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1. Introduction

An early attempt of designing a valvular device was made already in 1513 by Leonardo da
Vinci, who depicted the appearance of a prosthetic aortic valve to be reproduced in glass
material [1].

The first real manufacture of valve substitutes goes back to the ‘50s of the previous century,
when the application in heterotopic position of an aortic mechanical valve by Hufnagel and
colleagues triggered the beginning of the surgical therapeutic era of valvulopathies [2]. It was
however the contribution of Harken, Starr and Edwards to demonstrate the feasibility of
orthotopic valve replacement with these early devices [3]. Since then, several mechanical and
bioprosthetic replacements have been proposed as valve substitutes. Still, these solutions are
not meeting important prerequisites.

Heart valve tissue engineering and, later, tissue-guided regeneration have been proposed to
overcome the limitations associated to current valve substitutes. Principles, preclinical and
clinical models of each approach are discussed in this chapter, together to the diverse improv-
ing strategies for the final achievement of viable and functional aortic valve substitutes.

2. Tissue engineering

The different drawbacks related to commercial replacement devices compromise their
durability once in the patient and have shift the attention of cardiac surgeons and biomedical
engineers towards a new therapeutic concept: heart valve tissue engineering. The first general
definition of this approach has been proposed by Langer and Vacanti, as the in vitro creation
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of a viable tissue by combining separate elements, i.e. cells plus an extracellular matrix (ECM),
properly conditioned to attain the correct mature function [4]. This universal paradigm has to
be applied also to the reconstruction of the valve tissue. The rationale is to achieve the ability
to construct in vitro a valve with adequate biomechanical properties, good hemodynamic
performance, vital competence, growth/remodelling permissiveness and lack of inflammato-
ry/immunological reactions. Such researches have required the synergistic application of
different scientific disciplines, from cell biology to engineering and surgery. In vitro valve
creation is commonly pursued via two different methods diverging for the starter matrix.

2.1. Biomaterial scaffolds

2.1.1. Polymeric materials

The choice of the ECM scaffold is not only a distinction parameter among diverse approaches,
but also essential for the successful realization of tissue-engineered heart valves (TEHVs). ECM
is able to establish the necessary 3D configuration and guides cell attachment and structural
development of the new tissue.

Synthetic materials have often represented the privileged option in TEHV formulations.
Biopolymers as aliphatic polyesters, polyhydroxyalcanoates or different polyurethane
compounds have been preferentially employed, providing scaffolds with controllable chemo-
physical characteristics as reproducibility, porousness and biodegradability rate. The chosen
biomaterials have to respond to important requirements, as good cell-affinity and adequate
structural architecture able to sustain the organ mechanics. To enable cell adhesion and
spreading in the selected biopolymeric mesh, the modulation of porousness until 90%
achievement is recommended [5].

In particular, most of these materials offer a further regenerative advantage also thanks to the
good immunotolerance induced in the host body. In fact, after an initial guiding effect, the
non-natural material is progressively degraded by colonizing cells, which in turn operate a
new matrix synthesis. The process results in a newly produced tissue of completely autologous
origin.

First generation polymeric heart valves were designed to overcome the poor durability and
excessive wear shown by Teflon fabric-composed substitutes. These more rigid valves, with
caged-ball or low-profile design, were based either on metals, like titanium or stellite 21, or on
silicone with fixed fabric sewing rings. While metallic devices mostly presented difficulties in
the insertion phase, elastomeric ball valves demonstrated less stability in the mid/long-term
evaluation [6]. Polyurethanes were lately proposed for their relatively good haemodynamic
behaviour especially in contact with blood cells and indeed for their easy manipulable chemical
structure [7,8].

Again, biostability represented the major drawback associated to these elastomers togeth-
er to the high calcification potential: polyester, polyether and polycarbonate urethanes were
sequentially suggested for valve fabrication with minor biodegradation, but still insuffi-
cient stability [9]. The introduction of further chemical groups and other modifications in
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the polymer segments has been carried out and is still under study to improve the durability
of polyurethane-based devices in vivo [8, 10]. In particular, when modified with polyhe-
dral oligomeric silsesquioxanes (POSS), polycarbonate urethane-composed polymeric
substitutes offer improved biological and hydrodynamic functioning in respect to biopros-
thetic valves [11].

Shinoka et al. firstly reported in 1995 the application of aliphatic polyesters in TEHV formu-
lation. The constructs were composed of polyglactin, polyglycolic acid (PGA) or polylactic acid
(PLA) [12-14]. The scarce pliability of these biomaterials did not allow, however, a perfect
shape modelling [15]. Conversely, polyhydroxyalcanoates, as polyhydroxyoctanoate (PHA)
mixed or not with poly-4-hydroxybutyrate (PH4B), have demonstrated better thermoplastic
proficiencies: a polyester group combined with bacterial-derived hydroxyacids is the chemical
composition of these last polymers [16,17].

Polystyrene/polyisobutylene compounds were also developed for cardiovascular structure
fabrication, showing superior resistance to the high environmental heart valve stresses [18].

Novel promising biopolymers are currently tested to better mimic chemo-physical properties
of native heart valves: inter alia, polyvinyl alcohol-bacterial cellulose-based hydrogels can be
opportunely modelled for a broad range of tuneable mechanical properties [19].

Contemporary procedures for polymeric aortic heart valve fabrication must rely on optimal
tricuspid design, used as template for successive valve production. Multiple dip-coatings into
poorly concentrated polymeric solutions have as major drawback inhomogeneous tissue
thickness.

Another manufacturing technique combines the use of solvent and thermal treatment to
properly shape polymeric films in a desired arrangement. Tri-dimensional models, addition-
ally created through direct laser ‘recording’ in photo-sensitive polymers, act as blueprint for
successive casting of hot biopolymers, which will assume the chosen conformation during
chilling [20]. Similarly, injection systems assisted by hot/cold baths can be applied to the same
aim [21].

2.1.2. Decellularized extracellular matrices

Despite the evident ability of these biopolymers to undergo cell remodelling, a proper mature,
cell-operated tissue architectural reconstitution might require a chemo-mechanical stimulation
for a long time. Often, to the best of their biostability and mechanical behaviour, biopolymeric
heart valves do not develop a trilaminate structure and remarkably, the elastin network in
leaflet layer ventricularis and wall media can be inconsistently achieved.

On this account, another research stream inside the heart valve tissue engineering approach
prefers the usage of animal-derived decellularized scaffolds. A suitable decellularization
procedure allows the removal of xenogeneic cells, maintaining all the fibre composition and
distribution of the natural ECM. In addition, as further advantage in respect to commonly
produced bioprostheses, the treatment with glutaraldehyde can be skipped following the
absence of xenogeneic cells. The avoidance of this cytotoxic agent enables remodelling
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processes to occur by providing a cell-friendly milieu, where viable engrafting elements are
able to accomplish synthetic and contractile functions with extracellular matrix continuous
remodelling.

Cell-freed natural matrices can be realised by means of several methods: trypsin-based
enzymatic and detergent decellularization procedures are only two examples of the proposed
treatments. Most decellularizing protocols take advantage of a combined mechanical and
chemical tissue handling to ease cell removal.

Grauss and colleagues interestingly compared various protocols currently applied to
decellularize porcine aortic heart valves and verified that the combination of trypsin and
Triton X-100, an anionic detergent, could be able to provoke a loss of matrix integrity [22].
Not only the enzymatic treatment with trypsin can induce elastin defragmentation, but also
the use of sodium dodecyl sulphate can end out with a similar deleterious effect [23].
Conversely, the adoption of sodium cholate- and deoxycholate-based methods allows the
achievement of fully nude matrices, able to be cell-recolonized in vitro and/or in vivo even
for clinical implantation [23-28].

Besides native heart valves, another natural tissue has been regarded with attention for the
production of animal-derived acellular scaffolds. Pericardium has been extensively applied in
bioprosthetic manufacturing thanks to its biocompatible, mechanical and biological proper-
ties, entirely suitable for long-lasting heart valve substitutes. More often of bovine origin, this
tissue partially differs from anative heart valve for its low cellularity and extremely compacted
ECM, raising the question on which decellularization process can best convey the optimal
outcome [29]. With regards to this tissue, the comparative analysis developed by Yang et al.
revealed a superior decellularizing and preserving effect of enzymatic/detergent treatment or
trypsin alone on Triton X100/sodium-deoxycholate-based extraction.

Sodium cholate demonstrates instead a less aggressive behaviour towards the pericardial
tissue providing analogous results to its application on native semilunar heart valves [30].

Together to the elimination of xenogeneic cells, a variable depletion in the glycosaminoglycan
(GAG) content is usually observed after decellularization procedure. GAGs play a significant
viscoelastic role by mitigating valve stress during flexion: their highly hydrophilic nature
allows, in fact, the hydration of the spongiosalayer in this cycle phase. Indeed, several biological
processes appear to be modulated by GAGs, therefore their loss has profound consequences
in the mechanical behaviour and in the cellular functions of successively repopulated scaffolds
[31]. Associated to GAG content is also the hydrated state of the tissue: a reduction in hydration
following decellularization can induce collapse of collagen fibres and introduces a less suitable
environment for colonizing cells [32], 33].

While GAG and water preservation is pivotal, an opposite decellularizing effect is expected
as far as DNA/RNA content. Similar to cell membrane residues, the phosphate groups of the
nucleic acid backbone behave as powerful calcification triggers [34]. Aspecific endonucleases
are often applied as efficient tools for the complete removal of nucleic acid debris [25-26].
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Extracting processes should be hence developed ad hoc depending on the specific tissue to use
as starter matrix, otherwise adversely affecting the original mechanical and bioactive proper-
ties of the natural ECM.

In addition, the realization of viable constructs must not be regardless of detergent scaffold
retention. Incomplete washout of detergents could induce the creation of a toxic microenvir-
onment for engrafting cells. In vitro evaluations should be critically performed in respect to
each decellularization procedure currently applied [unpublished data, 35, 36].

2.2. Cells

Cells embody the second key-component of a TEHV: it is this element that provides viability
to the ECM and consequently permits its remodelling and maturation towards a functional
organ. Furthermore, the use of cell elements of allogeneic or autologous source can prevent
from non-self reactions towards synthetic biomaterials or decellularized natural tissues.

2.2.1. Differentiated cells

For a similar selection principle operated by those researchers preferring the more committed
animal-derived matrix, endothelial cells, fibroblasts, myofibroblasts and/or smooth muscle
cells isolated from vascular or valve conduits have been extensively utilized to seed nude
matrices and obtain both endothelial coverage with antithrombotic activity and tissue
repopulation [24, 37].

Endothelial cells (ECs) were first applied in the “90s to test the feasibility of endothelialisation
on Biomer and Mitrathane thromboresistant polyurethane ureas in response to physiological
shear stress [38]. Commonly harvested from cardiovascular structures, as adult saphenous or
more immature umbilical veins, endothelial cells were also seeded onto bioprosthetic heart
valves to increase their low thrombogenic properties [39]. In an analogous fashion, a previous
endothelial coverage on harshly decellularized native tissues can avert in vivo thromboembolic
events, related to basal membrane damage/loss resulting in collagen fibres exposure.

More frequently, ECs were employed in combination to other cell elements, as for example
myo/fibroblasts. A sequential seeding of fibroblasts and ECs was demonstrated effective in
the in vitro creation of tissue-engineered valve constructs endowed with appropriate cell
topography [40]. However, the district of fibroblast cell origin is able to significantly affect the
degree of recellularization with better outcome associated to the usage of arterial myofibro-
blasts rather than of dermal fibroblasts [41, 42].

Valve fibroblasts, known as valve interstitial cells (VICs) for their cusp origin, have been
successfully employed as sole repopulating cell population, exhibiting unmodified prolifera-
tive and synthetic abilities once engrafted in decellularized scaffolds [24].

While dissimilar to VICs, smooth muscle cells of vascular derivation (vSMCs) can be chemi-
cally manipulated with epidermal growth factor (EGF), platelet-derived growth factor (PDGF)
and transforming growth factor beta-1 (TGF-betal) for a phenotypic switch towards leaflet
cells [43].
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2.2.2. Stem cells and progenitors

Marrow stromal cells, umbilical cord myofibroblasts and progenitor cells, chorionic villi-
derived cells and placenta or amniotic fluid progenitors share not only the potential to
transdifferentiate in valve phenotypes after appropriate stimulation, but are also associat-
ed to several positive aspects, making them particularly attractive for bioengineering
applications [25, 44-46].

Stem and progenitor cells are now of relatively safe isolation from foetal and neonatal
tissues, such as amniotic fluid, chorionic villi or umbilical cord. Most of them demon-
strate mesenchymal properties, potentiated by higher cell plasticity in relation to their
immature state. The embryonic-like phenotype, possessed by these early precursors, can
be ‘frozen’ in cell banks at its genuine isolation state without further differentiation/
maturation and loss of stemness [45, 47-51].

While neonatal progenitor cells can be cryopreserved at birth in view of a future use, adult
bone marrow-derived cells, and especially their mesenchymal compartment, can be easily
harvested from the same cardiopathic patient for a fully autologous TEHV or even employed
for the creation of allogeneic constructs [25], with no risk of cell rejection thanks to their
beneficial immunomodulatory properties [52, 53]. MSCs reside virtually in all post-natal body
departments, as for example adipose tissue or dermis [54, 55]. MSCs obtained from bone
marrow (BM-MSCs) offer some advantages over other stem or progenitor cells in terms of their
prospects for use in routine clinical practice, i.e. relatively simple protocols for their isolation,
storage and in vitro expansion and a surprising phenotypic resemblance to valve cells [56, 57].
Indeed, their phenotypic convertibility into ECs, fibroblasts/myofibroblasts and SMCs might
allow in a single step-seeding procedure to reconstruct the cell geographic distribution typical
of valve cusps [25, 47, 58-60]. h(BM-MSCs display a repertoire of molecules that may be relevant
to their adhesion and penetration in synthetic or decellularized scaffolds, including b1-integrin
(which plays a pivotal role by mediating cell-ECM interactions), CD54, CD105 and CD44
(which act cooperatively in cell homing via binding to hyaluronan, the major non-protein
glycosaminoglycan of the ECM) [25].

Another cell type with attractive potential for heart valve tissue engineering is the equally rare,
but more easily harvestable circulating fraction of endothelial progenitor cells (EPCs).
Commonly isolated from the peripheral blood with a simple venous drawing (i.e. umbilical
vein), these progenitors have a high proliferation activity and can commit to transform into a
mesenchymal phenotype, reminiscent of the endothelial-mesenchyme transition during
embryonic valve development [61-63].

2.2.3. Bioreactors

Scaffolds and cells do not represent alone sufficient components for a successful TEHV, but
conditioning is indispensable to achieve a perfect maturation of the construct prior to implan-
tation. This last step in manufacturing a viable valve can be guaranteed by the use of bioreactors
able to submit it to physiological pressures and flow [64, 65]. Besides mechanical stimulation,
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the addition of specific chemicals can further train tissue-engineered valve constructs towards
their proper functionality [66].

Firstly developed devices were very simple systems based on common or modified petri
supports, in which TEHVs could be statically cultured.

The introduction of a dynamic conditioning was hence operated to improve cell engraftment
and differentiation through the assemblage of two chambers: one for lodging the valvular
construct, the other mimicking ventricular function. Connected to an air pump, the ventricle-
like compartment can exert defined hydrodynamic settings in terms of flow and pressure.
Diaphragms of different materials, as for example silicone, separate the two chambers and are
displaced periodically by air influx [16].

The small size of the device has been primarily regarded for ensuring long-term culturing in
defined temperature/gaseous environment. A compact system can, in fact, easily fit in an
incubator, where CO, saturation, humidity and temperature are already set for cell culture [16].
To this aim, the implementation with gas sensors directly placed in the device can result in a
superior chemical control of CO,, N,, O,, glucose and lactate [67, 68].

Single specific mechanical stresses were successively applied to better induce tissue matura-
tion and, furthermost, to activate endothelial-mesenchymal transformation. Laminar flow-,
flexure- and cyclic strain-based stimulations could have profound effects on mechanical
stiffness, collagen synthesis and alignment in the tissue-engineered valve [69-71].

A three-chamber bioreactor was developed by Sierad et al. in 2010 to respect previously
indicated criteria and other important conditions, as easy valve mounting, physiological
stimulation (transvalvular pressures, pulsatile forces, flow rate, frequency, stroke rate and
shear stresses) and full control over parameters. Absence of toxic or degradable fabrication
materials, maximum visibility, together to ease of sterilization and waste removal, further
increase the yield of repeatable results. Compliance and reservoir tanks with sterile filters for
gas exchange, one-way and resistance valves, pressure transducers, a web-cam and a ventilator
pump complement this efficient system [72].

2.2.4. In Vitro applications

The reconstruction of a heart valve tissue in a plate dish was first endeavoured by the Bostonian
teams of R. Langer, J.P. Vacanti and J.E. Jr Mayer, who published in 1995 the results of this
pioneering work [12]. Vascular cells, outgrown from ovine neonatal femoral artery explants,
were divided into two populations by LDL selection. LDL-negative SMCs/fibroblasts and
LDL-positive ECs were sequentially seeded onto polyglycolic acid/polyglatin scaffolds in a 2-
week-long procedure. Later, different cells and polymers were combined in the most efficient
valve tissue combinations [41, 73, 74]. The introduction of PHAs, PH4B/PHAs and pulsatile
flow conditioning in a bioreactor for heart valve construction allowed the attainment of more
pliable scaffolds. After dynamic seeding, cells demonstrated to be actively involved in GAG
and collagen synthesis, leading to an autologous replacement of the polymeric mesh [16, 75,
76]. PH4B/PHA became, in particular, the most promising scaffold for several successful TEHV
approaches relying on diverse stem cells [44, 45, 49, 77-79].
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Elastomeric poly(glycerol sebacate) scaffolds treated with multiple coating strategies based on
ECM-derived proteins allowed adhesion and transdifferentiation of EPCs [61, 80].

In respect to the application of bioabsorbable polymers, the other TEHV modality, founded
on natural ECMs, was experimented some years later. After the development of various
decellularizing treatments, the combination with differentiated cells, as ECs and VICs, was
able to generate directly in vitro by static conditioning surrogates of early heart valve tissues
[24, 81]. As well as polymeric TEHVs, cell-repopulated decellularized ECMs were positively
remodelled after dynamic stimulation with proper mechanical signals. In this case, actually,
also elastin content was demonstrated to increase [82-84].

The usage of stem cells as cell source for the engineering of plain ECMs led to even better in
vitro outcomes. Multipotent differentiation potential of human bone marrow MSCs can
represent the ideal characteristic for complete repopulation of natural valve matrices. MSC
engrafting ability was evaluated on decellularized porcine and human scaffolds. In both
considered interactions, stem cells were able to adhere, spread within the ECM and transdif-
ferentiate towards typical valve phenotypes (ECs, VICs). Collagen, GAG and elastin synthesis
was indeed activated in engrafted cells, which tend to distribute similarly to the original valve
cell topography. It was, however, the homotypic combination to better favour MSC-to-SMC
conversion in the ventricularis layer [25].

3. Tissue regeneration

TEHV is not the sole approach investigated to obtain new viable valve devices: tissue-guided
regeneration has been proposed as an alternative method for in vivo direct tissue reconstruc-
tion, by exploiting ECM instructive abilities. Once eliminated the allogeneic or xenogeneic cell
component through decellularizing treatment, the fibre mesh still maintains biomechanical
proficiency assuring in vivo prompt restoration of hydrodynamic performance. Furthermore,
in the body, conceived as physiological bioreactor, naked natural scaffolds recruit recipient’s
cells thanks to their chemo-attractant properties. Positive aspects associated with this option
should be identified in the possibility to construct autologous-like tissues, by skipping
difficultly controllable procedures of cell seeding and chemo-mechanical stimulation in vitro.

Among the first experimental evidences, biomaterials, as patches of pure type I collagen, have
been successfully introduced in the therapy of ischemic myocardium: once applied to the
diseased tissue, the collagen sponge attracts progenitors and less undifferentiated cells, which
in turn or alone are able to fully colonize it and start a cardiovascular transdifferentiation [85].
It is noteworthy to remember that these patches, either synthetic or cell-purified from biolog-
ical tissues, have found FDA-approved applications as haemostatics or for skin reconstruction
with excellent results [86].

A further surprising element for a positive consideration of this method has been given by
Campbell and colleagues, who were able to obtain a tubular cell construct by implanting a
polymeric tube in the animal peritoneal cavity. The newly formed tissue, pulled from the tube,
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had anatomical and histological resemblance to a quite mature blood vessel and it could be
hence considered an optimal vascular substitute [87].

Also offering the opportunity to create tissue banks for ready-to-use devices at the moment of
clinical need, the investigation on tissue-guided regenerated heart valves (TGRHVs) has
particularly increased in recent years.

4. Preclinical and clinical applications of tissue engineering and tissue
regeneration approaches

The preclinical proof-of-principle of TEHVs as valve substitutes has been demonstrated in the
lamb model already with the polymeric bioconctructs firstly produced in vitro [12]. Vascular
cell-repopulated polyglycolic acid/polyglactin matrices were implanted in the pulmonary
position up to 21 days. Function assessment by Doppler echocardiography demonstrated no
stenosis or regurgitation signs, even if a substantial leaflet thickness was reported.

Each subsequent modification in scaffold or cell types, as introduced by the same group, was
generally tested in vivo, validating progressive functional improvements in transplanted lambs
or sheep [41, 73, 74].

Further TEHVs applications in preclinical models were substantially based on the use of P4HB/
PHA with few exceptions, as electrospun polydioxanone [88]. In combination with stem cells
of various stromal origins, PAHB/PHA-formulated engineered tissues were evaluated in a
long-term animal model, showing replacement of the exogenous matrix after nearly 8 weeks
in vivo [16].

A MSC-engineered mesh of polyglycolic and polylactic acids was evaluated as autologous
pulmonary valve replacement in juvenile sheep. The good performance of this in vitro
generated construct could be appreciated in a long follow-up of 4 months with restoration of
a native-like pulmonary heart valve [59].

Despite biomechanical stimulation induced optimal results in term of cell viability and
differentiation almost independently from the cytotype utilised, combined polymer/cell-based
efforts to obtain a valve substitute have usually failed in recreating the fibre arrangement of a
native ECM. In fact, trilaminate distribution of collagens, GAGs and elastin has been reported
only in few cases [88].

A finely organized ECM already exists in native heart valves and can be conserved after cell
removal. After decellularization with trypsin/EDTA, heart valve conduits were seeded with
ECs and myofibroblasts. Allogenically implanted in orthotopic position, they performed
adequately. Ex vivo tissue analyses revealed surface endothelium reconstitution, myofibro-
blasts-mediated repopulation and ECM synthesis with no signs of inflammation and calcifi-
cation [89].
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Sole ECs were used to obtain in vitro endothelium coverage of ovine acellular scaffolds. After
6 months of in vivo evaluation, explanted tissues presented no calcifications as assessed by
atomic absorption spectrometry [90].

Lutter et al. coated stented pulmonary valves with small interstinal submucosa, both pig-
derived and decellularized. These scaffolds, dynamically seeded in vitro with ECs and
myofibroblasts, were deployed in orthotopic position by means of transcatheter assistance.
Valve performance and macroscopic appearance demonstrated to be normal during in vivo
and post-mortem evaluation [91].

Despite rare reports of deleterious therapeutic effects associated to TEHVs” implantation in
humans [92], clinical application of these substitutes, attained by combination of acellular
scaffolds and ECs or EPCs, reached already more than 10 years of experience with proved
function and absence of calcifications [93, 94].

Another modality of heart valve tissue engineering has been more recently proposed. It is
realized by means of a one-phase intraoperative approach. The rational of such a strategy rises
from the necessity of a ready-to-apply TEHV, when the surgical therapy has to be promptly
adopted with no time for in vitro cell seeding and bioreactor conditioning. Weber and collea-
gues implanted such prepared TEHVs in the RVOT of non-human primates through minimally
invasive, transapical procedures. These polymeric trileaflet heart valves have been just seeded
with unselected autologous bone marrow cells before the crimping necessary for valve
insertion. After one month, the completely remodelled valves were still functioning [95].
Similarly conceived TEHVs demonstrated patency also in the aortic position, being able to
sustain the higher pressure regimen of the systemic circulation [96,97]. Another in situ TEHV
delivery has been applied by Vincentelli et al, by injecting mesenchymal stem cells into a just
deployed decellularized heart valve. As element of comparison, they used acellular scaffolds:
these ones showed equal performance and reconstructed tissue [98]. However, these are no
more TE-, but TGRHVs.

The first attempt of tissue-guided heart valve regeneration has been challenged by the
extensive work of Konertz and colleagues, who, moving from the classical paradigm of tissue
engineering, compared the two methods. Common for each approach is only the application
of the same decellularizing detergent, deoxy-cholic acid. By using an allogeneic decellularized
valve for the reconstruction of the right ventricular outflow tract in sheep, they ascertained
there was no need to seed the scaffolds prior to implantation, after the good repopulation
observed at six months [99]. Follow-up of the valve function revealed increase in the annulus
diameter in response to animal growth [100]. As further step to the clinic, they developed a
xenogeneic model again with substitution of the autologous pulmonary valve, transferred in
aortic position during Ross intervention. They tested porcine decellularized valves, called
Matrix P, in a pig-to-sheep interaction. By comparison to sheep cryopreserved allografts,
decellularized porcine valves demonstrated better valvular performance, decreased calcific
potential and feasible tissue regeneration [101]. Another group compared the haemodynamic
function of valve allografts, either cryopreserved and/or decellularized, verifying a reduced
calcification tendency in the sheep implanted with decellularized matrices [102].
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Equivalently promising results have been reported for the implantation of Triton X100/sodium
cholate-decellularized allogeneic valves in the longest preclinical follow-up ever realized for
a TGRHYV. Evaluated in Vietnamese minipigs as RVOT replacements in heterotopic position,
these acellular, alpha-gal-free certified valve substitutes have demonstrated good haemody-
namic performance with low transvalvular gradients in a 15-month-long in vivo observation.

Figure 1. /n vivo tissue-regenerated heart valve after 12 months of implantation in Vietnamese minipig

No calcification events could be appreciated within engrafted tissues by trans-thoracic
echocardiography: these macroscopic observations found ex vivo confirmation by undetect-
able calcific foci after von Kossa staining. In addition, no inflammatory or immunogenic cells
could be observed. A progressive repopulating process occurred in implanted valves: most
tissues were endothelialised and engrafted by rare stem cells and numerous myo/fibroblasts,
both highly proliferating and suggesting the onset of a smooth muscle cell conversion.
Provision of oxygen and nutrients was again established by a dense capillary network and re-
created vasa vasorum. Moreover, re-innervation aspects were also identified [26, 27].

Acellular allologous conduits were also favourably approved as aortic valve substitutes in a
sheep model [103].

Few unfavourable outcomes with a TGRHV have been seldom disclosed. Two groups of heart
valves, cryopreserved or decellularized and treated with an anticalcinosis devitalisation
(digitonin and ethylenediaminetetraacetic acid), were tested in dogs by substituting an aorta
fragment with the non-coronary sinus of the cusp allografts: albeit the lack of immune infiltrate
in inserted decellularized specimens in contrast to cryopreserved ones, no engrafting of
recipient s cells was observed in both cases [104].

The reasons for such different findings should first be searched in the used decellularization
procedure for TGRHV production.

Apart from animal studies, allologeneic TGR approaches were also applied in humans with
optimal outcomes. Decellularized allogeneic valves, as obtained with the deoxycholic acid
procedure, were evaluated in 68 patients in the medium term for RVOT reconstruction in Ross
aortic valve substitution. Up to 4 years, Costa et al. observed very low mortality (1, 4 %), a
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good valve function, both comparable with the cryopreserved allografts used as control, and
a progressive engraftment — even if discontinuous [105].

TGR has been further practised as an alternative RVOT replacement strategy for human
paediatric and young patients with confident results in a follow-up of more than 5 years.
Freedom from re-intervention, lower transvalvular gradients and adaptive dimensional
modifications in response to somatic growth have been reported from in vivo early-term
comparison with pulmonary allografts [106]. In a just slighter observational window,
allogeneic pulmonary valves were evaluated in a multicentre study with 342 patients
undergoing RVOT reconstruction: improvement in haemodynamic function was regis-
tered for implanted valves and suggested to be related to decreased tissue antigenicity
[107]. After a 5-year follow-up in 48 patients, Burch et al. put the accent on the relevance
of the economic burden, related to the use of decellularized cryopreserved allografts in
respect to their untreated counterparts [108].

Although good reported outcomes open the route for a promising treatment of heart valve
failure, it will be imperative to reconsider therapeutic effects in a longer clinical evaluation, by
taking into account also socio-economic considerations.

A debated note is, however, represented by the clinical application of unseeded decellularized
xenogeneic tissues as valvular replacement solutions. In vivo infiltration of tissue-engineered
Matrix P heart valves by human cells, not related to inflammatory or immune system, was
observed in some explanted specimens [109]. These relevancies were at the basis of the pure
Matrix P adoption in the clinical arena. Although favourable performance and lack of xeno-
geneic tissue-mediated immune reactions have been demonstrated by the same valve-
manufacturing group in respect to current RVOT substitutes [110, 111], controversial issues
were evidenced after implantation of the same Matrix P valves in other studies [112, 113].

These reports, together with the dramatic results of the early failed Synergraft decellularized
valves [114], should lower the speed in the human application of xenogeneic tissues-derived
devices, moving a step backward to more robust human-like preclinical trials, as non-human
primate animal models.

5. New insights on heart valve regenerative medicine

5.1. Inmunogenicity of xenogeneic tissues

Allotransplantation has been widely consolidated as valid therapy to rescue a failed vital
function, but the shortage of human cells, tissues and organs dramatically increases the waiting
lists for replacement: in 2006, Eurotransplant referred almost 16.000 patients were attending
toreceive a substitute, while in the United States these ones were reaching the number of 90.000
[115]. The numerical entity of these registers is expected to sensitively grow during the near
future. Surely, the employ of unlimitedly supplied, animal-derived organs could allow an
immediate intervention to recover the lost function and in combination with bioengineering
methodologies, might favour the achievement of human-like organs throughout strictly
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controlled fabrication procedures. So far, animal tissues fixed in glutaraldehyde have been the
reserve to exploit at the time of clinical need. However, this should be no longer considered
as viable route in accordance to vitality maintenance, above all for those organs that cannot
perform a correct function in absence of a proper cell physiology. The use of non-human
sources is accompanied by a major raising concern for a broad clinical application, i.e. the
immunological barrier. For a donor-receiver mismatched allocombination, the most serious
medical issue is the inability of accommodation and therefore the onset of chronic rejection,
whose main manifestation, in the case of heart transplant, is graft vascular disease. This
allotransplantation drawback is characterized by an unchanged gravity and entity in respect
to 40 years ago, when this research line started to be investigated as possible treatment of end-
stage pathologies [116].

A peculiar atherosclerotic process interests the heart transplant with few calcifications, but
increased cellularity and extracellular matrix deposition at the entire intimal level with a
concentric distribution [117].

A similar event occurs in the xenotransplantation approach, where an even more severe
expression is attended. Furthermore, in addition to a chronic response, antibody-mediated
hyperacute rejection represents a dramatic hurdle to early-term xenograft survival, when a
trans-species interaction has to be considered. By developing in a time period from minutes
to hours in the pig-to-primate combination, hyperacute rejection, commonly defined as HAR,
is a typical humoral immune response in vascularized organs with deposition of xenoreactive
natural antibodies and complement activation [118]. Pig-to-primate xenotransplantation has
properly enabled to discover the progression of delayed immunological answer to the cardiac
graft (DXR): besides a strong humoral activity, acute cellular infiltrates and endothelium
activation seriously compromise the function of newly transplanted organ [119].

5.1.1. Alpha-gal and other xenoantigens

Not well known - and in the last years very debated- is the real immunological trigger able to
cause the complete loss of the xenograft during time. Probably the prompts of this phenom-
enon are not to be found in a unique opponent, but in more factors, which alone or in coop-
eration provoke it. One of the most powerful antigens is definitely Gala1-3GalB1-4GlcNAc,
commonly identified as a-Gal. This oligosaccharide is a component of the glycoproteins and
glycolipids, displayed on the surface of vascular endothelial cells in all mammals except apes,
Old World monkeys and humans, unable to metabolize it for evolutionary gene silencing of
the related enzyme a1-3-Galactosyltransferase [120, 121]. Reaching an expression concentra-
tion of at least 107 epitopes per pig cell, alpha-gal is recognized by human cells in a highly
specific pattern soon after birth similarly to ABO antibodies. In fact, microorganisms coloniz-
ing or transiting through the intestinal flora express it on their surface and due also to the
dietary use of animal-derived nourishment, 1% of serum circulating IgGs are specifically
directed against this epitope with a quite pure protective role against parasite and viral attacks
[122,123]. Already at the end of the previous century, a restricted but well developed body of
evidence considered alpha-gal as an immunogenic suspect, but it was only more recent the
full demonstration of its causative role in HAR, by studying the pig-to-primate interaction
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[124]. Other important observations have been made available with this research about the
amount of natural anti-pig antibodies in humans and their specific subclasses. At least 85% of
humoral anti-pig players are specific for alpha-gal and belong to IgG and IgM classes: more
recurrently, IgMs tend to deposit on the graft endothelium [124-126]. Anti-Gal antibodies have
been shown to contribute both to HAR and lately DXR, if an initial tolerance regimen has been
introduced [127].

Hence, the issue is unquestionably alarming for new therapeutic approaches of biomedicine
using xenogeneic biological materials.

In order to face this problem, different strategies have been developed just from the observation
of the glyco-composition differences between pig and human cells. In the endothelium of both
species, N-acetyllactosamine and sialic acid are expressed, but the human one —as previously
mentioned- lacks alpha-gal and is characterized by the presence of ABH-Gal(31-4GlcNAcf1-R
(ABO system) and a supplementary sugar, NeuGca2-3GalB31-4GIcNAcf1-R (N-glycolylilneur-
aminic acid). Since the complete elimination of anti-Gal IgMs resulted in null complement-
mediated cytotoxicity by human serum without side effects on the IgG counterpart, various
methods to deplete the whole range of anti-alpha gal antibodies have been tested.

First xenotransplantation experiments have been started in the 1960s, when the existence of
alpha-gal and its antibodies was still ignored, however a decrease in xenoreaction could be
achieved by perfusing the recipient’s blood in a donor-specific organ, such as the liver,
possessing high immunoadsorbent ability. Analogously, other depletion procedures have
ameliorated the survival of the xenogeneic tissue, even if still at the initial developmental
phases: plasma exchange and plasma perfusion through column systems based on specific
protein interaction or on immunoaffinity could extend implant durability, but rarely for more
than one month due to failed establishment of accommodation.

A more direct method, independent from external devices, is the intravenous approach based
on similar affinity principles. Infused antibodies precisely targeting idiotypes of anti-gal
humoral effectors, immunoglobulin (IVIG) or even oligosaccharides behave as silencers, by
blocking —at least quite completely- any possible immunological response against alpha-gal.
In the case of IVIG, it has been postulated an indirect beneficial role through the acceleration
of IgG physiological catabolism and inhibition of macrophage function [126].

A further procedure inducing an accommodation state can be identified in the suppression of
anti-gal cell effectors, by full depletion of B-lymphocytes and plasma cells. Methods proposed
for this purpose are irradiation, pharmacological therapy, anti-B cells specific antibodies
(mAbs) and immunotoxins. The irradiation of the entire body with the clinically used dose of
300 cGy does not result in a lethal condition, but provokes a transient B-cell ablation, whose
effects are therefore time-limited. The administration of mAbs underlies a more selective way
of action and benefits from clinical experiences completed in the haemato-oncological field.
Anti-CD20 mAbs, for instance, have been used to treat baboons for 4 weeks: at the end of this
course, a complete deficiency in B cells could be maintained both in bone marrow and
peripheral blood for at least 3 months. A combination of immunotoxins, such as ricin A and
sapporin, and mAbs can promote better ablation results [126]. In the transplantation setting,
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a wide line of investigation has been directed to discover chemical agents able to perform
immunosuppressive effects. Even in xenografting, this kind of therapy seems to have a
supporting role for other strategies in order to induce accommodation.

Cyclophosphamide is one of the most common pharmacological agents with this task: in heart
transplant, function prolongation induced by this drug is positive without doubt, but many
risks are associated with its permanent use, as leukopenia [128].

Alkylating agents, as melphalan, or DNA polymerase blockers, as zidovudine, or even
enzymatic inhibitors, as methotrexate, have been analogously experimented with different
results. The first ones are particularly interesting because they are quite the unique to target
plasma cells. Although reducing anti-alpha gal IgGs, suppressive effects of zidovudine are not
so important in a prospective clinical use. Methotrexate, on the contrary, appears to be a valid
agent if added to other B cell-destroying therapies. In new-born baboons, mycophenolate
mofetil (MMF), an inhibitor of the purine synthesis, has allowed, as therapeutic adjuvant, to
prolong the survival of transplanted porcine hearts of at least the double time in respect to
non-treated animals [129]. These results in themselves could not seem particularly appealing
if compared to the effects of other drugs, but MMF is able to offer a similar efficacy in the face
of lack of side consequences and seems very promising for future uses on xenotransplanted
patients.

A special mention should be addressed to a therapeutic approach based on a quite new soluble
glycoconjugate, GAS914, in combination with different drugs (among which MMF too).
GAS594 has demonstrated a constant proficiency in lowering the titres of anti-gal IgGs and
IgMs, and hence prolonging durability of transgenic porcine hearts transplanted in cynomol-
gus monkeys [130].

All these methods search to abate the recipient’s response to this carbohydrate, but generally
a certain refractoriness does not allow a long permanence of the xenograft and consequently
provokes the inability to maintain the organ function [126].

5.1.2. Animal humanization

Alpha-gal-induced rejection could be possibly avoided also throughout the modulation of the
donor tissue, i.e. by bioengineering the animal donor for elimination of antigenicity sources.
Gene engineering techniques enable to introduce human genes directly in the animal genome.
So-generated porcine transgenic cell lines expressing human a1, 2-fucosyltransferase display
in their cell membranes more universal donor O antigens than alpha-gal epitopes, therefore
evoke decreased antibody reactivity [131]. Genetically induced human decay-accelerating
factor (hDAF) expression in animal grafts plays an inhibitory role in the onset of HAR [132].
Nevertheless, more incisive approaches are gene knocking down or out of al, 3-galactosyl-
transferase (Galt). When transplanted in heterotopic position into immunosuppressed
baboons, Galt-KO porcine hearts could survive in vivo for at least 6 months with graft surviving
at least HAR, but failing for later complications [133].
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5.1.3. Decellularization strategies

Xenoantigens are commonly accepted to be cell-derived, so the removal of membranes, where
these epitopes are displayed, should definitely circumvent xenoreactions. Such a perspective
could particularly fit the case of engineered arterial vessels or heart valves, based on decellu-
larized tissues. When the first human paediatric implantations of plain porcine heart valves,
produced in an industrialized and controlled manner, were performed, a severe inflammatory/
immune response provoked premature graft failure [114]. These dramatic events could be
attributed to an incomplete cell removal: the same Authors imputed in residual alpha-Gal the
responsibility of observed HAR occurrences and later, suggested the use of the detergent
IGEPAL CA-630 for total extraction and correctly wash-out from treated heart valves [134].

More recently, clinical evaluations by Bloch et al. have revealed no IgG-mediated, but minor
IgM-related responses towards decellularized valves in respect to common bioprostheses
[111].

It is undeniably important to improve decellularization strategies for alpha-gal removal. Ex
vivo investigations on bovine and porcine valve tissues revealed that alpha-Gal is not only
expressed at the endothelial level of the leaflet surface coverage, but also by ECs lining the
arterioles” vascular lumen at the cusp base [25]. Also some stromal cells in the interstitium
display this antigen on their cell membrane [134].

Particular attention should be addressed to validate techniques used for alpha-gal revelation.
The isolectin BSI-B4, commonly suggested in the literature as detector, gives consistent results
only for fresh specimens, but displays an aspecific affinity when applied to decellularized
leaflets. The affinity binding of BSI-B4 towards glucidic molecules contained in alpha-Gal
epitopes is less stable than the link achieved by immunodetection with the highly specific
antibody M86 [25].

For future applications in this field, implantable valve substitutes should be certified for alpha-
gal subtraction. Furthermost, for the good manufacture practice of therapeutic strategies based
on decellularized extracellular matrices, it would be of paramount importance to rely on
specific assays able to quantitatively detect the residual amount of alpha-gal xenoantigens (i.e.
M86-based alpha-gal ELISA test) [25, 135, 136].

5.1.4. Decellularized scaffolds obtained from tissue-engineered constructs

A completely new approach to overcome xenograft/allograft-related immunogenicity has been
recently proposed, by drastically bypassing the use of non-human tissues. Dijkam et al.
decellularized a previously tissue-engineered heart valve and demonstrated the feasibility of
an in vitro regeneration guided by the acellular ECM. First, TEHV's were obtained by seeding
vascular cells on poly-4-hydroxybutyrate/polyglycolic acid scaffolds and by dynamic condi-
tioning. Then, cell removal was operated using a detergent-based treatment (Triton X100,
sodium deoxycholate and EDTA), followed by endonuclease digestion. Decellularized
matrices were consequently repopulated with MSCs and tested for haemodynamic perform-
ance through a simulated transapical implantation. Mechanical characteristics of acellular
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scaffolds were also evaluated. Considerably, obtained scaffolds could be conserved for up to
18 months without modifying their bioactivity and biomechanical properties [137].

While representing an absolutely novel therapeutic concept to solve immunologic issues, it is
associated to some significant drawbacks. The procedure to generate such a fully biocompat-
ible scaffold is quite long, complicated and depending on multiple conditionings.

By the way, by exploiting a controlled large-scale industrial production, it would be possible
to manufacture off-the-shelf valve substitutes. The major limitation is represented, indeed, by
the immature nature of fabricated scaffolds. As in other tissue engineering-based solutions,
the synthesized ECM, rich in collagen and GAGs, risks to be deficient in resilience following
the absence of an elastin network.

5.2. Mimicking aortic valve formation

5.2.1. Valve cell progenitors: Possible surrogates and gene engineering for their generation

In the development of cardiac valves, the endocardial cushions appear to be the primordial of
the valvular leaflets and the membranous septa: they derive from regionalized expansions of
extracellular matrix between cardiomyocyte sheets and endocardial cells of the cardiac tube.
A subset of endothelial cells acquires specific abilities of delamination and invasion of the
cardiac jelly, by assuming a typical mesenchymal phenotype, with high proliferative activity
and able to remodel the cushions in definitive cusps. The work of Markwald and Colleagues
about Endothelial-Mesenchymal Transition (EMT) first evidenced the involvement of soluble
factors in the extracellular matrix and nevertheless a close myocardium-endothelium rela-
tionship, likely to emphasize the unique responsive property of endocardial cells to cardio-
myocytes” mechanical and paracrine stimuli [138].

At the end of the developmental process, at least four are the cellular contributions which
constitute the different valvular phenotypes: the myocardium, whose involvement is imme-
diate in the formation of the atrioventricular valves; the endocardium, which undergoes an
endothelial-mesenchymal transdifferentiation; the epicardium, contributing to the atrioven-
tricular valves; and the neural crest cells, which migrate from the brachial arches to the distal
outflow tract, participating to the aorto-pulmonary septation [139-141].

Excluding embryonic cells for ethical concerns, cells with EMT potentiality should be endowed
with a certain degree of plasticity: as seen before, EPCs and MSCs, isolable from several tissue
sources of various donor ages, could possess among other cell phenotypes these requisites and
find, in fact, broad application in tissue engineering practices.

Not yet followed in heart valve manufacturing are two other modalities to achieve more
committed valve cell lines. On one hand, it would be possible to introduce genome modifica-
tions in cells already applied in TEHVs to induce paracrine mechanisms able to foster cell
differentiation. On this basis, VEGF-overexpressing stem cells transplanted in the ischemic
myocardium induced an improvement in vascularization [142]. Indeed, MSCs engineered to
express Akt did not only participate to the repair of the infarcted heart, but also improved
cardiac function [143].
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The other more attracting frontier in advanced TEHV formulations is represented by the
conversion of adult somatic cells to pluripotent stem cells (iPSCs) mediated by gene engineer-
ing. Cellular reprogramming to pluripotency is induced by the ectopic expression of 4 factors,
i.e. KIf-4, c-Myc, Oct4 and Sox2 [144], rendering these cells phenotypically similar to embryonic
stem cells but for an ethically acceptable use. iPSC cardiovascular applications range from the
modelling of congenital cardiac diseases to the heart restoration after myocardial infarction
[145, 146]. iPSC-based tissue-engineered heart valves could represent new powerful tools for
the therapy of valvulopathies both as replacement solutions and as in vitro 3D valvular disease
models.

5.2.2. Scaffold incorporation of growth factors

The close observation of the molecular events undergoing in heart valve formation would give
specificindicationsonwhichsignalsbioengineered constructs could benefitfor theirmaturation.

Endocardial cells undergo a profound phenotypic switch loosing the initial morphology,
specific surface molecule expression and ability of acetylated-low density lipoprotein uptake
in favour of a contractile, invasive profile. Transforming growth factor 1 and 2 (TGF-betal and
2), vascular endothelial growth factor (VEGF), bone morphogenetic protein 2 (BMP-2),
mitogen-activated protein kinase 3 (MEKK3) and Notchl are known to activate and strictly
regulate EMT by direct control of Wnt/beta-catenin pathway. In addition, other molecular
pathways are involved in heart valve development and the high complexity of regulation can
be appreciated in the following chart (Figure 2):

Specification Delamination Transdifferentiation Remodeling
Repopulation Migration

Wnt/p-cat| ; VEGF

Notch

xz
m
¢ m
@
m

GF
JProliferation Proliferation

i

|
[
k4 |
BMP4 | X

Versican Lateral | SnailSlug  Endothelial EMT 4
HAS-2 Induc/inhib | $VE-Cadherin Proliferation |  Migration EMT

= CH - S DR SR . . 2

g

3

Figure 2. Valvulogenesis signalling complexity as proposed by Armstrong EJ and Bischoff J. From [147]



Novel Therapeutic Strategies for the Treatment of End-Stage Valvulopathies
http://dx.doi.org/10.5772/55327

The pleiotropic factor VEGEF is considered a specific mediator in EMT, favouring endothelial
cell proliferation. Downstream of VEGF, the transcriptional factor NFATcl has intranuclear
expression: this is limited to the endocardium not activated in the EMT process during the
temporal window of cushion development, while it is expressed by some valve endothelial
cells in the post-natal life, leading to hypothesize their participation in the repopulation of the
adult endothelium. Even RANKL (receptor activator of nuclear factor kB ligand) exercises a
control role on NFATc], by inhibiting VEGF-induced cell proliferation when the endocardial
cushion is more mature [148]. Upstream of NFATcl, two elements, connexins and DSCR1
(Down Syndrome Critical Region 1) play their function via signalling pathways associated to
calcium cellular gradients. In cardiomyocytes, DSCR1 seems to be overexpressed during the
increase of the cytosolic calcium and acts as modulator of the calcineurin dephosphorilating
activity on NFATcl, by preventing its translocation to the nucleus. Connexin 45-composed
gap junctions might allow the calcium extracellular diffusion in the endocardial cushions after
the VEGF-mediated activation of the calcium transients in endothelial subpopulations[147].

The transcriptional factor Notchl rules osteogenic differentiation as well as valve develop-
ment: its signalling in the endocardium might induce an increase of TGF-p32 expression in the
myocardium, able to trigger EMT in endocardial cells through the cytosolic activation of Snail
and Smad [149]. Activators of the TGF-f transduction pathway are even the bone morphoge-
netic proteins (BMPs), in particular BMP2, which causes powerful induction of Smadé in the
cusp endothelium [150, 151].

During EMT, PECAM down-regulation in endothelial cells is followed by smooth muscle actin
hyper-regulation: Wnt/pB-catenin pathway can be hence considered a link in between the
mesenchymal activation and the populating process of the cardiac jelly with mesenchymal
cells.

Beside these transduction pathways, it is equally important the integration of extracellular
matrix signals, so called matrikines. ErbB proteins are involved in cell proliferation of cardiac
cushions and their signalling is mediated by hyaluronic acid (HA), a highly hydrophilic
glycosaminoglycan, which is able to extend the extracellular space and controls the ligand
availability [147]. For both development and maintenance of mesenchymal cells in the valve
leaflet, Sox9 is necessary by favouring cell proliferation and ECM correct alignment [152].
Recently, it has been recognized to the epicardium cell-secreted protein periostin a particular
importance during the atrioventricular valve development in promoting differentiation of
epicardial stem cells [153, 154].

New high-speed fluorescence microscopic technologies have allowed verifying the large
interplay of different pathways in the development of the cusps and especially, they enabled
a better understanding of the first events in valvulogenesis, arguing in favour of an invagina-
tion rather than a formation of endocardial cushions [155].

Recent gene expression studies revealed an up-regulation for a-SMA, Snail and (3-catenin as
well as acetyltransferase p300 (ATp300). Indeed, microRNA analysis identified a specific role
for miR-125b in the down-regulation of p53 [156].
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Growth factors involved in embryonic development have been incorporated as widely
contemplated strategy in bone and joint regenerative medicine. In the heart valve field, this
approach has not been frequently applied [157], until now preferring in vitro comparative
investigations on cell stimulation with sole growth factors, as TGF-beta, VEGF and BMPs
[158, 159].

5.2.3. EMT-inducing biomaterials

Heart valve development is a complex process where signalling molecules and specific
extracellular matrix elements interact. In response to these several stimuli, endocardial and
epicardial cells adhere to the surface of the cardiac cushions and start an endothelial-to-
mesenchymal transition (EMT), leading to the formation of an elongated cusp structure [138].

The initial phase of valve formation depends on many extracellular matrix proteins [160]. The
highly hydrophilic glycosaminoglycan HA is the major component of the endocardial cushions
and its content is also elevated in the adult spongiosa layer, guaranteeing appeasement from
the shocks provoked by the enormous pressure variations during the cardiac cycle. When
seeded in vitro with VICs, hydrogels at various HA percentage have demonstrated to modulate
ECM synthesis and induce also the production of elastin [161, 162].

Composite scaffolds of collagen and elastin have shown to reproduce the anisotropic spatial
distribution of aortic ECM fibres and hence possess the potential to create heart valve replace-
ments with a native-like microenvironment [163]. Mechanical strength properties of collagen
have also been previously exploited in combination with HA, thus obtaining a cell-bioactive
ECM milieu [164].

5.3. Biocompatibility indications

5.3.1. Biomimetic strategies

Functional endothelium together to resistant and flexible mechanical performance, mainly
ensured by collagen and elastin, are critical components in the early clinical patency of a viable
valve substitute. Starter matrices both for TEHV and TGRHV approaches should possess
attractive properties towards cell elements facilitating their adhesion, penetration and further
maturation. Most decellularized heart valves retain an intact basal membrane lamina, which
represent the ideal microenvironment for endothelial cell attachment and spreading. This so-
called contact guidance takes advantage of the specific nanotopography of the heart valve
intimal ECM to increase cell bioaffinity. In order to recreate a valve-like microenvironment,
surface functionalization with peptides, as laminin-extracted YIGSR (Tyr-Ile-Gly-Ser-Arg),
selectively enhances endothelial cell adhesion and proliferation without thrombogenic effects
[165]. Protein pre-coating of valve scaffolds with fibronectin or elastin-derived VAPG (Val-
Ala-Pro-Gly) can enhance cell engrafting and differentiation [25, 80]. Self-assembling peptides
containing YIGSR or VAPG create nanomatrix milieu mimicking the endothelium and
resulting in increased endothelialisation and proliferation of vSMCs [166].
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RGD and GRGDSP are both functional domains belonging to fibronectin. Stent biofunction-
alisation with these cell adhesive ligands has been reported to result in controversial issues:
while promoting endothelial cell adhesion and coverage, it favours platelet attachment
[167-169]. Thus, the usage of these adhesive sequences should be cautious in perspective of
thrombotic events.

Positive cell-affinity effects can be instead obtained by coating scaffold surfaces with fibrin,
which however can be employed only as coating solution lacking of important mechanical
assets [170, 171].

Particularly appealing is the application of peptides selected by phage display. This technology
offers the possibility to create combinatorial peptide libraries, where still unknown cell
recognition surface molecules can be discovered. A new peptideligand, i.e. TPS, was identified
through cell-SELEX system (Systematic Evolution of Ligands by EXponential enrichment) and
covalently linked to methacrylic polymeric matrix to selectively capture endothelial cells [172].

In combination with natural materials, new matrices based on silk and chitosan, a polysac-
charide found in Crustaceans, could consent the accomplishment of hybrid valve scaffolds,
where endothelial cells can better adhere and proliferate [173].

5.3.2. Antimicrobial treatments

Although no infections have been recorded yet after implantation of porcine- or bovine-
derived tissues, the risk of transmission of porcine retroviruses or Creutzfeldt-Jacob disease
has not to be underestimated. In order to avoid new trans-species viral combinations, endo-
nuclease treatments generally applied after decellularization could be therefore preventing in
this sense. The use of foetal bovine serum in heart valve tissue engineering and cryopreser-
vation is also controversial and its substitution with serum replacement should be introduced
in good manufacture practice.

The first infective risk is primarily represented by bacterial/fungal contamination. Current
antimicrobial treatments are based on cocktails of large spectrum antibiotics and antimycotics
and are performed on decellularized scaffolds prior to further in vitro cell seeding or in vivo
implantation. Synthetic biomaterials are mostly submitted to gaseous disinfection with plasma
gas or ethylene oxide.

While UV rays have a low penetration power for disinfection, gamma-irradiation is effective
in abrogating contaminations. However, even when combined with the radioprotective
cryopreservant DMSQO, it is able to induce deep damages on the ECM fibres with deleterious
effects in the long-term performance of so-treated heart valve substitutes [174].

5.3.3. Cues for thrombosis and neointimal hyperplasia prevention

Scaffold modifications for antithrombogenicity have been developed using endothelial
coverage, ECM peptides inducing endothelium formation or by engineering their surface with
inhibitors of platelet function or anticoagulant agents [175].
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As already discussed, a normal endothelium is protective from platelet adhesion and
aggregation in the first phases after implantation. Achievable in vitro with endothelial cells
and their circulating progenitors, endothelialisation has to occur on all surfaces contact-
ing blood, otherwise uncovered regions can be platelet-attractive. The implementation of
extracellular matrix with endothelial adhesive ligands, as YIGSR, can foster a complete
endothelial coverage [165].

Other cell sources for non-thrombogenic surfaces are represented by MSCs, which offer
high compatibility with blood cells and are lacking of the platelet selective surface ligand
HSPG [176].

Besides its EC and SMC affinity, HA, similarly to other GAGs, is effective in the prevention of
platelet adhesion [177].

Other molecules able to inhibit thrombotic formations are phosphorylcholine phospholipid
and polyethylene glycol, which counteract the adsorption of serum proteins [178, 179].

Instead of its preventive blockage, protein adsorption can be opportunely manipulated with
fibrinogen to circumvent further diffusion of other serum molecules: while some hydrophobic
domains of the molecule are adsorbed, others are exposed creating fibrous conformations able
to attract endothelial cells [180].

Nitric oxide (NO), a chemical compound normally produced by functional endothelial cells
and owning antithrombogenic efficacy can be also derived from decomposition of diazenium-
diolates. The incorporation of these molecules in scaffolds is able to drastically reduce in vivo
thrombi formation [165, 181]. NO performs a second function in preventing valve complica-
tions. In fact, it is able to directly down-regulate proliferation pathways in vSMCs, thus
precluding neointimal hyperplasia [182, 183]. Upon NO treatment, the activity of the protein
synthesis machinery is reduced in these cells, observing a drastic reduction in the production
of collagen [182]. Local delivery of stable S-nitrosothiol groups, incorporated in different
compounds of serum albumin, has demonstrated to significantly reduce both platelet aggre-
gation and neointimal proliferation in animal models of vascular injury [184]. Other NO
formulations were identified to ensure a sustained and controlled release of the endothelial-
derived molecule. When applied to VICs from the porcine aortic valve, combinations of poly(L-
lactic acid) (PLLA) matrix systems incorporating NO-delivering poly(lactic-co-glycolic acid)
(PLGA) nanoparticles reduced intercellular adhesion molecule 1 signalling and increased
cyclic guanosine monophosphate levels, demonstrating therefore NO antiinflammatory and
anticalcific potentialities [185].

Among anticoagulants, heparin is the most employed drug in the clinical activity. Resembling
the glycosaminoglycan heparin sulphate in its chemical composition, it exerts blocking effect
on the coagulation cascade also when immobilized into a scaffold. However, its pharmaceut-
ical validity in this setting is not so good as in its soluble form [186].

Limited activity shown by immobilized heparin is surpassed by hyrudin scaffold incorpora-
tion. When conjugated to several biomaterials, this chemical agent is able both in vitro and in
vivo to quench thrombin and prevent its further activity [187, 188].
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Neointimal hyperplasia represents another complication in the in vivo performance of new
viable valve substitutes. Besides NO, other chemical agents are currently used to counteract
vSMC proliferation at the basis of neointima development. Local delivery of growth factors
involved in the apoptotic pathways of vSMCs has been reported to attenuate the phenomenon
with efficiency extents depending on the local concentration of the cytokine at the injury site
[190, 191]. In lieu of locally delivering specific growth factors, the oral administration of drugs
stimulating their cell production could represent a more compliant therapy for treated patients
[192].

Other blocking strategies have been developed by directly targeting oligonucleotides or
receptor molecules involved in vSMC proliferation. The use of antisense strategies or human-
ized monoclonal antibodies contributes to abolish the expression of proteins needed for cell
cycling [193-195].

As for the administration of growth factors, these approaches rely on a non-functional
endothelium and on the local vector availability.

Nevertheless, even if not yet tested in other formulations than soluble particles, growth factor-
and antisense-based approaches could show promising potential when incorporated in
scaffolds for cardiovascular applications.

More specifically tackling tactics can be exercised throughout the usage of viral particles with
vascular tropism. Attenuated herpes simplex virus 1, obtained by removing only v,34.5 genes,
originally demonstrated its efficacy in malignant cancer therapies. Indeed, its ability to infect
dividing cells can be used together with its tropism to vSMCs as efficient antiproliferative
agent. In particular, while showing no systemic toxicity and a persistent activity for at least 4
weeks, its infective state can be electively blocked by antiviral drugs [196].

TGF-beta 1 and PDGF-BB pathways are up-regulated in the genesis of intimal hyperplasia.
These growth factors contribute to the recruitment of adventitial cells by neighbouring medial
SMCs through a paracrine mechanism and are, therefore, perfect targets in a blockade strategy.
Cell-selective adenoviral gene transfer of Smad7 or PDGF-beta receptor reduced adventitial
cell migration and vascular remodelling after balloon injury [197, 198].

Notwithstanding the efficiency and the possibility of control related to these systems, the use
of viral agents is still accompanied by ethical and safety concerns, which argue in favour of
other therapeutic strategies.

Already evaluated in combination to biomaterials is another drug class, which has been firstly
applied in the immunotransplantation field. Limus derivatives are a large family of com-
pounds preventing either allograft rejections or restenosis after angioplasty. Conversely,
systemic toxic effects, unspecific antiproliferation activity on ECs and SMCs, and variable
efficacy associated with their usage in vitro or in vivo are at the basis of the reported contro-
versial results [199-203].
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5.3.4. Functionalization of decellularized extracellular matrices

While decellularized ECMs have demonstrated the ability of in vivo self-regeneration, their
structural and functional properties can be improved by conditioning with synthetic bioma-
terials. The advantage of such strategies resides in the combination of uniform and mouldable
artificial products with bioactive natural scaffolds. Nanotechnology approaches are currently
under investigation for the stable introduction of adhesive sequences or for the entrapment of
structure-mouldable peptides (unpublished data).

5.3.5.. Anticalcification approaches

From the observation of the pathological events occurring in vessel/valve deterioration,
different anticalcification strategies have been developed. In the bioprosthetic valves, miner-
alization is strictly related to the presence of phospholipids (phosphatidil serine and phos-
phaditil choline) and phosphate backbone of degraded nucleic acids in the extracellular milieu
of ano more vital tissue [204, 205]. These extracellular phosphate groups are perfect nucleation
sources for mineral deposition. The progression and entity of calcification is dependent on
many factors and surely, the lack of a cell-favoured homeostatic pathway, provoked by
glutaraldehyde (GA) cytotoxicity, can be useful to accelerate the phenomenon of diffuse
mineralization on ECM fibres.

A reduction in the mineral deposition has been attempted through addition of several GA-
detoxifying approaches. Challenged alone with valvular cells or cross-linked to GA-fixed
bioprostheses in simulated body fluid, procyanidines have demonstrated cell biocompatibil-
ity, dose-dependent inhibition of alkaline phosphatase cellular activity and consequently, of
matrix mineralization [206].

Lipid extraction for the removal of cell membrane phospholipids has been pursued by
applying solvents or detergents with special attention to the preservation of ECM fibres. In an
in vivo model, the long chain aliphatic alcohol octanediol in 40% concentration has proven to
be an efficient anticalcification agent for GA-treated bovine pericardium [207].

A more diluted octanediol is in the organic solvent used as buffer for genypin/glutaralde-
hyde fixation of bovine pericardial tissues, previously submitted to sodium dodecyl
sulphate decellularization and/or successively treated with several amino acids or sodium
bisulphite. In respect to GA-fixed samples, all these different genypin-based variants turned
out in in decreased calcium/phosphorus content and conserved tissue stability by resist-
ance to pronase enzymatic degradation [208]. However, despite the concomitant evalua-
tion of decellularization, which could have partaken in the removal of alpha-gal epitopes,
the levels of these xenoantigens were valuated only between genipin/GA- versus sole GA-
fixations particularly [208].

Ethanol cross-linked to triglycidyl amine is also able to reduce GA-associated calcification both
in rat subdermal and sheep models, however it is responsible of structural instability in treated
tissues [209]. In another study by Sacks et al, triglycidyl epoxy-crosslinking without GA
addition demonstrated improved biomechanics in respect to GA alone [210].
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Amino acids, as glycine, phenylalanine or aspartic acid, are largely employed in anticalcifica-
tion processes to potentiate the action of alcohols and metallocene dichlorides [211].

Detergent application, at the basis of most decellularizing techniques, exploits tensioactivity
to eliminate membrane lipids, indistinctly from the presence of phosphate groups. Treatments
with Triton X100 and sodium cholate, deoxycholic acid, N-lauroyl sarcosinate or sodium
dodecyl sulphate, especially if combined with DNA/RNA nucleases, resulted in no calcific
events both in vitro, in preclinical animal models and/or in the clinical stage [25-28, 102, 212].

Calcium and phosphorus signalling has been tackled via calcimimetics and biphoshonates by
directly acting on calcifying cells. So far evaluated mainly in the renal district, calcimimetics,
as R-568 and AMG 641, could in the future be incorporated in synthetic and natural matrices
to selectively block parathyroid hormone pathway responsible for renal artery calcification
[213]. Interestingly, another calcimimetic, cinacalcet, has been reported to reduce vascular
calcification in the renal aorta of uremic rats in association with further encouraging outcomes
on vascular remodelling and myocardial fibrosis [214].

Testified as possible medical therapy for calcific aortic stenosis, bisphosphonate mole-
cules incorporated into polyurethane scaffolds induced resistance from calcification in 60
day-long rat subdermal tests and in 90 day-long evaluation in the circulation as pulmona-
ry valve cusp [215].

5.4. In vitro and in vivo novel tissue technologies

5.4.1. Bio-electrospray

Further advances in cardiovascular regenerative medicine have recently been introduced to
ease the achievement of intraoperative tissue-engineered organ units: bioelectrospray is
emerging as a powerful tool both for the creation of specific nanotopographic surface and for
homogeneous/spatial cell seeding or coating of valve scaffolds [216, 217].

5.4.2. Monoclonal antibodies and DNA aptamers

Monoclonal antibodies can be applied to selectively capture cell populations expressing
specific cluster differentiation molecules: an increase in the attachment of endothelial or
mesenchymal stem cells was achieved by coating scaffold surface with anti-CD34, anti-CD90
or anti-CD133 [218-220].

Aptamers, 70-90 nucleotide-long single strand oligos, can bind to specific molecules with high
selectivity and affinity. Identified through combinatorial phage display technology, they were
immobilized on the surface of polydimethylsiloxan or polytetrafluoroethylene patches pre-
coated with the antithrombogenic PEG. The scaffold formulation was able to block serum
protein adsorption and selectively recruit EPCs from the bloodstream [221]. EPC-attracting
aptamer technology has also been applied with similar results in valve scaffolds [222].
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5.4.3. Organ printing

Extremely fascinating in bioengineering is the possibility to fabricate complex living structures
by organ printing. This approach contemplates different sequential steps for the realization of
biological tissue and organ substitutes: computer-aided design (CAD), image processing,
modelling with solids, free-form fabrication, designing, simulation and finally manufacturing
[223]. Several applications of this technology have been proposed since 2001 [224] and are
currently focusing also in the preparation of cardiovascular tissues [225, 226]. Until now, organ
printing has been rendered useful in the heart valve field not for biofabrication, but for pre-
operative planning and valve replacement simulation in complex interventions [227].

5.4.4. In body tissue architecture

Actually, the concept of in body tissue architecture finds limited exploitation in the develop-
ment of heart valves substitutes. Interestingly, the Japanese group of Nakayama et al. has
produced a trileaflet valved-shaped construct based on this technology. As in the case of
Campbell et al. [87], the approach takes advantage of the normal biological response to a
foreign material developed by the body, implanting silicon rods in the subcutaneous tissues.
In a period of 4 weeks, these grafts are first ‘embedded” by granulation-like tissue, then
removed and fused each other for correct valvular shaping and reinserted to complete the cell
covering. At the end of the process, the particular arrangement given by the researchers allows
eliminating supporting artificial materials to attain a trileaflet valve conduit [228].

5.5. Implantation techniques: Classical cardio-surgical implant versus transapical and TAVI
access

Open chest interventions have represented the main surgical modality for diseased heart valve
treatment. The classic cardio-surgical implant generally implies median sternotomy and
cardio-pulmonary bypass with cannulation of both venae cavae and aorta in hypothermic
conditions. This technique is largely used for the implantation of bioengineered valves in
animal model testing or in clinical valve substitutions [93].

Classic cardio-surgical valve substitution is for sure a life-saving procedure. However, its
invasiveness results in infective risk and pain in the immediate post-intervention period.
Additionally, in children the current lack for valve substitutes with somatic adaptation ability
submits these paediatric patients to several re-do procedures until their adulthood.

Owing to the improvement in life expectancy, the elderly represent another cardiopathic
population in need for re-intervention.

Catheter-assisted techniques are minimally invasive implantation approaches, experimented
in animal models in 1965 and in humans in 2000 [229, 230]. The percutaneous trans-catheter
implantation of an aortic valve prosthesis (TAVI) was firstly performed by Cribier et al. some
years later [231]. In a TAVI device, a bioprosthetic aortic valve is mounted on an expandable
stainless steel stent. It is then compressed to nearly one-third of its diameter through a crimping
procedure and introduced in a catheter before its implantation in the patient. Once the correct
position has been assessed by fluoroscopy imaging, the crimped valve is balloon- or self-
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expanded and tightly juxtaposed to the insufficient aortic valve. The procedure of trans-
catheter aortic valve insertion in degenerated surgically implanted bioprostheses is
particularly indicated for high surgical risk patients, since a minimal thoracotomy access is
required instead of sternotomy and cardio-pulmonary bypass.

Through a catheter-assisted system, tissue-engineered heart valves were transapically
implanted in sheep and non-human primates as pulmonary valve replacements following a
minithoracotomy [95, 232]. Although performing during 2 month-long experimental evalua-
tion, cusp thickening was reported in these poly-4-hydroxybutyrate coated nonwoven
polyglycolic acid-based TEHV's [233].

A similar transapical approach was adopted by the same group for TEHV implantation in
sheep systemic circulation. Haemodinamically evaluated up to 2 weeks, these tissue-
engineered aortic replacements were found post-mortem in active remodelling, with merely
collagen/GAG ECM synthesis and freedom from thrombotic formations or structural
degenerations [97].

These intriguing experimental evidences demonstrate the feasibility of such an approach also
for bioengineered valve substitutes. In addition, a transapically-delivered bioengineered TAVI
could be a particularly beneficial option for patients with severe aortic valve calcification.

However, crimping/re-opening effects on cell survival, ECM microstructure and valve
function should be further examined both in vitro and in vivo within a longer observational
time. Decellularized scaffold-relying approaches could be especially influenced by this
mounting-related shock with immediate and significant consequences on tissue hydration,
GAG content and collagen/elastin fibre interplay.

5.6. Imaging tools

5.6.1. Two Photon-laser scanning confocal microscopy

More and more advanced optical visualization systems are offering sophisticated functions
for non-invasive deeper penetration and dynamic evaluation of developing organs and
bioengineered constructs. Cell adhesion and spreading in thick 3D structures can now be
analysed until almost millimetre depth by means of 2 photon-laser scanning confocal micro-
scopy (2P-LSCM). Differently from more common linear-based imaging, 2P-LSCM exploits
the simultaneous adsorption of two near IR-photons to excite endogenous fluorophores, as
tricarboxylic triamipiridinium elastin-derivates, without previous sectioning or staining.
Besides elastin networks, it is possible to study collagen fibres through second harmonic
generation in an adsorption-free process [234]. This unique imaging modality offers the
unquestionable possibility to dynamically monitor relatively small living tissues without
manipulation artefacts [235].

5.6.2. MRI

Another non-invasive imaging modality is magnetic resonance: widely applied in the clinical
setting, it surpasses ionizing radiation-based echocardiography for the optimal spatio-
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temporal resolution [236]. In vivo performance of bioengineered heart valves can be constantly
monitored by MRI with the feasibility of precise dimensional measurements [229, 237]. Cell
passive loading of magnetic resonance nanoparticles in vitro allows for their dynamic tracing
in implanted tissue-engineered constructs. Formulated in different diameter size (10-1.000
nm), most used MR nanoparticles, i.e. 50 nm-diameter superparamagnetic iron oxide (SPIO)
ones, are cell-incorporated by endocytotic loading or up-taken in enhanced way by combina-
tion with protamine sulphate. Cell survival, motility and differentiation abilities have been
reported to be not strongly influenced by SPIOs, thus perturbing mainly the magnetic field in
the populated tissue [238].

5.6.3. uOCT, PET and SPECT

While MR technology allows qualitative and quantitative dynamic functional studies, detailed
information on valve degeneration can be attained by means of tomography-based imaging
[239]. With its 1-um-axial resolution, micro-optical coherence tomography (LOCT) would be
a particularly interesting tool in in bioengineering to elucidate cellular and subcellular events
in the early tissue engraftment as well as in the initial onset of valve disease [240].

Positron emission and single photon emission computed tomography (respectively PET and
SPECT) possess an inferior spatial resolution. As SPIOs, radionuclide-labelled cells can be
obtained by means of passive loading. Cell tracking, however, will be strictly limited by the
radioisotope half-life: among the commonly used radionuclides, the SPECT probe "'In-Oxine
has the longest detectable radioactivity of 2.8 days. Another limitation associated with SPECT
is the necessity to load a relatively high amount of radioisotopes for quantitative evaluations,
at the expense of cell viability. The more sensitive PET suffers instead of the shorter half-life
of used probes [241]. On this account, PET and SPECT are not ideal to evaluate in vivo mid/
long-term dynamic remodelling of bioengineered valves, but necessary to identify calcific
degenerations [28].

5.7. Heart valve tissue banks

After the production of new valve substitutes, their storage and further capillary distribution
are essential steps to the prompt realization of interventional therapies.

Off-the-shelf solutions must rely on appropriate conservation procedures, avoiding the use of
cytotoxic fixatives able to compromise further in vivo remodelling/regeneration of TEHVs and
TGRHVs.

Cryopreservation has been established as alternative storage technique to GA-fixation, when
allografts started to be employed in clinic 50 years ago. Initially called homografts, pulmonary
valves from cadaveric donors found large usage in the Ross procedure instead of the patient’s
own valve, eterotopically transposed for the replacement of the degenerated aortic root [242].
After isolation, donor tissues are examined to exclude lacerations and/or unsuitability sources
and graded following macroscopic qualitative evaluation. Antimicrobial procedures are then
performed to eliminate bacterial and fungal infective risks with constant control for effective
microbe removal [243, 244]. Decontaminated tissues are immersed in cryopreserving solutions,
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usually based on cell culture medium added with a low percentage of the cryoprotectant
dimethyl sulfoxide (DMSO). DMSO contributes to reduce hyperosmolarity shocks and ice
crystal formation, which would induce deleterious effects on heart valve structure and
mechanics. Tissues, introduced in highly resistant package, are then submitted to time- and
condition-controlled cryofreezing and stored in vapour-phase nitrogen tanks for a maximum
5 years long period if unused.

On a constantly updated survey of the European Homograft Bank, nearly 4.500 cryopreserved
valves on about 5.200 selected tissues were employed for complex valve malformations in
children, women of child-bearing age with diseased cardiac valves, patients with anticoagu-
lation contra-indication or patients with severe endocarditis [245].

While undoubtedly more immunotolerable than xenogeneic bioprostheses, their performance
in the patients has a comparable endurance. Causes for this restricted durability have been
firstly searched in the survival of populating cell elements. Strips of aortic valve cusps and
walls were stimulated with vasoactive concentrations of potassium, 5-hydroxytryptamine,
noradrenaline, endothelin-1 and prostaglandin F-(2alpha) to test cell contractility after
cryopreservation: no significant differences were observed in comparison to fresh tissues [246].
Apoptotic studies revealed cell necrosis, related to ischemia rather than a cryopreservation-
dependent activation of death program [247]. Indeed, albeit its cryoprotective action, DMSO
is cytotoxic at physiologic temperature and could be responsible for cell death in unwell
washed out thawed valves [248]. In addition, ultrastructural damage was reported as major
source of scarce ECM stability.

Cryopreservation technique has already been tested as possible storage modality of tissue-
engineered or in vivo regenerating decellularized valve substitutes: independent deep imaging
analyses revealed however contrasting observations upon this treatment. Evaluations with
transmission electron microscopy of cryopreserved/decellularized specimens found typical
ECM pattern with no collagen swelling/shrinkage or clearly distorted/disrupted elastin fibres
[25]. Two photon-laser scanning confocal microscopy on decellularized/cryopreserved valves
demonstrated structural integrity of ECM fibres [249]. Cryopreservation detrimental effects
were instead reported with the application of the same imaging technology by Schenke-
Layland et al. [250]. The same group proposed vitrification as ECM preserving alternative to
cryopreservation. Vitrification, defined by the Authors as “ice-free cryopreservation’, mainly
differs from the standard method for the additional use of formamide and 1,2-propanediol.
Vitrified porcine pulmonary valves showed better haemodynamic and biologic performance
in comparison to cryopreserved tissues [251]. However, chemical compounds added to the
cryopreserving medium could negatively affect cell viability.

5.8. Inflammation in heart valve regenerative medicine

5.8.1. Adverse effects of inflammation on cardiovascular tissue engineering/regeneration

The natural response of a body to an implanted tissue develops similarly to the healing process
of a wound and analogously resolves at the graft acceptance. The implant is initially sur-
rounded and infiltrated by a granulation tissue rich in inflammatory mononucleated cells, as
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monocytes and neutrophils acquiring in situ a mature, active phenotype. Debris removal and
cytokine release, operated by macrophages, contribute to activate the last remodelling phases,
depending on recruited fibroblasts and smooth muscle cells. A delicate balancing is involved
in this rejecting/engrafting process. An intensification in the pro-inflammatory macrophage
function, related to a not fully biocompatible synthetic or natural scaffold, provokes the onset
of immunologic responses by enrolling further cells, as lymphocytes.

A related aspect is also the genesis of firstly cell calcification and hence extended ECM
mineralization. Remained into incompletely decellularized tissues (especially of xenogeneic
origin) or fruit of cell death activation (necrosis or apoptosis) in tissue-engineered constructs,
cellular debris can, in fact, trigger inflammatory and/or immunologic response activation.
Comparably to foam cells in atherosclerotic lesions, cell death of foreign body giant cells, i.e.
fused collections of macrophages, generates apoptotic bodies. These latter, together to the
similar ones or to the debris both released by dying construct cells, further propagate inflam-
mation and generate a suitable microenvironment for calcium nucleation [252-254].

As previously mentioned, retention of xenoantigens and detergents could further increase the
in vivo pro-inflammatory potential of decellularized matrix-based approaches [255]. Never-
theless, some unsuccessful results described for both TEHVs and TGRHVs, trusting on
decellularized tissues, could hypothetically reside in the decellularization-induced exposure
of previously masked epitopes or even in ECM micro-modifications, recognized as non-self
by the immune system. A recent paper by Zhou and coll. discussed upon the effects of different
decellularizing treatments on ECM preservation, thrombogenicity and immunogenicity, by in
vitro direct human blood contact. While sodium deoxycholate-based decellularization induced
no ECM disruption and complete decellularization, for all proposed methods, including
sodium dodecyl sulphate, trypsin/EDTA or trypsin-detergent-nuclease, thrombotic and
immunological responses were surely higher than those in glutaraldehyde-fixed specimens
[256]. A confirmation about these findings is supported by another work published in the same
year: through a quantitative approach based on immunoblotting technique, Arai and Orton
were able to demonstrate the detection of soluble protein antigens still maintained in bovine
pericardium and porcine heart valves after decellularization with sodium dodecyl sulphate
and sodium deoxycholate [257].

The treatment based on Triton X100, sodium cholate and endonucleases, not evaluated in the
previously cited studies, demonstrated to produce acellular heart valve substitutes, evoking
in vivo null thrombogenic or inflammatory/immunogenic responses thanks to the complete
alpha-gal elimination [26, 27, 135, 136].

So far, endothelialisation strategies represent - also in the clinical setting - the almost unique
modalities to prevent thrombogenicity-related excessive inflammation in tissue-engineered
heart valves approaches, especially when autologous endothelial cells are employed [93].

5.8.2. Favourable inflammatory events on cardiovascular tissue engineering/regeneration

Differently from any other cardiovascular tissue, as the adjacent myocardium and arterial wall,
adult heart valve atrioventricular and semilunar leaflets possess a highly represented CD34-
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positive interstitial population (Figure 3), as also evidenced in the work of Barth and colleagues
[258]. The presence of CD34-expressing cells in these tissues reminds on almost two possible
and equally valuable hypotheses on the role of these cytotypes in these districts. CD34 is a
glycoprotein expressed on endothelial cells and on their circulating progenitors (EPCs). It is
also identifiable on the surface of bone marrow-residing haematopoietic stem cells, which are
known to be myeloid cell precursors of EPCs and of other cells, among which monocytes and
macrophages (their tissue-activated form) [259]. Other inflammatory cell markers have been
found positive even in uncompromised cusps of young donor’s valve allografts (Figure 3)
[260]. In particular, CD68-expressing macrophages are widespread both in semilunar and
atrioventricular valve tissues, without the intensely site-concentrated cell distribution usually

observed in pathological specimens.
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Figure 3. Hematopoietic cell markers expressed in the mitral and aortic valve leaflets of a 26 year-old donor allograft.
CD34 is widely positive in all cusps tissues. CD68 expression is scattered and homogenously distributed in all leaflets,
likely to identify a protective function, as that observable in the healthy myocardium. Magnification: 70x

The meaning of this presence in healthy tissues is not known, but it could be likely that the
continuous mechanical stress imposed to the thin leaflets, together with the direct exposure to

blood, needs a sentinel function exerted by macrophages and other cells.
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Another interesting hypothesis rises from the observation of the double nature of the macro-
phage cell. In effect, a phenotype committed to tissue regeneration has been discovered besides
the typical protective tasks played by these cells. For the similarity to T2 helper lymphocytes,
these macrophages have been named M2 and can be characterized by the expression of
interleukin-10 (IL-10) and mannose receptor (MR) [261]. In the analysed valve specimens, the
immunodetection of CD68, a broad macrophage marker, is associated to the expression of MR
and IL-10, as visible in Figure 4.

Figure 4. Evaluation of M2 macrophages in the mitral valve leaflet of a 26 year-old donor allograft. MR and IL-10 are
likely to be expressed by the same CD68-positive cells. Magnification: 100x

This expression pattern of M2 macrophage typical markers is also preserved interspecies in
mammals, further corroborating the notion of an evolutionarily conserved, constantly
undergoing protection/regeneration process in the heart valve tissue. Porcine, bovine, sheep
and non-human primate heart valves share, in fact, a similar cell distribution and localisation
of CD68, MR and IL-10 markers (Figure 5).

Figure 5. M2 macrophage pattern in the aortic valve leaflet of a Macaca fascicularis subject. Magnification: 50x

As further supportive remark, the extensive identification of stem cells with diverse lineages
in heart valves evidences the unique regenerative properties endowed by these tissues [260].

Type 2 macrophages have been additionally found in the early post-implantation phases of
bioengineered valve replacements and reported to remain in the implanted tissues until the
construct scaffold has been completely replaced by an autologous matrix [262].
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The engraftment of differently attainable biocompatible TEHVs and TGRHVs could be
facilitated with the modulation of the M1/M2 ratio in favour of the second player: as often
verified for other cardiovascular tissues [263], inflammatory responses could be mitigated
through specific pharmaceutical treatments. While still at the sunrise of a possible clinical
application in cardiovascular disease treatments, RNA interference (RNAi) technology could
be an attenuator of inflammation, thanks to the selective silencing of targeted genes. Scaffold-
mediated therapeutic delivery of RNAi could enable localize treatment of inflammation
without secondary systemic effects [264].
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