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therapeutics for cardiomyodegenerative diseases —raview
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Heart failure is one of the leading causes of deatirldwide. End stage disease often requires heart

transplantation, which is hampered by donor orghortage. Tissue engineering represents a promising

alternative approach for cardiac repair. For theegation of artificial heart muscle tissue sevaml types,

scaffold materials and bioreactor designs are umd@stigation. In this review, the use of mesemealystem

cells derived from human umbilical cord tissue (US®) for cardiac tissue engineering will be discdsse
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the heart is one of the least

In humans,
regenerative organs in the body (1). The limited
ability of the heart to regenerate damaged tissue
after major cardiac injuries often leads to heart
failure (2). Despite a wide range of therapeutic
approaches, heart failure remains the leading cause
of death in modern societies (3,4). Myocardial
infarction is the major cause of heart failure.
Ischemic conditions result in an irreversible los
functional cardiomyocytes which are gradually
replaced by fibroblasts, forming non-contractile
scar tissue (5). Resident cardiac progenitor celis

be found in transplanted human hearts, and
evidence of myocyte proliferation in the human
heart exists. However, this proliferation does not

compensate for up to 1 billion cardiomyocytes

being lost after Ml (6). In end stage heart failure
allogeneic heart transplantation remains the last
treatment option, but it is limited due to donor
organ shortage. According to the Eurotransplant
International Foundation, in 2011 the demand for
donor hearts was covered only to 35 % in Germany
(7). The generation of artificial heart muscle uiss
using cardiac tissue engineering might be a
reasonable alternative to heart transplantation.
Cardiac tissue engineering

Cardiac  tissue

engineering is an

interdisciplinary research area in regenerative
medicine. Besides paracrine effects supporting
angiogenesis, modulation of extracellular matrix
interactions with

components, and stimulating

resident cardiac progenitor cells, the main aim of
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tissue engineering is the repopulation of the
diseased myocardium with cells that can restore
contractility (8-11).
Cell application

The route of administration of autologous
and allogeneic cells is one of the central question
in cardiac tissue engineering. Cellular cardio-
myoplasty is performed by intracoronary injection
or direct implantation of a single cell suspension
(12).
demonstrate an increase in the pumping function of

into the myocardium Animal studies
the heart. However, myocardial regeneration was
not observed (13). Functional improvement could
be explained by secretion and stimulation of
angiogenic growth factors resulting in the lack of
myogenesis stimulation and contractility improv-
ement (14). Systemic application also carries the
cells.

risk of pulmonary accumulation of

Experimental injection of cells into the

infarcted region ensures the delivery to the
damaged area but is hampered by significant cell
loss (12, 15).

An alternative approach to injection of
isolated cells into the heart is the use of aitfig
engineered tissues that are geometrically,
structurally and functionally defined prior to
transplantation. Scaffolds are populatad vitro
with cells and subsequently implanted onto the
infarcted zone to allow precise cell delivery and
mechanical support (4, 16).

Resident cardiac stem cells can thus be
stimulated to migrate into the area of regeneration
induced by growth factors released from the
implanted cells. Reconstitution of heart muscle
tissue would also be possible by implanted cells
themselves, differentiatedn vivo into cardio-
myocytes by local tissue-specific mechanism or
differentiatedin vitro prior to transplantation. In
contrast to cell injection, using artificial heigsue
less cell loss due to cell

might results in

immobilization on scaffolds by adhesion

molecules (17).
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For myocardiac regeneration, cells from severdl cel
sources like skeletal muscle (18) or neonatal rat
heart (19) have been investigated already. Although
some of these cell types integrate into damaged
myocardium, application is restricted by limited
availability and poor proliferation capacity (20).
This has led to the search for alternative more
efficient cell populations.
Cell sources

Heart muscle regeneration requires cells
with the capability for proliferation, plasticitynd
functional integration into cardiac tissue (21er8
cells feature unique regenerative potential and are
consequently qualified for this claim (22-24). Due
to their origin, stem cells are categorized into
embryonic, induced and adult stem cells (25).
Embryonic stem cells (ESC) derived from early
embryos are well expandable and able to
differentiate into various tissues. This pluripatgn
qualifies them for therapeutic applications, howeve
ethical and legal concerns about using embryos for
isolation exist. in animal

stem cell Moreover,

studies teratocarcinomas are described after
implantation of ESC (26, 27). Induced pluripotent
stem cells (iPSC) are thought to be an alternative
cell source without ethical concerns (28). Sinae th
discovery of genetic reprogramming of adult
fibroblasts into pluripotent stem cells (29, 30)
extensive efforts aim at the clinical applicabildf
iPSC, including reprogramming of fibroblasts using
recombinant proteins (protein-induced pluripotent
stem cells (p-iPSC)) (31).

Potential cardiomyogenic differentiation of
p-iPSC also offers an option for cardiac tissue
engineering. Other sources include hematopoetic
stem cells and mesenchymal stem cells, either
obtained from newborn, children or adults. They are
collectively termed adult stem cells or postnatal
stem cells, particulary if they are derived from
infantile organisms (32). Mesenchymal stem cells
(MSC) have the capability for self-renewal and
into  various

differentiation lineages  of
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mesenchymal origin, nerve and myogenic cells.
Besides a comparable differentiation capacity, MSC
seem to be more efficacious in tissue reconstitutio
than adult hematopoetic stem cells, due to strong
pro-angiogenic properties necessary for a functiona
myocardium (33).

Moreover, MSC show a higher homing
potential towards tissue defects resulting in the
production of repairing growth factors (34, 35).
Since they have the ability to differentiate into
cardiomyocyte (36), MSC are a potential cellular
source for cardiac stem cell-based therapy (35, 37)
MSC have been already tested clinically and do not
raise any ethical concerns (38). To date, human
bone marrow (BM) represents the major source of
MSC. However, aspirating BM from the patient is
an invasive procedure and the number as well as the
differentiation potential and the maximum life span
of human BM-derived MSC (BMMSC) signi-
ficantly decline with donor age (39, 40).

The umbilical cord tissue may be an
attractive alternative source to BM (41). The two
arteries and the single vein of the umbilical cord
with a length up to 60 cm are surrounded with fetal
connective tissue — the so called Wharton's jelly,
protecting the vessels against compression, torsion
and bending (42). In line with several publications
described MSC derived from the
and
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perivascular intervascular region of the
umbilical cord tissues (fig. 1), collectively terche
umbilical cord tissue derived mesenchymal stem
cells (UCMSC) (43-46).

In contrast to BMMSC, UCMSC are easily
attainable and can extensively be expanded and
maintained in culture, even after cryopreservation
(43, 47-49). With regard to future clinical triatsyr
group successfully managed to grow UCMSC
under GMP-compliant culture conditions, while
retaining their phenotypic and functional propestie
(50). Due to close relation to the fetal phasas it
assumed that UCMSC are less determined than

adult stem cells, show less teratogenic potentidl a
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are free of viruses (43, 51). In addition, UCMSC
their
immunological naivity (51) and weaker response to
inflammatory stimuli. With regard to their

multipotency (32, 41, 51-52) UCMSC can be
differentiated

qualify for an allogeneic use due to

into bone, cartilage, neural and
muscle cells as well as cardiomyocyte-like celfs, a
they express cardiac troponin-l aNecadherin (32,

41, 43, 51-53).

Perivascular region

: Vein
Intervascular region

Arteries

Fig 1. Umbilical cord profile. The two arteries and thegle
vein of the umbilical cord are surrounded by Whaisojelly,

containing mesenchymal stem cells in the perivascand
intervascular region.

Cardiomyogenic differentiation

Cardiomyogenic differentiation is presumed
to be triggered by an increased expression of the
GATA-4 (54).
GATA-4 proteins are not only important for heart

embryonic transcription factor

development, but also constitute one of the earlies
cardiac markers (55). In adult hearts, GATA-4
regulates the expressions of several sarcomeric
proteins, which are used in combination with
proteins of the troponin complex for the verificati
of induced cardiomyocytes (56). In addition,
electric coupling by gap junctional connexins is
essential for contraction (57). Contraction of
cardiomyogenically differentiated stem cells of
embryonic and adult origin has already been
described, however with a percentage of contracting
cells less than 10 % (58-60).

Cardiomyogenic differentiation of BM-MSC

and a significant improvement of left ventricular



function after application of BM-MSC have also
been published (61-63). the broad
differentiation potential of MSC could also lead to

However,

undesirable effects. Since undifferentiated MSC
tend to spontaneously differentiate into multiple
lineages when transplanted in vivo, it is possible
that
maldifferentiation within the infracted myocardium

such uncommitted stem cells undergo
with potentially life-threatening consequences, e.g
osteogenic differentiation of BM-MSC within
ischemic myocardium in a murine model (64).
Although such phenomenons are not yet described
for UCMSC (49) it was postulated that a certain
cardiac differentiation of stem cells prior to
transplantation would result in  enhanced
myocardial regeneration and recovery of heart
function (65).

In this context, initiating the transformation
of stem cells into a cardiomyogenic lineage is
accomplished by defined culture conditions (66).
(67), the DNA

demethylating agent 5-azacytidine (53, 68-69),

Embryo-like  aggregates
several growth factors and the oxytocic hormone
(70) are used to induce myocyte differentiation of
various stem cell types. Maltseval. demonstrated
the expression of cardio-specific genes, proteins
and action potentials in cells differentiated from
murine embryonal stem cells by cultivation in
hanging drops as “embryoid bodies” (67). Using
this UCMSC
aggregates, but cellular outspread is not sufftcien

differentiation  system, form

for performing extensive analyses. Failure of
cellular outgrowth may be explainable due to the
dependence of this method on the initial cell
number present in the aggregates (71).

Based on a yet unknown mechanism,
cytostatic  5-azacytidine results in  cardiac
differentiation of stem cells by DNA-demethylation
(72). Cardiac differentiation of MSC induced by 5-
azacytidine is controversially discussed. Martin-
Rendon and colleagues report that 5-azacytidin

treated human MSC derived from umbilical cord
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and bone marrow do not generate cardiomyocytes
in vitro at high frequencies (23).

In contrast, results of Antonitsigt al. and
Pereira et al. indicate that adult human bone
marrow MSC (73) and MSC from umbilical cord
(35) can differentiate towards a cardiomyogenic
lineage after b5-azacytidine treatment. These
discrepancies might be explained by the variability
in culture conditions (74) or by different
specification criteria for what makes a cell a
cardiomyocyte. For example, the use of cytokines
and growth factors is a step forward in the
development of a defined culture milieu for
directing the cardiomyogenic differentiation. Insth
context, TGFB and bFGF are the most important
growth factors in embryonic cardiac development
affecting cell proliferation, migration and
differentiation (75). Xuet al. stated that bFGF is
necessary during the differentiation process beraus
of its capability to develop the myogenic phenotype
and promote the formation of myotubes (76).

However, our study showed that UCMSC
exposed to b5-azacytidine convert into cells
changing their morphology and expressing cardiac-
specific proteins irrespective of the presence of
bFGF (71).

UCMSC differentiated according to et
al. (69), using 5 UM 5-azacytidine for 24 h and
bFGF containing culture medium, increase in size
with striate pattern and express cardiac actin,
cardiac actinin, sarcomeric actin, sarcomeric
actinin, myosin heavy chain as well as connexin 43
after 5 weeks of culture. UCMSC treated with 3 pM
5-azacytidine for 24 h according to Wagtal. (53)
and 10 uM 5-azacytidine for 72 h according to
Matsuura protocol | (70) also change their
morphology and express these cardiac specific
proteins known for regulating contraction and gap-
junctional communication without supplemented
bFGF. TGFB1 in combination with 5-azacytidine
have been found to promote differentiation of

human cardiomyocyte progenitor cells (68).
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However, in our hands, the combination of
5-azacytidine and TGB1 stimulation of UCMSC
leads to a flattened appearance and the expression
of cardiac actin, cardiac actinin, sarcomeric actin
sarcomeric actinin as well as connexin 43 after 5
weeks of culture, but UCMSC do not express any
troponins or myosins necessary for contraction. In
addition, during the differentiation process, cell
numbers decreased to levels insufficient for
immunocytochemical analyses (71).

Cardiac differentiation of embryonic P19
carcinoma cells and adult Sca-1+ cells of murine
heart is also described after exposure to oxytocin,
the mechanism of action, however, is unknown (70-
77). Oxytocin, a female reproductive hormone, is
necessary for uterine contractions during ovulation
and parturition. The expression levels of oxytocin
are higher in developing hearts than in adult Iseart
suggesting that oxytocin may be involved in
cardiomyocyte differentiation (78). Data from
Matsuuraet al. indicate that oxytocin is a more
potent inducer of cardiac differentiation of Sca-1+
adult murine heart cells than 5-azacytidine (70).
This
demonstrating that human UCMSC exposed to

is supported by our results figure 2,

10nM oxytocin for 72 h express the cardiomyocyte-
associated proteins including cardiac actin (fig), 2
sarcomeric actin (fig. 2b), cardiac troponin T (fig
2d), connexin 43 (fig. 2e) cardiac actinin (fig),2f
sarcomeric actinin (fig. 2g), and myosin heavy
chain (fig. 2h) in significantly higher frequencies
than after This
analysis revealed that UCMSC can be differentiated

5-azacytidine treatment (71).

into cardiomyocyte-like cells, however, functional
analyses of oxytocin-differentiated UCMSC, such
as to monitor action potentials, have yet to be
performed.
Scaffolds

It is known that isolated cells are generally
not able to form new tissue autonomously (79). For
generating tissum vitro, cells have to be colonized
scaffolds. However,

onto natural or artificial

development of functional tissue requires an

optimal interaction of cells and scaffolds. A
scaffold should provide chemical stability and
physical properties matching the surrounding tissue
to provide cytocompatibility, support adhesion,
(80).

Additionally, scaffolds are required to retain cell

proliferation, and mechanical strength

phenotype and ensure protein synthesis (81).

Fig 2. Immunocytochemical analysis of UCMSC differentiatentording to Matsuura et al. using oxytocin (@4rdiac differentiate]
UCMSC express the contractile proteins cardiamagt), sarcomeric actin (b), cardiac troponin T, (grdiac actinin (d), sarcome
actinin (e), myosin heavy chain (f) as well asghage junctional protein connexin 43 (g) (a-g; alpmeen fluorescence) for electrical ¢

to-cell coupling. Cell nuclei were stained by DAB4g; blue) (71). Scale bars: a-f =50 um, g = &b p

123 Int J Mol Cell Med Summer 2012; Vol 1 No3



In order to avoid implant rejection and
should be
generating

inflammatory response, scaffolds

biocompatible and sterilizable. For
functional heart muscle, scaffolds should be made
of flexible and tear-resistant material to allow
(80, 82).

biocompatible material scaffolds are made of, the

contraction Regardless of which

microarchitecture  including
the
considerably influence cell function (83). Both,

porosity, pore

geometry  and surface  micro-texture
scaffolds of biological origin and those made of
synthetic material as well as some type of hybrids
for tissue

are currently under investigation

engineering applications (84-86).

Biomaterials
Decellularised tissues

These tissues of allogeneic or xenogeneic
origin are derived from enzymatic or detergent
decellularisation (87). Cell-free tissues consiét o
natural extracellular matrix (ECM), degrade after
implantation and are replaced by ECM-proteins of
transplanted cells after re-seeding or by in-grgwin
cells (88). Due to excellent mechanical properties,
decellularised tissues are used for the development
of viable heart valve prostheses (89). However,
decellularisation can damage scaffold tissue,
resulting in a decreased tensile strength and
elasticity. Xenogenic decelluarised tissues undergo
aneurysms and lead to infections and thrombosis. In
addition, decellularisation might affect seeding
efficiency due to residual antigenic components
inducing humoral responses (87, 90, 91).
Biopolymers

Natural polymers include fibrin, collagen,
chitin, hyaluronic acid, and alginates. Besides
enzymatic degradation, biopolymers show low
inflammatory activity and toxicity (81). In additip
they support cell growth on implants due to their
high protein content and accelerate healing because
of strong adhesion to recipient organs (58). Fikwin

part of the blood clotting system and plays a @&ntr
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role in wound healing. As an alternative to

conventional surgical sutures, fibrin glue is
clinically used for wound closure (90). Collagen is
another example of biopolymers in clinical practice

It is the predominant protein in the human body and
the main component of ECM (81, 90). In
cardiovascular surgery, collagen is used for heart
valve replacement and blood vessel substitutes as
well as for bone repair and burn and ulcer treatmen
(82). Naturally occurring biomaterials may most
closely simulate the native cellular milieu, butge
batch-to-batch variations upon isolation from
biological tissues and poor mechanical strength are
the main limitations for a clinical application. In
addition, biopolymers are often denatured in a way
no longer enabling tissue formation and often
require chemical modifications, which can lead to

toxicity (79, 81).

Synthetic materials
Degradable Polymers
Numerous synthetic and degradable
polymers like poly¢-hydroxy ester), particulary
polyglycolic acid (PGA) or polylactid acid (PLA),
and

polyanhydrides, polyorthoester

polyphosphazanes have been developed to

overcome the limitations of natural materials

mentioned above (79). Synthetic degradable
polymers undergo degradation during cell culture or
after implantation upon formation of tissue specifi
neo-ECM. Most of these polymers are resistant to
enzymatic digestion, they are rather chemically
hydrolyzed resulting in consistent and patient-
independent degradation (79, 90).

In order to allow tissue generation and
remodeling processes, microstructure, mechanical
properties and resorption rate can be regulated by
porosity and pore size, for example. After cell
seeding, synthetic degradable polymers initially
retain the cellular compound and ensure mechanical
function of implants until an ECM is formed by
colonized cells (90). However, if polymers degrade
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faster than the development of an ECM occurs,
seeded cells lose their connectivity resultingimaif
cell loss and an inhibition of therapeutic effedts.
addition, polyesters release degradation products
which affect biocompatibility. Moreover, polyesters
are stiff materials suitable for load-bearing
implants, but the minimal flexibility precludes the
use for soft tissues like heart muscle.
Non-degradable polymers

Synthetic, non-degradable polymeres are
characterized by structural resistance, a special
topography and a three-dimensional form with
defined pore sizes. Polyethylen terepthalate (PET,
Dacron®), polyurethane (PU), and expanded
polytetrafluorethylene (ePTFE) dominate the graft
market (92) because of their anti-thrombotic
properties. PET is a semi-crystalline aromatic
polyester built of woven or knitted multiple fibres
While woven PET grafts feature small pores,
knitted implants exhibit larger pores supporting
tissue ingrowth. PET is mainly used for artificial
blood vessels, tendon substitutes and surgical
sutures (82, 86).

PU

urethane group. Within the monomeric unit,

is a polymer with a characteristic

moieties could be substituted by different groups,
resulting in versatile properties. Fabrication of
hydrolytic stable PU led to the development of
different implants like vascular grafts, artificial
heart valves and catheters (82, 86). PTFE is an
unbranched linear polymere built of fluorine and
carbon. Expanded PTFE (ePTFE) features nodes in
fibrillar
distances of 17-90 um. Due to the symmetrical

structure with longitudinal internodal

design of the monomeric unit, crystallinity of
ePTFE come up to 94 % preventing degradation.
ePTFE offer

immunogenic and anti-thrombotic properties (86).

Besides easy availability, non-
ePTFE is clinically used for cardiac, groin
and vascular grafts. However, the use of synthetic
non-degradable polymers as scaffolds for tissue
engineering is often limited by the poor retentadn
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cells to these hydrophobic biomaterials (82, 93-95,
96). Yu et al. report, that endothelial cells — in
contrast to smooth muscle cells - adhere poorly to
ePTFE. In our experiments, the investigation of
adherence, viability, proliferation and morphology
of UCMSC on uncoated ePTFE scaffolds showed
poor results (97). This is in line with results rfro
Neuss et al. (80), demonstrating that bone-marrow
derived MSC (BMMSC) display a round, spherical
morphology on ePTFE. Furthermore, ePTFE does
not allow BMMSC proliferation, indicating that
cells need an underlying matrix providing them
with sufficient binding sites.

Hybrids

Hybrids combine advantages of different
materials in one composite. Surface modification of
non-degradable polymers increases the wettability
leading to an improved seeding efficiency. The
knowledge that positively charged surfaces are
more  conductive to cell adhesion and
morphological maturation, led to the examination of
various adhesive coatings of synthetic materials
(98). The matrix molecules of these coating
fibrin,
gelatine, fibronectin, laminin and fibrin glue, Hin

substances, such as albumin, collagen,
directly to specific domains on the cell membrane
(95, 99). For example, Kaehler et al. and Feudier e
al. pre coated ePTFE vascular prostheses with
fibronectin-treated Type I/1ll collagen and repalte
a higher cell adherence and spreading on these
grafts (100, 101). Although coating with specific
proteins improves cell adhesion, the integrityedf t
coating is compromised by mechanical stress (94).
Furthermore, if surfaces are not completely
endothelialized or endothelial cells are lost upon
exposure to mechanical loadings, these coatings
attract platelets. In these cases, the technicadsle
to a more thrombogenic surface, which defeats the
purpose of cell seeding (102).

To overcome the limitation of biological

coatings, a hydrophilic titanium-coated surface can



be obtained by plasma-assisted chemical vapour
deposition (PACVD): The
bonding can only be separated by destroying the

resulting covalent

synthetic structure itself. The titanium layer is
extremely thin and has the same flexibility as the
synthetic material. Titanium-coated synthetics
feature outstanding wettability enabling them to
adapt to the anatomical environment and to enhance
adhesion (92).

synthetic

cell Moreover, titanium-coated

implants provide excellent
biocompatibility because of the oxide layer which
forms under atmospheric conditions. Therefore
titanium and its alloys are widely used as
biomaterials in association with tissue, bone, and
blood (103-105). Our findings, that titanium-coated
ePTFE figure 3a, scaffolds are superior to uncoated
ePTFE scaffolds figure 3b, in UCMSC adherence,
viability and proliferation (97) are in line with

results of previous studies, demonstrating a suppor
of MSC adhesion and proliferation on titanium

dishes (104, 106).

Bioreactors

For the use of tissue engineered constriurcts
vivo, it is essential to examine their functionality
and mechanical integrity prior to implantation
(207).
indirectly on cells, e.g. via scaffolds, can affect

In addition, forces acting directly or
cellular differentiation (82).In vivo, cells are

stimulated continuously by mechanical, electrical
and chemical signals influencing their phenotype,
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morphology and proliferationlf these signals are
inappropriate or absent, cells lose their abiliby t
form organized tissues (108). Thus, bioreactors
simulating physiological conditions, such as
mechanical shear stress, play a crucial role in the
development of tissue engineered constructs (107).
The development of an effective bioreactor
requires the consideration of various parameters.
Ideally, bioreactors allow the regulation of phygic
parameters such as temperature, pH;, giC O,
of toxic

allow nutrient supply and removal

metabolites as well as mechanical stimuli.

Moreover, the material must be compatible with the
manufacturing process, sterilization technique and
the cultured cell type (109). Bioreactors can be
applied for cell seeding, cultivation of colonized

scaffolds and for conditioning of functional tissue

engineered prostheses (110-112).

In heart valve fabrication, bioreactors for
tissue formation under dynamic culture conditions
were demonstrated several times (107, 113, 114).
Bioreactors also support tissue formation of heart
musclein vitro (115, 116). An effective approach to
improve the contractile properties of artificialane
muscle constructs is electrical field stimulation o
mechanical stimulation by unidirectional or
auxotonic stretching (117). Accompanied by an
improvement of contractile function, some studies
matrix ~ formation,

demonstrated extracellular

increased cell proliferation and uniform cell

distribution of strained constructs (118,119).

Fig 3. Morphology of UCMSC seeded on uncoated and titartoated ePTFE. UCMSC display their characterisfimdie-shape|
morphology in a homogenous coverage on titaniunteco@PTFE (a, arrow) in contrast to a sphericalpmology seeded on uncoa

ePTFE (b, arrow) (97). Scale bars: a = 10 um, @ grb.
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In this context, Zimmermann et al. reported
from highly differentiated cardiac tissue constsuct
after cyclic mechanostimulation in a stretch device
(58). Sodian et al. developed a closed-looped
perfused bioreactor by combining pulsatile
perfusion and periodically stretching of tissue-
engineered patch constructs (120). Birla et al.
that

electromechanical stretch to bioengineered heart

described a bioreactor system applies
muscle constructs with no evidence of physical
damage (121). In order to repopulate ischemic
that

contractility, we analyzed the stability of the

myocardium with  cells might restore

cellular coating upon mechanical stress in a newly

developed bioreactor figure 4, mimicking
myocardial contraction (122).
Three fluid compartments enable the

comparison of different media, cells and scaffolds
at defined mechanical loadings. Manufacturing of
the core unit from acrylic glass provides optical
transparency for macroscopical observation of
processes within the unit. Elements of acrylic gjlas

stainless steel, Teflon® and silicone are robust an
can be gas sterilized. Fixing of seeded scaffolds b
clip-systems allows an easy assembling, reliable
fixing and facilitates sterile handling. The speed

controlled gear motor provides frequencies at 1-65

Hz,
loadings of the tissue-engineered scaffolds. In
the bioreactor

offering gradually increasing mechanical

addition, was designed in a
dimension that allows its operation in a standard
incubator. Preliminary experiments with UCMSC-
seeded ePTFE scaffolds show the mechanical
integrity of the cellular coating after frictionress
generated in the pulsatile bioreactor. Viabilitydan
ultrastructural morphology of the stem cells asoal

maintained upon mechanical stress (122).

Conclusion

Cardiac tissue engineering using UCMSC
represents a promising approach for the repair of
the injured heart, however, clinical relevance of
tissue engineered constructs have to be evaliated
vivo. Functional regeneration of heart tissue after
should be
demonstrated by the integration of UCMSC-seeded

cardiomyodegenerative  diseases
implants and/or their interaction with resident

cardiac stem cells. In addition, survival of
implanted constructs, tissue-specific differentiati
and vascularization have to be verified. Moreover,
electric  integration resulting in  functional
reconstitution of the injured muscle tissue is § ke
step in the evaluation of safety and efficiency of

UCMSC-seeded implants.

Fig 4. Pulsatile bioreactor. Comparison of different mediells and scaffolds are enabled by three medmpecments at defing
mechanical loadings. Core unit manufacturing frarylic glass provides optical transparency for macopical observation of proces|
within the unit (122). Scale bar = 20 mm.

127 Int J Mol Cell Med Summer 2012; Vol 1 No3




Acknowledgement

The research of the authors was supported

by funds from the Else

Foundation and the Elisabeth und Rudolf Hirsch-
Foundation for Medical Research. The authors wish

to thank Dr.-Ing. Bassil Akra from our institution
for helpful discussions.

References

1. Capi O, Gepstein L. Myocardial regenerationtsti@s using
human embryonic stem cell-derived cardiomyocyte§.oatrol
Release 2006;116:211-8.

2. Wu KH, Zhou B, Yu CT, et al. Therapeutic potahtof
human umbilical cord derived stem cells in a ratooaydial
infarction model. Ann Thorac Surg 2007;83:1491-500.

3. Tousoulis D, Briasoulis A, Antoniades C, et &leart
regeneration: what cells to use and how? Curr Gfiarmacol
2008;8:211-8.

4. Zimmermann WH, Eschenhagen T. Cardiac tissumeeadng
for replacement therapy. Heart Fail Rev 2003;8:899-

5. Kadivar M, Khatami S, Mortazavi Y, et al. In nat
cardiomyogenic potential of human umbilical veirrided
mesenchymal stem cells. Biochem Bioph Res Co 2@06;3
639-47.

6. Collins SD, Baffour R, Waksman R. Cell therapy i
myocardial infarction. Cardiovasc Revasc Med 200iB&1.

7. Eurotransplant International Foundation. Avd#abat:
http://www.eurotransplant org/cms/index php?pagedystats;
Accessed February 29, 2012.

8. Marelli D, Desrosiers C, el-Alfy M, et al. Céthnsplantation
for myocardial repair: an experimental approachl Tansplant
1992;1:383-90.

9. Reinecke H, Zhang M, Bartosek T, et al. Surviirgkegration,
and differentiation of cardiomyocyte grafts: a stud normal
and injured rat hearts. Circulation 1999;100:192-20

10. Stamm C, Westphal B, Kleine HD, et al. Autologdone-
marrow stem-cell transplantation for myocardial emeration.
Lancet 2003;361:45-6.

11. Stamm C, Nasseri B, Choi YH, et al. Cell Thgrép Heart
Disease: Great Expectations, As Yet Unmet. HeartgLGirc

2009;18:245-56.

Kroner-Fresenius-

Hollweck T et al.

12. Jawad H, Ali NN, Lyon AR, et al. Myocardial dise
engineering: a review. J Tissue Eng Regen Med 20847-42.
13. Orlic D, Kajstura J, Chimenti S, et al. Bonerroa/ stem
cells regenerate infarcted myocardium. Pediatr Spkamt
2003;7 Suppl 3:86-8.

14. Caplan Al, Dennis JE. Mesenchymal stem cellsr@shic
mediators. J Cell Biochem 2006;98:1076-84.

15. Blocklet D, Toungouz M, Berkenboom G, et al.ddardial
homing of nonmobilized peripheral-blood CD34(+) Isehfter
intracoronary injection. Stem Cells 2006;24:333-6.

16. Christman KL, Lee RJ. Biomaterials for the
treatment of myocardial infarction. J Am Coll Caldi
2006;48:907-13.

17. Jawad H, Lyon AR, Harding SE, et al. Myocardiasue
engineering. Brit Med Bull 2008;87:31-47.

18. Taylor DA, Atkins BZ, Hungspreugs P, et al. Begrating
functional myocardium: Improved performance aft&elstal
myoblast transplantation. Nat Med 1998;4:929-33.

19. Zimmermann WH, Fink C, Kralisch D, et al. Three
dimensional engineered heart tissue from neonatatardiac
myocytes. Biotechnol Bioeng 2000;68:106-14.

20. Kofidis T, Akhyari P, Wachsmann B, et al. A mbv
bioartificial myocardial tissue and its prospectivee in cardiac
surgery (Retracted article. See vol. 40, pg. 15841). Eur J
Cardio-Thorac 2002;22:238-43.

21. Zimmermann WH, Didie M, Doker S, et al. Heamistle
engineering: An update on cardiac muscle replacethenapy.
Cardiovasc Res 2006;71:419-29.

22. Alison MR, Poulsom R, Forbes S, et al. An idtretion to
stem cells. J Pathol 2002;197:419-23.

23. Martin-Rendon E, Sweeney D, Lu F, et al. 5-Atidne-
treated human mesenchymal stem/progenitor celisetkefrom
umbilical cord, cord blood and bone marrow do neheyate
cardiomyocytes in vitro at high frequencies. Vox n§a
2008;95:137-48.

24, Spangrude GJ. When is a stem cell really a stdif
Bone Marrow Transplant 2003;32 Suppl 1:S7-11.

25. Wormer E. Stammzellen - Mehr Wissen? Koln: kimg
Verlag GmbH & Co.KG; 2003.

26. Dawson E, Mapili G, Erickson K, et al. Biom&iés for
stem cell differentiation. Adv Drug Deliv Rev 2068;215-28.

Int J Mol Cell Med summer 2012; Vol 1 No3 128



Mesenchymal stem cells from umbilical cord tissse.a

27. Tondeur S, Assou S, Nadal L, et al. [Biology @otential of

human embryonic stem cells]. Ann Biol Clin (Pari
2008;66:241-7.

28. Feng B, Jiang JM, Kraus P, et al. Reprogramnohg
fibroblasts into induced pluripotent stem cells hwibrphan
nuclear receptor Esrrb. Nat Cell Biol 2009;11:198-2

29. Takahashi K, Yamanaka S. Induction of pluripbtstem
cells from mouse embryonic and adult fibroblasttiunals by
defined factors. Cell 2006;126:663-76.

30. Takahashi K, Tanabe K, Ohnuki M, et al. Indumtiof

pluripotent stem cells from adult human fibroblalsys defined
factors. Cell 2007;131:861-72.

31. Zhou HY, Wu SL, Joo JY, et al. Generation ofiuced
Pluripotent Stem Cells Using Recombinant Prote@ell Stem
Cell 2009;4:381-4.

32. Aigner J, Eblenkamp M, Wintermantel E. Techewdor

functional tissue and organ replacement using ptetrstem
cells. Chirurg 2005;76:435-44.

33. Pittenger MF, Martin BJ. Mesenchymal stem cafid their
potential as cardiac therapeutics. Circ Res 2002:96.

34. Kinnaird T, Stabile E, Burnett MS, et al. LocHlivery of

marrow-derived stromal cells augments collateratfuséon

through paracrine mechanisms. Circulation 2004 1158-9.

35. Pereira WC, Khushnooma |, Madkaikar M, et
Reproducible methodology for the isolation of mesgmal
stem cells from human umbilical cord and its patnfor
cardiomyocyte generation. J Tissue Eng Regen M ;208@4-9.
36. Shake JG, Gruber PJ, Baumgartner WA, et alehtdg/mal
stem cell implantation in a swine myocardial infarnodel:
Engraftment and functional effects.
2002;73:1919-25.

37. Lakshmipathy U, Verfailie C. Stem cell pladtic Blood
Rev 2005;19:29-38.

38. Hida N, Nishiyama N, Miyoshi S, et al. Novelrdiac
precursor-like cells from human menstrual bloodvaet
mesenchymal cells. Stem Cells 2008;26:1695-704.

39. Sethe S, Scutt A, Stolzing A. Aging of mesemaalystem
cells. Ageing Res Rev 2006;5:91-116.

40. Wang M, Yang Y, Yang DM, et al. The immunomadaty
activity of human umbilical cord blood-derived meskymal

stem cells in vitro. Immunology 2009;126:220-32.

129 Int J Mol Cell Med Summer 2012; Vol 1 No3

s)

al.

Ann Thorac Surg

41. Eblenkamp M, Aigner J, Hintermair J, et al. [bilical cord
stromal cells (UCSC). Cells featuring osteogenféedéntiation
potential]. Orthopade 2004;33:1338-45.

42. Nanaev AK, Kohnen G, Milovanov AP, et al. Stedm
differentiation and architecture of the human uill cord.
Placenta 1997;18:53-64.

43. Mitchell KE, Weiss ML, Mitchell BM, et al. Mair cells
from Wharton's jelly form neurons and glia. Stemlie
2003;21:50-60.

44. Romanov YA, Svintsitskaya VA, Smirnov VN. Sdany
for alternative sources of postnatal human mesenahgtem
cells: Candidate MSC-like cells from umbilical cofstem Cells
2003;21:105-10.

45. Weiss ML, Troyer DL. Stem cells in the umbiliczord.
Stem Cell Rev 2006;2:155-62.

46. Weiss ML, Medicetty S, Bledsoe AR, et al. Hunoanbilical
cord matrix stem cells: Preliminary characteriza@md effect of
transplantation in a rodent model of Parkinsonseate. Stem
Cells 2006;24:781-92.

47. Fan CG, Zhang QJ, Zhou JR. Therapeutic Potentia
Mesenchymal Stem Cells Derived from Human Umbili€atd.
Stem Cell Rev Rep 2011;7:195-207.

48. Seshareddy K, Troyer D, Weiss ML. Method tolat®
mesenchymal-like cells from Wharton's Jelly of ulichi cord.
Methods Cell Biol 2008;86:101-19.

49. Troyer DL, Weiss ML. Wharton's jelly-derivedllseare a
primitive stromal cell population. Stem Cells 20@8591-9.

50. Hartmann |, Hollweck T, Haffner S, et al. Unital cord
tissue-derived mesenchymal stem cells grow beseru@dP-
compliant culture conditions and maintain their pétgpic and
functional properties. J Immunol Methods 2010;36338

51. Weiss ML, Anderson C, Medicetty S, et al. Immun
Properties of Human Umbilical Cord Wharton's J&lgrived
Cells. Stem Cells 2008;26:2865-74.

52. Kestendjieva S, Kyurkchiev D, Tsvetkova G, dt a
stem cells

Characterization of mesenchymal

isolated from the human umbilical cord. Cell Bioht|
2008;32:724-32.

53. Wang HS, Hung SC, Peng ST, et al. Mesenchytaial sells
in the Wharton's jelly of the human umbilical cotem Cells

2004,22:1330-7.



54. Thurisch B. Untersuchung der Funktion des
Transkriptionsfaktors GATA-4 durch eine Mausmutamtét
einem induzierbaren RNA-Interferenz System. Disdien:
Humboldt-Universitét Berlin; 1979.

55. Xu CH, Police S, Rao N, et al. Characterizatam
enrichment of cardiomyocytes derived from human ryoric
stem cells. Circ Res 2002;91:501-8.

56. Charron F, Tsimiklis G, Areand M, et al. Tisspecific
GATA factors are transcriptional effectors of theadl GTPase
RhoA. Gene Dev 2001;15:2702-19.

57. Stahlhofen S. Lokalisation, Orientierung undl&ion von
Connexin 43 in Kardiomyozyten-Mitochondrien. Digaé&pn:
Universitat Duisburg-Essen; 2010.

58. Zimmermann WH, Schneiderbanger K, SchuberttRl.e
Tissue engineering of a differentiated cardiac reusonstruct.
Circ Res 2002;90:223-30.

59. Boheler KR, Czyz J, Tweedie D, et al. Diffeietibn of
pluripotent embryonic stem cells into cardiomyosyt€irc Res
2002;91:189-201.

60. Yankelson L, Feld Y, Bressler-Stramer T, eiCall therapy
for modification of the myocardial -electrophysioical
substrate. Circulation 2008;117:720-31.

61. Fraser JK, Schreiber RE, Zuk PA, et al. Adténs cell
therapy for the heart. Int J Biochem Cell B 2004638-66.

62. Schachinger V, Erbs S, Elsasser A, et al. dot@nary bone
marrow-derived progenitor cells in acute myocardirction.
New Engl J Med 2006;355:1210-21.

63. Lunde K, Solheim S, Aakhus S, et al. Intracargnnjection
of mononuclear bone marrow cells in acute myocérdia
infarction. New Engl J Med 2006;355:1199-209.

64. Breitbach M, Bostani T, Roell W, et al. Potehtiisks of
bone marrow cell transplantation into infarcted rteeaBlood
2007;110:1362-9.

65. Mastitskaya S, Denecke B. Human spongiosa rokgeral
stem cells fail to generate cardiomyocytes in vitloNegat
Results Biomed 2009;8:11.

66. Kocaefe C, Balci D, Hayta BB, et al. Reprogramgnof
Human Umbilical Cord Stromal Mesenchymal Stem Céils
Myogenic Differentiation and Muscle Repair. StemllGeev
Rep 2010;6:512-22.

67. Maltsev VA, Rohwedel J, Hescheler J, et al. Bymhic
Differentiate  in-Vitro into

Stem-Cells Cardiomyoesgt

Hollweck T et al.

Representing Sinusnodal, Atrial and Ventricular [Tgpes.
Mech Develop 1993;44:41-50.

68. Goumans MJ, de Boer TP, Smits AM, et al. TGt&be
induces efficient differentiation of human cardiamyte
progenitor cells into functional cardiomyocytes vitro. Stem
Cell Res 2007;1:138-49.

69. Wu KH, Mo XM, Zhou B, et al. Cardiac potentfl stem
cells from whole human umbilical cord tissue. JI@bchem
2009;107:926-32.

70. Matsuura K, Nagai T, Nishigaki N, et al. Adoétrdiac Sca-
1-positive cells differentiate into beating cardimuytes. J Biol
Chem 2004;279:11384-91.

71. Hollweck T, Hartmann |, Eblenkamp M, et al. dlac
Differentiation of Human Wharton's Jelly Ste@ells —
Experimental Comparison of Protocols Open Tissug Eegen
Med J 2011;4:95-102.

72. Fukuda K. Development of regenerative cardiargies
from mesenchymal stem cells for cardiovascular uéss
engineering. Artif Organs 2001;25:187-93.

73. Antonitsis P, loannidou-Papagiannaki E, Kaidagh, et al.
In vitro cardiomyogenic differentiation of adult fan bone
marrow mesenchymal stem cells. The role of 5-aidiog
Interact Cardiovasc Thorac Surg 2007;6:593-7.

74. Bruinink A, Wintermantel E. Grooves affect pam bone
marrow but not osteoblastic MC3T3-E1 cell cultures.
Biomaterials 2001;22:2465-73.

75. Heng BC, Haider HK, Sim EKW, et al. Strategies
directing the differentiation of stem cells into eth
cardiomyogenic lineage in vitro. Cardiovasc Res4268:34-42.
76. Xu WR, Zhang XR, Qian H, et al. Mesenchymairstells
from adult human bone marrow differentiate into a
cardiomyocyte phenotype in vitro. Exp Biol Med 2(fRD:
623-31.

77. Paquin J, Danalache BA, Jankowski M, et al. tGoin
induces differentiation of P19 embryonic stem cetis
cardiomyocytes. Proc Natl Acad Sci U S A 2002;99(85.

78. Fathi F, Murasawa S, Hasegawa S, et al. Cardiac
differentiation of P19CL6 cells by oxytocin. Int Qardiol
2009;134:75-81.

79. Yang SF, Leong KF, Du ZH, et al. The desigrscdffolds
for use in tissue engineering. Part Il. Rapid pxgimg

techniques. Tissue Eng 2002;8:1-11.

Int J Mol Cell Med summer 2012; Vol 1 No3 130



Mesenchymal stem cells from umbilical cord tissse.a

80. Neuss S, Apel C, Buttler P, et al. Assessménstem

cell/lbiomaterial combinations for stem cell-base@sue
engineering. Biomaterials 2008;29:302-13.

81. Vats A, Tolley NS, Polak JM, et al. Scaffoldseda
biomaterials for tissue engineering: a review ofnichl

applications. Clin Otolaryngol Allied Sci 2003;283-72.

82. Wintermantel E, Ha SW. Medizintechnik Life Suie

Engineering. Berlin, Heidelberg, New York: Springéerlag

GmbH; 2008.

83. Mata A, Kim EJ, Boehm CA, et al. A three-dimensl

scaffold with precise micro-architecture and swefamicro-
textures. Biomaterials 2009;30:4610-7.

84. Ahsan T, Nerem RM. Bioengineered tissues: tiense, the
technology, and the industry. Orthod Craniofac R&85;8:134-
40.

85. Minuth WW, Strehl R. Zukunftstechnologie Tissue

Engineering Weinheim, Berlin, Darmstadt Zurichiléy-VCH
Verlag GmbH & Co.KGaA; 2003.

86. Wintermantel E, Ha SW. Medizintechnik mit
biokompatiblen Werkstoffen und Verfahren

Berlin, Heidelberg, New York: Springer Verlag Gmh202.

87. Stock UA, Vacanti JP. Tissue engineering: curstate and
prospects. Annu Rev Med 2001;52:443-51.

88. Atala A. Engineering organs. Curr Opin Bioteghn
2009;20:575-92.

89. Stamm C, Steinhoff G. [Cardiac tissue engimegriHerz
2002;27:445-52.

90. Isenberg BC, Williams C, Tranquillo RT. Smalueheter
artificial arteries engineered in vitro. Circ Re¥)8;98:25-35.
91. Borschel GH, Huang YC, Calve S, et al. Tissugireeering
of recellularized small-diameter vascular graftssslie Eng
2005;11:778-86.

92. Perea H. Magnetic vascular engineering: devedop and
validation. Aachen: Shaker Verlag GmbH; 2008.

93. Gulbins H, Dauner M, Petzold R, et al. Develeptmof an
artificial vessel lined with human vascular cell. Thorac
Cardiovasc Surg 2004;128:372-7.

94. Kannan RY, Salacinski HJ, Butler PE, et al.r€uir status of
prosthetic bypass grafts: a review. J Biomed MRtes B Appl
Biomater 2005;74:570-81.

131 Int J Mol Cell Med Summer 2012; Vol 1 No3

95. Vara DS, Salacinski HJ, Kannan RY, et al. Gavas$cular
tissue engineering: state of the art. Pathol BiBlaris)
2005;53:599-612.

96. Yu H, Dai W, Yang Z, et al. Smooth muscle celtprove
endothelial cell retention on polytetrafluoroetmde grafts in
vivo. J Vasc Surg 2003;38:557-63.

97. Hollweck T, Marschmann M, Hartmann |, et aln@arative
analysis of adherence, viability, proliferation andrphology of
umbilical cord tissue-derived mesenchymal stenscsdkeded on
different titanium-coated expanded polytetrafluthgéene
scaffolds. Biomed Mater 2010;5:065004.

98. Tiwari A, Salacinski HJ, Hamilton G, et al. Ji
engineering of vascular bypass grafts: role of émel@l cell
extraction. Eur J Vasc Endovasc Surg 2001;21:193-20

99. Carnagey J, Hern-Anderson D, Ranieri J, etRalpid
endothelialization of PhotoFix natural biomaterighscular
grafts. J Biomed Mater Res B Appl Biomater 2003t64:9.

100. Kaehler J, Zilla P, Fasol R, et al. Precoatinbstrate and
surface configuration determine adherence and digaof
seeded endothelial cells on polytetrafluoroethyigradts. J Vasc
Surg 1989;9:535-41.

101. Feugier P, Black RA, Hunt JA, et al. Attachten
morphology and adherence of human endothelial cells
vascular prosthesis materials under the actionhefus stress.
Biomaterials 2005;26:1457-66.

102. Bowlin GL, Rittgers SE. Electrostatic endotilelcell
seeding technique for small-diameter (< 6 mm) viascu
prostheses: Feasibility testing. Cell Transplaatetb97;6:623-9.
103. Schug-Pass C, Tamme C, Tannapfel A, et agtiweight
polypropylene mesh (TiMesh) for laparoscopic inérépneal
repair of abdominal wall hernias. Surg Endosc 2208,02-9.
104. Stiehler M, Lind M, Mygind T, et al. Morpholpg
proliferation, and osteogenic differentiation of saechymal
stem cells cultured on titanium, tantalum, and wohuon
surfaces. Journal of Biomedical Materials Researetit A
2008;86:448-58.

105. Wu SL, Liu XM, Hu T, et al. A Biomimetic Hierhical
Scaffold: Natural Growth of Nanotitanates on Three-
Dimensional Microporous Ti-Based Metals. Nano Lett

2008,8:3803-8.



106. Maeda M, Hirose M, Ohgushi H, et al. In vitro
mineralization by mesenchymal stem cells culturadi@mnium
scaffolds. J Biochem 2007;141:729-36.

107. Morsi YS, Yang WW, Owida A, et al. Developmerfita
novel pulsatile bioreactor for tissue culture. JtifAOrgans
2007;10:109-14.

108. Barron V, Lyons E, Stenson-Cox C, et al. Bacoters for
cardiovascular cell and tissue growth: a reviewn Asiomed
Eng 2003;31:1017-30.

109. Shachar M, Cohen S. Cardiac tissue engineesgivo:
Design principles in biomaterials and bioreactbtsart Fail Rev
2003;8:271-6.

110. Bilodeau K, Mantovani D. Bioreactors for tigsu
engineering: Focus on mechanical constraints. Apezoative
review. Tissue Eng 2006;12:2367-83.

111. Chen HC, Hu YC. Bioreactors for tissue enginge
Biotechnol Lett 2006;28:1415-23.

112. Goldstein AS, Christ G. Functional Tissue Begring
Requires Bioreactor Strategies Preface. Tissue PhgA
2009;15:739-40.

113. Dumont K, Yperman J, Verbeken E, et al. Desija new
pulsatile bioreactor for tissue engineered aortearh valve
formation. Artif Organs 2002;26:710-4.

114. Engelmayr GC, Jr., Hildebrand DK, Sutherlam, et al.
A novel bioreactor for the dynamic flexural stimiidga of tissue

engineered heart valve biomalkeria Biomaterials

Hollweck T et al.

2003;24:2523-32.

115. Akins RE, Boyce RA, Madonna ML, et al. Cardiac
organogenesis in vitro: Reestablishment of threeedsional
tissue architecture by dissociated neonatal ratrieettar cells.
Tissue Eng 1999;5:103-18.

116. Freed LE, Vunjak-Novakovic G. Microgravity dise
engineering. In Vitro Cell Dev Biol Anim 1997;33:B3%.

117. Brown MA, lyer RK, Radisic M. Pulsatile perfos
bioreactor for cardiac tissue engineering. BiotethiProg
2008;24:907-20.

118. Akhyari P, Fedak PW, Weisel RD, et al. Mecbahstretch
regimen enhances the formation of bioengineeredl@dus
cardiac muscle grafts. Circulation 2002;106:1137-42

119. Fink C, Ergun S, Kralisch D, et al. Chroniceth of
engineered heart tissue induces hypertrophy andtifunal
improvement. Faseb J 2000;14:669-79.

120. Sodian R, Lemke T, Loebe M, et al. New pulsati
bioreactor for fabrication of tissue-engineeredcpes. Journal
of Biomedical Materials Research 2001;58:401-5.

121. Birla RK, Huang YC, Dennis RG. Developmentafovel
bioreactor for the mechanical loading of tissueieeered heart
muscle. Tissue Eng 2007;13:2239-48.

122. Hollweck T, Akra B, Hé&ussler S. A Novel Puikat
Bioreactor for Mechanical Stimulation of

Tissue Engineered Cardiac Constructs. J Funct Bem2D11;
2:107-18.

Int J Mol Cell Med summer 2012; Vol 1 No3 132



