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Abstract Valvular heart disease and congenital heart defects
represent a major cause of death around the globe. Although
current therapy strategies have rapidly evolved over the de-
cades and are nowadays safe, effective, and applicable to
many affected patients, the currently used artificial prostheses
are still suboptimal. They do not promote regeneration, phys-
iological remodeling, or growth (particularly important as-
pects for children) as their native counterparts. This results
in the continuous degeneration and subsequent failure of these
prostheses which is often associated with an increased mor-
bidity and mortality as well as the need for multiple re-inter-
ventions. To overcome this problem, the concept of tissue
engineering (TE) has been repeatedly suggested as a potential
technology to enable native-like cardiovascular replacements
with regenerative and growth capacities, suitable for young
adults and children. However, despite promising data from
pre-clinical and first clinical pilot trials, the translation and
clinical relevance of such TE technologies is still very limited.
The reasons that currently limit broad clinical adoption are
multifaceted and comprise of scientific, clinical, logistical,
technical, and regulatory challenges which need to be over-
come. The aim of this review is to provide an overview about
the translational problems and challenges in current TE ap-
proaches. It further suggests directions and potential solutions
on how these issues may be efficiently addressed in the future

to accelerate clinical translation. In addition, a particular focus
is put on the current regulatory guidelines and the associated
challenges for these promising TE technologies.
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Abbreviations
EC Endothelial cell
ECM Extracellular matrix
GCP Good clinical practice
GLP Good laboratory practice
GMP Good manufacturing practice
ISO International Organization for Standardization
SOP Standard operating procedure
TE Tissue engineering
TEMP Tissue engineered medical product

Introduction

Valvular heart disease and congenital heart defects, often af-
fecting the left and right ventricular outflow tracts and the
great arteries, represent a major cause of morbidity and mor-
tality all over the world [1–3]. The conventional surgical treat-
ment for these types of cardiovascular disease (i.e., valve re-
placement or surgical correction of the congenital malforma-
tion) is safe and has been the standard of care for several
decades for affected adult and pediatric patients. In addition,
minimally invasive, transcatheter technologies have been
safely implemented into clinical routine in recent years [4].
In both the adult and pediatric settings, transcatheter ap-
proaches have proven to be valid alternatives for selected pa-
tient cohorts and their clinical adoption is constantly increas-
ing. However, despite this rapid evolution and the availability
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of various treatment options for affected patients, it is impor-
tant to highlight that the currently used prostheses are non-
regenerative replacements as they lack remodeling, self-repair,
or growth capacity [5]. In general, this leads to an increased
risk of cardiac adverse events as well as the need for multiple
re-operations, resulting in an elevated morbidity and mortality
throughout the lifetime. In the adult setting, major complica-
tions include infection, thromboembolic events (i.e., after me-
chanical heart valve replacement), or progressive degenera-
tion over time (i.e., in case of bioprosthetic heart valve re-
placements), as reviewed elsewhere [6]. In the pediatric set-
ting, instead, the lack of growth capacity represents a major
problem thatmay require multiple high-risk redo interventions
[7, 8].

To address this huge clinical problem, tissue engineering
(TE) has been proposed as a promising solution to fulfill the
need for cardiovascular replacements with regenerative and
growth capacities, suitable for young adults and pediatric pa-
tients [9]. The original paradigm of in vitro heart valve TE as
described by Langer and Vacanti more than 20 years ago
comprises a scaffold seeded with (autologous) cells and
in vitro extracellular matrix (ECM) production in a bioreactor
[10]. However, from the technical and logistical standpoint,
these classical approaches are challenging, and although some
simplified (in vitro) cardiovascular TE approaches have al-
ready been advanced into clinical pilot trials (e.g., pre-
seeded allografts [11–13] and xenograft [14] valve replace-
ments, and vascular prosthesis [15, 16]), there is a significant
need for improvement to facilitate broad clinical adoption.

Therefore, in general, researchers are currently focusing on
more simplified, clinically relevant strategies such as so-called
in situ TE techniques that rely on the recipients’ regenerative
potential to integrate and remodel the implanted acellular con-
struct. Indeed, the scaffold material used for such approaches
(e.g., decellularized xenogenic, allogenic, or engineered tis-
sues; biodegradable polymeric substrates) has a fundamental
role as it has to sustain the native mechanical environment and
provide functionality immediately upon implantation. Over
time, the balance between de novo ECM production and scaf-
fold degradation should be carefully considered, in order to
have sufficient mechanical properties that can ensure the func-
tionality at any time upon implantation. In addition, the cell-
free implanted biomaterial should favor cell adhesion, prolif-
eration, and ECM production to enable physiological remod-
eling towards a native-like functional living tissue [17, 18].
Further information about the different cardiovascular TE ap-
proaches can be found elsewhere for both valves [5, 19, 17,
20, 21] and vascular grafts [22–24]. In recent years, the in situ
approach has become clinical practice [25–27], with the im-
plantation of non-seeded decellularized allogenic valves that
also showed spontaneous re-cellularization [28, 29].

Although cardiovascular TE approaches have demonstrat-
ed promising results in both pre-clinical [30–36] and clinical

pilot [11–13, 28, 29, 37, 38, 15] trials, as reviewed elsewhere
[39], their broad clinical adoption is limited as many key chal-
lenges do remain. These include scientific key questions to
enable a safe clinical translation and logistical, technical, and
infrastructural challenges for the production and commercial-
ization of such TE products (Fig. 1).

The aim of this review is to provide an overview on the
most important aspects and challenges when designing and
producing a (cardiovascular) tissue engineered medical prod-
uct (TEMP). It specifically focuses on the different scientific,
clinical, technical, and regulatory challenges that still need to
be addressed to enable a safe and broad clinical adoption of
tissue engineered cardiovascular replacements.

Challenges in the Development of Tissue Engineered
Products

With the release of the European regulation 1394/2007 [40],
TEMPs are considered as so-called advanced therapy medic-
inal products, together with cell and gene therapies, and are
classified as medicinal products. By definition, a medicinal
product is meant to treat or prevent diseases in humans and
to restore, correct, or modify a physiological function by
exerting an immunological, pharmacological, or metabolic
action upon administration [41, 42]. TEMPs may or may not
contain viable cells and extracellular matrix components, be-
ing therefore difficult to distinguish from certain cell thera-
pies. In addition, they are used in view to regenerate, repair,
and/or replace a tissue or an organ [43]. The Food and Drug
Administration (FDA), instead, defines TEMPs as human
medical products, together with drugs, tissues, biological
products, and medical devices, intended for implantation,
transplantation, infusion, or transfer into a human recipient.
Since TEMPs contain different product categories, the FDA
regulates them under three different pathways: drug, biologi-
cal product, or medical device [44, 41]. Of note, due to the
increased incidence of cardiovascular diseases and resulting
surgeries and interventions, there is a growing market for any
cardiovascular device, attracting the interest of investors and
biomedical corporations. However, and despite the promising
experience from pre-clinical and clinical pilot trials, the clin-
ical translation and commercialization of TE constructs as true
products is still limited. The reasons for this problem are mul-
tifaceted and will be comprehensively discussed in this
review.

Classification of the Product

Due to their great heterogeneity, the overall classification of
TEMPs is difficult as they may contain polymeric matrices,
cells, proteins, and bioactive molecules. Thus, the primary
mode of action by which the product achieves its therapeutic
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effect needs to be determined before it could be assigned to its
respective category [45]. In particular, and importantly, de-
vices containing living cells have usually a clear pharmaco-
logical, immunological, or metabolic function upon implanta-
tion and are therefore usually classified by the FDA as biolog-
ical or pharmaceutical products. On the other hand,
decellularized tissues can be classified either as medical de-
vices, if their main function occurs by physical means (e.g.,
heart valve allografts by CryoLife, Inc.—Kennesaw, GA,
USA—are considered as class II medical devices), or as bio-
logical products (e.g., tissue engineered constructs that do not
contain viable cells) [44]. Similar discrepancies are present
also in the European classification for these novel regenerative
products. However, in the past years, some efforts have been
undertaken to solve these differences: according to the medi-
cal device regulation (MDR) which is currently under devel-
opment ([46]), all the non-living (i.e., decellularized,
devitalized, fixed) products, such as decellularized homo-
grafts or even decellularized tissue engineered constructs, will
be categorized as medical device while, until now, they are
completely differently regulated depending on the respective
European country.

Therefore, the different regulatory agencies (such as the
FDA; the European Medicines Agency (EMA); the Ministry
of Health, Labour and Welfare in Japan; the Swissmedic in
Switzerland; the Paul Ehrlich Institute in Germany; or the
Therapeutic Goods Administration in Australia) will be re-
quired to develop new, universal TEMP regulations which

are consistent among the different countries, in order to better
support commercialization of these products worldwide.

However, besides thoughtful classification, there are also
several other challenges to be addressed before advancing
TEMPs into commercialization: scientific and clinical issues
will particularly depend on the medical indication, while lo-
gistical and infrastructural requirements are necessary to de-
liver a product suitable for commercialization [40].

Scientific Requirements

By definition, TEMPs should have the capacity to regenerate,
repair, and/or replace a tissue or an organ [43] by performing
similarly to the corresponding native tissue. Therefore, the
choice of a starting material that is capable of integrating
and remodeling upon implantation till becoming a native-
like tissue is of the utmost importance.

A possible way to mimic the native tissue is to use
decellularized homografts for the development of TEMPs. In
fact, thanks to the lack of immunoreactivity, these materials
showed sufficient functionality, the potential capacity for re-
cellularization post implantation, and partial adaptive growth
in clinical settings [28, 26]. However, donor shortage limits
the availability of these allogenic tissues, inducing researchers
to optimize novel materials. Abundant and easily accessible
glutaraldehyde-fixed or decellularized xenogenic tissues (e.g.,
bovine pericardium, porcine valves, and intestinal submuco-
sa) are creating a new market for various (cardiovascular)

Fig. 1 Translational challenges in cardiovascular tissue engineering and
their relationship to the different aspects (research, development, and
manufacturing) of the product life cycle. Scientific challenges are
usually addressed by in vitro testing and are mainly correlated to the
research part of the product life cycle. Clinical challenges, instead, can

influence product design and development and are addressed via in vivo
animal studies. Finally, regulatory and infrastructural challenges are
responsible for the regulation of product manufacturing while clinical
trials can influence the marketing approval
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applications (e.g., CorMatrix, Roswell, GA, USA, and Cook
Biotech, West Lafayette, IN, USA). While glutaraldehyde-
fixed tissues cannot undergo repair and remodeling upon im-
plantation, the use of decellularized xenogenic materials
showed promising results in pre-clinical settings for both
valves [47–49] and vascular conduits [50, 51]. Nevertheless,
due to their residual immunogenicity, clinical application of
decellularized xenogenic valves led to dramatic results: fail-
ure, degeneration, and stenosis that determined the need for
surgical replacement of the implant in more than 50% of the
patients [52–55].

To overcome the lack of allogenic materials, fully tissue
engineered products may provide a potential solution. In order
to be clinically relevant and to avoid immunogenic response,
TEMPs produced via the classic in vitro TE approach should
be based on autologous cells. However, to be adaptable to a
routine clinical scenario, the cell source of choice plays an
important role not only in the manufacturing but also in the
clinical adaptation of such a product. While vascular-derived
cells, isolated from the recipient veins, are commonly used for
both blood vessel [56, 31] and heart valve [14, 32] TE, alter-
native sources that do not require a surgical intervention (e.g.,
bone marrow-derived [57, 16], adipose tissue-derived [58],
and blood-derived [59] cells) are gaining potential interest to
hasten the preparation of the replacement. Independently of
the selected cell type, it is important to consider that cells react
and depend on the surrounding environment [60] and can
undergo differentiation in response to different scaffold char-
acteristics, such as fiber size [61, 62]. An overview of cells
used for cardiovascular tissue engineering can be found else-
where [63].

The use of homografts as scaffold for in situ approaches
has proved to be feasible [28, 26, 37, 64, 29] but, due to
shortage of donor material, not widely applicable, suggesting
the need for new easily available options. To fulfill this need,
the use of acellular scaffolds based on decellularized tissue
engineered constructs [65, 66, 36] or polymeric biodegradable
scaffolds [67–69] has been introduced, with the advantage of
being off-the-shelf and non-immunogenic replacements, capa-
ble of integrating, remodeling, and even growing into the re-
cipient body [36].

Among the different aspects a cardiovascular TEMP needs
to fulfill (e.g., sufficient mechanical properties to constantly
adapt to the continuously changing hemodynamic environ-
ment, favor cell adhesion and infiltration, resistance to calci-
fication, and immunogenicity), anti-thrombogenicity is
among the most important. In fact, cardiovascular TEMPs
are meant to be in direct contact with blood, and therefore,
they may be associated with thrombotic and thromboembolic
complications due to platelet adhesion and activation [70].
Being the endothel ium as the only known ful ly
hemocompatible surface, researchers investigated the role of
endothelial cell (EC) seeding and culture on different

cardiovascular devices. Clinical trials showed that human pul-
monary valves seeded with autologous ECs showed good
functionality and performance up to 10 years [12]. However,
clinical investigation of EC-seeded vascular grafts had led to
less promising outcomes, with modest improvement in paten-
cy and anti-thrombogenic properties, probably related to het-
erogeneous EC coverage [71–74]. In addition, EC seeding
prior to implantation is a time-consuming approach that re-
quires a piece of native vessel or the differentiation of blood
progenitor cells (e.g., endothelial colony-forming cells [18])
or stem cells (e.g., adipose stem cells [75], mesenchymal stem
cells [76]) to obtain the autologous ECs needed for the forma-
tion of a confluent endothelium on the prosthesis. To avoid
expensive and risky procedure of in vitro cell isolation and
differentiation, a lot of research focuses on surface modifica-
tions of cardiovascular products, to ensure the formation of a
functional endothelium in situ [77] by enhancing endothelial
(progenitor) cell recruitment, adhesion, and differentiation by
using antibodies (e.g., against CD34 [78, 67, 79] or CD133
[80, 81]), peptides (e.g., fibronectin-derived peptides RGD
[82, 83] and REDV [84, 85], laminin-derived peptide
YIGSR [86, 87], heparin), and growth factors (e.g., VEGF
[88, 51, 89, 67]). However, these material modifications usu-
ally use a general biomolecule that can induce the recruitment
and differentiation of different cell types other than the ECs,
leading to undesired effects (e.g., stenosis and intimal hyper-
plasia by using CD34 antibodies [79], endothelial-to-
mesenchymal differentiation by using the transforming
growth factor β1 [90], and recruitment of smooth muscle pro-
genitor cells by using SDF1α [91]). This suggests that cell
recruitment should be controlled by using a more complicated
combination of these bioactive molecules to be able to guide
cell differentiation towards the desired phenotype [87]. In ad-
dition, the stability of these specific surface treatments should
be ensured over time to prevent denaturation of the adsorbed
protein and antibodies, with related loss of coating function-
ality, and they must have a continued and controlled release of
the biomolecule of interest [92].

Clinical Requirements

In order to allow for a safe and broad clinical adoption of a
TEMP, several clinical aspects need to be considered [93].
First, the safety of such technologies needs to be ensured by
defining how the success of implantation and the function of
the TEMP is controlled. Therefore, specific clinical protocols
and guidelines are mandatory. They should comprise of the
exact definition of clinical indication, patient selection, post-
implantation follow-up algorithm, and, most importantly, the
definition of bail out strategies in case of failure. A particular
focus should be put on the development of a comprehensive
monitoring and surveillance strategy for all patients who have
received a TEMP. This particularly includes a thoughtful and
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continuous clinical follow-up using state-of-the-art imaging
techniques including echocardiography, computed tomogra-
phy, magnetic resonance imaging, or hybrid techniques to
detect early signs of malfunction, developing failure, or other
complications such as infections or thromboembolic events.
This is particularly relevant for any TEMP, since its success or
failure is directly linked to the recipients’ individual intrinsic
regeneration and remodeling potential which may vary be-
tween patients. Therefore, in particular, the presence of co-
morbidities or any other condition that may alter the recipi-
ents’ regenerative potential that may promote potential fail-
ures needs to be evaluated prior to any TEMP implantation. In
this regard, novel screening strategies such as tissue-on-a-chip
technologies [94] could be a very useful tool to assess the
patients’ individual regenerative capacity and, thereby, to de-
tect candidates that may not be suitable for a TEMP implan-
tation. Furthermore, to allow for broad clinical adoption, the
utilization of the TEMP should be simple, straightforward,
and applicable in an average clinical setting and institution
(i.e., non-academic institutions, city hospitals, etc.). In order
to prevent any potential error during its use, the product
should be easy to handle and, ideally, comparable to the stan-
dard clinically used cardiovascular prostheses the operators
(i.e., surgeons and interventionists) are used to. In addition,
detailed instructions, including a summary of the product
characteristics, as well as the in vitro demonstration and/or
training of the standard operating procedures (SOPs) on how
to use the TEMP are required for the users.

Regulatory and Infrastructural Requirements

The classical development of a TEMP is summarized in
Table 1 and extensively reviewed elsewhere [95]. Upon defi-
nition of the specific medical indication the product aims to
treat, the regulation of the manufacturing process and the as-
sessment of the quality of the product are essential to have a
standardized and controlled final output. For this reason, the
International Organization for Standardization (ISO) provides
requirements, specifications, or guidelines that can be volun-
tarily used to ensure the quality and efficacy of a product and,
therefore, facilitate world commercialization. However, for
instance, when considering valve replacements, these norms
are usually designed to test mechanical or fixed biological
prostheses and cannot be directly translated to assess the be-
havior of tissue engineered products. In fact, TEMPs are usu-
ally composite materials, based on cells, the extracellular ma-
trix, and/or a scaffold for which the development of appropri-
ate testing platforms is challenging because of the complex
three-dimensional structure and the heterogeneous composi-
tion of the product. In addition, TEMPs are expected to un-
dergo remodeling and changes (i.e., scaffold degradation, de
novo ECM formation) in vivo. For this reason, in vitro tests
are not sufficient to provide information about the clinical

safety and efficacy of the device because of the modifications
that will occur upon implantation. While the remodeling po-
tential of a TEMP should be estimated via studies in relevant
(large) animal models for proof-of-concept, efficacy, and safe-
ty evaluation, in vitro tests can be used to assess the individual
components of the product (e.g., scaffold degradation rate and
cytotoxicity; cell identity, purity, and potency), independently
on the nature of the TEMP (e.g., allogenic or xenogenic tissue,
cellular or decellularized tissue engineered matrices, polymer-
ic substrates). For example, scaffold biocompatibility can be
determined by following ISO 10993: Biological evaluation of
medical devices (part 5: Tests for in vitro cytotoxicity).
Subsequently, the performance and efficacy of the final
TEMP should be addressed by using tests specific for the
application to ensure that the product will be able to function
upon implantation (e.g., in vitro valve testing in a pulse dupli-
cator system to assess the prosthesis functionality, burst pres-
sure test to determine whether a vascular graft is sufficiently
robust to sustain the systemic pressure). For any cardiovascu-
lar device, different norms have been proposed: the ISO
13485 (Medical devices: quality management system—re-
qui rements for regula tory purposes) , ISO 5840
(Cardiovascular implants: cardiac valve prostheses), ISO
7198 (Cardiovascular implants and extracorporeal systems—
Vascular prostheses: Tubular vascular grafts and vascular
patches), and ISO 25539 (Cardiovascular implants:
endovascular devices).

In addition, to enable rapid and safe clinical application and
commercialization, the following criteria need to be imple-
mented in the developing process of the TEMP: (1) the whole
production process needs to be carried out in a good
manufacturing practice (GMP) facility (which aims at
manufacturing consistent batches of a product according to
pre-defined quality criteria); (2) the testing should be per-
formed under good laboratory practice (GLP) quality system
(which aims at protecting scientific data integrity by having a
clear record of planning, performance, and archiving of non-
clinical research studies); and (3) the results need to be eval-
uated by an accredited notified body [45].

Since TEMPs are based on the use and manipulation of
cells and tissues, the quality control of the final product re-
quires specific methodologies in order to comprehensively
define and characterize it with particular regard to purity, safe-
ty, and biological activity [40]. In addition, novel methods to
monitor tissue development during culture, while maintaining
the sterility and integrity of the TEMP, need to be explored to
ensure the quality of the final product [96].

If compared to the classic in vitro TE, the in situ approach
offers substantial advantages when it comes to the
manufacturing process. While terminal sterilization of cell-
free constructs is a standard procedure, this is not applicable
for living cellularized TE products which require special asep-
tic handling throughout the entire production process until
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final use. Similarly, the stability and integrity of such viable
TE products are difficult to preserve over a long period of
time, while the off-the-shelf availability of cell-free constructs
allows for easy handling, storage, and shipment.

Another important parameter that should be considered
when designing a TEMP is the role of the scaffold in the final
product. Usually, the scaffold is an integral part of such a
construct and, therefore, its chemical and physical properties
(e.g., porosity, stiffness, topography, hydrophilicity, and bio-
degradation) should be defined and characterized according to
ISO 10993 (Biological evaluation of medical devices—part 9:
framework for identification and quantification of potential
degradation products; part 18: chemical characterization of
materials; part 19: physico-chemical, morphological and to-
pographical characterization of materials). In addition, any
potential effect of the scaffold, or scaffold degradation prod-
ucts, on the cells (e.g., adhesion, proliferation, viability, and
differentiation) should be also investigated and defined. Once
the development of the TEMP is standardized and its thera-
peutic role is addressed and tested in vitro, pre-clinical studies
can be initiated to define the pharmacological and toxicolog-
ical effects in vivo. Overall, the results obtained from a pre-
clinical testing should confirm feasibility, safety, and efficacy
of the product and, therefore, are mandatory for all TEMPs
under development. The identification of the correct animal
model is of high importance and considered one of the most
challenging steps. Thus, the pre-clinical study protocol should
be ideally designed in collaboration with competent authori-
ties [95] and the advantages and limitations of the chosen

animal model have to be justified and balanced. For instance,
the sheep model is usually chosen for testing biological heart
valve replacements [97, 98]. In fact, due to its high calcium
metabolism, the sheep is considered the Bworst case scenario^
in terms of degeneration and progressive calcification of the
implant, two common causes of failure of bioprostheses.
Therefore, this animal model will also allow to obtain excel-
lent predictions about the durability and functionality of tissue
engineered heart valves [98]. On the other hand, it however
remains controversial as to what extent the obtained results are
directly translatable into the human setting. Therefore, the
combination with additional animal models being closer to
the human patho-(physiology) (i.e., non-human primates)
could be helpful to further validate the findings.

Finally, the clinical development of a TEMP should com-
prise studies to address the safety and efficacy of the product
in humans. Usually, the first clinical study is an Bearly
feasibility,^ used to evaluate the device design concept and
the initial clinical safety and device functionality in less than
ten subjects (phase 0). Upon this initial test, the product design
can be further optimized and finalized according to the obtain-
ed results. Subsequently, for all the other phases of clinical
investigation (phases I, II, and III trials), the design cannot
be changed, the product should be produced according to
GMP regulations, and the clinical trials have to be designed
in accordance to the good clinical practice (GCP) guidelines.

For the manufacturing, testing, and commercialization of
TEMPs, the developers can refer to different important
European legislations other than the mentioned Regulation

Table 1 Overview of the main
steps required for the
development of a tissue
engineered medical product

1. Medical indication and
patient selection

• Exact definition of the specific medical condition to be treated (medical
indication)

• Definition of inclusion criteria

• Definition of potential exclusion criteria

2. Tissue and cell
procurement

• Standard operating procedures (SOPs) to harvest, isolate, transport, and store
the specific cells/tissues used in the TEMP

3. Manufacturing methods • Follow GMP standards

•Quality and release criteria (e.g., ensured sterility, level of purity, and efficacy)

• Ensure durability of the TEMP (shelf-life indications and storage conditions)

• Validation of the manufacturing procedure steps (repeatability and
predictability of the procedures)

4. Non-clinical development • In vitro validation of the product (toxicity)

• In vivo pre-clinical animal experiments (efficacy, adsorption, remodeling,
tumorigenicity)

• Pre-clinical evaluation in a GLP facility

5. Clinical development • Identification of the route of administration

• Determination of the efficacy and endpoints

• Functionality of the replaced/regenerated organ over time

• Development of monitoring/surveillance guidelines

• Definition of bail out algorithm in case of failure or malfunction

• During this phase, the manufacturing process and the product should not be
changed
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EC 1394/2007, as summarized in Table 2 and reviewed else-
where [40]. For the American market, instead, we refer the
reader to a comprehensive review with selected standards

relevant for tissue engineering and regenerative medicine
products [44].

Conclusions

In light of our aging population, there is a growing prevalence
of diseases affecting the heart and vascular system requiring
the replacement of afflicted valves or blood vessels. In addi-
tion, the correction of congenital heart defects, pathologies
considered fatal until 30 years ago, has increased over the last
decades [36]. Although the current treatment strategies incor-
porating surgical, transcatheter, or hybrid approaches are safe
and applicable to many patients, the currently available pros-
theses used for replacement or reconstruction of the defect do
not have any ability to grow or remodel after implantation,
resulting in continuous calcification and degeneration.
Affected patients may therefore require multiple re-opera-
tions, which is also a common problem in the congenital set-
ting as the child outgrows the prosthesis, leading to a signifi-
cant size mismatch [99].

Tissue engineering has been proposed as a promising solution
to provide products capable of remodeling and growing after
implantation. Thanks to these advantages, cardiovascular
TEMPsmay soon dramatically reduce the healthcare costs related
to the required periodic replacement of standard non-regenerative
cardiovascular prosthesis (e.g., polytetrafluoroethylene vascular
grafts, glutaraldehyde-fixed bioprosthesis) currently used in pedi-
atric and young adult patients.

Table 2 List of some of the important legislations that regulate the
development of tissue engineered medical products

Regulation EC 1394/2007 Regulatory principles for the evaluation,
authorization, and post-authorization
of the product

Annex I to Directive
2001/83/EC

General requirements to document the
quality and non-clinical and clinical
development of the product

Directive 24/2003/EC For products based on human cells;
directives for the donation,
procurement, and testing of the
human tissue or cells used in the
TEMP

Directive 2002/98/EC For products based on human blood,
and blood components; setting
standards for the collection,
processing, storage of human blood
and blood components used in the
TEMP

Directive 2009/120/EC Technical requirements for all medicinal
products, among which TEMP

Directive 2001/20/EC Guidelines for the clinical development
of TEMPs; it includes studies such
as of pharmacokinetics, mechanism
of action, safety, and randomized
clinical studies. It should be adapted
for the individual characteristics of
the product

Table 3 Current challenges, suggested research directions, and indicative solutions to favor cardiovascular TEMP translation into clinical settings

Requirements Challenges Possible research direction and/or solution

Scientific Minimize immune reaction Use of acellular scaffold material (e.g., in situ approach, using decellularized tissue
engineered matrices based on human cells; biodegradable polymers)

Minimize inflammatory reaction Limit the amount of (polymeric) scaffold in the product or use of fast-degrading
polymers

Reduce thrombogenicity Favor in vivo endothelialization by material functionalization with a combination of
biomolecules (e.g., peptides, antibodies, growth factors)

Favor cell infiltration, remodeling, and
growth

Use of porous, biocompatible materials that support cell adhesion and can undergo
remodeling upon scaffold degradation

Clinical Monitoring and surveillance strategy for
all patients

Use of state-of-the-art imaging approaches (echocardiography, computed tomography,
magnetic resonance imaging, hybrid techniques)

Facilitate broad clinical adaptation in an
average clinical setting

Ensure easy handling and provide SOPs for the mode of operation of the device

Compensate and/or detect inter-patient
variability

Use of novel screening techniques (e.g., tissue-on-a-chip) to select suitable candidate
patients

Regulatory and
infrastructural

Ensure quality control Determine specific quality criteria to be respected (purity, sterility, safety, bioactivity)

Ensure product consistency between
batches

Work under GMP standards

Perform reliable pre-clinical testing Ensure scientific data integrity by performing the test under GLP quality standards to
determine the efficacy of the product

Prepare for clinical trial Production under GMP conditions; do not change manufacturing and/or product
design; selection of the most appropriate patient cohort
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The broad clinical adoption and commercialization of a
TEMP is yet to be achieved due to major remaining scientific,
clinical, technical, and logistical challenges (Table 3). The
increasing number of publications in the regenerative medi-
cine area suggests that this is a very active sector [100].
However, most of the regenerative therapies that have been
tested in first clinical pilot trials did not contribute to the de-
velopment of commercial products, primarily due to high
costs and logistics for subsequent large-scale trials [101].

While researchers and physicians focus on the scientific
and clinical aspects of the development of a TEMP, the im-
portance of major regulatory and infrastructural requirements
is usually neglected. Companies are seeking new global mar-
kets, but the divergences in technical and regulatory require-
ments from country to country induce industry to duplicate
test procedures, in order to market new products internation-
ally. To solve this issue, the initiation of an international orga-
nization to discuss scientific and technical aspects of TEMP
registration between Europe, the USA, and Japan—as previ-
ously done for the pharmaceutical field by the International
Council for Harmonization of Technical Requirements for
Pharmaceuticals for Human Use (ICH)—will be extremely
beneficial. By performing production and pre-clinical and
clinical evaluation of the product in accordance to these inter-
national guidelines, it will be possible to ensure safety, quality,
and efficacy of TEMPs in different countries worldwide.
These indications will therefore lead to the commercialization
of the product in the different areas included in the organiza-
tion while still ensuring and protecting public health.
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