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ABSTRACT

Well documented shortcomings of current heart valve substitutes - biological and mechanical prostheses make
them imperfect choices for patients diagnosed with heart valve disease, in need for a cardiac valve replacement.
Regenerative Medicine and Tissue Engineering represent the research grounds of the next generation of
valvular prostheses - Tissue Engineering Heart Valves (TEHV). Mimicking the structure and function of the native
valves, TEHVs are three dimensional structures obtained in laboratories encompassing scaffolds (natural and
synthetic), cells (stem cells and differentiated cells) and bioreactors. The literature stipulates two major heart
valve regeneration paradigms, differing in the manner of autologous cells repopulation of the scaffolds; in vitro,
or in vivo, respectively. During the past two decades, multidisciplinary both in vitro and in vitro research work
was performed and published. In vivo experience comprises preclinical tests in experimental animal model and
cautious limited clinical translation in patients. Despite initial encouraging results, translation of their usage in large
clinical scenarios represents the most important challenge that needs to be overcome. This review purpose is to
outline the most remarkable preclinical and clinical results of TEHV evaluation along with the lessons learnt from
all this experience.
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REZUMAT

Neajunsurile bine stiute ale actualelor proteze valvulare cardiace - biologice si mecanice le fac pe acestea sé fie niste
alegeri imperfecte pentru pacientii diagnosticati cu boald valvulara care prezintd indicatie de inlocuire valvulara.
Cercetarea in domeniul medicinii regenerative si ingineriei tisulare reprezintd fundamentul urmatoarei generatii
de proteze valvulare - valvele cardiace obtinute prin tehnici de bio-inginerie tisulard (TEHV). Imitédnd structura si
functia valvelor native, TEHV-urile sunt structuri tridimensionale obtinute in laboratoare ce incorporeaza scffold-uri
- schele (naturale si sintetice), celule (celule stem si celule diferentiate) si bioreactoare. Literatura de specialitate
prezintd doud paradigme de lucru pentru regenerarea valvelor cardiace, care diferad prin modul de repopulare cu
celulelor autologe a scaffold-urilor; in vitro, respectiv in vivo. n ultimele dou3 decenii, au fost efectuate si publicate
lucrari de cercetare multidisciplinare atat in vitro, cét si in vitro. Experienta in vivo cuprinde testari preclinice la
modelul animal experimental si o translatie clinica limitata si prudents la pacienti. in ciuda rezultatelor incurajatoare
initiale, utilizarea lor in scenarii clinice de mare anvergura reprezintd cea mai importanta provocare. Scopul acestui
review este prezentarea celor mai remarcabile rezultate preclinice si clinice ale evaluarii TEHV, impreuna cu lectiile
nvatate din toatd aceasta experienta.
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INTRODUCTION

Regenerative Medicine and Tissue Engineering target
to obtain living tissues and organs in order to replace
damaged and dysfunctional ones. Regarding heart val-
ve disease (HVD), it represents an important burden
of the healthcare system, affecting patients worldwide
with no regard to the development status of coun-
tries'. It is appreciated that by 2030 over 4.5 million
people will be diagnosed with degenerative aortic di-
sease’.

Therapies for heart valve disease are represented by
interventional and surgical approaches, since pharma-
cological agents only address symptoms management.
Using surgery, the options are represented by valve
repair or valve replacement. Although valve repair has
several advantages when compared to replacement in
terms of hemorrhages (secondary to the anticoagulant
therapy), lower operatory-related mortality and pre-
served systolic function of the left ventricle (appreci-
ated by evaluation of the ejection fraction)®?, studies
revealed an increased number of valve replacements®.
Current heart valve substitutes are represented by bi-
ological and mechanical prostheses, each of them pre-
senting significant improvements since their first usage
but their inherit drawbacks make them far from ideal
options. Mechanical prostheses require lifelong anti-
coagulation therapy whereas the biological ones are
characterized by an increased rate of re-intervention
secondary to prosthesis deterioration and secondary
dysfunction’.

Resembling the histological architecture and the
function of a native heart valve, Tissue Engineering of
Heart Valves (TEHV) focuses on manufacturing a via-
ble and functional heart valve, which doesn’t require
anticoagulation therapy, is durable, biocompatible and
doesn’t trigger an immune response®. Being a living
tissue, TEHVs own their metabolisms with absence
of degeneration, calcification and with ability to grow
with the human body, targeted especially for the pe-
diatric patients’ group, characterized by the require-
ment for multiple reoperations due to their growing
organism’.Mimicking the native valve extracellular ma-
trix (ECM) by using a temporary scaffold, cells, growth
factors and bioreactor preconditioning'® TEHV repre-
sents the next valvular substitute generation.

Up to the present, research in this domain encom-
passes different stages of significance with accountable
and valuable victories in their in laboratory (in vitro)
testing'""'"* and animal model (in vivo)'*'* evaluations,
but the TEHVs translation towards large clinical use
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remains a tremendous challenge. Having this goal, a
more detailed evaluation of cells and scaffold interacti-
ons along with tissue functionality apprehension could
reveal the key answers for this long-waited patient’s
and clinician’s needs.

The concept - replicating the native valve

The premises are to recreate a heart valve prosthe-
sis, mimicking the structure, function and durability of
the native valves. Stipulated by one of the pioneering
personalities in the heart valve surgery field, a series
of principles should be achieved by an ideal cardiac
valve substitute: encompassing non-immunogenicity,
non-thrombogenicity, capacity to self-repair and dyna-
mic adjustment to the circulation environment'¢. The
heart valve’s role is to ensure unidirectional blood
flow through heart’s chambers, systemic and pulmo-
nary circulations.

Consisting of 3 to 5 mm three layered structures,
the leaflets endure recurrent bending'” processes
along with exposure to oscillating pressures up to
over 100 mmHg. Histologically, the cusps are a three-
dimensional assembly of ECM containing an important
proportion of collagen fibers and cells — interstitial and
endothelial cells. The heart valve could be regarded as
an organ itself, having its own metabolism and growth
capacity during lifetime'®.

Taking into consideration the fact that brisk resear-
ch of literature returns extensive and multidisciplinary
results on heart valve regeneration research area, this
review’s goal is to confer an overview of fundamental
concepts and its most important results in the in vivo
pre-clinical and clinical testing.

The Tissue Engineered Heart Valve

Resembling the architecture of a native valve, the la-
boratory obtained TEHV represents a manufactured
and human tailored tissue incorporating a temporary
mechanical cell support and the receiver autologous
cells isolated and propagated in cultures, preconditi-
oned in a bioreactor'®. Multidisciplinary teams joined
work, aspire to design and produced a ready to use
TEHYV, overcoming standard stipulated testing phases.
Exploring and analyzing different sources and types of
the used cells, types of scaffolds and protocols of pre-
conditioning and implantation, current research has
overcome many challenges but yet their usage did not
reach the safe translational phase.

A) Scaffolds
Functioning as a temporary support for cells, heart
valve scaffold mandatory characteristics are: to ensure
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a mechanical support, to allow cell attachment per-
mitting their subsequent development and to mimic
the valve architecture and structure®. Various scaffold
types were obtained and analyzed, using different so-
urces and fabrication methods, dividing the scaffolds in
three main categories: natural, synthetic and hybrid —
a mixture of both synthetic and natural origins.

Regarding the natural — biological scaffolds, sig-
nificant interest is focused on natural polymers and
decellularized valvular tissues. The most used natural
polymers utilized in TEHV scaffold fabrication are:
collagen?', fibrinogen??, gelatin and alginate®. Their
usage is constricted by a series of flaws such as: struc-
ture modification secondary to exposure to treatment
agents, large batch-to-batch inter-variability and insuf-
ficient mechanical properties**?; but they are advan-
tageous because they own sites for cells adhesion and
surfaces are biomimetic?.

By exposing fresh tissue to a mix of chemical, biolo-
gical, mechanical and physical agents, all having a com-
bined synergic action, resident cells are removed from
the extracellular matrix. Gradually evolving from sim-
ple structures such as tissue sheets® to whole valve
decellularization?””-?’, decellularization protocols target
to obtain a non-immunogenic scaffold replicating the
valve extracellular matrix (Figure I). The strengths of
these methods are represented by the facts that the
resulting acellular structure resembles the one of the
native valve conferring proper biological conditions
for cell seeding and ulterior expanding.
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The downsides are represented mostly by con-
sequences of decellularization procedure — affecting
the extracellular matrix integrity secondary to various
agents’ harsh action whereas an incomplete decellula-
rization procedure, leaving remaining cells may activa-
te the immune system?.

The most delicate aspect of this manufacturing pro-
cedure is represented by maintaining a secure balan-
ce between the active cell removal action and pre-
serving the extracellular matrix structure unaltered.
Although the last years presented various tissues and
methods of decellularization, a standardization of the
results has not been settled up to date. The literature
offers a list of stipulated proprieties (nucleic material
detection and histological assessments) that should be
encountered in a decellularized tissue: fewer than 200
base pair per DNA fragment, under 50 ng of double
chained DNA per milligram of extracellular matrix and
absence of visible nucleic material when histologically
examined®. Multiple classes of chemical agents are in-
volved in this cell removal procedure such as: anionic
and non-anionic detergents®'2, enzymatic agents —
trypsin®3, deoxyribonuclease, ribonuclease®* and phy-
sical agents — osmotic shock®® and applied pressure
gradients®.

Secondary to cell removal protocol, some resear-
ch groups aimed to improve following cells adheren-
ce and expansion. By chemically conjugation of the
structure, the scaffolds were coated with extracellu-
lar specific proteins with role in cells adhesion and

Figure |. Decellularized porcine pulmonary valve.
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multiplication*” or antibodies®. Their exposure to cir-
culatory hemodynamics demonstrated increased cell
repopulation onto the valve’s surfaces yet incomplete
cell infiltration due to their lack at the interstitial level.

Synthetic scaffolds are advantageous due to the lar-
ge extent of control in their manufacturing process
regarding their mechanics, durability and geometry.
Their needs to be biocompatible and biodegradable
are highlighted by desideratum of subsequent cell
mediated scaffold resorption. A large variety of ma-
terials and techniques were investigated: polymers —
polylactic, polyglycolic acid orpolyhydroxyalkanoate
polymers*#, composites investigated and usage appro-
ved by the Food and Drugs Administration Agency*'.
Although conferring an adequate initial mechanical
support the most crucial downside is represented by
the low pH environment created by their hydrolytic
degradation impacting cells viability*2.

The various shapes and sizes of the polymeric
structures are obtained through different preparing
techniques such as: electrospinning, freeze drying, so-
lid free form and solvent casting'%. Each one of these
polymeric scaffolds manufacturing techniques are used
in order to obtain a specific type of scaffold charac-
terized by standard proprieties. The electrospinning
method generates high porosity scaffolds along with a
decreased volume to area ratio being disadvantageous
in terms of production times and lesser mechanical
strength*. The freeze-drying method produces struc-
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tures in which the control in pores dimensions are
controlled by physical elements and solution’s concen-
tration'?.

Usage synthetic origin scaffolds as templates for
the new to be secreted ECM by the seeded cells is
an advantageous option considering the high degree
of control in their production, exiting the opportu-
nity of various combination in order to increase their
mechanical characteristics. Additionally, they can be
reproduced in any wanted quantities and sized repli-
cating the entire micro-architectural aspects, repre-
senting the ,,of the shelf’ idea of scaffolds for heart
valve regeneration processes. Their main stipulated
drawbacks are the eventual toxicity of degradation re-
sidues towards the repopulating cells and presence of
fragmentation when in vivo tested'.

B) The cells

The central piece of the regeneration process, they
enliven the scaffolds having the desiderate of its re-
sorption followed by extracellular matrix elements
secretion as replacement. There are two main para-
digms of tissue regeneration differentiated by the cell
repopulation manner (Figure 2). The in vivo strategy
is based on the implantation of acellular scaffolds with
secondary invasion and attachment of autologous cells
whereas the in vitro scenario implies bioengineering
techniques of cells seeding®. Several advantages and
disadvantages characterize each of these approaches

Acellular natural or synthetic scaffold

Patient in need for a valvular prosthesis ===) TEHV

l

!

scaffold

l

TEHV

Autologous harvested cell

Seeding on an acellular natural or synthetic

Figure 2. TEHV manufacturing concepts. The in vivo repopulation marked in red, the in vitro strategy presented in blue.
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aiming for a common result: the in vitro seeding is re-
garded as more time and resources consuming while
offering a better control of the process whereas the in
vivo repopulation requires a structure capable to wi-
thstand the mechanical challenges simultaneously with
the ECM resorption process.

Resident cells of heart valves are represented by
endothelial cells and valvular interstitial cells, elements
that ensure valve’s remodeling capacity*. Preservati-
on of ECM architecture and structure secondary to
fatigue is conferred by these cells. In cardiac valves
regeneration, the used cell sources are classified ba-
sed on their origin as autologous (the donor coincides
with the recipient), allogenic (the donor has the same
species as the recipient) and xenogenic (the donor be-
longs to another species).

A large variety of cells are investigated in this re-
search work, in different stages of their development,
from stem cells* to already specialized cells***°. Stem
cells are defined by their self renewal capacity along
with the ability to differentiate towards specialized ma-
ture cells. Based on their plasticity, stem cells are ca-
tegorized as omnipotent, pluripotent, multipotent and
unipotent®. Recently research added anew cell type
to this stem cells classes — the genetic reprogrammed
induced pluripotency stem cells (iPS)>2. Based on their
origin, stem cells are divided into four categories: em-
bryonic stem cells, fetal stem cells, adult stem cells and
iPS*3. Embryonic stem cells are isolated from the inner
mass of the blastocyst form of the embryo, found in
the 5-6 days after fertilization**. Usage of these cells is
strictly controlled and limited due to ethical concern®.

Both animal and human cell origin are presented in
the current literature as potential sources for TEHV
manufacture. Based on the above classification, the
choice between these two is made upon their usage —
for the preclinical steps of research the animal origin
is preferred due to cost efficiency, facile procurement
and lessened ethical implications®.

Providing a large assortment of cell types and har-
vesting places, the mesenchymal stem cells represent
one of the most frequent cell types used in cardiac
valve regeneration, having fibroblast-like behavior®’.
They can be isolated from a large tissue range: bone,
peripheral blood, adipose tissue, placenta and umbili-
cal cord, being characterized by a brisk and extensive
multiplication in cultures®.

Usage of autologous endothelial cell seeded scaffold
in preclinical®® and clinical®® scenarios revealed good
hemodynamic function and presence of a monolayer
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endothelium. The in vitro repopulation of cells is addi-
tionally limited by the inhomogeneous adherence to
the scaffold surface®'.

In order to anticipate and to evaluate the behavior
of TEHYV, considerable attention is given to biomecha-
nics using dedicated bioreactors and functioning mo-
dels in laboratories®>¢4, but the imminent challenges to
overcome are their in vivo translation.

TEHYV in experimental animal models

Large scale experimental animals are used for the
TEHYV in vivo performance and behavior evaluations.
Implanted through techniques used in human medici-
ne, either surgically — with open heart surgery® ei-
ther interventional — transcatheter®, the procedures
replicate the ones currently used in clinics. Surgically,
valves are positioned orthotropic (in the same positi-
on of the cardiac valve being removed) or extra-ana-
tomic (by-passing the native valve that was purposely
previously occluded)®”“8. Heterogeneous animal spe-
cies were involved in animal studies investigating the
TEHV such as: pigs®?, lambs™, dogs”', and non-human
primates’2. Concluding from all completed research
works, in terms of cardiac valve replacement in pre-
clinical studies, the sheep is pointed to represent the
gold standard animal model”™.

Regarding the cardiac valves research, it was ob-
served that a preliminary placement of them in the
pulmonary position is approached due to the unde-
manding pulmonary circulation hemodynamic when
compared with the left situated heart chambers.

The ovine experimental animal model
Pre-clinical research results using the ovine animal
model had their pioneering years early in the ’90,
starting with the simplest structure of a valve — the
leaflet. Although represented by a limited study, it re-
presented the promising ground of following research.
On a synthetic scaffold, autologous (n=3) respective
allogenic (n=4) fibroblasts, smooth muscle cells and
endothelial cells were seeded, and next incubated in
vitro conditions for two weeks followed by surgical
implantation in lambs. One month later, when explan-
ted the allogenic group showed shrinkage and degra-
dation, processes absent in the autologous group’.
Regarding the in vitro repopulation strategy, acellu-
lar both synthetic and biological (with either allogenic
or xenogenic origin) scaffolds were investigated. The
synthetic scaffold are represented by bio-polymeric
structures, biocompatible and characterized by an
environment dictated resorption. Their main advan-
tages are represented by thoroughly control of their
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mechanic and durability proprieties, being tailored in
any sizes and forms.

The in vivo repopulation strategy
Having the debuting years in 1999, implantation of five

decellularized aortic valves in sheep presented with
good performance along with fibroblast infiltration
of valves without any signs of calcification at the end
of the five months long follow-up’. Further, the de-
cellularized biological scaffolds were repopulated with
endothelial cells’ respectively endothelial and myo-fi-
broblasts”” with autologous origins. The results poin-
ted infiltration with endothelial and interstitial cells in
both cases with no signs of calcium deposits in their
structures after a follow-up period of five respectively
six months.

Multiple pre-clinical investigations regarded the be-
havior of decellularized porcine aortic and pulmonary
valves surgically implanted in sheep. n=4 aortic valves
were followed for a maximum of 4 months, pointing
re-cellularization with host’s interstitial cells and good
valvular function in the early post-implantation peri-
od’. A five years later conducted study, placing de-
cellularized porcine aortic valves in pulmonary positi-
on in sheep, presented at the end of the five months
follow-up sufficient hemodynamic function of valves
along with re-cellularization with collagen-secreting
interstitial cells and endothelial cells”. Regarding the
decellularized porcine pulmonary valves, a study inves-
tigating seven valves implanted orthotopically revealed
when examined during three to six months, presence
of endothelialization and newly secreted collagen by
infiltrated fibroblasts®.

A distinct decellularized scaffold evaluated for
TEHYV is represented by processed porcine small in-
testine submucosa; two studies performed five years
apart reveal their performances in pulmonary positi-
on when used in heart valve bio-engineering. The first
one, that took place in 2015 pointed out enlargement
of valve diameter and microscopically, host cell inva-
sion®’; five years after n=20 animals were implanted
with unfavorable results, animals developing heart fai-
lure and valve stenosis. The outcomes were interpre-
ted as secondary to an insufficient decellularization®.

Polymeric based scaffold was used in pre-clinical
studies for both aortic and pulmonary replacement.
For the pulmonary valve replacement, implantations
were performed surgically of via catheterization. By
using the minimally invasive technique of implantation,
the valves proved good acute hemodynamic perfor-
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mances but with leaflets remodeling and secondary
regurgitation at four respective eight weeks®%.

TEHYV in humans

Translation to large mass access for patients needing a
heart valve prosthesis represents the ultimate deside-
rate of this entire work. Multiple challenges had been
outreached yet numerous improvements need to be
addressed prior to their large-scale clinical usage. Ini-
tial clinical phase of the research work is documented
in the early 2000*. The first bioengineered heart valve
implanted in human was performed in 2000, consisting
in a2 pulmonary allograft decellularized with deoxycho-
lic acid implanted in a 43 year old patient. Further
follow-up revealed good hemodynamic performances
along with absence of major valvular dysfunction®.

Gradually becoming a certainty, heart valve repla-
cement with TEHV initiated with several case reports
focused on the immediate post-procedure behavior of
the prosthesis. Due to non-demanding hemodynamic
condition of the right heart, the pulmonary position
was the preferred site for implantation site. In 2003,
a study enrolling n=4 children aged between 2.5 and
I'l months implanted with decellularized porcine pul-
monary valves revealed good initial performances with
subsequently major valve dysfunction (valve rupture
and degeneration) and sudden deaths in three cases.
Microscopy examinations pointed a non-complete de-
cellularization procedure of the xenograft®.

Seven years later, in 2010, n=16 patients — chil-
dren and young adults were similarly implanted with
porcine pulmonary valves. 38% of them became dys-
functional at ten months secondary to valve stenosis
and obstruction. The process was caused by tissue
infiltration with inflammatory cells and presence of
calcification®. Chronologically, further studies were
conducted in the following years of 2011, 2012, 2013
and 2014%-2, The earlier one, including n=61 patients,
children and adults reported need for re-operation in
four cases due to valve failure. TEHVs proved good
valvular function, and function in congenital patients®.
N=93 pediatric patients (with an average age of 20
months) were implanted with decellularized porcine
pulmonary valves in a study developed in 2012 — re-
sults pointing a 29% valvular dysfunction associated
with a 35.5% failure rate secondary to valve dilatati-
on or presence of valvular stenosis®. During the next
year, in 2013, n=26 patients were also implanted with
decellularized porcine pulmonary valves through both
surgical and transcatheter approaches. The valves
proved moderate to severe insufficient associating
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stenosis, facts translated by a 52% need of reoperati-
on’'. N=21| adults underwent valve replacement with
decellularized porcine pulmonary valves in a research
performed in 2014, resulting in major valve failure due
to stenosis of the valve secondary to inflammatory
cells infiltration and tissue necrosis™.

More recent, in 2019, a larger clinical research
work, including n=492 patients aged 571 | years sur-
gically implanted with decellularized porcine pulmo-
nary xenografts revealed an important rate of valvular
dysfunction along with right heart failure, associating a
need of re-intervention of 30.5 % from the total num-
ber of patients®.

Regarding the in vitro seeding strategy, autologous
endothelial pre-seeded on cryo-preserved allogenic
decellularized pulmonary valves, n=I1 valves were
implanted in adults aged 44 %13.7 years surgically in
pulmonary position, revealing good functionality of the
TEHV and presence of recellularization processes®™.
These initial results were four years later validated by
the ESCORE trial in 2011 - the ten years follow-up
results showed good valvular function along with ab-
sence of calcification evidence in the TEHV®.

At this moment, two major clinical trials involving
decellularized allogenic pulmonary and aortic valves
are in the follow-up stage of their study. Implanted
through a minimally invasive technique, using cathete-
rization, their preliminary results appear encouraging
when compared to current valvular substitutes alter-
natives. The ESPOIR trial which enrolled n=121 pati-
ents aged 21.3 + 14.4 years compared fresh decellula-
rized allogenic pulmonary valves with the Contegra™
conduits and cryo-preserved homografts. Preliminary
results pointed the TEHV to be safe with good valvu-
lar performance and trivial insufficiency and decreased
need for explantation®.

The ARISE trial implanted using the same trans-ca-
theter technique, decellularized allogenic aortic valves
in aortic position in young adults aged 19.7+14.6 years.
Initial results present the TEHV with good functiona-
lity, without any systemic hemodynamic conditions
towards the valve structure. TEHV presented trivial
regurgitation and preserved annular dimensions, with
no signs of secondary dilatation”.

A series of conclusions and lessons could be wi-
thdrawn from these initial clinical experiences. Re-
garding the usage of TEHV with xenogenic origin,
important valvular dysfunction and calcifications were
observed secondary to an incomplete decellularizati-
on procedure and to the host immune response. The
cells remaining triggered and consecutively activated
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the immune system causing the TEHV infiltration with
immune cells representing the grounds of the thereaf-
ter dysfunction. Clinical results of allogenic decellulari-
zed scaffolds show good valvular function in vivo along
with presence of cell infiltration when microscopically
examined.

Further studies need to focus on improving the de-
cellularization procedures and strategies to lower the
antigenic load of the scaffolds without usage of chemi-
cal fixation agents that interfere with cells infiltration,
adhesion and infiltration.

CONCLUSIONS

Prior to extensive clinical trials implantation, TEHV
behavior should be carefully assessed. The most im-
portant aspect is represented by the balance betwe-
en scaffold desorption and the new tissue formation,
equilibrating between the tissue loss and acquired
strength. Additionally, an extensive and detailed inves-
tigation of the thrombogenicity and immunogenicity
should precede their large-scale usage.

Until reaching the status of being an approved treat-
ment option, TEHV have a series of tremendous chal-
lenges to overcome from this initial state of a promi-
sing pioneering multidisciplinary research field.
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