, PSS
caused an increase in the number of actin filaments, filament
density, and the filament angle in HBMSCs. PSS also resulted
in up-regulation of klf2, a key gene involved in valvulogenesis.
These findings add to our understanding in how mechanical
stress affects stem cell behavior and this knowledge could
help fine tune stem cell-mediated approaches to heart valve
tissue engineering.
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Likewise, understanding what biomechanics are at play in
native valves will help to direct tissue regeneration efforts.
In the case of mitral valve disease, several mechano-sensitive
genes are thought to play a role and uncovering mechanisms
of regulation could offer new insight into novel targeting
therapeutics. Pagnozzi et al. reviewed the current literature
in native mitral valve physiology and how valvular cells
interpret environmental cues and interact with one another.
These cell-cell and cell-environment relationships change with
developmental stage and are mediated by a variety of cell
surface receptors, ion channels, and structures such as cilia.
Cells are also influenced by the extracellular matrix, the
glycocalyx, and cell responses can be modulated by the
presence of various serotonergic drugs. The authors put forth
a theory of pathway integration as a likely explanation for the
interplay of multiple mechanotransducing signals. Keeping the
concept of dynamic reciprocity at the forefront of translational
efforts, they suggest that therapeutic restoration of mechano-
sensing pathway balance might be a promising direction
through manipulation of the environment, modulation of how
cells experience the environment or by directly altering cell-
environment communication.

TRANSLATIONAL HORIZONS:

UNDERSTANDING AND CONTROLLING

CELL BEHAVIOR FOR HEART VALVE

ENGINEERING AND CARDIAC REPAIR

For heart valve tissue engineering, technological advances in
materials-based approaches still require pursuit of unanswered
questions. An incomplete understanding in how pathological
mechanisms influence the body’s response to implanted material
is among the biggest obstacles. Bouten et al. shares a perspective
on the state of the art in materials-based approaches for heart
valve tissue engineering. In highlighting small-scale clinical
trials, the authors raise the important, yet unanswered questions
pertaining to in situ tissue growth and remodeling. Materials-
based approaches leverage the rapid repopulation of scaffold
material by endogenous cells, thus making the strategy clinically
attractive and the regulatory path less complex than those
dependent on inclusion of ex vivo cells. However, a path to
translation may be limited at least in part by an incomplete
understanding in how neo-tissue responds under (patho)
physiological hemodynamics. The authors identified three
thematic areas of outstanding challenges. First, understanding
materials-driven regeneration will require new knowledge in how
endogenous cells respond to implanted material. New disease
models that account for inter-patient variability and enable co-
culture of multiple cell types, immune cells in particular, will be
highly valuable. Secondly, smart biomaterial development and
rational scaffold design should recapitulate native valve function,
instruct healthy tissue remodeling, and have durability across
the lifespan. Lastly, predicting tissue development and growth
will benefit from sophistication of computational modeling
methodologies that account for material degradation and neo-
tissue formation profiles, ongoing growth and remodeling, tissue

architecture and signaling. Basic science inquiry remains an
ongoing and integral part of the translational process for heart
valve tissue engineering. A widespread skepticism of whether
heart valve tissue engineering will ever come to fruition is
acknowledged. The authors propose a roadmap to successful
translation- one that includes integrated byways through in vitro
and in silico studies, extensive pre-clinical trials and optimization
en route to randomized clinical trials and cost-effectiveness
evaluations amidst current valvular replacement approaches.

For any TEHV to be truly efficacious, it must resist and
withstand factors and forces driving cardiovascular calcification.
For example, in the setting of calcific aortic valve disease,
how does one consider the cellular contribution to disease
pathophysiology when designing a TEHV therapy? Jover et al.
complementarily echoes Hortells et al to describe mechanisms
involved in calcific aortic valve disease. The authors also highlight
the pluses and minuses of various cell sources in the context
of in vitro development of TEHVs. They encourage scaffold
design with cell behavior and tissue source close in mind.
Inclusion of ex vivo cultured mesenchymal stem cells, endothelial
progenitor cells, or induced pluripotential stem cells might
prevail; however, other approaches could ignore stems cells in
favor of native valvular interstitial cells, valvular endothelial cells,
and other native cells types. The decision-making process of
choosing a cell type and source should consider several aspects
including cell-graft interactions, accessibility and scalability,
tissue specificity, paracrine signaling capacity, and retention
on/within scaffolding biomaterials.

Recent progress in the development of biomaterials for
valve, cardiac and vascular repair have shown new promise
for the treatment of associated cardiovascular disease, in
particular for in vivo delivery of exogenous cells, as expertly
reviewed elsewhere (11). Understanding how biomaterials affect
cell behavior is an essential component in translating new
biomaterials to patients. Fibrin microthreads have recently
emerged as a potential native biomaterial substrate to support
stem cell growth and preserve differentiative potential. In this
issue, Hansen et al. reported use of fibrin microthreads to
culture human iPSC-derived cardiomyocytes (CM). Using a
digital speckle tracking algorithm, the team calculated beating
frequency, average and maximum contractile strain, and angle
of contraction of beating iPSC-CM on fibrin microthreads
and detected changes in these parameters from 7 to 21
days of culture. Seeded cells exhibited increased beating
frequency, higher calcium conduction velocities, and were
positive for connexin 43 expression between cells and aligned
with microthread orientation. Study findings profiled seeding
conditions and demonstrate temporal control of obtaining
contractile behavior of cardiomyocytes. Suture needles can be
threaded with fibrin microthreads, thus a regenerative approach
is envisaged, where these scaffolds might effectively serve
as an in vivo delivery system for iPSC-CM to injured or
diseased myocardium.

Whether or not cells (i.e., stem/progenitor) are required for
cardiovascular repair is a hotly debated topic in the field of
cardiovascular regenerative medicine. Cunnane et al. addresses
this controversy in the context of developing and testing of
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tissue-engineered vascular grafts (TEVGs). Use of an autologous
stem cell population is desirable due to reduced immunologic
response. However, some patient populations (e.g., the elderly,
diabetic, or immunocompromized) likely possess limited stores
of stem cell populations that exhibit adequate regenerative
responses. Therefore, allogeneic stem cell sources are actively
under consideration, with the new challenge of identifying
what stem cell-derived products or functions are necessary to
elicit the desired regenerative response. Excitement for stem
cell therapy approach in TEVGs might be diminished in light
of realization that stem cell survival post-implantation for
cardiac repair was found to be relatively short-lived and the
promise of successful pre-clinical studies have not translated
well in clinical trials for heart failure (12). The authors share
examples from the literature demonstrating the bioactivity of
stem cell-derived components (e.g., secreted factors, extracellular
vesicles) in TEVG studies that could be harnessed and applied
to tubular scaffolds in new cell-free strategies for vascular
tissue engineering.

Delivery of ECM alone, in the absence of seeded ex vivo
cultured cells, is another viable strategy for cardiovascular
regenerative medicine. This acellular approach is attractive
because ECM biomaterials exhibit little no rejection in
vivo, and it circumvents numerous obstacles related to cell
procurement, propagation and cell-biomaterial interaction. A
review by Svystonyuk et al. shares early strategies in cardiac
regeneration and provides the rationale for acellular bioactive
ECM biomaterials as an important research thrust. The
epicardium appears to be a viable niche to encourage cardiac
regeneration by targeting the prevalent resident fibroblast
population, which comprises 20% of the myocardium and
are thought to serve as active mediators of ECM-derived
signaling. Prior work from the authors demonstrated reduction
of scar in basic fibroblast growth factor enhanced ECM-
treated rat epicardial infarcts (13). The authors suggest that
acellular bioactive ECMs offer fewer translational hurdles than
cell therapy-based approaches. The authors are encouraged
by knowledge that ECMs represent tunable biomaterials
that contain numerous bioactive signaling molecules (14)
and suggest that they might potentiate endogenous repair
mechanisms in the heart and are attractive biomaterials for
repair of injured or diseased myocardium and perhaps other
cardiovascular tissues.

FINAL PERSPECTIVES ON AN ERA OF

TRANSPLANTATION, UNCOVERING

DISEASE MECHANISMS, AND TISSUE

ENGINEERING

What lies beyond the horizon in the current frontier of
regenerative cardiovascular medicine? While great strides have
been made in understanding stem cell populations and
observational studies of human disease give rise to clinically-
relevant and hypothesis-driven work, substantial gaps in
knowledge remain regarding what pathways should be targeted
for interventional therapies. Among the largest obstacles to
traversing the translational divide or so-called “valley of death”
to clinical application, is the tedious and tenuous pathway
of commercialization and regulatory hurdles. As modern
communities of academic medicine continue to cultivate fertile
ecosystems that foster interdisciplinary collaboration, facilitate
international cooperation, and encourage entrepreneurship, we
expect these translational barriers will diminish. Ongoing basic
science and translational efforts in the development of efficacious
engineered tissues and organs quite possibly could help to
alleviate the exceedingly high demand for donor replacement
organs or ultimately eliminate the need altogether. A goal
should also be to bring these future therapies to developed and
non-developed regions worldwide Hutcheson et al. Given the
tremendous advancements since Dr. Christiaan Barnard made
the first incision in the first successful heart transplantation, the
next half century should reap the fruits of the advancements in
the prior 50 years.
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The first successful heart transplant 50 years ago by Dr.Christiaan Barnard in Cape

Town, South Africa revolutionized cardiovascular medicine and research. Following this

procedure, numerous other advances have reduced many contributors to cardiovascular

morbidity and mortality; yet, cardiovascular disease remains the leading cause of

death globally. Various unmet needs in cardiovascular medicine affect developing and

underserved communities, where access to state-of-the-art advances remain out of

reach. Addressing the remaining challenges in cardiovascular medicine in both developed

and developing nations will require collaborative efforts from basic science researchers,

engineers, industry, and clinicians. In this perspective, we discuss the advancements

made in cardiovascular medicine since Dr. Barnard’s groundbreaking procedure and

ongoing research efforts to address these medical issues. Particular focus is given to the

mission of the International Society for Applied Cardiovascular Biology (ISACB), which

was founded in Cape Town during the 20th celebration of the first heart transplant in

order to promote collaborative and translational research in the field of cardiovascular

medicine.

Keywords: cardiovascular medicine, heart transplant, arterial disease, aortic valve, myocardial regeneration,

tissue engineeering, interdisciplinary/multidisciplinary

INTRODUCTION

Christiaan Barnard, an innovative surgeon, transplanted the world’s first human heart onDecember
3, 1967 in Cape Town, South Africa (Figures 1A,B). Soon after, surgeons across the world started
transplanting hearts into patients with end-stage heart disease. The potential of rejection required
immunosuppression, which left patients susceptible to infection. The approval of cyclosporine
use for transplant recipients allowed for better post-transplant patient care and improved patient
survival. In 2016, 3,209 hearts were transplanted in the U.S. alone and over 5,000 worldwide (1).
However, the availability of transplantable hearts and their function once implanted is still far
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from optimal. To help overcome issues in the field of cardiac
and vascular diseases more broadly, a collaborative group
of cardiac surgeons, cardiologists, engineers and biologists
founded the International Society for Applied Cardiovascular
Biology (ISACB) in Cape Town during the 20th celebration
of the first heart transplant in 1987. Now after more than
30 years, ISACB has nurtured an alliance among academic
scientists and engineers, clinicians, and industry-based scientists
to understand, prevent, and manage cardiovascular disease.

While scientists, engineers and clinicians have a long history
of cooperation, with strong academic roots and participation
in professional societies, the participation of industry in
professional society meetings and has been dominated by
marketing considerations. Proprietary concerns have further
isolated many corporate scientists from open forums of
communication. As stated by founding member and former
ISACB President Peter Zilla, these “traditional roles and
stereotypes must rapidly wane in light of the complexity that
is required for any biologically “conscientious” product of
today or tomorrow.... and... industry scientists must be better
integrated within the academic and medical communities.”
Dr. Zilla (Figure 1C), a surgeon scientist and Head of the
Christiaan Barnard Department of Cardiothoracic Surgery of
the Groote Schuur Hospital and the University of Cape
Town, emphasizes the importance of understanding relevant
science and corporate considerations while providing the
surgeon with a usable solution as essential in developing
better treatments for cardiovascular diseases. Collaborations
between scientists, surgeons, engineers and investigators from
other fields stimulates new opportunities to develop translatable
solutions to significant cardiovascular issues. Thirty years later,
and now 50 years after the world’s first heart transplant,
ISACB continues to foster a multidisciplinary convergence of
professional expertise and experiences, through the application
of biology to clinical medicine in order to prevent and
overcome cardiovascular disease. Moreover, ISACB has also
fostered collaboration among professional societies focused
on cardiovascular biology, cardiology, surgery, pathology, and
bioengineering, including joint meetings with the Society for
Cardiovascular Pathology (SCVP), the North American Vascular
Biology Organization (NAVBO), Heart Valve Tissue Engineering
(HVTE), and others.

In this perspective, we summarize developments in the

restoration of cardiac function, including improved blood flow,

valvular repair, replacement and tissue engineering, regeneration

of myocardial tissue, mechanisms for vascular and valvular

diseases, and other related areas. Particular attention will be
paid to the practical application of potential therapies, as was

discussed at the scientific sessions during the 30th anniversary
of ISACB, which was held in Cape Town in December of
2017 to coincide with the celebration of the world’s first
heart transplant (Figure 2). More specifically, ISACB members
have made important (and largely ongoing) advances and
contributions to:

1. Unraveling the mechanisms of atherosclerosis and its
complications (such as myocardial infarction), coupled

with imaging technologies that reveal dynamic vascular and
cardiac structures, atherosclerotic risk factors, and improved
diagnostic strategies. This mechanistic understanding
has immense clinical benefit. Recent major areas in
atherosclerosis research that have made remarkable
progress include the biology of vascular inflammation,
assessment of vulnerable plaque, and advancements in lipid
lowering statins.

2. Leading a virtual explosion in the number and scope of
cardiovascular surgical and interventional diagnostic and
therapeutic procedures and devices used to manage heart
disease. Four developments are noteworthy in this regard:
(1) the emergence of pediatric and adult cardiac surgery as
routine therapies, including repairs for congenital cardiac
abnormalities and acquired valvular heart disease, and valve
replacement and coronary artery bypass surgery, (2) the
growth of cardiac transplantation as a clinically-important
therapeutic modality, beginning in 1967, and enabled by
the development of endomyocardial biopsy as a primary
and invaluable diagnostic tool, and the widespread use
of this technology in patients with diverse pathologies of
the myocardium; (3) the development and use of a broad
array of prosthetic and adjunctive medical devices (including
heart valves, vascular grafts and stents, and cardiac assist
devices), demonstration of their complications, and improved
generations of these devices, often through collaborations with
industry; and (4) the recognition of the central importance
of myocardial protection in cardiac surgery and intervention,
which permitted the above to occur.

3. Elucidating the impact of genetic abnormalities on many
specific subsets of cardiovascular disease, including the
single-gene mutation etiologies of congenital abnormalities,
(hypertrophic, dilated, and arrhythmogenic right ventricular)
cardiomyopathies, channelopathies, and connective tissue
disorders such as Marfan, Loeys–Dietz, and Williams
syndromes, as well as complex multi-gene phenotypes and
gene-environment interactions.

We describe below selected areas of current interest and
active contribution of ISACB members that were discussed
at the Cape Town 50th Anniversary meeting that are
likely to yield considerable clinical benefit over the next
several decades.

VASCULAR DISEASE, ARTERIAL
REMODELING, AND VASCULAR
REPLACEMENT

Vascular disease encompasses a broad range of pathologies,
extending from the cerebral vasculature to vessels in the lower
limbs. While there is a broad range of arterial and venous
diseases with varying risk factors, symptoms, and complications,
this section focuses on two of major current clinical issues:
atherosclerosis and aneurysms. Several recent studies and
findings provide an overview of current efforts and areas for
future work.
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FIGURE 1 | (A) Wax figures of the cardiac surgeon Christiaan Barnard, his team, and the patient Louis Washkansky during the first human heart transplantation at the

Heart of Cape Town Museum in Groote Schuur Hospital that took place in 1967. (B) Groote Schuur Hospital where the first human heart transplantation was

performed by Christiaan Barnard. This beautiful hospital is located on the slope of Devil’s Peak shown in the background. (C) Peter Zella, MD, PD, Ph.D., FCs, Head

of the Christiaan Barnard Department of Cardiothoracic Surgery at Groote Schuur Hospital of the University of Cape Town. He co-founded the ISACB and was a past

president of the society. Dr. Zilla organized the 50th Anniversary Heart Transplant Celebration in Cape Town, “Courage and Innovation: 50 Years of transplantation” at

Groote Schuur Hospital in December, 2017.

FIGURE 2 | (A) ISACB Meeting in 2017 took place as part of the 50th Anniversary Heart Transplant Celebration in Cape Town, “Courage and Innovation: 50 Years of

transplantation” at Groote Schuur Hospital. (B) ISACB members at the reception of the 50th Anniversary Heart Transplant Celebration in Cape Town, “Courage and

Innovation: 50 Years of transplantation”.
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Atherosclerosis and Tissue Engineered
Vascular Grafts
Coronary artery atherosclerosis is associated with an
inflammatory process (2) and contributes to significant
morbidity and mortality (3). Surgeons often implant bypass
grafts to deliver oxygenated blood around a stenosis to distal
coronary beds. Current gold standard treatments use vessels
harvested from other parts of the body since this autologous
approach outperforms synthetic grafts. Unfortunately, these
vessels require surgical harvesting and are prone to restenosis
due to intimal hyperplasia. A current clinical focus is the
development of a long-lasting tissue-engineered vascular graft
(TEVG) (4). Despite significant efforts, ideal TEVGs have
remained elusive. Many groups are working on developing
TEVGs with appropriate mechanical properties, bioactivity, and
biocompatibility (4, 5). Protein-coated polytetrafluoroethylene
(ePTFE) grafts lined with autologous endothelial cells have
shown long-term patency in almost 500 patients. The complexity
of the cell sourcing and seeding procedures, however, does
not make this technique amenable to routine use in vascular
surgery. Yet, the clinical successes indicate the potential at this
early stage of tissue engineering efforts. Ongoing efforts in vitro
and in vivo seek to optimize long-term patency, mechanical
properties, and reendothelialization (6). Recent advancements
suggest continued improvements are possible and continued
development could eliminate many of the issues associated with
current synthetic grafts.

Atherosclerosis can also be present in peripheral arteries,
and peripheral artery disease (PAD) can lead to intermittent
claudication and critical limb ischemia in later stages of disease
progression (7). The risk of developing lower-limb PAD increases
with obesity, a history of atherosclerosis, high triglycerides, low
high-density lipoprotein, and aging (8). Ongoing efforts seek
to develop non-invasive interventions to treat atherosclerosis
and prevent deleterious remodeling of the vascular wall. A
recent study showed an association between serum levels of
sortilin, a glycoprotein involved in glucose and lipid metabolism,
with aortic calcification and general cardiovascular disease risk
(9). Carotid artery atherosclerosis revealed PCSK6 as a novel
protease, possibly making these lesions prone to rupture (10).
The development of a novel platelet lysate hydrogel has shown
promise to promote angiogenic activity of mesenchymal stem
cells (MSC) that can also be delivered concomitantly (11). While
each of these individual findings may lead to a therapeutic
breakthrough, the combination of multiple studies over the next
50 years has the potential to improve our mechanistic insight into
atherosclerosis and PAD, providing unique treatment solutions.

Emerging Evidence for
Monocyte/Macrophage Heterogeneity
Accumulating evidence from basic science and clinical
medicine suggests that inflammation plays critical roles in
the pathogenesis of atherosclerotic vascular diseases and
their clinical complications (12). Emerging evidence indicates
that macrophages are a heterogeneous population (13).
Similarly, we know that monocytes, generally considered as

macrophage precursors, are also heterogeneous (14). Changes
in macrophage behavior and attributes in response to systemic
or local environmental cues may help execute specific functions
during the disease process. Traditionally macrophages were
thought to adopt a pro-inflammatory or anti/non-inflammatory
phenotype in response to stimuli (M1 vs. M2 polarization),
but new evidence suggest that macrophage heterogeneity is
more multi-dimentional (15–17). Studies using single cell
analyses have demonstrated the dynamic and complex nature of
human primary monocytes and macrophages heterogeneity
(18–20). Understanding the underlying mechanisms of
monocyte/macrophage heterogeneity and related therapeutic
implications may require innovative approaches such as machine
learning from large clinical studies.

Aneurysms: Imaging, Biomechanics, and
Novel Therapies
Abdominal aortic aneurysm (AAA) is an inflammatory disease
of the aorta resulting in pathologic dilation of the vessel
wall. Clinically, an aortic diameter 50% larger than normal
is considered aneurysmal, and only surgical treatment options
currently exist (21). Between 5 and 10% of people in the
industrialized world over the age of 65 suffer from AAAs (22,
23), accounting for roughly 16,000 deaths and 150,000 inpatient
hospitalizations per year in the U.S (24, 25). Although recent
studies have provided insight into the pathogenesis of AAA, a
detailed understanding of the underlying mechanisms that lead
to AAA expansion remains incomplete.

Development of novel therapies that will interrupt
development of an AAA or halt aneurysm progression remains
a challenge (26). Efforts are focusing on investigating the
association between genetic variants and aneurysm formation
(27) and the role of enzyme activity in extracellular matrix
(ECM) changes within the aortic wall (28). Further work has
focused on the role of the inflammasome, including both
innate immunity and inflammation, in aneurysm formation and
progression (29). Recent studies have shown that serum amyloid
A, a protein that associates with high-density lipoprotein when
in circulation, exacerbates acute vascular events by activating the
inflammasome (30, 31). Others have investigated the correlation
between circulating biomarkers and aortic disease, showing
that elevated circulating levels of the soluble receptor for
advanced glycation end products is associated with a variety of
aortopathies, independent of aortic diameter (32). Identifying
patients at increased risk for aneurysm development and then
increasing aortic wall strength through pharmacologic means
could slow growth of AAAs to large diameters where rupture is
more likely.

Beyond aortic wall research, blood flow hemodynamics have
been shown to be critical to the formation and growth of
aneurysms, dissections, and thrombus (33). This provides strong
motivation to develop sophisticated data-driven models of
blood flow, pressure, and wall elasticity associated with AAAs.
Recent work focused on implementing a multi-modality imaging
approach that combined high frequency ultrasound (US) and
optical coherence tomography (OCT) as inputs for a murine
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computational modeling study (34). The results showed that
differences in final lesion size and compositions correlated
with vortical structures obtained through mouse-specific fluid
dynamic simulations, suggesting that differences in morphology
and hemodynamics play crucial roles in AAA formation. These
data agree with a large amount of previous work where
imaging-based computational findings have suggested a link
between hemodynamic perturbations and aneurysmal disease
heterogeneity (35). The combination of imaging, hemodynamic
simulations, and biomechanical analysis is proving to be useful
for exploring potential translational strategies that could soon
be useful to predict possible aneurysm expansion and rupture
(36, 37). Taken together, these recent advancements suggest a
bright future for multi-disciplinary cardiovascular research in
clinical medicine, genetics, biology, and engineering to address
unmet clinical need associated with AAA.

VALVE DISEASE AND VALVE REPAIR AND
REPLACEMENT TECHNOLOGIES

Valve diseases constitute a global health burden. In developed
countries, age-related calcific aortic valve disease (CAVD)
eventuates in aortic stenosis, whereas in developing countries,
rheumatic heart disease remains the leading cause of valvular
structural abnormalities (38). Other key causes of valvular
dysfunction include mitral valve prolapse (myxomatous valve
disease) and functional mitral regurgitation owing to ischemic
heart disease. High rates of congenital valve abnormalities
present complications in pediatric patients without regard
to environmental conditions. Each of these causes of valve
dysfunction represent unique challenges in the management of
valve disease, but appropriate solutions hinge on understanding
the factors that govern valve homeostasis and function.

Although decades of basic and clinical research and the advent
of lipid lowering therapies (especially statins) have markedly
reduced morbidity and mortality associated with atherosclerotic
cardiovascular diseases, clinical trials have shown that statins
have no effect on progression of existing CAVD, and thus no
effective therapy is available. As a result, clinical options for
patients with CAVD are limited to invasive open heart surgery
or transcatheter valve implantation (39).

Pathological remodeling most commonly affects the aortic
and mitral valves, likely a consequence of higher systemic
pressures, underscoring the importance of biomechanical
function and sensitivity. Given the relatively high incidence and
severity, we focus our discussion here on aortic valve disease and
replacement, an area of tremendous clinical need.

Aortic Valve, Function, Structure, Biology,
and Target Discovery
Unidirectional blood flow from the left ventricle to the aorta
for systemic distribution normally occurs through coordinated
action of three leaflets. Leaflet action is controlled by a layered
and highly organized ECM microarchitecture (40–43). The
ECM structure is maintained by two cell populations: valvular
endothelial cells (VECs) and valvular interstitial cells (VICs).

VECs appear phenotypically distinct from other endothelial cell
populations in vascular tissues and exhibit regional heterogeneity
with side-specific differences in gene expression (44–46). VICs
are a poorly defined population of cells with subpopulations of
fibroblasts, myofibroblasts, smooth muscle cells, and neuron-like
cells previously identified within the leaflets (47, 48). Phenotypic
changes in VECs and VICs have been associated with aortic
valve remodeling (49), but the relative contributions of these
cells and associated subpopulations remain unknown. The role of
inflammation in valve remodeling (50, 51) is especially relevant
when considering approaches to valve disease in developing
countries, where rheumatic heart disease is a major contributor.
VECs and VICs also display mechanosensitivity and readily
respond to changes in the mechanical environment (52–55).
The complex cellular and biomechanical environment is difficult
to recapitulate in vitro and animal models of aortic valve
disease are lacking (56), making mechanistic studies on the
biomechanical and biochemical initiators of disease difficult
to perform.

Recent studies have sought to overcome this limitation by
using large, unbiased proteomic and transcriptomic approaches
to characterize molecular changes in aortic valve leaflets obtained
from patients undergoing replacement surgeries (57). Combining
pathological characterization of the leaflets following resection
with network-based analysis of the proteomic and transcriptomic
data has yielded new insight into the potential molecular
drivers of aortic valve disease. Coupled with new genome wide
association studies that have revealed new lipid associations with
aortic valve disease, these big data approaches may provide new
clues about points of non-invasive therapeutic intervention and
the development of drug-based therapies (58, 59). However,
challenges remain in identification of patients during the early
stages of disease before gross remodeling of the aortic valve
leaflets necessitate replacement.

Synthetic and Bioprosthetic Approaches to
Aortic Valve Replacement
Given the lack of non-invasive treatment or suitable options for
CAVD, the traditional clinical approach has been surgical valve
replacement. First introduced in 1960, early iterations of devices
for aortic valve replacement utilized mechanical valves consisting
of caged-ball or tilting disk designs surgically implanted into the
aortic orifice following removal of the diseased valve (60). These
devices provided the first viable clinical solution for patients with
aortic valve abnormalities and offered extraordinary reduction
in mortality associated with CAVD. Of note, inoperable patients
with CAVD have a 2–3 year mortality of <50% (61, 62).
Though these devices helped correct valve dysfunction, nearly
all patients who received mechanical valves suffered valve-
related complications within 10 years, and many died of these
complications (63).

To enhance biocompatibility and create a more normal
geometry, bioprosthetic valves were introduced in the clinic
in the late 1960s as an alternative to mechanical valves (64).
Bioprosthetic valves are fabricated from glutaraldehyde treated
(and hence non-viable) porcine aortic valve or bovine pericardial
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tissue formed into a tri-leaflet structure. Bovine pericardium
is used most frequently today. These valves do not require
lifelong anticoagulation therapy, and bioprosthetic valves more
adequately recapitulate the biomechanics and hemodynamics
of native aortic valves. Nevertheless, bioprosthetic valves
frequently undergo calcification, leading to stenosis or tearing
with regurgitation. After ∼15–20 years, bioprosthetic valves
often must be replaced, requiring the patient to undergo
an additional invasive surgical procedure. The mineral forms
due to phosphorus in devitalized cell remnants and possibly
residual aldehyde affinity for mineral. Newer versions of
bioprosthetic valves overcome this limitation through detergent-
based treatments that reduce cell-based material and inhibit
mineral deposition (65). To avoid multiple surgeries, modern
mechanical valves have been deemed more suitable for younger
patients who need aortic valve replacement. Clinicians must
weigh the relative risks of reoperation to replace bioprosthetic
valves vs. the risks associated with anticoagulant therapy in
patients with mechanical valves (66).

The advent of transcatheter aortic valve implantation (TAVI)
has begun to revolutionize aortic valve replacement. Synthetic
or bovine pericardial-based aortic valves are placed into the
aortic annulus using an endovascular catheter. The catheter
is most often introduced through the femoral artery and
guided to the annulus whereupon the replacement aortic valve
is deployed, displacing the diseased aortic valve (67). First
introduced for elderly patients and those deemed unfit for
surgical-based replacements, TAVI is becoming standard care
for many patients with CAVD (68). Patients undergoing TAVI
procedures have similar outcomes as those who receive surgical
aortic valves (69). Early analyses indicated that TAVI may
induce stroke, paravalvular leak, and vascular wall damage during
catheterization; however, subsequent studies have shown that
other complications may be less of a concern than those arising
from surgery (70, 71). TAVI “valve-in-valve” approaches also
obviate the need for open surgical procedures for patients with
degeneration of a previously implanted bioprosthetic valve. After
the initial bioprosthetic valve deteriorates, a TAVI procedure can
introduce a new valve that is likely to exceed the expected lifespan
of the patient.

The leading cause of aortic valve disease in developing
countries is rheumatic heart disease, but the local infrastructure
is not generally well-suited for open heart procedures. TAVI
may provide a more appropriate option for patients in these
regions (72); however, two specific limitations must be overcome.
Typically, aortic valve disease and bioprosthetic degeneration
are associated with the deposition of calcific mineral on the
leaflets. This mineral provides a structure to anchor TAVI
valves, but rheumatic-induced aortic valve remodeling does
not usually involve heavy calcification. Positioning the catheter
during TAVI also requires imaging modalities not commonly
available in developing countries. Recently developed TAVI
strategies designed specifically for low resource settings may
help overcome these limitations (73). The new design employs
a supra-annular anchoring technique that latches to the non-
calcified valve structure and provides tactile feedback that allows
the clinician to locate the correct annular position without the

need for fluoroscopic imaging. This technique could address a
major unmet clinical need in developing countries.

Engineering Living Aortic Valve Tissue
Since the first replacement aortic valves were introduced,
advancements in both valve design and replacement techniques
have provided lifesaving options for many patients. However,
issues remain, particularly for pediatric patients who
require aortic valve replacement due to congenital valvular
abnormalities. These children often require multiple procedures
to replace valves that do not adapt to somatic growth, and
calcification of valves and conduits is accelerated in young
recipients. These patients would benefit from engineered aortic
valve constructs that fully integrate with native host tissues, do
not degenerate, and adapt to size and pressure changes in the
cardiovascular system. Efforts to develop tissue engineered aortic
valves should integrate knowledge of the complex biological
environment, dynamic biomechanics, material durability,
and delivery/implantation methods discussed in the previous
sections. Early attempts to engineer living aortic valve tissues
employed biodegradable scaffolds seeded withmixed populations
of arterial-derived endothelial cells and fibroblasts (74). These
constructs yielded ECM deposition consistent with native valve
structure after 2 months in an ovine model, demonstrating the
potential utility of a living engineered tissue that can actively
remodel appropriately after implantation (75).

Translation of these proof-of-concept techniques to clinical
practice for human patients remains elusive, however. Questions
persist on the appropriate cell source, the most appropriate
material for the scaffolds, the minimum biomechanical
functionality required for implantation, and the methods to
assess remodeling in situ following implantation (76). In the
early 2000s, the first tissue engineered aortic valve replacement
surgeries were performed in neonates with severe congenital
malformations (77). These valves exhibited beneficial early
remodeling in an ovine model, and gross long-term ECM
remodeling was attributed to a problem with the animal model.
The outcomes from initial clinical trials, however, were largely
poor. Many of the valves exhibited remodeling concomitant with
inflammation, including fibrosis and deterioration, comparable
to the observations made in the ovine endpoints (77).

These early outcomes reduced enthusiasm for aortic valve
tissue engineering, but the clinical need for pediatric patients
with aortic valve dysfunction remains. Early clinical successes
have been noted in pediatric mitral valve repair using constructs
of porcine small intestinal submucosa handmade in the clinic to
resemble valve leaflets (78). The ad hoc use of this material in
patients with few other clinical options has yielded promising
results in short-term clinical follow-ups and work by recruiting
endogenous cells that stimulate leaflet remodeling and growth
(79, 80). Similar strategies are being developed for aortic
valve replacement. Many approaches currently in pre-clinical
development seek to recruit host cells after implantation of a
polymer matrix without cells or other biological adjuncts. In such
an approach, proper ECM development and leaflet maturation
takes cues from and depends on processes that occur in native
valve development (so-called “in situ tissue engineering”) (81).
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This strategy enables off-the-shelf availability of constructs
without the need for maintenance of cellular viability, and could
provide a clinically feasible solution that avoids cell sourcing
complications (82).

Whether these tissue engineered constructs can adequately
recapitulate the function of native aortic valves remains to
be seen. Perhaps the complete recapitulation of the complex
biological structure and biomechanical properties of native valve
are not required to produce adequate and lasting function.
Imperfect strategies that offer new life to a patient with no other
options provide clinical value, and knowledge gained through
iterations of incremental improvement will help fill gaps in
our current understanding of aortic valve biology and function.
Ultimately, non-invasive therapeutics may prevent or reverse
adult-onset aortic valve remodeling, and minimally invasive
implantation of tissue engineered valves may fix congenital
abnormalities in pediatric patients. Achieving these goals will
require concerted interdisciplinary efforts of basic scientists,
engineers, and clinicians. All are well-represented within ISACB.

CARDIAC REGENERATION

Unlike other tissues in the body, the heart does not possess
significant regenerative capacity. The adult heart responds to
infarction by creating a collagen dense scar. While this may
strengthen themechanical properties of the wall to help eliminate
ventricular rupture, it decreases the overall pump capacity of the
heart. In many cases, this decreased function leads to congestive
heart failure. While a heart transplant is currently the only “tried
and true” means to restore mechanical pump function in these
patients, the lack of organ donors calls for additional solutions.

Engineered cardiac tissues offer a potential solution. Rapid
advances in cell therapy, including induced pluripotent stem
cells, have demonstrated that cells can be grown in the laboratory
and differentiated into cardiac muscle cells. In order to restore
contractile function in the heart, these cells need to form an
aligned and synchronized dense network, and a vascular supply
will be needed to maintain viability. Thus, tissue engineered
cardiac scaffolds should provide for cell attachment and survival
while allowing the scaffold to contract in sync with the rest of
the heart.

Engineering Cardiac Scaffolds
When considering scaffolds for cardiac tissue engineering, many
factors must be considered for the vast applicability of these
materials (83). Cost, sustainability, and labor skill requirements
must all be considered for widespread use. A potential starting
point for engineered cardiac tissue is an acellular scaffold (84).
Investigators have used a master bank of human cells to produce
the ECM for these scaffolds. This allows for a controlled initial
material source, which helps bring costs down and maintain
quality control over the product. Decellularization leaves an ECM
that is attractive for native cells to adhere and proliferate (85–
87). Lyophilization and sterilization yields an “off the shelf ”
product, which also helps bring down costs. These scaffolds
can be produced in a Good Manufacturing Practices (GMP)
facility with appropriate quality controls, allowing for consistent

production of scaffolds with the same properties. Most pre-
clinical work to date with this scaffold has been in a congenital
model, showing that the scaffold grows with the animal. The
Emmert/Hoerstrup group is currently working to develop the
scaffold as a cardiac patch.

Difficulties remain in vascularizing scaffolds to maintain cell
viability. Instead of using mammalian cells to produce a scaffold,
investigators are looking toward the plant kingdom, specifically
spinach leaves (88). After the decellularizing process, the vascular
network inherent to the plant remains and can be used to
perfuse fluid. Microspheres, of similar size to red blood cells,
were also able to pass through the plant vasculature, and the
scaffold is able to serve as a basement membrane for contracting
cardiac myocytes. Further work, however, is required for clinical
realization of this technique.

Cells for Cardiac Regeneration
Clinical trials on cell therapy for heart disease have demonstrated
only limited success (89). This may be due in part to the
variability in the cells used in cardiac cell therapy. Most cardiac
clinical trials have utilized MSC. While this cell type has
not demonstrated deleterious effects, improvement in cardiac
function appears to be limited.

Embryonic stem cells (ESCs) and induced pluripotent stem
cells (iPS cells) have demonstrated the potential to form
contractile myocytes. ESCs can proliferate to provide a plentiful
source of cells. They are also able to differentiate into contracting
cells with many properties similar to adult cardiac myocytes.
ESCs, however, remain a topic of controversy. An exciting
discovery in 2006 introduced a new cell type—iPS cells that
can be produced from adult differentiated cells (e.g., fibroblast)
through genetic engineering (90). By inserting specific genes
regulating transcription factors, the adult cells can be induced
to becoming an embryonic-like stem cell. These cells can then
be differentiated into contractile cells with properties similar
to cardiac myocytes. Thus, a patient’s own cells can potentially
yield cardiac myocytes that restore cardiac function, eliminating
any immune rejection response from the recipient. However,
significant concerns still remain for both ESCs and iPS cells prior
to their use in the clinic. Cell sorting and validation is essential to
moving the field forward. Incorporation of the wrong cell type in
the heart can lead to fatal arrhythmias or worse, and proliferation
of these cells must be regulated.

THE NEXT 50 YEARS

Despite decades of active research efforts in cardiovascular
biology, few basic science discoveries have arrived in the
clinic as efficient drugs or devices. Indeed, many preclinical
breakthroughs have failed to survive clinical translation. Because
of insufficient expertise and tight funding, academic investigators
often struggle to translate findings into clinical development
(91, 92). This gap also results from strategies in industry to
avoid investing in early, high-risk targets (93, 94). Clearing such
roadblocks requires new paradigms for translational research.
As ISACB has consistently promoted since it was founded,
close collaboration between academic investigators and industry
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scientists, who can share clear goals and understand potential
mutual benefits, will facilitate exchange of ideas, resources, and
expertise and lead to innovative therapies for cardiovascular
diseases (15, 95).

Looking back on the improvements made in treating
cardiovascular diseases over the past 50 years, one cannot help
but wonder: what key advances will occur in the next 50
years? In addition to the areas discussed above, endovascular
therapies, valve repair and replacement technologies, arrhythmia
ablation, xenotransplantation, and long-term cardiac support
(both mechanical and biological) will almost certainly continue
to improve. Additionally, it is probable that significant strides
will be made toward directed prevention of a broad range of
cardiovascular conditions. New discoveries require innovative
technologies. Considering the accelerated speed of technological
development, courage and innovation are important values,
as suggested during the 50th Anniversary Heart Transplant
Celebration. With effective collaboration fostered by the ISACB
and similar cross-disciplinary societies, the next 50 years will

likely lead tomanymore life-saving treatments that will hopefully
be extended to ALL patients around the world.
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Using Acellular Bioactive 
Extracellular Matrix Scaffolds to 
Enhance Endogenous Cardiac Repair
Daniyil A. Svystonyuk, Holly E. M. Mewhort and Paul W. M. Fedak*
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Alberta, University of Calgary, Calgary, AB, Canada

An inability to recover lost cardiac muscle following acute ischemic injury remains 
the biggest shortcoming of current therapies to prevent heart failure. As compared 
to standard medical and surgical treatments, tissue engineering strategies offer the 
promise of improved heart function by inducing regeneration of functional heart muscle. 
Tissue engineering approaches that use stem cells and genetic manipulation have 
shown promise in preclinical studies but have also been challenged by numerous critical 
barriers preventing effective clinical translational. We believe that surgical intervention 
using acellular bioactive ECM scaffolds may yield similar therapeutic benefits with minimal 
translational hurdles. In this review, we outline the limitations of cellular-based tissue 
engineering strategies and the advantages of using acellular biomaterials with bioinductive 
properties. We highlight key anatomic targets enriched with cellular niches that can 
be uniquely activated using bioactive scaffold therapy. Finally, we review the evolving 
cardiovascular tissue engineering landscape and provide critical insights into the potential 
therapeutic benefits of acellular scaffold therapy.

Keywords: extracellular matrix, biomaterials science, cardiovascular diseases, regeneration mechanisms, 
cardiovascular surgery

Introduction

Heart failure is a growing epidemic that is predicted to disable 1 in 5 Americans in their life time (1). 
Despite the prevalence of heart failure, effective treatment options remain limited. Pharmacological 
interventions can improve symptoms and prolong survival, but are unable to promote functional 
recovery of cardiomyocytes lost to injury  (2). Organ transplantation remains the only curative 
option but a disparity between donor heart supply and patient demand coupled with the need for 
immunosuppressive therapy makes this an ineffective solution to address the growing needs of the 
heart failure population (3). Durable mechanical support therapies continue to evolve and improve 
but complications for destination therapy patients are a concern.

As our understanding of the factors and mechanisms that regulate heart structure and function 
have improved, the concept of engineering cardiovascular tissues to restore heart function has rapidly 
advanced (4, 5). Whole organ regeneration is the ultimate goal of tissue engineering but at present 
exists only as a futuristic possibility. Early tissue engineering approaches using stem cell and gene 
therapy have shown promise, but remain fraught with translational hurdles. As such, there has 
been an increasing shift in focus towards utilizing tissue engineering strategies that can stimulate 
repair by modulating the host-substrate microenvironment and enhancing endogenous tissue repair 
processes (6).
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In this review, we focus on the translational limitations of 
contemporary cardiac regenerative approaches and describe how 
acellular bioactive ECM scaffolds may provide an effective solution. 
Specifically, we outline important anatomical and cellular targets 
that may benefit from bioactive scaffold therapy and provide 
insights into the future of cardiovascular tissue engineering and 
its translation into viable clinical applications.

Early Tissue Engineering 
Strategies Towards Cardiac 
Regeneration

The field of cardiovascular tissue engineering was born out of a 
need to design functional substitutes for tissue that was presumed 
irreversibly damaged. Leveraging the plasticity of stem cells and 
direct genetic manipulation became popular options to achieve 
this goal.

The ability to effectively isolate and expand endogenous stem 
cells offered the exciting promise of leveraging the cells’ inherent 
regenerative capacity to treat cardiovascular disease (7). Over the past 
decades there has been significant enthusiasm within the scientific 
community for cell-therapies based on a foundation of encouraging 
preclinical evidence. Why is it that cell-mediated regeneration 
remains absent from conventional treatment modalities? Part of 
the problem lies in the biology surrounding exogenous cell delivery 
to the microenvironment of a failing heart. Damaged myocardium 
lacks the necessary structural and biological microenvironment 
to support proper cell health and function. Accordingly, it is no 
surprise that stem cell survival and engraftment is poor and this 
remains a dominant issue preventing effective clinical translation (8). 
Interestingly, the benefits of cell therapy are well documented in 
preclinical animal models despite the fact that cells are delivered to 
similar hostile microenvironments in the heart. Long term donor cell 
engraftment and survival is poor yet functional myocardial recovery 
is readily observed. These findings represent a paradigm shift in our 
understanding of the cell-mediated therapeutic effect, indicating that 
the benefits of cell therapy may lie in their ability to act as source of 
regenerative and reparative paracrine factors (9, 10).

Gene therapy allows targeted control of specific molecular 
pathways, typically through adenoviral vectors, that can 
restore lost functionality or enhance endogenous cardiac repair 
processes  (11). Contemporary gene therapy approaches have 
targeted a number of cardiovascular systems, including: cell 
metabolic activity, calcium regulation, vasculogenesis, and 
stem cell activation (12). The concept of targeting single genes 
to drive critical repair pathways toward functional recovery is 
exciting but clinical outcomes of gene therapy have been mostly 
unsuccessful. Of the five cardiac gene therapy clinical trials 
published to date, all five have shown safety but failed to meet 
primary efficacy endpoints (13–17). Indeed, targeting a single 
gene in a pathway that involves multiple complex molecular 
mechanisms is unlikely to yield appreciable clinical benefit. 
Interestingly, trials that aimed to genetically bolster stem cell 
recruitment to the myocardium showed benefit in a cohort of 
patients with advanced ischemic cardiomyopathy (16).

The lessons learned from attempts at gene therapy for heart 
failure are important: enhancing targeted molecular pathways 
and signalling mechanisms in failing myocardium can have 
substantial therapeutic benefits (18). This challenged the notion 
that tissue engineering must necessarily be an “outside-in” 
approach and instead, argued that tissue engineering can occur 
from within by rescuing and/or stimulating endogenous repair 
pathways.

Leveraging Acellular Bioactive 
Scaffolds Towards Cardiac 
Regeneration

The paracrine hypothesis of cell therapy and direct genetic 
manipulation of endogenous repair mechanisms highlights that a 
failing heart can be primed toward tissue regeneration and repair 
by altering the signalling environment of the host cells. Acellular 
bioactive scaffolds serve as niche signalling microenvironments 
that may be used toward driving cardiac repair (19). While such 
scaffolds can be synthetic or semi-synthetic and injectable or non-
injectable, this report will focus on extracellular matrix (ECM)-
based patch biomaterials.

The mainstay of acellular bioactive materials is the extracellular 
matrix, a structural scaffold that has all of the necessary cues and 
signals to support proper cell health, function and tissue repair 
processes (4). Some studies have utilized a simple ECM scaffold 
consisting of either type I collagen or gelatin as a vessel to deliver 
a single protein or cell type (20, 21). Conversely, more complex 
ECM scaffolds may be derived through the decellularization of 
biological tissue. These scaffolds may exert bioactive effects by way 
of growth factor reservoirs, matricellular proteins and complex 
ultrastructural compositions (22, 23).

Early studies characterizing acellular biological tissues have 
shown that the decellularization process does not disrupt native 
bioactive constituents present in the ECM scaffolds, such as FGF-2 
and VEGF (24). Additionally, degradation products produced 
by the remodeling of the ECM materials by the host tissue has 
been shown to affect endogenous cell activity  (25). As such, 
decellularized ECM scaffolds from highly regenerative organs, 
like the gastrointestinal system, may be used to circumvent 
the limited regenerative capacity of the heart  (26). Following 
decellularization, the bioactive properties of the ECM can be 
leveraged without the underlying safety concern of an adverse 
immunogenic response (22, 24). In fact, Dziki and colleagues 
demonstrated that acellular bioactive scaffolds may influence 
macrophage polarization away from a pro-inflammatory M1 
phenotype towards a pro-reparative M2 phenotype (27). To date, 
there have been an abundance of convincing preclinical studies 
that outline the cardioprotective benefits of ECM biomaterials 
in the heart (28–32).

Our group has explored epicardially implanted acellular 
bioactive scaffolds across a number of clinically relevant models 
of ischemic injury. We first established efficacy in a rodent chronic 
heart failure model where we demonstrated that surgically 
implanted ECM scaffolds can attenuate infarct expansion 
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and LV remodeling while simultaneously improving cardiac 
function (Figure 1). Importantly, we demonstrated that bioactive 
scaffolds can be further enhanced with exogenous growth factors 
highlighting its capacity as a platform therapy (28, 33). Using 
a large preclinical porcine model of ischemia-reperfusion, we 
were able to observe regional myocardial improvements by 
serial cardiac MRI following surgical implantation of bioactive 
scaffolds during the acute stage post-MI (Figure 2). Interestingly, 
histological examination of the infarct area in bioactive scaffold-

treated animals showed small arteriole formation next to islands 
of surviving cardiomyocytes (29). We later confirmed that these 
beneficial effects are due to bioactive constituents present within 
the scaffolds and were not the result of a passive myocardial 
restraint effect  (34). Collectively, these findings have given 
us insight into the optimal therapeutic window for bioactive 
scaffold therapy and suggest that the greatest benefit may be 
as an adjunct to surgical macroscopic revascularization where 
hibernating myocardium is perfused by bioactive scaffold-

Figure 1  |   Representative images of normal myocardium, infarcted myocardium from a sham, and infarcted myocardium following surgical implantation of 
bioactive scaffold on the epicardial surface (blue = nucleus, orange = collagen). The infarct area of bioactive scaffold-treated animals showed less collagen density 
and ECM architecture more consistent with normal cardiac tissue (Reprinted from The Journal of Thoracic and Cardiovascular Surgery, Vol 147/Issue 5, Holly EM 
Mewhort, Jeannine D Turnbull, Christopher Meijndert, Janet MC Ngu, Paul WM Fedak, Epicardial infarct repair with basic fibroblast growth factor–enhanced 
CorMatrix-ECM biomaterial attenuates postischemic cardiac remodeling, 1650–1659., Copyright 2014, with permission from Elsevier) (28).

Figure 2  |  3-D images of the LV reconstructed from MRI data depicting wall thickening in sham versus bioactive scaffold-treated animals 6 weeks after the initial 
ischemic event (green = normal, yellow = hypokinetic, red = akinetic). Bioactive scaffold treatment resulted in regional improvement in myocardial function (29).
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mediated microvascular formation. At present, we are completing 
a first-in-man pilot clinical feasibility trial (​ClinicalTrials.​gov ID: 
NCT02887768) where acellular bioactive scaffolds are surgically 
implanted at the time of CABG surgery (Figure 3).

Although passive mechanical restraint has been shown 
to benefit functional recovery of the failing heart, this was 
not theprimary mechanism observed in our studies as scaffold 
implants did not alter ventricular compliance and vasculogenesis 
was observed  (35, 36). How is it then that acellular bioactive 
scaffolds can induce adaptive tissue remodeling and improve 
function? Emerging evidence has identified the plasticity 
and regenerative capacity of endogenous cells and anatomic 
structures of the heart (34, 37). Surgically implanted bioactive 
scaffolds introduce a new signalling microenvironment in the 
heart that may potentiate these innate regeneration processes. 
Specifically, altering the function of the epicardium and matrix-
modulating cardiac fibroblasts may demonstrate how nature’s 
own platform can be leveraged to promote endogenous cardiac 
regeneration.

The Epicardium as an Anatomic Niche for 
Endogenous Repair
Over the past decade, insights from vertebrate studies have 
identified the epicardium as the key structure responsible for their 
high cardiac regenerative capacity (38). Understandably, targeting 
the epicardium for tissue regeneration has been the subject of great 
therapeutic interest.

The epicardium is the outermost mesothelial layer of the 
heart surrounding the myocardium (39). In early development, 
the epicardium is a source of progenitor cells that undergo 
epithelial to mesenchymal (EMT) transition to yield vascular 
smooth muscle cells and fibroblasts, with a few studies showing 
their differentiation into cardiomyocytes and endothelial cells 

as well  (40–43). Collectively, it is the progenitor cell migration 
from the pro-epicardial layer that dictates and coordinates 
cardiomyocyte proliferation and organization, electro-conduction, 
coronary vasculature assembly, and structural valve and chamber 
development (44).

While the epicardium plays an active role in the development 
of the embryonic heart, it exists as a dormant cell layer in the 
adult uninjured heart (44). However, studies have demonstrated 
that the genetic programme that drives epicardial-derived cell 
migration during development is rapidly reactivated in the 
adult heart in response to ischemic injury  (45). Interestingly, 
the reactivation of the epicardium appears to occur globally 
throughout the heart and is not localized exclusive to the site 
of the injury. It was hypothesized that epicardial activation can 
occur due to external factors present in the pericardial fluid 
following myocardial infarction (46, 47).

The ability of the epicardium to orchestrate cardiac regeneration 
versus cardiac repair remains a highly debated topic. Studies in 
zebrafish and fetal non-vertebrates have identified the epicardium 
as source of key paracrine factors that are capable of restoring 
lost cardiac muscle and rescuing heart function after injury   
(38, 48). Conversely, epicardial activation in adult non-vertebrates 
following ischemic injury is limited by the number of activated 
progenitor cells that then differentiate exclusively to non-myocyte 
cells of the heart (21, 45). The mechanisms that limit regeneration 
despite preservation of the same embryonic gene programme are 
not well understood. However, if the epicardium is reactivated 
through an extra-cardiac paracrine milieu, perhaps modifying 
the paracrine microenvironment can dictate a more regenerative 
pathway.

Acellular scaffolds rich in cytokines and growth factors may 
hold the key to epicardial-driven cardiac regeneration. Using 
a surgically implanted epicardial patch enriched with human 
follistatin-like1 protein in preclinical animal models of ischemic 
injury, Wei and colleagues were able to document evidence 
of significant cardiogenesis, vasculogenesis and functional 
recovery in the post-MI hearts (20). Similarly, Wang et al. used 
a mesenchymal stem cell-loaded epicardial patch implanted one 
week post-MI and showed preliminary evidence of epicardial-
derived progenitor cell activation and differentiation into smooth 
muscle cells, endothelial cells and cardiomyocytes. Here, the 
synthetic patch preserved MSC survival and enhanced their of 
expression of key cardioprotective proteins that activated the 
epicardium toward regeneration (21).

In addition to simple-ECM materials, more complex ECM 
materials derived from decellularized tissues may be leveraged 
towards enhanced epicardial activation. As previously discussed, 
the ECM serves as a natural reservoir of various growth factors 
and matricellular proteins that can promote tissue regeneration 
processes (23, 29, 49). In a preclinical porcine model of ischemia-
reperfusion injury, our group has shown that the surgical 
implantation of an intestinal ECM scaffold on the epicardial surface 
of ischemic tissue resulted in increased epicardial activation (29). 
These findings were confirmed in a separate study where ECM 
scaffold therapy resulted in enhanced beta-catenin nuclear 
localization in the infarct area indicative of epicardial progenitor 
cell mobilization (34). Interestingly, both models showed evidence 

Figure 3  |   Representative image of surgical implantation of a bioactive 
scaffold at the time of revascularization surgery. Patients were selected for 
bioactive scaffold therapy in adjunct with CABG and followed by serial cardiac 
MRI up to six months following surgery. Black arrow indicates acellular 
bioactive scaffold. Blue arrow indicates bypass graft.

24

https://www.frontiersin.org/journals/Cardiovascular_Medicine#articles
http://www.frontiersin.org/journals/Cardiovascular_Medicine
https://www.frontiersin.org


Svystonyuk et al.

April  2018 | Volume 5 | Article 35Frontiers in Cardiovascular Medicine | www.​frontiersin.​org

Cardiac Repair with Acellular Scaffolds

of enhanced vascularity in the infarct region. Since the epicardium 
is a known source vascular smooth muscle cells and vasculogenic 
paracrine factors, it is conceivable that epicardial activation 
following bioactive scaffold implantation can result in new blood 
vessel formation.

The epicardium serves as an important and necessary structure 
for endogenous tissue regeneration processes. Most contemporary 
tissue engineering strategies deliver via an intramyocardial 
approach and may be incapable of epicardial activation. Conversely, 
surgically implanted acellular scaffolds can target the epicardium 
directly and have been shown to enhance cardiac repair and 
regeneration by way of bioactive constituents that bolster epicardial 
activation.

Targeting Cardiac Fibroblasts as 
Mediators of the Cardiac 
Microenvironment
Cardiac fibroblasts represent approximately 20% of the non-myocyte 
cell population in the heart and are directly involved in maintaining 
cardiac structure and remodeling (50, 51). Cardiac fibroblasts regulate 
the extracellular matrix microenvironment, which in turn influences 
surrounding cell behavior and tissue processes (52). Under normal 
physiological conditions, the cardiac fibroblasts are responsible for 
regulating ECM biology by maintaining a highly coordinated rate 
of turn over via specialized matrix degrading enzymes and their 
endogenous inhibitors  (53). Due to their close association with 
the ECM, cardiac fibroblasts are often regarded as sentinel cells 
that respond to environmental stimuli and modify their behavior 
accordingly (54).

Under pathophysiological conditions following acute ischemic 
injury, cardiac fibroblasts have an important role in preserving 
the heart’s mechanical function through the deposition of scar 
tissue  (50, 55). Following the initial inflammatory event that 
clears the ischemic area of necrotic myocytes, cardiac fibroblasts 
are chemically recruited to the site of granulation tissue formation 
and differentiate into a more contractile and secretory phenotype 
known as myofibroblasts (56, 57). Through a process known as 
reparative fibrosis, myofibroblasts contribute to wound healing 
by replacing lost cardiac tissue with a collagenous scar that is able 
to sustain ventricular load and prevent mechanical rupture (58). 
Although scar deposition is a necessary and adaptive reparative 
process, it is the continued activation of cardiac fibroblasts in the 
injured heart that yield more deleterious consequences to global 
cardiac structure and function. Understandably, therapies that 
mitigate scarring in the post-MI heart have been the subject of 
therapeutic interest.

Although activated fibroblasts have traditionally been considered 
a terminally differentiated cell type, there is an emerging body 
of evidence that suggests they are more plastic than previously 
appreciated. Indeed, Nobel prize winning work has shown mature 
dermal fibroblasts can be reprogrammed into pluripotent stem 
cells through invasive genetic manipulation (59). However, can 
cellular reprogramming or redirection of fibroblast behaviour be 
also achieved by changing the host-substrate environment, such as 
using bioactive ECM scaffolds? In a landmark study, Plikus et al. 
demonstrated that the fate of dermal myofibroblasts can be changed 

towards a regenerative adipocyte lineage by exposing cells to a new 
signaling microenvironment. Interestingly, these findings were 
replicated in myofibroblasts isolated from patients with keloids, 
which are characterized as pathologic scars formed by persistent 
myofibroblast activity (60).

Figure 4  |   Human cardiac fibroblasts isolated from right atrial appendage 
were seeded onto either bioactive ECM scaffolds (intact graft) or biologically 
inactivated scaffolds (inactive graft). Analysis of the conditioned media 
revealed that cardiac fibroblasts demonstrate a robust pro-vasculogenic 
response specific to the bioactive ECM scaffolds (34).
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Similar to keloids, the cardiac myofibroblasts in the injured 
heart remain continuously activated, resulting in infarct scar 
expansion, thinning and stiffening of the remote myocardium   
(53, 61–63). Here, sustained myofibroblast activity is the product of 
the physiologically distinct microenvironment of a healing wound 
characterized by complex chemical and mechanical stimuli (64, 65). 
Surgically implanted bioactive scaffolds may therefore target cardiac 
myofibroblasts directly by way of instructive paracrine and structural 
mediators, changing their phenotype to restore tissue homeostasis 
and regeneration.

Our group has recently explored this idea using cardiac 
myofibroblasts derived from human atria. We have shown 
that human cardiac myofibroblasts increase expression of key 
vasculogenic proteins when seeded on acellular ECM scaffolds rich 
with bioactive constituents (Figure 4) (34). In a rodent infarct model, 
we documented neovascularization with elevated concentrations of 
pro-vasculogenic factors in the infarcted myocardium as late as 14 
weeks following ECM scaffold implantation. In a separate study, we 
show that ECM scaffold therapy attenuates infarct scar expansion and 
restores ECM homeostasis (28). Since cardiac myofibroblasts are the 
most abundant cell type in the infarct area (66), our collective results 
suggest the bioactive scaffolds may be driving the cells towards a pro-
vasculogenic phenotype that create a paracrine microenvironment 
favoring new blood vessel formation and mitigating excessive scar 
deposition.

Although fibroblasts are a distinctly heterogeneous cell type, 
one thing that remains constant regardless of cell origin is their 
ability to change their behaviour and phenotype in response 
to different biochemical and biomechanical cues (67). Further 
studies characterizing the plasticity of cardiac fibroblasts to new 
signalling microenvironments introduced by biomaterials are 
warranted.

Changing Landscape of Tissue 
Engineering

The future of tissue engineering will require synergy among 
conventional approaches that have been classically studied in a 
mutually exclusive manner. Combining bioactive scaffolds with 
other established tissue engineering strategies may hold the key to 
catalyzing endogenous cardiac repair mechanisms and promoting 
true cardiovascular tissue regeneration (68).

The strengths of bioactive scaffolds are realized not only 
as an effective standalone therapy, but also as a platform to 
deliver therapeutic agents directly to the heart. Our group 
has demonstrated that bioactive scaffolds can be loaded with 
exogenous growth factors beyond what is naturally present in 
the scaffolds alone (28, 33). Targeting the epicardial space may 
improve myocardial uptake while limiting systemic recirculation 
as compared to the traditional intramyocardial approach. This 
can mean more targeted delivery of pharmacologic therapeutics 
specific to cardiovascular processes.

Additionally, bioactive scaffolds may be used in conjunction with 
cell therapy and resolve cell engraftment and survival issues associated 

with intracoronary or intramuscular delivery  (69). Preliminary 
studies have shown improved stem cell survival when tethered to 
ECM-based patches as well as enhanced tolerance for the hostile 
post-MI microenvironment (21, 70–73). The preserved biochemical 
and biomechanical signature of acellular bioactive scaffolds has been 
shown to drive cardiogenesis from seeded stem cells and augment 
pro-regenerative signalling (72, 74, 75). Evidence from early clinical 
trials support the feasibility and safety of the cell-scaffold approach  
(76, 77). Results from the ongoing ESCORT trial (​ClinicalTrials.​gov 
ID: NCT02057900) will provide valuable insight into the therapeutic 
efficacy of epicardially implanted bioactive scaffolds seeded with 
cardiac-committed stem cells.

Regardless of the approach, bioactive scaffolds represent a tunable 
platform that can be further engineered towards the specific clinical 
characteristics of the recipient patient. In this way, the use of acellular 
bioactive scaffolds complements the changing clinical landscape 
that is becoming increasingly focused on personalized and precise 
therapies.

Conclusion

Standard therapy for ischemic heart disease patients fails to 
restore functional cardiac tissue. The heart contains a number of 
intrinsic repair processes and cell types that may be manipulated 
or bolstered to promote adaptive repair and regeneration. 
The use of acellular bioactive scaffolds for cardiac repair and 
regeneration is rationalized by two key points. First, bioactive 
scaffolds represent a unique signalling microenvironment that 
can target niche anatomic structures, like the epicardium, to 
activate endogenous repair mechanisms. Additionally, they may 
redirect the activity of native cardiac fibroblasts, whose fate and 
function is closely associated with their microenvironment, 
towards a more regenerative phenotype. Second, bioactive 
scaffolds can be leveraged as a platform for exogenous growth 
factors and stem cells, further maximizing their therapeutic 
efficacy by eliminating the common hurdles of associated with 
delivery. Collectively, acellular bioactive scaffolds represent a 
unique frontier in cardiovascular tissue engineering that may 
yield promising clinical outcomes.
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Stem cell therapy has the potential to regenerate cardiac function after myocardial 
infarction. In this study, we sought to examine if fibrin microthread technology could 
be leveraged to develop a contractile fiber from human pluripotent stem cell derived 
cardiomyocytes (hPS-CM). hPS-CM seeded onto fibrin microthreads were able to adhere 
to the microthread and began to contract seven days after initial seeding. A digital 
speckle tracking algorithm was applied to high speed video data (>60 fps) to determine 
contraction behaviour including beat frequency, average and maximum contractile strain, 
and the principal angle of contraction of hPS-CM contracting on the microthreads over 21 
days. At day 7, cells seeded on tissue culture plastic beat at 0.83 ± 0.25 beats/sec with 
an average contractile strain of 4.23±0.23%, which was significantly different from a beat 
frequency of 1.11 ± 0.45 beats/sec and an average contractile strain of 3.08±0.19% at 
day 21 (n = 18, p < 0.05). hPS-CM seeded on microthreads beat at 0.84 ± 0.15 beats/
sec with an average contractile strain of 3.56±0.22%, which significantly increased to 
1.03 ± 0.19 beats/sec and 4.47±0.29%, respectively, at 21 days (n = 18, p < 0.05). At 
day 7, 27% of the cells had a principle angle of contraction within 20 degrees of the 
microthread, whereas at day 21, 65% of hPS-CM were contracting within 20 degrees 
of the microthread (n = 17). Utilizing high speed calcium transient data (>300 fps) of 
Fluo-4AM loaded hPS-CM seeded microthreads, conduction velocities significantly 
increased from 3.69 ± 1.76 cm/s at day 7 to 24.26 ± 8.42 cm/s at day 21 (n = 5–6, p 
< 0.05). hPS-CM seeded microthreads exhibited positive expression for connexin 43, a 
gap junction protein, between cells. These data suggest that the fibrin microthread is a 
suitable scaffold for hPS-CM attachment and contraction. In addition, extended culture 
allows cells to contract in the direction of the thread, suggesting alignment of the cells 
in the microthread direction.

Keywords: pluripotent stem cell derived cardiomyocytes, high density mapping, contractile strain, fibrin 
microthreads, cardiovascular regeneration

Introduction

Cardiovascular disease (CVD) continues to be one of the leading causes of death worldwide (1). 
Myocardial infarction, a type of CVD, can develop into heart failure due to the inability for the 
heart to regenerate itself after a massive loss of contractile myocytes. Treatment for heart failure is 
limited with the only clinically acceptable method to regenerate contractile function being a heart 
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transplant. However, due to limited donor availability and the 
potential for immune rejection, a heart transplant is not an ideal 
treatment option (2). Consequently, researchers have investigated 
other therapeutic options for heart failure, such as cellular therapy. 
Many studies have delivered hMSCs (human mesenchymal stem 
cells) to animal infarct models as well as human patients in clinical 
trials; however, there has only been minimal improvement in left 
ventricular function (2, 3). Studies of pluripotent stem cell derived 
cardiomyocytes have shown promise in small animal models to 
improve function via attenuated left ventricular remodeling by 
paracrine effects and improvements in neovascularization (4–7). 
More recent studies using larger animal models have delivered 
human pluripotent stem cell derived cardiomyocytes (hPS-CM) 
to guinea pig (8) and macaque monkey (9) models of infarction 
and have demonstrated the ability to electrically couple to the host 
myocardium and remuscularize portions of the ischemic tissue. 
To deliver the cells to the infarcted tissue, groups traditionally use 
an intramyocardial injections which suffers from low engraftment 
rates (<10%) (10). Many valuable cells are being lost in the delivery 
process and are never able to reach the intended ischemic tissue.

Cardiac tissue engineering has allowed for the creation of a large 
mass of muscle to be used in myocardial regeneration strategies 
(11, 12). Many of the scaffolds used in cardiac tissue engineering 
allow for directed orientation to align cardiomyocytes and improve 
contractility and electrical conduction (13–16). Scaffold free 
techniques using cell sheet technology have the added advantage 
of allowing tissue formations without the use of exogenous 
materials (17, 18). However, many of the structural advantages 
of transplanting hPS-CM in infarct models using a cardiac patch 
or cell sheet are lost due to the formation of collagen interfaces 
between the host and graft tissue which limit the ability for the 
graft cells to migrate into the host tissue (13, 19).

Previously, we have developed a fibrin microthread suture that 
can be used for efficient cell delivery directly to the myocardium 
(20). These fibrin microthreads have been shown to support hMSC 

and C2C12 myoblast attachment and survival as well as direct 
cellular alignment for myoblasts (21). Additionally, previous 
studies have indicated that fibrin is a suitable biomaterial to 
support hPS-CM attachment and contraction (13, 22). However, it 
is unknown whether fibrin microthreads are capable of supporting 
hPS-CM attachment and directing cell functionality. The aim of 
this study is to develop and characterize an hPS-CM seeded fibrin 
suture for future use as a delivery platform for cardiac repair. Here 
we implement strategies to seed hPS-CM onto fibrin microthreads 
and characterize how these cells function on the microthreads and 
understand how their contractile properties may change over time 
in culture.

Materials and Methods

Seeding Platform for hPS-CM Attachment 
to Fibrin Microthreads
Fibrin microthreads were produced as described previously (23). 
Briefly, fibrinogen (70 mg/ml; MP Biomedical) and thrombin (8 
U/ml; Sigma) were coextruded using a blending tip connector in 
a 10 mM HEPES (Calbiochem) buffered bath (pH 7.4). A custom 
built extrusion system was used to extrude microthreads at a flow 
rate of 0.23 mL/min through 0.38 mm polyethylene tubing. After 
extrusion, the microthreads were allowed to polymerize before 
being removed and air dried.

hPS-CM were generated using a previously described directed 
differentiation protocol using activin-A and bone morphogenetic 
protein-4 (4, 24). Cells were cryopreserved as previously reported 
(25), and all cell preparations contained >70% cardiac troponin 
T + cardiomyocytes by flow cytometry. To facilitate hPS-CM 
seeding individual fibrin microthreads were used and adhered in 
groups of three to custom polydimethylsiloxane (PDMS) washers 
(inner diameter: 1.2 cm) using medical grade silicone adhesive 

Figure 1  |  Seeding schematic to seed hPS-CM onto fibrin microthreads. Individual fibrin microthreads are glued to a PDMS washer (A) and then placed over an 
elevated 12mm coverslip (B). A 150µL suspension of cells is pipetted onto the coverslip with the threads for cell seeding.
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(Figure 1A). PDMS constructs with microthreads were placed in 
a six well plate for ethylene oxide (EtO) sterilization. Constructs 
were allowed to de-gas for 24 h after EtO sterilization. Immediately 
before seeding, microthreads were allowed to rehydrate for 20 min 
in dPBS. Thread constructs were then placed over an elevated 12 
mm glass coverslip and coated with ECM protein (fibronectin or 
collagen IV, 10 µg/ml) for 2 h. For hPS-CM seeding, constructs 
were moved to new 12 mm glass coverslip platforms and a 150 
µL cell suspension (1.33 × 106 cells/ml) in aprotinin (50 µg/ml) 
supplemented RPMI-B27 medium was added to the coverslip 
(Figure 1B). Control TCP plates were coated with 0.1% gelatin, 
collagen IV, or fibronectin and were seeded with hPS-CM at a 
density of 150,000 cells/cm2. Cells were allowed to attach for 18 
h in an incubator at 37°C, after which cell seeded microthreads 
were moved to a six well plate with fresh RPMI-B27 medium 
supplemented with aprotinin, medium was changed every 2–3 
days.

Effect of ECM Surface Coatings on hPS-
CM Attachment
To examine the effect of different surface coatings on hPS-CM 
attachment to fibrin microthreads, ECM proteins collagen IV and 
fibronectin were used. After the threads were hydrated and moved 
to an elevated 12 mm coverslip, threads were coated with ECM 
proteins for 2 h after which constructs were moved to another 
elevated 12 mm coverslip for final cell seeding. Cells were seeded 
as described previously. 48 h after seeding, constructs were 
moved to new wells with fresh medium for continued culture, or 
microthreads were prepared for a CyQuant assay. All threads from 
one construct were cut and placed in an eppendorf tube containing 
1 ml of dPBS and the CyQuant assay was run according to the 
manufactures specifications.

Viability of hPS-CM Attachment on Fibrin 
Microthreads
To characterize cell viability a LIVE/DEAD assay (Life Technologies) 
was conducted, according to manufactures recommendations, 
48 h after hPS-CM constructs were seeded. Briefly, medium was 
aspirated and replaced with 1 ml of sterile RPMI containing a 4 µM 
ethidium homodimer-1 and 2 µM calcein-AM working solution 
and plates were incubated at 37C for 15 min. The RPMI solution 
was aspirated and replaced with a 4 µM ethidium homodimer-1 
and 2 µM calcein-AM working solution with Hoechst 33342 
(0.5ug/mL; Life Technologies) and plates were incubated for an 
additional 15 min at 37C. Calcein-AM (green Ex/em 495 nm/515 
nm) is retained within the cytoplasm of living cells, while ethidium 
homodimer-1 (red, Ex/em 495 nm/635 nm) enters dead cells and 
binds nuclear DNA, but is excluded from living cells with intact 
plasma membrane activity. Microthreads were imaged using a Leica 
DMIL inverted microscope.

Capturing Contraction of hPS-CM Seeded 
Microthreads
To record the contraction produced by seeded sutures a LEICA 
DMIL inverted microscope with a Fastec HiSpec4 camera mounted 

to record video at high magnifications. Video was recorded at 60 
frames per second for 25 s at a magnification level of 200x at 4 
different locations along the length of the thread. To determine 
the time course of contraction, microthreads were recorded at days 
7, 14, and 21 post seeding. Collagen IV, fibronectin, and fibrin 
only hPS-CM seeded sutures were analyzed. Parallel control 
experiments were run with hPS-CM plated on fibronectin (10 µg/
ml) and collagen IV (10 µg/ml) coated TCP at a density of 150,000 
cells/cm2. The data was analyzed to calculate average contractile 
strain, maximum contractile strain, and beat frequency using 
high density mapping (HDM), a speckle tracking algorithm, as 
previously described (26). For contractility alignment, the values 
of the principal angle were calculated for zero to peak of E2, for 
each contraction cycle, and were compared to the angle of the 
microthread and the difference between the two was determined. 
Aligned cells were defined as those with an angle differences 
between +/-0–20 degrees. The percent of cells contracting in 
alignment with the microthread was reported for days 7, 14, and 21.

Conduction Velocity Measurements
To measure conduction velocity hPS-CM seeded sutures were 
loaded with Fluo-4 AM (5 µM dissolved in Pluronic F-127 (20% 
solution in DMSO); Invitrogen) and recorded at days 7, 14, and 
21 using a previously defined system (26), within 2 h of dye 
addition. Briefly, a Zeiss AcioObserver.A1 inverted microscope 
with a Hamamatsu Orca Flash 4.0sCMOS camera was used to 
obtain fluorescent videos at greater than 70 frames per second. 
Calcium transient analysis of the individual frames was applied to 
2–3 regions along the thread using a custom MATLAB code that 
determined the average fluorescence intensity change with respect 
to baseline intensity and was reported as ΔF/F0. Calcium transients 
for each region were then plotted together and the frame difference 
between the start frames of each calcium transient cycle for the 
different regions was recorded and the time delay was calculated. 
Next, the distance between the center points of each region was 
calculated using ImageJ. Conduction velocity was then calculated 
by dividing the distance between the regions by the time delay 
between the initiations of the calcium transients and is reported 
in cm/s.

Immunocytochemistry
At day 1, 4, 7, 14, and 21 hPS-CM seeded microthreads were 
fixed in 4% paraformaldehyde for 10 min, rinsed with PBS and 
blocked in 5% goat serum or 1.5% rabbit serum in PBS for 45 min. 
Primary antibodies were applied at a dilution of 1:100 (mouse-
anti-alpha actinin, Abcam; rabbit-anti-connexin-43, Cell Signaling 
Technologies) at 4°C overnight. Cells were incubated for an hour 
in the appropriate secondary antibodies (AF488 anti-mouse 1:400, 
AF568 anti-rabbit 1:400, Invitrogen). Cells were counterstained 
using Hoechst 33342 (0.5ug/mL, Life Technologies) for 5 min. 
Images were obtained using a Leica laser scanning confocal 
microscope.

Alpha-Actinin Fiber Alignment
Confocal images of alpha-actinin stained hPS-CM seed on 
microthreads and TCP were uploaded to ImageJ (NIH) for actinin 
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fiber alignment using OrientationJ. Briefly, each image was split 
into its green channel and each section of fibers were outlined 
and analyzed. Output angle data for each image was averaged and 
compared to the angle of the thread and reported as the difference 
between the thread angle and the average fiber angle.

Statistical Analysis
Statistical analyses were performed using GraphPad Prism 
6 (GraphPad Software, Inc.). Comparisons between seeding 
conditions, alignment data, and conduction velocities were analyzed 
using a one-way ANOVA, with a post-hoc Tukey test for multiple 
comparisons. Comparisons for contractile parameters of hPS-CM 
seeded on different surface coatings (threads and TCP) between 
time points were done using a two-way ANOVA with a Tukey 
post-hoc analysis for multiple comparisons. Comparisons were 
done including all data from threads and TCP, and separately with 
data from just plates groups and just threads groups to elucidate 
differences washed out when all groups across time and culture 
substrates were compared. A Pearson linear correlation coefficient 
was calculated in excel using the PEARSON function to assess the 
strength of correlation between contractile alignment and average 
contractile strain. Cell attachment number, average and maximum 
contractile strain, actinin alignment, and conduction velocity are 
reported as mean ±SEM, frequency data is reported as mean ±SD. 
Significance was considered at p < 0.05.

Results

Collagen IV Coating Improves hPS-CM 
Attachment to Fibrin Microthreads
Fibronectin and collagen IV ECM protein coatings were evaluated 
against fibrin only to determine how ECM protein coating would 
affect hPS-CM attachment. Immunohistochemistry confirmed 
that both fibronectin and collagen IV proteins coatings resulted 
in positive expression of fibronectin and collagen IV on the surface 
of the microthread. Cell attachment was measured and quantified 2 
days post seeding using a CyQuant DNA assay. hPS-CM attachment 
was observed for all conditions, with significantly higher cells 
attached on the collagen IV coated microthreads (n = 3–4, p < 
0.05, Figure 2). Increases in cell attachment and using different 
protein coatings did not appear to affect cell viability as indicated 
qualitatively by a LIVE/DEAD stain (Figure S1).

hPS-CM Exhibit Opposite Temporal Trends 
in Contractile and Maximum Strains When 
Cultured on TCP and Fibrin Microthreads
To examine contractile behavior, average contractile strain and 
maximum contractile strains were evaluated from hPS-CM 
seeded TCP (0.1% gelatin, collagen IV, and fibronectin coated) 
and microthreads (fibrin, fibronectin and collagen IV coated) at 
days 7, 14, and 21 post seeding. On TCP both average contractile 
strains and maximum contractile strains followed similar trends 
such that cells cultured on TCP produced decreased strains over 
21 days. Cells on TCP exhibit a significant decrease in average 
contractile strain over time, beginning at 4.23±0.23% on day 7 

and ending at 3.08±0.19% on day 21 (Figure 3A, n = 18, p < 0.05). 
Maximum contractile strain followed a similar trend; cells on TCP 
had a maximum contractile strain of 17.01±1.07% on day 7, which 
significantly decreased to 11.48±0.99% on day 21 (Figure 3B, n = 
18, p < 0.05). hPS-CM seeded on microthreads increased average 
contractile strain and maximum contractile strain over 21 days. 
At day 7, hPS-CM seeded on microthreads begin at an average 
contractile strain of 3.56±0.22% and increased average contractile 
strain to 4.47±0.29% on day 21 (Figure 3C, n = 18, p < 0.05). In terms 
of maximum contractile strain, hPS-CM seeded on microthreads 
produced a maximum contractile strain on day 7 of 12.70±0.94% 
which significantly increased to a maximum contractile strain of 
17.44±1.09% on day 21 (Figure 3D, n = 18, p < 0.05).

Looking between culture substrate and over time, cells cultured 
on TCP and microthreads exhibited significantly different average 
contractile strains on days 7, 14, and 21, and significantly different 
maximum contractile strains on days 7 and 21 (Figure 4A,B, n 
= 18, p < 0.05). Both average contractile strain and maximum 
contractile strain were higher at day 21 for hPS-CM cultured 
on fibrin microthreads than the strains produced by hPS-CM 
cultured on TCP at day 7. Average contractile strain and maximum 
contractile strain followed similar trends between coating groups, 
on TCP and on microthreads over 21 days (Figure S2).

Contractile Frequency Increases Over 21 
Days for hPS-CM Cultured on TCP and 
Microthreads
Beat frequency was examined to determine if there were any 
changes in beat rate for hPS-CM seeded on microthreads or TCP 
over 21 days (Figure 4C). Frequency significantly increased from 
day 7 to day 21 for both TCP and microthread groups; from 0.83 
± 0.25 Hz to 1.11 ± 0.45 Hz for the TCP group and from 0.84 ± 
0.15 Hz to 1.03 ± 0.19 Hz for the microthread group (n = 18, p < 
0.05). No differences were found between TCP and microthread 
groups for any time points. Frequency was found to increase over 
time for all surface coatings, on microthreads and TCP, with the 

Figure 2  |  Collagen IV ECM coating enhances hPS-CM attachment to 
fibrin microthreads. Fibrin microthreads coated with collagen IV improved 
hPS-CM attachment over fibronectin coated or non-coated fibrin 
microthreads. Mean±SEM. n=3-4, p<0.05.
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exception for the gelatin coated group which decreased between 
day 14 and 21 (Figure S2).

hPS-CM contraction direction becomes 
more aligned with the thread over 21 days 
in culture
  hPS-CM seeded on non-coated, collagen IV and fibronectin 
coated fibrin microthreads were used to examine changes in 
cellular alignment to the fibrin microthreads in terms of direction 
of principal contraction (n = 17–18, Figure 4D). Values reported 
are the percentage of cells that contracted within 0–20 degrees of 
the direction of the fibrin microthread. At day 7 only 27% of cells 
contracted within 20 degrees of the direction the fibrin microthread, 

this increased to 65% by day 21. Additionally, hPS-CM seeded on 
TCP did not exhibit the same trend over 21 days in culture as cells 
had wide ranges of principal contraction angles at all-time points 
indicating that they remained unaligned over 21 days (data not 
shown).

When contractile alignment was plotted together with changes 
in average contractile strain over 21 days there appeared to be 
a linear relationship between contractile alignment and average 
contractile strain for hPS-CM seeded on sutures (Figure S3). A 
Pearson linear correlation coefficient of 0.99 between variables 
was found indicating a strong correlation between increases in 
contractile alignment and average contractile strain. For hPS-CM 
cultured on TCP average contractile strain decreased over 21 days 

Figure 3  |  hPS-CM exhibit opposite trends in contractile and maximum strains when cultured on TCP and fibrin microthreads over 21 days. hPS-CM exhibit a 
significant decrease in contractile (A) and maximum strains (B) when cultured on TCP over 21 days. Conversely, hPS-CM cultured on fibrin microthreads exhibit an 
increase in contractile (C) and maximum strains (D) over 21 days. Mean±SEM for contractile and maximum strain, n=18, —p<0.05. 
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with no major change in alignment as indicated by the flat orange 
trendline in Figure S3 and a Pearson linear correlation coefficient 
of −0.20.

hPS-CM Seeded on Microthreads Increase 
Conduction Velocity Over 21 Days in 
Culture
Using the system previously developed (26) we examined calcium 
transients in terms of conduction velocity of hPS-CM seeded 
on fibrin microthreads. High speed videos of hPS-CM seeded 
on microthreads loaded with Fluo-4 AM dye were analyzed for 
calcium transient intensity over 2–3 regions along the microthread 
to determine conduction velocity at days 7, 14, and 21. Conduction 
velocities significantly increased from 3.69 ± 1.76 cm/s at day 7 to 
24.26 ± 8.42 cm/s at day 21 (Figure 5, n = 5–6, p < 0.05).

hPS-CM Seeded Microthreads Express 
Alpha-Actinin and Connexin 43
Alpha-actinin and connexin 43 staining were utilized to determine 
hPS-CM morphology up to 21 days in culture. hPS-CM were readily 
attached to microthreads at all-time points and exhibited positive 

Figure 4  |  hPS-CM exhibit significantly higher contractile and maximum strains when cultured on fibrin microthread compared to TCP by 21 days with increases 
in frequency and alignment over time. hPS-CM cultured on fibrin microthreads (A) exhibit significantly different contractile strains, at all-time points, and maximum 
strains, at days 7 and 21, than cells cultured on TCP (B). hPS-CM significantly increased beat frequency between day 7 and day 21 for both culture conditions (C). 
Over 21 days in culture a higher percentage of hPS-CM contract in the same direction (within 20 degrees) as the microthread (D). Mean±SEM for average 
contractile and maximum strain, Mean±SD for frequency, n=18 [n=17 for day 21 (D)],—p<0.05.

Figure 5  |  Conduction velocity of hPS-CM seeded sutures. High speed 
videos of Fluo-4 loaded hPS-CM seeded on fibrin microthreads were 
analyzed for calcium transient intensity over different regions along the 
microthread. Conduction velocities were found to significantly increase over 
21 days in culture. Mean±SEM, n=5-6, -p<0.05.
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alpha-actinin and connexin 43 staining (Figure  6). Cells were 
less elongated at the earlier time points (1 and 4 days). By day 7 
cells had begun to elongate along the direction of the microthread 
and exhibited more organized sarcomere structure. Quantifying 
alignment demonstrated that hPS-CM at day 7 were aligned within 
13.7 ± 6.2 degrees to the thread, compared to 11.7 ± 5.8 and 8.0 ± 
1.1 degrees on days 14 and 21, respectively (n = 4–27 images, NS, 
Figure S4). Cells on TCP exhibited no dominate fiber alignment as 
indicated by a range of fiber angles from −86.6 to 86.4 degrees (n = 43 
cell regions, data not shown) Cells demonstrated positive connexin 43 
staining; however, at all-time points the staining was diffuse through 
the cells with no evidence of organization and polarization to the 
intercalated disks (Figure 7).

Discussion

The goals of this study were to define the seeding conditions and time 
to obtain a contractile hPS-CM seeded microthread and characterize 
the cells contractile behavior when seeded on the microthreads. By 
obtaining a contractile cardiomyocyte microthread the microthreads 
can be attached to a suture needle in such a way that allows for targeted 
cell delivery to cardiac tissue. This study did not examine cell delivery 

to cardiac tissue via the microthreads, however previous work in our 
lab has suggested the feasibility of efficient and directed microthread 
based cell delivery (20). This cell delivery platform could provide an 
improved cell delivery method for regenerative medicine strategies 
seeking to treat heart failure. In this work, different ECM surface 
coatings were used to improve cell attachment. Fibronectin and 
collagen IV were chosen due to their presence in cardiac basement 
membrane. Additionally, other studies seeding hPS-CM on various 
substrates have demonstrated successful hPS-CM attachment using 
fibronectin and collagen IV coatings (27, 28). hPS-CM attached with 
higher quantities to collagen IV coated microthreads two days after 
seeding. All conditions did allow hPS-CM attachment, suggesting that 
hPS-CM preferentially attached to collagen IV coated microthreads, 
but a protein coating is not necessary to obtain hPS-CM attachment 
on fibrin microthreads. Qualitatively, protein coatings did not affect 
cell viability as the majority of cells attached were found to be viable 
for all conditions.

In regards to contractility, hPS-CM seeded on microthreads 
began to contract within 7 days after seeding and cell contraction 
was observed for all conditions. Beat frequency increased over 21 
days for hPS-CM seeded on microthreads and on TCP to above 1 Hz, 
a similar finding to other groups (29, 30). Average contractile strain 
and maximum contractile strain was found to increase over 21 days 

Figure 6   |  hPS-CM seeded onto fibrin microthreads express alpha-actinin and connexin 43. hPS-CM seeded onto tissue culture plastic (A) and collagen IV 
coated fibrin microthreads express alpha-actinin and connexin 43 proteins at days 1 (B), 4 (C), 7 (D), 14 (E), and 21 (F) in culture. Cells seeded on tissue culture 
plastic exhibit no dominant alignment. Cells at later time points are more aligned along the length of the fibrin microthread.
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for hPS-CM seeded on microthreads. These values, at all-time points, 
were significantly different than the average contractile strain and 
maximum contractile strain produced by hPS-CM on TCP, which 
were found to decrease over 21 days. Maximum contractile strains 
produced by hPS-CM on the microthreads near the 19% strain that is 
produced by adult human myocardium (31). Other tissue engineered 
constructs, such as the engineered heart tissue created by Eng et al. 
have demonstrated strains upwards of 17%, although these tissues 
needed to be electrically stimulated to produce higher strains where 
the unstimulated controls only produced strains of 10% (30).

Cardiomyocytes exist in an environment that requires them to 
be highly aligned and organized to produce efficient contractions. 
Previous studies have suggested the ability for fibrin microthreads 
to direct cell orientation along the microthread (21). In order to 

investigate the relationship of alignment with strain changes over 
time we sought to quantify cell alignment to determine the effect 
cell alignment may have had on changes in strain. Within a given 
layer of healthy myocardium, cardiomyocytes are aligned within 
13 degrees of each other (32). The same would be expected of hPS 
derived cardiomyocytes for efficient contraction of the heart.

We demonstrated that over 21 days in culture the direction 
of cell contraction was more aligned along thread. Additionally, 
alignment was confirmed by immunohistochemical stains as cells 
aligned more closely to the thread over 21 days with a final alignment 
within 8 degrees of the thread. Studies in two and three dimensions 
have demonstrated the importance of cardiomyocyte alignment on 
improving contractility compared to unaligned controls (15, 33). As 
average contractile strains and maximum contractile strains increased 

Figure 7   |  Representative images of Connexin 43 at day 21. Connexin 43 expression of hPS-CM were seeded onto fibrin microthreads at day 21 (A,B) does not 
mimic the end to end localization of Connexin 43 expression expected for ventricular myocytes (C).
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over 21 days for hPS-CM seeded on microthreads, this would suggest 
that these cells are able to produce higher strains because they are 
contracting in a direction more aligned with the microthreads. No 
principal contraction alignment was found for cells cultured on TCP, 
which may explain the decrease in strains produced by these cells over 
time. A study by Khan et al. demonstrated that hPS-CM cultured on 
a polylactide-co-glycolide nanofiber scaffold improved alignment and 
function compared to hPS-CM cultured on tissue culture plastic. 
These results supports the findings here where hPS-CM cultured 
on a fibrin microthread scaffold also influenced and improved cell 
alignment and function (34).

Conduction velocity in ventricular myocardial tissue is 
approximately 50cm/s (35, 36). Here, using calcium transient analysis 
we demonstrated conduction velocities that began at 3.7 cm/s on day 
7, increasing by day 21 to a mean of 24.2 cm/s with some microthreads 
demonstrating conduction velocities reaching 46.3 cm/s. Not only 
do these conduction velocities near that of human myocardium, but 
increasing conduction velocities over time would suggest that this 
increase may be due to the higher alignment of hPS-CM over time. 
Other studies have indicated a similar trend in conduction velocities 
where aligned cultures of cardiomyocytes demonstrated a 1.6 increase 
in conduction velocity (37).

Alignment may not be the only contribution to changes 
in strain over time; substrate stiffness may also play a role in 
how much strain the cells can produce. While alignment may 
be driving an increase in contractile strain it is possible that 
substrate stiffness plays a role. Hydrated fibrin microthreads have 
a modulus value around 2.2 MPa (21) whereas tissue culture 
plastic has a modulus value on the gigapascal range (38) which is 
significantly stiffer than human myocardial tissue, which can range 
in stiffness from 20 to 500kPa (39). It has been demonstrated that 
increased cell functionality may be a function of both substrate 
stiffness and alignment (40–43). McDevitt et al. demonstrated 
that cardiomyocytes patterned on glass coverslips lost their 
alignment over 10 days in culture suggesting that the stiff glass 
substrate is unfavorable to cardiomyocytes even though they had 
originally been patterned in an aligned manner (42). Ribeiro 
et al. used matrigel micropatterns on physiologically relevant 
degrees of stiffness to constrain hPS-CMs into rectangular shapes 
that follow a physiological 7:1 aspect ratio (33). These patterned 
hPS-CM were capable of producing higher contractile forces 
and improved myofibril alignment. The studies by McDevitt and 
Ribeiro were done on glass coverslips, however cardiomyocytes 
exist in a 3D environment and thus it is important to consider the 
effects of alignment and stiffness in an environment that better 
mimics myocardium. Chrobak et al. examined cardiomyocyte 
function using an unaligned fibrin gel with a modulus of 
approximately 0.25 kPa (44). They demonstrated contractile 
strains decreased over time suggesting that in a soft unaligned 
environment cardiomyocytes are unable to increase strains over 
time. Black et al. demonstrated that an aligned cardiomyocyte 
populated fibrin gel was capable of increased twitch forces at 2 
weeks in culture over unaligned controls (45). These results, in 
conjunction with the data presented here, suggest that neither an 
unaligned soft substrate or an aligned stiff substrate are enough 
to improve cardiomyocyte function, but that a soft substrate that 
promotes alignment may be ideal for cardiomyocyte function.

When hPS-CM were seeded onto collagen IV coated tissue 
TCP, cells retained their contractile nature, but lacked a rod 
like phenotype with the organized sarcomere structure expected 
of mature cardiomyocyte. Connexin 43 is a protein found in 
cardiac connexons, which make up gap junctions that connect 
cardiomyocytes. To facilitate cardiac conduction, gap junctions 
are organized end-to-end at the intercalated disks within cardiac 
tissue. Qualitatively, no organizational differences in connexin 
43 staining was found for hPS-CM seeded on TCP or fibrin 
microthreads at any time points. However, we demonstrated 
that conduction velocity increased over 21 days, yet connexin 
43 expression did not appear to be more localized by 21 days. 
Studies have shown that increases in conduction velocity may 
not be solely connexin 43 dependent. Cardiac conduction 
can be determined by several factors including membrane 
excitability, intercellular coupling, as well as the size, shape and 
orientation of the cardiomyocytes (46, 47). de Boer et al. utilized 
a geometrically defined culture of immature cardiomyocytes and 
demonstrated that β-adrenergic induced increases in conduction 
velocity were due to changes in the intrinsic excitability of the 
cardiomyocytes and not alterations in gap junctional coupling. In 
adult mice with induced deletion of connexin 43, a 50% decrease 
in connexin 43 protein did not have any impact on conduction 
velocity (48). In a similar study, a 50% decrease in Scn5a, a gene 
that encodes sodium channel Nav1.5, demonstrated reduction 
in conduction velocity (49). To examine this phenomenon at 
the cellular level strands of neonatal cardiac myocytes with a 
43% reduction in connexin 43 levels demonstrated no significant 
decrease in conduction velocity, but did demonstrate a significant 
increase in the action potential upstroke suggesting an increase 
in sodium channels. The data presented in these studies suggest 
that an increase in membrane excitability, plays an important 
role in conduction velocity. While not directly explored here, it 
is possible that connexin 43 localization was not the main driver 
for the increase in conduction velocity and that increases in 
membrane excitability and alignment have a role.

However, it is still important to note that many of these 
differences in alpha-actinin and connexin 43 organization and 
localization can be attributed to the immature phenotype of 
hPS-CM (50). This suggests that further steps will be necessary for 
enhanced maturation of connexin 43 localization and sarcomere 
organization of hPS-CM even given a substrate that promotes 
cell alignment. Others have shown that extended culture, as 
well incorporating electrical and mechanical stimulation can 
provide the cues necessary to impart maturation leading to 
improvements in cardiomyocytes functionality (50–53).

These findings suggest that hPS-CM are capable of attaching 
to fibrin microthreads, however a collagen IV protein coating 
improves hPS-CM attachment to fibrin microthreads. Additionally, 
hPS-CM were able to contract and align to the microthreads over 
21 days in culture. By day 14 cell seeded microthreads were 
contracting at a frequency approaching that of a human heart 
and were producing strains nearing those produced by human 
myocardium. One of the limiting factors regenerative therapies 
for cardiac disease face is the inability to efficiently deliver cells 
to the area of damage. Many studies transplanting hPS-CM to 
diseased cardiac tissue have done so using a cardiac patch or cell 
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The creation of living heart valve replacements via tissue engineering is actively being

pursued by many research groups. Numerous strategies have been described, aimed

either at culturing autologous living valves in a bioreactor (in vitro) or inducing endogenous

regeneration by the host via resorbable scaffolds (in situ). Whereas a lot of effort is being

invested in the optimization of heart valve scaffold parameters and culturing conditions,

the pathophysiological in vivo remodeling processes to which tissue-engineered heart

valves are subjected upon implantation have been largely under-investigated. This is

partly due to the unavailability of suitable immunohistochemical tools specific to sheep,

which serves as the gold standard animal model in translational research on heart

valve replacements. Therefore, the goal of this study was to comprise and validate

a comprehensive sheep-specific panel of antibodies for the immunohistochemical

analysis of tissue-engineered heart valve explants. For the selection of our panel we

took inspiration from previous histopathological studies describing the morphology,

extracellular matrix composition and cellular composition of native human heart

valves throughout development and adult stages. Moreover, we included a range of

immunological markers, which are particularly relevant to assess the host inflammatory

response evoked by the implanted heart valve. The markers specifically identifying

extracellular matrix components and cell phenotypes were tested on formalin-fixed

paraffin-embedded sections of native sheep aortic valves. Markers for inflammation and

apoptosis were tested on ovine spleen and kidney tissues. Taken together, this panel of

antibodies could serve as a tool to study the spatiotemporal expression of proteins in

remodeling tissue-engineered heart valves after implantation in a sheep model, thereby

contributing to our understanding of the in vivo processes which ultimately determine

long-term success or failure of tissue-engineered heart valves.

Keywords: immunohistochemistry, ovine antibodies, cardiovascular tissue engineering, elastogenesis,

inflammation, macrophages, valvular interstitial cells, extracellular matrix
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INTRODUCTION

Valvular heart disease is a major health problem. Heart valve
tissue engineering (TE) strategies aim to create autologous, living
heart valves with the potential for growth and remodeling to
replace the malfunctioning heart valve. Since approximately two
decades ago, several TE strategies have been actively pursued to
create living heart valve replacements in vitro, using a variety
of cell sources, scaffold types and fabrication methods (1–11).
Alternative to the traditional in vitro TE paradigm, in situ TE
strategies are being developed, using acellular, readily-available
scaffolds which are designed to induce endogenous tissue
regeneration directly at the valve’s functional site (12–14). In
situ TE scaffolds include natural matrices, such as decellularized
allografts (15–18) or de novo engineered and decellularized heart
valves (19–23), or resorbable synthetic heart valves (24, 25).

For all heart valve TE strategies, the main challenge lies in
the functional, and eventually homeostatic integration of the TE
valve into the body. In particular, mimicking the sophisticated tri-
layered structure of the native valve, including a well-organized
anisotropic collagen and elastin network populated with
quiescent valvular interstitial cells (VICs), requires a thorough
understanding of valvular developmental and biomechanical
remodeling processes (26, 27). Moreover, the host immune
response evoked by a TE heart valve after implantation is perhaps
the most crucial determinant of successful valve integration. This
is even more important for in situ TE strategies, which rely on
triggering a favorable inflammatory response upon implantation
in order to induce a regenerative cascade (13, 28, 29).

In general, any implanted device (whether or not cellular)

will induce an inflammatory response by the host. This response

occurs as a cascade of events, ignited by disruption of the tissue

structure and cell damage due to the implantation procedure

(30). At the very early stages of implantation, blood-biomaterial

interactions lead to the adsorption of endogenous proteins from
blood to the biomaterial surface. Following this provisional

matrix formation and within the first days after implantation,

acute inflammation occurs with an immediate influx of innate
immune cells, mostly neutrophils and monocytes. In later

stages, chronic inflammation develops as inflammatory stimuli

persist at the implant side, with phagocytic macrophages and
multinucleated giant cells controlling the microenvironment

in cross-talk with lymphocytes. Tissue producing cells such
as endothelial cells, fibroblasts, and various (circulating) stem
and progenitor cells of both mesenchymal and hematopoietic
origin, produce an extracellular matrix (ECM) and account
for remodeling as in the cascade of normal wound healing.
Depending on the implant properties and the host’s immune
tissue responses, these may lead to either functional regenerated
tissue or pathological fibrotic repair (13, 28). In addition,
in case of a TE heart valve prosthesis, healing outcome is
influenced by the direct exposure to the blood stream and the
resulting hemodynamic loads. However, although some of these
immunological events have been experimentally demonstrated
for in situ TE blood vessel prostheses (31, 32), specific
information regarding these immunological processes for TE
heart valves is sparse.

Heart valve TE research has predominantly focused on
optimizing valvular graft design and in vitro culture protocols
(6–11, 33), and relatively little mechanistic data is available
regarding the in vivo biological events that drive remodeling
and integration of TE valves after implantation (34). In vivo
testing of heart valves is typically performed in sheep, as this
is the FDA-approved animal model for preclinical evaluation
of heart valves. The heart valves of sheep resemble those of
humans in terms of mechanical properties and hemodynamic
flow parameters (35). Furthermore, sheep develop relatively
rapidly, thus the growth and remodeling processes to which heart
valves are subjected within several months in juvenile sheep,
take several years to develop in patients (36). Finally, due to
the enhanced calcium metabolism in sheep, the sheep represent
the “worst-case-scenario” in terms of valvular calcification (37,
38). For the bulk of in vivo studies using TE heart valves,
explant analysis is focused on valve functionality, overall tissue
composition and mechanical properties. However, there is an
imminent need for mechanistic studies to unravel the biological
processes underlying in vivo valve integration and remodeling in
terms of cellular infiltration and phenotypical characterization,
immunological processes, tissue formation/organization, and
valve development (34).

So far, a detailed spatiotemporal characterization of cellular
phenotypes and tissue remodeling is lacking due to the
limited commercially available sheep-specific antibodies for
immunohistochemistry. Therefore, the goal of this study was to
develop a comprehensive sheep-(cross) reactive marker panel of
antibodies to assess the inflammatory and regenerative processes
in TE heart valves. Based on previous studies on the composition
of native human heart valves throughout development and
adult stages (39–42), the panel includes antibodies to study
ECM composition, elastogenesis, VIC phenotypes, endothelial
cells (ECs), proliferation/apoptosis, and inflammation. These
antibodies were tested against paraffin sections of native ovine
aortic valve tissue. Markers for inflammatory cells and apoptosis
were tested on ovine spleen and kidney tissue.

METHODS

Sheep Tissue
The desired control tissues (aortic heart valve, kidney) were
collected from two juvenile sheep (female, Swifter, 1 year old).
Additionally, the spleen of a juvenile sheep (female, Swifter, 1
year old) diagnosed with endocarditis was collected to study
the inflammatory markers. The ovine tissues from these three
sheep were discarded tissues from synthetic pulmonary heart
valve replacement experiments. This study was carried out in
accordance with local and national regulations, approved by
the animal ethics committee of the University Medical Center
Utrecht. Also, ovine pulmonary valves were obtained from
the slaughterhouse. All tissues were immediately fixed in 4%
paraformaldehyde for 24 h at 4◦C. After fixation the tissues
were embedded in paraffin, sectioned with a thickness of 5µm,
applied to a poly-lysine coated slide (Thermo Scientific), and
dried overnight in a 37◦C incubator.
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All antibodies for valve-related proteins (i.e., ECM-related
proteins, proteins involved in elastogenesis, and VIC markers)
were validated on the ovine aortic valves (n = 2) and
ovine pulmonary valve leaflets (n = 2). The antibodies for
inflammatory proteins were validated on the ovine spleen tissue,
representing a tissue with a well-known composition of immune
cells.

Human Tissue
Cryopreserved human aortic and pulmonary valves were
obtained from a Dutch postmortem donor (male; 38 years old),
giving permission for research according to national ethical and
regulatory guidelines. This study was carried out in accordance
with the recommendations of ETB-BISLIFE, divisionHeart Valve
Bank (Beverwijk, the Netherlands), and was conducted conform
the principles outlined in the Declaration of Helsinki. The valves
were obtained from ETB-BISLIFE, division Heart Valve Bank
and were used in a previous study by our research group,
aimed at investigating the histopathological and mechanical
properties of human heart valves during various stages of life
(40). The valves were assessed to be unfit for implantation due
to findings that contra-indicated implantation, consisting among
others of positive bacteriological sampling, serological findings
in the donor and other procedural non-conformities that caused
rejection of the donor (e.g., sexual risk behavior and/or risk in
drug abuse). The cause of death was not related to valvular disease
or condition known to precede valvular disease and both valves
were structurally andmechanically unaffected. After thawing, the
tissue was fixed overnight in 4% paraformaldehyde, processed,
and subsequently embedded in paraffin to prepare sections with
a thickness of 10µm.

Histology
Tissue slides were deparaffinized in xylene and rehydrated
in a graded series of ethanol. A modified Russell-Movat
pentachrome stain (43) was performed to visualize overall
tissue composition and organization (American MasterTech).
ECM components, including collagen (yellow), elastin (black)
and glycosaminoglycan/proteoglycans (GAGs; green-blue) were
detected as well as cell nuclei (dark-blue/purple) and fibrin
(red). Weigert’s Iron Hematoxylin (Sigma) and Eosin (Sigma)
staining was performed to reveal distinct compartments of spleen
tissue.

Immunohistochemistry
After deparaffinization, antigen retrieval was performed,
depending on the used primary antibody (Table 1). For heat-
mediated antigen retrieval, the tissue slides were heated in
a 96◦C water bath for 20min in modified citrate buffer (pH
6.1, DAKO) or TRIS-EDTA buffer (pH 9.0, DAKO). After
heating, slides were slowly cooled down to room temperature
(45min). For enzymatic antigen retrieval, 0.05% pepsin (Sigma)
in 10mM HCl or 0.6 U/ml Proteinase K (Sigma, in 50mM Tris
Base, 1mM EDTA, 0.5% Triton X-100, pH 8.0) was applied
to the tissue slides for 12min at 37◦C. Nonspecific binding
was blocked by either goat serum (Invitrogen) or horse serum
(Life Technologies) in 1% bovine serum albumin (BSA; Sigma)

in phosphate-buffered saline (PBS; Sigma)/0.05% Tween-20
(Merck) for 2 h at room temperature. Primary antibodies were
prepared in the optimized concentrations (see Table 1) in
1:10 diluted blocking solution. Tissue slides were incubated
overnight at 4◦C and thereafter washed with PBS/tween-20.
The applied secondary antibodies were either goat-anti-rabbit
antibody (DAKO) or horse-anti-mouse antibody (DAKO),
both labeled with biotin and diluted 1:500 in PBS/Tween-20.
After 2 h of incubation at room temperature the sections were
washed with TRIS-buffered saline (TBS)/tween-20. To enhance
staining, an ABC-alkaline phosphatase kit (Vector laboratories,
VECTASTAIN R© ABC-AP Staining Kit) was used for 1 h at
room temperature, according to the manufacturer’s guidelines.
After washing with TBS/tween-20, the slides were exposed
to SIGMA FASTTM BCIP/NBT (5-Bromo-4-chloro-3-indolyl
phosphate/Nitro blue tetrazolium, pH 9.5; Sigma) for 5–30min
(depending on the intensity of the staining, which was assessed
by light microscopy). For counterstaining of cells, nuclear fast
red (Sigma) was applied for 3min. The sections then were
dehydrated and mounted in Entellan (Merck). Negative controls
were generated with the same procedure omitting the primary
antibody during the first incubation.

Imaging and Representation
Light microscopy images and tile scans were acquired and
documented with a Zeiss Axio Observer Z1 microscope using
Zeiss ZEN software. The tile scans of one of the ovine aortic
valves are displayed as representative samples for all valves tested.
To provide a concise semi-quantitative overview of protein
expression in the ovine valves, the protein expression was scored
(scale 0–4; no expression—high expression, respectively) per
region in the valve (arterial wall, hinge region, belly, and free
edge of the leaflet) and per valvular layer (fibrosa, spongiosa, and
ventricularis).

RESULTS

Human and Sheep Heart Valve
Histopathology
Russell-Movat pentachrome staining reveals comparable
structure and gross morphology for human and ovine aortic
and pulmonary heart valve leaflets, with collagen on the outflow
side (fibrosa), elastin on the inflow side (ventricularis) and
soluble proteoglycans and glycoproteins in the interstitial layer
(spongiosa) (Figure 1). In the sheep valves, the transition
from one tissue layer to the other is highly delineated, while
in human the layers merge into each other. Toward the free
edge of the leaflet, the stratification in the both human and
ovine leaflets becomes less pronounced and is no longer
observable at the leaflet tip. For both the pulmonary and
aortic valves, the ovine leaflets are visibly more cellularized
when compared to the human leaflets. Elastin expression
shows a remarkable difference in amount and network
organization, with a distinct, multi-layered elastic network in
the human leaflets, compared to only a few fibers in the sheep
leaflets.
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TABLE 1 | Antibodies used for immunohistochemistry.

Antibody Host Clone Distributor Cat. No. Antigen retrieval Dilution

ECM

Collagen type 1 Mouse Col-1, IgG1 Sigma C2456 Citrate 200

Collagen type 3 Rabbit Polyclonal Abcam Ab7778 Pepsin 250

Periostin Rabbit Polyclonal n.a. n.a. Citrate 500

Versican Rabbit Polyclonal Abcam Ab6994 Proteinase K 200

Biglycan Rabbit Polyclonal Biorbyt orb100396 Pepsin 150

Decorin Rabbit Polyclonal Biorbyt orb10520 Tris/EDTA 150

MMP-1 Rabbit EP1247Y, IgG Abcam ab52631 Citrate 200

MMP-2 Mouse 6E3F8, IgG2b Abcam ab86607 Proteinase K 400

MMP-9 Rabbit Polyclonal Abcam ab38898 Citrate 200

MMP-13 Rabbit Polyclonal Abcam ab39012 Citrate 200

TGF-β1 Rabbit Polyclonal Abcam ab9758 Citrate 500

TGF-β3 Rabbit Polyclonal Novus Biologicals NB600-1531 Citrate 400

ELASTOGENESIS

(Tropo)elastin Rabbit Polyclonal Abcam ab21610 Pepsin 400

Fibronectin Rabbit Polyclonal Sigma F3648 Pepsin 300

Fibrillin-1 Rabbit Polyclonal Sigma HPA017759 Pepsin 100

Fibrillin-2 Rabbit Polyclonal Sigma HPA012853 Pepsin 100

Lysil oxidase (LOX) Rabbit Polyclonal Novus Biologicals NB100-2530 Tris/EDTA 200

Fibulin-4 Rabbit Polyclonal Abonline abin1701235 Pepsin 200

Fibulin-5 Mouse 3F10A5, IgG1 Abonline abin1107239 Proteinase K 100

EMILIN-1 Rabbit Polyclonal Biorbyt orb183385 Pepsin 200

VICs

α-SMA Rabbit Polyclonal Abcam ab5694 Pepsin/citrate 600

Vimentin Rabbit D21H3, IgG Cell Signalling 5741 Citrate 300

SM22 Rabbit Polyclonal Abcam ab14106 Citrate 200

Calponin Rabbit Polyclonal Abcam ab46794 Pepsin 150

Cadherin-11 Rabbit Polyclonal Thermo Scientific 71-7600 Citrate 100

SMemB Mouse 3H2, IgG2b Abcam ab684 Tris/EDTA 200

VECs

CD31 (PECAM-1) Mouse CO.3E-1D4,

IgG2a

Novus Biologicals NB100-65900 Pepsin 100

CD34 Rabbit EP373Y, IgG Abcam ab81289 Tris/EDTA 200

VE-Cadherin Rabbit Polyclonal Abcam ab33168 Citrate 200

von Willebrand

factor

Rabbit Polyclonal Abcam ab6994 Citrate 1200

PROLIFERATION/APOPTOSIS

Ki-67 Rabbit Polyclonal Thermo Scientific rb1510-PO Citrate 200

Cleaved Caspase-3 Rabbit Polyclonal Cell Signalling 9661 Citrate 200

CALCIFICATION

Osteocalcin Rabbit Polyclonal Abcam ab93876 Tris/EDTA 200

INFLAMMATION

CD45 Mouse 1.11.32, IgG1 AbD-serotec MCA2220GA None 1000

CD3 Rabbit Polyclonal DAKO A0452 Tris/EDTA 200

CD64 Mouse 3D3, IgG1 Abcam ab140779 Citrate 200

CSF-1R (CD115) Rabbit Polyclonal Abonline abin498117 Citrate 200

EMR-1 Rabbit Polyclonal Gene Tex GTX101895 Tris/EDTA 500

iNOS Rabbit Polyclonal Abcam ab3523 Citrate 400

(Continued)
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TABLE 1 | Continued

Antibody Host Clone Distributor Cat. No. Antigen retrieval Dilution

CCR7 (CD197) Rabbit Polyclonal Abcam ab32527 Citrate 1200

TNF-a Rabbit Polyclonal Acris AP20373PU-n Citrate 300

CD163 Mouse EdHu-1, IgG1 AbD-serotec mca1853 Citrate 250

CD200R Rabbit Polyclonal Abonline Abin737586 Citrate 200

Arginase-1 Rabbit Polyclonal Bioss bs-8585R-Biotin Citrate 500

IL-10 Rabbit Polyclonal Biorbyt orb221323 Citrate 200

CXCR4 (CD184) Mouse 44716, IgG2b RnD systems MAB172 Citrate 500

CD44 Rabbit Polyclonal Abcam ab24504 Citrate 250

MMP, matrix metalloproteinase; TGF-β, transforming growth factor-β; EMILIN-1, elastin microfibril interfacer 1; α-SMA, α-smooth muscle actin; CSF-1R, colony stimulating factor-

1 receptor; EMR-1, EGF-like module-containing mucin-like hormone receptor-like 1; iNOS, inducible nitric oxide synthase; TNF-α, tumor necrosis factor-α; IL-10, interleukin-10:

VE-cadherin, vascular endothelial cadherin

FIGURE 1 | Ovine vs. human heart valves. Russell Movat’s pentachrome staining on the sheep aortic valve (AV) and pulmonary valve (PV) (left panel) and their

human counterparts (right panel). The images represent sections of the valvular leaflet in the belly region. The valvular layers are indicated in each valve (f, fibrosa; s,

spongiosa; v, ventricularis). Scale bars, 200µm.

ECM Remodeling
The staining patterns of the major ECM (-related) proteins,
including collagen type I and III and protegolycans as well
as matrix metalloproteinases (MMPs) and transforming growth
factor-β (TGF-β) was analyzed in the ovine aortic valve leaflets (n
= 2) and pulmonary valve leaflets (n = 2). All valves displayed
similar staining patterns. Figures 2, 3 display the representative
tile scans of protein expression in one of the aortic valves.
Negative control sections for all tested antibodies, in which the
primary antibody was omitted, revealed no background signal
(not shown).

Collagen type I is mainly present in the fibrosal layer in a
punctuated pattern indicative of the circumferential orientation
of the fibers (Figure 2, top panel). It is also present within
the loose connective tissue. Collagen type III expression is
overlapping with collagen type I in the fibrosa, but is also
present in the spongiosa, endothelial layer, andmicrovasculature.

Periostin is observed in the hinge region, fibrosa, aortic wall,
andmicrovasculature, and is increasingly expressed by interstitial
cells toward the free edge of the valve leaflet. Expression
of the tested proteoglycans reveals a dispersed distribution
of versican throughout the leaflet, as well as connective
tissue, microvasculature and cardiac muscle (Figure 2, bottom
panel). Biglycan shows an overall weak staining, mainly in
the ventricularis. Decorin is predominantly expressed in the
spongiosa, with most pronounced expression in the tip and hinge
regions.

Matrix metalloproteinases-1 (MMP-1) is predominantly
distributed through the spongiosa and is expressed in the
microvasculature of the base of the leaflet (Figure 3). MMP-
13 is highly present in the spongiosa and ventricularis, the
hinge region and the connective tissue. MMP-2 is expressed
as an abundant cellular staining throughout the leaflet layers,
aorta and microvasculature. MMP-9 is observed in hinge cells
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TABLE 2 | Summary of protein expression in the ovine aortic valve; categorized per region (aorta, leaflet hinge, belly, and free edge), or per leaflet layer (fibrosa,

spongiosa, ventricularis).

Aorta Hinge Belly Free edge Fibr. Spon. Ventr.

E
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Collagen I

Collagen III
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E
la
s
to
g
e
n
e
s
is

Elastin

Fibronectin

Fibrillin-1

Fibrillin-2

Fibulin-4
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SM22
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No expression

High expression

and sparsely in cells within the ventricularis. TGFβ1 is strongly
expressed in the smooth muscle cell layer of the aortic wall and
microvasculature, but not in the valve leaflet, while TGFβ3 shows
only a weak staining in the aortic wall (Figure 3).

Elastic Network
Movat’s shows abundant deposition of elastin in the aortic
wall and a weaker staining in the leaflet ventricularis.
Selected antibodies to assess elastin-related proteins include
(tropo)elastin, fibrillins, fibulins, and cross-linking proteins
(Figure 4). (Tropo)elastin is abundant in the ventricularis,
but also the endothelial layers and spongiosa are positively
stained. Fibronectin is present in all leaflet layers cells, with the
most pronounced expression in the fibrosa and ventricularis.
Fibrillins (FBN)−1 and−2 are expressed in the spongiosa and

the ventricularis. These patterns are mostly overlapping, except
for the strong FBN-2 staining in the tip of the leaflet. FBN-2
staining is restricted to the leaflet, while for FBN-1 the heart
connective tissue is positive as well. Lysyl oxidase (LOX) exhibits
only a mild expression in the ventricularis, while an overall
strong staining pattern in the aorta and cardiac muscle tissue
is found. Fibulin-4 exhibits strong staining of the ventricularis,
as well as the aortic wall, heart tissue, and endothelial cells. For
fibulin-5, on the other hand, a mild staining of the spongiosa
and ventricularis is observed, in addition to positive staining
of VICs in the tip of the leaflet and the endothelial cells of
mainly the aorta. Elastin microfibril interfacer 1 (EMILIN-1)
is very weakly present in the ventricularis and spongiosa,
as compared to a stronger expression in the heart muscle
tissue.
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FIGURE 2 | Collagens and proteoglycans. Tile scans of sheep aortic valve sections with the leaflet hinge (h), the free edge (f.e.), the aorta (Ao), and the three valvular

layers (f, fibrosa; s, spongiosa; v, ventricularis) as indicated (top left). Valves were stained with antibodies against collagen type 1 (Col 1), collagen type 3 (Col 3), and

periostin (top panel), and the proteoglycans versican, biglycan, and decorin (bottom panel). Scale bars, 1mm.

Valvular Interstitial Cells
To characterize VIC phenotypes, several smooth muscle and

mesenchymal markers are included in the antibody panel

(Figure 5). The intermediate filament vimentin shows extensive
staining in almost all cells in the leaflet, with particularly

abundant presence of vimentin-positive cell in the tip of the
leaflet. On the other hand, the valve leaflet contains only a very

limited number of alpha-smooth muscle actin (α-SMA) positive

cells below the endothelial layer on the ventricularis side of
the leaflet. In contrast, the smooth muscle cells (SMCs) of the

aortic wall and microvasculature are highly positive for α-SMA.
Another marker for mature differentiated SMCs, SM22, strongly
stains the aortic wall, heart muscle cells, microvasculature, and
connective tissue. In the leaflet, SM22 displays a similar staining
pattern as vimentin. The calponin antibody stains mainly the
aortic SMCs, the microvasculature, and the cells in the fibrosa
and tip of the leaflet. Cadherin-11 (as mesenchymal marker for
VICs) is expressed in VICs throughout the leaflet, but especially

in the ventricularis. Additionally, this antibody stains cells of the
aorta and microvasculature and shows expression in the heart
muscle. Non-muscle myosin heavy chain (SMemB), produced
by activated mesenchymal cells, stains the VICs throughout the
leaflet, the endothelial lining, as well as the cells of the aorta.

Endothelial Cells
CD31, CD34, von Willebrand factor (vWF), and vascular
endothelial cadherin (VE-cadherin; CD144) were used to assess
the endothelial cell function (Figure 6). All studiedmarkers show
expression in the aortic endothelial cells. CD31 specifically stains
all endothelial cells of the valvular leaflet, while CD34, VE-
cadherin, and vWF have differential expression in the endothelial
cells on the ventricular side of the leaflet. CD34 is also present
in VICs (more abundant in the ventricularis) and the aortic
wall. VE-cadherin and vWF also show some modest staining of
individual VICs and SMCs within the aortic wall.
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FIGURE 3 | Matrix remodeling and synthesis-related proteins. Tile scans of sheep aortic valve sections (left and right columns), with high magnification zooms (middle

column) as indicated. Valves were stained with antibodies against matrix metalloproteinases (MMPs; collagenases MMP1, MMP13, and gelatinases MMP2, MMP9)

and transforming growth factor-β, isoforms 1 and 3 (TGF-β1 and TGF-β3, respectively). Scale bars, 1mm (tile scans) or 100µm (zooms).
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FIGURE 4 | Elastin and elastin-related proteins. Tile scans of sheep aortic valve sections stained with Russell Movat’s pentachrome (mature elastic fibers in black) and

antibodies against proteins involved in elastic fiber formation, including the core protein (tropo)elastin, fibronectin, the microfibrillar proteins fibrillin-1 and fibrillin-2, and

cross-linking proteins fibulin-4, fibulin-5, lysyl oxidase (LOX), and Elastin microfibril interfacer 1 (EMILIN-1). Scale bars, 1mm.
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FIGURE 5 | Valvular interstitial cell (VIC) markers. Tile scans of sheep aortic valve sections (left and right columns), with high magnification zooms (middle column) as

indicated. Valves were stained with antibodies against vimentin, α-smooth muscle actin (α-SMA), SM22, calponin, cadherin-11 (Cad-11), and the embryonic form of

myosin heavy chain (SMemb). Scale bars, 1mm (tile scans) or 100µm (zooms).
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FIGURE 6 | Valvular endothelial cell (VEC) markers. Sections of the sheep aortic valve leaflet stained with antibodies against the endothelial cell markers CD31, CD34,

VE-Cadherin (CD144), or von Willebrand Factor (vWF). Represented are the aortic wall and a section of the valvular leaflet (near the free edge), with “a” and “v”

indicating the aortic and ventricular sides of the leaflet, respectively. Scale bars, 100µm.

Proliferation and Apoptosis
The proliferation marker Ki67 is abundantly expressed
throughout the valve leaflet, predominantly staining VICs
at the hinge and the tip of the leaflet (Figure 7). Apoptosis is
evaluated using an antibody against cleaved caspase-3 (Cas3).
Using this antibody, apoptosis was not observed in the valvular
leaflet, but was detected in localized sections of the ovine renal
tubuli (Figure 7).

Calcification
Osteocalcin expression was detected in chondrocyte-like cells
in a section of an ovine pulmonary leaflet in which the onset
of calcification was observed (Figure 8). Although no calcium
was detected in this region using alizarin red staining (data
not shown), osteocalcin expression in this portion of the valve
colocalized with strong proteoglycan presence, indicative of
cartilage-like tissue, as evident from Russell-Movat pentachrome
staining.

Inflammatory Cells
The signs of inflammation are not observed in our non-diseased
ovine valves. We therefore validated inflammatory markers using
the spleen from a sheep with endocarditis (Figure 9). CD45 is
abundantly expressed by all leukocyte cells, but not erythrocytes
or the mesenchymal cells in the trabeculae and arterioles.
CD3 staining is mainly observed in the germinal centers of
the white pulp, with positive cells scattered in the mantle
and marginal zones. CD64 and EGF-like module-containing

mucin-like hormone receptor-like 1 (EMR-1) stain macrophages
in both the red and white pulp, whereas colony stimulating
factor-1 receptor (CSF-1R) displays a sparse staining of specific
subpopulations of macrophages in both red and white pulp.
IL-10, iNOS, and CD163 predominantly stain positive for the
splenic tissue macrophages in the red pulp. Additionally, some
isolated CD163- and iNOS-positive cells are noted in the white
pulp. CD200R displays a specific staining in the marginal zone of
the white pulp, whereas CD44 stains lymphocytes and myeloid
cells predominantly in the red pulp. Excessive immune reactivity
was observed for arginase-1 (Arg-1), CCR-7, and tumor necrosis
factor-alpha (TNF-α).

DISCUSSION

Limited data is available on the in vivo processes that determine
the regeneration and long-term functional integration of TE
heart valves upon implantation. These require incorporation of
inflammatory and developmental processes that drive neotissue
formation toward functional regeneration or fibrotic repair.
Since histochemical evaluation of explants is typically limited
to basic histology, due to a lack of commercially available
sheep-specific antibodies, the aim of this study was to establish,
validate, and optimize a comprehensive immunohistochemical
panel of antibodies for ovine tissues to study TE heart valves.
This panel includes antibodies against structural ECM proteins
(e.g., collagens, proteoglycans), ECM-related proteins (e.g.,
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FIGURE 7 | Proliferation and apoptosis markers. (A) Tile scan of an ovine aortic valve stained with the proliferation marker Ki67. (B) Section of the ovine kidney

stained against the apoptosis marker cleaved caspase-3 (Cas3). (C) Zoom of the Ki67-labeled aortic valve demonstrating abundant Ki67 expression in the

vascularized hinge region. Scale bars, 1mm (A) and 100µm (B, C).

periostin, MMPs, TGF-β isoforms), and proteins responsible
for elastogenesis, as well as cell phenotypic markers for VICs,
ECs, inflammatory cells, and relevant cell function markers (e.g.,
proliferation, apoptosis, calcification).

The immunohistochemical analysis of explanted TE heart
valves in preclinical studies is typically limited to a few
antibody stainings assessing VIC activation and endothelial
coverage (e.g., α-SMA and CD31). Nevertheless, several recent
studies concerning in situ cardiovascular TE have employed
antibodies to characterize more specific functions, for example
the regenerative processes in decellularized allogeneic heart
valves (15), the occurrence of elastogenesis in synthetic in situ
TE heart valves (24), and the somatic growth of an in situ TE
pulmonary artery in lambs (44). The need for a sheep-specific
antibody panel for cardiovascular research has previously been
proposed by De Visscher et al. who reported on a panel of
immunohistochemical and immunofluorescent stains for sheep
(45). Although highly relevant, the selected antibodies were
tested on formalin-fixed frozen sections of various ovine tissues,
such as artery and skin, but not on native ovine heart valves.
Building on these previous reports, to the best of our knowledge,
the described panel is the first comprehensive panel of 47
antibodies, validated against native ovine heart valves, which
enables a complete and detailed evaluation of TE heart valve
explants from sheep studies.

In the selection of antibodies for our panel, we took
inspiration from various studies describing the morphology,

ECM composition and cellularity of native human heart valves
throughout development and adult stages (39–42, 46). As
anticipated, we observed several clear differences between human
and ovine valves. Most strikingly, the ovine leaflets, both
pulmonary and aortic, displayed a much more defined transition
between the valvular layers, higher cellularity and less elastin
expression when compared to the human valves. Human valves
instead often demonstrate incorporation of collagen fibers and
elastin network within the other layers (47). These differences
observed between human and ovine valves could partly be caused
by disease (48) and a discrepancy in age, since recent studies
have shown that human valves continuously develop (40, 49)
and degenerate throughout life. The ovine aortic valves used in
this study were derived from 1 year old sheep, which translates
to human adolescence (15–19 years of age), while the human
valves were derived from a 38-year old human donor. The human
valves were cryopreserved before further processing, which may
have introduced freezing artifacts. Moreover, the sections of
the human valves were thicker compared to the sections of
the ovine valves (10µm and 5µm, respectively), which could
lead to variations in intensity of the pentachrome staining and
antibody expression. Previous research demonstrated significant
differences between human- and sheep-derived VIC-like cells, in
terms of ECM synthesis and cellular proliferation (50). Similarly,
here we observed a notably high amount of proliferating VICs
in the ovine aortic leaflet, as determined by Ki67 staining. In
contrast, proliferation and overall cell turnover were very low
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FIGURE 8 | Calcification. (A) Tile scan of a healthy ovine aortic valve stained with osteocalcin (OCN). (B) Section of the ovine pulmonary wall in which the onset of

calcification was detected, stained against OCN. (C) Russell Movat’s pentachrome staining of the same section of pulmonary wall revealed abundant presence of

proteoglycans (in blue-green), colocalizing with OCN expression. Scale bars, 1mm (A) and 100µm (B, C).

in human adults as compared to fetal valves (39). Notably, the
observed protein expression was remarkably similar between the
various ovine leaflets (both aortic and pulmonary) that were
included in the validation.

All tested structural proteins exhibit specific staining patterns,
as summarized in Table 2. Collagen is an essential load-bearing
component of valvular ECM that contributes significantly to
the mechanical strength of the tissue. As previously reported,
collagen type I is mainly observed in the fibrosa, while collagen
type III expression is more diffused throughout the leaflet (40,
42). Periostin co-localizes with collagen type I as described before
(51), supporting its role in collagen deposition and maturation
(52–54). Glycoaminoglycans are found throughout the heart
valves (55). As both decorin (56) and biglycan (57) are involved
in collagen fiber formation, and collagen type III has a critical
role in fibrillogenesis (58), it is not surprising that the expression
patterns of these proteins are mostly overlapping. Versican
is mainly observed in the ventricularis, which supports the
important role of this protein in the assembly and organization
of elastin (59). Complementary to the matrix proteins, our
panel includes collagenases (MMP1, MMP13) and gelatinases
(MMP2, MMP9) as important proteolytic enzymes involved
in physiological matrix turnover and remodeling. Human
heart valves display specific expression patterns of MMPs and
tissue inhibitors of metalloproteinases (TIMPs), which differ
between the four different heart valve (60). In this respect, it
would be relevant to expand the current panel with antibodies

against various TIMPs, which have not been validated in our
study.

One of the hallmarks of functional regeneration of heart
valves is the formation of an elastic network, or elastogenesis.
Elastin is mainly found in the ventricularis layer of healthy adult
valves. It has been demonstrated that Verhoeff’s method does not
stain immature fibers, and thus, it is not efficient for evaluating
the process of elastogenesis during valve development and
remodeling. As delineated by Wagenseil and Mecham (61), the
processes underlying elastic fiber formation are highly complex
and require the interplay of various molecules. These include the
core protein (tropo)elastin, microfibrillar proteins (fibrillin-1 and
fibrillin-2) and various linking proteins, including EMILIN-1 and
LOX. Other proteins involved include fibulin-4, which links the
enzyme LOX to tropoelastin (62) and fibulin-5, which acts as a
bridge betweenmicrofibrils and tropoelastin (63, 64). In addition,
a fibronectin network is needed for the assembly of fibrillins, and
consequently of microfibrils, that provides a microenvironment
that controls tropoelastin/elastin arrangement and cross-linking
processes (65). In addition to their essential role in elastogenesis,
many of these proteins have been reported to have important
signaling roles in pathophysiological tissue remodeling processes,
relevant to TE (66, 67). In the present study, validation of the
antibodies revealed specific expression patterns of elastogenesis-
related proteins in the ovine heart valve leaflet (see Table 2).
Fibrillin-1, for example, is not exclusively located in the
ventricularis, but also spreads into the spongiosa, which is in
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FIGURE 9 | Inflammatory markers. Sections of activated ovine spleen, isolated from a sheep with endocarditis. Hematoxylin and eosin (H&E, top left) staining reveals

the characteristic splenic red pulp (R) and white pulp (W), with the central arterioles (CA). Sections are stained with antibodies against CD45, CD3, CD64, EGF-like

module-containing mucin-like hormone receptor-like 1 (EMR-1), colony stimulating factor-1 receptor (CSF-1R), interleukin-10 (IL-10), inducible nitric oxide synthase

(iNOS), CD163, CD200R, CD44, Arginase-1 (Arg-1), CCR-7, CXCR4, and tumor necrosis factor-α (TNF-α). Scale bars, 200µm.

accordance with previous findings by Votteler et al. for mature
human heart valves (41). Similarly, although EMILIN-1 only
shows weak staining, it is detectable in both the ventricularis
and the spongiosa, which was also reported for human valves.
One notable difference however, is the abundant expression of
fibrillin-2 in the ovine leaflet, and particularly in the leaflet tip,
compared to undetectable levels of fibrillin-2 in adolescent and
adult human valves, as reported in the study by Votteler et al. This

points to species-differences in fibrillin-2 expression, which may
be attributed to the aforementioned differences in ECM synthesis
and activity of ovine VICs when compared to human VICs.

Healthy adult heart valve leaflets contain mainly a quiescent
population of VICs of fibroblast-like phenotypes that maintain
valve homeostasis and structural leaflet integrity (39, 48,
68). In addition, SMCs and activated myofibroblasts are
interspersed between the ECM layers (39, 69). α-SMA expressing
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myofibroblasts are present throughout the entire leaflet mostly
during disease and development (39, 48).Myofibroblasts produce
and secrete most of the surrounding ECM, particularly collagen,
whereas a small subpopulation of mature SMCs (marked
by SM22, Calponin) and dedifferentiated SMCs (marked by
SMemb) secrete MMPs and TIMPs. Fibroblast-like VICs express
general mesenchymal markers, such as vimentin and CD44, the
latter being required to remodel ECM (70). Quiescent VICs can
be activated by environmental cues and stimulated by valvular
endothelial cells (VECs) (71), leading to differentiation into
myofibroblast-like α-SMA-positive VICs. These activated VICs
are important for valve remodeling. However, continuous and
uncontrolled VIC activation in adult valves is associated with
valve diseases resulting in fibrosis and calcification. For heart
valve TE, the VIC phenotypic state can reflect the current
remodeling demands of the valvular tissue at a particular stage
of the process of heart valve formation. In a comparative
study of native and TE heart valves, TE valves displayed
persistent expression of VIC activation markers when compared
to quiescent VICs in native valves (69). Hence, to account for
the complex and dynamic phenotypic manifestations of VICs,
a range of SMC- and fibroblast-associated markers has been
included in our panel of antibodies.

The ovine valve analyzed in our study displayed a notably
high expression of SMC markers (see Table 2). Given that the
aortic valve we used for antibody validation was derived from a
sheep that had undergone pulmonary valve replacement with a
synthetic valve, the observed expression of SMC markers may be
indicative of VIC activation as a side-effect of that intervention.
Moreover, pronounced osteocalcin expression was detected in
the leaflet, which may be indicative of the presence of osteoblast-
like VICs as a result of persistent VIC activation and dysregulated
apoptosis, as previously reported (72). Correspondingly, in
human valves, expression of SMC markers and co-activators
has been correlated to valve calcification (73), suggesting that
markers such SM22 and calponin could be expressed by other
cell types within heterogeneous VIC populations. In addition,
recent studies demonstrated that cadherin-11 is not only involved
in embryonic heart development and valve maturation (74,
75), but also associated with calcification of aortic valves (76).
Another useful marker for cardiovascular (micro)calcifications,
not included in our antibody panel, could be sortilin, a
sorting protein and a key regulator of SMC calcification via its
recruitment to extracellular vesicles (77).

With respect to VECs, of the markers we tested, CD31
demonstrates the most specific endothelial staining on the
ovine leaflet. Apart from VECs, CD34 is a well-known marker
for hematopoietic progenitor cells, and when combined with
other markers such as CD45 and collagen type I, can be
used to identify fibrocytes (78). Of note, CD34, vWF and VE-
Cadherin were mostly expressed in VECs on the ventricular
side of the leaflet, the side exposed to high flow, but not the
aortic side of the leaflet. Importantly, although not validated
here, the selected VIC and VEC antibodies (e.g., α-SMA and
CD31) do allow for double-label immunofluorescent staining to
assess endothelial-to-mesenchymal transition (EndMT). This is
highly relevant for evaluating heart valve TE, as basal levels of

EndMT may contribute to the replenishment of VICs as part of
physiologic valve remodeling throughout postnatal life (79, 80),
and VEC-VIC interactions are important for maintaining valve
homeostasis and the prevention of osteogenesis (72).

In addition to the valve-associated markers that constitute
our panel of antibodies, we selected antibodies to characterize
immune cells and the inflammatory state of a tissue, such as
the pan-leukocyte marker CD45, lymphocyte marker CD3, and
pro- and anti-inflammatory cytokines (e.g., TNF-α and IL-10,
respectively). Inflammation is well-established to be a critical
regulator of pathophysiological valvular remodeling (81). For TE
approaches, the host immune response and the inflammation
induced by the implanted heart valve graft is one of the
most critical determinants of successful and functional valve
integration. In fact, recent in situ cardiovascular TE approaches
rely on the notion that the host inflammatory response can
be used as the driver of endogenous tissue regeneration when
harnessed properly [reviewed in (13)].

The primary target cells we focused on in the current study
were macrophages. As in normal wound healing, macrophages
play an important role in regeneration, via the cross-talk with
(myo)fibroblasts and other immune cells, such as T cells.
Depending on their polarization state, macrophages mediate
the formation and remodeling of new tissue by secreting
essential growth factors and cytokines that either inhibit
or promote functional tissue formation. Pro-inflammatory
(M1) macrophages (characterized by iNOS, CCR-7) maintain
inflammation state via the secretion of e.g., TNF-α, while
alternatively activated (M2) macrophages (characterized by
CD163, Arg-1, CD200R) secrete high levels of IL-10 and TGF-
β to suppress the inflammation, and contribute to tissue repair,
remodeling, vasculogenesis and retain homeostasis (82). Previous
studies suggest that the M2/M1 macrophage ratio in early phases
after implantation can be used as a predictor for long-term
tissue outcome in natural biomaterials (83). Albeit practical,
the M1-M2 paradigm is highly simplified. More realistically,
macrophages form a very heterogeneous cell population with a
broad range of (overlapping) M1–M2 characteristics (84). As a
consequence, macrophage characterization is not straightforward
and marker expression of macrophages specific for sheep has
not yet been described. Of interest, Griebel et al previously
reported cross-reactivity of a range of CD antigens for sheep
lymphoid and myeloid cells (85). However, that study was
focused on flow cytometry and it has to be tested whether
those antibodies are suitable for use as immunohistological
staining on paraffin or frozen sections. In our study, the spleen
samples were obtained from a sheep with endocarditis, and thus
represented an activated inflammatory state. The spleen tissue
contained heterogeneous pools of macrophages, where M2-like
macrophages were positive for CD163 and CD200R, whereas
M1 macrophages expressed iNOS. Arginase and CCR7, reported
as M2 and M1 markers, respectively, in different species, were
abundantly expressed in spleen samples. None of the markers
we tested represented a suitable pan-macrophage marker for
sheep, for example analog to human CD68. Multiple anti-CD68
clones were tested on inflamed lung and spleen tissues under
different antigen retrieval conditions, leading to unsatisfactory
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results (data not shown). EMR-1, the human homolog to
F4/80 in mouse, could serve as a general marker. Although
in humans expression of EMR-1 is restricted to eosinophils
(86), we observed a less specific expression pattern in the
ovine spleen. CSF-1R was tested as an alternative macrophage
marker, being previously described as a marker committed to
the mononuclear phagocytic lineage (87). In our panel, CSF-
1R displays a highly specific expression pattern restricted to a
small number of individual cells in the spleen. CD64, a classical
monocyte- and macrophage-associated marker, was identified
to be the most reliable pan-macrophage marker in sheep.
To further discriminate between monocytes and macrophages,
various CD14 antibodies were tested, but no positive immune
reaction was observed in the ovine tissues (data not shown).
Of note, CD44 is known to be highly induced in macrophages
at the onset of fusion and, as such, can serve as an excellent
marker for multinucleated giant cells (88). Taken together, there
are very few unique macrophage markers and a combination
of markers is required to identify the specific macrophage
phenotype. For TE constructs, combinations of different anti-
macrophage antibodies could give a spatiotemporal indication
of the status of inflammation and wound healing. Moreover,
macrophage polarization state is governed via the cross-talk with
other immune cells, such as T helper cells, which have been
reported to play an essential role in tissue regeneration as well
(89). Consequently, markers to distinguish T helper 1 and T
helper 2 cells (e.g., CXCR3 and CCR8, respectively) would be
valuable additions to the antibody panel as described in our
study.

From a translational point of view, our results indicate
substantial differences between human and ovine valves that
should be taken into account in the preclinical testing of valve
replacements (e.g., tissue-engineered heart valves) using the
sheep model. Particularly, whereas the expression of activated
VIC markers (e.g., SM22, calponin, periostin, osteocalcin) are
typically associated with pathological events in human valves,
the abundant expression of these markers in the native ovine
valves as observed in this study, suggests that these markers
are not necessarily representative of adverse remodeling in TE
heart valves when evaluated in sheep. On the other hand, the
observed continuous expression of these same markers may
be one of the factors that underlie the increased tendency for
calcification of sheep. All in all, while the sheep still represents
the animal model of choice for the preclinical evaluation of
heart valve substitutes, our findings imply that data obtained
from preclinical studies in sheep, particularly in terms of tissue
organization and remodeling and VIC activation, should be
interpreted in the correct context and with the appropriate

caution, as data may not translate directly to the human
situation.

CONCLUSION

The field of heart valve TE has made great progress over the
last decades. However, little mechanistic data is available on the
in vivo inflammatory and remodeling processes underlying
functional tissue regeneration of TE heart valves. The
comprehensive sheep-specific panel of antibodies described
in this study could serve for the detailed evaluation of the
regenerative processes including ECM formation/remodeling,
elastogenesis, VIC, and VEC phenotyping, and inflammation,
when assessing TE heart valves implanted in sheep, the
designated preclinical model.
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Heart valve replacement options remain exceedingly limited for pediatric patients

because they cannot accommodate somatic growth. To overcome this shortcoming,

heart valve tissue engineering using human bone marrow stem cells (HBMSCs) has been

considered a potential solution to the treatment of critical congenital valvular defects. The

mechanical environments during in vitro culture are key regulators of progenitor cell fate.

Here, we report on alterations in HBMSCs, specifically in their actin cytoskeleton and

their nucleus under fluid-induced shear stresses of relevance to heart valves. HBMSCs

were seeded in microfluidic channels and were exposed to the following conditions:

pulsatile shear stress (PSS), steady shear stress (SS), and no flow controls (n= 4/group).

Changes to the actin filament structure were monitored and subsequent gene expression

was evaluated. A significant increase (p < 0.05) in the number of actin filaments,

filament density and angle (between 30◦ and 84◦), and conversely a significant decrease

(p< 0.05) in the length of the filaments were observed when the HBMSCs were exposed

to PSS for 48 h compared to SS and no flow conditions. No significant differences in

nuclear shape were observed among the groups (p > 0.05). Of particular relevance to

valvulogenesis, klf2a, a critical gene in valve development, was significantly expressed

only by the PSS group (p < 0.05). We conclude that HBMSCs respond to PSS by

alterations to their actin filament structure that are distinct from SS and no flow conditions.

These changes coupled with the subsequent gene expression findings suggest that at

the cellular level, the immediate effect of PSS is to initiate a unique set of quantifiable

cytoskeletal events (increased actin filament number, density and angle, but decrease in

filament length) in stem cells, which could be useful in the fine-tuning of in vitro protocols

in heart valve tissue engineering.

Keywords: pulsatile shear stress, HBMSCs, actin filaments, cytoskeleton, nuclear, tissue engineering, klf2a, heart

valves

INTRODUCTION

Congenital heart defects occur in four to six infants out of every 1,000 births (1). Approximately
24.5% of neonatal mortality is attributed to congenital heart defects (2). Among the plethora of
cardiovascular defects, one of the more common, yet life-threatening conditions, is critical aortic
valve stenosis (AVS), which results in high mortality and morbidity despite early interventions
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(3). The developmental mechanisms that lead to critical AVS are
unknown. However, AVS is characterized by poor or missing
valve commissures in fetal development, as well as abnormal
leaflet fusion; infection, specifically endocarditis in utero has
been proposed as one of the causal factors (4–9). The most
severe forms of congenital heart disease have an incidence rate of
∼20,000 live births/year (10), and of these, ∼1/3 of cases present
problems associated with the aortic heart valve.

Under normal circumstances, valve leaflet composition and
structure permits endurance of demanding mechanical forces
as they function under a complex, coupled loading state of
cyclic tensile, cyclic flexure,-and fluid-induced shear stresses,
including oscillatory shear stresses (PSS) (11–13). However, in
AVS, significant systolic transvalvular pressure gradients with a
mean > 60 mmHg, resulting from narrowing of the aortic root,
imposes considerable workload on the left ventricle, leading to
rapid heart failure if left untreated (14–16).

Over the last 20 years, tissue engineered heart valves (TEHVs)
derived from stem cells have been investigated to overcome
the shortcomings associated with treatment of critical valve
anomalies in children (17–20). Recent studies have applied
mechanical stimuli to formulate tissue structures with enhanced
extracellular matrix (ECM) properties resembling native heart
valves, in particular, using human bone marrow-derived stem
cells (HBMSCs) seeded onto biodegradable scaffolds (18, 21).
These mechanical stimuli are sensed by the cell membrane
receptors, later transferred to the cytoskeleton; consequently,
these stimuli initiate a biochemical signaling cascade (22). In
HBMSCs, the cytoskeletal structure has shown to be altered
after exposure to fluid-induced shear stress (23). The actin
filaments of the cell cytoskeleton serve as structural contributors
to modulation of subsequent cell biological responses, including
gene expression, cellular, and ECM synthesis (24). In general,
it has been shown that the application of mechanical stress
on actin filaments causes cytoskeleton reorganization, leading
to tissue remodeling affecting stem cell viability, self-renewal,
and differentiation (25). Although, detailed characterization of
intracellular structures, specifically in response to fluid-induced
shear stress, is not known. In addition, other cellular components
such as focal adhesions, integrin, and the nucleus collectively play
important roles in modulating cellular biological responses (18).

Our laboratory has previously demonstrated that HBMSC-
derived tissue formation and flow-responsive differential
regulation is robust when cell-seeded constructs are cultured
under fluid-induced PSS environments. Spatial distribution
of HBMSCs that differentiated to the endothelial phenotype
(CD31+) were largely found on the tissue surfaces, while cells
with an activated myofibroblast phenotype (αSMA +) were
mostly aggregated in the interstitial space, similar to the native
heart valve cellular-makeup (12, 13, 26, 27). Specifically, PSS
regulates HBMSCs structure and has been shown to be highly
relevant to both native heart valve development and to TEHVs
(27–29). Yet, identifying alterations in the HBMSCs cytoskeleton
during PSS exposure may lead to a deeper understanding of
specific changes at the cell structural-level. Our underlying
hypothesis is that cytoskeletal changes, primarily with actin
filaments can be quantified as they can be monitored during

culture. Such quantification can serve as early indicators of
in vitro differential HBMSCs regulation for functional TEHV
development and optimization. Thus, in this investigation we
applied PSS to growing HBMSCs to understand fundamental
cellular structural responses that precede the resulting gene
expression, in the context of the heart valve tissue engineering.

METHODS

Culture and Expansion of HBMSCs
Approximately 5 × 105 HBMSCs/mL (ThermoFisher Scientific,
Pittsburgh, PA) were cultured in T75 vented cell culture flasks
using AdvanceStem Mesenchymal Stem Cell Medium (GE
Healthcare Hyclone, Logan, UT) with 10% mesenchymal stem
cell growth supplement (GE Healthcare, Malborough, MA) and
1% penicillin and streptomycin (ThermoFisher Scientific) for
growth and expansion. Cells were grown in a standard cell culture
incubator operating with 5% CO2 at 37◦C with 95% humidity.
HBMSCs culture expanded to passages 4–6 were utilized for
subsequent studies.

HBMSCs Transfection
As previously described, HBMSCs were transfected for purposes
of cell visualization with green fluorescent protein (GFP) via
electroporation (30). In brief, a density of 1 × 106 HBMSCs
were transfected using electroporation (Gene Pulser Xcell
Electroporation System BIO-RAD, Hercules, CA) and plasmid-
delivery of 60 µg pTAGGFP-actin, a vector encoding TagGFP
fusion with actin used for labeling actin filaments in living cells
(Evrogen, Moscow, Russia). The following settings were used
for electroporation: Exponential Decay Pulse, Voltage of 350V,
capacitance of 950 uF, and Resistance: of 200 ohms (30).

Transfection Efficiency
Cell viability and cell apoptosis were assessed using Propidium
iodide (PI) solution and Annexin protein respectively following
manufacturer supplied instructions (Biolegend, San Diego, CA).
In brief, 2 days following transfection, HBMSCs were re-
suspended in Annexin V Binding Buffer at a concentration
of 2.5 × 105 cells/mL. PI was added to 100 µL of cell
suspension. After 15min of incubation without light exposure,
they were evaluated by flow cytometry (BD Bioscientific, San
Jose, CA).

Fluid-Induced Mechanobiology

Experiments
Transfected HBMSCs were plated in Collagen Type I
(ThermoFisher Scientific), coated micro-fluidic channels in
which HBMSCs were subjected to flow exposure (Fluxion
Biosciences, South San Francisco, CA). Three groups
were evaluated in this study: pulsatile shear stress (PSS),
steady shear stress (SS) and no flow (n = 8 wells/group).
The SS was set to 1 dynes/cm2 whereas the PSS group
consisted of a square waveform, which was applied for
48 h (Figure 1). The time-averaged shear stress in the PSS
group was the same magnitude as the shear stress used in
the SS condition, i.e., 1 dyne/cm2. Additionally, the flow
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FIGURE 1 | Shear stress profiles of the three flow conditions utilized in the

HBMSC culture experiments: Pulsatile shear stress (PSS), Steady state (SS),

and no flow (control group).

groups included an initial 3 days of gradual increase in shear
stresses before applying the PSS or SS profiles (0.50—Day
1, 0.75—Day 2, 1—Day 3 dynes/cm2). HBMSCs in the no
flow, SS and PSS flow groups were cultured for a total of 5
days.

Cell Structure Quantification
Images of the cells under the three different flow environments
were acquired using fluorescent microscopy (Olympus IX81,
CA) every 5 h for the first 2 days, and 48 h time points at the
end of the gradual increase of shear stress for a period of 3
days. Cell actin filaments and nuclear changes using multiple
metrics were quantified by analyses of images acquired during
the time course of the cell culture experiments (ImageJ, NIH
Image, Bethesda, MD). The initial quantification was based on
the number of actin filaments and their length, illustrated in
Figure 2. Next, the angle of inclination, the angle measured
clockwise between 0◦ and 180◦, of each actin filament within
each cell was measured with respect to the horizontal axis, and
subsequently spatially-averaged (Figure 2) for the first 5 h of
each day and 48 h time point. Nuclear eccentricity (circularity),
a measure of cell nucleus elongation, was determined in the
range of 0–1, where a circle has an eccentricity of one whereas a
more elongated shape would be associated with a lower number
(31). Moreover, filament density was defined as the number of
filaments per unit area (cm2), where the number of filaments and
the area of the cell were quantified via Image analysis software
(ImageJ). This metric (filaments/area) for each cell that was
counted was divided to obtain the average filament density/cell.
Additionally, cell length and width quantification was utilized to
determine the area as well as the number of filaments per cell
(Figure 2).

Gene Expression Analysis
HBMSCs were plated in microfluidic channels (Fluxion
Biosciences) coated with fibronectin from bovine plasma (Sigma

FIGURE 2 | Procedure for quantification of actin filament changes in HBMSCs

using multiple metrics: First, the number and length of actin filaments/cell was

determined (ImageJ). Actin filament angles were subsequently evaluated with

respect to a horizontal axis as shown (ImageJ; 0◦). The angle measurements

were spatially-averaged for each cell for the first 5 h of each day, and 48 h time

points were recorded. The actin filament density was computed as a function

of the cell area (ImageJ; number of filaments/cm2 ). Finally, the nuclear

eccentricity (circularity) was quantified, where a circle has an eccentricity of 1,

whereas a more elongated shape would be associated with a lower number

(minimum is 0).

Aldrich, St. Louis, MO). After 5 days of culture HBMSCs under
the conditions of SS, PSS and No Flow, cells were trypsinized
from the channels (n= 4 samples, where each sample was pooled
from 2 to 3 microfluidic channels).

Gene expression analysis on a selected list of genes
(Table 1) was subsequently conducted as previously described
(32). In brief, total RNA was isolated according to the
manufacturer’s protocol (RNeasy Micro kit, Qiagen) and
was eluted in 15 µL nuclease-free water. Isolated RNA
quantity and concentration was verified using NanoDrop
2000c spectrophotometer (ThermoFisher Scientific). 0.5 µg of
total RNA was used for the reverse transcription using the
GoScriptTM Reverse Transcription System (Promega, Madison,
WI). The cDNA was synthesized using the Oligo (dT)15 primer
according to the manufacturer’s protocol. Quantitative real-
time polymerase reaction (RT-PCR) was performed using a
commercially available kit Maxima SYBER Green/ROX qPCR
Master Mix (ThermoFisher Scientific). The primer (Table 1)
sequences were previously obtained from Rath et al. (12).
Signals were detected using a Step-One Real-Time PCR System
(Applied Biosystems, Grand Island, NY). In brief, the PCR
tubes (Applied Biosystems) were incubated at 95◦C for 10min
before initiating the cycle for Taq polymerase activation. The
cycling parameters were as follows: 95◦C for 5 s; 60◦C for
45 s; 95◦C for 15 s. Finally, the change in cycle threshold
(1Ct) values were averaged and normalized with GAPDH,
an endogenous housekeeping gene using the 11Ct method
(32). Fold changes were calculated as 2−Ct to calculate
the relative gene expression occurring after treatment, i.e.,
after HBMSC exposure to No Flow, SS and PSS culture
conditions.
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TABLE 1 | Quantitative Real time -polymerase chain reaction primer sequences.

Gene name Forward primers (5′-3′) Reverse primers (5′-3′)

1 GAPDH AGCCACATCGCTCAGACAC GCCCAATACGACCAAATCC

2 α-SMA TCAATGTCCCAGCCATGTAT CAGCACGATGCCAGTTGT

3 Klf2a CCGTCTGCTTTCGGTAGTG AAGAGTTCGCATCTGAAGGC

4 FzD2 CGGCCCCGCAGCGCCCTGCCC ACACGAACCCAGGAGGACGCAGGCC

5 Osteocalcin CACTCCTCGCCCTATTGGC CCCTCCTGCTTGGACACAAAG

6 CD31 CCAAGGTGGGATCGTGAGG TCGGAAGGATAAAACGCGGTC

All sequences were obtained using the BLAST program, National Center for Biotechnology (NCBI).

Statistical Analysis
Since cell cytoskeletal organization varies considerably, even
from cell to cell, results were interpreted in terms of the overall
increase or decrease in the mean nuclear eccentricity and mean
actin filament metrics (number, length, angle, and density)
between the zero and 48 h cell culture time points. A one-way
ANOVA followed by a Tukey’s post-hoc test was conducted to test
for any significant differences among the three groups: no flow,
SS and PSS (n = 8 wells/groups; SPSS, V16, IBM, Armonk, NY).
A statistically significant result was interpreted to have occurred
when p < 0.05. Quantification of actin filament and nuclear
eccentricity metrics were presented in terms of the mean values
± standard error of the mean (33).

RESULTS

Transfection Efficiency
Successful GFP Transfection was found to occur in 77.4% of the
cells (Figure 3A). However, of all the cells transfected, ∼50%
were found to also be viable (Figure 3B).

Number of Actin Filaments
HBMSC actin filaments increased in number by 122.6% after
48 h of PSS (Figure 4A). On the other hand, cells exposed to
SS demonstrated only an 18.2% increase in the average number
of filaments/cell after 48 h of exposure, while the no flow group
displayed marginal changes. The average increase in the number
of filaments in cells exposed to PSS compared to both SS and
no flow groups was found to be p < 0.05. However, p > 0.05
was found in comparing the average number of filaments/cells
between cells exposed to SS and no flow.

F-Actin Filament Length
There was a 53.8% decrease in the average length of the filaments
after 48 h in the cells exposed to PSS (Figure 4B). On the other
hand, there was a 37.5% increase in average filament length on
cells exposed to SS, and marginal changes in cells in the no flow
group. p < 0.05 was observed in the average actin filament length
in HBMSCs exposed to PSS, compared to cells in both the SS and
no flow groups.

Nuclear Eccentricity
We observed noticeable short-term changes in cell nuclear shape
in the SS and PSS groups during the first 5 h after treatment,
compared to the no flow group, where there were negligible

alterations (Figure 4C). However, after 48 h, nuclear eccentricity
was found to only reduce by ∼5% and 1.7% for SS and PSS
respectively; thus p > 0.05 was found amongst the no flow, SS
and PSS groups.

Actin Filament Angle
There was a 40% increase in actin filament angle after 48 h of
PSS conditioning applied on HBMSCs (Figure 4D). Conversely,
SS and no flow conditions on the cells yielded a 21 and 60%
decrease in cytoskeletal angle respectively. The actin filament
angles of HBMSCs under PSS treatment were found to be p
< 0.05 in comparison to no flow environments. However, there
was no statistical difference found between the SS and PSS groups
(p > 0.05).

Density of Actin Filaments
HBMSCs actin filament density after PSS exposure was observed
to be p < 0.05 in comparison to the no flow and SS group,
with an increase of 53.2% in filament density after 48 h of
treatment (Figure 4E). The SS-treated group had a slight increase
in filament density of 10.9%, while no changes were observed in
the no flow group after 48 h of HBMSC culture (SS vs. no flow,
p > 0.05).

Gene Expression
PSS application on the surface of HBMSCs resulted in p < 0.05
of the endothelial cell marker, CD31 in comparison to SS and
no flow groups (Figure 5). The α-SMA gene marker, which
is indicative of an activated interstitial cell phenotype as well
as the bone gene marker, Osteocalcin, were p < 0.05 in the
PSS-treated HBMSCs group compared to the corresponding SS
and no flow groups. No statistical differences (p > 0.05) were
observed between the SS and no flow groups in the expression of
α-SMA, CD31; however, the SS flow group did exhibit a p < 0.05
of osteocalcin expression compared to the no flow groups.

A p < 0.05 of klf2a, a critical transcription factor for
valvulogenesis in the PSS-treated samples, was found in
comparison to the SS and no flow groups. Finally, the absence
of robust expression of FZD2, a gene that is developmentally
regulated and is found to be uniquely expressed in the heart valve,
skin, and pericardium, were observed in all three groups (34).
However, the expression of FZD2 was p < 0.05 in the no flow
control group in comparison to the SS and PSS-treated groups.
Note that the SS and PSS cases had similar levels of expression
(p > 0.05).
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FIGURE 3 | (A) Transfected HBMSCs with actin GFP were assessed for 2 days after electroporation using flow cytometry; 77.43% of the cells were shown to express

high GFP intensity as seen in the first quadrant. (B) Transfected HBMSCs with actin GFP assessed for 2 days after transfection were incubated in propidium iodide (PI)

solution to evaluate cellular viability; 50.07% of cells were efficiently transfected and viable after electroporation, as seen in the first quadrant.

DISCUSSION

HBMSCs remain a promising cell source for TEHV, promoting
tissue repair and differentiating along cardiovascular and valvular
pathways (20, 35). A fundamental response to mechanical stimuli
can thus be observed within the cell cytoskeletal structure. In
the current study, our primary goal was to quantify fundamental
changes in HBMSC actin filaments after PSS exposure. A
priori knowledge of HBMSCs structural events may facilitate
optimization of in vitro grown TEHV intended for subsequent
animal studies or clinical translation. Such optimization is
important in the context of enhancing mechanical and biological
resilience of the engineered construct when subjected to the in
vivo environment.

Shear stresses derived from pulsatile blood flow are innate
mechanical stress states present on the surfaces of native
heart valves (36). Specifically, on the ventricularis-side, the
shear stresses are relatively higher in magnitude and uni-
directional, while on the fibrosa-side, blood flow is more
disturbed, resulting in lower magnitude but high-OSS. Moreover,
we previously have shown that pulsatile flow leading to shear
stress oscillations within a narrow physiological range augments
the gene expression of several key genes of relevance to valve
development (27).

Here the HBMSCs exposed to PSS and SS were found to orient
themselves in the direction of flow (unpublished observations)
in a similar manner to ECs (37). Moreover, after 48 h of culture,
we found an increase (p < 0.05) in the average number of
actin filaments, filament angle, and filament density, i.e., number
of filaments/unit area in HBMSCs while exposed to PSS in
comparison to the other two groups (SS and no flow). It has
been previously demonstrated that specific forces exerted on cells
can result in the generation of additional actin filaments (38),
which was observed here for the HBMSCs exposed to PSS. This
finding therefore suggests that PSS may uniquely trigger stem
cell differentiation compared to uni-directional shear stress. The
immediate effects that can be specifically observed at the HBMSC

cytoskeletal level are augmentation of the actin filament number,
angle, and density.

PSS-treated HBMSCs samples were found to have shorter
actin filament lengths (p < 0.05) in comparison to SS and
no flow-treated cells. The cause for the reduction in filament
length is not known and could be due to several factors
such as actin-binding proteins which lead to actin filament
disassembly (23). However, the resulting disassociation of actin
filaments in endothelial cells to fluid shear stress has been
shown to permit cellular alignment to flow (23). Therefore, we
speculate that a decrease in actin filament length under PSS
states to be a triggering event for mesenchymal to endothelial
transformation, an important process in the formation of an
endothelium in the TEHVs. Specifically, here we demonstrated
that concomitant differential regulation of HBMSCs toward the
valve lineage under pulsatile flow conditions was evidenced
by significantly higher (p < 0.05) levels of CD31 and α-
SMA expression, indicative of their heterogeneity. Note that
on the other hand, SS conditions resulted in an increase in
filament length, which may indicate reduced actin disassembly
and hence, more restrictive differential regulation of HBMSCs
compared to PSS. Collectively these findings are consistent with
our previous work at the tissue-scale, wherein pulsatile flow-
induced environments directed expression of CD31 on HBMSC-
derived engineered tissue surfaces and α-SMA within the ECM
interstitium in a robust manner (12).

A sub-set of valve-relevant genes that we previously reported
on (12, 27, 34) were repeated for analysis in the current
study after 48 h of cell culture media flow-induced shear
stresses derived from a physiologically-relevant pulsatile flow
waveform. A higher expression of klf2a was found in the
pulsatile flow-treated HBMSCs in comparison to the SS and
no flow groups. Klf2a is a critical gene that is modulated
by oscillatory shear stresses during the valve developmental
process; without Klf2a expression, valves have been shown to
form with defects (28). Even though the augmented expression
of Osteocalcin by HBSMCs exposed to pulsatile flow is a
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FIGURE 4 | (A) The effect of HBMSCs when exposed to PSS, SS, and No Flow (static) groups on the average number of filaments/cell (n = 8 wells/group). There was

a significantly higher number of actin filaments (p < 0.05) found in HBMSCs exposed to PSS compared to SS and no flow groups; however, no significant difference

(p > 0.05) was observed between SS and no flow groups. (B) The PSS, SS, and No Flow (static) groups on average HBMSCs average length of filaments/cell (n = 8

wells/group). There was a significant decrease (p < 0.05) in comparing the average number of filaments in cells exposed to PSS compared to SS and no flow groups.

(C) Average nuclear eccentricity/cell (circularity) in HBMSCs while being exposed to PSS, SS, and No Flow (static) groups (n = 8 wells/group). Noticeable changes in

nuclear shape (unpublished observations) in the first 5 h of exposure were seen. However, at 48 h, cells in all groups seemed to have reverted to their original

configuration (at 0 h), and thus no significant differences (p > 0.05) were observed among the three groups. (D) Average angle of filaments/cell (n = 8 wells/group) for

the exposure of PSS, SS, and No Flow (static) groups. Actin filament angles were found to be significantly higher (p < 0.05) in HBMSCs exposed to PSS compared to

corresponding SS and no flow groups over the 48 h period. (E) Average filament density (Number of filaments/cm2; n = 8 wells/group) for the exposure of PSS, SS

and No Flow (static) conditions. Actin filament density was found to be significantly higher (p < 0.05) in HBMSCs exposed to PSS compared to SS and no flow

conditions over the 48 h period; on the other hand, there were no significant differences found (p > 0.05) between the SS and no flow groups. Error bars are displayed

as ± SEM; (n = 8 samples/group). Note that the table in each figure shows the percentage difference as well as the increase/decrease/unchanged status between the

48 and 0–h time-points for the corresponding metric being quantified. *indicates a significant difference (p < 0.05) in that group (PSS, SS or no flow) at 48 hrs

compared to 0 hrs.

concern, i.e., an osteogenic pathway, it is not surprising given
the documented upregulation of bone markers to PSS (39,
40). It is possible that demonstration of the bone phenotype
can be minimized if the specific range of pulsatile flows
conducive for valvulogenesis can be identified; this range is
likely to be physiologically-relevant. We were able to recently
demonstrate (27) that, under a physiologically-relevant PSS
condition, BMP 2 and NOTCH 1 were significantly upregulated

by HBMSCs in comparison to SS-environments. There were
no significant differences in the expression of the inflammatory
marker VCAM and calcification-inducing TGFβ1 between the
two conditions.

The current study has many limitations. We acknowledge
that the mean magnitude of shear stress (1 dynes/cm2) utilized
may only be relevant to a few selected regions on the fibrosa
side [0.1 to 2.5 dynes/cm2 (36)] of the native aortic heart
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FIGURE 5 | Gene expression follows 48 h of HBMSCs exposure to PSS, SS, and no flow groups. Error bars are displayed as ± SEM; (n = 4). Of particular

importance is the significantly greater (p < 0.05) expression of klf2a found in the PSS-treated cells compared to SS and no flow groups; klf2a, a critical gene regulated

by PSS, is required for normal valve development and whose absence results in valvular defects. *indicates a significant difference (p < 0.05) between the flow groups

(SS and/or PSS) and the no flow controls. + indicates the PSS flow group is significantly different (p < 0.05) compared to the SS flow group.

valve and does not elucidate the much higher shear stresses
experienced by the ventricularis layer [0.1 to 14 dynes/cm2

(36)]. Indeed, more recent computational investigations (41–
44), including selected works with highly accurate computational
fluid-structure approaches (43, 44), as well as direct in vitro (45,
46) and in vivo (47) evaluations suggest that the dynamic range of
shear stresses on leaflet surfaces are much larger than originally
thought, extending up to 20 and 90 dynes/cm2 on the fibrosa
and ventricularis sides of the leaflet respectively. Therefore, the
actin filament dynamics that were observed in the current study
are solely limited to the one shear stress setting that was chosen
(time-averaged shear stress of 1 dynes/cm2), thereby restricting
the physiological-context and especially does not represent the
kinematics of HBMSC actin filaments at higher aortic valve-
relevant shear stress magnitudes. Moreover, exhaustive temporal
gene expression analysis, i.e., not solely after 48 h of cell culture,
at shorter as well as at longer time points are required to provide
conclusive findings.

Another distinct limitation is that a square waveform was

utilized to generate PSS which only fluctuated within the positive

shear stress range and was thus not fully oscillatory, as would

occur regionally on the native valve fibrosa surface. Additionally,

in the current study, we did not make any attempts to further
optimize gene expression findings by using a physiologically-
relevant pulsatile flow profile. Furthermore, the PSS and SS
conditions were only matched under time-averaged conditions,
while the effects of instantaneous shear stress exposure during
pulsatile flow conditioning of HBMSCs, which have previously
shown to trigger unique cellular responses (48), were not
investigated.

Finally, the current study is limited in that we neither
attempted to uncover secretion of valvular ECM components,
nor address fundamental mechanisms in cell signaling pathways
(e.g., leading to klf2a gene expression) as a function of the
changes to the HBMSCs cytoskeleton or nucleus. While this

is important and needs to be eventually determined, our
initial attempts here were to primarily quantify flow-responsive
HBMSC actin filament changes that occurred under shear stress
and which were observed to be distinct under PSS conditions
(compared to SS and No Flow). Thus, despite the several
study constraints, our current findings do suggest at least very
preliminarily that HBMSCs exposed to pulsatility effects in
culture media, i.e., temporal flow acceleration and deceleration
events, partially promote the heart valve-relevant gene expression
following distinct actin filament changes in comparison to flow
that is solely unidirectional.

In summary, we presented the changes in F-actin filaments
and nuclear deformation responses of HBMSCs to PSS, SS,
and no flow groups over a period of 48 h. Structural changes
and differences were clearly observed between the groups.
Specifically, over a 48-h culture period, PSS-conditioned cells
responded with a p < 0.05 in the actin filament number, angle
and density but a decrease of p < 0.05 in the length of the
filaments. These events could serve as structural precursors
that may be monitored and manipulated in culture to enhance
differential regulation of HBMSCs for engineered valve tissue
growth. In conclusion, the procedures described herein provide
a simple yet quantifiable assessment of specific cytoskeletal
changes, particularly under PSS states that could regulate stem
cell fate in a manner conducive for engineering valvular tissues.
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Mechanotransduction Mechanisms 
in Mitral valve Physiology and 
Disease Pathogenesis
Leah A. Pagnozzi and Jonathan T. Butcher*

Meinig School of Biomedical Engineering, Cornell University, Ithaca, NY, United States

The mitral valve exists in a mechanically demanding environment, with the stress of each 
cardiac cycle deforming and shearing the native fibroblasts and endothelial cells. Cells 
and their extracellular matrix exhibit a dynamic reciprocity in the growth and formation 
of tissue through mechanotransduction and continuously adapt to physical cues in their 
environment through gene, protein, and cytokine expression. Valve disease is the most 
common congenital heart defect with watchful waiting and valve replacement surgery 
the only treatment option. Mitral valve disease (MVD) has been linked to a variety of 
mechano-active genes ranging from extracellular components, mechanotransductive 
elements, and cytoplasmic and nuclear transcription factors. Specialized cell receptors, 
such as adherens junctions, cadherins, integrins, primary cilia, ion channels, caveolae, 
and the glycocalyx, convert mechanical cues into biochemical responses via a complex of 
mechanoresponsive elements, shared signaling modalities, and integrated frameworks. 
Understanding mechanosensing and transduction in mitral valve-specific cells may allow 
us to discover unique signal transduction pathways between cells and their environment, 
leading to cell or tissue specific mechanically targeted therapeutics for MVD.

Keywords: mitral valve, valve disease, mechanotransduction, pathogenesis, biomechanics

INTRODUCTION

The mitral valve is a bicuspid valve that facilitates the flow of blood from the left atrium to the left 
ventricle. Mitral valve disease (MVD) affects 2.4% of the population and is a common congeni-
tal heart defect (1, 2). In adults, the most common disorders of the valve are mitral insufficiency  
(i.e., regurgitation), mitral stenosis, myxomatous degeneration, and mitral valve prolapse, with broad 
disease likely to include several of these effects.

The mitral valve leaflets consist of four layers that differ in extracellular matrix (ECM) composi-
tion and mechanical properties. The thickest layer of the valve, the fibrosa, is the main load bearing 
layer. It provides the majority of leaflet tensile strength through a thick layer of dense, aligned collagen 
fibers while a looser collagen network with increased glycosaminoglycan (GAG) and proteogly-
can content provides compressive strength. The mitral valve is mechanically supported through 
the GAG-rich chordae tendinae which attach the mitral leaflets to the papillary muscles along the 
ventricular wall and maintain valve closure during systole. MVD results in altered mechanical and 
structural properties of the valve. Myxomatous mitral valves are characterized by leaflet enlargement, 
annular dilation, thickened and elongated chordae, GAG accumulation, loss of structure, increased 
compliance, and myxoid lesions. Disorganization and remodeling of the ECM and weakening of the 
chordae result in a loss of most of the valve’s mechanical properties and an overall thickened and 
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enlarged leaflet. This in turn prevents the valve from fully closing 
causing symptoms of mitral regurgitation and prolapse.

The mitral valve is a dynamic structure which changes mechani-
cally during the cardiac cycle; the constant flow of blood and 
opening and shutting of the valves exposes the tissue to a complex 
and demanding environment. The valve is subjected to bending, 
deformation, large area changes, shear stress, and heterogene-
ous strains in response to myocardial contraction, transvalvular 
pressure, and hemodynamic flow. The mitral valve exhibits a 
non-linear stress–strain relationship with complex viscoelastic 
and axial coupling behaviors (3, 4). These dynamic and adap-
tive interactions between the myocardial wall and valve leaflets 
ultimately impact the mechanical stress and strain experienced by 
cells through the ECM (5).

Cells and their ECM exhibit dynamic reciprocity, continuous, 
bidirectional interaction between cells and their ECM, in the 
growth and formation of tissue through mechanotransduction, 
the conversion of mechanical signals into biochemical responses 
(6). Cells and their ECM reorganize via a complex of mechanore-
sponsive elements (6) to physically regulate the spatiotemporal 
distribution of biochemical components maintaining homeosta-
sis. MVD has been linked to a variety of mechano-active genes, 
such as extracellular components, mechanotransductive ele-
ments, and transcription factors. Mechanical stimulus in the 
microenvironment provides inductive signals of homeostasis and 
remodeling to the native cells—valve interstitial cells (VICs), and 
endothelial cells (VECs).

Valve endothelial cells reside on the exterior of the valve, 
maintain a non thrombogenic surface layer, and regulate 
immune and inflammatory reactions. The majority of valve 
cells are the VICs, a mesenchymal population that resides in 
all layers of the valve, distinct in their ability to differentiate 
into multiple phenotypes. There are five known phenotypes of 
VICs: embryonic progenitor endothelial/mesenchymal, quies-
cent, activated, progenitor, and osteoblastic VICs which may 
convert from one form to another. Most VICs in the healthy 
adult valve are quiescent with a small population of activated 
VICs to maintain base ECM remodeling. In pathological states, 
there is an increase in activated VICs which regulate repair 
and remodeling, which may lead to fibrosis and calcification. 
Inflammation, biochemical, and mechanical stimuli can induce 
activation of quiescent fibroblasts into myofibroblasts. VICs and 
VECs continuously remodel their environment by secreting and 
degrading ECM, and adapting their gene, protein, and cytokine 
expression to alter phenotype and function. These dynamic 
and adaptive interactions between the myocardial wall, flow-
ing blood, and valve leaflets ultimately impact the mechanical 
stress and strain experienced by cells through the ECM. The 
movement, anisotropic deformation, and complex geometries 
of the mitral valve create a variety of ever changing mechanical 
cues between the cells and their matrix. ECM composition, fiber 
alignment, and compaction regulate cell deformation and thus 
mechanotransductive response. By focusing on broad classes 
of mechanosensing pathways as well as their integration in 
mechanotransduction, this review will explore the biomechani-
cal mechanisms at play in the mitral valve microenvironment 
and mediators of mechanotransduction in this tissue.

MECHANOBIOLOGY OF MITRAL 
VALVULOGENESIS

During valve development, the embryonic heart transforms 
from a myocardial tube into a complex, four chambered, mature 
structure. Valve cells differentiate from endocardial cells during 
gastrulation and by E9.5 valvulogenesis begins when the heart 
tube loops creating the primitive ventricle and atria. In these early 
embryos position sensing (7, 8) and force transduction instruct 
lineage allocation. Endothelial cells (ECs) of the endocardium 
form valve cushions in a GAG-rich cardiac jelly where, in response 
to growth factors, such as Transforming Growth Factor-β  
(TGF-β), they undergo endothelial to mesenchymal transition 
(EMT). ECs reorganize their actin architecture to permit migra-
tion, adhesion, and morphogenesis in the embryo. Knockout of 
cytoskeletal adaptors in ECs causes disorganized cytoskeletal 
organization, cell morphology, impaired focal adhesion develop-
ment, and actin signaling, inhibiting EMT in embryonic mice (9). 
Atrioventricular endocardial cells adopt a cuboidal morphology 
prior to EMT which seems mediated by cardiac contraction- in 
mutants which lack heart contraction, endocardial cells fail to 
change shape and initiate EMT (10).

During EMT cell–cell contacts are downregulated and processes  
governing cell–matrix adhesions and cytoskeleton reorganization 
are upregulated (11). Cells acquire an invasive phenotype, allow-
ing them to migrate into the cardiac jelly, degrade hyaluronan, 
and deposit collagen, versican, and proteoglycans to form mature 
leaflets. Cushion mesenchymal cells give rise to VICs post-EMT 
which organize their surrounding matrix into a fibrous, rigid 
tissue able to withstand the hemodynamic loading of the beat-
ing heart. Contractile VICs condense the ECM by pulling on 
it, creating cell–matrix alignment in response to mechanical 
cues (12, 13). During valvulogenesis, tension points are created 
which may promote the secretion and alignment of collagen 
fibrils from VICs in a manner similar to that seen during tendon  
development (14).

Mechanotrasnduction of hemodynamic shear and strain are 
crucial to valvulogenesis. In zebrafish embryos knockdown of 
oscillatory flow sensitive gene klf2a results in dysfunctional or 
absent leaflet formation despite no change in retrograde flow 
(15). klf2a is related to signaling through mechano-sensitive ion 
channels, which is discussed later in the Ion Channel section. 
Physical occlusion of the inflow or outflow tract in zebrafish 
embryos results in hearts with an abnormal third chamber, 
looping defects, and impaired valve formation. In the embryo, 
red blood cells themselves generate important shear fluctuations 
different than that of normal hemodynamic shear which may 
mechanically influence ECs (16). Zebrafish with transvalvular 
flow alterations fail to undergo atrioventricular valve maturation 
from two to four leaflets despite no alterations in contractility 
(17). Tissue strain from variations in pressure and cardiac con-
traction also mechanically drive valve formation in a similar fash-
ion to cell–cell and cell–matrix contacts. Mutations that inhibit 
myocardial contractility in the embryo fail to form cushions with 
chemical inhibition of contraction inhibiting endocardial ring 
formation in a dose dependent fashion (18). Cytoskeletal adap-
tors in embryonic ECs mediate actin dynamics, and mutations in 
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them disrupt EMT and valvulogenesis (19). The impact of strain 
alterations are time dependent as altered cardiac preload results 
in morphological defects in zebrafish embryos treated in earlier 
and later developmental stages without impacting groups treated 
at 30–36  h post fertilization (20). Alterations in cell–matrix 
homeostasis later in life may reactivate physical or chemical cues 
of valvulogenesis, particularly EMT, causing aberrant elongation, 
remodeling, and stiffening (21, 22).

ADHERENS JUNCTIONS AND 
CADHERINS

Adherens junctions are located at cell–cell contact points where 
they mediate cell adhesion, force, and signal transduction. Cells 
send out a finger-like lamellipodia to neighboring cells, which are 
stabilized by the acceptor lamellae with actin-myosin contractility. 
This actin finger determines the location and shape of the adher-
ens junction and is co-localized with stress fibers in the neighbor-
ing cells. Adhesions are formed through integrin and cadherin 
interactions in both VECs and VICs at cell–cell and cell–integrin 
junctions, respectively. At adhesions, adhesion receptors interact 
with F-actin and adhesion proteins to regulate signaling, junction 
assembly, and maintenance. While traditionally recognized as 
distinct structures, adherens junctions and focal adhesions are 
intracellularly linked to the actin cytoskeleton, and activate the 
same signaling proteins and actin regulators (23).

Vinculin is a cytoplasmic actin binding protein, enriched at 
both cell–cell and cell–matrix adhesions, which regulates inte-
grin dynamics and adhesion, stimulating polymerization, and 
remodeling through actin binding. Vinculin arranges itself in 
three domains: an integrin signaling layer, actin binding and force 
transducing layer, and actin regulatory layer. Vinculin is in an 
open active form in focal adhesions and a closed, inhibited form 
within the cytoplasm. In this inhibited form, the vinculin head 
domain interacts extensively with its tail in the integrin signaling 
layer and when these head–tail interactions are relieved (24), it 
migrates to the actin binding layer where it recruits proteins to 
regulate focal adhesion dynamics and cell migration (25).

Cadherins are calcium-dependent cell adhesion proteins 
composed of an extracellular region, a transmembrane domain, 
and cytoplasmic region. Cadherins connect the cortical actin 
cytoskeleton of neighboring cells and create zipper-like structures 
to maintain stable intercellular adhesion by regulating cortical 
tension and maintaining mechanical coupling between cells (26). 
In confluent monolayers, VICs with strong cell–cell contacts 
show weak expression of myofibroblastic marker α-smooth 
muscle actin (αSMA), suggesting cell contact inhibits myofi-
broblastic activation (27). In these conditions, cadherin protein 
complexes β-catenin and N-cadherin expression are decreased or 
absent (27). In aortic valve disease and development cell junction 
protein cadherin-11 (Cad-11) has been implicated in a variety of 
mechano-active defects and similar mechanisms may be at play 
in MVD. Cad-11, a known mediator of dystrophic calcification in 
calcific aortic valve disease, is strongly expressed in human calci-
fied aortic leaflets with nodule formation dependent on strong 
cell–cell contacts (28) while cyclic strain upregulates Cad-11 
and αSMA expression (29) in aortic VICs (AVICs). In canines 

with myxomatous valve disease, VE-cadherin was significantly 
decreased (30). Downregulation of VE-cadherin results in 
endothelial migration and EMT in zebrafish valvulogenesis (31) 
so similar expression in canines suggests a pathological prolifera-
tive and migratory endothelial phenotype (30).

Plakophilin-2 links cadherins to intermediate filaments in 
the cytoskeleton. In prolapsed mitral valves, increased Cad-11, 
N-cadherin, and aberrant presence of plakophilin-2 at the adher-
ens junction, promotes latent TGF-β activation and pathological 
ECM remodeling (32). Cad-11 is expressed in chick mitral valves 
during development at the leaflet tips in endocardial cushion 
mesenchymal cells (31) and throughout the leaflets of remodeling 
valves in adults. In hyperlipidemic mice, Cad-11 expression was 
significantly increased in the aortic and mitral valves (33) induc-
ing ECM remodeling and calcific nodule formation (34).

INTEGRINS

Integrins regulate and respond to force by connecting the ECM  
to the cytoskeleton. Composed of an α and β subunit which com-
bine to approximately 24 unique heterodimers (35, 36), integrins 
bind to different ECM proteins and interact with cell-surface 
ligands, transmembrane proteins, proteases, and growth factors 
(37). Integrins receive and transmit signals from both sides of 
the plasma membrane (38, 39). Cytoskeletal contractions pull 
on integrin links to the matrix, deforming binding proteins that 
connect actin to focal adhesion proteins and integrin to argi-
nine–glycine–aspartate (RGD) containing proteins, altering gene 
and protein expression (40). RGD is the main integrin binding 
domain in ECM proteins common to the mitral valve: collagens, 
laminin, fibrillin, and fibronectin (41, 42).

Several adhesive peptides control integrin-mediated cell 
adhesion. VICs strongly express the α2 and β1 subunits and 
α5β1 integrin (43, 44) Collagen I mimetic DGEA binds integrin 
α2β1 and promotes adhesion and ECM deposition in VICs (45). 
The α2β1 integrin is necessary in coupling VICs to collagen I, 
propagating VIC contraction into leaflet force generation (46). In 
combination with RGD, peptide VAPG with affinity to laminin 
and elastin, along with DGEA downregulate myofibroblastic 
and osteogenic differentiation in VICs (45). Blocking integrin 
receptor 67LR, with affinities to laminin and elastin, resulted in 
formation of calcific nodules (47) suggesting an anticalcific effect 
in binding. Disruption of VIC binding via the α5β1 integrin or the 
67-kDa laminin receptor had a dramatic calcification-stimulating 
effect. Binding via the α2β1 integrin did not alter calcification or 
VIC phenotype; blocking α5β1 resulted in calcification in AVICs 
(43) and is likely to have similar pathology in mitral valves.

Integrins bind to and activate TGF-β, which modulates cell 
growth, adhesion, migration, and ECM synthesis (48, 49). TGF-
β secretion consists of three proteins: TGF-β, latency-associated 
protein (LAP), and latent TGF-β binding protein (LTBP), an 
ECM-binding protein. Several integrins activate latent TGF-β 
through binding to an RGD integrin binding site on LAP (50). 
Under high stress, TGF- β controls expression of αSMA, stress 
fiber formation, and differentiates quiescent fibroblasts into 
contractile myofibroblasts creating a positive feedback cycle 
(51). Mechanically conditioning ECM releases active TGFβ1 

70

http://www.frontiersin.org/Cardiovascular_Medicine
http://www.frontiersin.org
http://www.frontiersin.org/Cardiovascular_Medicine/archive


FIGURE 1 | Integrated mechanotransduction of cadherins and integrins through the cytoskeleton and small GTPases. A. At cell–cell adhesion points coupled 
cadherins transduce strain and shear force into cytoskeletal remodeling and downstream signaling pathways. B. At cell–extracellular matrix (ECM) adhesions, strain 
is transduced through integrins into cytoskeletal remodeling and downstream signaling pathways. C. RhoA and Rac are mechano-sensitive small GTPases common 
to multiple methods of mechanotransduction in the mitral valve that act opposite and complementary to control cell migration, differentiation, and proliferation. RhoA 
regulates actin cytoskeleton and stress fiber formation while Rac1 regulates cell–cell adhesion, actin polymerization, lamellae protrustion, and cytoskeletal polarity. 
ROCK interacts with integrins and cadherins to mediate RhoA and Rac activity while FilGAP binds to filamin-A to control actin at cytoskeletal interfaces. D. The 
extracellular matrix interacts with the actin network directly through specific ECM components or through integrins and cadherins. See Section “Integrated 
Mechanotransduction” for more information.
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(52) demonstrating the role of force in fibroblast activation. 
VICs grown on stiff surfaces have strong cell-ECM adhesions, 
contractility, and myofibroblast differentiation (53). Shear flow 
induces TGFβ1 production and myofibroblast differentiation of 
fibroblasts in collagen gels (54). In both embryonic and adult 
VICs, a quiescent phenotype is maintained in unstressed collagen 
hydrogels; however, contractile expression, TGF-β, and matrix 
remodeling are upregulated in response to tension (55).

Latent TGF-β binding proteins interact with fibrillin, a large 
structural protein that polymerizes into extracellular microfibrils 
and contributes to the functional integrity of connective tissue 
(56). Mutations in fibrillin-1 cause Marfan Syndrome (MFS) 
and related disorders from dysregulated TGF-β activity. TGF-β 
cytokines act through various small GTPases such as RhoA and 
Rac1, which are implicated in valve disease and development 
(Figure 1). RhoA is a mechano-sensitive GTPase that acts com-
plementary to Rac to control cell migration, differentiation, and 
proliferation. Filamin-A (FlnA) point mutations in mice, respon-
sible for X-linked myxomatous valve disease (57), deregulate 
the balance between RhoA and Rac1 in favor of RhoA, altering 
downstream trafficking of β1 integrins (58) resulting in a myox-
omatous phenotype by 2 months of age. For more information 
on GTPases, see section on Integrated Mechanotransduction at 
the end. FlnA mutations increase Erk signaling, a non canonical 
TGF-β driven kinase, which is present in mouse models of MFS 
(59). In murine aortic valves with an elastogenic defect, mice had 
latent hemodynamic AV disease from increased Erk1/2 activa-
tion, ECM disorganization, and inflammation (60). Both these 
mutant mice and aged mice display stiffened ECM, fibrosis, cell 
adhesion and fibronectin alterations, increased collagen expres-
sion, and decreased LTBP signaling (60) suggesting a similar 
mechanism may be driving integrin signaling in MVD.

CILIA

Primary cilia are solitary microtubule structures consisting of 
a basal body and projecting axoneme “antenna.” The axoneme 

senses the external environment and coordinates various 
signaling pathways, such as TGF-β (61) and calcium sinks (62), 
indicating a mechanosensory role (63). Primary cilia defects have 
been linked to various congenital cardiovascular diseases, such as 
heterotaxy and atrioventricular septal defects (64–66). Cilia are 
strongly expressed between stages E11.5 and E17.5 on the outflow 
tract cushions in aortic valvulogenesis, while they are lost in adult 
VICs (67).

Primary cilia restrain ECM expression during development 
and remodeling such that ablation of primary cilia during 
aortic valvulogenesis results in highly penetrant bicuspid valve 
phenotype (67). Primary cilia loss in arterial ECs sensitizes them 
toward BMP mediated osteogenic differentiation (68), inflamma-
tory gene expression, and decreased eNOS activity (69). Exome 
sequencing of chemically mutagenized mice revealed mutations 
in 61 recessive congenital heart disease genes, 34 of them cilia 
related (66); cilia axoneme mutants caused outflow tract and atri-
oventricular septation (70). In polycystic kidney disease (PKD), 
a genetic disorder with TGF-β mediated abnormalities, there is a 
10-fold increase of mitral valve prolapse tied to defective protein 
localization in the primary cilia (71–73). Mitral insufficiency has 
been seen in infantile nephronophthisis (74), structural defects in 
Ellis–van Creveld syndrome (75, 76), severe mitral regurgitation 
and structural defects in Kartagener’s syndrome (77, 78), and 
rheumatic valvular insufficiency in Bardet–Biedl syndrome (79).

ION CHANNELS

Mechano-sensitive channels (MCs) are a class of membrane 
ion channels that detect and respond to force, converting it into 
electrical or biochemical signals (80, 81). There is increasing 
evidence MCs play a key role in regulating endothelial response 
to shear flow (82–84). Cilia coupled with calcium channels 
(Figure 2) transduce shear stress during zebrafish valvulogenesis; 
endothelial cilia deflect with blood flow correlating to expres-
sion of calcium channel gene polycystin-2 (PKD2), increasing 
endothelial calcium levels, and altering vascular formation (85). 
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FIGURE 2 | Coupled mechanotransduction of cilia and ion channels. A. The basal body is a modified centriole that sits at the bottom of the cilia and provides the 
origin point for new cilia. They provide a symmetric template for the axoneme structure and dictate the position and orientation of the cilia, ensuring correct 
cilia-driven fluid flows and response to flow. B. The axoneme is the most prominent component of cilia consisting of nine microtubules. Its major function is cell 
signaling as the axoneme senses and coordinates mechanical and chemical responses, bending the cilia and altering downstream signaling. Intraflagellar transport 
brings cargo into the cilia along the axoneme with kinesin and out with dynein. C. In response to axoneme bending, stretch or calcium responsive ion channels, 
such as the polycystins (polycystic kidney diseases), open, allowing for calcium- or ATP-dependent signaling to occur inside the ciliary body. D. In response to 
calcium influx through the ion channel, downstream transcription factors (X) are phosphorylated and translocated to interact with the cytoskeleton, nucleus, and 
endoplasmic reticulum.
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Cilia response is mediated by transient receptor channels such as 
Trpv4 and Trpp2 which are expressed during valve development 
(86). mRNA expression of Piezo1, a mechanically activated cation 
channel, has been seen in murine hearts (87) while its loss in ECs 
causes stress fiber and cell orientation (88) deficits in response to 
shear stress, profound vascular defects, and embryonic lethality 
within days of the heart beating (89).

Malfunction of MCs results in broad cardiovascular patho
logy such as arrthymias (90), hypertension (91), and PKD (92). 
PKD2 is localized to the cilia in vascular ECs. In mouse embryos 
it is required for right-left axis determination with knockouts 
displaying severe cardiac structural defects by E18 (93). PKD2 is 
mutated in PKD and murine mutants lose the ability to generate 
nitric oxide (NO) in response to shear flow which may promote 
high blood pressure (94). PKD2 defects may prolong channel 
activity by preventing calcium from leaving small compart-
ments, such as cilia (95). Prolongation of the QT interval has 
been associated with myxomatous mitral valve related sudden 
cardiac death (96, 97). Mutations in sodium voltage-gated 
channel V account for 5–10% of long QT cases and have been 
comorbid with desmoplakin mutations, a protein responsible for 
mechanical coupling of cardiac myocytes with known overlap 
in channelopathies (97, 98). Oscillatory flow stimulates klf2a 
expression, a key transcription factor in valvulogenesis, and 
knockdown results in dysfunctional or absent leaflet formation 
(15). Oscillatory flow through Trpv4 and Trpp2 (99) modulate 
the endocardial calcium response and control klf2a expression in 
zebrafish, with absence of either resulting in severe valve defects. 
klf2a misexpression during angiogenesis occurs in the absence 
of flow, with downregulation of β1 integrin rescuing overgrowth 
and maintaining endothelial quiescence (100).

CAVEOLAE

Caveolae are small plasma membrane invaginations made up 
of Caveolin (Cav) and Cavin proteins, glycosphingolipids, and 
cholesterol. Caveolae respond to mechanical stress by flat-
tening into the membrane, increasing surface area to relieve 
tension, while confining receptors and signaling molecules 
(101, 102). Caveolae participate in a dynamic cycle of flattening 
and reassembly in response to mechanical stress independent 
the actin cytoskeleton. In vascular smooth muscle cells (103), 
cardiomyocytes (104), and aortic ECs, translocation of Cav1 
to non-caveolar membrane domains during flattening is 
required for strain and flow induced Erk expression (105). 
Rho and Rac GTPases (104), Src (106) and MAP kinases (107), 
and calcium (108) expression are also modulated by caveolae 
mechanotransduction.

Genomic analysis in canine myxomatous valve disease 
identified caveolar mediated endocytosis as a canonical pathway 
relevant to MVD (12). This pathway controls EC growth and 
migration through endocytosis of cholesterol-enriched mem-
brane microdomain (CEMM) internalization when integrins are 
uncoupled during cell detachment from the ECM. Integrins target 
Rac to CEMMs where it interacts with downstream effectors to 
induce signaling (109, 110). In caveolin-1 knockdowns, TGF-β, 
fibroblast activation, and collagen gene expression increases in 
human lung fibroblasts (111). In canines with chordal rupture 
induced mitral regurgitation, caveolar invagination decreased 
Erk signaling, regulating hypertrophic remodeling in response 
to volume overload (112). Positive caveolin staining and cave-
olae structures have been seen on aortic VECs (113) and may be 
conserved in mitral valves.
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GLYCOCALYX

The glycocalyx (GC) are abundant proteoglycan complexes 
that cover the surface of ECs and maintain endothelial barrier 
integrity. They are composed of the syndecan, a transmembrane 
core protein, and membrane anchored GAGs (114). GC control 
NO production (115) in vascular ECs by transducing shear stress 
to the cytoskeleton (116, 117) resulting in intracellular signaling 
and NO production (118, 119). Breakdown of the GC results 
in dissolution of tight junctions (120) and production of NO is 
dependent on calcium intake from TRP channels (121).

Syndecans (Sdcs) are members of a proteoglycan family of 
adhesion transmembrane receptors (122, 123). There are four 
mammalian Sdcs that bind to ECM, cell adhesion molecules, and 
growth factors (43). While no Sdcs are expressed in healthy aortic 
or mitral VICs (43), Sdc1 is strongly expressed on the vascular 
EC surface (124) and GCs are broadly expressed on the mitral 
endothelium in hypercholesterolemic rabbits (125). GCs and Sdcs 
are implicated in inflammatory (126, 127) and vascular diseases 
in the context of heart failure (128–130), myocardial dysfunction 
(131), and myocardial infarct (132). Sdc1-null mice with myo-
cardial infarction display enhanced endothelial adhesion, trans 
endothelial migration of inflammatory cells, matrix remodeling, 
and fibrosis (133) as well as attenuated angiotensin II-induced 
dysfunction (134). Oxidized LDL cholesterol degrades GCs and 
enhances adherence of leukocytes to the endothelial surface in 
mouse vascular models (135). Immune involvement provides a 
potential avenue to MVD given the autoimmune role in rheu-
matic valve disease.

NUCLEAR

Many mechanosensing modalities are physically coupled to the 
cytoskeleton filaments which in turn link to nuclear scaffolds, 
chromatin, and nuclear DNA (136–138). Forces applied to the 
cell surface cause structural changes to the nucleus (139, 140). 
As such, the nuclear aspect ratio (NAR) can be used as an index 
of cellular deformation due to the correlating deformation and 
directionality of the nucleus to the cell. In the mitral valve, NAR 
analysis determined VICs in the fibrosa and ventricularis layers 
deform more than the atrialis and spongiosa (141). MVICs also 
display cytoplasmic uncoupling from nuclear deformation under 
hyper-physiological strain levels (142) which may have pheno-
type and ECM remodeling consequences.

Lamins, nuclear intermediate filaments, are dense protein net-
works capable of forming stable structures within the nucleoplasm 
and have a crucial role in DNA/RNA synthesis and transcription 
(137). Dilated cardiomyopathy (143, 144) a laminopathy, causes 
volume overload and functional mitral regurgitation. Lamin A/C 
mutant mouse cells have impaired activation of mechano-sensitive 
transcription factor MRTF-A which causes cardiac myofibro-
blastic differentiation (145, 146) and activates vinculin and actin 
(147). Linker Nucleuskeleton and Cytoskeleton (LINC) proteins 
are key mechanotransductive structures between the cytoskeleton 
and nucleus. They include nesprin which connects LINC to the 
cytoskeleton and SUN which anchors LINC in the nucleus through 
lamin interactions and chromatin binding proteins (148). Nesprin  

is subject to actin-myosin mediated tension in adherent fibro-
blasts, which is reduced in fibroblasts from Hutchinson–Gilford 
progeria patients, a multisystem laminopathy (149). Nesprin also 
interacts with common intracellular signaling pathways such as 
Erk1/2 (67) and β catenin (150). Nesprin knockdown in ECs crip-
ples nuclear deformation and cell orientation during cyclic strain, 
but increases focal adhesions (151). Nesprin knockout cells have 
altered morphology, polarization, and migration (152).

5-HT SEROTONIN

Multi-valve pathology (153) is seen after exposure to serotonergic 
drugs fenfluramine, dexfenfluramine, ergotamine, and methy-
sergide (154) as well as ergot-derived dopamine agonists pergolide 
(155), cabergoline (156), and bromocriptine (157). Fenfluramine 
binds to serotonin or 5-hydroxytryptamine (5-HT) receptors 
5-HT2A, 5-HT2B, and 5-HT2C with porcine aortic and mitral VICs 
expressing 5-HT2A and 5-HT2B receptor transcripts, suggesting 
valve fibrosis (158) after exposure to fenfluramine, ergot drugs, 
and 5-HT is a result of 5-HT2A and 5-HT2B stimulation. In ligand 
screening studies 5-HT2B is the commonly activated serotonin 
receptor of drugs associated with valvular heart disease (159) 
with myxomatous canine valves upregulating 5-HT2B receptor 
mRNA (160) and proteins (161). The 5-HT2B receptor is required 
for heart development (162) regulating differentiation and prolif-
eration of cardiac tissue; 5-HT transporter deficient mice develop 
cardiac fibrosis, and valvulopathy (163).

5-HT2B increases MVIC proliferation and ECM production 
through common mechano-active signaling modalities. 5-HT2B 
receptor activation increases MAPK activity through Erk1/2 
(164, 165) as well as Src family kinases (166), resulting in cell 
proliferation, while addition of 5-HT to canine MVIC cultures 
increases collagen and GAG synthesis through H-proline and 
H-glucosamine incorporation respectively (164). Cross-talk may 
occur between the TGF-β and 5-HT pathways under elevated 
mechanical stresses. During atrioventricular valve development 
in chick embryos, 5-HT induces pathological modeling effects 
through a TGF-β3-dependent mechanism causing tissue stiffen-
ing, contractile gene expression, and collagen expression (167). 
In myxomatous mitral valves, 5-HT2B receptor expression is 
co-localized with αSMA expression (168); neonatal rat cardiac 
fibroblasts treated with 5-HT upregulated αSMA expression 
marking fibroblast differentiation and TGF-β signaling (169). 
AVICs treated with 5-HT show increased TGF-β1 and 5-HT2A 
(170) expression while serotonin transporter (SERT) knockout 
embryonic mice increased expression of TGF-β1, αSMA, and 
5-HT2A in the whole heart (171). At the tissue scale, treating an 
AVIC seeded construct with a 5-HT2B agonist acutely decreases 
tone generation of the cells, tissue alignment, and increases the 
tensile modulus along the primary fiber alignment axis (172). 
Similar mechanisms may be at play in 5-HT-related MVD.

While 5-HT alters the MV microenvironment and global valve 
mechanics, it may also be a direct mechanomodulator as proposed 
in Figure  3 below. In both aortic banded rats and neonatal rat 
cardiomyocytes, mechanical stress enhances 5-HT2B signaling in 
ventricular models of pressure induced cardiomyopathy (173). 
Serotonin induced a positive inotropic response in the papillary 
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FIGURE 3 | Mechanomodulation of mitral valve disease through serotonin. 
Tensile strain upregulates serotonin synthesis through a mechanosensory 
mechanism. Serotonin interacts with the serotonin type 2B receptor and 
serotonin transporter (SERT) in the mitral valve activating Erk1/2 through 
G-protein stimulation. Erk1/2 is phosphorylated in the nucleus where it induces 
TGF-β signaling and transcription of genes mediating myxomatous disease.
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muscles and increased 5-HT2B receptor expression in hypertrophic 
rats with post infarction heart failure which correlated to degree of 
hypertrophy (174). Cyclic stretch upregulates 5-HT2A and 5-HT2B 
receptor expression in porcine aortic valve cusps causing AVIC 
proliferation and ECM remodeling (175). Cell proliferation, colla-
gen synthesis, and tissue stiffness in response to cyclic stretch seem 
to be specifically modulated by the 5-HT2A receptor in the aortic 
valve (176) while unstrained in vitro experiments in MVs implicate 
the 5-HT2B receptor. Static and cyclic strain increase expression of 
myxomatous effector proteins, chondrogenic markers, and mark-
ers of the myofibroblastic phenotype compared to unstrained 
controls in myxomatous canine MVs (177). Interestingly, in both 
strain conditions, expression of serotoninsynthetic enzymes 
increased with higher serotonin levels in the media of cyclically 
strained valves suggesting mitral valves are capable of local 
serotonin synthesis and may be mechanically modulated (177). 
Myofibroblastic phenotype markers, matrix catabolic enzymes, 
cathepsins, matrix metalloproteases, and GAGS increased with 
increasing cyclic strain in cultured sheep MVs with serotonin 
present in the media of cyclically strained valves with concentra-
tion correlating to percent strain; inhibition of serotonin reduced 
these strain mediated protein expression patterns (178).

INTEGRATED MECHANOTRANSDUCTION

It is likely individual methods of mechanotransduction work 
in concert through common signaling pathways. Multi faceted 
proteins such as small GTPases coupled with an integrated frame-
work, such as the cytoskeleton, implicate a coordinated sensing 
and transduction network of shared, simultaneous components 
as illustrated in Figure 4.

Both RhoA and Rac GTPases mediate endothelial–mesenchy-
mal transition during valvulogenesis (179, 180), while in adult 
VICs RhoA regulates actin cytoskeleton and stress fiber formation 
as Rac regulates cell–cell adhesion, actin polymerization, lamellae 

protrustion, and cytoskeletal polarity (181). Altering the actin net-
work geometry by overexpressing Rac1 GTPase so precursor actin 
bundles are suppressed at free borders, changes adherens junction 
shape, and increases lamellae protrusions (182, 183). RhoA signal-
ing couples cadherin based adhesion with actimyosin contractility 
(184). Rac1 and RhoA interact in a spatiotemporal manner with 
adherens junction proteins to coordinate opening and closing 
of endothelial junctions (185). FilGAP, a Rac GTPase-activating 
Protein, binds FlnA to control actin remodeling (186) and is 
present at focal adhesions but more directly present at cytoskeletal 
interfaces where FlnA and the β integrin cytoplasmic tail interact 
to form a binding pocket for opposing β strands (187, 188). FlnA is 
an actin binding protein widely expressed during valvulogenesis, 
which anchors transmembrane proteins to the cytoskeleton and 
mediates remodeling events in response to stimulus.

In both embryonic and adult VICs, a quiescent phenotype is 
maintained when they are cultured in unstressed collagen hydro-
gels; however, contractile expression, TGF-β, and matrix remod-
eling are upregulated in response to mechanical tension (55, 189). 
During development, this quiescent phenotype transition is gov-
erned by decreasing αSMA following decreased RhoA-GTPase 
expression (11, 190). Cyclic stretch of embryonic valve progenitor 
cells activates RhoA in acute response to the mechanical stimulus 
and is later switched to chronic Rac1 activation through FilGAP 
(191). RhoA mediates myofibroblastic activation during this acute 
signaling while chronic cyclic strain deactivates RhoA, enabling 
Rac1 to compact the matrix. Mutations in FlnA are responsible 
for X-linked myxomatous valve disease (192) by weakening 
FilGAP binding (193) and disrupting GTPase regulation (58) 
which alters cytoskeletal remodeling ability. Rac-1 knockdown in 
embryonic kidney cells abrogated PKD1-mediated signaling sug-
gesting a critical role for small GTPases in PKD, providing insight 
into ciliary and voltage-gated signaling (194). In Bardet–Biedl 
syndrome, RhoA levels are upregulated but treatment of mutant 
cells with RhoA inhibitors restores cilia length and number as 
well as actin cytoskeleton integrity (195). In vascular SMC, 5-HT 
induced mitogenesis relies on Rho-mediated translocation of 
Erk1/2 (196) and induces Smad activation in bovine and human 
pulmonary artery SMCs via RhoA (197). 5-HT potentiates TGF-
β3 expression in cushions which then induces contractile gene 
expression through RhoA (167).

The cytoskeleton provides an integrated framework for com-
munication by physically connecting distant parts of the cell 
(145), rapidly transmitting mechanical information and modu-
lating signal transduction through posttranslational modifica-
tion, remodeling, and reorganization. Mechanical activation of 
Src 50 µm from the point of force application in vascular smooth 
muscle cells takes less than 300  ms through actin stress fibers, 
orders of magnitude faster than reaction-diffusion signaling 
cascades (145, 198). Disrupting actin filaments (199) as well as 
relieving stress fiber prestress (200) impairs rapid long distance 
mechanotransduction. Association with cadherins and integrins 
produces a critical interface through which actin filaments are 
exposed to forces from the ECM. Integrins and cadherins share 
similar mechanotransductive mechanisms in their interactions 
with the actin cytoskeleton, recruitment of common adhesion 
components, and extensive cross-talk (200, 201). Both integrins 
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and cadherins stimulate Rho and Rac GTPases resulting in 
cytoskeleton remodeling in response to adhesion (201, 202).

The actin cytoskeleton provides structural stability to GC in 
ECs under shear stress (203). Depolymerizing actin weakens the 
anchoring strength of core proteins that support the GC such that 
the GC layer is ablated under shear stress; this is potentially due to 
altered mechanotransduction (203). Caveolae associate and align 
with stress fibers (204, 205) through FlnA actin binding domains. 
Knock down of FlnA increases the lateral movement of Cav1 and 
reduces stress fiber alignment of the caveolae (206). Inhibiting 
actin polymerization increases the abundance of caveolar rosettes 
and increases Cav1 (207, 208) clustering while increasing stress 
fiber formation decreases caveolar rosettes (209). Caveolae, spe-
cifically Cav1 interactions (210, 211), regulate RhoA-mediated 
actomyosin contractility (209). Cav1 and RhoA are localized to 
the same membrane invaginations (212), physically interacting 
to induce cytoskeletal reorganization in response to force (104). 
Like FlnA mutations, alterations to the ECM change cytoskeletal 
structure and function which can result in pathological signaling 
and remodeling. Erk activity specifically localizes to regions of 
matrix metallopeptidase 2 expression (213), an ECM degrading 
enzyme, which is significantly increased in clinical patients with 
floppy mitral valves and mitral valve prolapse (214). A variety 
of collagen mutations result in mitral valve prolapse, aortic root 
dilation, and a host of structural defects (215, 216).

The mitral valve exists in a complex environment where 
global mechanical deformation alters cell phenotype and ECM 
remodeling (217) in the microenvironment in a synergistic and 
reciprocating fashion. It is increasingly apparent that multiple 
mechanobiological regulatory modalities exist and are intercon-
nected through shared components. Much like our five senses, 
multiple methods of mechanosensing coexist in the same cell, 
interacting with each other and the environment. In cells with 
a disrupted sense, mechanical stimulus may seem preferentially 
potent in one sense compared to a wild-type cell, causing patho-
logical signaling and remodeling. The interconnected pathways 
and frameworks of mechanotransduction can be thought of as 
a network in search of homeostasis; superior treatments may 
seek to rebalance the network instead of focusing on a solitary 
gene or protein defect. Increasing our understanding of how cells 
interact with their environment through mechanosensing and 
mechanotransduction provides potential therapeutic targets in 
valve disease by altering the environment, cellular perception of 
the environment, or communication with the environment in a 
profound and regenerative manner.
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FIGURE 4 | Methods of mechanosensing in the mitral valve. A. At a global level, the valve is subjected to flexure as the valve opens, shear as the blood flows 
through the valve, flexure as the valve closes, and tension as the valve seals shut to prevent regurgitation. At a microscopic level, mechanotransduction converts 
these extracellular forces into intracellular signaling through multiple cellular apparatuses. B. Mechano-sensitive ion channels convert mechanical force exerted on 
the cell membrane into electrical or biochemical signals. C. The axoneme of primary cilia convert extracellular cues into various signaling pathways as well as 
coupling transduction with voltage-gated channels D. Integrins are the main receptors connecting the cytoskeleton to the extracellular matrix (ECM) and transmit 
mechanical stress across the plasma membrane E. In nuclear deformation physical force is transmitted across the nuclear envelope to the nuclear interior where 
they modulate gene expression from physical deformation of genetic material F. Caveolae flatten into the plasma membrane when stimulated by cell-surface tension, 
relieving tension and physically sequestering proteins, growth hormones, and cytokines G. The glycocalyx transmits fluid shear stress to the cell through core 
proteins which connect to the actin cytoskeleton and cell membrane mediating cell signaling H. Cadherins are cell adhesion proteins that create zipper like structures 
at cell junctions to maintain stable intercellular adhesion and mechanical coupling between cells and the adherens junction to transform mechanical to chemical 
signals as well as interacting with integrins through actin filaments I. Directly or indirectly, the load bearing cytoskeleton is common to the various mechanosensing 
modalities. Often clustering at focal adhesions, the cytoskeleton rapidly transmits ECM stimulus into cellular response through actin filament reorganization.
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Cardiovascular calcification is an independent risk factor and an established predictor of

adverse cardiovascular events. Despite concomitant factors leading to atherosclerosis

and heart valve disease (VHD), the latter has been identified as an independent

pathological entity. Calcific aortic valve stenosis is the most common form of VDH

resulting of either congenital malformations or senile “degeneration.” About 2% of

the population over 65 years is affected by aortic valve stenosis which represents a

major cause of morbidity and mortality in the elderly. A multifactorial, complex and

active heterotopic bone-like formation process, including extracellular matrix remodeling,

osteogenesis and angiogenesis, drives heart valve “degeneration” and calcification, finally

causing left ventricle outflow obstruction. Surgical heart valve replacement is the current

therapeutic option for those patients diagnosed with severe VHD representing more

than 20% of all cardiac surgeries nowadays. Tissue Engineering of Heart Valves (TEHV)

is emerging as a valuable alternative for definitive treatment of VHD and promises to

overcome either the chronic oral anticoagulation or the time-dependent deterioration

and reintervention of current mechanical or biological prosthesis, respectively. Among

the plethora of approaches and stablished techniques for TEHV, utilization of different

cell sources may confer of additional properties, desirable and not, which need to be

considered before moving from the bench to the bedside. This review aims to provide a

critical appraisal of current knowledge about calcific VHD and to discuss the pros and

cons of the main cell sources tested in studies addressing in vitro TEHV.

Keywords: valve heart disease, calcification, tissue engineering heart valves, in vitro, heterotopic bone formation

INTRODUCTION

Cardiovascular calcification (CVC) is an independent risk factor and an established predictor
of adverse and disabling cardiovascular events (Figure 1) (1–3). Histopathological studies have
demonstrated hydroxyapatite deposits in vulnerable atherosclerotic plaques (4) and aortic valves
(5). No longer considered a passive age-related disease, CVC is identified as the active, progressive
and multifactorial ectopic bone-like calcification of blood vessels, myocardium or heart valves,
leading to the “degeneration”/deterioration and dysfunction of the affected tissue (5, 6). Although
there is an overlap between the risk factors leading to atherosclerosis and valvular calcification, only
40–50% of patients diagnosed with atherosclerosis concomitantly develop calcific valvular heart
disease (VHD), thus suggesting that VHD is an independent pathological entity (7, 8).
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VHD is the third most common cardiovascular pathology
after hypertension and coronary artery disease in developed
nations (9). Specifically, aortic valve stenosis (AVS) is the most
common primary valvulopathy because of either congenital
malformation (such as bicuspid aortic valve or BAV) or senile
“degeneration.” The result is an increased stiffness and impaired
leaflet motion and calcification, lately leading to the left ventricle
outflow obstruction (10). Moreover, aging, male gender, cigarette
smoking, hypertension, hyperlipidaemia, metabolic syndrome or
kidney dysfunction are frequent independent risk factors for
calcific VHD and significantly impair the outcome and prognosis
of patients (11). The progression of calcific VHD consists of
a valve sclerosis prestadium affecting more than 25% of the
general population over 65 years old and associated to a 50%
increased cardiovascular risk over 5 years (2). The prevalence
of calcification and stenosis is reported in ∼2% or 2.5% in a
population aged over 65 or 75 years, respectively, representing
a major cause of morbidity and mortality in the elderly (11,
12). Stenotic aortic valves are also found in congenital bicuspid
valves and may require valve replacement even two decades
earlier than valves anatomically normal (13). VHD is predicted
to become a new cardiovascular epidemic in the next 20 years
because of the increase of life expectancy in industrialized
nations (9, 12, 14). No specific pharmacological strategy has been
developed to retard, halt or revert the progression of VHD. Valve
replacement represents the gold standard method to treat VHD
through either mechanical or biological prosthesis implantation
(15), but it is not suitable or definitive for all patients. New
therapeutic solutions are claimed from the clinic to overcome
the limitations of current therapeutic options including the
chronic oral anticoagulation required for mechanical valves
implantation or the degeneration, calcification, and failure of the
biological counterparts. A plethora of novel tissue engineering-
based approaches has emerged promising a definitive solution.
Between the two main tissue engineered heart valves (TEHV)
approaches, in vitro TEHV may provide, among others, a
“native-like” extracellular matrix (ECM) surrogate and promote a
“physiologic-like” regeneration in a pathologic environment with
a deteriorated reparative system. Implantation of those devices is
appealing for pediatric patients with congenital VHD as it might
circumvent the failure of growth, repair, and remodeling required
after somatic growth. In this review, we assess the current
knowledge in the clinical relevance and mechanisms of valvular
calcification and critically discuss the benefits and limitations
of different cell sources currently used for the development of
in vitro TEHV.

DETECTION, RISK AND PREVALENCE OF

VALVULAR CALCIFICATION

Calcific VHD of anatomically normal valves is a slow and
active process driving to degeneration and dysfunction, with
a long preclinical and asymptomatic phase. The onset of
symptomatology is a general sign of advanced and severe disease
associated with a high event rate, rapid valve deterioration
and malfunctioning, thus being a poor prognostic indicator

and elective for valve replacement surgery (15). However, the
management of patients with asymptomatic valve disease is
challenging. The real prevalence of unsuspected VHD is unsure,
and a significant proportion of patients remain asymptomatic
and undiagnosed until late stages when the long-term benefits
of intervention are ambiguous due to increased postoperative
complications and further mortality (8, 14). Large European and
North American observational studies have provided most of the
valuable insights on the overall VHD prevalence and the effect
on overall survival (8, 14, 16, 17). In 2001, the Euro Heart Survey
study (8) evidenced “degeneration” as the dominant etiological
cause of VHD, with AVS (43%), mitral regurgitation (32%), and
aortic regurgitation (13%) representing the commonest forms of
adult valvopathies. AVS progression occurring in up to 5% of
elderly patients (11, 14) carries an 80% 5-year risk of developing
heart failure, valve replacement requirement, or death (18).
Moreover, a US population-based study in more than 28,000
adults demonstrated the age-dependent VHD prevalence, rising
from 0.7% in subjects aged 18–44 to 13% in those over 75
years old (16), significantly impacting the survival rates and
emphasizing its significance as a health care issue. A more recent
publication showed that general population aged ≥60 years
across 37 advanced economies (16.1 million people) has a whole
prevalence of 4.5% VHD (2.8 and 13.1% in individuals aged
60–74 and ≥75 years, respectively) (19). Only in the UK, VHD
might account for approximately 1 million people aged over 65
years, and trend predictions suggest a significant raise due to
increased life expectancy and the continuum of population aging
in industrialized countries. The degeneration of anatomically
normal valves is more often and rapid in people over 70 years
because of progressive fibrosis and calcification of the valve cusps
(www.bcs.com). A population aged over 75 years is projected to
rise around 50% by 2025 resulting in a substantial VHD impact
(www.statistics.gov.uk) recently estimated in≈331,300 new cases
of severe aortic stenosis per year including 65,600 patients (19).
Thereby, VHD may become the next imminent and real cardiac
epidemic (9, 12, 20). Genetic background and structural valve
differences due to congenital malformations, such as BAVmay be
considered separately and are not deeply discussed in this review.

The presence and extent of CVC are generally acknowledged
as strong predictors of future adverse clinical events including
cardiovascular and all-cause mortality (21–23). The latter is
highlighted by the up to 73% all-cause survival rate reduction
estimated in patients diagnosed with high coronary artery
calcification score (21). Importantly, 5–20% of the atherosclerotic
lesions contain calcium deposits (24, 25), and it is alarming
the potential underestimation of affected tissues due to the
presence of chondrogenic intermediates, asymptomatic phases,
or the lack of more powerful calcification screening methods.
Additionally, the extent of valvular calcification correlates with
the severity of stenosis (26). Therefore, a comprehensive and
early understanding of the cardiovascular risk associated with
calcification is critical for patient management and long-term
prognosis (15, 27, 28).

Echocardiography is the mainstay for diagnosis, assessment
and follow-up of VHD (15). It allows the calculation of the
continuity equation-based aortic valve area both for predicting
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FIGURE 1 | Differential pathology and clinical impact of valvular vs. vascular calcification flowchart. Cardiovascular calcification is an active and degenerative bone-like

process affecting the cardiovascular tissues. Both vessels and valves show an athero-inflammatory background and, despite the commonalities and overlap of several

risk factors (such as aging, hyperlipidaemia or kidney disease), both atherosclerosis and calcific VHD are two independent pathologic entities. The biological

progression of the disease, tissue characteristics and clinical impact stand those differences. The result is the independent plaque rupture primary outcome found in

the progression of VHD. An increased stiffness or sclerosis induces an increased aortic pulse wave, triggering hypertension, and a reduction in coronary perfusion.

Besides, the pressure overload caused by a sclerotic pre-stadium and observed in the progression of the VHD leads to LV structural and hemodynamic changes.

Symptomatology onset and calcification burden are poor prognosis predictors associated with multiple adverse cardiovascular complications, such as left ventricular

hypertrophy (LVH), aortic valve stenosis, congestive heart failure (HF), ascending aorta aneurysm, myocardial infarction (MI), and peripheral vascular disease (PVD).

the clinical outcome and for clinical decisions making as well
as aortic jet velocity and leaflet calcification (5, 29). However,
visualizing abnormal valve anatomy becomes difficult once severe
calcification is established. Moreover, concomitant hypertension
increases the systemic vascular resistance in addition to the
valvular obstruction, thus imposing a double over-load on the left
ventricle which may lead to underestimate the assessment of the
stenosis severity (30).

Other imaging methods, notably cardiac magnetic resonance
imaging (MRI) and coronary computed tomography (CCT), are
used if echocardiographic imaging is not satisfactory. Three-
dimensional time-resolved, phase contrast cardiac magnetic
resonance, otherwise referred as 4-dimensional (4D) flow
MRI, is an innovative and appealing method for studying
cardiovascular diseases. Dataset integration of 4D-Flow MRI
can be retrospectively quantified providing a comprehensive

evaluation of complex secondary vascular parameters, such as
mechanical wall shear stress (WSS) on the vessels and heart
valves (31) but also flow energy loss and flow displacements
(32, 33). BAV is frequently associated with the progression
of ascending thoracic aorta aneurysm (AsAo). Intrinsic wall
abnormalities cannot fully explain the differential aneurysm
progression resulting from different aortic leaflet fusion patterns
and asymmetry (34). Echocardiography findings have suggested
that abnormal blood flow could potentially trigger those
differences in AsAo progression. In the context of VHD, 4D-Flow
MRI has demonstrated to be a powerful tool to determine the
association of flow hemodynamic, especially in those situations
in which eccentric systolic blood flow jets result in abnormal
helical systolic flow. The latter has highlighted the potential
application of 4D-Flow MRI to study the progression and
stratify/predict the risk of AsAo development specially in BAV
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patients (34), while echocardiography is not a reliable method.
Moreover, recent studies have demonstrated the association of
WSS and aortic peak velocity with parameters of left ventricle
remodeling, allowing to distinguish BAV patients with or without
aortic stenosis or regurgitation (35). Post-operative follow-up
of reparative surgery of tetralogy of Fallot is another potential
application of 4D-Flow MRI (36). However, long acquisition
times, lack of blood pressure determination, susceptibility to
motion artifacts, poor spatial resolution and the need of massive
data post-processing are the main drawbacks of this technique.
In addition, aberrant hemodynamic changes are seen only
in advanced stenotic VHD and that represents a limitation
for hemodynamic analysis techniques. Earlier phases of the
VHD, such as asymptomatic sclerosis pre-stadium of well-
functional anatomically normal valves, may not be detected by
echocardiography or 4D-Flow MRI. Complementary imaging
techniques such as CCT may provide substantial information
on the detection and risk assessment of VHD. Multi-slice
CCT together with the implementation of new acquisition
techniques including ECG synchronization, retrospective image
reconstruction and application of algorithms such as Agatston
score (37), permit a direct, real-time and easy assessment of
calcium content in coronary arteries (38). It has substantially
improved the detection of early CVC stages. The high sensitivity
of CCT has improved the screening for CVC, evidencing a
progressive increment on CVC in patients over 60 years, which
is especially relevant in patients diagnosed with VHD. Moreover,
CCT combined with coronary angiography (gold-standard for
coronary lesion evaluation) has demonstrated a good correlation
between coronary calcium content and coronary artery disease
(39, 40). The suitability of CCT to screen early stages of valve
calcification in sclerotic valves with no hemodynamic obstruction
has been also demonstrated (41). Moreover, CCT screening has
proved to be a superior and more trustable method than carotid-
intima-media thickness or ankle-brachial index for identifying
patients at high risk (42). Finally, MRI and CCT can also provide
complementary information to improve assessment of the valve
lesion and cardiac function to aid the timing of surgery and
determine risk (43).

PATHOPHYSIOLOGY OF VALVULAR

CALCIFICATION

Over the past four decades, experimental and clinical research
has elucidated the pathophysiology of CVC. Ectopic calcification
is an active and tightly organized process, which recapitulates
several molecular mechanisms orchestrating physiologic
chondro/osteogenesis (44–46). Both the phenotypic trans-
differentiation into osteo/chondroblast-like cells and the active
ECM remodeling, including its mineralization, represent the two
hallmarks of ectopic calcifications (47) (Figure 2). In particular,
calcific VHD has been described as a multifactorial, complex and
active heterotopic endochondral lamellar bone-like formation
process, driving heart valve calcification, degeneration and
dysfunction (5, 6) toward integration of ECM remodeling,
osteogenesis, and angiogenesis. Heterotopic bone exhibits

morphological and biochemical features of orthotopic bone,
and it is capable of generating bone marrow (48). Higher
remodeling rates have been reported in calcified valves than
in physiologic bone formation (48) though, thus suggesting
uncoupling of bone formation and resorption activities (49).
However, histological observations in human specimens of
calcific valves have evidenced an 83% prevalence of dystrophic
calcification with only a 13% of active bone remodeling (5)
and a 92% prevalence of microfractures, which are the main
site of active bone remodeling. One could interpret valve
calcification as a senile degeneration leading to cellular aging and
death, and hydroxyapatite deposition on cellular degradation
products rather than an active osteogenic-derived mineralization
occurring on collagen and elastin fibers. Further research on this
regard will significantly contribute to the understanding of the
calcific VHD pathophysiology in the next years and it is currently
cause of controversy. Observation of advanced end-stage phases
in dystrophic human specimens could lead to misinterpretation
of the underlying pathology in which a “preliminary” heterotopic
bone-like tissue demonstrated by both in vitro and in vivo
studies, might lately be replaced toward a misbalanced bone
resorption (49) leading to an increased presence of dystrophic
mineralisation.

Mature valves have an avascular (50) trilaminar organization
including the upper surface of the valve or fibrosa (outflow),
the central spongiosa and the inflow-orientated ventricularis.
Those layers differ with each other by distinct ECM organization,
composition andmechanical properties [a detailed description of
the valve anatomy and function has been provided by Schoen
(44)]. Moreover, two major resident cells are found in the
valve: valve endothelial cells (VEC) and valve interstitial cells
(VIC). Although VECs are not fully characterized, differential
phenotypes and expressional profiles have been identified (51,
52). Biological functions of the VEC may include regulation
of permeability, mediate immune responses and establish a
paracrine signaling with VICs (53). The VIC represents a
heterogenous population of mesenchymal cell type which
shares several commonalities with vascular smooth muscle cells
(VSMC) and fibroblasts, acts as mechanical sensor thorough
complex cell-to-ECM interactions and shows highly dynamic
phenotype plasticity (54). The latter allows the VIC to contribute
to the permanent ECM turnover and reparative processes
guarantying the maintenance of the valve integrity and function
(44), but also contributes to the development of valve stenosis
(55, 56).

Calcific VHD is regarded as an active athero-inflammatory
disease associated with a damaged endothelium and an
unresolved immunological inflammation resulting from such
insult. The pathogenic role of hyperlipidaemia in the valve
was recognized toward the introduction of dyslipidaemia
experimental models (57, 58). Early studies in human aortic
valve lesions demonstrated the association among atherogenic
oxidized low-density lipoproteins (oxLDL) risk factor and
the expression of signaling molecules promoting osteogenic
processes (57). Moreover, inflammation plays a key role on
the pathogenesis of VHD with superimposed calcification (59).
Numerous histological studies have suggested inflammation to
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FIGURE 2 | Pathophysiology of valve calcification. VICs are myofibroblast-like cells endowed with high plasticity, allowing them to participate in reparative,

regenerative, and pathological processes. Underlying athero-inflammatory disease, aging as well as other clinical conditions such as chronic kidney disease or

hyperlipidaemia, can trigger the acquisition of synthetic, proliferative and migratory phenotypes by VICs. These conditions are often associated with a reduction of

defense mechanism against calcification. Two major features are recognized during valve calcification: (i) ECM remodeling, including the synthesis of a

collagen-enriched matrix and its mineralization, and (ii) osteo/chondroblast differentiation of VICs. Osteogenic processes are associated with the abundant synthesis of

collagen type-I and other ECM remodeling processes causing stiffness changes capable of perpetuate and extend the osteogenesis in the valve. A prestadium of

sclerosis in well-functional valves finally leading to stenosis and obstruction in an active heterotopic bone-like formation process has been described. Observations in

human samples also suggest the possibility of dystrophic mineralisation in advanced end-stages of calcific VHD. Pyrophosphate, osteopontin, osteoprotegerin,

gamma-carboxylated matrix Gla protein and circulating fetuin-A are listed as physiologic inhibitors of vascular calcification; while hyperphosphatemia and

hypercalcemia, expression of bone morphogenetic proteins or alkaline phosphatase and activation of osteo/chondroblast regulators (Runx2, Osterix, Wnt) are

counted among the pro-calcifying elements orchestrating osteoblast-like transdifferentiation. PPi, pyrophosphate; cMGP, gamma-carboxylated matrix Gla protein;

BMP-2, bone morphogenetic protein 2; ECM, extracellular matrix; CKD, chronic kidney disease; CHD, congestive heart disease; VIC, valve interstitial cells; VEC, valve

endothelial cells; GAGs, glycosaminoglycans; Ca10(PO4)6(OH)2, hydroxyapatite; Pi, inorganic phosphate; ALP, alkaline phosphatase; Bglap, bone Gla protein or

osteocalcin.

trigger ECM remodeling, fibrosis, and valve thickening leading
to the structural changes of VHD (60) and the subsequent
differentiation of VICs into osteoblast-like phenotypes (55).
Despite the commonalities and overlap of several risk factors,
both atherosclerosis and calcific VHD are currently considered
two independent pathologic entities mainly due to differences in
the biological progression of the disease, tissue characteristics,
clinical impact and resulting outcomes independent of plaque
rupture (8). Among other differences, a CD8T cell-based
inflammatory background has been evidenced in valve
calcification instead of the polyclonal lymphocytes reported
in atherosclerotic lesions (59, 61).

The discovery of genetic modifications such as Notch1
mutations and their association with dysfunctional tissue
structure of BAV and the spectrum of VHD has increased the

current knowledge of these abnormalities through congenital
cardiology (62). Signaling components of embryonic valvular
development, such as Notch1 as well as bone morphogenetic
protein (Bmp) members, transforming growth factor beta 1
(TGF-β1) or Wnt/β-catenin participate in the onset of AVS by
contributing to ECM remodeling, osteogenesis and angiogenesis
[further reviewed in (47, 63, 64)].

OSTEOGENESIS

Several cell types have been involved in the development
and progression of CVC and that includes vascular resident
cells (VSMCs, VICs, or VECs) and circulating cells, such
as mesenchymal stromal cells (MSCs), endothelial progenitor
cells (EPCs) or calcifying vascular cells (CVC) (47). A
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dysfunctional valvular endothelium together with an imbalance
between activators and natural inhibitors may promote the
calcification of neighboring VICs (Figure 2) (65–67). Different
VICs sub-populations have been identified in the heart valve
and may differentially contribute to the pathology of calcific
VHD (54). Multiple signaling molecules (such as Bmp2,
TGF-b, Wnt/b-catenin, VEGF, or Notch1) are integrated in
what resembles a pathologic post-natal recapitulation of fetal
valvulogenesis, including the acquisition of quiescent-to-active
phenotypes, an active ECM remodeling, cytokine release and
promoting in situ osteoblast/chondroblast-like differentiation
as an environmentally maladaptation (68, 69). Bmp2 is a
strong morphogen inducing osteoblast-like phenotypes, and
it plays a key role in the pathogenesis of VHD (47). Bmp2
signaling triggers nuclear translocation of Smad proteins and
the activation of osteogenic-regulators such as Runx2/Cbfa1.
Runx2 is an early master gene of osteoblast differentiation and
chondroblast maturation during heterotopic endochondral bone
formation (5, 6, 70). Active Runx2 can bind to the SP7 promoter
to induce the expression of Osterix, a master transcription
factor of differentiated osteoblasts. Both Runx2 and Osterix
bind to BGLAP promoter to induce osteocalcin, a marker for
differentiated osteoblasts, which contributes to maturation of
the mineralised ECM and it is present in calcified heart valves
(69). Moreover, ECM synthesis is induced directly by Osterix
and its binding to the COL1A1 promoter or indirectly by
Runx2 through the activation of ATF6 and subsequent COL1A1,
COL1A2, and BGLAP expression (66, 67, 70). In addition,
Osterix triggers the expression of alkaline phosphatase (ALP),
a pyrophosphatase capable of releasing inorganic phosphate
from PPi, thus inducing local hyperphosphatemia and PPi
deprivation. ALP also inhibits osteopontin phosphorylation
and thus its protective biological function. Finally, Wnt/β-
catenin pathway mainly perpetuates osteoblastic phenotype by
further induction of Runx2 and Osterix toward Bmp2-dependent
signaling (57).

It is now appreciated that VECs, under certain circumstances,
may undergo endothelial-to-mesenchymal transition, which is
reminiscent of the early formation of the endocardial cushions
(71, 72). The result might be an increase in the number
of VICs susceptible to display an osteoblast phenotype (45).
Dysfunctional VECs also manifest an altered secretome (73).
VEC-derived nitric oxide (NO) is a regulator of Notch1 signaling
in calcifying VICs (74), and a decreased Notch signaling has
been found in AVC (45). Moreover, genetic studies in BAV have
identified eNOS and Notch1 as candidate genes contributing to
the valve anatomy and the development of VHD (62). Notch
signaling leads to the cleavage and nuclear internalization of
the Notch1 intracellular domain. One of the target genes of
the Notch1 intracellular domain is the Hairy/enhancer-of-split
(Hes)-related with YPRWmotif (Hey) element, which is involved
in early valve development. Both the nuclear location of the
Notch1 intracellular domain and the expression of Hey1 are
regulated by the VEC-derived NO (74). Furthermore, Notch1-
dependent signaling is transduced through Bmp2/Runx2 axis,
which directly regulates Sox9 in chondrogenesis and is an
important mediator of AVS (75). Hey1 activated by Notch1

signaling forms a complex with Runx2/Cbfa1 and inhibits its
transcriptional activation (64).

Pluripotent resident cells, EPCs, MSCs, and MSC-like
pericytes have been found in calcified lesions suggesting a
role of progenitor cells in the development and progression
of ectopic calcification (45, 76, 77). The athero-inflammation
associated with the release of multiple cytokines and chemokines
may contribute to the recruitment of stem/progenitor cells
into an environment whose homeostasis has been hampered
by pro-calcifying factors and the depletion of physiologic
calcification inhibitors. Finally, bone marrow (BM)-derived cells
may contribute to replenishing the VIC population, modifying
the proportion of VIC subpopulations yielding increased
susceptibility to calcification. By using chimeric mice whose
BM was repopulated with enhanced green fluorescent protein
expressing total nucleated BM cells, Hajdu et al. documented the
engraftment of BM-derived cells occurs as part of normal valve
homeostasis (78).

ECM Remodeling
Besides providing biomechanical support, valvular ECM
participates in a plethora of biological functions, such as cell
communication and differentiation. In addition, the ECM
may contribute to ectopic CVC (74, 79, 80). Differentiation
of VICs toward myofibroblast or osteoblast phenotype is
highly dependent on the complex and unique VIC-to-ECM
components interactions (81). Therefore, a loss of the valve
ECM integrity causes malfunction and results in VHD. In
line with this, propagation of the inflammation-dependent
calcification of the heart valves is associated with the active ECM
remodeling resulting from the proteolytic and synthetic activities
of active macrophages, VICs and mast cells (82). Moreover,
substrate stiffness elicits the myofibroblast activation of VICs
which remaining persistent can lead to osteoblast differentiation
although the exact molecular mechanisms remain unclear
(83, 84).

Regulatory factors, such as thrombospondins, have been
found characteristically up-regulated in calcific valves (47).
Moreover, microstructural changes in collagen fiber number,
width, length, density or alignment may regulate pathogenic
processes compromising the mechanical properties of the valve,
in particular, and most frequently at the level of the spongiosa,
chondrogenic-like layer (80). Mechanistically, cartilage-specific
ECM genes are downregulated in calcifying VICs because of Sox9
downregulation (74). Moreover, ECM influences VEC function
and it is involved in VEC-to-myofibroblast transformation
toward EMT processes (85).

Angiogenesis
Heart valves have a sparse vascularity at the proximal
part (50) being considered mainly avascular. That valve
avascularity is seemly abrogated in VHD (86), and the extent
of neovascularisation correlates well with the burden of the
disease (87). The expression of pro- and anti-angiogenic factors
in stenotic valves or calcifying VICs (74, 88) has reinforced
the idea that angiogenesis in the valve may promote calcific
VHD, which calls for the use of modulators of angiogenesis
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in the therapy of valve degeneration (86, 88, 89). Accordingly,
anti-angiogenic therapy has shown a protective effect on
the valvular cusp endothelium (86). Immunohistochemical
studies have revealed the co-localization of micro-vascularization
with actively proliferating VICs, bone-related proteins, and
heavy calcification (90). In addition, during calcific VHD,
expression of osteonectin (pro-angiogenic and chondrogenic
factor) and Lect1/chondromodulin-1 (Chm-I) (anti-angiogenic
factor) is disrupted (74). In human calcified valves, the
expression of vascular endothelial growth factor (VEGF), matrix
metalloproteinases (MMPs) and angiogenesis is concomitant
with a downregulated expression of Chm-I.

Revisiting the physiology of bone formation, one could
speculate that valve angiogenesis is not the cause, but the
consequence of the osteogenesis perpetuation described for
endochondral bone formation or that may provide of support
to the thickened tissue produced de novo and resulting in a
hypoxic microenvironment requiring of oxygen supply (50).
An angiogenic switch of cartilage allows neovascular invasion
and triggers the replacement of cartilage by bone (91). Resting
chondrocytes become active and proliferative to differentiate
into pre-hypertrophic chondrocytes, which can then secrete
the cartilage matrix (92). Angiogenic factors such as TGF-β
or VEGF are normally expressed in the cartilage and Chm-I
has been proposed as an inhibitor during avascular phases
of chondrogenesis. Chm-I plays divergent biological functions
including chondrocyte growth and angiogenesis inhibition,
stimulation of osteoblast proliferation and differentiation with
a reduction of ALP activity (92, 93) and contribution to bone
remodeling (92). Accordingly, Chm-I expression is upregulated
by Sox9 during chondrogenesis in the avascular cartilage, but it
is not present in the late hypertrophic and calcified zones leading
to final osteogenesis (88, 91). In line with this, Chm-I deficient
mice showed a significant increase in bone mineral density and
lowered resorption (92). Moreover, the basal cartilage-like profile
of the normal andmature valve is lost during AVS, though in vitro
assays have shown an early up-regulation of Sox9 followed
by Runx2 and ALP up-regulation (94). This may indicate
an early chondroblast intermediate stage before the down-
regulation of Sox9 and Cmh-I. Noteworthy, angiogenic factors
and abundant vascularization have been mostly co-localized in
late-stage heavy calcified plaques (87, 94) with the presence of
osteopontin and osteocalcin suggesting a mature mineralised
ECM (90, 95) but also coinciding with the thickest remodeled
tissue. Importantly, VEGF induces osteoblast proliferation and
differentiation and osteoclast recruitment (96) but also inhibits
calcification of ovine VICs in the presence of particular
ECM compositions (97), highlighting again the regulatory
importance of the ECM in modulating the action of growth
factors.

According to another theory, VHD recapitulates the signaling
pathways that control developmental valvulogenesis (98). For
instance, Bmp2, canonical Wnt, TGF-β1, and Notch signaling
occurs during the endothelial-to-mesenchymal transition (99,
100) which may induce a myofibroblast phenotype on VECs and
the subsequent calcification if the signaling network activation
persists in time.

CURRENT THERAPEUTIC APPROACHES

FOR CALCIFIC AORTIC VALVE STENOSIS

Several pharmacological attempts have been made for
establishing a medical treatment of CVC. The regression
observed by in vivo calcification models suggests the existence of
endogenous mechanisms capable of dismantling the extremely
insoluble and stable calcium phosphate deposits (101). Potential
strategies to revert CVC have been proposed during the last
few years and reviewed by O’Neill et al. (101). Preliminary
evidence suggests a beneficial effect of treating calcific VHD,
but frequently in association with bone mass weakening
(101). Therefore, preventing or reverting the ectopic bone-like
formation in the cardiovascular territory may boost bone
resorption and increase the risk of fractures, which represents
a serious concern for extensive use in the elderly population.
To date, surgical valve replacement (SVR) represents the only
available therapeutic approach for treating VHD.

Valve replacement, specifically aortic valve replacement,
represents the second commonest cardiovascular surgical
procedure (102) and accounts for 10 to 20% of all cardiac surgical
procedures in the US (9). A 26% increase in the number of
patients undergoing aortic SVR was calculated over a 5-year
period comprising 2004–2009 in Great Britain and Ireland (103).
It is anticipated that the number of patients requiring SVR
will be 2.93-fold increased by 2050, in less than 50 years’ time.
Refusing to undergo SVR is associated with poor prognosis,
a significant morbidity (104, 105) and >12-fold the risk of
mortality (105). More than half of the patients will die within
the next 12–18 months of symptom onset (106). Risk factors,
co-morbidities and patient denial are common exclusion criteria
for valve replacement. According to a recent survey, about
40% of patients with severe symptomatic VHD and 70% of
patients with asymptomatic VHD were not eligible for SVR
(19). This heterogeneous population require therefore alternative
approaches.

The introduction of SVR has improved the outcome of
patients with VHD. Mechanical or biological prosthesis are
the two main options for current SVR (107). Mechanical
valves last longer and are still the gold standard for patients
under 60 years (108), but may come with a high inherent
risk of thrombosis and therefore a requirement for chronic
oral anticoagulation, based on coumadin derivatives. More
frequent use of biological prostheses (mainly porcine or bovine-
derived), introduction of minimally-invasive implantation
techniques, and better control of risk factors and complications
(109, 110) have considerably improved the clinical outcome of
people undergoing SVR (111). Geometrical, nano-structural
and material features of the bioprosthetic valve are more
similar to the native tissue. Moreover, recent bioprosthetic
valve improvements have significantly lowered the age for
recommended mechanical valve replacement (111, 112).
Nevertheless, biological prosthesis has a relatively poor long-
term durability; thus, it does not provide a definitive cure.
Instead, owing to the progressive deterioration and failure of
current valve substitutes, native VHD is traded for “bioprosthetic
valve disease,” which entails expensive treatments, hospital
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readmission and reintervention (110). Structural prosthetic
valve deterioration represents a major limit for durability,
independently the substitute is a homograft or xenograft.
Several factors contribute to this phenomenon. Animal-derived
prostheses, now prevalently used because of the shortage of
human valve substitutes, are subjected to decellularization
procedures to prevent recipient’s immune response, and are
cross-linked with glutaraldehyde, to provide tensile strength
and elasticity, and render them further non-immunogenic.
However, improvements in pliability and tolerogenicity come
at a price. In fact, elimination of VICs, which synthetize
ECM proteins and possess contractile properties, deprive
the valves of their unique function in such a mechanically
demanding environment and makes prostheses more susceptible
to degeneration. Moreover, residual fragments of devitalized
VICs and VECs may act as hydroxyapatite nucleation sites
and induce activation of immune responses. Atherosclerotic
processes also participate in prosthetic valve remodeling,
with initial accumulation of oxLDL, followed by monocyte
recruitment, generation of a pro-inflammatory milieu, collagen
disruption and osteogenic differentiation of resident endothelial
cells (ECs) and precursor cells recruited from the circulation
(113, 114). Damage of the ECM is cumulative: calcium deposits
enlarge and merge, forming nodules that interfere with the
bioprosthesis function. Manufacture protocols preserving ECM
integrity and encouraging in vivo recellularization prolong
durability (115, 116). Anti-calcifying agents are also effective
(117). However, ECM disorganization and degradation remains
the ultimate limiting factor in durability (118).

Pediatric or adolescent patients diagnosed with congenital
valve diseases are specially challenging. The risk of prosthetic
valve failure becomes relevant in these populations with a 10%
rate of failure within 4 years after implantation (117) and usage
of mechanical valves linked to chronic oral anticoagulation does
not fit with their active lifestyle. Failure of somatic growth, repair
and remodeling are also common problems of both mechanical
and biological prosthesis. The ideal valve prosthesis has yet to be
developed.

FUTURE SOLUTIONS FROM

REGENERATIVE MEDICINE AND TISSUE

ENGINEERING OF HEART VALVES

Landmark experimental and clinical work has demonstrated the
potential of tissue engineering, which combines cells from the
body with template materials, to guide the somatic growth of
new tissue and correction of organ defects (119). Application
of this approach has been proposed to improve the durability
of cardiac prostheses and thereby optimize long-term outcomes
in patients with congenital or acquired valve defects. Therefore,
Tissue Engineering of Heart Valves (TEHV) has emerged as a
valuable alternative for definitive treatment of VHD promising
to overcome either the chronic oral anticoagulation or the
time-dependent deterioration and reintervention of current
mechanical or biological prosthesis, respectively and to offer
a valve substitute capable to grow in a “physiologic-like”

manner. In the past few decades, two main strategies have
been developed to generate TEHVs. The underpinning concept
for both TEHVs approaches is that patient’s own cells will
generate a viable and physiologically competent tissue able to
withstand hemodynamic forces before (in vitro) or after (in
situ) implantation. Briefly, in vitro TEHV uses various types
of autologous cells, including stem/progenitor cells, that are
expanded in culture, seeded on decellularized biological (120,
121) or synthetic scaffolds (122, 123) (see below), and may
be conditioned in a bioreactor to ensure fast and competent
“natural-like” matrix production before implantation (124). The
underlying concept is that in vitro incorporation of cells shall
confer prosthetic grafts with the characteristics of a living
tissue that remodel in a physiologic manner and concert with
cardiac and whole-body needs, withstanding the impact of
degeneration and calcification. Implantation of in vitro TEHV
is an appealing alternative for pediatric patients with congenital
VHD requiring of SVR even two decades earlier than VHD
patients with anatomically normal valves. On the other hand,
in situ TEHV, aims to create an acellular biodegradable scaffold
which gradually transforms into a living valve by recruiting
endogenous cells upon orthotopic implantation (125–127). An
interesting combination of the in vitro and in situ approaches
is represented by tissue-engineered matrixes (TEMs), which
are usually made of autologous vascular cell- or fibroblast-
derived ECM/fibrin gel sheets undergoing a decellularization
process before implantation. TEMs are supposed to provide a
more natural substrate for homing of the recipient’s cells (128,
129). A similar strategy to produce a natural ECM graft is the
in vivo TEHV by which synthetic non-degradable molds are
implanted at sub-cutaneous level and expected to produce a
collagen-rich, non-immunogenic, harvestable, and implantable
fibrotic capsule (108). In the in vitro procedures and TEM, a
balance between the extent of decellularization and conservation
of the native properties of the ECM must be reached to
avoid undesired alterations of biomechanical and hydrodynamic
properties. The in situ approach is instead totally reliant on
the endogenous capacity of the hosting organism to mobilize
and incorporate the right cells, which may be negated by a
disease-associated alteration in cell behavior (130–133). The two
main strategies, in vitro vs. in situ, are briefly summarized in
Table 1.

A three-dimensional scaffold and the correct choice of
cells are the cornerstone elements to consider generating
a living valve substitute. A plethora of approaches and
techniques have been established on TEHV and that has
been recently and extensively reviewed elsewhere (134–136).
Unique valve mechanobiology features and implications in the
development and design of TEHV has been nicely reviewed
by Schoen (137). Furthermore, utilization of different cell
sources may confer of additional properties to the valve
substitute which may, or may not, be desirable in the VHD
environment. The cell of choice to be seeded in in vitro
TEHV should sense and perform optimal adaptative responses
to environmental changes. All that must be considered before
moving from the bench to the bedside and is further discussed
below.
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TABLE 1 | Advantages and disadvantages of in vitro and in situ TEHV.

In vitro TEHV In situ TEHV

Advantages • Exogenous delivery of stem/progenitor cells in an environment with a

deteriorated endogenous reparative/regenerative system

• Promotion of a “physiologic-like” reparation/regeneration of the

injured area by the exogenously delivered stem/progenitor cells

• Promotion of resident cell recruitment

• Phenotype modification of recruited cells through stem/progenitor

cell-derived secretome or other mechanisms

• Bioprosthetic-derived in vitro TEHV displays a more "native-like”

ECM. Alternatives to GA cross-linking may inhibit calcification and

there is a lower ECM damage than in decellularized tissue used in

many HV implants

• A dynamic maturation prior implantation may favor a desired cell

profile and ECM remodeling, including collagens as well as

non-collagen proteins (e.g., proteoglycans and glycosaminoglycans)

• Cell seeding prior implantation reinforce the capability of the TEHV to

support cell functions such as viability, proliferation or migration in

both static and dynamic conditions

• Inhibition of thrombogenic events

• Tailored prosthesis according to patient’s anatomy

• Maintained natural ECM architecture and depending cell signaling

• Biodegradable surrogates mimicking the native ECM

• Possibility of Tissue Engineered Matrix (TEM) application

• More rapid implantation and possibly non-invasive

• Resident cell recruitment

• Surrogates mimicking the native ECM

• Off-the-shelf scaffold manufacturing. Limitless supply and ready-to-be

implanted for urgent implantations

• Different and desired growth factor or drugs can be delivered

• Tissue Engineered Matrix (TEM)-in vitro synthesis of a natural-like ECM

• Mechanical, chemical, and biochemical features of the construct will

stimulate and direct the host’s native regeneration capabilities

• Controlled and tailored properties

• Easy, reproducible and less expensive formulation

• Less prone to infections or contaminations

Disadvantages • Time-consuming, need of cell harvest, expansion, repeated

manipulation, potential infection

• Decellularized products, related toxicity and calcium nucleation sites

mainly if using GA cross-linking

• Multilineage commitment of exogenous stem/progenitor cells can

favor undesired phenotypes

• Undesired phenotypes in recruited cells including myofibroblast

profiles. Leaflet contraction

• Possible immunotherapy for allogenic cells. Autologous cells are not

ideal for old patients or patients with CVD

• Product heterogeneity depending on baseline characteristic of the

donor

• Potential malignant transformation of derived cells

• Immunogenic response if decellularization process not completed

• Optimal cell type/s to be determined

• Advanced Therapy Medicinal Product-GMP regulations for cell

product and scaffold may make more complicate to transfer the

results from the bench to the bedside

• Potential modification of prosthesis geometry in tailored prosthesis

• TEM limitations-decellularization (and cross-linked) product, related toxicity

and creation of calcium nucleation sites. Some could be not cross-linked

• Lower capability of stem/progenitor reparative cell recruitment due to

underlying impaired mobilization: physiologic reparative and regenerative

processes must be lower under certain clinical conditions causing VHD

• Thrombogenicity in collagen-based exposed surfaces needing of rapid in

vivo re-endothelisation in hypercoagulable diseases

• Limited capability to modify diseased phenotype of recruited resident cells,

mostly subjected to the physical properties of the scaffold.

• Myofibroblast phenotype activation and leaflet contraction

• Time-limited delivery of drugs or growth factors

• Prosthesis-patient mismatch in off-the-shelf products

• Toxicity of degradation products. Induction of inflammatory response

• Difficult balance among hydrolytic polymer degradation and tissue

formation in a systemic pathological environment which can drastically

modify mechanical and biochemical properties

In green color are highlighted the potential advantages; in red color the potential disadvantages. HV, heart valve; ECM, extracellular matrix; GA, glutaraldehyde; TEHV, Tissue Engineered

Heart Valve; GMP, good manufacturing practice; CVD, cardiovascular disease.

SCAFFOLDS FOR IN VITRO TEHV

Intuitively, the best scaffold/graft to comply with all the
requirements of TEHV would be the native aortic valve-derived
ECM or similar biological composites. Commercially available
bioprostheses are being currently tested as cell carriers thanks
to significant improvements in decellularization protocols, which
include novel cross-linking procedures to increase pliability while
avoiding calcification (138). For instance, glutaraldehyde fixation
replaced by heparin has shown to ameliorate valve prosthetic
calcification rates probably by blocking calcium phospholipid
binding sites as well as to inhibit thrombosis (108, 139). Other
cross-linking alternatives are the reduction of free amine groups

and targeting free aldehydes by using reducing agents capable of
forming Schiff bases whichmay allow for glycosaminoglicans and
elastin stabilization, avoid collagen deformation and inhibition of
calcium binding (138).

As anticipated above, the typical in vitro approach is to
seed cells on a scaffold, and induce differentiation and ECM
synthesis. However, it has been demonstrated that respiring
cells on the scaffold periphery and the size of the scaffold
can restrict oxygen and nutrients availability at the center of
the tissue, leading to areas of necrosis and degeneration(140).
Different procedures have been proposed to circumvent this
problem, including mechanical compression (141) and flow
perfusion (142). The implementation of dynamic systems, such
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FIGURE 3 | Main TEHV approaches comparison. Two main TEHV strategies are being explored; in vitro and in situ. In vitro TEHV consist of the combination of, ideally,

autologous cells (e.g., MSCs, fibroblasts, EPCs, HSC, PCs or others) that may, or may not, be previously differentiated into the target cell. Those cells are seeded on a

scaffold or graft preparation and statically or dynamically matured prior orthotopic implantation. On the other hand, in situ TEHV is based on the use of an acellular

scaffold/graft capable to recruit endogenous cells which will remodel and integrate. Both in vitro and in situ meet at the scaffold/graft preparation step. Scaffold/grafts

can be based on decellularized xeno/homografts or synthetic totally/partially biodegradable materials (hydrogels, porous, or fibrous). Both approaches can be

enriched with biomolecules or drugs stimulating desired cell recruitment and phenotypes or inhibiting deleterious events such as calcification, angiogenesis, etc of the

TEHV. After implantation, the TEHV must be able to regenerate and integrate into the recipient host and be native-like functional. MSCs, mesenchymal stromal cells;

EPCs, endothelial progenitor cells; HSC, hematopoietic stem cells; PCs, pericytes.

as use of bioreactors, before implantation into the recipient host
may give better results than static systems and considerably
contribute to maintain viability of the three-dimensional TEHVs
supporting its maturation. Mature grafts/scaffolds might be
easier to integrate into the recipient’s heart and to acquire the
definitive native features of a living valve (143–145) (Figure 3).
However, dynamic culture conditions can also negatively impact
cell differentiation and tissue formation. Since two intermediates
products are combined in the final Investigational Medicinal
Product [definition provided in Directive 2001/20/EC, Article 2
(d)], it is vital the latter is checked for quality and quantity before
implantation.

Cell Types for in vitro TEHV
Cells represent the biological component of the TEHV, e.g., the
ones supposed to confer living properties. The optimal cell type
for valve engineering should be non-immunogenic and able to
maintain its specialized function or gain such a specialization
through differentiation. Autologous cells are the first choice, but
they show significant dysfunctions if obtained from old patients
or patients with cardiovascular diseases (146), while allogenic
cells might be immunogenic (147). Induced pluripotent stem
cells (iPSCs) generated by reprogramming somatic cells would
be the ultimate solution for patient-tailored therapy but there
are still several concerns (148). Hence, differentiated cells or
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progenitor cells, including VICs, VECs, MSCs, BM-mononuclear
cells (MNCs), fibroblasts or EPCs, remain a safer option thus far.
We will go through some examples (144, 149–155) here which
are further summarized in Table 2.

Two main scopes are followed for graft repopulation: (i) to
recreate the internal biologic environment of a valve and (ii)
to provide them with an EC coverage. Short-term follow-up
studies in sheep and primates showed the potential advantage
of repopulating the core of scaffolds/grafts with VICs or MSCs
(156, 179–181). However, other aspects such as the prone
differentiation into myofibroblast or osteoblast phenotypes must
be considered and is discussed below for the main cell sources
explored so far.

Mesenchymal Stem Cells (MSC)
MSCwith different origins seems to be a consistent choice for the
TEHVs cellularization since the VIC represents a heterogenous
population of cells sharing a mesenchymal ancestor. Moreover,
the VIC shares phenotypic commonalities with VSMC and
fibroblasts, that could be achieved by MSC differentiation as
confirmed by antigenic expression (21, 22, 156, 157). In addition,
MSCs are easy to be harvested and expanded in vitro, and
there are multiple tissue sources (e.g., bone marrow, adipose
tissue, peripheral blood, umbilical cord blood, umbilical cord,
and placenta or amniotic fluid). Both animal and human studies
support the immunoprivileged state of the MSC and evidences
their unique immunomodulatory characteristics. Accordingly,
the MSC is nowadays the preferred cell of choice for in vitro
TEHV and the several studies in animal models account for
that (147, 182). Since MSCs are progenitor stem cells able
to differentiate in all the valvular cell phenotypes, they can
overcome the issue of primary cells harvested from old and sick
patients (147). Finally, unlike other stem cells, MSCs do not
develop teratomas and there are not ethical concerns as for the
embryonic stem cells (ESCs) (183).

MSC-bioengineered valves differentiated through
conditioning in biomimetic and dynamic environments have
shown physiologic profiles in terms of ECM composition (e.g.,
higher amounts of collagen type I and III), mechanical properties
and VIC/myofibroblast markers expression (147, 183). These
studies have also shown the influence of chemical, flow, and
flexural stimuli on the cell phenotype expression and synthesis
capabilities, also demonstrating an enhanced outcome of their
synergic action. Moreover, MSC preserve their phenotype
plasticity, being able to express endothelial or mesenchymal
markers in response to different biochemical and mechanical
stimuli (157). No evidence of glycosaminoglycans synthesis
has been demonstrated by MSCs, but that issue could be
circumvented by an additional stimulation with concomitant
insulin and hypoxic conditioning (184). In vivo experiments
performed on rat, sheep, and canine models have confirmed
the positive in vitro outcomes. MSCs differentiation and
different secretion of ECM components were mirroring the
native structure (156). Cell labeling of implanted cells has
also suggest their active collaboration in tissue regeneration
(152, 153). However, performance issues, such as regurgitation
and leaflets mobility restriction, have been found in some
MSC-bioengineered substitutes (158).

Animal model, mainly pig and sheep, can give some help
to test the valve ability to withstand some aspect of the
immune reaction and calcification. Sheep model are preferred
because of their valve anatomy similarity with humans, and
the slower growth pace compared to the pigs. Moreover,
juvenile sheep models represent the worst-case scenario to
evaluate calcification because of the high level of calcium and
phosphorous in the serum. However, they do not consider all
the peculiarity of the human immune system. For instance,
sheep have reduced platelet activity than the humans (185).
Therefore, many in vivo studies ended up in failures when
translated to clinical practice (186, 187). Comparison studies
attempted to determine the superiority of available cells products,
in particular, MSCs vs. other cell types, such as BM-mononuclear
cells (MNCs) or CD133+ aortic-derived cells (144, 154, 188).
An interesting report from Vincentelli et al. (154) compared
the efficacy of MSC- or MNC-engineered TEHVs implanted
in lambs. Both cell groups promoted the re-endothelization of
the TEHV through recruitment by the recipient’s ECs after
4 months implantation. However, MNC-seeded valves caused
leaflet thickening, retraction, inflammation and calcification,
while the MSC-seeded valves displayed a αSMA+ cellularization
with no signs of calcification.

Controversial results have been observed in humans and
the therapeutic use of MSCs (188). Modest or null benefit
has been documented in clinical trials using BM-MSCs (189,
190). In the context of VHD, experiments are mostly limited
to in vitro, static or dynamic, TEHV cellularization (185,
186). The experimental results of human in vitro studies
are aligned with the animal-derived MSCs in vitro models.
Dynamic culture enhanced the construct mechanical properties,
which were comparable to the native valves; tissue formation
and organization; endothelialization; and native-like markers
patterns (150). Differentmechanical stimuli, or different intensity
of them, promote several MSC behaviors such as migration
or differentiation (144). For example, media enriched with
VEGF and high shear stress leads to endothelial phenotype
differentiation (191, 192). Concerns also surround the stability
of the acquired phenotypes and the potential unwanted fibrotic
overgrowth causing retraction and regurgitation of the TEHV.
In fact, osteogenic markers (such as alkaline phosphatases,
osteopontin, and osteonectin) have been found expressed in
the implanted graft, suggesting the susceptibility to prosthetic
valve calcification (132, 147). Pro-osteogenic cells may influence
resident VICs to acquire similar properties, thus raising concerns
about their transplantation into pro-calcifying environments.

Endothelial Progenitor Cells (EPCs)
Similarly to the MSCs, the endothelial progenitor cells (EPCs)
have broaden differentiation potential and can be supplied
by non-surgical procedures, since they can be isolated from
peripheral and umbilical cord blood (147). EPCs are particularly
interesting because of their capability to differentiate into EC
and to contribute to vascular regeneration and development as
well as to neovascularization processes after limb or myocardial
ischemia (193). Moreover, EPCs can undergo EMT processes to
acquire a VIC-like phenotype under determinate stimuli (e.g.,
growth factors such as TGFβ1 or mechanical conditioning) and
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therefore offering the possibility of a complete valve regeneration
with a single cell type (163, 194, 195). However, EPCs may
also contribute to different pathological stages including cancer
and diabetes (196, 197) and the ideal antigenic profile remains
controversial (165).

In vitro and in vivo experiments have demonstrated the
ability of the EPCs to colonize the whole TEHV. Importantly,
EPCs express both endothelial andmesenchymal lineage markers
(CD31 and α-SMA, respectively), spatially arranged in a native-
like fashion with a concomitant expression of MMPs and
TIMPs, suggesting an active remodeling which recapitulates
a developmental-like process (198). The result is a higher
mechanical performance than the one achieved by other cell
sources (164). No calcification or thrombi were noticed in all
the reported studies. Furthermore, EPCs have been implanted
on valve leaflets in animal models leading to a reduced infection
and graft failure (199). However, the lack of leaflet pliability
and discontinuous endothelialization raise concerns about the
EPC-based bioengineered devices (151).

In vitro studies conducted on human-derived EPCs show
similar results to those find in vitro and in vivo using animal
sources. Human EPCs derived from umbilical cord blood have
been co-seeded with Wharton’s Jelly-derived myofibroblasts.
Biochemical and mechanical stimulations are also necessary
to promote the desired native-like mechanical organization,
phenotype determination, and functionalization (166, 167, 170).
Human EPCs harvested from umbilical cord blood have been
also combined with prenatally harvested chorionic villus-derived
MSCs to provide a tissue engineered prosthesis for pediatric
patients. A good phenotype and mechanical properties of the
resulting prosthetic valve was achieved (162).

Clinical studies of re-endothelialization have confirmed the
feasibility of correcting pulmonary valve defects using allografts
engineered with vein-derived autologous ECs or EPCs (200).
To the best of our knowledge, the only one human in vivo
study took place in Republic of Moldova in 2002 and was
published on Circulation in 2006. Two pediatric patients affected
by tetralogy of Fallot, underwent a pulmonary valve replacement
with decellularized human pulmonary valves which have been
repopulated by autologous MNCs from their peripheral blood.
After valve recellularization, the cells were characterized as EPCs.
Throughout the follow-up duration (3.5 years), the patients
recovered well. Themselves and their prosthetic valves had a
somatic growth, and there was no complication whatsoever. Only
a trivial regurgitation was reported (168).

Induced Pluripotent Stem Cells (IPSC)
In some cases, adult stem cells are not enough proliferative
due to diseases or patient old age. A good alternative might
be the iPSC, which are autologous reprogrammed fibroblasts,
able to differentiate in MSCs and ECs. Using this cell type,
ethical or need for compatible stem cells issues are avoided.
Simpson et al. managed to reprogram skin fibroblast into
iPSC, and then produce iPSC -derived MSCs (iPSC -MSCs)
and iPSC -derived ECs (iPSC -ECs). iPSC -MSCs were seeded
on decellularized human pulmonary valves, resulting in valve
repopulation and ECM production (171). Compared with
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MSCs, the iPSC -MSCs have higher proliferation potential
and have some expression pattern similarities with VICs
(172). However, there are still safety concerns about IPCSs.
Recent reports have emphasized the pitfalls of iPSC technology,
including the potential for genetic and epigenetic abnormalities,
tumorigenicity, and immunogenicity (148).

Native Cell Types: VIC and VEC to

Bioengineer TEHV
TEHV seeded with human mitral or aortic VICs can generate
a valvular tissue with mechanical properties similar to the
naive human aortic valve (176) while retaining native antigenic
expression (201, 202). Similar results have been reported for
human VICs isolated from sclerotic valves (146). However,
several models using native VICs and VECs to produce in vitro
TEHV aim to model the pathological development of prosthetic
degeneration, calcification and fibrosis by mimicking native-like
environments rather than to design prosthetic solutions (203,
204). Other studies have used native resident cells to establish
tissue engineering and cell culture protocols (147, 176, 205).
For instance, VICs seeded on heparin-coated wells in presence
of TGF-β1 undergo to activation into myofibroblast phenotypes
with enhanced synthetic and contractile activity, producing stress
fibers and expressing α-SMA, all of them typical markers of active
VICs (173). Mechanical properties of the scaffolds are also tested
on native resident cells to better understand the mechanobiology
of the VIC. Stiffer surfaces enhance their myofibroblastic activity,
their density, and spreading (84). Conducting those studies
is especially relevant to develop methods capable to obtain a
temporary myofibroblast phenotype. Myofibroblasts are known
to exert wound healing function but its persistence may promote
fibrosis and calcification causing prosthetic valve disease (81, 83)
as well as prosthetic retraction and regurgitation due to an
excessive contractibility (206).

A priori, more interesting for therapeutic applications would
be the VEC given the phenotypic peculiarities mentioned
above. Those unique properties allow the VEC to provide an
antithrombogenic surface, replenish the VIC population toward
EMT processes and regulate VIC phenotype, in response to
mechanical and biochemical stimuli. Indeed, Butcher et al.
described the capability of the VEC to maintain quiescence of
bioengineered VICs (73). However, difficult harvest and their
degeneration can lead to valve failure due to neo-vascularization,
infiltration of inflammatory agents, or lipid deposition, amongst
the many (207). In addition, VECs undergoing to EMT can
express osteogenicmarkers, not reported in other EC populations
(72, 85). Although VECs can trigger valve dysfunction, providing
an endothelial lining is a main concern when designing TEHV.
That justify the use of primary endothelial cells (ECs) or EPCs in
many studies (147).

Other Native Resident Cells: ECs,

Myofibroblasts/Fibroblasts/VSMC
A way to attempt to reproduce the valvular structure is through
using cell types whose lineage is close to VICs and VECs
including ECs, fibroblasts (FBs) and VSCM. Sequential seeding of
FBs and human adipose-MSC-derived endothelial cells were able
to colonize and penetrate into animal decellularized heart valves

(177). However, activation of FBs and VSMC into myofibroblasts
has been also reported leading to expression of cytokines, and
scaffold degradation and contraction (143, 178). Incorporation
of ECs lining seems to stop it (178). Those approaches are
getting us close to understand the mechanisms to switch off
and on undesired phenotypes by controlling the mechanical
and biochemical signals of the designed TEHV (208). In line
with in vitro results, TEHV bioengineered with myofibroblasts
and ECs in sheep for 8–20 weeks was associated with leaflet
thickening and moderate regurgitation (149, 151). Incipient
calcification and regurgitation have been also found in BM-
derived SMC valve substitutes implanted in sheep (155).

The utility of using native resident cells stands also in
establishing the suitability of scaffolds designated for in situ
TEHV and their capability to accommodate the recruitment of
resident cells and a proper phenotype.

Alternative Cell Sources
There are other cell products with potential application in
the in vitro TEHV with minor or not assessment so far. For
example, two fractions have been differentially characterized
among the progenitor cells isolated from the amniotic fluid. It
has been shown that CD133+ fraction of the mononuclear cells
in the amniotic fluid can acquire endothelial phenotype, whereas
the CD133− fraction can differentiate into myofibroblast-like
cells. Those cells are especially relevant for the preparation of
cellularized valves before birth (169). An unexplored alternative
for in vitro TEHV in the adult is the suitability of heterogeneous
perivascular stem/progenitor cells described in the vascular
niche by our group and others and considered native ancestors
of heterogenous MSCs (179, 209). The therapeutic potential
of those perivascular cells in the cardiovascular regenerative
medicine has been already demonstrated (210–212). Moreover,
adventitial perivascular progenitor cells (APC) derived from
cardiac surgery saphenous vein leftovers have properties, which
make them a potential candidate for regenerative medicine
(145), including the suitability for cellularization of xenografts
(213) and application into myocardial ischemic models (214–
216). The latter has shown the superiority of the APC to keep
their specialized function upon implantation without acquiring
undesired phenotypes (214). Importantly, intramyocardially
transplanted APCs did not induce calcification, in contrast
with BM-MSCs. It remains unclear if these properties are
peculiar to APCs. In vivo and in vitro studies demonstrated the
capability of other pericytes to contribute to the pathogenesis
of vascular calcification toward osteogenesis and angiogenesis
promotion from the adventitial vasa vasorum and the intimal
layer (217). However, no intact perivascular coat has been
described yet around the new vessels irrigating the growing
of the advanced plaque-like tissue (87) and BM-MSC-derived
endothelial cells and adventitial Sca1+ cells, rather than derived
from adventitial vasa vasorum, have been described in association
with atheromatous plaque progression (218, 219). Further
evidences are needed to state that the APC is a cell of choice
for in vitro TEHV. Adding new cell sources may bear the
risk of adding more approaches to the several techniques and
approaches found in the literature.
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ADDITIONAL CONSIDERATION TO

CHOOSE THE PROPER CELL TYPE FOR

IN VITRO TEHV

In order to improve graft durability, additional aspects must
be considered. (A) Cell-graft interactions. These features are
inherent to the cells, but also depend on proper interactions
between the “right cell” and “right prosthesis.” For instance,
VEGF significantly inhibits the formation of calcium nodules
when ovine VICs are grown on collagen, fibronectin, and
laminin (97), while may confer osteoblast-like phenotypes using
other substrates, suggesting that providing “right” specific ECM
and/or growth factors may protect VICs from calcification and
degeneration. Combining cells and prostheses already available
in a clinical format may provide the means for swift exploitation.
Thus it may be advantageous to test them first. (B) Cell
accessibility and scalability. Tissues that are easily accessible as
a source of candidate cell products represent the ideal solution.
However, thanks to advances in cardiac imaging, it is now
possible to obtain tissue specimens for cardiac cell harvesting
with minimally invasive procedures. Additionally, expansion
and storage protocols of various cell types are well established,
thus allowing potential use of diverse cell populations for TE.
(C) Tissue specificity. It is thought that progenitor cells and
differentiated cells maintain an epigenetic memory of the source
tissue. In line with this concept, cardiac progenitor cells, VICs
and VECs may represent the logic solution for disease conditions
that require reparative cardiomyogenesis or valve replacements.
(D) Paracrine activity. As discussed above, cells seeded onto
the graft/scaffold represent a source of biomolecules, favoring
re-endothelialization, new native-like ECM (138). In addition,
the presence of cells can decrease the degradation rate of the
constituent scaffold ECM resulting in enhanced preservation of
its mechanical properties (176) and eventually against prosthetic
calcification. (E) Cell retention on the implanted scaffolds. This
important aspect has not been extensively assessed, because of the
difficulties in tracking cells incorporated into the graft. A study
investigating TEHVs made by autologous canine BM-MSCs,
seeded on allogenic or porcine-derived xenogeneic pulmonary
valves demonstrated cell retention of 1 and 3 weeks, respectively
(153). It remains uncertain whether the pathologic and pro-
calcifying environment found in the aortic wall contiguous to the
prosthetic valve implantation site may affect the retention and
“right” phenotype preservation of cells used for TEHV and that
needs to be studied.

CONCLUSIONS

A wide range of approaches is still being explored in the
manufacture of TEVHs, based on established technologies and

novel cutting-edge techniques. Due to many patients targeted by
TE for substitution of cardiac valves, the financial volume for
these technologies/products is substantial. A market forecast for
tissue engineered products indicates the total value will surpass
$4.8 billion by 2028.

Several publications with promising in vivo and in vitro
results have underestimated the effects of the “minor outcomes”
reported and that could lead to valve substitute degeneration in a
next generation of the current “biologic prosthetic valve disease.”
Active native-like ECM deposition and even valvulogenesis-like
events must be desirable during the process of valve substitute
production, but those must be abolished thereafter to avoid
excessive fibrosis, contraction, retraction, degeneration, and
calcification of the valve substitute. On this regard, the ideal
cell type of choice has yet to be determined and more research
is needed to provide the best therapeutic alternative to both
adult and congenital VHD. Besides, results from experimental
modeling performed with resident native cells seeded on
different types of scaffolds, show that scaffold compositions
or designs still need to be substantially improved to achieve
the correct cell behavior in a diseased environment. Further
research on this regard, combined with a better knowledge of
the pathology, including the factors triggering myofibroblast
phenotype perpetuation, osteoclast recruitment in the calcific
valve or the exquisite behavior of the VEC, will significantly
contribute to successfully develop valve substitutes. Innovative
technologies are required to meet specific, quantitative standards
of safety and performance. Similar standards will have to
be developed to enable routine clinical use and customized
fabrication of TEHVs.While a large number of options have been
tested in animal models, more work is warranted before the use
of TEHVs can be proposed as a better therapeutic option than
available prostheses.
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Can We Grow Valves Inside the 
Heart? Perspective on Material-
based In Situ Heart Valve 
Tissue Engineering
Carlijn V. C. Bouten 1,2*, Anthal I. P. M. Smits 1,2 and Frank P. T. Baaijens 1,2

1 Soft Tissue Engineering and Mechanobiology, Department of Biomedical Engineering, Eindhoven University of Technology, 
Eindhoven, Netherlands, 2 Institute for Complex Molecular Systems (ICMS), Eindhoven University of Technology, Eindhoven, 
Netherlands

In situ heart valve tissue engineering using cell-free synthetic, biodegradable scaffolds 
is under development as a clinically attractive approach to create living valves right 
inside the heart of a patient. In this approach, a valve-shaped porous scaffold “implant” 
is rapidly populated by endogenous cells that initiate neo-tissue formation in pace with 
scaffold degradation. While this may constitute a cost-effective procedure, compatible 
with regulatory and clinical standards worldwide, the new technology heavily relies 
on the development of advanced biomaterials, the processing thereof into (minimally 
invasive deliverable) scaffolds, and the interaction of such materials with endogenous 
cells and neo-tissue under hemodynamic conditions. Despite the first positive preclinical 
results and the initiation of a small-scale clinical trial by commercial parties, in situ tissue 
formation is not well understood. In addition, it remains to be determined whether the 
resulting neo-tissue can grow with the body and preserves functional homeostasis 
throughout life. More important yet, it is still unknown if and how in situ tissue formation 
can be controlled under conditions of genetic or acquired disease. Here, we discuss the 
recent advances of material-based in situ heart valve tissue engineering and highlight the 
most critical issues that remain before clinical application can be expected. We argue 
that a combination of basic science – unveiling the mechanisms of the human body 
to respond to the implanted biomaterial under (patho)physiological conditions – and 
technological advancements – relating to the development of next generation materials 
and the prediction of in situ tissue growth and adaptation – is essential to take the next 
step towards a realistic and rewarding translation of in situ heart valve tissue engineering.

Keywords: endogenous regeneration, biomaterials, host response, tissue remodeling, clinical translation

Introduction

Since the introduction of the first artificial aortic heart valve by Hufnagel et al. more than six decades 
ago (1), heart valve prosthesis design has seen revolutionary changes in the endeavor to reduce 
prosthesis-related complications and to treat diverse patient groups. These include the development 
of bio-prostheses consisting of preserved human or animal tissue (2, 3) and the recent introduction of 
valve designs for transcatheter valve replacement (4). A true paradigm change, however, has been the 
construction of living valves through the process of tissue engineering. Conventional tissue engineering, 
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also named in vitro tissue engineering, is defined as the culture of 
cells – preferably from an autologous source – in combination with 
a degradable scaffold, to create a living implant or a living tissue 
mimic outside the human body (5). Living heart valve prostheses 
offer the potential to grow and adapt to changes in physiological 
demand and, as such, can last a lifetime. This was conceived as 
the holy grail for pediatric patients and the increasing number 
of patients with “grown up congenital heart disease” (GUCH), 
who will need one or more heart valve replacements later in life 
(6). Despite encouraging exemplary results (7, 8) and numerous 
modifications to the procedure (9–12), however, clinical translation 
has proven difficult. This is primarily caused by suboptimal long 
term in vivo results due to cell traction, consequent valve leaflet 
retraction, and unforeseen host responses to the constructs after 

implantation (13–16). In addition, clinical translation is hindered 
by the logistic and regulatory complexity of the procedures, very 
limited shelf life, and costly cell and tissue culture in specialized 
laboratories, restricting the therapy to developed Western countries 
(17). These drawbacks have led clinicians and scientists to wonder 
if heart valve tissue engineering (HVTE) will ever make a difference 
in heart valve replacement therapy (18).

In Situ Heart Valve Tissue Engineering
Inspired by the in vivo host response of living tissue engineered valves, 
and to resolve the issue of cell traction-induced leaflet retraction, the 
concept of in situ HVTE using acelluar starter matrices is explored by 
different groups (See Table 1). For instance, de-cellularized in vitro 

 TABLE 1  |   Selection of (pre)clinical studies on in situ tissue engineered heart valves.

Material type Model Main findings/status Refs.

Decellularized allografts

Decell. allografts PV and AV replacements in ovine 
and porcine models

Less calcification and improved durability compared to cryopreserved 
valves. Adequate nctionality demonstrated in juvenile, growing sheep, as 
well as elderly sheep. Cellularization typically persistent but partial.

(19–25)

Decell. allografts PV replacement in children and 
young adults

Improved freedom from reoperations. Partial cellularization of the leaflet. 
No systemic immune response.

(26–28)

Decell. allografts + collagen 
conditioning treatment

PV replacement in baboons and 
growing lambs

Decreased antigenicity and improved somatic growth potential by 
collagen conditioning treatment.

(29, 30)

Decellularized xenografts

Decell. xenografts (porcine) PV replacement in adults and 
children

Mixed clinical results. Recellularization potential and immunological 
compatibility seems strongly dependent on decellularization and 
cryopreservation methods.

(31–34)

Decell. xenografts + various 
functionalizations

PV replacement in ovine and canine 
models

Various functionalization treatments to improve in situ recellularization, 
including CD133ab, HEP/HGF, G-CSF.

(35–37)

Decell. xenografts + PHB coatings PV and AV replacements in sheep Hybrid polymer-coated decellularized xenografts to improve mechanical 
and structural properties.

(38, 39)

Decellularized ECM

Decell. SIS (CorMatrix) Various valve replacements (PV, AV, 
MV) in children and adults

Mixed immunological response of remodeling and inflammation. Reports 
of severe insufficiency and degeneration. Consistent reporting of no 
remodeling into the typical 3-layered valve structure.

(40–42)

Decell. SIS (CorMatrix) TV replacement in pig In situ cellularization and remodeling reported, with potential for growth. 
Severe paravalvular regurgitation.

(43, 44)

Decellularized de novo tissue-engineered heart valves

Decell. homologous TEHVs Minimally-invasively implanted PV in 
sheep and non-human primates

Decellularized TEHV technology compatible with minimally-invasive valve 
delivery. Extensive in situ cellularization of leaflets and tissue remodeling, 
including elastogenesis. Leaflet retraction and regurgitation at >8 weeks 
follow-up.

(45–47)

Decell. tubular TEHVs Implantation as AV in sheep and PV 
in growing lambs

Extensive cellularization of leaflets and tissue remodeling, including 
elastogenesis. Sustained functionality for 6-months as AV. Progressive 
regurgitation of PVs in growing lambs.

(48, 49)

Resorbable synthetic valves

PGA/P4HB, on-the-fly preseeded 
with BMCs

Transapically delivered AV in sheep 
and PV in non-human primates

Feasiblity of technology demonstrated with acute valve functionality. 
Rapid polymer resorption

(50, 51)

P4HB/gelatin hybrid Transapically delivered PV in sheep Feasiblity of technology demonstrated with acute valve functionality. (52)

Slow-degrading supramolecular 
elastomers

PV and AV replacements in sheep Sustained 1-year functionality with extensive in situ cellularization and 
tissue formation. Proof-of-concept for in situ TEHV using resorbable 
synthetic valves. Compatible with minimally-invasive delivery in PV and AV 
positions.

(53–55)

Slow-degrading supramolecular 
elastomers

PV replacements in pediatric 
patients

First ongoing clinical trials using resorbable synthetic valves (Xeltis XPlore-I 
and XPlore-II, NCT numbers: NCT02700100, NCT03022708).

-

AV, aortic valve; BMCs, bone marrow-derived cells.; G-CSF, granuloctye colony stimulating factor; HEP, heparin; HGF, hepatocyte growth factor; MV, mitral valve; P4HB, 
poly-4-hydroxybutyrate; PGA, polyglycolic acid; PHB, polyhydroxybutyrate; PV, pulmonary valve; SIS, small intestine submucosa; TEHV, tissue-engineered heart valve; TV, tricuspid 
valve.

110

https://www.frontiersin.org/journals/Cardiovascular_Medicine#articles
http://www.frontiersin.org/journals/Cardiovascular_Medicine
https://www.frontiersin.org


Bouten et al.

May  2018 | Volume 5 | Article 54Frontiers in Cardiovascular Medicine | www.​frontiersin.​org

Growing Valves Inside the Heart

engineered heart valves have been developed (56, 57). This approach 
aims at the creation of a living valve at the site of implantation using 
a cell-free, yet in vitro cultured, extracellular matrix that recruits 
endogenous cells after implantation. In contrast to de-cellularized 
xenografts and homografts (19, 27, 28, 58) de novo engineered matrix 
valves do not depend on the availability of a donor valve or tissue. 
These de novo engineered matrices show rapid repopulation with host 
cells required for growth and remodeling, both in sheep and non-
human primates (45, 46, 48, 49). As such, the outlooks for clinical 
application are promising, but creation of these valves is still laborious 
and costly.

In recent years the use of biodegradable synthetic starter 
matrices has emerged as an alternative technology to grow living 
valves inside the heart (59). This technology offers readily available 
valvular grafts at substantially reduced costs. Porous synthetic 
polymer scaffolds are attractive candidates for the procedure as they 
can be rationally designed to accommodate cell recruitment and 
orchestrate tissue formation, while maintaining valve functionality. 
The technology is compatible with current regulatory frameworks 
for medical devices and artificial heart valves and exquisitely 
suited for both surgical and transcatheter valve delivery. We have 
investigated in situ HVTE using a slow-degrading electrospun 
bis-urea-modified polycarbonate elastomeric graft (55). When 
implanted as a surgical pulmonary valve replacement in sheep, 
valves maintained hemodynamic performance over a 12-month 
follow-up period as endogenous cells that produced a native-like, 
layered extracellular matrix slowly replaced the graft (Figure 1B). 
Transapically delivered pulmonary valves in Nitinol stents showed 
similar native-like matrix formation and good hemodynamic 
performance over a 6-month follow-up period.

Although this concept is widely explored for in situ engineered 
vascular grafts, leading to exciting preclinical and clinical trials (e.g., 
reviewed by 60 and 61), this was the first long-term pre-clinical proof 
of concept that in situ formation of living valvular tissue is possible 
without the use of any donor tissue or even in vitro cell and tissue 
culture. In parallel to – and independent of – this scientific proof 
of concept ongoing commercial developments of biodegradable 
polymer pulmonary valves have recently led to a small-scale clinical 
trial in pediatric patients (Xplore-I and Xplore-II trials) as well as 
the preclinical exploration of transcatheter aortic heart valves (62).

Despite these developments, complete understanding of neo-
tissue formation is missing. In addition, growth of in situ engineered 
heart valves has not been demonstrated yet. Next to ongoing long-
term in vivo investigation of the technology, a number of scientific 
and technological challenges must be addressed before in situ 
HVTE can be translated into a routine clinical practice. Below, 
we highlight the most critical issues.

OUTSTANDING CHALLENGES

I Understanding Materials-Driven 
Regeneration
Regenerative medicine in general – and in situ tissue engineering 
in particular – builds on the intrinsic self-healing and regenerative 
capacity of the human body. Hence, for in situ HVTE to be 

successful and safe, our understanding of the intelligent and diverse 
ways of human tissue adaptation and regeneration in response to a 
non-living degrading biomaterial under hemodynamic conditions 
is critical. Since this knowledge is virtually missing, the prime 
challenge is to develop a mechanistic understanding of materials-
driven valve regeneration and unveil the potential and limitations 
of in situ HVTE under various (patho)physiological circumstances.

The core concept of in situ HVTE is that a degradable 
synthetic heart valve scaffold transforms into viable tissue with 
growth potential via an inflammatory response to the scaffold 
(Figure  1A). While little experimental data regarding the 
fundamental inflammatory and regenerative processes underlying 
in situ HVTE is available, mechanistic data from developmental 
biology and other in situ TE applications may give us more insight 
into these processes, as reviewed in more detail elsewhere (63). 
Specifically, studies employing resorbable vascular grafts have 
demonstrated that the host response to such an implanted grafts 
in the bloodstream is a cascade of events, initiated by the acute 
inflammatory response (64).

Upon implantation, the scaffold is first and foremost colonized 
by immune cells from the bloodstream (e.g., granulocytes, 
monocytes), followed by recruitment of progenitor cells, 
macrophages, lymphocytes, and tissue forming cells from blood 
and adjacent tissue, which are attracted by inflammatory cytokines 
and chemokines expressed by the immune cells. Next, the scaffold is 
degraded by foreign body giant cells while endogenous extracellular 
matrix is produced. Studies on highly regenerative species, such 
as axolotls, zebrafish and African spiny mice have demonstrated 
that macrophages are critical for regeneration (65–67). Similarly 
Hibino et al. demonstrated that systemic macrophage depletion 
led to a complete abrogation of regeneration of in situ TE vascular 
grafts in mice (68).

By coordinating the initial infiltration and differentiation of 
innate immune cells into the scaffold, the inflammatory response 
can potentially be harnessed to avoid chronic inflammation and 
tissue fibrosis (69). While the role of macrophage polarization 
in heart valve regeneration remains to be elucidated, it has 
been postulated that the differentiation of monocytes towards a 
regenerative macrophage (M2) phenotype should be enhanced 
early in the process to create the prerequisite initial conditions 
for stable tissue formation (70, 71). Additionally, recent data on 
the biomaterial-driven regeneration of skeletal muscle revealed 
an essential role for T helper 2 cells in the macrophage-driven 
regeneration (72). Following these initial processes, graft 
endothelialization and functional matrix organization (i.e., 
anisotropy, layered-ness) must be achieved, while preventing 
adverse effects like neo-intima hyperplasia, valvular fibrosis and 
calcification. The exact origin of the colonizing mature tissue cells 
remains speculative. With respect to endothelialization, studies in 
rodents have suggested transanastomotic ingrowth as the primary 
source of endothelial cells (73). However, the relevance of this 
suggestion for the human scenario has been contested, and recently 
transmural capillary ingrowth has been indicated as the primary 
route of endothelialization (74).

Our own preclinical results have indeed verified the above processes 
when using macro-porous, degradable electrospun scaffolds. Upon 
implantation the scaffolds were immediately colonized by immune 
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cells from the bloodstream, followed by recruitment of macrophages 
and tissue forming myofibroblast-like α-SMA+ and fibroblast-like 
vimentin+ cells from blood and adjacent tissue (valvular root) to 
eventually achieve a stable, quiescent α-SMA−/vimentin+ valvular 

interstitial-like cell phenotype (Figure 1C). In addition, a layered 
ECM was developed, with mature collagen and elastin fibers, covered 
by a confluent endothelium weeks to months after implantation (21, 
75). It remains to be elucidated if in situ tissue development will be 

FIGURE 1  |   (A) Schematic representation of the hypothesized sequence of events, transforming an acellular synthetic valvular scaffold into an autologous, living 
heart valve in situ. After implantation, the implantation of the foreign material triggers an inflammatory response, which subsequently induces the formation of new 
tissue, while the initial synthetic scaffold is being degraded. Ideally, the newly formed tissue is remodeled to attain the well-organized native-like three-layered 
structure of the valve, with the goal of achieving tissue homeostasis. B. Neo-matrix formation in the leaflet of an in situ engineered heart valve, 1 month, 6 months 
and 12 months post implantation, grown from a slow degrading electrospun elastomeric (bis-urea-modified polycarbonate) scaffold in the pulmonary position in 
sheep. A layered structure containing cells (DAPI, blue), and collagen (green) co-localized with elastin (red) can be observed in the longitudinal sections. C. 
Cellularization of in situ engineered valves with predominantly vimentin (green) expressing mesenchymal cells and decreasing presence of α-smooth muscle actin 
(red) expressing active myofibroblast-like cells from 6 to 12 months after implantation. p: pulmonary side; v: ventricular side of the leaflet. Scale bars represent 200 
µm (B) and 1 mm (C). Subfigures A and C are adapted and reprinted from (55) with permission from Elsevier. Subfigure B is courtesy of Sylvia Dekker, Eindhoven 
University of Technology.
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similar under more demanding conditions, such as in case of aortic 
valve replacement.

Systematic analysis of immune cell recruitment and polarization 
in preclinical studies, relevant for profound mechanistic 
understanding, requires the development of species-specific 
markers (76). More importantly, innate and adaptive immune 
responses may differ among species (77–79), strongly reducing 
the impact and translation of preclinical observations for human 
insights. For translational purposes it should furthermore be 
noted that the inflammatory host response and subsequent 
matrix formation is different in young versus old patients (80, 
81), and can be affected by common comorbidities, like diabetes 
or kidney disease, common in older patients requiring heart valve 
replacements (82–85). Finally, it is far from clear if and how in situ 
tissue regeneration can be controlled under conditions of genetic 
or acquired disease.

In order to deal with the above-mentioned inter-species 
and inter-patient variability in the processes of material-driven 
inflammation and regeneration, the development of dedicated 
models is paramount. In vitro engineered laboratory models, 
based on human cells (either healthy or diseased) can be 
exploited to gain an initial understanding of tissue integration 
and remodeling in response to scaffolds (e.g., reviewed by 86 
and 87). Dynamic in vitro co-culture platforms are eminently 
suitable to screen the interactions between human (circulatory) 
immune cells and valvular scaffolds under physiologically 
relevant hemodynamic stimuli, such as shear stress (88–90) 
and cyclic strains (91, 92). By using primary patient-derived 
cells, the influence of patient-specific characteristics on the cell-
scaffold interactions can be assessed (e.g., 93, 94) Accordingly, 
preclinical animal models are increasingly being tailored to 
match specific clinical scenarios, for example by considering age 
(35), induced pathologies (38), or by using humanized animal 
models (95) or genetically modified animal models e.g., via 
CRISPR technologies (96, 97). All in all, the development of such 
refined, more personalized in vitro and in vivo models enables 
the fundamental unraveling of materials-driven regeneration 
for a wide range of patient populations.

II Biomaterial Development and Rational 
Scaffold Design
Although the use of synthetic degradable materials as valve 
replacement is attractive from a clinical perspective, the success 
of this approach fully depends on the generation of sophisticated 
biomaterials and the processing thereof into valvular scaffolds. 
For secured valve functionality, these scaffolds should: (i) take 
over valve functionality immediately upon implantation, thus 
providing structural and mechanical support; (ii) fully interact 
and integrate with their biological environment, instructing and 
guiding neo-tissue formation by providing a microenvironment 
with the necessary biochemical and biophysical cues for cells to 
home, stabilize, synthesize, and organize their own load-bearing 
extracellular matrix. (iii) maintain tissue functionality at all times, 
thus degrading in pace with neo-tissue formation and permitting 
matrix homeostasis and remodeling to evolving functional 
demands; and (iv) result in completely endogenous and well-

structured, layered and endothelialized valves that can adapt to 
somatic growth.

These demands are relevant across lengths scales. For instance, 
valve functionality (opening and closing, load-bearing properties) 
is determined by macroscopic mm-cm scale properties of the 
valvular scaffold, such as valve geometry, while cell behavior is 
mainly dependent on microscale properties, like porosity or 
chemical composition of the scaffold. Degradation profiles, on 
the other hand, will affect both microscopic and macroscopic 
properties.

Nowadays, many biomaterials and scaffolds are designed 
to induce tissue formation or even regeneration through direct 
interactions with proteins and cells via e.g., chemical function 
and binding affinity, but also via biophysical properties, like 
stiffness and nano-, micro- and mesoscale topologies (98–100). 
Revolutionary improvements in materials science, especially in 
the area of supramolecular polymers (101, 102) have recently 
resulted in the development of a new class of biomaterials that 
can be rendered bioactive and bioresponsive via the appending 
of functional moieties and tuned with respect to mechanical 
properties and degradation rate/mechanisms through simple 
“mix-and-match” assembly. These dynamic materials can interact 
with the biological system in an almost natural way; instructing 
and responding to cells and offering full control over the cellular 
environment. At the same time, they can be used to restore large 
defects, while providing temporary mechanical and structural 
support. Recent results with SDF-1α functionalized scaffolds, 
for instance, demonstrate the potential of these materials in the 
cardiovascular system (103).

A main challenge is to develop instructive materials that are 
capable of harnessing the inevitable host response, for instance by 
selective recruitment of immune cells or by skewing macrophage 
polarization. Previous studies indicate that macrophage polarization 
in cell-free scaffolds can be achieved via the release of specific 
cytokines and trophic factors (MCP-1, SDF1α, bFGF; 64, 68, 104). 
More recent findings, however, demonstrate that the biophysical 
microevironment (strain, shear stress, anisotropy) experienced 
by infiltrating monocytes suffices to modulate macrophage 
polarization (44, 51, 105). As this would prevent the use of bioactive 
moieties, the processing of materials into scaffolds with the right 
initial microstructure might suffice to control the delicate balance 
between fibrotic and regenerative tissue formation.

Valvular scaffolds have been processed from a wide range of 
synthetic biomaterials (106, 107) using processing methods like 
electrospinning (108, 109), 3D printing (110), direct write melt 
electrospinning (111), jet spinning (52), and double component 
electrodeposition (112) to control valve macro and microstructure. 
The outcomes of these studies suggest that controlling leaflet shape 
and thickness, as well as pore size (for rapid cell repopulation, 113) 
are among the most critical parameters for ultimate valve function 
and regeneration.

Still, scaffold development for in situ HVTE would benefit 
greatly from systematic studies on the effects of individual and 
combined micro and microscale properties on valve function 
and regeneration. These should include currently unexplored 
properties like blood-scaffold interactions under anticoagulation 
therapy (114) and antimicrobial properties (115). The systematic 
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studies may take advantage from the above-mentioned in vitro 
models for screening candidate materials and even move towards 
the development of personalized scaffolds. Given the myriad 
of possible combinations, however, high-throughput analysis 
techniques combined with data mining may be a faster option 
(116, 117).

III Predicting Tissue Development and 
Growth
Computational modeling can also accelerate scaffold design 
across length scales. A significant example is the development 
of a predictive computational model to generate new testable 
hypotheses for scaffold properties that favor tissue engineered 
neovessel formation and function (118). For HVTE such models 
are scarce but indispensible. Initially, computational analysis 
focused at the biomechanics of heart valves and was directed 
at understanding the stress and strain distribution in the valve 
leaflets and valve root in relation to the geometry and mechanical 
properties of the tissues (e.g., reviewed in 119, 120). In particular, 
the impact of the collagen fiber architecture on the deformation 
patterns was investigated (121, 122). To this end, constitutive 
models with increasing complexity where developed to capture 
the microstructure of the valve. Upon the development of dedicated 
fluid-structure interaction algorithms, these models could also 
be used to investigate the impact of the microstructure on the 
opening and closing behavior of the valve leaflets (123). It was 
found that collagen fiber architecture not only significantly impact 
tissue stresses and strains during diastole, their predominant 
circumferential orientation also has a large effect on valve opening 
during systole and contribute to the stability of valve motion (124). 
These observations are likely relevant for valvular scaffolds as well 
and can be translated into “scaffold leaflets” with a predominantly 
circumferential anisotropy.

Understanding remodeling of the fibrous collagen network in 
response to static and dynamic loads – relevant for (neo)tissue 
adaptation and homeostasis – has evolved significantly over the 
years. To provide for a mechanistic understanding, these models 
include collagen synthesis and degradation profiles, as well as the 
impact of cellular traction forces resulting from intracellular actin 
stress fibers (125). Recently, these models have been calibrated 
against a number of experimental observations, demonstrating 
a remarkably accurate description of the collagen remodeling in 
native heart valves (126). Yet, they also reveal the complexity of 
the interplay between valve geometry, the evolving structural and 
mechanical properties of the tissue, and traction forces generated by 
the cells, thereby demonstrating the grand challenges in predicting 
neo-tissue formation and homeostasis in scaffold-driven in situ 
HVTE.

When using a fibrous scaffold as a starter matrix for in situ 
tissue engineering, computational models can provide the initial 
guidelines with respect to the geometry, mechanical properties, 
and – in particular – the fiber alignment that controls the degree 
of anisotropy of the leaflets (127). It is the combination of these 
properties that determines the deformation patterns in the leaflets 
that, together with the contact guidance provided by the fibers, 
dictates the alignment of the endogenously synthesized collagen 

network (128), and thereby the mechanical functionality of the 
valve (129).

The next modeling challenge will be the analysis of evolving 
neo-tissue formation under various scaffold degradation profiles. 
Our preclinical studies have shown several stages in the process 
of tissue formation (55). Next to the deposition of collagen and 
elastin fibers inside the scaffold, significant tissue formation on 
top of the scaffold is observed, and with time a layered architecture 
develops. In regions with (near) complete scaffold degradation 
the tissue composition is markedly different from those with 
incomplete scaffold degradation. To analyze this staged tissue 
formation, advanced analysis tools are needed that not only account 
for mechanical cues, but also for cell signaling mechanisms driven 
by these cues to describe the complicated processes of growth 
and remodeling and to predict tissue self organization in situ. For 
example, it has been shown that Notch signaling has a profound 
impact on the layered architecture in heart valves and new models 
should incorporate this signaling (130). When established, such 
models may be extended with more (and even genetically affected) 
signaling pathways to provide insights in the requirements for 
scaffolds that drive tissue formation and ultimately tissue stability 
and functionality in a variety of pathological conditions.

Clinical Perspective

Today, the question remains whether HVTE will ever make a 
difference. Yet, significant progress has been made and different 
concepts are being prepared for translation to the clinic (131). 
We have no doubt that material-based in situ HVTE will leave its 
footprint on the ongoing quest for a living heart valve replacement. 
Albeit scientifically and technically extremely challenging, the in 
situ approach may be more attractive to apply in clinic than other 
tissue engineering approaches as it will eliminate cell and tissue 
culture, can be easily scaled up to therapeutic needs, and may be 
developed into personalized therapies, while at the same reducing 
regulatory complexity. As such, the approach can bring living valve 
replacement therapy to many patients worldwide and will not just 
cater to the wealthy.

Obviously, tackling the above challenges will determine whether 
we reach this goal, or whether in situ HVTE will remain an academic 
exercise. A combination of multidisciplinary research – unveiling 
the mechanisms, potential and limitations of the postnatal human 
body to adequately respond to the implanted biomaterial scaffold – 
and technological advancements – relating to scaffold development 
and the prediction of tissue adaptation under various conditions – is 
essential to take the next step en route to clinical application. This step 
should include rigorous and extensive preclinical evaluation in direct 
comparison with in vitro and in silico studies to scrutinize and optimize 
the technology. Next, a number of reliable, well-regulated randomized 
clinical trials should be performed for which standardized procedures 
and endpoints are defined (132). In parallel, simulation models should 
be developed that estimate the quality of life of patients as well as cost-
effectiveness of the new technology compared with existing valvular 
replacement therapies. These measures will support decision makers 
in their authorization strategy and will aid patients and doctors in 
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Introduction: Current recommendations for surgical treatment of abdominal aortic

aneurysms (AAAs) rely on the assessment of aortic diameter as a marker for risk of

rupture. The use of aortic size alone may overlook the role that vessel heterogeneity

plays in aneurysmal progression and rupture risk. The aim of the current study was to

investigate intra-patient heterogeneity of mechanical and fluid mechanical stresses on

the aortic wall and wall tissue histopathology from tissue collected at the time of surgical

repair.

Methods: Finite element analysis (FEA) and computational fluid dynamics (CFD)

simulations were used to predict the mechanical wall stress and the wall shear stress

fields for a non-ruptured aneurysm 2 weeks prior to scheduled surgery. During open

repair surgery one specimen partitioned into different regions was collected from the

patient’s diseased aorta according to a pre-operative map. Histological analysis and

mechanical testing were performed on the aortic samples and the results were compared

with the predicted stresses.

Results: The preoperative simulations highlighted the presence of altered local

hemodynamics particularly at the proximal segment of the left anterior area of the

aneurysm. Results from the post-operative assessment on the surgical samples revealed

a considerable heterogeneity throughout the aortic wall. There was a positive correlation

between elastin fragmentation and collagen content in the media. The tensile tests

demonstrated a good prediction of the locally varying constitutive model properties

predicted using geometrical variables, i.e., wall thickness and thrombus thickness.

Conclusions: The observed large regional differences highlight the local response of

the tissue to both mechanical and biological factors. Aortic size alone appears to be

insufficient to characterize the large degree of heterogeneity in the aneurysmal wall. Local

assessment of wall vulnerability may provide better risk of rupture predictions.

Keywords: abdominal aortic aneurysm, histology, mechanical properties, FEA, CFD
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INTRODUCTION

An abdominal aortic aneurysm (AAA) is a localized dilatation of
the abdominal aorta most often found in the infrarenal region of
the artery above the iliac bifurcation. Both open and endovascular
surgeries—the only treatments available—carry a significant risk
of complications and should be reserved for cases that are at risk
for rupture. The ideal diagnostic tool should reliably identify and
rank the risk for rupture of an individual aorta, helping the design
of clinical/surgical interventions and the selection of patients.
Current clinical guidelines rely on the assessment of maximum
aortic diameter as indication for surgical repair, overlooking the
role played by wall heterogeneity and localized weakening (1).

Studies show that irreversible pathological remodeling of
the extracellular matrix and structural degradation of the
aortic wall trigger aortic dilatation, while inflammation and
imbalance between elastin and collagen turnover are thought
to be important biological processes involved in aneurysmal
progression and rupture (2–4). There is growing evidence in
the literature that abnormal blood flow patterns (5, 6) and
high stresses (7) experienced by the diseased wall are important
factors in the development of an aneurysm. Several investigations
associated thrombus formation to disturbed hemodynamics,
with regions of expansion and rupture characterized by low
wall shear stress (WSS < 0.4 Pa) and intraluminal thrombus
(ILT) accumulation (8, 9). Increased mechanical stress and ILT
deposition, degradation of the elastic fibers and loss of integrity
through inflammatory processes may lead to a reduction in the
wall strength and, eventually, to rupture.

The present study aims at investigating intra-patient
heterogeneity of mechanical and fluid mechanical stresses on
the aortic wall and wall tissue histopathology on corresponding
aneurysmal regions collected at the time of surgical repair.
Specifically, the mechanical stress and the time-averaged wall
shear stress (TAWSS) were predicted 2 weeks before surgical
repair by employing finite element stress analysis (FEA) and
computational fluid dynamics (CFD) simulations, respectively.
The derived stress maps allowed for an informed collection of
regional samples from the patient diseased aorta at the time
of surgery. Finally, in the post-operative setting, histological
analysis, and mechanical testing were performed on the
harvested tissue and compared to the predicted fluid-mechanical
stresses.

METHODS

One patient (age range 52–58 years) presenting with a non-
ruptured infra-renal AAA with maximum diameter of 56.70mm
was included in the study after obtaining informed consent.
The patient underwent routine contrast-enhanced computed
tomography-angiography (CTA) examination 2 weeks prior to
the scheduled surgery for aortic resection, following informed
consent according to institutional ethical guidelines.

The three-dimensional AAA geometry was reconstructed
from the stack of CTA images and pre-operative FEA and CFD
simulations were performed to evaluate the patient-specific state
of mechanical and fluid dynamic stresses. Tissue samples from

different regions of the aneurysm were obtained fresh from the
operating room according to an approved ethical protocol and
used for post-operative assessment that included mechanical
testing and histological analysis.

Pre-operative Simulations
CFD Analysis

Computational model
The three-dimensional patient-specific aneurysmal lumen was
reconstructed using an image-processing and model generation
software (ScanIP; Simpleware Ltd., Exeter, UK). The mesh
generating module (ScanFE; Simpleware Ltd., Exeter, UK) was
used to discretize the reconstructed vessel geometry into a grid of
tetrahedral elements with boundary layer to refine themesh at the
wall. The model was then imported in the commercial software
Fluent (Ansys, Canonsburg, PA, USA) for CFD simulations. A
sensitivity analysis was performed to assess the spatial resolution,
in terms of mesh size, and temporal resolution, in terms of
time step size. An isotropic, incompressible, Newtonian fluid was
adopted to model the blood assuming a constant density of 1050
Kg/m3 and a constant dynamic viscosity of 0.00319 Pa·s.

A velocity inlet and two pressure outlets, corresponding to
the iliac arteries, were imposed as boundary conditions. No-slip
conditions were applied to the luminal surface. The pressure
waveform applied at the outlets was computed by using a coupled
3-element Windkessel 0D model of the downstream vasculature.

The aortic wall was assumed to be rigid, although some of
the features of wall elasticity were captured by coupling the
Windkessel model to the 3D geometry.

Hemodynamic wall descriptors
Wall shear stress-based hemodynamic descriptors, namely the
TAWSS, the oscillatory shear index (OSI) and relative residence
time (RRT) were computed to characterize the blood flow
patterns and quantify the hemodynamic disturbances. The
TAWSS is the wall shear stress magnitude averaged over the
cardiac cycle T:

TAWSS =
1

T

∫ T

0
|WSS (s, t)|dt

s identifies the position on the vessel wall at time instant t.
The OSI provides a measurement of the WSS vector deviation

from the main direction of the flow over the cardiac cycle:

OSI = 0.5

[

1−

(

|
∫ T
0 WSS (s, t) dt|

∫ T
0 |WSS (s, t) |dt

)]

Finally, the RRT is defined as a combination of the previous
parameters and provides an information about the time spent by
the blood particles near the vessel wall:

RRT =
1

(1− 2 · OSI) · TAWSS
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Stress Analysis

Constitutive model of aneurysmal wall
The aneurysmal wall was modeled as a fibrous collagenous
tissue, where bundles of collagen fibrils mutually cross-linked
by proteoglycans (CFPG-complex) reinforce an isotropic matrix
material (elastin and ground matrix). The matrix material was
described by an isotropic Neo-Hookean constitutive model.
The CFPG-complex was described by a virtually linear stress-
strain response and a triangular probability density function
that defines the relative amount of engaged collagen fibrils
when the collagen fiber is exposed to stretch λ. An isotropic
constitutive model was used for the fibril and a constant collagen

fiber density
ρ(N)=ρ0= 1.35

4π sr−1 was adopted in all directions.
The model integrates two mechanical parameters (µ and k),
and one structural parameter (λmax). In details, the mechanical
parameters µ and k quantify the matrix material shear modulus
and the stiffness of the CFPG-complex, respectively, while the
value of λmax characterizes the degree of waviness of the collagen
fibrils. The detailed model and its numerical implementation are
reported in Martufi and Gasser (10).

Geometry, load, and boundary conditions
The aortic geometry was reconstructed from the CTA data
(A4research, VASCOPS GmbH) acquired prior to elective repair.

A suite of custom-written routines (MATLAB 2014a, The
MathWorks, Inc., Natick, Massachusetts, USA) was used to
segment the lumen, the outer and inner wall of the vessel.
The minimum distances between the inner and outer wall and
between the inner wall and the lumen were used to estimate the
AAA wall thickness and the ILT thickness, respectively (11, 12).
These estimates were used to redefine the hexahedral elements
that discretize the aortic wall segmented in VASCOPS in order to
account for the local wall thickness (13).

The top and bottom surfaces of the Finite Element model were
fixed, no contact with the surrounding organs was considered
and peak systolic blood pressure of 120 mmHg (16 kPa) was
applied.

The maximum principal stress (MPS) field was predicted by
means of finite element analysis (FEA) using FEAP (vs. 8.2,
University of California at Berkeley, CA, USA) considering non-
homogeneous population-averaged material properties (13) and
using the described constitutive model. In details, each element
was considered as belonging to one of four categories with
their constitutive parameters assigned according to a discrete
categorization of the material properties, i.e., thin wall-thin ILT
(µ = 50 kPa, k = 7,800 kPa, λmax = 1.04), thin wall-thick ILT
(µ = 5 kPa, k = 3,600 kPa, λmax = 1.04), thick wall-thin ILT
(µ = 40 kPa, k = 7,400 kPa, λmax = 1.12), and thick wall-thick
ILT (µ = 5 kPa, k = 3,900 kPa, λmax = 1.12) (13). Finally,
ILT tissue was modeled using a one parameter Ogden-like strain
energy function, with 2.11 kPa as constitutive parameter (14).

Intra-Operative Tissue Collection
Surgery Map Definition
Twenty-five different regions were identified on the aneurysmal
sac, i.e., 12 left lateral regions (six left anterior and six left
posterior), 12 right lateral regions (six anterior and six posterior)
and the neck region. Region-averaged maximum principal

stress (MPSra), region-averaged time averaged wall shear stress
(TAWSSra), region-averaged oscillatory shear index (OSIra),
region-averaged relative residence time (RRTra), region-averaged
ILT (ILTra), and wall thickness (WTra) were computed and
used as global descriptors of the geometrical and mechanical
characteristics for each region.

The defined regions served as a guide to collect tissue from
the patient resected aorta corresponding to areas with different
global descriptors (Figure 1A and Table 1).

Tissue Collection
From the intra-operative tissue specimen, ten regions (∼20 ×

15mm) were obtained; each was ∼20 × 15mm in size with one
edge parallel to the circumferential orientation with respect to the
intact aorta and the other one perpendicular to it. Tissues that
were selected for histology were fixed in 10% buffered formalin
immediately after collection. Tissues destined for mechanical
analysis were placed in saline solution and refrigerated at 4◦C.

Post-operative Assessment
Mechanical Tensile Tests
Four regions ∼10 × 10mm in size were tested within 48 h of
procurement: one from the neck, two from the right anterior
region and one from the left anterior region. Width, length,
and thickness were measured for each sample with a manual
caliper. Tissues were tested using a planar biaxial system
(ElectroForce, TA Instruments, MO, USA) with displacement-
controlled protocol reaching a maximum stretch of 40% on both
axes while being continuously irrigated with saline solution at
37◦C. After a short thermal equilibration period, a frequency of
0.333Hz and 10 cycles count were used for each experiment.
If the tissue sample was not wide enough to perform biaxial
tensile tests, uniaxial tensile test at the same strain rate and
with the same maximum stretch was performed. From the
acquired data, the first Piola-Kirchhoff stress was calculated
normalizing the recorded force by the cross-sectional area in
the undeformed configuration, while the stretch was computed
as the deformed length normalized by the original specimen
length.

Constitutive Model for the Individual Specimen

Properties
A computational model representing a single cubic element of
tissue was used to estimate the mechanical parameters µ, k, and
the structural parameter λmax of the constitutive model from
the tensile experimental data. The clear physical meaning of the
model parameters allowed their straightforward identification
by manual adjustments as described previously (10). For each
specimen, the stress values obtained in the physiological strain
range for an aneurysm [∼7%, see Satriano et al. (15)] using
the optimized ex-vivo material parameters were compared with
stresses obtained using our previously published population-
averaged material properties (7). The root-mean-square error
(RMSE) was employed to measure differences.

Histological Analysis
Samples for histology were fixed in 10% buffered formalin and
then stained with Movat and Picrosirius red to assess elastin
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FIGURE 1 | Upper panel (A) schematic representation of the surgery map used for tissue collection. (B) The maximum principal stress (MPS) field obtained from the

finite element analysis. Lower panel: aortic luminal surface distribution of WSS-based hemodynamic descriptors, in detail (C) TAWSS, (D) OSI, (E) RRT.

fragmentation and quantify the percentage of total area occupied
by collagen fibers. Slides were observed and imaged at 2X and
20X magnification using an Olympus BX53 DP73 microscope.

Visual inspection was used to identify the tunica media from
Movat images at 2X magnification. The pixels identified as
belonging to the media were then used to estimate the percentage
of area occupied by collagen in the corresponding Picrosirius red-
stained slides (16). The original images were first converted into
grayscale images, i.e., the luminance (luminous intensity per unit
area) of the original image was retained while information about
hue and saturation were eliminated. In order to highlight the
collagen structure, brightness and contrast were automatically
optimized according to the histograms and the images were
finally converted into binary images. The percentage area of
collagen in the media was computed as the percentage of pixels
identified as collagen material.

Elastin fragmentation in the media was visually inspected
from Movat stained images at 20X magnification and scored as
(1) minor, (2) moderate, or (3) high. A score of (4) was assigned
if no elastin was detected in the sample and N/A if the media was
entirely disrupted.

RESULTS

Pre-operative Simulations
Figure 1 (lower panels) show the luminal distribution of WSS-
based hemodynamic descriptors allowing for a visual inspection
of flow patterns within the vessel. The aneurysmal region
presented lower values of TAWSS (Figure 1C), compared to
those observed in the areas upstream and downstream the
dilatation, between 0.1 and 0.4 vs. 0.8 and 1.5 Pa.

The values for the OSI (Figure 1D) ranged between 0 and
0.5, while the RRT (Figure 1E) varied between 10 and 100 Pa−1

within the aneurysmal region, with higher values located in the
proximal segment of the left lateral region.

The MPS field, computed accounting for locally varying wall
thickness and non-homogenous material properties, is plotted
in Figure 1B. The predicted macroscopic stress was distributed
non-uniformly over the aneurysmal wall. High stresses were
located at ILT-free regions with thin wall and regions with thick
wall covered with thin ILT.

There was a statistically significant negative correlation
between region-averagedmaximum principal stress (MPSra) and
ILTra (Pearson’s ρ = −0.51, p = 0.009), between MPSra and
TAWSSra (Pearson’s ρ = −0.55, p = 0.005), and between
MPSra andRRTra (Pearson’s ρ=−0.41, p= 0.04). Themaximum
MPSra of 202.9 kPa was recorded in the RA3 region, where an
ILT-free wall 1.4 ± 0.1mm thick was measured. In contrast, the
lowest TAWSSra (0.09 Pa) was observed in region RA4, where a
thick wall of 1.7 ± 0.2mm covered by 7.0 ± 2.0mm of ILTra was
recorded. The maximum OSIra and RRTra were 0.47 and 109.8
Pa−1, respectively, and were both localized in the LA2 region
(WTra =1.4 ± 0.1mm and ILTra = 7.3 ± 0.9mm). Finally, the
maximum TAWSSra (0.60 Pa) and minimum MPSra (36.0 kPa)
were located in the neck region (see Table 1).

Post-operative Assessment
Mechanical Properties
Tissue samples harvested from the neck and right anterior region
RA4 were subject to uniaxial tensile testing. Samples collected
from regions RA2 and LA4 underwent biaxial tensile tests.
Following the categorization based on wall and ILT thickness
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TABLE 1 | Summary of geometrical and mechanical parameters of the different

aneurysmal regions.

Region

ID

WTra
(mm)

ILTra
(mm)

TAWSSra
(Pa)

OSIra RRTra
(Pa−1)

MPSra
(kPa)

NECK 1.3 ± 0.1 0 0.60 0.25 5.1 36.0

RP1 1.5 ± 0.2 4.5 ± 1.0 0.45 0.44 25.4 120.5

RA1 1.4 ± 0.1 3.1 ± 1.4 0.49 0.34 6.0 117.4

RP2 1.3 ± 0.1 3.8 ± 0.5 0.41 0.40 14.4 149.2

RA2 1.3 ± 0.1 5.5 ± 1.3 0.32 0.45 54.7 153.6

RP3 1.4 ± 0.1 6.3 ± 1.8 0.16 0.46 59.6 145.7

RA3 1.4 ± 0.1 0 0.18 0.40 36.7 202.9

RP4 1.4 ± 0.1 10.4 ± 1.0 0.13 0.44 47.1 115.0

RA4 1.7 ± 0.2 7.0 ± 2.0 0.09 0.31 16.4 138.4

RP5 1.4 ± 0.1 10.0 ± 1.3 0.19 0.43 24.8 79.4

RA5 1.3 ± 0.1 8.7 ± 1.1 0.15 0.22 8.4 91.1

RP6 1.4 ± 0.1 6.5 ± 0.7 0.40 0.35 5.4 87.2

RA6 1.2 ± 0.1 6.5 ± 0.9 0.31 0.29 4.9 86.6

LA1 1.5 ± 0.2 6.4 ± 1.4 0.41 0.43 38.5 101.6

LP1 1.4 ± 0.1 4.5 ± 0.5 0.55 0.24 2.3 85.7

LA2 1.4 ± 0.1 7.3 ± 0.9 0.17 0.47 109.8 100.4

LP2 1.3 ± 0.1 7.0 ± 1.2 0.43 0.46 45.9 143.6

LA3 1.4 ± 0.1 4.6 ± 1.8 0.15 0.41 42.4 166.7

LP3 1.4 ± 0.1 8.6 ± 1.1 0.18 0.46 67.9 89.9

LA4 1.6 ± 0.1 4.7 ± 2.6 0.12 0.31 12.0 158.4

LP4 1.5 ± 0.2 10.2 ± 0.7 0.16 0.46 64.1 82.0

LA5 1.4 ± 0.1 8.8 ± 1.8 0.18 0.29 7.1 91.7

LP5 1.4 ± 0.1 10.8 ± 0.9 0.19 0.42 19.8 76.1

LA6 1.5 ± 0.1 8.0 ± 1.0 0.23 0.35 10.9 74.2

LP6 1.5 ± 0.1 7.9 ± 0.6 0.38 0.36 5.8 74.6

Region-averaged intraluminal thrombus (ILTra ); region-averaged wall thickness (WTra)

estimated from images; region-averaged time average wall shear stress (TAWSSra );

region-averaged oscillatory shear index (OSIra ); region-averaged relative residence time

(RRTra ); region-averaged maximum principal stress (MPSra ).

(13), sample from RA4 was labeled as tissue with thick wall and
thick ILT (WTra > 1.4mm, ILTra > 6.5mm), RA2 belonged to
the category with thin wall and thin ILT and LA4 was classified
as thick wall, thin ILT. Because the neck region was ILT-free no
category was assigned.

Figure 2 shows the experimental mechanical response, the
FE model best fit and the stress-stretch predictions using a
population based mean material properties according to the
above defined subgroups (13).

The fitted values for the matrix shear modulus (µ) of the
samples collected from the right-anterior region, were 60 kPa
for RA2 and 10 kPa for RA4, with a CFPG-complex stiffness
(k) of 3,500 and 1,000 kPa, respectively. The estimated µ and
k parameters of the constitutive model were 32 and 2,900 kPa,
respectively for the specimen harvested from the left-anterior
region LA4, and 8 and 2,500 kPa for the neck tissue sample.
Table 2 reports a summary of the mechanical parameters found.
Neighboring regions are reported to facilitate comparison with
histological results. It must be noted that comparisons between
neighboring regions are indicative due to the high variability.

Specimen RA2 showed the highest CFPG-complex stiffness and
is adjacent to RA1 that shows high collagen content. The neck
specimen allowed a direct comparison and showed the lowest
elastin fragmentation, the lowest matrix material shear modulus
and the highest λmax suggesting high elastin content.

Pre-operative Mechanical Properties Assumptions

and specimen Individual Tissue Properties
For the three samples tested, a total RMSE of 8.8 kPa was
recorded between the actual stress values and those estimated
in the preoperative setting using population-averaged material
properties. RA2 exhibited the largest RMSE (13.7 kPa). The
RMSE decreased to the values of 6.8 and 0.95 kPa, for LA4 and
RA4, respectively. No comparison was performed for neck tissue
because population-averaged parameters were not available.

Histology
Movat and Picrosirius red stained samples at 2X magnification
are showed in Figure 3.

Figures 4, 5 show Movat’s stain at 20X magnification for four
regions to demonstrate the degree of elastin fragmentation in the
media. There was a strong positive correlation between elastin
fragmentation score and percentage of collagen content in the
media (Pearson’s ρ = 0.94, p = 0.019). RP4 and LA5 resulted in
score 4 for elastin fragmentation due to the complete disruption
of the medial layer. The two highest collagen contents were
measured in RA5 (65.8%) and RA1 (38.2%) where a score of 4
and 3 for elastin fragmentation was recorded, respectively. Both
LA1 and LA3 exhibited moderate elastin disruption (score 2);
however, collagen content was higher for LA1 (19.7%) than LA3
(10.8%). Finally, low elastin fragmentation (score 1) with collagen
content of 12.4% was observed for the neck sample (see Table 3
and Figures 3, 4).

Comparisons
Statistically non-significant negative correlations were found
between TAWSSra and elastin fragmentation (Pearson’s ρ =

−0.62, p = 0.18). A complete media disruption (N/A for
elastin fragmentation) was observed for RP4 where low TAWSSra
(0.13 Pa), high OSIra (0.44), and RRTra (47.14 Pa−1) and thick
ILT (10.4 ± 1.0mm) were measured. A TAWSSra of 0.15 Pa
was associated with both moderate elastin fragmentation (score
2) and entirely degraded elastin (score 4) in LA3 and RA5,
respectively.

Despite exhibiting the same TAWSSra, RA5 presented an
OSIra almost half than the one measured for LA3 (0.22 vs. 0.41)
and five times smaller RRTra (8.42 vs. 42.44 Pa

−1). Additionally,
RA5 showed an ILT deposition almost double than the one
measured for LA3, i.e., ILTra = 8.7± 1.1mm for RA5 vs. ILTra =

4.6± 1.8mm for LA3, and six times higher collagen content, i.e.,
65.8% for RA5 vs. 10.8% for LA3. LA5 presented a ILTra of 8.8
± 1.8mm similar to RA5 that was associated with a TAWSSra
of 0.18 Pa (OSIra = 0.29;RRTra = 7.11 Pa−1), and a complete
disruption of the media layer (N/A for elastin fragmentation).
LA1 showed a moderate elastin fragmentation (score 2) with
TAWSSra of 0.41 Pa, OSIra of 0.43 and RRTra of 38.46 Pa while,
for RA1 the TAWSSra of 0.49 Pa (OSIra = 0.34; RRTra = 6.04 Pa)
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FIGURE 2 | Differences in mechanical properties between samples harvested from different aneurysmal regions. Experimental data, best fit Finite Element (FE) results

(open circles) according to the multi-scale constitutive model and mean population data (cross) derived from Martufi et al. (13) are shown for each region. (A) Neck

region (no mean population data available); (B) right-anterior region RA2; (C) right-anterior region RA4; and (D) left-anterior region LA4.

TABLE 2 | Summary of structural and mechanical parameters of the constitutive

model for different aneurysmal regions.

Region

ID

Matrix material

shear modulus

µ (kPa)

CFPG-complex

stiffness k (kPa)

λmax Adjacent regions

(refer to Table 3

for histology)

NECK 8 2,500 1.27 NECK

RA2 60 3,500 1.04 RA1

RA4 10 1,000 1.06 RP4, RA5

LA4 32 2,900 1.13 LA5, LA3

Adjacent regions are reported to facilitate comparisons with histological results in Table 3.

was related to higher elastin fragmentation (score 3). Finally, the
neck region displayed the lowest elastin fragmentation score (1)
with the lowest RRTra (Pa

−1) and the highest TAWSSra (0.60 Pa).
There was no correlation betweenMPSra and collagen content

(Pearson’s ρ = −0.08, p = 0.9). The neck region exhibited the
lowest values of MPSra (36.0 ± 35.2 kPa) and the lowest score
for elastin fragmentation (score 1) with relatively low percentage
of collagen in the media (12.4%). RA5 and LA5 showed similar
stress level (RA5: MPSra = 91.1 kPa; LA5: MPSra = 91.6 kPa)
and similar ILT thickness deposited (RA5: ILTra = 8.7± 1.1mm;

LA5: ILTra = 8.8 ± 1.8mm) that were associated with high
elastin fragmentation or complete media destruction in both
the samples, and with the highest collagen content (65.8%) for
RA5. RA1 and RP4 were exposed to similar stress level (RA1:
MPSra = 117.40 kPa; RP4: MPSra = 114.99 kPa) but presented
different ILT coverage (RA1: ILTra = 3.1± 1.4mm; RP4: ILTra =

10.4 ± 1.0mm) that was associated with a score of 3 for elastin
fragmentation and a collagen content of 38.2% for RA1, while
RP4 had complete media destruction.

LA1 and LA3 showed a moderate fragmentation of elastic
fibers (score 2) that was associated with different stress levels
and different ILT thickness; i.e., LA1: ILTra = 6.4 ± 1.4mm and
MPSra = 101.64 kPa; LA3: ILTra = 4.6 ± 1.8mm and MPSra =

166.67 kPa (see Table 3 and Figures 3, 4).

DISCUSSION AND CONCLUSION

An aortic aneurysm is the final result of a multifactorial process
that involves pathological remodeling and degradation of the
aortic wall leading to its weakening.

Early publications have reported potential correlation between
mechanical stress and metabolism in the aneurysmal wall
supporting the hypothesis of a stress mediated process that

Frontiers in Cardiovascular Medicine | www.frontiersin.org July 2018 | Volume 5 | Article 82124

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Martufi et al. Heterogeneity of Aneurysmal Tissue

FIGURE 3 | Histological images obtained with Movat stain (left) and Picrosirius red stain (right) at 2X magnification. The adventitia layer of the aortic wall is labeled as

reference in each image. Scale bar is 0.5mm (located bottom right).
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FIGURE 4 | Representative cases of elastin fragmentation in the media. Movat images at 20X magnification: (A) Neck region with low elastin fragmentation (score 1);

(B) LA3 region with moderate elastin fragmentation (score 2); (C) RA1 region with high elastin fragmentation (score 3) and (D) RA5 region with no elastin content

(score 4). Scale bar 0.1mm.

weakens the vessel (7, 17). However, evidences on the correlation
between mechanical environment and underlying histological
structure are currently very limited. This study focused on intra-
patient variability of local mechanical and fluid dynamic stresses
and on histological and mechanical properties of corresponding
aneurysmal regions evaluated from one ex-vivo specimen.

The preoperative simulations provided insight on the stresses
acting on the wall. Both MPS and WSS-based hemodynamic
descriptors were distributed non-uniformly over the aneurysmal
wall. The entire aneurysmal lumen generally presented disturbed
flow conditions characterized by low oscillatory wall shear
stress and high relative residence time pointing to recirculation
and poor wash out associated with adverse remodeling of the
extracellular matrix and ILT deposition. The effect of altered local
hemodynamics was particularly evident in the proximal segment
of the left anterior region, where LA2 and LA3 showed high
OSIra, high RRTra, and low TAWSSra and were characterized by
thick ILT.

The tensile tests on tissues collected demonstrated that

constitutive parameters estimated non-invasively from geometric

variables—ILT thickness and wall thickness, according toMartufi
et al. (13)—produce a fairly accurate prediction of the ex-
vivo constitutive model obtained fitting the experimental tensile
tests data directly, suggesting a relationship between geometric
macroscopic parameters and tissue properties.

The seven histological samples collected cover distal, central,
and proximal regions and showed very heterogeneous features
in terms of elastin degradation and collagen content. Higher

FIGURE 5 | Detail of RA1 sample (20x) showing elastin fragmentation (red

arrows). Scale bar 0.1mm.

degrees of medial disruption were found in the distal regions of
the aneurysmal expansion.

Findings from the histological analysis showed a positive
correlation between elastin fragmentation and collagen content
in the media, suggesting a compensatory process that involves
progressive increase in collagen synthesis and wall remodeling.
It is hypothesized that as the aneurysm grows, the elastic
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TABLE 3 | Summary of geometrical, mechanical and histological features for different aneurysmal regions.

Region ID WTra (mm) ILTra (mm) TAWSSra (Pa) OSIra RRTra (Pa−1) MPSra (kPa) Collagen content (%) Elastin fragmentation

NECK 1.3 0 0.60 0.25 5.06 36.05 12.4 1

RA1 1.4 ± 0.1 3.1 ± 1.4 0.49 0.34 6.04 117.4 38.2 3

RP4 1.4 ± 0.1 10.4 ± 1.0 0.13 0.44 47.14 115.0 N/A N/A

RA5 1.3 ± 0.1 8.7 ± 1.1 0.15 0.22 8.42 91.1 65.8 4 (no elastin)

LA1 1.5 ± 0.2 6.4 ± 1.4 0.41 0.43 38.46 101.6 19.7 2

LA3 1.4 ± 0.1 4.6 ± 1.8 0.15 0.41 42.44 166.7 10.8 2

LA5 1.4 ± 0.1 8.8 ± 1.8 0.18 0.29 7.11 91.6 N/A N/A

fibers are distributed over a bigger area and elastin synthesis
further decreases due to inflammatory processes and muscle cells
apoptosis (18, 19). Elastin fragmentation was generally associated
with low TAWSSraand highMPSra, but no statistically significant
correlation was found.

The first limitation is that the analysis encompasses one
aneurysmal specimen from one patient. This study was designed
as a feasibility study to investigate the presence of significant
heterogeneity in the aneurysm wall, even intra-patient.

The second limitation, pertaining the pre-operative stress
analysis, is the use of population average parameters for the
constitutive equations of both wall and ILT. The constitutive
parameters were modulated locally based on Martufi et al. (13)
and reasonable agreement was found between pre-operative and
ex-vivo parameters as confirmed by the experimental tensile tests
on explanted tissues.

Third, ILT was modeled as a non-porous material
overlooking the complex role of the intraluminal thrombus
as a biomechanically active component (20).

The constitutive model of the wall also presents limiting
assumptions: the isotropic matrix model does not account
directly for elastin degradation and smooth muscle cells (SMCs)
are not directly modeled. However, the relative contribution of
the isotropic component is reduced in the presence of elastin
degradation. It should also be noted that SMCs are almost absent
in the diseased aneurysmal wall at late stages (21).

Finally, the velocity boundary conditions at the inlet of the
fluid dynamic model were not patient-specific and the aortic wall
was assumed to be rigid during the simulation. Despite a typically
stiffer wall, a compliant effect is still observable in aneurysmal
patients; accordingly, some of the features of a compliant wall
were captured by coupling the 3-element Windkessel model of
the downstream vasculature.

Our findings point to the importance of the local mechanical
environment in promoting intra-patient wall heterogeneity that
is observable in the analysis of adjacent regions, such as RA3 and
RA4. RA3 is an ILT-free region exhibiting the maximumMPSra,
while RA4, labeled as tissue with thick wall and thick ILT,
presents the lowest TAWSSra. The heterogeneity of the wall
is confirmed by the postoperative assessment carried out by
mean of mechanical tensile tests and histological analysis on the
surgical specimen.

It is interesting to note that altered hemodynamics, and low
TAWSS values appeared to be co-localized with wall exhibiting

disrupted elastin and generally thicker ILT. While the low
TAWSS values were computed at the interface between lumen
and ILT, and not at the aneurysmal wall surface, it appears that
altered fluid dynamics at the luminal surface co-localizes with
disrupted wall constituents even in the presence of a thrombus
layer, pointing to a remodeling mechanism that may be mediated
by matrix proteinases secreted in the thrombus. This may help
explain why altered hemodynamics and low TAWSS have been
reported at sites of aneurysms rupture regardless of the presence
of intraluminal thrombus (9).

The large variability observed at the local level in terms
of mechanical properties and disruption of wall constituents
suggests that local, rather than global, variables should be
considered in the future for better risk of rupture prediction.
Each individual aneurysmal region may have very different
susceptibility to rupture depending on the combination of wall
vulnerability and local fluid-mechanics conditions. True patient-
and location-specific indicators of wall vulnerability are needed
to increase the reliability of clinical outcomes prediction and
consequent risk stratification as a mean for selective surgical
repair.
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Human ascending aortic aneurysms characteristically exhibit cystic medial degeneration

of the aortic wall encompassing elastin degeneration, proteoglycan accumulation

and smooth muscle cell loss. Most studies have focused on the aortic media and

there is a limited understanding of the importance of the adventitial layer in the

setting of human aneurysmal disease. We recently demonstrated that the adventitial

ECM contains key angiogenic factors that are downregulated in aneurysmal aortic

specimens. In this study, we investigated the adventitial microvascular network (vasa

vasorum) of aneurysmal aortic specimens of different etiology and hypothesized

that the vasa vasorum is disrupted in patients with ascending aortic aneurysm.

Morphometric analyses of hematoxylin and eosin-stained human aortic cross-sections

revealed evidence of vasa vasorum remodeling in aneurysmal specimens, including

reduced density of vessels, increased lumen area and thickening of smooth muscle

actin-positive layers. These alterations were inconsistently observed in specimens of

bicuspid aortic valve (BAV)-associated aortopathy, while vasa vasorum remodeling

was typically observed in aneurysms arising in patients with the morphologically

normal tricuspid aortic valve (TAV). Gene expression of hypoxia-inducible factor

1α and its downstream targets, metallothionein 1A and the pro-angiogenic factor

vascular endothelial growth factor, were down-regulated in the adventitia of aneurysmal

specimens when compared with non-aneurysmal specimens, while the level of

the anti-angiogenic factor thrombospondin-1 was elevated. Immunodetection of

glucose transporter 1 (GLUT1), a marker of chronic tissue hypoxia, was minimal

in non-aneurysmal medial specimens, and locally accumulated within regions of

elastin degeneration, particularly in TAV-associated aneurysms. Quantification of

GLUT1 revealed elevated levels in the aortic media of TAV-associated aneurysms

when compared to non-aneurysmal counterparts. We detected evidence of chronic

inflammation as infiltration of lymphoplasmacytic cells in aneurysmal specimens, with

a higher prevalence of lymphoplasmacytic infiltrates in aneurysmal specimens from

patients with TAV compared to that of patients with BAV. These data highlight differences
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in vasa vasorum remodeling and associated medial chronic hypoxia markers between

aneurysms of different etiology. These aberrations could contribute to malnourishment

of the aortic media and could conceivably participate in the pathogenesis of thoracic

aortic aneurysm.

Keywords: vasa vasorum, aneurysm, hypoxia, angiogenesis, adventitia

INTRODUCTION

The tunica adventitia of large blood vessels includes
extracellular matrix and diverse cell types constituting a
unique microenvironment distinct from the neighboring tunica
media. In elastic conduit arteries, this outer layer provides
substantial biomechanical support and is thought to be critically
important in maintaining vascular homeostasis (1, 2). However,
the biological mechanisms by which the adventitia influences
large blood vessels’ functions are less understood. Despite
this gap in knowledge, a growing body of evidence supports
a critical role for adventitia in vascular wall physiology and
pathophysiology (3–6).

In addition to luminal flow, large blood vessels require their
own external access to a blood supply to maintain vascular
health. The vasa vasorum (Latin: “vessels of the vessels”) serves
this vital role in large blood vessels. During his research on
anatomy in the seventeenth century, Willis was purportedly
the first to report the existence of vasa vasorum in the aorta
(7). Since this first acquaintance, the purpose and functionality
of this extensive microvascular network have barely begun to
be understood. In human, the ascending thoracic aorta has an
expansive network of vasa vasorum that originates from the
coronary and brachiocephalic arteries (7, 8). The vasa vasorum
infiltrates the blood vessel wall from the abluminal side and
weaves extensively through the adventitial layer. The arteries
of the vasa vasorum supply oxygen and nutrients to the outer
two-thirds of larger blood vessels (>0.5mm thick) comprised
of at least 29 elastic lamellae at birth (e.g., thoracic aorta,
pulmonary artery, and saphenous vein of humans, sheep and
dogs) while the veins remove waste products (9, 10). Blood
vessels with fewer than 29 elastic lamellae, with the exception
of coronary arteries or certain disease states, are devoid of vasa
vasorum in the outer media such as those of small rodents,
and are adequately nourished from the lumen (9). Nearly half
a century ago, the importance of the vasa vasorum was realized
from observations of ischemic medial necrosis in the canine
ascending aorta following occlusion of the vasa vasorum (11).
Other investigators have reproduced these findings in other
animal models and corroborated the remodeling of the aortic
wall, which is reminiscent of the histopathological hallmark of
cystic medial degeneration in human thoracic aortic aneurysm
(10, 12–14). These studies raised important questions on the role
of the vasa vasorum in human aortic disease.

Our laboratory focuses on ascending thoracic aortic aneurysm
(TAA), the main pathology known to affect the ascending aorta.
TAAs can arise in patients with the morphologically normal
tricuspid aortic valve (TAV), but patients with the most common

congenital anomaly of the aortic valve (bicuspid aortic valve,
BAV) have a heightened risk of developing aneurysm in the
proximal ascending aorta (15, 16). Our work has centered on
understanding the cellular and molecular mechanisms involved
in TAAs arising in both patient populations (17–20). We have
uncovered mechanisms distinctly involved in BAV aortopathy,
such as altered response to oxidative stress (17), unique medial
matrix architecture (21), and altered biomechanical strength (22).
Considering these findings mostly focused on the aortic media,
we extended our interests to the adventitia as an important
neighboring microenvironment in the setting of aortic disease.
We concentrated on the vasa vasorum network specifically
and hypothesized that this microvascular network is disrupted
in patients with TAA. Here, we describe remodeling of vasa
vasorum vessels and note aberrations in size, abundance and wall
thickness in TAA specimens associated with down-regulation of
angiogenic and hypoxia-related gene targets in the adventitial
layer while the medial layer displayed evidence of hypoxia. These
aberrations uncover a new view of the pathophysiology of human
thoracic aortic disease from the perspective of the adventitia.

MATERIALS AND METHODS

Tissue Collection and Processing
Human ascending thoracic aortic specimens (n = 91) were
collected during elective aortic valve and ascending aortic
replacement operations or during heart transplantation with
informed patient consent and approval of the Institutional
Review Board of the University of Pittsburgh and through
the Center for Organ Recovery and Education. All patient-
related procedures were carried out in accordance with
principles outlined in the Declaration of Helsinki. The aortic
specimens were obtained within 1–2 cm of the sinotubular
junction. Upon excision, tissue specimens were placed in
saline on ice and transported to the laboratory. Specimens
were categorized according to their aortic valve morphology:
tricuspid (TAV) or bicuspid (BAV). Patient demographics,
aortic dimensions, and comorbidities, (e.g., hypertension) were
carefully recorded (Table 1). None of the included patients had
diagnosed Marfan, Ehlers-Danlos or Loeys-Dietz syndromes or
chronic or acute dissection. Patients are otherwise relatively
healthy. Maximal orthogonal aortic diameter was measured
via intraoperative trans-esophageal echocardiography. The non-
aneurysmal cohorts included patients with maximal orthogonal
diameters of ≤42mm. The aneurysmal patient cohorts included
patients undergoing ascending aortic replacement due to
ascending TAA and exhibited a maximal orthogonal aortic
diameter >42mm.
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TABLE 1 | Patient demographics.

TAV BAV

NA TAA NA TAA

N (M/F) 40 (23/16)a 39 (22/17) 31 (20/11) 44 (35/9)

Age (year) 56 ± 16.9 67 ± 8.7* 57 ± 11.2∧ 56 ± 10.6∧

Diameter (mm) 32 ± 3.4b 52 ± 5.8* 38 ± 3.8c 51 ± 3.9*∧

AI 1+ 5.3% 23.1% 16.7% 20.9%

2–3+ 15.8% 35.9% 6.7%∧ 18.6%

4+ 5.3% 20.5% 26.9% 11.6%

AS Mild 0% 0% 0% 23.1%∧#

Mod 0% 0% 3.3% 15.4%∧#

Severe 25.0% 7.7% 76.7%*∧ 30.7%∧#

HTN 50.0% 76.9%* 61.3% 70.5%

Diabetes 17.5% 13.5% 12.9% 23.3%

Smoking 47.5% 43.2% 43.4% 45.5%

ARB 0% 17.9%* 38.7%*∧ 9.1%*∧

ACE-inhibitor 35% 10.8%* 12.1% 37.2%∧#

Statins 27.5% 53.8%* 64.5%* 43.2%*

Quantitative data are presented as median ± SD.

*, #, and ∧ indicate significance vs. TAV-NA, BAV-NA, and TAV-TAA, respectively and were

obtained using a Chi-squared or a Kruskal-Wallis test.

HTN, hypertension; S.D., standard deviation; ARB, angiotensin-receptor blocker; ACE,

angiotensin-converting enzyme; AS, aortic stenosis, AI, aortic insufficiency.
aSex of one patient was not recorded.
b,cCalculated from data from 17 and 22 patients, respectively.

Histology and Immunofluorescence
Portions (∼0.5 cm2) of human aortic specimens were fixed
in 10% buffered formalin overnight or 4% paraformaldehyde
for 30min and paraffin-embedded. Cross-sections (5µm) were
stained with hematoxylin and eosin (H&E) to reveal aortic
layers and vasa vasorum structures (McGowan Institute for
RegenerativeMedicineHistology Core, University of Pittsburgh).
Sections were reviewed by two authors (MB and JP). Before
immunolabeling, paraffin was removed using xylene followed
by an ethanol dehydration series, rehydration in water and
phosphate buffer saline (PBS) and antigen retrieval (Target
Retrieval Solution, pH 6, Dako #S1700). Blocked slides (0.5%
bovine serum albumin) were incubated in primary un-
conjugated antibody (α-SMA, 1:1000, DAKO, # M0851, GLUT1,
1:500, Millipore #07-1401) in blocking solution overnight at
4◦C. Secondary labeling was accomplished with Alexa Fluor-
conjugated secondary antibodies (anti-mouse Alexa Fluor 594, #
715-585-150, anti-rabbit Alexa Fluor 594, # 711-585-152, all from
Jackson Immunoresearch) for 2 h at room temperature. A FITC-
conjugated antibody targeting VonWillebrand Factor was added
to the secondary labeling step (1:100, US Biological, # V2700-
01C). Sections were mounted with coverslips using Prolong Gold
with DAPI (Invitrogen, # P-36931) and allowed to dry overnight.
Slides were visualized using a TE-2000-E inverted microscope
(Nikon) using bright field or epi-fluorescence microscopy and
captured using a DS-Fi1 5MP color camera (Nikon) or an
Imaging Array CoolSNAP ES2 Monochrome 1,394× 1,040 High
Resolution Camera (Photometrics) and NIS Elements Software

TABLE 2 | Primer set details.

Gene name Gene symbol Assay ID #

Hypoxia-inducible factor 1α Hif-1α Hs00936366_m1

Metallothionein IA Mt-1A Hs00831826_s1

Vascular endothelial growth factor Vegf-A Hs00900055_m1

3.2 (Nikon). Vasa vasorum morphometrics were independently
calculated from the entirety of each section using NIS Elements
Software by two researchers (MB and JP) and similar outcomes
were observed for each. Reported vessel diameters and lumen
areas were calculated from vessel perimeter measurements.
Vessel thickness was calculated by normalizing the vessel wall
area to the lumen diameter. Vasa vasorum density was calculated
from the total number of vessels observed on aortic cross sections
and divided by the adventitial area. To limit the influence
of potential histological embedding and sectioning artifacts, a
binary thresholdingmethod was employed to quantify adventitial
tissue area. Inflammatory infiltrates were described by a clinical
pathologist of the University of Pittsburgh Medical Center.

RNA Isolation and Quantitative Real-Time

PCR
Portions of aortic adventitial specimens were swiftly placed in
RNAlater solution (Life Technologies) and stored at −20◦C
until use. Specimens (15–20mg) were homogenized in RLT
buffer (QIAgen) containing β-mercaptoethanol (1/100, Fisher
Scientific BP176-100) using the gentleMACS Tissue Dissociator
(Miltenyi, Auburn, CA). Further homogenization was achieved
using the QIAshredder kit (Qiagen). Total RNA was isolated
from adventitial tissue extracts using the RNAeasy Plus Mini
kit (QIAgen) according to the manufacturer’s instructions. Gene
expression of hypoxia-inducible factor 1 alpha (Hif-1α), vascular
endothelial growth factor (Vegf ), and metallothionein (Mt)-
1A were quantified from 5 to 25 ng of template RNA using
inventoried Taqman R© Gene Expression Assays and 1-step RNA-
to-CTTM kit (Life Technologies). Primer set details can be found
in Table 2. Thermocycling conditions were as follows: RNA
was reverse-transcribed at 48◦C for 15min followed by Taq
activation at 95◦C for 10min, and 40 cycles of denaturation
for 15 s at 95◦C, and primer and probe annealing at 60◦C
for 1min. All target gene probes were labeled with FAM as
the 5′ reporter dye and TAMRA as the 3′ quencher dye.
Assays were carried out in triplicate on an ABI Prism 7900HT
sequence detection system in the Genomics and Proteomics Core
Laboratories of the University of Pittsburgh. Data was analyzed
using SDS 2.2.2 Software (Applied Biosystems). Relative gene
expression levels were calculated using the 1CT and reported as
relative gene expression normalized to PPIA as the endogenous
control.

Western Blotting
Ascending aortic media specimens were mechanically
processed to remove the adventitial and the intimal layers.
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The resulting aortic medial specimens were homogenized in
RIPA buffer (Pierce) containing phosphatase and protease
inhibitor cocktails (ThermoFisher and Sigma, respectively)
and phenylmethanesulfonylfluoride (PMSF, Sigma) using
the gentleMACS Tissue Dissociator. Following a low-speed
centrifugation (1,500 g for 5min at 4◦C), samples were placed
on ice for 30min. Samples were then centrifuged at high speed
(12,000 g) for 20min at 4◦C and protein concentration of the
supernatant was determined using the bicinchoninic acid (BCA)
assay (Pierce).

Western blotting was performed using standard procedure
as previously described (18). Briefly, samples were mixed with
Laemmli buffer and boiled at 100◦C for 5min. Electrophoresis
was performed on SDS-PAGE containing 10% acrylamide
and proteins were transferred to polyvinylidene fluoride
membrane. After blocking for 1 h in blotting-grade blocker
(BioRad), membranes were incubated overnight at 4◦C with
an anti-GLUT1 antibody (1:500, Millipore #07-1401), rinsed
in PBS-Tween-20 0.1% and incubated for 2 h at room
temperature with an anti-goat antibody coupled to horseradish
peroxidase (Santa Cruz Biotechnology, #sc-2020). Protein
bands were visualized using enhanced chemiluminescence
Western Blotting Substrate (Pierce), captured using a ChemiDoc
imager (BioRad) and quantified using ImageLab software
(BioRad). Membranes were stripped in Re-Blot Plus Strong
Solution (EMD Millipore) and re-probed with an anti-β-
actin antibody (1:5,000, Abcam, #ab8227) for normalization.
Relative GLUT1 expression was calculated as the ratio of
Glut1 band density over β-actin band density for each
sample.

Thrombospondin-1 ELISA
Aortic adventitial specimens were placed in RIPA buffer
supplemented with protease and phosphatase inhibitors and
protein lysates were prepared as described above for aortic medial
samples. The BCA assay was employed to determine the protein
concentration of each sample and 25 µg of adventitial lysates
were used to determined TSP1 levels via ELISA following the
manufacturer’s instructions (R&D).

Statistical Analyses
Quantitative data are reported in the text as mean ± standard
error of the mean and are represented in figures in hanging
box plot format, where median and interquartile ranges are
shown, and error bars represent 90 and 10th percentile
(SigmaPlot 12.5). Outliers were excluded using the Outlier
Labeling Rule according to Hoaglin and Iglewicz (23) and using
SPSS Statistic software version 24.0 (IBM Corp.) Prevalence
of hypertension, aortic stenosis and aortic insufficiency were
compared between patient groups using a Chi-Squared test. All
other data were compared using the non-parametric Mann-
Whitney test or the Kruskal-Wallis followed by a Dunn’s post-
hoc test, as indicated in each figure legend. A p-value of
<0.05 was considered significant.When indicated, variables were
evaluated for correlation using the bivariate Pearson correlation
analysis.

RESULTS

Decreased Density of Vasa Vasorum in

Thoracic Aortic Aneurysm
We histologically evaluated the adventitia of aneurysmal
aortic specimens and examined the abundance of vasa
vasorum in comparison to their non-aneurysmal counterparts
(Figures 1A–H). Inspection of H&E stained aortic cross sections
revealed less density of vessels in aneurysmal TAV patients
when compared with non-aneurysmal aortas from TAV patients
(11.9 ± 1.53 vs. 24.7 ± 3.04 vessels/mm2, respectively, p =

0.004, Figure 1I). The density of vasa vasorum in aneurysmal
and non-aneurysmal BAV specimens was similar to that of
non-aneurysmal TAV specimens (19.8± 2.45 and 24.7± 3.26 vs.
24.7 ± 3.04 vessels/mm2, p = 0.224 and p = 0.922, respectively,
Figure 1I). Interestingly, when data from aneurysmal BAV and
TAV specimens were compared, the density of vasa vasorum was
higher in aneurysmal BAV specimens (19.8 ± 2.45 vs. 11.9 ±

1.53 vessels/mm2, p = 0.009). Of note, when normalized to the
total section area, we found that the adventitial area was larger
in aneurysmal specimens when compared to non-aneurysmal
specimens (11.1 ± 1.0 vs. 8.1 ± 0.8% of total section area, p =

0.002). Normalized adventitial area was highest in TAV-TAA
specimens when compared to all other groups (14.7 ± 1.7 vs.
7.8 ± 1.2 (TAV-NA), 8.6 ± 1.1% (BAV-NA) and 9.6 ± 0.8%
(BAV-TAA), p < 0.02). Analysis of vasa vasorum density as a
function of the ascending aortic diameter revealed a negative
correlation in specimens from TAV patients only (Pearson’s ρ =

−0.544, p= 0.002, Figure 1J). There was no correlation between
vasa vasorum density and aortic diameter in specimens from
BAV patients (p = 0.913, Figure 1H). There was no correlation
of vasa vasorum density with age of the patients.

Increased Vasa Vasorum Lumen Size in

Thoracic Aortic Aneurysm
Inspection of the vessel size revealed increased lumen area in
aneurysmal aortas from BAV patients compared to specimens
from non-aneurysmal BAV patients (1,338 ± 230 vs. 691 ± 126
mm2, p = 0.022, Figures 2A–E). However, the lumen area in
aneurysmal TAV and BAV patients was similar when compared
to non-aneurysmal TAV specimens (1,093± 174 mm2 and 1,338
± 230 vs. 866± 132 mm2, p= 0.329 and p= 0.128, respectively,
Figure 2E). The lumen area of all aneurysmal specimens (BAV
and TAV combined) were collectively larger than the lumen area
of all the non-aneurysmal specimens combined (1,524 ± 263 vs.
789± 92.3, p= 0.013, Figure 2E). While there was no correlation
found between lumen area of vasa vasorum and patients’ age for
TAV or BAV cohorts, the lumen area was positively correlated
with maximal orthogonal aortic diameter in BAV specimens only
(Pearson’s ρ = 0.351, p= 0.036, Figure 2F).

We further compared the relative distribution of vessel size
according to the classification described by Giannoni et al.
(24). Aneurysmal aortic specimens from both TAV and BAV
patients displayed less small vessels (lumen diameter <50µm)
when compared to non-aneurysmal TAV specimens (8.49 ±

1.17 and 10.6 ± 1.41 vs. 19.6 ± 2.55, p < 0.001 and p =

0.005, respectively, Figure 3A). The density of small size vessels
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FIGURE 1 | Reduced vasa vasorum density in human ascending aortic adventitia of aneurysmal TAV patients. Representative H&E staining of specimens from a

non-aneurysmal (NA) patient with a morphologically normal tricuspid aortic valve (TAV) (A, B) or with a bicuspid aortic valve (BAV) (C, D). Images in (E,F) show

representative H&E staining of aneurysmal (TAA) specimens from a TAV patient and in (G,H), from a BAV patient. Images in (A,C,E,G) depict an aortic specimen that

were captured with a 20X objective and tiled to comprise the entire section, scale bar = 500µm. Panels (B,D,F,H) represent magnification of insets denoted in the

corresponding image in the left panel and are representative of the observed reduced density of vasa vasorum (arrows) in aneurysmal specimens. Images were

captured with a 20X objective, scale bar = 50µm. Images of vasa vasorum in the adventitia (adv) were captured adjacent to the tunica media (med). Dashed line =

adv-med border. (I) Quantification of vessel density as number of vessels per mm2 of adventitia. * and ∧ indicates p < 0.05 vs. TAV-NA and TAV-TAA, respectively and

assessed with the Kruskal-Wallis test. (J) Graphical representation of vessel density as a function of the maximal orthogonal aortic diameter (MOAD) in TAV (red) and

BAV (blue) specimens. ρ indicates the coefficient of correlation and p indicates the p-value obtained using a bivariate Pearson correlation analysis.
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FIGURE 2 | Increased vasa vasorum lumen area in human ascending aortic adventitia of aneurysmal patients. Representative images of aortic specimens stained with

H&E collected from non-aneurysmal (NA) or aneurysmal (TAA) patients with a morphologically normal tricuspid aortic valve (TAV) (A,C) or with a bicuspid aortic valve

(BAV) (B,D). Specimens were imaged with a 20X objective, scale bar = 50µm. The border between the adventitia (adv) and the media (med) is denoted by a dashed

line. Quantification of vasa vasorum lumen area (mm2 ) in the four patient cohorts is shown in (E). # indicates p < 0.05 vs. BAV-NA and was obtained using a

Kruskal-Wallis test. The p-value indicated above the graph was determined using a Mann-Whitney test comparing data collected in all aneurysmal specimens to those

collected in all non-aneurysmal specimens. Vessel density was expressed as a function of the maximal orthogonal aortic diameter (MOAD) in TAV (red) and BAV (blue)

specimens (F). ρ indicates the coefficient of correlation and p indicates the p-value obtained using a bivariate Pearson correlation analysis.

was also lower in aneurysmal BAV specimens when compared
to that of non-aneurysmal BAV specimens (10.6 ± 1.41 vs.
19.3 ± 2.79, p = 0.022, Figure 3A). With respect to mid-size
vessels (50–100µm), their density was lower in aneurysmal TAV
specimens when compared to non-aneurysmal TAV specimens
(1.26 ± 0.16 vs. 5.12 ± 1.14, p = 0.037, Figure 3B). In contrast,
aneurysmal BAV specimens displayed a similar density of mid-
size vessels when compared to non-aneurysmal BAV specimens
(3.50 ± 0.47 vs. 3.93 ± 0.64, p = 0.929, Figure 3B), but a
higher number ofmid-size vessels were observed when compared
to aneurysmal TAV specimens (3.50 ± 0.47 vs. 1.26 ± 0.16,

p = 0.027, Figure 3B). Quantification of large vasa vasorum
(>100µm of diameter) showed that all aneurysmal specimens
displayed more numerous large vasa vasorum when compared
to all non-aneurysmal specimens (1.79 ± 0.24 vs. 1.16 ± 0.25, p
= 0.028, Figure 3C). We identified negative correlations between
small vessel density and ascending aortic diameter in both BAV-
and TAV-associated aortopathy (ρ = −0.358, p = 0.038 for
BAV specimens and ρ = −0.526, p = 0.003 for TAV specimens
Figure 3D). While mid-size density was negatively correlated
with ascending aortic diameter in TAV specimens (ρ = −0.407,
p = 0.023, Figure 3E), there was no correlation between large
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FIGURE 3 | Aneurysmal specimens are characterized by a lower density of small size vasa vasorum. (A–C) Quantification of small size (<50µm, A), mid-size

(50–100µm, B) and large (>100µm, C) vasa vasorum density as number of vessels per mm2 of adventitia. *, #, and ∧ indicate p < 0.05 vs. TAV-NA, BAV-NA, and

TAV-TAA, respectively and were obtained using a Kruskal-Wallis test. The p-value indicated above the graph in (C) was obtained using a Mann-Whitney test

comparing data collected in all aneurysmal specimens to those collected in all non-aneurysmal specimens. (D–F) Graphical representation of small (D), mid-size (E),

and large (F) vessel density as a function of the maximal orthogonal aortic diameter (MOAD) in TAV (red) and BAV (blue) patients. ρ indicates the coefficient of

correlation and p indicates the p-value obtained using a bivariate Pearson correlation analysis.

size vessels and ascending aortic diameter. Conversely, mid-size
vessels displayed no correlation with ascending aortic diameter
in BAV specimens, while the density of large vessels increased
with ascending aortic diameter (ρ= 0.357, p= 0.035, Figure 3F).
Pearson’s correlation tests on the density of the different sizes of
vasa vasorum and age of the patients were not significant.

Vasa Vasorum Wall Remodeling in Thoracic

Aortic Aneurysm
Qualitative inspection of vasa vasorum structures revealed
disparity in the thickness of the vessel wall (Figures 4A–D).
Immunolabeling revealed more numerous α-SMA positive and
vWF negative cells in the thickened vasa vasorum walls
(Figures 4E–H). Measurement of vasa vasorum wall area
normalized to the lumen diameter revealed increased vessel
wall thickness in aneurysmal TAV aorta when compared with
non-aneurysmal TAV aorta (52.8 ± 4.39 vs. 37.0 ± 3.83, p =

0.07, Figure 5A). The vasa vasorum wall thickness was similar
among all non-aneurysmal specimens and aneurysmal BAV
specimens, and aneurysmal BAV specimens displayed less thick
vasa vasorum when compared to aneurysmal TAV specimens
(40.5 ± 5.28 vs. 52.8 ± 4.39, p = 0.031). Comparison of vasa
vasorum thickness and ascending aortic diameter revealed a
positive correlation between the two variables in TAV specimens

only (ρ = 0.393, p = 0.026, Figure 5B). The vasa vasorum
thickness was not correlated with age of the patients.

Decreased Expression of Pro-angiogenic

and Hypoxia Gene Targets in the Adventitia

of Aneurysmal Patients
To investigate possible reasons for altered vasa vasorum
density, we examined expression of gene targets associated with
angiogenic and hypoxic signaling. Real-time PCR experiments on
total mRNA from adventitial specimens revealed that expression
of hypoxia-inducible factor-1 alpha (Hif-1α) was down-regulated
in adventitial specimens from aneurysmal BAV specimens when
compared with specimens from non-aneurysmal TAV and BAV
specimens (0.022 ± 0.005 vs. 0.069 ± 0.018, p = 0.008, and
vs. 0.041 ± 0.006, p = 0.037, Figure 6A). Down-regulation
of Hif-1α downstream gene targets vascular endothelial growth
factor (Vegf) and metallothionein (Mt-1A) was also noted in the
adventitia of aneurysmal specimens when compared with non-
aneurysmal specimens TAV patients (0.024 ± 0.003 vs. 0.059 ±

0.014, p = 0.049, Figure 6B and 0.0077 ± 0.0015 vs. 0.048 ±

0.016, p= 0.018, Figure 6C). Additionally, the adventitia of BAV-
TAA specimens contained lower amounts of Mt-1A mRNA in
comparison to TAV-NA specimens (0.0109 ± 0.0016 vs. 0.048
± 0.016, p = 0.046, Figure 6C). When gene expression from
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FIGURE 4 | Vasa vasorum in the adventitia of TAV-TAA specimens display smooth muscle remodeling. (A–D) H&E stained sections of non-aneurysmal (NA, A,B) and

aneurysmal (TAA, C,D) specimens isolated from patients with TAV (A,C) or BAV (B,D). (E–H) Immunolabeling for α-SMA (red), Von Willebrand factor (vWF, green), and

nuclei (DAPI, blue) performed on vessels displayed in A through D. All images were obtained with a 40X objective, scale bar = 50µm.

FIGURE 5 | Vasa vasorum wall thickening in the adventitia of TAV-TAA patients. (A) Quantification of vasa vasorum smooth muscle area from H&E stained sections

and normalized to lumen diameter. * and ∧ indicate p < 0.05 vs. TAV-NA and TAV-TAA, respectively and were obtained using a Kruskal-Wallis test. (B) Graphical

representation of the vasa vasorum wall thickness as a function of the maximal orthogonal aortic diameter (MOAD) in TAV (red) and BAV (blue) specimens. ρ indicates

the coefficient of correlation and p indicates the p-value obtained using a bivariate Pearson correlation analysis.

all aneurysmal specimens was compared to all non-aneurysmal
specimens, Hif-1α and Mt-1A expression level were found to be
lower (0.028± 0.004 vs. 0.055± 0.010, p= 0.013, Figure 6A and
0.033 ± 0.008 vs. 0.009 ± 0.001, p = 0.019, Figure 6C). Protein
expression level of the anti-angiogenic factor thrombospondin-
1 (TSP1) was elevated in TAV-TAA specimens when compared
to TAV-NA specimens (227 ± 67 vs. 62 ± 14 ng/ml, p =

0.022, Figure 6D). Lastly, all aneurysmal specimens contained
higher amounts of TSP1 when compared to all non-aneurysmal
specimens (183± 40 vs. 81± 14 ng/ml, p= 0.038, Figure 6D).

Chronic Hypoxia in the Media of

Aneurysmal Specimens
To explore the potential effects of adventitial vasa vasorum
remodeling on the aortic media, we probed for evidence of
chronic hypoxia using immuno-based detection of the glucose
transporter GLUT1 (Figure 7). We found that GLUT1 was

abundantly present within the aortic media of aneurysmal
specimens and primarily localized to areas of elastin degeneration
in TAV-TAA specimens (Figure 7A). In contrast, qualitative
inspection of non-aneurysmal aortic media revealed visibly
lower levels of GLUT1 expression. Quantification of GLUT1
expression in lysates of aortic media specimens confirmed
elevated levels of expression in aneurysmal aorta when
compared to non-aneurysmal aorta for specimens from patients
with TAV (1.08 ± 0.16 vs. 0.58 ± 0.08, p = 0.006,
Figure 7B). Similarly, aneurysmal aortic specimens from BAV
patients exhibited increased GLUT1 protein expression when
compared to non-aneurysmal specimens from patients with
TAV (0.99 ± 0.12 vs. 0.58 ± 0.08, p = 0.011, Figure 7B).
GLUT1 expression was higher in all aneurysmal specimens
when compared with all non-aneurysmal specimens (1.04
± 0.10 vs. 0.66 ± 0.06, p = 0.004). Expression levels
of Glut1 were positively correlated with ascending aortic
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FIGURE 6 | Expression of angiogenesis and hypoxia-related target genes in human ascending aortic adventitia. Quantitative real-time PCR was employed to measure

expression of Hif-1α (A), Vegf-A (B) and Mt-1A (C) in total mRNA isolated from adventitia of human ascending aortic specimens. Thrombospondin 1 (TSP1) levels

were quantified via ELISA in 25 µg of adventitial lysates (D). * and # indicate p < 0.05 vs. TAV-NA and BAV-NA, respectively and were obtained using a Kruskal-Wallis

test. The p-values indicated above the graphs were obtained using a Mann-Whitney test comparing data collected in all aneurysmal specimens to those collected in

all non-aneurysmal specimens.

diameter in TAV specimens only (ρ = 0.513, p = 0.036,
Figure 7C).

Adventitial Inflammation in Specimens of

Degenerative Thoracic Aortic Aneurysm
While there was no evidence of an inflammatory infiltrate
in specimens from non-aneurysmal patients (Figures 8A,B),
we noted an extensive chronic inflammatory component
in the adventitia of aneurysmal patients. Evidence of a
lymphoplasmacytic infiltrate was found in the majority
of aneurysmal specimens from patients with TAV (92%,
Figures 8C,D) and was observed only in 25% of aneurysmal
specimens from patients with BAV (Figures 8E,F). Images
representative of specimens from aneurysmal TAV patients
(Figures 8C,D) and BAV patients (Figures 8E,F) reveal
infiltration of lymphocytes and plasma cells (arrowheads)
localized to smaller vessels of the vasa vasorum within the
adventitia.

DISCUSSION

In large vessels such as the aorta, blood perfusion from the aortic
lumen is the principal source of nutrients and oxygen for the
cells located on the luminal side, while the vasa vasorum provides
nourishment to cells located on the abluminal side (25, 26).
Specifically, work in animals uncovered that this microvascular
network supplies the adventitia and the smooth muscle cells

located in the outer third of the medial layer with oxygen and
nutrients (10). Because medial degeneration, which includes loss
of smooth muscle cells, is characteristic of ascending aortic
aneurysms, we reasoned that alterations in the adventitial vasa
vasorum network may play a role in aneurysm pathophysiology.
In support of this concept, we reveal adventitial vasa vasorum
remodeling and down-regulation of angiogenic signaling in the
adventitia of specimens of human ascending aortic aneurysm,
along with evidence of chronic hypoxia in the medial layer.

In our study of human aortic specimens, the decreased
density of vasa vasorum and their significant remodeling in
TAA, along with the altered distribution of vessel size could
all lead to reduced blood flow to the medial layer. While
our findings of increased lumen area of the vasa vasorum
might be presumed to deliver a larger blood volume, a
“paradoxical decrease” in blood flow through a dilated vasa
vasorum has been documented following angioplasty in the
canine (27). Nevertheless, our results reveal evidence of chronic
hypoxia in the media with increased expression levels of
GLUT1, a gene target of HIF1α (28). Increased expression of
GLUT1 occurs during anaerobic glycolysis and is indicative
of a state of chronic hypoxia. Our results are suggestive of
a chronic hypoxic environment in the media of aneurysmal
ascending aortic specimens alongside intense remodeling of
vasa vasorum in the neighboring adventitia. A recent study
by Niinimaki et al. corroborates this notion, since the authors
described higher expression of another player in the hypoxic
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FIGURE 7 | Detection of glucose transporter 1 (GLUT1) in the aortic media. (A) GLUT1 expression (red) was assessed via immunofluorescence on aortic cross

section of aneurysmal and non-aneurysmal specimens excised from patients with TAV (top row) or BAV (bottom row). The elastin autofluorescence appears in green

and DAPI-stained nuclei are shown in blue. Scale bar = 50µm. (B) Quantification of GLUT1 expression via western blot on aortic media lysates of non-aneurysmal

(NA) and aneurysmal (TAA) specimens from TAV and BAV patients. The intensity of the band corresponding to GLUT1 (54 kDa) was normalized to that of β-actin.

* indicates p < 0.05 vs. TAV-NA and was obtained using a Kruskal-Wallis test. The p-value indicated above the graphs was obtained using a Mann-Whitney test

comparing data collected in all aneurysmal specimens to those collected in all non-aneurysmal specimens. (C) Graphical representation of GLUT1 expression levels

as a function of the maximal orthogonal aortic diameter (MOAD) in TAV (red) and BAV (blue) specimens. ρ indicates the coefficient of correlation and p denotes the

p-value obtained using a bivariate Pearson correlation analysis.

pathway, carbonic anhydrase IX, in the media of aneurysmal
ascending aortic specimens (29). The adventitia of aneurysmal
specimens coincided with down-regulation of hypoxia-related
genes, including Hif-1α and its signaling targets Vegf and Mt1a.
Interestingly, we previously demonstrated reduced levels of Mt-
1a gene expression, while Vegf gene expression was unchanged
in the media of aneurysmal ascending aortic specimens from
BAV patients compared to that of non-aneurysmal patients with
TAV (17, 30). Although hypoxia-triggered signaling typically
involves post-translational activation of HIF-1α and induction of
downstream targets, includingMt-1a (31) andVegf (32), chronic
local tissue hypoxia has been shown to decrease VEGF signaling
and angiogenic response via a HIF1α-dependent mechanism
in human endothelial cells (33). Furthermore, since MT has
been shown to rescue HIF-1α transcriptional activity in other
systems (34), the reduction of Mt-1A in the adventitia could
further limit transcription of hypoxia gene targets such as Vegf
as we demonstrated here. This theory of hypoxia-mediated
down-regulation of VEGF signaling agrees with our observation

of a less dense vasa vasorum network and less small vessels
(<50µm) in the adventitia of aneurysmal specimens. Taken
together, down-regulation of key gene targets of angiogenesis and
hypoxic signaling in the adventitia of aneurysmal thoracic aorta
might be a consequence of the chronic hypoxia in the media
and could have been initially triggered by reduced perfusion of
the adventitia due to alterations in the vasa vasorum network.
These findings collectively underscore the complexity of thoracic
aortic disease and additional studies will address how adventitial
hypoperfusion relates to medial hypoxia.

Our findings of thickened walls of vasa vasorum in the
adventitia of aneurysmal aortic specimens agree with those
reported by Osada et al. who described evidence of intimal
sclerotic thickening in dissected human aorta (35). Furthermore,
TAA arising in patients with mutations in the genes encoding
the smooth muscle cytoskeletal proteins Acta2 and Myh11 also
displayed local SMC hyperplasia and occlusion of the vasa
vasorum (36, 37). While hyperplastic thickening of the vasa
vasorum has been reported in cases of syphilitic aortitis, causing
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FIGURE 8 | Chronic inflammation in the ascending aortic adventitia of aneurysmal specimens. (A,B) Representative H&E staining of TAV-NA and BAV-NA, respectively

where no inflammatory infiltrate was found. (C,D) Representative H&E staining of TAV-TAA and BAV-TAA exhibiting lymphoplasmacytic infiltration localized to small

diameter vasa vasorum. Plasma cells are marked by arrowheads. These findings were more prevalent in specimens isolated from aneurysmal patients with TAV (E)

and mostly absent from aneurysmal specimens of patients with BAV (F). Scale bar = 25µm.

restricted blood flow to the media with resultant ischemia (38),
none of the patients in our study had a history of syphilis. Rather,
the vasa vasorum thickening noted in our study was presumably
due to outward remodeling of their smooth muscle layer, which
is likely to be associated with alterations of the vasa vasorum
contractility. In the healthy aortic wall, blood flow regulation
in the vasa vasorum network is complex. While sympathetic
innervation contributes to adventitial blood flow regulation, vasa
vasorum react to several contractile and dilatory agonists ex
vivo (39, 40). The effect of microvessel thickening and smooth
muscle hyperplasia on vasa vasorum contractility and blood flow
regulation warrant further considerations in the context of aortic
diseases.

Despite a few observations in aneurysmal diseases, the
contribution of vasa vasorum in diseases of large vessels has
been primarily examined in the setting of atherosclerosis,
where multiple inflammatory pathways drive vasa vasorum

expansion from the adventitia to the neointima (26). These
inflammatory pathways are thought to be stimulated by an
increase in oxygen demand as the wall thickness of the
diseased vessel increases and consequently leads to hypoxia (41–
45). This hypoxic state activates the HIF-1 signaling pathway
and its gene targets, including the angiogenic factor VEGF,
which drives neovascularization during neointimal and plaque
formation (40, 46). Interestingly, our findings suggest that
the mechanisms of vasa vasorum remodeling in the setting
of human ascending aortic aneurysm markedly differ from
those observed in atherosclerosis. In our study, the presence
of lymphoplasmacytic infiltration near small-diameter vessels in
the adventitia of degenerative TAA might contribute to poor
expansion of the vasa vasorum in these patients. This observation
of an inflammatory process in the adventitia is consistent with
prior work by others in cases of thoracic aortic aneurysm (47) and
related to IgG4 in aortic dissection (48) though these studies did
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not include inspection of specimens from patients with BAV. In
our study, there was no history or suspicion of arteritis in patients
from which aortic specimens revealing evidence of chronic
inflammation in the adventitia were obtained, thus implicating
an inflammatory component in degenerative aneurysmal disease
prior to, or in the absence of dissection and patients without BAV.

In the setting of ascending aortic aneurysms, we characterized
vasa vasorum remodeling by a depletion of small vessels
(≤50µm) with an associated decrease in the pro-angiogenic
factors Hif-1α and Vegf-A gene expression and increased
levels of the antiangiogenic factor TSP1, together pointing to
decreased angiogenic capacity. These observations are consistent
with our recent work revealing decreased levels of angiogenic
factors in the adventitial extracellular matrix of aneurysmal
ascending aortic specimens when compared to non-aneurysmal
specimens, determined utilizing an angiogenic array (49). Our
data corroborate the study by Kessler et al. which reported
a decrease in VEGF at the mRNA level in the adventitia of
human TAA specimens and found no difference at the protein
level using ELISA (50). Information on adventitial microvessel
prevalence or morphometrics was not previously reported (50).
Our study adds new knowledge on adventitial vasa vasorum
and confirms elevated TSP1 in the adventitia of aneurysmal
aorta (50). Interestingly, Kessler et al. reported increased density
of microvessels in the media of aneurysmal ascending aortic
specimens from patients with TAV associated with increased
expression of key pro-angiogenic factors in the medial layer, such
as angiopoietin-1 and -2, and FGF1 (50). Moreover, we observed
wall thickening of vasa vasorum observed in our aneurysmal
specimens, which could be an indication of arteriogenesis. While
we can neither rule out nor confirm involvement of arteriogenesis
in the observed changes in the vasa vasorum network of human
TAA, possible mechanisms underlying wall thickening include
microvascular shear stress and changes in fluid dynamics or
pressure. Altered hemodynamics are known to occur in the aorta
itself in the setting of TAA (51) but whether the vasa vasorum
also experiences shear stress and changes in fluid dynamics
and pressure or is affected by hemodynamic changes in the
parent vessel remains unknown. Nevertheless, our observations
highlight alterations in pro- and anti-angiogenic signals, and
their specific impact on the vasa vasorum network in the
pathophysiology of ascending aortic aneurysms warrants further
study.

Based on our study and others, it appears that TAAs exhibit
remodeling of vasa vasorum and dysregulation of hypoxia-
and angiogenesis-related factors. These data in human aorta
are supported by several earlier studies in animal models
that demonstrate the importance of adventitial vasa vasorum
in medial homeostasis of the host. The study by Wilens
et al. in canine was the first to show a direct link between
interruption of blood flow through the vasa vasorum of the
descending aorta and necrosis of the aortic media (11). These
observations demonstrating the importance of vasa vasorum in
aortic wall homeostasis were corroborated by other investigators
studying the impact of vasa vasorum occlusion in porcine
and rabbit models who described medial necrosis evidenced
by localized areas of SMC loss, and sparse and discontinuous

elastin fibers (10, 13, 14). These histopathologic phenomena are
reminiscent of the hallmarks of human TAA known as cystic
medial degeneration. Although these studies did not establish
a direct link between blood flow in the vasa vasorum and
aneurysm development, a recent study in rat by Tanaka et al.
showed that hypoperfusion of adventitial vasa vasorum led
to medial hypoxia associated with aneurysmal development in
the abdominal aorta (52). Determination of remodeled vessel
function including endothelial-dependent vasoreactivity and NO
signaling capacity and the influence of extracellular cues in the
setting of aneurysmal disease could offer insights on how vasa
vasorum remodeling affects media biology and biomechanics.

Whether or not vasa vasorum remodeling directly influences
the risk of aneurysm and subsequent dissection in human
ascending aortic aneurysms is unclear. Pursuit of this notion is
supported by knowledge that human Type A aortic dissection
commonly propagates in the adventitia-media border and
reports of dissection alongside the vasa vasorum pathway (35).
Furthermore, Niinimaki et al. found that expression level of
the hypoxia marker carbonic anhydrase IX increased with the
diameter of aortic aneurysms, supporting our own findings in
specimens from TAV patients, where we revealed a positive
correlation between Glut1 expression and ascending aortic
diameter. In this same study, specimens from patients presenting
with acute aortic dissection displayed carbonic anhydrase IX
positive staining (29). These observations suggest a possible
connection between hypoxic levels and TAA disease progression
into aortic dissection. Lastly, the possible role of altered vasa
vasorum in the risk of dissection is further supported by the
observation of leaky neovessels and accumulation of plasma
proteins in the media of TAA specimens (50). Based on these
observations, Mallat et al. proposed that dysfunctional vasa
vasorum may be key in the initiation of aortic dissection
(53). While these observations collectively point to a possible
association between vasa vasorum dysfunction in the progression
of TAA toward dissection, the impact of not only microvascular
remodeling and possible dysfunction but also medial and
adventitial integrity in the setting of TAA deserve further
consideration.

Our study revealed a few differences between aortopathy
related to the presence of BAV and in patients with the
morphologically normal TAV. Specifically, aneurysms in patients
with TAV displayed lower vasa vasorum density when compared
to that of patients with BAV, and the density of vasa vasorum
was inversely related to increasing aortic diameter. Additionally,
thickening of the vasa vasorum wall and locally increased
GLUT1 expression were only found in aneurysmal specimens
from patients with TAV. Gaining acceptance is the concept
that aneurysms arising in patients with BAV are mechanistically
distinct from those arising in TAV patients (21, 54), others
have started to consider differences in the adventitial layer
(50). Collectively, these observations add to a growing body of
literature describing the distinctions in the mechanisms involved
in the pathophysiology of BAV- and TAV-related TAA and could
help explain why patients with BAV seem no more likely to
dissect than patients with TAV (55, 56). Because we noted distinct
differences in the adventitia of aortic specimens from BAV and
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TAV patients, we continue to pursue understanding how the
extracellular cues influence cell behavior in all layers of the aortic
wall.

In conclusion, we describe here several interesting anomalies
in vasa vasorum size, abundance, and thickness in the setting
of ascending thoracic aortic aneurysm. Wall thickening, SMC
hyperplasia and lumen dilatation of the vasa vasorum are
all changes that could limit nutrient delivery in the host
vessel. Furthermore, our observations of down-regulated
expression of angiogenic and hypoxia-related gene targets in
the adventitia associated with evidence of chronic hypoxia
in the media suggest a complex interplay among hypoxic
signaling, microvascular function, and ascending aortic
aneurysm pathophysiology. These findings have wide-spread
implications for increasing our understanding of perivascular
influence of vascular homeostasis and mechanisms of aortic
disease.

LIMITATIONS AND FUTURE

PERSPECTIVES

The focus of our study on resected samples of human aorta
imposes a few limitations on the extent to which our results
can be interpreted. Whether the noted vasa vasorum remodeling
is a cause or a consequence of the aneurysmal pathology
requires further study. The subject of our ongoing work includes
developing appropriate human cell and tissue-based disease
models to study microvascular physiology in the setting of
human aortic disease. New animal models might prove useful in
deciphering mechanisms of putative microvascular dysfunction
related to human aortic disease that could be distinct from
mechanisms at play in the abdominal aorta. Likewise, the
influence of adventitial biology on media homeostasis may be
both anatomically and etiologically-specific. Inspection of vasa
vasorum physiology in smaller aneurysm (<45mm) might offer
additional insights into pathways of early disease and provide
new information of what factors dictate progressive degeneration

of the aortic media, leading to biomechanical failure. These areas
collectively shape the focus of our ongoing trajectory toward
a comprehensive multi-layer understanding of human aortic
pathophysiology.
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Cell Phenotype Transitions in 
Cardiovascular Calcification
Luis Hortells†, Swastika Sur† and Cynthia St. Hilaire*

Division of Cardiology, Department of Medicine, and the Pittsburgh Heart, Lung, and Blood Vascular Medicine Institute, 
University of Pittsburgh, Pittsburgh, PA, United States

Cardiovascular calcification was originally considered a passive, degenerative process, 
however with the advance of cellular and molecular biology techniques it is now 
appreciated that ectopic calcification is an active biological process. Vascular calcification 
is the most common form of ectopic calcification, and aging as well as specific disease 
states such as atherosclerosis, diabetes, and genetic mutations, exhibit this pathology. 
In the vessels and valves, endothelial cells, smooth muscle cells, and fibroblast-like cells 
contribute to the formation of extracellular calcified nodules. Research suggests that 
these vascular cells undergo a phenotypic switch whereby they acquire osteoblast-like 
characteristics, however the mechanisms driving the early aspects of these cell transitions 
are not fully understood. Osteoblasts are true bone-forming cells and differentiate from 
their pluripotent precursor, the mesenchymal stem cell (MSC); vascular cells that acquire 
the ability to calcify share aspects of the transcriptional programs exhibited by MSCs 
differentiating into osteoblasts. What is unknown is whether a fully-differentiated vascular 
cell directly acquires the ability to calcify by the upregulation of osteogenic genes or, 
whether these vascular cells first de-differentiate into an MSC-like state before obtaining a 
“second hit” that induces them to re-differentiate down an osteogenic lineage. Addressing 
these questions will enable progress in preventative and regenerative medicine strategies 
to combat vascular calcification pathologies. In this review, we will summarize what is 
known about the phenotypic switching of vascular endothelial, smooth muscle, and 
valvular cells.

Keywords: vascular calcification, valvular calcification, cell phenotype transition, vascular smooth muscle cell, 
endothelial cell, valve interstitial cell

Introduction

In bone formation, there are two different ossification processes, intramembranous 
ossification and endochondral ossification (1). During intramembranous ossification, the 
mineral hydroxyapatite is produced by osteoblasts and secreted into the dense network of 
extracellular matrix (ECM) proteins, together which harden to form a mineralized bone 
structure. Endochondral ossification involves hyaline cartilage and chondrocytes as a precursor 
for the hydroxyapatite nesting. Calcification in areas other than bone or tooth formation is 
pathologic, developing in the ECM of soft tissues, where osteoblasts do not reside. Ectopic 
calcification was once considered a passive and degenerative process, but it is now recognized 
as an active biological process which shares many features of physiological bone formation 
and remodeling, however the precise mechanisms inducing and propagating pathological 
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calcification are not completely understood. The resulting 
pathology from ectopic calcification can induce or exacerbate 
a variety of disease states.

Calcification of the cardiovascular system is one of the 
most frequent expressions of ectopic calcification, and the sites 
exhibiting calcification include the myocardium, heart valves, 
and the large and small arteries of the body (2–4). Myocardial 
calcification presents in two main forms: metastatic and 
dystrophic. The former is associated with aberrations in calcium 
homeostasis and is commonly found in patients with chronic 
kidney disease or kidney failure, as well as hyperparathyroidism 
(5, 6). Dystrophic myocardial calcification is more prevalent 
than metastatic, and occurs as a result of injury due to events 
such as myocardial infarction or infection (7, 8). Calcification 
of the aortic valve, termed calcific aortic valve disease (CAVD), 
encompasses a wide spectrum of pathology, from the stiffening of 
the leaflets (aortic sclerosis) to the presence of calcification that 
impairs leaflet movement and reduces blood flow (aortic stenosis). 
CAVD represents an ever-growing health burden associated with 
substantial costs (9, 10). Aortic valves are composed of three 
leaflets made up of three layers: the collagen-rich fibrosa lines 
the aortic side, the proteoglycan and glycosaminoglycan-rich 
spongiosa in the middle layer, and the elastin and collagen-
rich ventricularis on the side of the left ventricle (3). Valve 
endothelial cells (VECs) cover the surface of the leaflets while 
valve interstitial cells (VICs) reside in all three layers. While both 
VECs and VICs can calcify, nodules of calcification originate in 
the fibrosa along the aortic side (11). In the arteries, calcification 
is divided in two main forms: intimal and medial. While the 
advanced stages of calcification in either arterial layer can invade 
into the other, the origin and course of these pathologies is 
distinct. Calcification of the intima is derived from atheroma 
plaque formation and is driven in part by necrosis, inflammation, 
and changes in endothelial cells (12), while early stages of 
medial calcification are not driven by inflammation but rather 
a breakdown of extracellular matrix, vascular smooth muscle 
cell (VSMC) phenotypic change (13), as well as an accumulation 
of extracellular matrix vesicles that are loaded with a variety of 
proteins, microRNAs, and the calcium and phosphate building 
blocks necessary for mineralization (14). In the field of vascular 
calcification, atherosclerotic intimal calcification is more widely 
recognized and better studied, while non-atherosclerotic medial 
calcification, which commonly occurs in patients with diabetes, 
renal disease, or hypertension, and several genetic diseases, has 
been less studied and therefore the processes that  drive   this 
pathology are less understood (4).

In this review, we will focus on the contribution of cellular fate, 
and how fully differentiated cells can revert to an immature state 
and then acquire an osteoblastic phenotype that drives calcification 
pathogenesis in cardiac tissues, aortic valves, and medial-layer 
calcification. Similar  to osteogenic transitions, chondrocytic 
phenotype changes have also been identified during cardiovascular 
ossification pathobiology (15, 16). Recently, various studies have 
focused on the role of cell phenotype switching. In addition 
to changes in cell function, this phenomenon implies global 
transcriptional modifications that lead to the aberrant activation 
of genes involved in the calcification process.

Fibroblast to Myofibroblast to 
Osteoblast-Like Cell

Studies in murine models have identified that cardiac fibroblasts 
make up close to 25% of the heart tissue (17). While not possessing 
electrical or contractile functions themselves, cardiac fibroblasts 
can couple to cardiomyocytes to aid in the propagation of electrical 
signals, maintain extracellular matrix homeostasis, and secrete 
cytokines and chemokines to modulate the immune system (18, 
19). After injury, these fibroblasts exhibit functions to remodel 
the ECM, alter chemical and mechanical signals, participate in 
angiogenesis, and contribute to fibrosis (20, 21). Cardiac fibroblasts, 
like  fibroblasts of other tissues, can acquire a “myofibroblast” 
phenotype, a state which shares some of the features seen in smooth 
muscle cells, including the ability to contract, the acquisition of 
smooth muscle cell markers such as α-smooth muscle actin (SMA-
α), and secretion of ECM components (21, 22). It is well known 
that ectopic calcification in soft-tissue occurs at sites of injury, 
near the resulting scar tissue generated from fibrotic remodeling 
(23). Considering this, elegant experiments by Pillai et al. sought 
to determine whether cardiac fibroblasts are the source of cardiac 
calcifications (24). In vitro studies showed that with treatment of 
medium that differentiates mesenchymal stem cells into osteoblasts 
(often referred to as osteogenic media) both murine and human 
cardiac fibroblasts, but not endothelial cells, could be induced to 
calcify. In vivo lineage tracing experiments in a murine line prone 
to develop myocardial calcification show that cardiac fibroblasts 
reside amongst the hydroxyapatite minerals in fibrotic areas, 
and further analysis identified osteogenic signatures, such as the 
master osteogenic transcription factor Runx2 (24). This work also 
highlights the important and complex role of inorganic phosphate 
(Pi) and pyrophosphate (PPi) homeostasis. Pi is a building block of 
mineralization, while PPi is generally considered an endogenous 
calcification  inhibitor. Enzymes regulating this homeostasis 
include tissue non-specific alkaline phosphatase (TNAP), which 
metabolizes PPi into Pi, and ectonucleotide pyrophosphatase/
phosphodiesterase-1 (ENPP1) which breaks down ATP into AMP 
and PPi (25). The disease Generalized Arterial Calcification of 
Infancy (GACI) is caused by homozygous inactivating mutations 
in this gene (26, 27). However, Pillai et al noticed that injured 
hearts presenting with calcification also showed increased 
expression of ENPP1. While hydroxyapatite is the most common 
chemical formulation found in ectopic calcification, other chemical 
formulations exist (4), including calcium pyrophosphate dihydrate 
(CPPD) (28). Indeed, the authors found CPPD minerals in calcified 
cardiac tissue (24), suggesting that perhaps ENPP1 was driving 
pathogenesis. A small molecule ENPP1 inhibitor was used and 
prevented this cardiac calcification (24). These results highlight the 
complicated dynamics of Pi/PPi homeostasis and the importance 
of knowing the chemical content of ectopic calcification when 
considering therapeutics. The study also clearly illustrates the 
ability of a fibroblast cell to acquire an osteogenic phenotype, 
but further work is needed to detail the step-wise progression 
that triggers differentiation from a myofibroblast-state down an 
osteogenic lineage.
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The aortic valve also contains a fibroblast-like cell, called the 
valve interstitial cell (VIC). VICs populate all three layers of the 
valve and reside in a quiescent state. The aortic valve is a dynamic 
structure that controls the unidirectional flow of blood from the 
left ventricle to the aorta. In systole, valves open against the wall 
of the aorta, and the reverse pressure gradient in diastole induces 
them to unfurl and stretch out toward the center of the aortic 
annulus, forming a seal to prevent regurgitation. Every heartbeat 
induces this movement which exposes the valve cells and their 
surrounding extracellular matrix to an array of stresses (e.g., 
mechanical, shear, inflammatory). Mechanical and inflammatory 
stresses alone can induce a transcriptionally permissive chromatin 
structure (29, 30). These stresses are also thought to contribute to 
the early events that drive VICs to transition from a quiescent state 
to the activated myofibroblast state, which can go on to become 
calcifying osteoblast-like VICs (3, 11, 31–34).

It is well-established that osteogenic genes such as Runx2, 
osteocalcin, and TNAP are all upregulated in calcifying cells (32, 
35, 36). The induction of these osteogenic genes in myofibroblasts 
is reminiscent of the differentiation of a mesenchymal stem cell 
(MSC) into an osteoblast (37–39). When MSCs themselves are 
seeded onto valve scaffolds and cultured under pulsatile flow 
conditions they acquire a myofibroblast-like phenotype, suggesting 
that exposure to mechanical and flow forces can drive progenitor 
cells to differentiate down the osteogenic lineage (40). In line with 
myofibroblast plasticity, VICs can exhibit the MSC/pericyte-like 
function of providing structural support to valve endothelial 
networks (41). In vitro co-culture assays in matrigel found that VICs 
possess chemo-attractive properties and wrap around sprouts of 
valve endothelial cells (VECs). Together these observations suggest 
that activated myofibroblasts can behave and respond to stimuli 
like MSC-like cells that are then further induced to upregulate 
expression of osteogenic genes (32, 34, 37, 42).

In vitro VICs acquire an activated myofibroblast-like state in part 
via increasing expression of TGF-β, which drives their proliferation, 
migration, and expression of the myofibroblast marker SMA-α (43). 
Activated VICs themselves alter the mechanical properties of the 
valve, creating a stiffer environment (44, 45). Elastic properties 
of the ECM also influence valve cell biology as stiffness promotes 
a calcific phenotype (33). Culturing VICs on a stiffer matrix 
promotes osteogenic differentiation, and specific substrates such 
as fibrin, heparin, and laminin induce the osteogenic transition 
of VICs into calcifying cells. In osteoblasts, ENPP1 generates PPi, 
which when hydrolyzed generates Pi with subsequent formation 
of hydroxyapatite (46), yet interestingly and similar to what was 
found in cardiac calcification, ENPP1 has also been found to 
be highly expressed in calcific aortic valve disease and in VICs 
(47). This release ATP promotes VICs survival, but in disease 
tissues upregulation of ENPP1 depletes the extracellular pool of 
ATP and thus promotes mineralization in VICs by promoting  
apoptosis (47, 48).

Inflammation also contributes to calcification pathogenesis, 
and inflammatory cells are found within and surrounding the 
calcified areas in the valve and heart (7, 49). Murine studies 
show that recruitment of immune cells is an early event in CAVD 
pathogenesis (50). And like the effects of mechanical stretch, 
inflammatory cells, such as mast cells, can also contribute to 

remodeling the ECM via the release of proteases and growth 
factors known to drive both physiological and pathophysiological 
calcification (15). The contribution of inflammation to the early 
progression of osteogenesis on vascular cells was illustrated in vivo 
in the valves and arteries in the atherosclerotic ApoE knockout 
model (51). This study followed the temporal association of 
inflammation and calcification in atherosclerosis and found that 
inflamed areas exhibited high levels of the key mineralization 
enzyme, alkaline phosphatase, before microscopic evidence of 
calcification. PET imaging techniques found a similar temporal 
association in calcified foci in human thoracic aortas (52). The 
inflammatory cytokines TNF-α induced early differentiation of 
human bone marrow-derived MSCs into calcifying osteoblast-
like cells, illustrating that inflammatory pathway activation can 
prime a cell to become osteogenic (53). Additionally, TNF-α signals 
stimulated by high fat diet-induced obesity and type II diabetes 
mellitus promotes aortic Msx2 expression, a transcription factor 
in the BMP signaling pathway, and enhances pro-calcific arterial 
Msx2-Wnt cascades (54). Together this data suggests that in 
atherosclerotic calcification, inflammation precedes calcification; 
subsequent studies should delineate the role of inflammation 
and inflammatory signaling pathways in driving pro-osteogenic 
transcriptional and epigenetic changes.

Endothelial to Mesenchymal 
Transition

Cells of various developmental origins come together to create the 
tissues that comprise the adult vasculature. Angioblasts are the 
developmental precursors to endothelial cells. Once endothelial 
cells are specified de novo vasculogenesis can occur, though the 
precise molecular cues regulating these early processes in vivo have 
not yet  been fully characterized (55). During development, some 
structures are derived from the de-differentiation of endothelial 
cells, a process referred to as endothelial-to-mesenchymal 
transition (EndMT). For example the endocardial cushion tissue, 
which is the precursor of the semilunar valves of the heart, are 
derived from cells that undergo EndMT (56). Endothelial cells 
form a barrier along the lumen of vessels that is held intact by 
endothelial-specific proteins which form tight junctions and 
connections between adjacent endothelial cells (57). In EndMT, 
expression of these markers diminishes and endothelial cells lose 
cell-to-cell connections, enabling their migration and proliferation, 
as well as trans-differentiation. The TGF-β superfamily of cytokines, 
which includes both TGF-βs and BMPs, has several important 
and broad roles such as regulating cell growth and multiplication, 
differentiation or apoptosis, and EndMT. Embryonic EndMT 
processes are regulated by TGF-β signaling (58) via the upregulation 
of transcription factors such as Snail, which drives the detachment 
of the endothelial cells, promoting their phenotype switch (59).

While EndMT is a developmental program, it is also activated 
after vascular injury and stress, such as vein-graft remodeling and 
neointima formation (60), or in disease states such as atherosclerotic 
plaque development and progression (61), cardiac fibrosis (62) 
and CAVD pathogenesis (63). In developmental and pathogenic 
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EndMT, endothelial cells not only lose their markers, but gain 
expression of mesenchymal progenitor cell genes such as Snail1, 
Twist1, Msx1/2, and Sox9, indicative of phenotypic transition (64), 
suggesting that they are switching from their fully differentiated 
phenotype into a pluripotent-like state that has the ability to then 
de-differentiate down another mesenchymal-derived lineage.

The clearest evidence that EndMT contributes to vascular 
calcification is found in the disease fibrodysplasia ossificans 
progressive (FOP), where patients develop calcification in the 
microvasculature in the soft tissue. FOP stems from mutations 
that cause constitutive activation of the TGF-β superfamily receptor 
ALK2 (65), which propagates BMP4 signaling. Calcified lesions in 
FOP patients exhibit evidence of EndMT, as both endothelial (vWF, 
VE-Cadherin), mesenchymal (Sox9), and osteoblast (osteocalcin) 
proteins are co-expressed on cells. This pattern mimics a mouse 
model of the disease. In vitro experiments using endothelial 
cells treated with TGF-β or BMP4 showed these signals induce 
expression of mesenchymal cell markers and allow these cells 
to behave like true MSCs, differentiating down the adipogenic, 
chondrogenic, and osteogenic lineages (66). Thus, in FOP patients 
the constitutively active ALK2 primes vascular endothelial cells 
to transition and acquire mesenchymal-like properties, enabling 
them to differentiate into osteoblast-like calcifying cells. This would 
suggest a step-wise progression from fully-differentiated cell to 
a cell with a progenitor-like state that is then directed down an 
osteogenic lineage.

Aberrant BMP signaling and EndMT also contribute to 
medial calcification in larger conduit vessels. Keutel syndrome, 
a rare autosomal recessive disease, stems from mutations in the 
gene Matrix GLA Protein (MGP), and these patients develop 
ectopic calcification in soft tissue throughout the body, including 
the vasculature (67). MGP acts as a potent inhibitor of vascular 
calcification via binding to and quenching BMP signaling (68, 69). 
The importance of MGP’s inhibitory activities is clearly apparent 
in the MGP-knockout mouse model, which develops extensive 
and severe medial-layer calcification in the large arteries and 
results in death a few months after birth (70). The endothelium of 
MPG-knockout mice exhibits endothelial specific markers (CD31, 
vWF) as well as markers of multipotency (Sox2, Nanog, Oct4) 
and osteogenesis (Osterix). Specifically, this study found that 
expression of multipotent markers occurred before expression of 
osteogenic genes (71). Key to these trans-differentiation events is 
the Yamanaka factor Sox9, as endothelial-specific deletion of this 
gene inhibits calcification on both the MGP and diabetic Ins2Akita/+ 
backgrounds (72). This further suggests that in the transition of 
cells from their fully-differentiated state to an osteogenic state, cells 
pass through a multipotent stem cell-like state.

EndMT also contributes to CAVD pathobiology (73). During 
embryogenesis, valve endothelial cells (VECs) sit atop a layer 
of matrix referred to as the cardiac jelly. A subset of VECs are 
stimulated to undergo EndMT and migrate into this jelly which 
forms the cardiac cushions. By processes that are still not 
thoroughly understood, cardiac cushions morph into the leaflets, 
and the cells within these new structures differentiate into VICs 
(73). As mentioned above, the layers of the valve are rich with 
collagens, elastin, proteoglycans, and glycosaminoglycans, and it is 
well-established that these ECM proteins can initiate and propagate 

signaling events. For example, the glycosaminoglycans chondroitin 
sulfate and hyaluronic acid can drive EndMT in healthy adult VECs 
in a 3D in vitro culture system (74). The constant movement of the 
valves exposes the leaflets to both mechanical and shear forces. 
VECs are directly exposed to these stresses, which are sufficient 
to induce a healthy VEC to undergo EndMT in 3D in vitro models 
(75). The severity of these mechanical forces can elicit differential 
effects; low levels of strain induced Wnt signaling in a 2D model 
using sheep VECs, while high levels of cyclic strain induced 
TGF-β signaling (76). While TGF-β is known to drive EndMT in 
the development of the valves, a study looking for the early drivers 
of EndMT identified that inflammatory cytokines induce EndMT 
via Akt/NF-κB activation in both embryonic and adult VECs, but 
that TGF-β signaling only induced EndMT in the embryonic cells 
(77). Mechanical stress signals may trigger the initiation of EndMT, 
and with the acquisition of an MSC-like state a cell may be more 
readily primed to transdifferentiate into a calcifying cell.

Synthetic Smooth Muscle Cells to 
Osteoblast-Like Cells

Vascular smooth muscle cells (VSMCs) comprise the medial-layer 
of blood vessels. They are organized in concentric circular layers 
along the elastic lamina, and are surrounded by the extracellular 
matrix and contractile fibers. In healthy adult tissues VSMCs 
reside in a quiescent, contractile state, commonly referred as a 
contractile phenotype (78), but in diseased or damaged arterial 
beds, VSMCs can switch from this fully-differentiated state to a 
proliferative one, referred to as the synthetic phenotype. Synthetic 
VMSCs have diminished expression of contractile proteins such as 
smooth muscle α-actin (ACTA2) or smooth muscle myosin heavy 
chain (Myh11) (79, 80); this dedifferentiation also occurs in the 
development of ectopic vascular calcification (81). With higher 
proliferative capacity and protein synthesis, as well as a progressive 
loss of contractile proteins, synthetic VSMCs seem to have features 
resembling myofibroblasts and MSCs (82). Indeed, an in vitro study 
that compared the gene expression profile of calcifying VSMCs and 
MSCs differentiating into osteoblasts found that while the overall 
transcriptional program differed between these groups, a sub-set of 
genes that make ECM proteins and catalyze biomineralization were 
shared between the two cell types (83). While this demonstrates that 
VSMCs undergo a transcriptional shift, this study was performed 
at the time point when both VSMCs and MSCs produced calcified 
matrix (after 25 days of osteogenic stimulation), and it remains 
unclear if in this process VSMCs undergo a stepwise process 
where they acquire a pluripotent MSC-like state before further 
differentiating into a calcifying cell.

VSMCs in the various vascular beds are derived from different 
embryonic origins. Fate mapping was first used to identify that 
the abdominal aorta SMCs come from splanchnic mesoderm, 
thoracic aorta SMCs from somatic mesoderm, aortic arch 
SMCs from neural crest, and coronary artery SMCs from the 
proepicardium (84). More recently, elegant fate-mapping was 
performed in murine models and found that VSMCs derived from 
the cardiac neural crest extended from the aortic root through 
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the aortic arch, while VSMCs derived from the second heart field 
localized to the ascending aorta (85). More importantly, this study 
identified heterogeneity in the developmental origin of VSMCs 
in the ascending aorta; VSMCs of the inner laminar regions close 
to the intima are derived from cardiac neural crest, while cells 
along the outer laminar area along the adventitial side of the vessel 
wall are derived from the second heart field (85). The different 
developmental origins of VSMCs may be an important key to 
understanding cardiovascular disease pathogenesis. In the case 
of vascular calcification, VSMCs in atherosclerotic lesions from 
the coronaries have a higher propensity to calcify than VSMCs 
of the aortic wall (86). Indeed, our independent studies using 
primary human VSMCs isolated from the coronary and aorta of 
the same patient show that coronary VSMCs readily calcify but 
aortic VSMCs do not (unpublished). Additionally, under similar 
calcifying conditions, Leroux-Berger et al. showed that the VSMCs 
in the aortic arch region, which are neural crest derivatives, calcify 
earlier than the VSMCs in the regions flanking both sides of the 
aortic arch, which are of mesodermal origin. This supports the idea 
that the embryonic origin influences the ability of a cells to calcify  
(87). Further highlighting the distinctions in the calcification 
potential of VMSCs residing in different vascular beds is the genetic 
disease Arterial Calcification due to Deficiency of CD73 (ACDC; 
also, called CALJA) (88). Patients with ACDC develop medial-
layer vascular calcification that is localized to their lower-extremity 
arteries and is dependent on the upregulation of the mineralizing 
enzyme, TNAP (89). Pathological samples showed that calcification 
appears to initiate along the internal elastic lamina, which is 
fragmented and duplicated (88, 90). This data is highly suggestive 
that the ability of healthy VSMCs to transdifferentiate into calcifying 
cells is influenced by the developmental origin. Further exploration 
of this hypothesis could uncover novel epigenetic signatures that 
prime cells to transdifferentiate into osteoblast-like cells capable 
of producing calcified matrix.

Factors such as high concentrations of extracellular 
phosphate and calcium, oxidized lipoproteins and reactive 
oxygen species, and inflammatory cytokines help drive VSMCs 
toward a calcifying phenotype in both atherosclerotic and 
non-atherosclerotic calcification (91–96). The role of TGF-β 
superfamily signaling, which includes TGF-β as well as bone 
morphogenic protein (BMP) cytokines, is well characterized in 
the regulation of skeletal development and bone homeostasis 
(97), and not surprisingly, these pathways are also upregulated 
in the calcification of VSMCs. Advanced atherosclerotic lesions 
exhibit increased levels of TGF-β and bone-like structures (98, 
99), and can induce osteogenic differentiation and calcification 
of VSMCs in vitro (100, 101). As in endothelial cells mentioned 
above, in VSMCs, TGF-β signaling is kept in check by MGP 
(70). MGP exerts its anti-calcific effects via repressing TGF-β 
signaling and allowing Wnt/Notch signaling to keep VSMCs in 
their fully-contractile state (16). Another TGF-β family member, 
BMP2, stimulates VMSCs to uptake inorganic phosphate 
and induces transcription of the osteogenic transcription 
factor RUNX2  (102). In addition to activation of osteogenic 
transcriptional programs, TGF-β signaling contributes to the 
secretion of calcifying extracellular vesicles that accumulate in 
the extracellular matrix of VSMCs (103). While TGF-β family 

cytokines, as well as other stimuli, induce VSMCs to calcify, it is 
still not clear if the phenotypic switch to a calcifying cell happens 
directly from the mature, fully differentiated state, or if there is 
an intermediate MSC-like cell that requires the proper signal to 
acquire an osteoblast-like phenotype (104, 105).

Murine knockout models have shown that Wnt signaling 
may help to drive the osteogenic-like and chondrogenic-like 
differentiation of VSMCs. Conditional deletion of Msx1 and 
Msx2 reduces calcification of VSMCs in atherosclerotic murine 
models via reducing Wnt7b, Wnt5a, and Wnt2 signaling (106). 
And VSMC-specific deletion of the Wnt receptor, LRP6, protects 
against atherosclerotic calcification of VSMCs (107).

VSMCs can also differentiate into a chondrocyte-like state. 
Mice with loss of MGP develop extensive calcification in the large 
vessels and die a few months after birth due to rupture. These 
mice exhibit osteochondrogenic precursors that have the ability to 
differentiate into osteoblast-like and chondrocyte-like cells (108). 
Osteochondrogenic precursors exhibit decreased expression of 
SMC-specific genes such as SM22α and myocardin, and increased 
expression of Runx2. Osteogenesis is driven by increased activity of 
osterix, Msx2, and Wnt/b-catenin, while chondrogenesis is driven 
by decreased activity of Msx2 and increased activity of Sox9, a 
master regulator of chondrogenesis (109). Importantly, VSMCs 
have been shown to express both Runx2 and Sox9 in vitro and in 
vivo. While the expression of Runx2 appears to correlate with the 
onset of calcification in vivo, Sox9 expression is more widespread, 
which suggests Sox9 may regulate  expression of several ECM genes 
shared by both VSMCs and cartilage (110).

A Common Denominator in the Cell 
Fate Switch

The phenotypic switch of a healthy vascular cell into a calcifying 
one requires the upregulation of genes and proteins that 
participate and regulate the calcification process. A common 
denominator in all forms of ectopic calcification is the enzyme 
tissue non-specific alkaline phosphatase (TNAP, in reference to 
the protein; ALPL is the gene encoding TNAP; NM_000478), 
which is both necessary and sufficient for the mineralization in 
physiological and pathological calcification (111, 112). ALPL 
has also been shown to be one of the earliest calcification-
related genes upregulated during ectopic calcification in vivo 
(13). TNAP breaks down pyrophosphate (PPi), an endogenous 
inhibitor of calcification, to Pi, a building block necessary for 
mineralization; the extracellular PPi/Pi ratio drives the ectopic 
calcification process and TNAP is the key enzyme that regulates 
this balance (113). A sophisticated murine model was developed 
which specifically overexpresses ALPL in an X-linked manner 
in VSMCs using the TAGLN promoter, enabling a dose-effect 
of TNAP to be studied (114). In this model, medial-layer 
calcification occurred in a dose-dependent manner and was 
independent of alteration in serum levels of calcium, phosphate, 
or renal function in the mice, highlighting that TNAP activity 
alone can induce calcification. Similarly, this same group used a 
Tie2 system to overexpress ALPL in endothelial cells and found 
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are more global epigenetic changes that alter the cell at a more global level
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Vascular tissue engineering is an area of regenerative medicine that attempts to

create functional replacement tissue for defective segments of the vascular network.

One approach to vascular tissue engineering utilizes seeding of biodegradable tubular

scaffolds with stem (and/or progenitor) cells wherein the seeded cells initiate scaffold

remodeling and prevent thrombosis through paracrine signaling to endogenous cells.

Stem cells have received an abundance of attention in recent literature regarding the

mechanism of their paracrine therapeutic effect. However, very little of this mechanistic

research has been performed under the aegis of vascular tissue engineering. Therefore,

the scope of this review includes the current state of TEVGs generated using the

incorporation of stem cells in biodegradable scaffolds and potential cell-free directions

for TEVGs based on stem cell secreted products. The current generation of stem

cell-seeded vascular scaffolds are based on the premise that cells should be obtained

from an autologous source. However, the reduced regenerative capacity of stem cells

from certain patient groups limits the therapeutic potential of an autologous approach.

This limitation prompts the need to investigate allogeneic stem cells or stem cell secreted

products as therapeutic bases for TEVGs. The role of stem cell derived products,

particularly extracellular vesicles (EVs), in vascular tissue engineering is exciting due

to their potential use as a cell-free therapeutic base. EVs offer many benefits as a

therapeutic base for functionalizing vascular scaffolds such as cell specific targeting,

physiological delivery of cargo to target cells, reduced immunogenicity, and stability under

physiological conditions. However, a number of points must be addressed prior to the

effective translation of TEVG technologies that incorporate stem cell derived EVs such

as standardizing stem cell culture conditions, EV isolation, scaffold functionalization with

EVs, and establishing the therapeutic benefit of this combination treatment.

Keywords: tissue engineered vascular grafts, stem cells, autologous, allogeneic, conditioned media, extracellular

vesicles, exosomes
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INTRODUCTION

Vascular tissue engineering is an area of regenerative medicine
that attempts to restore defective segments of the vascular
network. One approach to vascular tissue engineering is to
implant biodegradable tubular scaffolds seeded with appropriate
cells. Research has focused on lining the lumen of the scaffold
with endothelial progenitor cells (1–5), self-assembly of vascular
grafts by in vitro culture of fused vascular cell sheets (6–12),
seeding scaffolds with native vascular cells (13–16), progenitor
cells pre-differentiated into vascular phenotypes (17–22) using
biomechanical/biochemical stimuli [as reviewed in Maul et al.
(23)], and pluripotent stem cells pre-differentiated into vascular
phenotypes (24, 25). However, employing native vascular cells,
terminally differentiated progenitor/pluripotent cells, or self-
assembled cell sheets requires extended culture periods and
the use of expensive culture media that is often derived
from xenogeneic sources. Seeding biodegradable scaffolds with
undifferentiated stem (and/or progenitor) cells initiates scaffold
remodeling through paracrine signaling to endogenous cells
(26, 27). Seeding vascular scaffolds with stem cells also bypasses
many of the aforementioned limitations due to the fact that a
sufficient number of implant-ready cells can be acquired from
a single harvest, therefore eliminating the time and resources
spent culturing or differentiating cells. The motivation for this
review is that stem/progenitor cells have received an abundance
of attention in recent literature regarding the mechanism of their
paracrine therapeutic effect. However, this parallel research has
yet to translate fully to the field of vascular tissue engineering.
Therefore, the scope of this review includes the current state
of TEVGs generated using the incorporation of stem cells in
biodegradable scaffolds and potential cell-free directions for TEVGs
based on stem cell secreted products (Figure 1).

STEM CELL BASED TEVG STUDIES

Numerous studies have demonstrated that implanting
biodegradable vascular scaffolds, seeded with stem cells from
a variety of sources, triggers the development of functional,
immuno-compatible, native-like vascular replacements
(Table 1). Bone marrow mononuclear cells (BM-MNCs)
have been employed in numerous preclinical (26, 28–31, 33, 36–
38, 43, 44) and clinical studies (28, 32, 51, 52). BM-MNCs are
a heterogeneous population comprised of mesenchymal stem
cells (MSCs), endothelial precursor cells, mature endothelial
cells, hematopoietic stem cells, monocytes, CD4+ T cells, CD8+
T cells, B cells, and natural killer cells (26). Recently, it has
been shown that BM-MNCs have a dose dependent effect on
scaffold development when implanted as an inferior vena cava
interposition in a mouse model whereby increasing BM-MNC
number increased graft patency and decreased the number of
infiltrated macrophages (42). Purified MSCs have also been
employed in vascular tissue engineering and are obtained from
various sources. MSCs are adherent adult progenitor cells with
the ability to self-renew and differentiate into a variety of cells
with a more specialized function [as reviewed in Huang and Li

(53)]. Furthermore, MSCs secrete a variety of angiogenic and
arteriogenic growth factors and cytokines (as discussed in section
Allogeneic MSCs). Recent literature suggests that MSCs could be
renamed Medicinal Signaling Cells to emphasize that MSCs do
not differentiate at the site of injury (and are therefore not true
stem cells), but rather signal to endogenous cells to regenerate
and/or replace the injured/absent tissue (54). Bone marrow
derived MSCs (BM-MSCs), purified from BM-MNCs, have
demonstrated favorable preclinical findings in TEVGs (45–47).
Similarly, adipose derived MSCs (ADMSCs) (48, 55) and muscle
derived MSCs (49, 56) have been used in TEVG studies. Studies
employing pericytes are also included in this review (50) as
they have been shown to express MSC markers and display the
capacity for tri-lineage differentiation [as reviewed in Crisan et
al. (57)].

AUTOLOGOUS STEM CELLS

Numerous preclinical (28–31, 38) and clinical studies (32, 51,
52, 58) have used autologous stem cells as a cellular base for
vascular scaffolds. Autologous stem cell studies have focused
on restoring vascular integrity in pediatric/young patients with
congenital heart defects and have demonstrated favorable long
term clinical results (32). However, a combination of in vitro
and in vivo studies has demonstrated the diminished regenerative
potential of stem cells in vascular tissue engineering when
harvested from elderly or diabetic patients (Figure 2). The
ability of ADMSCs to prevent acute thrombosis and encourage
graft remodeling in a murine model is reduced when cells are
harvested from elderly or diabetic patient groups and seeded
on a PEUU scaffold (48) using established methods (60, 61).
Furthermore, the ability of ADMSCs from elderly or diabetic
patients to encourage smooth muscle cell migration and secrete
factors that promote fibrinolysis is also decreased (48, 59).
The work of Krawiec et al. therefore highlights the limitations
of an autologous stem cell approach as many of the patient
groups in need of regenerative therapies are elderly and/or
diabetic e.g., coronary/peripheral bypass patients and end stage
renal disease patients. Furthermore, the diminished regenerative
potential of elderly/diabetic stem cells may expand to include
more degenerative conditions. However, the inherent limitations
of an autologous stem cell approach can be largely bypassed by
using allogeneic MSCs harvested from young healthy donors.

ALLOGENEIC MSCs

MSCs are an appropriate candidate for allogeneic stem cell
therapies as they are immune evasive. MSC immune evasion
can be partially attributed to their low expression of major
histocompatibility complex (MHC) class I antigens and freedom
from expression of MHC class II antigens which are both
associated with immune rejection (62, 63). Similarly, the MSC
secretome has been shown to suppress immune response by
inhibiting T cell proliferation and monocyte maturation and
also by promoting regulatory T cells and M2 macrophages (64).
Although allogeneic MSCs have not yet been investigated as a
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FIGURE 1 | Current methods and future perspectives for stem cell-based tissue engineered vascular grafts.

cellular base for TEVGs, the use of allogeneic fibroblasts for
generating vascular grafts by self-assembly has been proven
safe for use in humans as arteriovenous fistulas following
devitalization (12). The use of allogeneic fibroblasts highlights
the premise of employing allogeneic cells in vascular tissue
engineering. Furthermore, other fields of tissue engineering have
employed allogeneic MSCs to safely and effectively regenerate
bone (65–67), cartilage (68–70), skin (71, 72), and nerve (73).

Clinical studies of allogeneic MSCs in the broader field of
cardiovascular disease have also presented convincing evidence
to suggest that allogeneic MSCs are minimally immunogenic and
induce an equivalent therapeutic response when compared to
autologous MSCs. The POSEIDON randomized trial compared
the safety and efficacy of allogeneic MSCs to autologous
MSCs in patients with ischemic cardiomyopathy. The trial
results found that transendocardial delivery of allogeneic MSCs
did not stimulate significant donor-specific immune reactions
and was also associated with a reduction in left ventricle
volume and an increase in ejection fraction comparable to
treatment with autologous MSCs (74). It has also been
demonstrated that transendocardial injections of allogeneic
MSCs produce a dose dependent reduction in major adverse
events in chronic heart failure patients (75). Furthermore,
adventitial administration of commercially available allogeneic
MSCs to the coronary arteries of myocardial infarction (MI)
patients showed that allogeneic MSCs were well tolerated,
with no serious adverse events, and significantly increased
both ejection fraction and ventricular stroke volume (76).

The safety and therapeutic efficacy of administering allogeneic
MSCs to treat MI has also been demonstrated separately
in both large (77) and small animal preclinical models
(78). Combined, the preceding evidence supports the premise
of employing allogeneic vascular cells as a cellular base
for developing TEVGs and also the safety and efficacy
of administering allogeneic MSCs to treat cardiovascular
conditions. The use of allogeneic MSCs is therefore one potential
future direction for stem cell based TEVGs that has yet to be fully
investigated.

REMODELING PROCESS OF STEM CELL
SEEDED VASCULAR SCAFFOLDS

Despite the great success of directly incorporating stem
cells in vascular tissue engineered scaffolds, evidence
supporting a paracrine mechanism as the main effector
of stem cell therapy indicates the potential of employing
stem cell secreted products as a more straightforward,
cell-free therapeutic base for tissue engineering (Figure 1).
Compelling evidence for the paracrine effect of stem
cells in vascular tissue engineering is that remodeling of
implanted vascular scaffolds is mediated by an inflammatory
process (26, 27, 42), and that seeded stem cells signal the
recruitment and moderation of the immune cells that trigger
the required inflammatory process in a paracrine manner
(26, 27, 35).
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TABLE 1 | Studies that have implanted scaffolds seeded with stem cells as vascular grafts.

References Type Origin Model Source Implant Duration Patency

(28) BM-MNC Canine Beagle dog Auto IVC 2 years 100%

(29) BM-MNC Canine Beagle dog Auto IVC 4 weeks 100%

(30) BM-MNC Canine Beagle dog Auto IVC 6 months 100%

(31) BM-MNC Ovine Lamb Auto IVC 6 months 100%

(32) BM-MNC Human Human Auto CPC 5.8 years 100%

(33) BM-MNC Human Immunodeficient mouse Xeno IVC 6 months 100%

(26) BM-MNC Human Immunodeficient mouse Xeno IVC 24 weeks 100%

(27) BM-MNC Murine C57BL/6 mouse Syng IVC 2 weeks 68%

(34) BM-MNC Human SCID/bg mouse Xeno IVC 10 weeks 100%

(35) BM-MNC Murine C57BL/6 mouse Syng IVC 6 months 100%

(36) BM-MNC Murine C57BL/6 mouse Syng IVC 4 weeks 100%

(37) BM-MNC Murine C57BL/6 mouse Syng IVC 7 months 72% Survival

(38) BM-MNC Ovine Lamb Auto IVC 6 months 100%

(39) BM-MNC Ovine Lamb Auto IVC 6 months 100%

(40) BM-MNC Murine C57BL/6 mouse Syng IVC 2 weeks 78% (Filter Group)

(41) BM-MNC Unclear C57BL/6 mouse Unclear IVC 8 weeks Unclear

(42) BM-MNC Murine C57BL/6 mouse Syng IVC 2 weeks 95% (10 × 106 cells Group)

(43) BM-MNC Murine C57BL/6 mouse Syng IVC 2 weeks 88.9%

(44) BM-MNC Ovine Lamb Syng/Auto CaVC 6 months 25%

(45) BM-MSC Canine Beagle dog Auto AA 6 months 100%

(46) BM-MSC Human Nude mouse Xeno CA 35 days 100%

(47) BM-MSC Human Athymic rat Xeno CA 60 days 100%

(48) ADMSC Human Lewis rat Xeno AA 8 weeks 100%

(48) ADMSC Human Lewis rat Xeno AA 8 weeks 100%

(49) MD-MSC Rat Lewis rat Syng AA 8 weeks 65%

(50) Pericytes Human Lewis rat Xeno AA 8 weeks 100%

BM-MNC, Bone Marrow Mononuclear Cells; Auto, Autologous; IVC, Inferior Vena Cava; CPC, Cavopulmonary connection; Xeno, Xeongeneic; Syng, Syngeneic; CaVC, Caudal Vena

Cava; AA, Abdominal Aorta; CA, Carotid Artery.

The role of inflammation in vascular graft remodeling was
initially demonstrated through observations that host monocyte
and macrophage infiltration precedes the repopulation of
scaffolds with vascular cells (26). Subsequently, it was
demonstrated that peak macrophage infiltration coincides
with the formation of functional vascular tissue and that
depleting the host of macrophages completely inhibits
the formation of neo-tissue (27). Furthermore, the role of
modulating host immune cells was demonstrated by preventing
host monocytes from secreting pro-inflammatory factors,
through inhibition of TGF-β receptor 1, which significantly
increased unseeded scaffold patency relative to untreated
controls (79). Functionalization of vascular scaffolds to
locally release TGF-β1 inhibitor was proven to be as effective
as seeding BM-MNCs in promoting graft patency (41).
Therefore, both recruitment and modulation of host immune
cells are required to ensure the formation of a functional
neo-vessel.

Evidence for the paracrine role of seeded stem cells in
vascular scaffold remodeling is that seeded BM-MNCs reside
in the scaffold for <7 days in vivo and are not incorporated

into the developing neo-vessel (26, 35). Rather, the transient
presence of BM-MNCs significantly increases the recruitment
of host immune cells (monocytes and macrophages) compared
to unseeded controls, partially through the secretion of MCP-
1 (26). Subsequently, functionalization of vascular scaffolds
to locally release MCP-1 was proven to be significantly
more effective than seeded BM-MNCs in recruiting host
monocytes (26). Furthermore, BM-MNCs have been shown
to suppress the expression of M1 macrophage phenotype,
the presence of which has been shown to decrease graft
patency and remodeling (27). Seeded stem cells therefore
modulate both the infiltration and phenotype of the host
immune cells that mediate the vascular remodeling process
in a paracrine manner through the secretion of bioactive
products.

The concept of moving toward a cell-free approach by
employing stem cell secreted products is to preserve the
formation of neo-tissue while also removing the potential
safety, regulatory, and practicality issues of cellular incorporation
such as the use of stem cells with damaged/mutated DNA,
undesirable trans-differentiation of persistent stem cells, and
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FIGURE 2 | Combination of in vitro and in vivo studies that demonstrate the diminished regenerative potential of stem cells in vascular tissue engineering when

harvested from elderly or diabetic patients. (A–D) The ability of ADMSCs from elderly or diabetic patients to encourage smooth muscle cell migration and secrete

factors that promote fibrinolysis is decreased (48, 59). (E–G) The ability of ADMSCs to prevent acute thrombosis and encourage remodeling when seeded on a PEUU

scaffold implanted in a murine model is reduced when harvested from elderly or diabetic patient groups (48). Adapted from Krawiec et al. (48, 59) with permission from

Mary Ann Liebert, Inc.

micro-vessel clotting in the case of stem cell relocation (80).
It is important to note that TEVGs formed using cell secreted
products may be better described as Tissue Regenerative Vascular
Grafts to reflect the departure from the traditional cell based
paradigm.

MSC SECRETED FACTORS/CONDITIONED
MEDIA

Stem cells, particularly MSCs, secrete a range of bioactive
products that have an indirect or trophic effect on
surrounding cells (81) and it has been proposed that
these MSC-secreted bioactive products could replace
MSCs as a therapeutic base for cell-free vascular tissue

engineering (26, 41). One such manner of moving toward
a cell-free approach is to utilize MSC conditioned media
(MSC-CM) as it has been frequently demonstrated that
MSCs secrete trophic factors into their surrounding
media. However, the use of MSC-CM in vascular tissue
engineering has demonstrated poor initial results. Scaffolds
incubated over-night in BM-MNC-CM, following over-
night incubation of the cells in serum-free media at
5% O2, exhibited poor patency rates in vivo which were
comparable to PBS incubated scaffolds (patent: 2/10 vs. 6/25)
(43).

Despite the discouraging results observed by Best et al,
free injections of MSC-CM to treat MI have exhibited pre-
clinical success. Intracardial administration of CM from
BM-MSCs, under hypoxic conditions, and overexpressing the
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survival gene Akt1, significantly decreased infarct size and
apoptosis in a murine model of MI (82). Intravenous and
intracoronary administration of CM harvested from human
embryonic stem cell (hESC) derived MSC was associated with
a 60% reduction in infarct size, improvements in systolic
and diastolic cardiac performance and increased capillary
density in an infarct porcine model (83, 84). Furthermore,
co-administration of MSC-CM and the parent ADMSCs
synergistically increased neovascularization of infarcted
myocardium compared to saline control in a porcine model of
MI (77).

Culture conditions of MSCs can greatly alter the content
of MSC-CM (85), therefore optimization of culture conditions
could generate a more effective therapeutic. Exposing BM-
MSCs to hypoxic conditions has been shown to induce a
>1.5 fold increase in an array of angiogenic/arteriogeneic
cytokine genes; furthermore, administering the same MSC-CM
to a murine model of hind limb ischemia enhanced collateral
flow, improved limb function, reduced auto-amputation, and
attenuated muscle atrophy when compared with control media
(86). Forming spheroids of BM-MSCs (25k cells) using
the hanging drop method has been shown to increase the
production of anti-inflammatory agents TSG-6 and PGE2
compared to dissociated MSCs, and the administration of the
resulting MSC-CM attenuated macrophage phenotype in vitro
and significantly lowered inflammation in a mouse model
of peritonitis (87, 88). Exposing MSC spheroids to hypoxic
conditions and inflammatory stimuli further enhanced the

secretion of PGE2 and VEGF (85) and encapsulating MSC
spheroids in unmodified or RGD modified fibrin gels has also
been shown to increase MSC secretion of VEGF and PGE2
(89–91). However, recent findings suggest that MSCs seeded
onto macroporous scaffolds secrete significantly higher levels
of pro-angiogenic factors compared to MSCs encapsulated in
fibrin gels (92). Furthermore, culturing ADMSCs on electrospun
fibers produces significantly higher levels of anti-inflammatory
and pro-angiogenic cytokines compared to those cultured on
plates (93). Combined, the preceding evidence suggests that
culturing MSC spheroids in 3D hypoxic environments, and
exposing cells to an inflammatory stimulus, enhances the anti-
inflammatory and pro-angiogenic potential of the resulting
MSC-CM.

Providing a therapeutic effect using MSC secreted factors
or MSC-CM is limited by the difficulties in delivering
these products to the intended cell type and also by their
short residence time in vivo which necessitates high initial
concentrations. These limitations can largely be overcome by
employing only the extracellular vesicles (EVs) secreted by
stem cells. EVs offer many benefits as a therapeutic base for
functionalizing vascular scaffolds such as cell specific targeting
via the presentation of surface/membrane proteins (94, 95),
physiological delivery of cargo to target cells (96, 97), reduced
immunogenicity and stability under physiological conditions
including protection of cargo from enzymatic degradation
(98) and bypass of compliment activation (95, 99, 100).
The potential of employing EVs as a therapeutic base for

FIGURE 3 | Exosomes (30–200 nm) are released by cells when intracellular multi-vesicle bodies form via invaginations of the cell membrane and are selectively loaded

with endosomes containing protein, mRNA and miRNA. Fusion of the multi-vesicle body with the cell membrane releases these endosomes as exosomes.

Micro-vesicles (200–1,000 nm) are released via direct outward budding of the cell membrane and contain protein, mRNA and miRNA. The loading of microvesicle

cargo is less selective than exosomes and membrane proteins are more reflective of the parent cell membrane due to direct budding.
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functionalizing vascular scaffolds is explored in the following
section.

MSC DERIVED EXTRACELLULAR
VESICLES

EVs are cell-derived phospholipid membrane based nano-
particles that present with functional surface/membrane proteins
and contain protein and RNA species that dynamically reflect
the state of the parent cell and tissue (101). EVs are produced
by most cells in the body (102, 103) and serve to transmit
biological signals, transfer proteins/nucleic acids, and induce
biological effects on target cells via surface receptor interactions,
membrane fusion or endocytosis of the EVs by the target cell
(96, 97). EVs can be categorized into three classes based on their
cellular origins. Exosomes (30–200 nm) are released by cells when
intracellular multi-vesicle bodies form via invagination of the cell
membrane and are selectively loaded with endosomes containing
protein, mRNA and miRNA. Fusion of the multi-vesicle body
with the cell membrane releases these endosomes as exosomes
(104). Micro-vesicles (200–1,000 nm) are released via direct
outward budding of the cell membrane and contain protein,
mRNA, and miRNA (Figure 3). The loading of microvesicle
cargo is less selective than exosomes and membrane proteins are
more reflective of the parent cell membrane due to direct budding

(103). Apoptotic bodies (1,000–5,000 nm) are released by cells
upon fragmentation of the plasma membrane during apoptosis
(105). The term EV is used here to refer exclusively to exosomes
and microvesicles as apoptotic bodies are distinct in activity and
content (106).

EVs can be isolated from cell culture supernatant via
density-based, size-based, precipitation, immunoaffinity, and
microfluidic based techniques [as reviewed in Li et al. (107)].
Although ultracentrifugation remains the gold standard, each
technique has inherent advantages and limitations regarding
process speed/cost and EV yield/functionality. Once isolated,
guidelines have been published by the International Society
for EVs regarding minimum standards for EV characterization.
These guidelines require that EV size, concentration and
morphology be determined in addition to screening for EV
enriched markers and quantifying the co-precipitating protein
levels to assess the purity of the EV isolate (108).

MSC-EVs have already shown regenerative potential and have
also been credited with many of the therapeutic effects seen
during the treatment of cells and tissues with MSC-CM (109,
110). Furthermore, MSCs are regarded as the optimal source
for obtaining therapeutic EVs due to their immunomodulatory
properties (111), their high expansion capacity/potential for
immortalization (112) and the large numbers of EVs that
they secrete relative to other cells (100). Although not yet
employed in the field of vascular tissue engineering, other

FIGURE 4 | MSC derived extracellular vesicles have been previously shown to reduce intimal hyperplasia in murine models of vein grafting relative to vehicle and

fibroblast microvesicle controls (118), increase angiogenesis in murine matriplug models relative to vehicle control and parent cells (119), and also to reduce infarct size

in murine models of MI in a manner similar to the parent cells (124). EXO, exosomes; MV, microvesicles and APO, apoptotic bodies. Images and data adapted from

Liu et al. (118), Sahoo et al. (119), Bian et al. (127), and Osteikoetxea et al. (131) with permissions. *denotes statistically significant differences at p < 0.05.
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areas of tissue engineering have begun to utilize EVs such
as bone regeneration (113), adipose tissue regeneration (114),
and wound healing (115, 116). Furthermore, the functional
relevance of EVs in regenerative medicine (such as promoting
cell viability, angiogenesis, extracellular matrix interactions, and
immunomodulation) has already been highlighted [as reviewed
in De Jong et al. (117)].

Numerous studies have examined the effects of free EV
injections in other areas of cardiovascular research such as vein
grafting, angiogenesis and MI. Liu et al. demonstrated that
the degree of intimal hyperplasia was significantly decreased
following vein graft implantation in a murine model with
multiple intraperitoneal injections of human ADMSC-EVs.
Macrophage presence was also found to be reduced and
significantly decreased expression levels of IL-6 and MCP-1 were
found in ADMSC-EV treated mice compared to controls (118).
MSC derived exosomes have been shown to induce angiogenesis
in vitro through increased endothelial cell migration and tube
formation (119, 120), and also in vivo through increased vessel
formation in murine Matrigel plugs, corneal assays, and cerebral
artery occlusion relative to controls (119, 121–124). Furthermore,
administration of hESC derived exosomes (125), hESC-MSCs
derived exosomes (109, 112, 126), BM-MSC derived EVs (127),
and BM-MSC derived exosomes (128–130) have all been shown
to significantly reduce infarct size in murine models of MI
compared to controls (Figure 4). Interestingly, only intact and
not lysed exosomes demonstrated a therapeutic effect, therefore
suggesting that both exosome mediated delivery, in addition to
exosome cargo, are required to successfully treat cardiovascular
conditions (126).

In an attempt to elucidate the therapeutic mechanism ofMSC-
EVs, extensive transcriptomic and proteomic characterization
of ADMSC-EVs has been performed and the results compared
to those obtained from the parent MSCs. It has been shown
that ADMSC-EVs contain a similar yet distinct protein, miRNA
and mRNA cargo compared to their parent cells. Specifically,
ADMSC-EVs are enriched for the mi-RNAs miR-183, miR-378,
miR-140, and miR-222; for 255 genes including TRPS1, ELK4,
KLF7, and NRIP1; and for 277 proteins that play important
biological roles including glycoproteins, extracellular matrix
remodeling, blood coagulation, inflammatory response, TGF-
B signaling pathway, and angiogenic proteins. The ADMSC-
EV cargo is therefore enriched to support a range of
functions important to vascular tissue engineering including
extracellular matrix remodeling, angiogenesis, inflammation,
blood coagulation, and apoptosis (132–134). Consequently,
MSC-derived EVs are worthy of future research/therapeutic
focus in this context.

FUTURE OF MSC-EVs IN VASCULAR
TISSUE ENGINEERING

The role ofMSC-EVs in vascular tissue engineering is particularly
exciting due to the need for a cell-free therapeutic base that
can be incorporated into a scaffold and signal to cells in a
paracrine manner to prevent acute thrombosis and encourage

appropriate remodeling. However, a number of points must be
addressed prior to the effective translation of TEVG technologies
that incorporate MSC-EVs:

1. The optimal culture conditions for parent MSCs must
be identified to ensure that the optimal yield of EVs is being
obtained in a safe and repeatable manner. Although this has
been studied extensively for MSC-CM (see section MSC Derived
Extracellular Vesicles), the therapeutic effects of free factors and
EVs in MSC-CM must be de-coupled and culture conditions
optimized to specifically increase the therapeutic efficacy of
isolated EVs.

2. A cheap, reliable and EV friendly method of isolating MSC-
EVs must be identified and implemented to ensure that the
optimal yield of EVs is being obtained in a safe and repeatable
manner. Ultimately, a preferred method of isolating intact EVs
must be identified and scaled so that EV based TEVGs can be
developed into a clinically viable therapy.

3. The optimal method of delivering and retaining MSC-
EVs into a tissue engineered vascular scaffold must be identified
to ensure that MSC-EVs are present in sufficient numbers
and remain intact. Encouraging research has demonstrated
that directly incorporating EVs into a decalcified bone matrix
scaffold is possible and elicits an equivalent neo-vessel formation
response compared to incorporating MSCs alone following
subcutaneous murine implants (113). Furthermore, it has
been shown that cardiosphere derived EVs remain stable
at −80◦C for up to 90 days and that both in vitro and
in vivo bioactivity is preserved following lyophilisation (135).
This suggests that EVs can be directly incorporated into
many forms of scaffold production and therefore exhibit
potential as a therapeutic source in off-the-shelf vascular graft
applications.

4. The in vivo remodeling potential of MSC-EV seeded
vascular scaffolds must be assessed using established
small and large animal preclinical models to determine
if they elicit an appropriate TEVG host remodeling
response.

SUMMARY

One approach to vascular tissue engineering is to implant
biodegradable tubular scaffolds, seeded with autologous stem
cells that trigger the development of functional native-like
vascular replacements. However, stem cells harvested from
elderly or diabetic patients have diminished regenerative
potential in vascular tissue engineering. The inherent limitations
of an autologous stem cell approach can be addressed using
allogeneic MSCs. However, potential safety, regulatory, and
practicality issues of cellular incorporation suggest that a cell-
free approach may be more prudent. MSC-EVs present as one
such cell-free approach and offer many benefits as a therapeutic
base for functionalizing vascular scaffolds such as cell specific
targeting, physiological delivery of cargo to target cells, reduced
immunogenicity, and stability under physiological conditions.
Despite promising findings of EV therapy in the broader field
of cardiovascular research, further work is required to explore
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the full potential of this promising therapeutic in vascular tissue
engineering.
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