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ABSTRACT

Congenital Heart Defects (CHDs) are the leading global cause of death in the first year of
life. Truncus Arteriosus (TA) is a CHD characterized by a common aorta/pulmonary
artery and a ventricular septal defect. Whereating paediatric patients with CHD,
corrective surgery often requires patches, conduits or valves to repair the defect. Right
ventricular outflow tract (RVOT) reconstruction in patients with TA involves the use of
replacement patch. Synthetic aritked grafts currently used in cardiac surgery are-non
living, noncontractile and they lack growth potential, leading to increased risk of
thrombosis, stenosis, calcification and reoperation. Several studies suggest that tissue
engineered grafts made froniving, functional cells could grow and remodel in parallel
with the patient, facilitate healing and help to recover cardiac function. To date,
autologous stem cells represent the most promising cell source to engineer

cardiovascular patches.

The aim ofthis study was to develop engineered cardiac patches with the potential to
be used for correction of CHD. Additionally, we established a cardiopulmonary bypass

recovery piglet model for RVOT reconstruction to test tissngineered grafts.

Mesenchymal steneells (MSCs) were isolated from the thymus gland of both newborn
piglets and children undergoing opémart surgeries. Cell surface markers and
functional characterization demonstrated the mesenchymal lineage of the thymus
derived stem cells. Thredifferentiation protocols were tested in order to identify the
best strategy to generate cardiac committed cells from MSCs. Three scaffolds were
developed and tested for their capabilitp allow cell engraftment and proliferation.
Porcine pericardium and myoaium were decellularized and recellularized with
undifferentiated and differentiated cells, which were cultured under static conditions.
The biocompatibility of CorMatrix® was also investigated by culturing the seeded graft
under either static or dynamicoaditions. 20- 25 kg piglets underwent general
anaesthesia and the heart was accessed by sternotomy. Cardiopulmonary bypass was
established by cannulating the ascending aorta and the inferior and superior vena cava.
An incision over the RVOT and below fhdmonary valve was performed. The defect
created was then patched using either an enginee@mMatrix® or an unseeded

control scaffold. The patches were stitched witle cellseededside facing the inner



side of the heart. Two animals were terminatednbnths after surgery and one was
sacrificed after 24 hours. Histological and immunofluorescent stainings were performed
on the explanted grafts and right ventricles in order to evaluate the grafts degradation
and integrationwithin the surrounding tissuesells migration and penetration into the
scaffolds, possible immurAgsponse generated and to characteribe cellular content

of the explants.

Human and porcine thymuderived MSCs express the mesenchymal surface markers
and efficiently differentiaterito the three mesenchymal phenotypes. Cardiomyocyte
like cells were obtained from all the developpdotocols as cardiaspecific markers
were detected in the differentiated cells by immunocytochemistry andPRR. No
cellular nor nuclear materials were ®eted in the decellularized pericardium and
myocardium, while the extracellular matrix structure and composition was well
preserved, indicating that a successful decellularization was achieved. The
recellularization of the decellularized materials and t@erMatrix® was efficient for
both undifferentiated and differentiated cells. The optimal emlhffoldstimuli
combination appeared to be CorMatrix® seeded with undifferentiated cells cultured
under dynamic conditions. Two out of three piglets succegsfeltovered the surgical
procedure. One animal was terminated prior the end point as the piglet was too
anaemic after surgery. The histological examination of the 4 mepdtshes showed
good integration of the scaffoldithin the surrounding tissue as th@orMatrix® was no
longer detectable. New collageith tissue built up from the implanted grafts and some
cardiaclike areas were found in the grafide of the explants. Immunofluorescent
characterization of the samples confirmed that these areas exptesardiac markers

and that they were more abundant in the engineengatch then in the unseeded
scaffold. High degree of vascularization was observed in the newly formed tissue. The
quantification of both the capillaries and the greater vessels demoresiréthat there

was more angiogenesis in the engineered graft threthe control. No major differences
were observed in terms of endothelialisation as a mature layer of endothelium was
observed in both samples. These data suggest that the presence of duedeells
helped the remodelling of the graft and triggered the generation of new blood vessels.
Evaluation of the engineeregraft that was explanted 24 hours pestirgery, showed

the presence of a thick cell layer growing on the inner side of the ddaffo strong
inflammation process was on going, most likely due to the surgery performed on the day

before.



In conclusion, with this study we have validated a protocol for isolation and
differentiation of thymusderived MSCs and the use of these cellsetmineerliving
grafts from decellularized xenogeneic materials and commercially availstdédfolds
These results allow thgeneratbn of cardiac patches that have the potential to be used
in corrective heart surgery. Furthermore, the in vivo study esliahed a

cardiopulmonary bypass juvenile porcine model for RVOT grafting.
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1. THE HEART
1.1. Anatomy

The heart is a hollow muscular organ that pumps blood throughout the bldig.
located between the lungs ithe middle of the chest, behind and slightly to the left of
the sternum.In mammalghe heartis divided into far chambers: upper left and right
atria (respectivelyLA and RAand lower left and right ventricle@espectivelyLV and
RV) The heart waltonsists of three layers: endocium, myocardium and epicardiu
(Figurel).

Endocardiumis the inna@most layer thatcovers the heart chamberand valves and is
made of simple squamous epitheliurt.is the equivalent of the tunica intima of the

endothelium.

Myocardium is the cardiac muscle, an involuntary and striated mugblat has the
unique ability to initiate an action potential at a fixed rafiae myocardium is made of
different types of cells, includingiuscle cells, consisting of tmeajority of the cells and
that have the ability to contragtpacemaker cellsvhichform the conduction system of

the heart myocardial fibroblast and smooth muscle cells.

Epicardium is the inner serous membrane of the pericardium, a conical sac of fibrous
tissue that sirrounds the heart. The epicardiumis the equivalent of the tunica
adventitia of the endothelium and itontains fibroelastic connective tissue, blood

vessels, lymphatic and adipose tissue

PERICARDIUM:

Fibrous
pericardium

Serous
pericardium

Space

Serous
pericardium

Figure 1 Section of the heart wall, showing the pericardium, constituting of the fibrous and
pericardium; themyocardium and the innermost layer of the endocard{@imompson 1984)
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Four valves regulatblood flow through the heart: the tricuspid valtbat lies between
the RA and RV; the mitral valve (or bicuspid vatla) lies between the LA and LV; the
pulmonary valvewhichregulates the blood flow from the RV into the pulmonary artery
and the aortic valvéhat controls the blood flow from the LVtmthe aorta(Thompson
1984)(Figure2).

The heart receives deoxygenated blood from the systemic circulation through the
superior and inferior vena cavadere the bloodenters the RA and goes to the RV
through the tricuspid valve. The deoxygenated blood is pechpo the pulmonary
circulationvia the pulmonary artergnd reaches the lungs whetiee exchange between
carbon dioxide and oxygen happefhe oxygenated blood returns to the heart through
the pulmonary vein, enters the LA and passes to the LV ttotlge mitral valve. From

the LV, the bloods pumped to the systemic circulation via the aontghere it will
provide oxygen and nutrients to the bodyan Mierop 1965)The circulation system
that supplies the heartvith oxygen and nutrients and removes metabolic wastes is
called coronary circulation. This system includes arteries, veins and lymphatic vessels.
The nerve supply of the headonsistsof the vagus nerve andeveral nerves arising
from the sympathetic tink. The heart rate and the heart contraction aneore

influenced rathetthan controlled by the nervous system.

Suparior
Vena Cava

to Lungs —a

Pulmanary
Veains from-5

to Lungs

Pulmonary
Veins from
Lungs

Mitral
Valvea

Saptum

Tricuspid
Valve Ventricular

. Saptum

Inferior

Vana Cava

Pulmonary Valvea

Figure2 The normal heart. AO: aorta, PA: pulmonary artery, LA: left atrium, RA: right attdmlef
ventricle, RV: right ventricle (http://www.chop.edu/conditietiseases).
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1.2. Heart Development

The heart is the first functional organ to develop in vertebrate embhyderives from

the mesodermic germtayer cells.The processbeginsat around day 18 and19 after
fertilization, when two endocardinal tubestart to grow from the soecalled cardiogenic
region of the neural plate. By the third wedke two tubesmigrate bgether andmerge

to form a single tube, called tubular heaithis structure is a primitive heartvhich
quicklyforms five distinct regions: the sinus venostimt will become the back part of
the RA the coronary sinus and the sinoatrial ngdhe primitive atrium and ventricle,
that will develop respectively into the front parts of the LA, RA and LVbtiieus
condis which will become the RV and the truncus arteriosus that will split to form the

aorta and the pulmonary arterfAnderson and Brown 1996)

The human embryonic headtarts beating at around 22 day after conception. The
heartbeats is initiated by the pacemaker cells that develop in the primitive ataiodin
the sinus venus. Through a conduction pathway, the heartbeat spread from the

pacemaker region to the rest dfi¢ heart.

2. CONGENITAL HEART DISEASE

Congenital heart diseas€(D3}consists ofjross structural abnormalésof the heart or
the intrathoracic great vessels present at birth tHaveactual or potential functional

significance.

2.1 Epidemiology

CHDsare the most common birth defect as well as the commonemtise of infant
morbidity. The incidence ranges from 0.4% to 1.2% in live born babies, meaning that
4500 new cases are born every year in the (Kkasuski and Bashore 201&Yithout
correctivesurgery about60% of childrerwith CHD die in the first year of lif@his was

the caseuntil 30 years ago. However the enornsoprogress in the surgicakatments
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over the last threedecades,led to a situation in which 85% ofifants with CHD can

reach adulthoodvan der Bom et al. 2011)

2.2. Aetiology

CHDs can be causeither by genetic or environmental factorthough usually are
caused by a combination of both. Masttthe genetic known causeare sporadic genetic
changes, such afocal mutations addition or deletion of genetic material. Large
chromosomal abnormalities like trisomies 13, 18 and 21 are respensfldbout 58%

of cases of CH[Gelb and Chung 2014Also snall chromosomal changes frequently
lead to CHDMicrodeletion of the long an of chromosome 1 (19g21), microdeletion of
the short arm of chromosome 8 (8p23) and microdeletion of the long arm of
chromosome 22 (22g11DiGeorge syndromeare just some examplegPelech and
Broeckel 2005)Among the environmental factors that predispose to a situation of CHD,
there are: maternal illness, shicas obesity, diabetes mellitus, phenylketonuria and
systemic lupus arythematosus; medical drugs, like lithium, retinoic acid and some anti
epileptics and lastly infective embryopathies as rubella, cocksackie an{Ndig and

Nora 1990)

Despite all what is known, in the 9086 CHD there are no detectable risk factors. That
means that nowadays it is not possible to anticipate that a cardiac disease might occur
in the 90% of cases of CKiBelb and Chung 2014)

2.3. dassification

A number of classification systemagist for CHD: alphabetical order, cyanotic amh-n
cyanotic, site of the defect, pathophysiological classificaéindso on For example,tie
American Heart Association classifies the CHD into three great groups: septal defects,

obstructive defects andyanotic defectgThiene and Frescura 2010)
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2.3.1 Septal defects

In a naomal heart there is no communication between the left and right sifla holeis
present in the septum it means thatthe infant is affected by septal defectThe
malformationcan vary greatly in size, but they all allow oxygenated bfomu the LV to
mix with the deoxygenatedne in the RV Non-severeseptal defects doesot require
corrective surgeryWhethera surgical repair is necessary, it is usually performed later in

life ratherthan during the newborn perioAnderson and Wilcox 1992)

Atrial Septal Defect (ASacounts for approximately 5-10% of all the CHDThis

malformation is characterized by a hole between the affigure3a). If a large defect is

present,a great amount of oxygenated bloodales from the LA back to the RA

Ventricular Septal Defect (VS&gcounts forabout 20-25% of all the CHD, making it the
most commonCHD In VSD a hole between the two ventrigle present(Figure3b). This
allows the blood to pass from the LV feetRV

2.3.2 Obstructive defects

In an obstructive cardiac defect, the blood flow is restricted or blocked. The obstruction
can occur in any of the four cardiac valves, below or above one of the vEhee.
blockage, called atresia, or the narrowing, edlstenosis, can occur either in veins or in
arteries. According to theite of thedisorder, itcan bedistinguishel between aortic

stenosispulmonary stenosiand coarctation of the aortéThiene and Frescura 2010)

Aortic stenosisaccounts for 5% of all CHD and consists of a narrowing of the aoxte val
This cause a resttion of the blood that flow through the valve and consequently the
heart needs to contract harder to pump enough blood into the aorta. Severe narrowing

can lead to heart failure

Pulmonary stenosiaccounts forabout5 to 8% of all CHD and consists ofaarowing of

the pulmonary valveéWhen this condition is present, the RV has to work harder to pump

the blood through the narrow valve.
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Coarctation of the aortaaccounts for 8% of all CHD and it is a narrowing of specific

portion of the aorta. The defect issually found just past the arch of the aoiféigure
3c). If the narrowing is severe, the LV might not be sufficiently strtingush blood

through the coarctationThis can lead to a lack of blood in the lower part of the body

2.3.3 Cyanotic defects

The name of these cardiac defects is shebause they result in cyanos&bluishgrey
discoloration of the skin due to a lack of oxygen in the bddhereforethe blood that

circulate in patientsvith cyanoticdefects, is hot adequately oxygenated.

Tetralogy of Fallo{ToF)accounts for around 10% of all CHD. It is characterized by a

narrowing of the pulmonary valvinat leads to have less blood pumped from the RV t
the lungs. A large VSD is usually present, which allows the unoxygenated blood to pass
from the RV to the LV without going to the lun@sgure3d). Corrective surgery needs

to be performed in order to restore a normal blood flg9acobs 2000a)

Transposition of the great vesselscounts for 5% of all the CHD. It is characterized by

an abnormal aorta, that instead of being connectedhe LV, it connects to the RW\h
this defectthe blood is pumped back to the bodyinstead ofbeingthe RVto pump
blood to the lunggUtzon 1976)

Hypoplastic left heart syndrom¢HLHS)accounts for about 2% of all CHD. This

syndrome it is characterized by maller left side of the hearFigure3e). The structures

that are usually affected are the LV, the aorta, the aortic valve and the mitral valve.
Corrective surgery is needed to restore this malformat{dichervenkov, Jacobs, and
Tahta 2000)

Truncus arteriosus (TAgcounts for approximately 3% of all the CHD. This malformation

combines the aorta and the pulmonary artery into oemgle vesselTA is usually

associated with valve abnormalities and SQure3f).
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Figure3 Anatomy of hearts with ASD, Pulmonary Atresia with VSD, Coarctation of the aorta, ToF,
TA (www.stanfordchildrens.orgitp://www.chop.edu/conditionsdiseases).

2.4. Treatmentsfor CHDs

Some types of CHD can improve without surgery. Other malformations can be so small
that no treatments are required. However, CHDs areusually serious conditions and
surgery and/or medications are necessary. Some examples of medicaticisle:
diuretics, which help the body to eliminate water, diggo¥ior strengthening the heart

contraction and salt§Kaushal et al. 2009)

Most of the time medications are notheugh and a surgical procedure is required to
restore circulation back to normaDnestep corrective surgery is the ideal therapeutic
option for patients withsevereCHD during which the cardiac surgeon closes holes in
the heart using stitches or patchgpairs or substitute valves, widens narrowed arteries
and restore the normal location of large blood vesq8an et al. 2015Nevertheless
complex diseasenormally requiremultiple openheart surgeiesin order to correct the
malformation(s) (Woodward 201). Palliative procedure may be indicated to relieve
symptoms of acute heart failing, allowing more invasive procedures to be carried out
when theinfant has gained weight and his/héeemodynamicsystemwill be stabilized.
One of the main reason that cause the need of multiple interventions, is the

deterioration of the implanted patch. In addition to that, current materials do not grow
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with the patient and they need to be replac€8aid and Burkhart 2014patients with

high risk of mortality and not suitable for corrective orl@dive surgery, are candidate

to heart transplantation. This extreme option is restricted due to a lack of suitable donor
organs and, even in case of successful transplantationloliig immune suppression
would normallybe associated with several sermgide effect§Razzouk and Bailey 2014

Ishigami et al. 2015)

The socieeconomic impact of CHDs énormous Thus, CHDsre considered a major
healthcare burdenin fact mtients usually need to undergo to more than one surgical
procedure, their hospital permanency can bignificantlylong (from few days up to 2
weeks)and they need a lifdong followup. This results in ahuge challenge for the
healthcare system ofthe world. The World Health Organizaticralculated that CHDs
costabout$ 60 million daily. Just in the US, approximate0® million are spent per 1

million newbornbabywith CHI(Krasuski and Bashore 2016)

2.5. Truncus Arteriosus

Truncus ArteriosusT@ is rare congenital malformatiorthat belongs to the cyanotic
CHD In a normal heart, the aorta comes out of the &vdthe pulmonary artery arises

from the RV and they are two distinct vessels. Patients suffering from TA, have a single
large arterycoming outfrom the ventriclesthat provides systemic, pulmonary and
coromary circulation(Van Praagh and Van Praagh 196%)ecommon aorta/pulmonary
artery is called truncus arteriosus.i$hamederives from a structure present during the
embryonic évelopment, where an arterial trunk originates from the two ventricles. This
structure,shoulddivide into the ascending aorta and the pulmonary trunk. Failure of the

truncus arteriosus talivide, results in the pathological condition of TA.

Associated aaliac anomalies arenormally present in patients with TA. The most
common one is a VSD. A hdbletween the two ventricless generallypresent below the
arterial trunk As a results, oxygenated and deoxygenated blood mix togeB8wne of
this mixed bloods pumped to the lungs and some is pumped to the rest of the body.
Most of the time more blood then usual goes to the lungs, overlogdire respiratory
apparatus A single truncal valve (TrV) is caimed within the single vessel. TrV dysplasia

or dysfundion can occur as well as aortic arch and coronary artery anomalies. About
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20% of patientsvith TA, have a DiGeorge syndrome, which is characterized by immune
deficiency, bone disorder, facial deformity ahglpocalcaemigZiolkowska et al. 2008;
Momma 2010)

If TA wa left untreated,about the 88% opatients would diewithin infancy(Sojak et al.
2012) This is mainly due to heart failure from TrV regurgitation, pulmonary overflow or
shock from lower body hypoperfusiom addition,the respirationcanbecome difficult

due to the surplus of blood circulating in the lungs that may cause extra fluid to develop
in and around them. If too much blood flows to the lungs for a long time, it is possible
that the blood vessels that goes to the lungs become permtpelamaged. Over time,

it becomes very difficult for the heart to pump so much blood to the luAgsa result,

pulmonary hypertension will develop, whidwould be lifethreatening.

The symptoms of TA includes: bluish skifpical of patients sufferinfrom cyanotic
defects delayed growth or growth failurejethargy, fatigue poor feeding rapid

breathing {achypneg, shortness of breathingdfspnea and widening of the finger tips
(clubbing).

2.5.1 Classification

Two major classification systems areed to describe TAJacobs 2000b)Theoriginal
one was developed by Collett and Edwards in 19d8d includes TA types 1V, as

follows:

Type 1 the main pulmonary artery is present andmes outfrom the left lateral aspect

of the common arterial trunk.

Type Il the right and left pulmonary arteries arise adjacent doghe other from the

posterior aspect of theommontrunk.

Type lllthe right and left pulmonary arteries originate independeritlym the common

trunk. They usually arideom the left and right lateral aspects of the trunk.
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Type 1V true branch of pulmonary arteries are absent and the pulmonary blood flow
derives from aortopulmonary collaterals. This typeTAis now recognizedsaa formof

pulmonaryatresia with VSD.

2.5.2.Treatmens for TuncusArteriosus

Surgical intervention is required to tredtis condition. Tie procedure consists ofraght
ventricular outflow tract reconstruction (RVOHat aims to create two separate vessels
Since 50 years aghis surgery carried a high mortality rate. Many advances have been
done in the last decades and currently the early mortality after the RVOT has dropped to

5-10%(Thompson et al. 2001; Kalavrouziotis et al. 2006)

During the RVOT, the heart is accessedmgdian sternotomy and cardiopulmonary
bypassis established. Theanmon trunk is usually kept as the new aorta and a new
pulmonary artery is createdising either tissue from another sourcer a manmade
tube. To this new arteryare sewn the branch pulmonary arteries. The VSD is closed with

a cardiac patciiUrban et al. 1998)

More than one surgery may beequired as the child grows Multiple surgeries are
required because the patch used tebuild the pulmonary artery and the VSD will not
grow with the patient(LacourGayet et al. 1996 No known prevention is available for
patients with TA. Though, earlseatment can prevent the development of more serious

complications.

3. STEM CELLS

Sem celb (SCshare undifferentiated cellslefined by their ability teseltrenewal, which

is the capacity to divide through mitosis maintaining the undifferentiated state; and to
differentiate into more mature cell typeswb mechanism&nsure that a SC population

is maintained thraighout the time: stochastic differentiatio, that happens when a SC
divides into two differentiated daughter cells and a second SC divides intoStg

identical to the original, and obligatory asymmetric replication, consisting in the division
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of a SC into one daughter cell identical to the oadiand another daughter cell that is
differentiated. The differentiation potential of a SC is called pote@ardner 2002)

Depending on theipotency, SCs can be classified as:

Totipotent if the SCs can differentiate into both embryonic and extraembryonic cell

types(e.g. cells from the morula);

Pluripotent if the SCs can differentiate intil derivatives of thethree germ layers of

the embrya ectoderm, mesoderm andneloderm(e.g. cells from the blastocyst);

Multipotent: if the SCs can differentiate into cell types of a closely related famdy (e

mesenchymal stem cells);

Unipotent if the SCsan differentiate only into their celineage(e.g. progenitor cells).

3.1.Stem elltypes

SCs arauisuallyclassified into three main groups: embryonic stem cells (ESCs), induced

pluripotent stem cells (iPS) and adult stem cells (ASCs).

3.1.1.Embryonic stem cells

Embryonic stem cell€GCsare pluripotent SCs that derive from the inner cell mass of a
blastocyst, a structurdormed in the early development of mammal¢amanaka et al.
2008) Human embryo develops the blastocyst afted days from the fertilization, at
which time it accounts of about 5050 cells.Being able to differentiate into the
derivatives of the three germ layers, ESCs can develop into each of more than 200 cell
types. Because of their high potency, ESCs reaquispecific signals for a desired
differentiation. If left undifferentiated, ESCs would give risatteratoma, a germ cell
tumour (Thomson et al. 1998; Reubinoff et al. 200Moreover, ESCs cannot be
autologous to the patient, leadintp a risk of immune reactionfrukker et al. 2002)

Another concern regardg the use of ESCs is about ikelation process. In fa¢heir
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isolation requires the destruction of fertilized human embri@ncethe utilization of

this cell tyge is ethicdly controversal.

It has been shown thdESCs can efficientlyfi@rentiate into cardiac cellgMaltsev et al.
1994; Laflamme et al. 2007; Lee et al. 20I)r example, gontaneously beating
cardiomyocytes (CMs) can be found in embrybambtly culture of ESC&Zhang et al.
2009) Moreover, it has beenshown that small molecule inhibitors of Wnt pathway can
induce highly efficient (85%pualiac differentiation in ES@kian et al. 2012)However,
ES@lerived CMs are functionglimmature, myofilaments do not align in a preferential

direction and they do not generate the same level of force found in mature CMs

3.1.2.Inducedpluripotent stem e&lls

Induced Pluripotent Stem Cel{#®S are pluripotent cell lines that are obtained from the
reprogramming of fetal or adult somatic cells. iPS were first ggad by the group of
Yamanakaby transfectirg differentiated cells with a combination of transcription
factors, including Oct 3/4, SBxNanog, Klf4 and Mygru et al. 2007; Okita et al. 2008)
Thee factorsallow thereprogramming oflifferentiated cellswhich shallrevert backto

a pluripotent stage, resemblinghe ESCs. Nowadays these very factors are still
introduced within the cells, normally carried by retroviral vectofhese cellsare
characterized by a high plasticity, as they are able to differentiate gaits of the three
germ layergTakahashi et al. 200#lowever, it has been shown thi®#S may not retai
their differentiation markers, implying that the differentiated phenotypgght not be
necessarilystable In fact they are not able to reproduce daughter cells at the same rate
(Young and Black 2004Jhe main clinical limitation ofiPS consiss in the risk of
tumorigenesis deriving from the genomintegration of the viral vectoréMayshar et al.
2010) In addition, human iPS hatlee potential to generatea teratoma when injected

in mice(Yu et al. 2007)
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3.1.3.Adult stem ells

Adult Stem Cell¢ASCs)lao called somatic stem cell&SCsre a family of SCs whose
function is to maintain and repair the tissue in which they are found. Most ASCs are
multipotent and usually are referred toy their tissue or organ of origilstromal stem

cells have been identified in several tissues, including bone marrow, adipose tissue,
thymus,skeletal muscle and the hegBeltrami et al. 2003; Laflamme and Murry 2005)
Similarly to the iPS, thase of this type otell is not as controversial as the use of
embryonic SCs, because their production does not require the destruction of the
embryo.Furthermore ASCslo not allow the development of a teratoma as they cannot
differentiate into the derivatives of the three gertayers.Not less relevantASCsave

the potential to be autologous, as they could be isolated from the intended recipient,
making the risk of rejection basicalpne existing.In comparison to iPS and ES@sjr
plasticity is significantlylower, leading to a differentiation and transdifferentiation
potential not as efficientTaniguchi et al. 1997; Williams et al. 20@8ebzehnrubl et al.
2011) Despite the promising potential of iPS and ESCs, so far most clinical and
preclinical studies have employ@dSCs mainly faafety reasons and easy accessibility
(Patel, Shah, and Srivastava 2013)

3.1.3.1.Mesenchymastemells

Mesenchymal Stem Cell®ISC} are a heterogeneous subset #SCs that can be
isolated from many tissuesuch aghe bone marrow,adipose tissuethymus skeletal
muscle and the heaitUccelli, Moretta, and Pistoia 2008; Roufosse et al. 2004; Kadner et
al. 2002) Moreover, it is establishethat fetal tissuedike the umbilical cord, cord blood,
FYYA20A0 Tt dzAIR are ¢ Bood?sbukeB & YWISEs 't Briker et al. 2003;
Wang et al. 2004Kern et al. 2006; Roura, Gal¥éonton, and Baye&enis 2014)
MSCs arddentified by ther ability to adhere and grow on plastic; their capacity to
differentiate into cellsof the mesodermal lineagesuch asadipocytes, osteocytes and
chondrocyes (Dominici et al. 2006)and by the expression of specificluster of
Differentiation (CD)markers(Majumdar et al. 2003; Barry and Murphy 2004D29,
CD44, CD73, CD90, CD105 and CD(&fhle 1) In addition, MSCs do nagxpress

membrane or cytoplasmic proteins and transcriptfaetors typical of mature cell types,
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hence they are defined as Lineage negative-\LMSCs stand out as an encouraging
option for regenerative medicine due to their easy isolation, great expansapacity,
potential of being autologous, angiogenic properties and immune compatibility
(Dimarino, Caplan, and Bonfield 2013)

3.1.3.1.1 Cardiac differentiation

The ability of the MSCs to transdifferentiate into cardiac cells, is still under a large
debate. Many research groups have been trying to find outapgmum way to get the
MSCs differentiatdnto CMs or cardiatike cells. For example, in vivo studies have
observed MSCs expressing cardiac lineage proteins such as Troponin, Nkx 2.5 and GATA4
when injected in infarct model§Toma et al. 2002; Kawada et al. 2Q04ifferent groups

have shown that MSCs can established electromechanical connections with native cells
in the cardiac tissue of host animal moddksu et al. 2004; Labovsky et al. 2010)
Additionally, MSCs treated with the demethylating agentzZacytidine, seem to
generate rhythmic calcium flux and potential electrical atiggi(Xu et al. 2004)Gao et

al. provided a cocktail method to promote CM differentiation from bone marrow
derived MSCs. Their strategy was based on a combinatiorAaiabytidine, Salvianolic

acid B and CM lysis medium to commit the MSCs by inhibiting the Wnifaa¢ain
signalling pathwayGao and Jacot 2015)n fact the Wnt/betacatenin signalling has
been shown to regulate the cardiac differentiatid8y nhibiting the glycogen synthase
kinase 3 (GSK3) and stimulating the expression of-tetianin shRNA, it is possible to
produce functional CMgLian et al. 2013)Gnecchi et al. demonstrated that in vivo,
MSCs can stimulate vascular and cardiomyocyte regeneration mainly acting by paracrine
mechanisms. Also they might positively influence cardiac metabaisthcontractility
(Gnecchi et al. 2006; Gnecchi, Danieli, and Cervio 20d8yvever, a consistent
generation of functional MS@erived CMs has yet to be shown. The most common and
easy way to verify ithe differentiation has occurred, is to investigate whereas the
treated cells express cardiac markers. For instance, immunocytochemistry techniques
allow to establish if the cells exhibit specific antigefise most commonly investigated

cardiac markers &

Sarcomeric alphé@ctinin (SaA)a cytoplasmic microfilament protein necessary for the

attachment of the actin filaments to thelhes;
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Marker Description Expression

fa2 OFrffSR AYUGSIAINARY i mZ
CD29 +
in cell adhesion

is a cell surface glycoprotein involved in cell to ¢
CD44 . - - . - - +
interactions, adhesion and migration mechanisms

£ az2 1 Y 2-Mugleotitlagde, ip @ an enzymthat
CD73 +
converts AMP to adenosine

CD90 also called Thy, it is a glycophosphatidylinositahchor
+
protein heavily glycosylated

also referred to as endoglin, it is a type 1 membrg
LINPGSAY GKIFIG oStz2y3a G2

CD105 | _ _ o +
is involved in modulating a response to the biding

¢DCi MmXZ ¢DCioX .atMZ .atrT

is a transmembrane glycoprotein that belongs to f{
CD166 | ) _ . +
immunoglobulin superfamily of proteins

is a component of the innate immune system that

CD14 _ . -
expressed mainly by macrophages and neutrophils
also known as PECAM is expressed bymonocytes,
neutrophils and endothelial celland it is involved ir
CDh31 -

angiogenesis, integrin  activation and leukoc)

transmigration

typical surface marker of endothelial cells and vasel
CD34 | associated tissuelt is a cell surface glycoprotein th -

functions as a celtell adhesion factor

c is a tyrosine phosphatase receptor (PTPRC) wlisd
D45 -
present on all differentiatethematopoietic cells

is a major histocompatibility complex, class Il cell surf
HLADR _ _ _ -
receptor that isfound only onantigenpresenting cells

Table 1.Cell surface markers for which the MSCs are positive: CD29, CD44, CD73, CD90, CD105 and CD166
and negative: CD14, CD31, CD34, CD45 andDRLA
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CardiacMyosin Heavy Chain (cMYld)MYHbeta isoform that is expressed mainly in the

heart, where it plays a key role in cardiac muscle contractibfyHis the major protein

of the thick filament in the sarcomeres 6Ms. h human is encoded by the gene MYH7

Desmin,is a type Il interradiate filament found near the-lihe in sarcomeres. It is

highly expressed in caali muscle.n humansitis encoded by the gene DES

Connexi-43 (C43),is a gap junction protein, consisting of a transmembrane protein

that in cardiac muscle coordinatebe membrane depolarization.x@3 is the main
cardiac connexi and is foundmostly in the ventricular myocardiumIn human is

encoded by the gene GJAL.

Cardiac Troponin | (cTni3,part of the Troponin complex, where it binds to actin in the

thin myofilament in order to hold the actintropomyosin complex in place. cTrd i

presented in the myocardium assingle isoform.

Quantitative Plymer Chain Reaction (qPCR) is a technic that allows to study the gene
expression of cells and tisssl It is widely usetb proof whetherthe differentiation has
occurred bydetecting the expression of cardiaspecific genes, includirgATA4, which

is a transcription factothat regulates genes involvedn myocardal differentiation and
function; ACTAL1 thaencodes for one of the six different actin isoforms that are
expressedn cardiac andskeletal muscleNkx 2.5 whichis a transcriptional factor that

plays critical role in cardiac differentiatioltYH-7; DESand GJA1.

4. STEM CE{BASED THERAPYR CARBC REPAIR

As an alternative to reparative surgery and heart transplantation, stem cell therapy
represents afavourableapproach to the treatment of cardiac defects. The promise of
this relatively recent technique is to facilitate the replacement of damagaxdliac
tissue, leading to improved adiac function and regeneratiofKaushal et al. 2009T his
therapeutic strategy is based on the injixt of dispersed stem celldirectly into the
damaged site, in order to stimulate the regeneration and remodelling of the

compromisedissue and ideally to recover its function.

Different ways to deliver cells in the heart caa lised(Steele and Steele 2006)
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- Direct intramuscular delivery into the myocardium, which has been extensively
applied in the clinical setting and allows cells to be diyedeélivered to the
damaged area,;

- Intravenous injection into the vascular systewhich is associated with delay in
delivery of the cells to the desire site, making the homipigpcess of the injected
cells not the most efficient;

- Transendocardial and transepicardial administration into respectively the
endocardium and epicardium of theehrt. Thiscatheterbasedtechnique may
induce arrhythmias and redpeselectromechanical mapping;

- Intra-coronary administrationwhich involves cell delivery via a ballo@atheter

that facilitates the celflow through the damaged are@Vold et al. 2004)

The therapeutic effect od Schased theray can beobtainedin two ways: by a direct
cellular effect, obtained with the transdifferentiation of the injectecklls into
cardiovasculalineage or by a cytokingaracrine effect. The second mechanism is
triggeredby the release of solubli@actors fran the injected SCihat recruit endogenous
progenitor cells and help them differentiate into mature cardiac c@leause et al.
2010)

4.1.Preclinical and clinical studies

Currently there are notnany animal modelsf CHD due to the complex nature thie
diseases themselves and the difficultyrtomic them invivo. However, in the last years,
some progress have been done, especially to reproduce a volumeoagednd an
increased pressure e RV whichare common characteristiga patients with T& and
HLHSFor exampleHoashi et al. have developed a rat model with a pressure overload
RV using a pulmonary artery banding. Skeletal myoblasts were injected in the rat hearts,
inducing an improvement of RV functiofHoashi et al. 2009)A similar study was
performed using cord blood SCs that were injected into the RVpoéssure overload
right-heart ovinemodel. A promising outcome waachievel, asthe function of the
sheepright-hearts was enhance@avies et al. 2010A juvenile porcine model was
adopted to establish the feasibility of autologous cord blood mononucledis ce

transplanted intopiglet hearts. Cells werajected intramyocardially into the Raf the
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animals, which were monitored for three months. All piglets survived without
complicatiors, confirmingthe safety of autologous UGBNCs collection and surgical
delivery in a pediatric settingCantero Peral et al. 2015)n addition, another study
performed in a ToBwinemodel, demonstrated the safety ambsitive effects ofa cell
therapy based onhuman ESCslerived cardiac progenitorscells Cells were
administrated four months after thénducement of overloaded RV dysfunctiomith
multiple intramyocardial injections. Three months after the treatment, benefits
regarding arrhythmic susceptibility were observed, although the improvement was not

sufficientto obtain a signifiant change intte RV functiorfLambert et al. 2015)

So far, m the cardiovascular regenerative field,-883ed therapies have been mainly
applied to treat adult patients suffering from heafailure or myocardial schemia
(Sanganalmath and Bolli 2018)everthelessin 2015Burkhart et al. reported a case of
cell therapy of intraoperative administration of autologous umbilical cord bis@s in a
4-month-old infant undergoing a second palliation surgery. After three months, the RV
ejection fraction was increased from mean baseline 080 to 50%(Burkhart et al.
2015) Another study carried out in ime children affected by heart failure,
demonstrated thesafety andfeasibility of intracoronary injection of autologous bone
marrow mononuclear cellRupp et al. 2012Y0nly recently was concluded the first long
term follow-up in paediatric patients with congenital disease. Autolog@asdiac
progenitor cells were isolated from seveabieswith HLHS and weradministratedvia
intracoronary injection®ne month after surgical palliation. All patients recovered well
and no complications were observed. After 18 months, the treated childr®owed an

increasing of the RVeagtion fraction from 47 to 54%shigami et al. 2015)

The experience accumulated with stem dmdised therajes for cardiac repairsuggests

that dispersed cells might die soon after implantati@incetheir therapeutic effecis
thought to be attributed to the paracrine factors released during the initial post
transplantation phaseit is crucial that the celleemain alive after implantationYet, a

cell therapy approach does neaippearto be the most convenientstrategyto repair
complex CHDsTorestore normal anatomy to diseaseldeart it is generally requiredo
useadditional tissus that can ben variousforms, such as patchesalves and conduits
(Dean, Udelsman, and Breuer 2012; Kalfa and Bacha 2013; Smit and Dohmen 2015)

Hence SCs might work more efficiently if embedded in some cfostcaffoldswhich

32



could helpthe development of biological tissugthat once implanted in the impaired

heart, can grow and remodel in parallel with cardiac and whole body growth.

5. CARDIACISSUE ENGINEERING

Tissueengineering (TE) refers to a bioengineg technology that aim$o generae
biocompatible tissue substitute using three dimensiocellseededscaffold to induce
tissue remodelling and regenerationintke2 8 4 Q& RI Yl 3SR 2 NHI Yy

Twenty years have passed since first creation of arengineered heart tissuthat was
obtained by seeding a mix of collagezxtracellular matrix (ECMariousproteins and
neonatal rat CMs into lattices or circular mofdem embryonic chicken cardiomyocytes
(Eschenhagn et al. 1997)After one week of culture, spontaneously and synchronously

contractiorswere generated from the engineered hedidsue

The last decade has seen a great progress in TE with new advances in interdisciplinary
areas such asnaterial and polymer sciensg developmental biology, genetic and
bioreactor engineeringevery year more than 400 papers are published under the key
words of cardiac tissue engineeriigirt, Hansen, and Eschenhagen 201#4§ioes not
surprise that this technique hasome to the forefrontas viable alternative for the
treatment of heart disease$or exampleSteinert and colleguesleveloped a promising
material madeof rat CMs mixed with collagen and matrix factors, casted in circular
molds and subjected to phasic mechanical stretch. Sumistruct reconstituted ring
shaped engineered heart tissue that displayed important cardiac ensrkand
contractile propertiegSteinert, Hendrich, and Zimmermann 200h) 2007, a whole rat
heart has been engineered for the very first time. After bedegelularizedby cororary
reperfusion with detergentsthe remainedheart tissuewas recellularized witlanother

rat cardiac or endothelial cells, to obtain a construct able to gateepump function
(Ott et al. 2008)Alsq Shimizu et al. developed a temperatesensitive coating material
that allowed CMs to detach as intact monolayers from the culture disére theywere
cultured in, by leaving the culture at room temperature. Stacking of many cell steets

genemte 3D tissues with beatingptential and force generatio(Shimizu et al. 2002)
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5.1. Scaffold

TE relies extensively on the use of porous 3D scaffolds to prafieeoptimal
environment for tésue and organ regeneration. Teeaffold basically aces atemplate

for cell attachment and new tissue formationthe scaffold recolonization after
implantation appears to contribute to the creation of living biologio#terial well
integrated with thesurroundingtissue (Cheema et al. 20125caffolds are frequently
seeded with cedl andfrequently used growth factors. Tle cellseeded scaffold (also
referred to as patchnmay facilitate the homing of resident cells and progenitor cells
from the surroundhg tissue by secreting chemoattractant factofSmit and Dohmen
2015) Theconstructcan be either cultured in vitro, to synthetize tissue which can be
implanted laterinto the damaged siteor can be directly implanteth vivo in the injured
aA0SY SELX 2A0GAYy 3 (K B6f regeddrabion @and 2emgdellivgbhBK | y A & Y &
combination of cHs, scaffolds, groth factorsand stimuliis normally referred to as the

tissue engineeringtriad (Figure4).

/’ - T
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/ Growth
| Factors/ |
. : 2 /
«_ Stimuli >

Figure4 Tissue engineering triad of cells, scaffold, which act as a template for tissue originatisigaats provide
chemically by growth factors and physically by a bioreactor.

Several considerations are required when designing or determining the suitability of a

certain scaffold for TEurpose.Some of thei O I T Re2dedReQuirementsare:

Biocompaibility. First of all the seeded celisust be able to engraft the scaffold,

function normally, produce their own ECM and eventually penetrate through the tissue.
Biocompatibility of the patch witlihe seeded cells and th€ 2 4 G Qa RI Yl 3SR 2 NH
compulsoy. Also, afterimplantationit is requiredthat the patch induces a negligible

immune responsas it carreduce the healing process or provoke a rejection process.
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Biodegradability The scaffolds within thegrafts are not intended to bgermanent

implants. Therefore thescaffold must be degradable allow the seeded cells to

LINP RdzOS GKSANI 246y 9/ a FyR (KS K2dverade OStfa
The scaffold should also be ntoxic andl 6t S (2 SEAG GKB Kz2aidQa
interference with other organs and surrounding tissueditthe inflammatory response

associated with controlled macrophages infusion, is required in order to allow the
degradation process to take place in parallel with tissue formati#nown et al 2009;

Lyons et al. 2010)

Saffold architecture To ensure cellular penetration and sufficient diffusion of nutrients

throughout the construct,an adequate porosity is required. An interconnected pore
structure is also necessary to allow diffusion of waste products out of the scaffold. The
mean pore size of the scaffold is another key component. The pores need to be large
enough to let cells migrate into thecaffold where they eventually become bond to the
ligands present within theconstruct,and at the same timemall enough to establish an
appropriate high specific surface to allow an efficient binding of a critical number of cells
(Yannas et al. 1989; O'Brien et al. 200%jus,for each scaffold, a specific range of pore
size exists, which can vary according to #mgineeredtissue and the cell type used

(Murphy, Haugh, and O'Brien 2010; Murphy and O'Brien 2010)

Mechanical propertiesthe ideal scaffold should have mechanical properties consistent

with the tissue or organ intavhichit hasto be implanted.From a practical perspective,

the construct must be strong and handling enouglallow surgical manipulation during
implantation. The hydrodynamic function, elasticity, stiffness compressibility and
density of the scaffoldhave to be evaluated beforegroceeding vith any preclinical
validation (Ghanbari et al. 2009)Many materials have been developed withogd
mechanical behaviour and potential witro, whichhave failed when implanted in vivo.
Often the cause of failing in vivo is the insufficient capacity of vascularization. The
scaffold must enable the development of new vessels and adequate blood suapply
order to contribute to the tissue remodellin@'Brien et al. 2005)Therefore, a good
balance between mechanical behaviour and porous architecture is a key factor for the

success of any scaffold.
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Ideally, theoptimal reparative patchfor pediatric cardiac corrective surgerghould
possess the followingharacteristichiocompatibility, biodegradability growth potential
consistentwith the somatic enlargementdequate porosity, resistance to calcificatign
good handling poperties minimal thromboembolism risk and baence of
immunogenicity(Kalfa and Bacha 2013; Alsoufi 201 date, the ideal scaffold still
does not exist. However mamyrogress have been done towards this direction and
several materials are currently under evaluation in the attemipfindingthe optimized

one.

5.2. Biomaterials

Great progresshas been done in the field of biomaterialsyhich consist ofthose
materials intended to be used as scafftddTE. From being able to merely interagth
the body, some biomaterials are now able to influence and promote biological process.
Biomaterials can be eitheshemically engineeredsynthetic materialspr derive from

biological sourcegbiological materials)

= =1

Figure5 Biomaterials currently used in corrective surgery: dae® (a), Contegra® (b), Dacron® (c
CorMx (d).
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5.2.1.Synthetic materials

Syntheticmaterials can be either biodegradable or nbiodegradable. Blymers are

one ofthe mostusedtype of synthetic materials. They are fabricated using synthetic
biodegradable polymers such as pblactic acid (PLA), polyglycolic acid (PLG),
polycaprolactoe (PCL) and pelyi-lacticco-glycolic acid (PLGARNn one hand, these
polymers have many advantages, as they cadirbélessly suppliedthey are easy of
shaping and their degradation characteristics can be controlled by chathginmplymer

itself or the composiion of the individual polymergRowlands et al. 2007; Lu et al.
2000) On the other handthe degradation proceamay affect the mechanical properties
over time. Also, because the degradation happens by hydrolysis, it produces carbon
dioxide that will lower the local pMhichin turn mightresut in cell and tissue necrosis

(Liu, Slamovich, and Webster 2006)

GoreTex® is a currently usewn-biodegradablesynthetic material for CHDcorrective
surgery(Figure5Figure5a). It is mainly applied t@reate conduits and vascular grafts.
GoreTex®is durable, easy tdandle, has a limitless supply and it lacks of structural
deterioration. Disadvantagescludethe lack of growth potentiglwhich applies also to

all the synthetic materialsnd the risk of thromboembolism.

5.2.2.Biological materials

Natural and naturatderived materials are commonly used biomateriatSollagen,
gelatine, fibronectin, various proteoglycans, alginbtesed substrates and chitosan
have all been used asipportingscaffolds for cellsin TE(Nolan et al. 2008; Schneider et

al. 2010; Hasan et al. 201&)nlike synthetic polymebasedmaterials natural polymers

are biologically active andenerally promote better cell adhesion and proliferation.
Also, they are typically biodegradable whishould allow over time, host celldo
remodel the scaffold by producing their own ECM thahall replace the degraded
construct However, generating scaffolds from lugical materials with reproducible
and homogenous properties represents a great challenge. In addition, this types of
materialsare more likely to have poor mechanical properties, which can limit their use

in TE.
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Decellularized materialshave been largelyused in cardiac corrective surgery
Decellularized tissige consist of naturally occurring materials,like pericardiun,
myocardium, veins andalves thathave been processed in order to remove all cellular
and nuclear components, leaving at the same time the ECM presddaagllularization

is usually achieved with a combination of chemical reagents, like detergeiits,
enzymatic and physical methods, fieeze drying(Ott et al. 2008; Mirsadraee et al.
2006; Gardin et al. 2015)Different decellularization techniques have led to the
development of various commercial products derived from different tissues with diverse
physical and biological properties and applicatioRgegardless the applied technique,
the developed materials havémited immunogenic effecdue to the stripping of the
ECM of cells and antigens that fuel the immune response. In fact the ECM is well
conserved between species and if well decellularized, should not elicit a strong immune

response.

CorMatrix®(CorMx)is an examfe of a decellularized material that is widely used in
corrective surgery(Figure 5d). This biomaterial is developed using porcine small
intestinal submucosaCorMatrix®shows interesting properties for cardiac surgery,
including low immunogenicity, easy handling and implantability, high mechanical
strength, possible growth potential, good recruitment of host cells, remodelling without
calcification and minimascar formation(Quarti et al. 2011; Kalfa and Bacha 2013)
CorMxpatcheshave been successfully used for CHD implantation, pediatric cardiac
surgery and vascular reconstructiofor example, between June 2007 and May 2009,
this material was used in 40 patients aged 2 day$s3qgears. In 16 casé@swas used for
pericardial closure while in theemaining37 for cardiac or vascular repair, including,
atrial and septal defects, RVOT, superior vena cava, pulmonary monocusp valves and
pulmonary arterioplasty. Mean followp was 785 months. Overall the explanted grafts
displayed good resorption of the CorMx,-eadothelialisation and replacement of the
matrix with new organized collaggischoll et al. 2010More recently, a similar study
was conducted in 37 paediatric patients that underwent cardiovascular reconstruction.
A 411 days followap was carried out. Differergurgicalinterventions were performed:
septal defects, vascular augmentation, RVOT and valve reconstructiogreBsive
stenosis was observednly in one case of RVOT and one case of circumferential
pulmonary artery. All other grafts were fine and remadnpatent (Witt et al. 2013)

Moreover, it has been shown by Badylak et #iat the noncrosslinked graft like
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CorM, induce an immunoregolatory and proangiogenic macrophages response instead

of an inflammatory, scaforming responséBadylak et al. 2002)

5.2.2.1. Classificatiomf biological materials

Autografts whicht NB FF o NRAOI 4G4SR dzaAy3d GKS LI GASYGQa
are commonly usedn children with ToF or valve defects(AFHalees et al. 2002)

Autografts exhibit a good growth potential, they are not immunogenic nor are they
associated with a thromboembolism rigkowever, they might need to be replaced after

many years and depending on the tissue type, tiray be difficult to handle.

Homografts are derived from humans, commonly cadavefbe most common used
humanderived grafts arevalvesand vascular conduitsCryopreserveddecellularized
homografts have been used for many years in CHD repaipudlmonary and aortic
substitution and for RVOT reconstitutigiGabbieriet al. 2007; Neumann et al. 2013)
Decellularized homografts typically have good mechanical propertiesy BEM is
generally non antigenic and often repopulated after implantation. Disadvantafes
homografts includeslack of growth potential, limited availability and if the
decelularization is not completedan immune responsean be generatéNeumann et
al. 2013)

Xenografts consists of animadlerived constructsgenerallybovine or porcine. They are
widely used in corrective surgery due to the shortage of human substitutes.
Decellularized porcine or bovine pericardium and valves are the mostmonly
fabricated xenograftgYap et al. 2013)On one hand, their supply is alstolimitless,
their anatomi@l structure is adequate and they hageodbiological properties. On the
other hand, they lack of growth potential, the decellularization weakens the construct
and ifit is not completed, can cause an immune response dhdy poses the risk of

calcification and stenosis
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5.3. Bioreactor

Biophysical stimuli are sometimes applied to the scaffold in the form of a bioreactor,
which consist of a device that applies different typef mechanicalnd/or chemical
stimuli to the construcin order to ensure the biological environment of the heart and
the circulatorysystem(Figure 5 Martin, Wendt, and Heberer 2004By mimicking the
physiological mechanical forces, blood flow and shear stress, the bioreactor can allow
the generation of patch that shalle functionalafter transplantation in vivgHecker and
Birla 2007) When celseeded scaffolslare kept in culture for prolonged timehe tissue
normally grow and reach a three dimensional structure, so that a static culture system
would not be able to guaraee the perfusion of culture media uniformly. A dynamic
bioreactor cam maintain viable an engineered tissiy using both mechanical and
biochemical conditioning. Furthermore, such a device mamitor not only the oxygen

and carbon dioxide levels, pH, teanature and nutrient concentration, but it can also
provide the control of flow waveform and physiological pressug.doing thisthe
bioreactor keeps the culture medium undaipulsatile flow that allows the perfusion of
the media within the whole scadfd (Carrier et al. 1999; Hecker and Birla 2007)

This dynamidissue cultureis gradually taking over to the static seedirjnce the
beginning and until few years ago, te&tic system washie most comronly adopted.
That was because of its simplicity, low cast ease to be performed in a laborataorgt
being equipped with sophisticated devices. However, the efficiency of a sisgice
culture is lower than the dynamic one. The cell distition throughout the scaffold is
not uniform, with the majority of cells attached to the outer side and just a few
migrated to the inner par{Dai et al. 2009)Also, in a static system, the culture media
would not be able to diffuse uniformly within the patch, generating area with low

concentration of nutrients and oxygen.

5.4. Clinical and preclinical studies of-gafts

Before a developed engineered or nengireered patch can be translated into clipit
has to be tested in animal models in order to assess its safety and feasibility. Some

preclinical studies have been carried out using both small and large mdidstaie
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growth, histological and immunologicatgperties of engineered materialisually can
be successfully studied in small animal modéle rodents Small animal models are
easier to take care of and the cost of housing is relatively motestever,due to their
little size,they may not be adeqgate to perform complex surgeryLarge animal models
such aslseep, lambpigand dogsare the most commonly useahimalto test TEgrafts

for cardiac corrective surgefphinoka et al. 1995; Efus et al. 2002; Sadegh et al. 2014)

So far, bone marrow SCs and endothelial cells have been the most largely utilized cell
type, probably due to their relatively easy accessibility and ease of harvesting. In these
procedures, the generated scaffold, is firstly seeded with the desired qalighen is
implanted in the animal modeVincentelli et al. usethmbbone marrow SCs and MSCs

to create in vitro THeart valves made of decellularized porcine pulmonary valves. The
patches have been implanted in the pulmonary artenddflambs. After four month, a
greatremodelling have been observed in the explanted samples, with the-d¢8ded
valves being histologically closer to the native tisgM@ncentelli et al. 2007)Also,
Dohmen et al. used autologous endothelial cells to engineer decellularized porcine
jugular vein.The TE and nonrTE patchesvere implanted in the RVD of 6juvenile
sheep After three months, the recellularizain density was higher in the Ffatches,

but after six months, no such difference was sé@ohmen et al. 2006)he potential of

a TEvascular graft made of PGA and coated Wilactic and epsilorcaprolactone was
evaluated in 7 juvenile lambs, plus 1 unseeded control. The patch was implanted in the
superior vena cava and explanted after 6 months. All grafts were patent and increased in
volume(Brennan et al. 2008Ppog models have been used to determine the viability of a
wide variety of vascular graftsjncluding artificial vascular prostheseseeded with
autologous cells derived from adipose tissepijthelium and smooth muscl€ook and

Fox 2007)Dogs have also been successfully transplanted with decellularized conduits of

bovine or porcine origin, giwing patency ando complicationgScharn et al. 2002)

Encouraging results have been albted alsofrom clinical studies involving the

application of Tkpatch, conduits or valve in children suffering from CH&. example,
{KAYyQ21l S&G Iftd NBLR2NISR I Ot AYyAOFf -GNRLFE gA
vascular graft seeded with talogous bone marrow cell§¢Shin'oka, Imai, and |kada

2001) The applied scaffolds were made of RPICL and PGA and were degradable after

2 yeas. Mean length of follomup was 16 months. No thrombosis, stenosis nor

obstruction of the grafts were observedh& implants were patent and increased in size.
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Another study was conducted in 25 patients with single ventricle physiplagyhich
PLLA/PCLIPA grafts seeded with autologous bone marrow cells, were implanted as
cavolpulmonary conduits. In 21 patients there was no failure of the grafts, while 4

required angiofasty due to graft obstructioHibino et al. 2010)

Despiteall these positive resultsthe performance of engineered patches in patients
with CHD requires to be furthenvestigated. Main limitation of the clinical studies

performed so far, is the lack of a long term follow up.

6. SWINBVODEL

Large animal models are essential for the translation of basic science intaalclinic
practise. However, it is qué challenging to reproduce in animal the complex nature of
CHD, making this a great limit in the translatf new therapies into clini€Tarui, Sano,
and Oh 2014)

The swine model has well been characterized in the literature as a crucial preclinical
research model for studying cardiovascular disegdSezuki, Yeung, and Ikeno 2011; Ye
et al. 2014; Mosala Nezhad et al. 2018 anatomy, physiology and immunological
system resemble those of humans to a remarkable degRmrcine cardiovascular
system is comparable to that of hums at the cellular level as well as in terms of
electroptysiology, cardiac metabolism aridnction (Crick et al. 1998)Thereforepigs

are one of the most successful large animal model used in cardiovascular research.

Thanks to theirsize and anatomyit is possible to accomplish cardi@ surgical
intervention that closelyreflects the one performed in infantsas well as mimicthe

clinical setting.

Piglets have the tendency to grow ateally fast rate during their firsdix months of life
and they reach considerable final siz€hisleads to a situation of cardiac exponential
growth, which provides a viable model to test the feasibility and growth potential of a

paediatric engineered patchValidatingTE cardiac or vascular grafts in such a model,
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represents a real challengeeingthe developedconstructtested in ahigh grovih rate

environment

/. CARDIOPULMONARY BYPASS

CBP is aurgicaltechnique that temporarily takes over the function of the heart and

lungs during an opeheart surgery. This technology allows to perform cardiagisal

procedures in alry andmotionlessoperative areaBecause of the difficulty of operating

on a beating heart, the bypass is routinely performed in cardiac su(@ogmez and

Yurdakok 2014)Thus, the bypass is aimed at imaining the circulation of blood and

oxygen content of the body while the surgeon is operatifige CPBystemconsists of a
d2aiGSYAO OANDdzAG F2N) 2Eée3SylGAy3I GKS o6f22R
bypassing the heartn factthis techniqueis a form of extracorporeal circulatiqfigure

6).

A cannula in the RAnpferior/superiorvena cavaor femoral vein is placed to withdraw
the deoxygenatedlood from the body. This cannula is connected with tubing filled with
isotonic crystalloid solutiorlGenerallythe venous blood is gravity drained to a reservoir,
whereis filtered, cooled or warmednd oxygenatedbefore returning to the bodyThe
cannub used to return the oxygenated bloarhn be inserteckither in the ascending
aorta or in the femoral arteryHemli, Patel, and Subramanian 201&h oxygenator is
required to providegas exchange to the bloaahd thishappensthrough a membrane.
According to thetype of membrane, twodifferent oxygenators exist: sheatembrane
and hollow-fibre oxygenator.Typically, the tubing and cannulae are manufactured of
clear polyvinyl chloride, whereas the oxygenator casing and connectors are made of
polycarbonate(Bell and Diffee 1991)The cardiotomy reservoir allows to recycle the
suctioned blood from the surgical field. This reservocludesa screen and a depth
filter to reduce the risk o&ir andfat emboli and surgical contaminatiqfradines et al.
2016) The blood is pumped back to the body thanks to a h&arg machine that
guarantees constant blood flow delivery. The blood pun@s to generate blood flow
and pressure against a certain degreeeagistance, as described by the Hagoiseuille

equation:

43



Blood Flow rate = Pressure / Resistance

The pump should be made of biocompatible materials, be able to adjust for different
size of extracorporeal tubing and create no area of blood turbulence or stasis. CPB

pumps are operated bgerfusionists.

To provide a bloodless and motionless surgical field, a @lassp is placed across the
ascending aorta. Thereforéhe coronary circulation is isolated and blood is prevented
from entering the cardiac chambers. Hence, myocardial protection strategies are
required to preserve cardiac function and prevent cell def¥feiland and Walker
1986) Two main approaches are generally used: cardioplegic andcaalioplegic.
Cardioplegic technique$or cardiac protectioninvolve the delivery of cardioplegic
solution to the heartin orderto provide diastolic electromechanical arrest. Potassium is
the main agent used to induceardiac arrest. The solution can be administered as cold
or warm blood cadioplegia or as cold crystalloid cardioplegia. Mandioplegic
techniques comprise the use of moderate systemic hypothermia with short periods of
aortic crossclamping and ventricular fibrillatiofVF)(Whiting, Yuki, and DiNardo 2015)
The CPB can be pfarmed under systemic hypothermia or normothermia. Systemic
hypothermiais achieved by cooling down the blood of the patients antlais been
shown to reduce myocardial oxygen consumption, ensuring cardiac protection and
increasing the tolerance fdaschenia of vital organs aftereperfusion(Bell and Diffee
1991)

Temperaiure

= Cardioplegia delivery line e

Aarfic raof suction — N =

Cardioplegic
solution

Systemic flow line
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Figure6 Cardigpulmonary bypass circuiField et al. 2006)
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AIM OF THE STUDY



OBJECTIVES

Prosthetic replacement grafts are used in cardiaaective surgery in the form of patch,
conduit or valve. However, the current materials have several limitations, including low
durability and lack of growth potential that requires to submit the patients to multiple
surgeries and a lifelong followp. Tissue engineering holds great promises to generate

viable biological materials with growth potential, remodelling and repairing capability.

The first section of the study was aimed to isolate, characterize and differentiate
mesenchymal stem cells (MSC@nfirthe thymusgland of newborn piglets and children
undergoing operheart surgery. MSCs were differentiated into cardie cells in order

to obtain cells with a phenotype coherent to the tissue where they may be implanted.

The second part of this thesivas focused at developing cardiac patches by engineering
decellularized porcine tissues and a commercially available material with
undifferentiated and differentiated MSCs, to generate grafts with the potential to be use

in corrective cardiac surgery.

The last section of this study included the in vivo experiments. We aimed to establish a
novel piglet model to test the safety and feasibility of our developed cardiac patches.
The model consists of a cardiopulmonary bypass with recovery of the animalfe@nly
large animal models exist for CHD and heart failure. Therefore, the validation of our
juvenile pig model is of significant importance to investigate the suitability of an

engineered graft for cardiac repair in a paediatric setting.
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MATERIALS AND
METHODS



All the animal experimental protocols have been approved ftbeBritish Home Office.
Animals were treated in accordance with tkeiide for the Care and Use of Laboratory
Animalsof the National Academy of Science, published by the Nationaitutestof

Health in 1996. Neonatal rats were humanely sacrificed using a Schedule 1 procedure of
the Animals (Scientific Procedures) Act published in 1986. Whereas, pigs were

euthanized with an intravenous injection of barbiturate

In regards of human subjes; this study was performed in accordance with an accepted

protocol from the University of Bristol and the National Health Service Consent from

OKAf RNByQa LI NByida ¢la 200FAySR G2 O02ftfSOG R
In vitro experiments, but when specified differently, were performed at the School of

Clinical Sciences, in the Bristol Royal Infirmary and part of the University of Bristol.

1. CULTURBF MSCs

1.1. Isolation

In an operheart surgery, in order for the surgeon to access the heart, the thymus gland
has to be discarded. Wasted thymus tissue from children aged few days up to 5 years

old, with CHD undergoing corrective heart surgery, was used to isolate human MSCs.

The isolation and ctiring of porcine MSCs, consist the same protocols. The thymus

gland was collected from newborn piglet, the very same day of delivery.

Collected samples were washed with 1% penicillin/streptomycin (P/S, Life Technologies)
phosphde buffer saline (PBS, Life Technologies) and minced into small pieces. The
washing solution was removed and a 1 mg/ml solution of Collagenase type | (Sigma
Aldrich) was added to the tissue and incubate for 2 hours at 37°C. The cell suspension
was then filered through a 70 um nylon mesh to remove the stromal capsule and
centrifuged at 1500 rpm for 5 minutes at room temperature (RT). The supernatant was
NEY2OSR FyR GKS LISt€S0 61a NBadalllyRSR Ay 5d
Gibco, Life Technologig supplemented with 10% Fetal Bovine Serum (FBS, Gibco, Life
Technologies), 1% P/S and 0.2% Plasmocin (InvivoGen). Cells were seeded into an
appropriate flask for cell culture (generally a T75) and kept at 37°C in a 5% CO
humidified atmosphere. 48 hourafter seeding, noradherent cells were removed,

adherent cells were washed with PBS and fresh medium was added to the culture.
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1.2.Cell expansion

When 70 to 80% confluence was achieved, cells were passaged (or splitted) from PO to

P1. Cells were firstly wast with PBS and enough Trypsin (Thermo Fisher) was added to

cover the culture. Cells were incubated with the enzyme for about 5 minutes at 37°C in a

5% C@p ¢NRBLAAYQa FO0GABGAGE gl a AYKAOAGUSR 6A0GK
FBS, in order for theerum to stop the action of the enzyme. 10 ul of cell suspension

were loaded into a chamber for cell counting. An automated cell counter was used for a
consistent cell counting (Countess Il FL, ThermoFisher). Cell suspension was centrifuged

at 1500 rpm for5 minutes at RT, the supernatant discarded and the pellet resuspended

in the appropriate volume of culture medium. MSCs were kept in culture until passage 2,

when they were either used for an experiment or, if not needed, frozen.

1.3. Cell freezing/thawing

In order to freeze the cells, they have to be trypsinized. After the cell suspension was
centrifuged, the pellet was resuspended in a freezing mix made of 50% DMEM, 40% FBS
and 10% Dimethyl Sulfoxide (DMSO, Sigma Aldrich) and transferred into a cryavial. Th
DMSO is a solvent used as cprotectant, thus it protects the cells from freezing
damage. The cryovials were firstly put into a freezing container (Mr. Frosty,
ThermoFisher) that allows the rate of coolingdfC per minute, which seems to be the
optimal rate for cell preservation. Cells were kept-80°C for short storage. If long
storage was needed, cells were moved into liquid nitrogen tab86CC) after a couple

of days.

Thawing the cells required to put the cryovials containing the cells efast at 37°C
until the suspension was defrosted. Then the cells were spin down at 1500 rpm for 5
minutes at RT and counted with an automated cell counter. The pellet was resuspended
in the appropriate amount of DMEM with 10 FBS and 1% P/S. Plasmocirsessnly

for cells with a passage number of zero or one.

2. FUNCTIONAL CHARACTERIZATION OF MSCs

MSCs are functionally defined by their capacity to adhere on plasticressliv and

differentiate into the three mesodermal phenotypes: osteocyte, adipocyte and
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chondrocyte. Therefore the isolated human and porcine MSCs were differentiated into

the three cell types.

2.1. Osteogenic and adipogenic differentiation

Low passage MSCs (P2 to P3) were trypsinized and' 4ell® (for the osteogenic
differentiation) and 2x1®cells (for the adipogenic differentiation) were seeded into
each well of a @vell plate. Per each differentiation experiment, three wells were used

as negative control, where no supplements were addedhie culture, and three wells

were treated with the conditioning reagents and supplements. Cells were cultured with
the basal alphaMEM medium (Life Thechnologies) supplemented with 1% P/S. When
cells reached 70 and 100% confluency, respectively for #teogenic and adipogenic
differentiation, the supplements were added to the treated cells (StemXVivo
osteogenic/adipogenic supplements, R&D Systems). Every 3 days the media was

changed to all the cells and the supplements were added to the treated cells.

After 3 to 4 weeks, cells were committed to the osteogenic lineage. At the end of the
differentiation, cells were dyed with the Alizarin Red staining in order to detect the
presence of any calcific deposition, typical of osteogenic cells. Cells werediixieddur

with 70% icecold ethanol at 4°C. Then they were stained for 5 minutes at RT with
Alizarin RedS (40 mM, pH 4.1, Sigidrich). At the end of the incubation, cells were
washed five times with PBS and then they were observed under a brightrfiedded

microscope (Zeiss PrimoVert).

Regarding the adipogenic differentiation, after 3 weeks of differentiation, cells were
coloured with the Oil Red O staining to detect any triglycerides or lipid vesicles which are
typical of adipocytes. Cells were fikavith 4% paraphormaldehyde (PFA, Sightdrich)

in PBS for 20 minutes at RT. After the fixation, cells were washed once with PBS and
twice with 60% isopropanol (Sigr#ddrich). Then they were stained with the Oil Red O
solution made of 0.2 g Oil Red Ouid) in 40 ml isopropanol diluted in distilled water
(3:2) for 30 minutes at RT. At this point cells were washed with 60% isopropanol and

then observed under the bright field microscope.
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2.2. Chondrogenic differentiation

Low passage MSCs (P2 to P3) weresiniped and 2x1cells were resuspended in 5 ml
of the completed StemXVivo Chondrogenic Base Media (R&D Systems). Cells were
centrifuged at 200g for 5 minutes at RT and the supernatant was kept to culture the

pellet of cells. Every three days the mediaswamoved and replaced with fresh one.

After 3 to 4 weeks of differentiation, cells were fixed with 4% PFA for 20 minutes at RT.
Cells were then washed with PBS and stained overnight (ON) at room temperature (RT)
with the Alcian Blue solution (1% Alciatu® 8GX, SigmAldrich in 3% Acetic Acid,
SigmaAldrich ). The following day, cells were washed twice with 3% Acetic Acid and

twice with PBS. Then cells were observed under the bright field microscope.

3. FLOW CYTOMETRY

Flow Cytometry (FACS) was used t@esgtigate the expression of the surface markers of
the isolated pig and human MSCs. Different antibodies were used due to the different

species from which the cells were isolated (Table 2 and Table 3).

Antibody anti human Dilution Fluorophore Conjugated | Company

CD29 15 APC BD Pharmingen
CD44 1:20 APC BD Pharmingen
CD73 1:20 APC BD Pharmingen
CD90 15 PE R&D Systems
CD105 1:20 PE R&D Systems
CD14 1:10 PE BD Pharmingen
CD31 1:20 FITC BD Pharmingen
CD34 1:40 FITC BD Pharmingen
CD45 1:20 PE R&DSystems
HLADR 1:20 APC BD Pharmingen

Table 2.Panel for " TMSCs characterization reporting the antigens investigated, the dilution of the antibodies
used, the fluorophores conjugated with the antibodies and the companies from which they were obtained.
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Antibody anti pig Dilution Fluorophore Conjugated | Company
CD44 1:600 APC eBioscience
CD73 1:10 (secondary antibodAPC)| R&D Systems
CD90 1:20 PE Biolegend
CD105 1.5 PE LSBio

CD31 1:10 PE Bio-Rad
CD45 1:25 FITC Bio-Rad

Table 3.Panel for pTMSCs characterization showing the antigens that were analyzed, the dilution of the
antibodies used, the fluorophores conjugated with the antibodies and the companies from which there were
acquired. Since CD73 was unconjugated, the use of adaqy antibody was necessary to detect the
construct.

A suspension of cells is required for the staining. Thws, passagecells (p3) were
spitted and trypsin wa inhibited by washing the cells with FACS buffer. Gelie re-
suspended at 1000 cell/im FACS buffer. 200 ul of cell suspensiame removed for a
viability staining control and 100 were removed for unstained control. 100 ul of the
200 ul for the viability stainingyere put at 95°C for 5 minutes in order to kill the cells.
Then the deadtellswere cooled down before they are added back to the other 100 ul of
living cells. The viability markeised wa conjugatedwith the fluorophoreV450 (BD
Horizon) andwas used at 1:1000 in FACS buffer. Ge#ise incubated with the dye for
30 minutescovered at 4°C. At the end of the incubation, celiye washed with cold
FACS buffer and spin dowhhe viability staining control vgakept covered at 4°C until

the end of the staining.

The initial pellet of total cellsvas resuspended in FACS buffer in order to have at least
1500 cell/ul and cellsvere incubated for 30 minutes covered at 4°C with primary
antibodies at appropriate concentrations. At the end of the antibodies incubation, cells
were washed with cold FACS ferf and spin down. All cells, unstained control and
viability staining control includedyere fixed with 1% PFA and kept covered at 4°C until

analysis.

FACS analysis was performed at the Flow Cytometry Facility, in the School of Cellular and
Molecular Medcine of the University of Bristol. The Novocyte NovoSampler (ACEA

Bioscience, Inc.) flow cytometer was used for data collection and the software
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NovoExpress (ACEA Bioscience, Inc.) was used for data analysis. The unstained cells and

the viability stainiig control are used to gate viable cells.

4. PRIMARY CULTURE OF RAT CARDIOMYOCYTES

4.1. Isolatiorof cardiomyocytes

Cardiomyocytes were isolated from tb 3-day-old Wistar rats (Charles River). A litter of
neonatal rats was killed by means of decapitatiancording to the schedule 1 of the
Animals (Scientific Procedures) Act. The hearts were rapidly removed and placed in
culture medium on ice. When all hearts were collected, they were washed with 1% P/S
PBS in order to remove the blood. Hearts were minag&d small pieces with fine
scissors, filtered with a 70 um nylon mash and transferred into a sterile beaker with a
magnetic bar. The tissue was dissociated with 0.05% Trypsin, 0.02% EDTA (Life
Technologies) in PBS for 15 minutes at 37°C on a magnetir.shitrthe end of the
incubation, the cell suspension was filtered with a 70 um nylon mesh and the enzyme
activity was stopped with FBS. This first fraction of cells was kept aside. A solution of
0.1% Trypsin, 0.02% EDTA was added to the tissue and irdubbatl5 minutes at 37°C

on the magnetic stirrer. . At the end of the incubation, the cell suspension was filtered
with a 70 um nylon mesh and the enzyme activity was stopped with FBS. This second
fraction of cells was kept aside and the same procedurs wepeated for other three

times. All the five isolation fractions were mixed together and centrifuged at 100 g for 5
minutes at RT. The pellet was resuspended into 10% FBS, 1% P/S DMEM and cells were
seeded into a T75 flask. The cells were kept for 1 lap@7°C in a 5% G allow the
cardiac fibroblasts to attach and remove the majority of them from the cardiomyocyte
culture. At the end of the incubation, needherent cells were removed and centrifuged

at 100 g for 5 minutes at RT. The pellet was themsuspended into an appropriate
volume of DMEM mixed with Medium 199 (M199, Gibco) at a ratio 1:1 and
supplemented with 1% FBS and 1% P/S. Cells were finally seeded into a T25 flasks
previously coated. After 48 hours, nadherent cells were washed awayd fresh
growing medium was added to the culture. Cells usually started beating after 3 or 4 days

and after a week the majority of them were beating in a synchronized way.
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Different ECM components were tested to find out the best coating material. Gelatin
collagen type | and fibronectin were applied. The beating rate and growing potential of

the cardiomyocytes were monitored to identify the optimum coating component.

4.2. Preparation ottardiac conditioned mdium

Every time the primary culture of rCMs wiasl, the old wasted medium was not thrown
away. Instead it was collected as conditioned medium and centrifuged at high speed in
order to allow all debris and dead cells to sediment in the pellet. The supernatant was
then filtered through a 0.22 um filterral either used to feed culture of hMSCs or stored
at-20°C until needed.

4.3. Characterizatiomf cardiomyocytes

To assess if the isolated cells were actually CMs, they were either stained for cardiac
proteins, or lysed in order to isolate the RNA on whioh éxpression of cardiagpecific

genes was examined. When confluence was achieved, cells were trypsinized and seeded
onto coated coverslips, previously inserted into av@dl plate. After approximately one

week of culture, cells were fixed and stainedthwthe following primary antibodies
(protocol is described in paragraph 6): Mouse &drcomeric alph#ctinin, Mouse
anti-cardiac Myosin Heavy Chain, Rabbit dsmin and Rabbit arGonnexind3
O0FYyiAO2RASAQ ALISOAFAOIGAZ2Y A | NB NBLRNISR
To investigate the gene expression of the isolated cells, a quantitative RealPliRe

was performed to study the expression level of the genes GRATACTAL, DES and

cMYH (protocols are reported in paragraph 7).

5. CARDIAC DIFFERENTIATION

Cell differentiaion into cardiadike cells was performed. Three different lines of low
passage (P2 to P4) human and porcine MSCs were used in three independent
experiments. Cells were seeded at low density (2500 cel)/dénto both 6well plates

and 24well plates. Cellseeded onto the évell plates were used for RNA extraction and

gPCR, while cells seeded onto the-w#dll plates were fixed and used for
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immunocytochemistry (ICC). A glass coverslip was inserted into each well of-tiel 24
LIX I 6Sa G2 It f &aning0thteé diffrendzpratocolsl wer® set up and

optimized.

5.1. Chemical protocol (T1)

The first protocol (treatment 1, T1) was based on the paper published by Smits et al.,

where human cardiac progenitor cells were differentiated into mature carglmytes

o{YAalda SiG FtodX wHwnnopvd [/ StftaQ RAFFSNBYIGALFGA
combination of supplements. The demethylating agenfZacytidine (5uM; Sigma

Aldrich) was added to the culture for the first three days of differentiation in otder

stop cells from proliferating. The Transforming Growth Fabtta 1 (TGF mX~Z w35
Systems) was supplied twice per week, from tHe day of differentiation at the

concentration of 1 ng/ml. Ascorbic Acid (0.1mM, Sighhdrich) was added every other

dayfrom the 6" day of differentiation. The differentiation medium was obtained from a
O2YoAYylFGA2Y wmYmM 2F Lao20SQa a2RAFASR 5dzZ o
¢ SOKy2f23AS5S4a40 YR 11YQa CmH O0DA0O2T [AFS ¢
Horse Serum (HS;iligo, Life Technologies), 1% Instlimnsferrin Selenium (ITS), 1%

MEM nonressential amino acids and 1% P/S.

5.2. Conditioned madium (T2)

With the second treatment (T2) cell differentiation was obtained due to the cytokines
and growth factors present in the medium conditioned from a separate culture of rat
cardiomyocytes (CCM). The rationale of this technigue is to mimic in a bland way the i
vivo environment, in order to see if it helps the differentiation process of the MSCs. The
CCM was mixed 1:1 with DMEM, 2% HS and 1% P/S. No supplements were added to the
culture but 5Aza (5 uM for the first three days of differentiation) in order thibit cell

proliferation.
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5.3. Coculture (T3)

In the third treatment (T3) MSCs were differentiated in the presence of rat
cardiomyocytes (rCMs). The two cell types were maintained separate by a cell culture
insert (Millicell®, Millipore, Figure 7), made of a membrane of Polyethylene
Terephthalate (PET) with 0.4 um pores to allow molecules only to pass through it. An
insert was placed into each well of the-@&ll pates and éwell plates The MSCs were
seeded at the bottom of the wells, while the rCMs were seeded onto the inserts
previously coated with 1% gelatinéhe rationale of this condition w&ato mimic in a
more realistic way the in vivo cardiac environmemtdasee if the presence of the
cardiomyocytes is enough to comntite MSCs. B\za(5 uM for the first three days of
differentiation) was the only supplement added to the culture in order to inhibit cell
proliferation. The differentiation medium was given &ycombination 1:1 of DMEM and

M199, supplemented with 2% HS and 1% P/S.

Figure7 24-well plate cell culture insert. rCMs were cultured on the inserts, while MSCs were growin
bottom of the well.

For each differentiatin experiment, an untreated condition was used as negative
control in order to compare the cells submitted to the differentiation protocols to those
that have not been treated with any supplements or particular media. These untreated
cells were cultured ithe normal growing medium (DMEM with 10% FBS and 1% P/S)
until confluence was reached. Then the cells were either fixed for immunological

staining or lysed for RNA extraction.

Cells were checked every day and pictures were taken at least once a weekitormo
morphological changes. The differentiation was stopped after 3 weeks of culture from

the seeding day. Treated and untreated cells were either stained for cardiac markers, or
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lysed to extract RNA and investigate their gene expression. Additionally/3 iwas
assessed that the rCMs were alive on the inserts. A viability/cytotoxicity assay
performed to establish cell viability (a detailed explanation of the technique is reported

in paragraph 10.).

Each differentiation protocol has been performed hvét least three different cell lines
of both human and porcine MSCs. In addition, each individual experiment was carried

out in triplicate for both ICC and gPCR.

6. FLUORESCENT IMMUNOSTAINING

Cells were fixed with 4% PFA for 20 minutes at RT. Fixed cells were washed twice with

PBS and cell membranes were permeabilized with 0.01% T+it0@XMillipore) in PBS

for 10 minutes at RT. Cells were then washed and incubated with 10% Normal Goat
Serum(Sigma Aldrich) PBS for 30 minutes at RT. This incubation allows to block any
antigens that might bind an antibody raised in goat. Because all the secondary
antibodies used were produced in goat, a goat serum has to be used. At the end of the
blocking, cdt were incubated with the cardiegpecific primary antibodies Mouse anti

Sarcomeric alph@ctinin, mouse anttardiac Myosin Heavy Chain, Rabbit dbismin

and Rabbit antConneximmo hb 4 nc/ oO0FlYyiA02RASEAQ RSGIATf A
following day, cells are washed three times with PBS and secondary antibody solutions

were prepared. Goat antlouse conjugated with Alexa Flour 488 was used to detect

the primary antibodies raised in mouse, while a Goat-Rabbit conjugated with Alexa

Flour54w & dzaSR (2 RSGSOG GKS NIooAld FyliAaAo2RASaA
in Table 5). Both secondary antibodies were incubated for 1 hour, cover and at RT. At

the end of the incubation, cells were washed three times with PBS and nuclei were
counterstaned with 4',6-Diamidine2-Phenylindole, Dihydrochloridg¢DAPI; 1:3000;
ThermoFisher) for 10 minutes, covered at RT. Cells were then washed three times with

PBS and in the end the coverslips were transferred onto microscope slides where were
mounted with PX mounting medium (VectashigldSamples were analysed using a

fluorescent inverted microscope (Zeiss Observer.Z1).
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7. GENE EXPRESSION ANALYSIS

7.1. Total RNA extraction from animal cells and tissues

A RNeasy mini kit (Qiagen) was used to isolate RNA from samples. Cells were washed
with PBS and lysed with Qlazol Lysis Reagent, a phasetl solvent. If RNA was to be
extracted from tissue, it was necessary to weight the specimen in order to use a piece
not heavier than 0.025g. The tissue was transferred into a 2 ml tube with ceramic beads
and 700 ul of Qlazol. The tubes were inserted into a homoge(®aatin Technologies,

Minilys) to allow complete tissue destruction.

140 ul of chloroform (Fluka Andical) were added to the cellftissue samples and the
tubes were shaken vigorously for 15 seconds. Tubes were placed on the benchtop for 2
minutes and then centrifuged at 12000g for 15 minutes. The upper aqueous phase
containing RNA was transfer into a newllection of tubes and the volume of each
sample was estimated. 1.5 of that volume of 100% ethanol (Sijiairich) was added to

the samples, which were mixed by pipetting. Up to 700 ul of the above solutions were
transferred into RNAxtraction column tbes and centrifuged at 10000 rpm for 15
seconds. The flowhrows containing Qlazol were discarded and the operation was
repeated if necessary. 350 ul of RWT Buffer were added to each column and the samples
were centrifuged at 10000 rpm for 15 seconds. Tgedt any DNA residues, a digestion
with DNase | was performed. 10 ul of enzyme were mixed with 70 ul of RDD Buffer for
each sample. The solution was then added to the samples, which were incubated for 15
minutes at RT. At the end of the incubation, 35®URWT buffer were added to each
sample and the tubes were centrifuged at 10000 rpm for 15 seconds. Two washes with
500 ul of RPE Buffer were performed, during which samples were centrifuged at 10000
rpm for 1 minute each. The columns were transferrea iatnew collection of tubes and

40 ul or RNasé&ree water were added to each of them. Samples were centrifuged at

10000 rpm for 2 minutes to elute the RNA.

RNA analysis was performed using a NanoDrop® spectrophotometer (Thermo Fisher
Scientific Inc.) inmler to quantify RNA concentration (expressed as ng/ul) and calculate
RNA purity. A 260/280 ratio was detected as indicator of protein contamination,
whereas a 260/230 ratio was detected to show possible chemical contaminations (e.g.

with the guanidine s# from Qlazol). RNA samples were storeeBafC.
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7.2. Retrotranscription

The QuantiTect Transcription kit (Qiagen) was used to convert the RNA into cDNA. The
reaction was prepared on ice. 800 ng of RNA were normally used, and RNagateee

was added to ach sample up to 12 ul. 2 ul of gDNA wipeout buffer were added to each
sample for effective elimination of genomic DNA contamination from starting RNA.

Samples were incubated for 2 minutes at 42°C.

A master mix solution (MM) was prepared containing, pecheaample: 4 ul of
Quantiscript RT buffer, 1 ul of Quantiscript Reverse Transcriptase and 1 ul of RT Primer
mix. 6 ul of the MM were added to each samples, which were incubated for 30 minutes
at 42°C and 3 minutes at 95°C to inactivate the enzyme. cDNplesmmere then moved

to ice and either stored aR0°C or used straightaway for qPCR.

7.3. Capillary Realime PCR (RACR)
The QuantiTect SYBR® Green PCR Kit was used to quantify cDNA targets. The reaction

was prepared on icdbue to the limited capacity ohe capillary PCR machine to allocate
34 capillaries maximum, it was necessary to perform a reaction for each single phimer.
master mix solution (MM) containing SYBR Green, RiMasewater and Primers, was
prepared according to Table 4. The MM was théguted into as many tubes as the

number of samples. Then to each tube was added the appropriate cDNA.

Reagents ul Triplicate Error
SYBR Green 5
x No. of

RNasefree x No. of _

3 Primers
water X3 samples +10%
Primer 1
cDNA 1

Table 4. Summary of the reagents used in the qPCR with the respective used volume.

The MM was then distributed to each sample, where the appropriate cDNA was added.
10 ul of each samples were then transferred to a single capillary (La Roche). When all

samples wee moved to the capillaries, there were centrifuged at 2000 for 30 seconds,
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in order to allow the solution to reach the bottom of the capillary. The capillaries were
then inserted into the capillary PCR (Lighdiér 1.5, La Roche) and the reaction set up as

follow:
Denaturation: 95°C (x 1 cycle)
Amplification: Denaturation: 95°C / Annealing: 60°C / Synthesis: 72°C (x 50 cycle)
Melting: 95°C (x 1 cycle).

At the end of the reaction, the melting curve and the standard amplification cuvees

generated and the crossing point (Ct) of each sample analysed. A relative quantification

was performed and as the 18s housekeeping gene was used to normalise the Ct value of

the genes of interest. Thus the expression of the genes of interest was contpattesl

2yS aKz2gy o0& (KS K2dza S HstSvadiuged to FelfyiSady reblk S { { dzF
difference existed between different conditions (e.g. treated cells vs untreated cells).

Additionally, a standard error and a standard deviation were calculate.

Regarding the differentiation experiments, the expression level of cagfiacific genes

was investigated. The expression detected in the untreated cells (negative control) was
compared to that exhibited by the treated cells. The targeted genes wer@AGA
ACTA1L, DES and cMYH. The primers for the human genes were commercially available
and they were all obtained from Qlagen. Whereas, the primers for the porcine genes

were not available on the market, thus they were designed.

7.4. Porcine pimersdesign

The NCBI genomic database was used to generate the primers of interests. Two primer

pairs were designed per each gene, in order to choose the optimal pair. In Table 5 are

reported only the primer pairs that showed better results and that were used in the
differentiation experiments.Primers were firstly tested with a neguantitative PCR

reaction. cDNA extracted from porcine heart was used in the tests. At the end of the
amplification process, the products were separated according to their size in a 1.2%

agarose gel (Sigma Aldrich) supplemented with Ethidium Bromide (COMPANY) to allow

al YL SaQ NB@StlFliAz2yd 4G GKS SyR 2F GKS StSO
imaging system (ChemiDoc, Btad) to develop the DNA bands.
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_ _ Product
Name Forward primers Reverse primers
length

Pig GATAt | CGACACCCTAATCTCGATA CAGTTGGCACAGGAGA( 221

Pig ACTA1 | TACAAAGATGTGCGACGA(Q CCTTCTGACCCATACCC 164

Pig DES GGCTCAGTACGAGACCAT( GCATCGATCTCGCAGGT 177

Pig MYHT | AGGTCAAGGCCTACAATC(Q CTTAGTTGCGCCCTCAQG 232

Table 5.Primers designed for porcine cardimecific genes. The table shows the nucleotide sequences of
both the forward and reverse primers, as well as the length of the amplification product in terms of base
pairs.

8. TISSUBECELLULARIZATION

Porcine pericardium and myocardium were collected from approximately 60 kg adult
pigs. Tissues were washed several times with 1% P/S PBS and cleared from any other
tissues. All following steps were performed in sterile conditions and avehaker, in

order to keep the solutions in movement.

8.1. Decellularization of the pericardial membrane

Being extremely thin and soft, the pericardium has the tendency to fold easily on itself.
To keep the tissue flat, cell crowns (CellCrown inserts, &fgdrich) were used to fix

the pericardium over themHjgure8). Two different protocols were applied in order to
identify the optimal decellularization strategy. The first protocol was based on the
activity of the enzyme Trypsin (Try, 0.1% Life Teclyied) that was incubated with the
samples for 48 hours at 37°C. Whereas the second protocol was based on the action of
the detergent TritonXL00 (TX, 1%, Millipore) that was let in contact with the samples
for 48 hours at RT. Both solutions were refrestadter 24 hours. At the end of the
incubations, all samples were treated with DNase | (25 ug/ml, Sigma Aldrich) for 48
hours at 37°C, in order to remove any residual of nuclear materials. Then tissues were
washed with 1% P/S PBS for 10 days at RT. Thengastiutions were changed at least

once per day. At the end of the protocols, the samples were stored at 4°C until needed.
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Figure8 Pericardial membrane mounted over a cell crown to keep the tissue flat. Both the deceliola
and the reseeding of the pericardium occurred with the tissue mounted over the insert.

8.2. Decellularization of the yocardium

Little pieces of myocardium were cut from the pig heart. The size of the pieces was
approximately 1 crhand the thickness of fe millimetres. To wash away the cellular and
nuclear material from the tissues, the samples were firstly treated with the detergent
Sodium Dodecyl Sulfate (SDS, 1%, Sijithach) for 36 hours at RT. Tissues were then
washed with 1% P/S PBS for 24 hour&&tand incubated with the detergent TritonX

100 for 1 hour at RT. A week of washing with 1% P/S PBS followed the procedure and
the washing solution was changed at least once a day. At the end of the protocol,

samples were stored at 4°C until needed.

9. CELISEEDING OVER SCAFFOLDS
9.1. Recellularization on acellular pericardium and myocardium

Cells were seeded at high density (1%&éll/cn?) over the Try and Tx decellularized
pericardia and SB&ecellularized myocardia. The pericardial tissues were kept mounted
over the inserts in order to maintain a flat surface and cells were seeded inside the

crowns. Differentiated and undifferentiated hTMSCs were used to test both the

NEaAaSSRAYy3 LRIOSYyGAlrt 2F GKS RSOSt2LISR aol F72f

Cells were cultured in DMEM supplemented with 10% FBS and 1% P/S, which was
refreshed three times per week. Cells were cultured over the decellularized materials for
up to 2 weeks under static condition. Then the patches were analysed with different
techniques, including viability/cytotoxicity assay, histology and scanning electron

microscopy.
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9.2. Cell seeding on clinicgrade scaffold

CorMatrix® (CorMx, ECM Technologies) is a clinically used decellularized material that
we also employed as scaffold ¢enerate cardiac patch. This material derives from the
porcine small intestinal submucosa and consists of a thin and elastic tissue that looks
like a sheet of paper. Hence, prior its utilization, it has to be soaked ON in culture
medium. Differentiated ad undifferentiated hTMSCs were seeded over the CorMx at
high density (1x10 5 x1C cell/cn?) and were cultured in normal medium for up to two

weeks under static conditions

Decellularization
Scaffold ) Cell seeded Environment
technique
hTMSCs
Trypsin / DNase |
Diff-hTMSCs
Pericardium
hTMSCs
TritonXx100 / DNase
Diff-hTMSCs
Static
hTMSCs
Myocardium| SDS / Tritors400
Diff-hTMSCs
hTMSCs
Diff-hTMSCs
CorMx Readyto-use hTMSC Dynamic
Diff-hTMSCs (bioreactor)
pTMSCs

Table 6.Summary of the different combination of utilized scaffolds, decellularization technique, and cell
types applied to engineer the material and the condition of culture.

In addition, differentiated and undifferentiated hTMSCs and undifferentiatgdIpiSCs

were seeded on the matrix and cultured for one week under static condition and one
week in a rotating bioreactor (Harvard Apparatus). The bioreactor generates a dynamic
system that allows culture medium to be equally dispersed throughout the aactstr

and at the same time, it applies mechanical forces to the patch, such as sheer stress
(Figure9). The patches were stitched around a little tube that was set uptaie at 2

rom. 150 ml of normal medium were added within the bioreactor the first day of
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culture. The bioreactor was placed at 37°C in a 5%h0@idified atmosphere for one

week.

After two weeks of culture, the patches were dismounted from the biotera and
analysed with viability/cytotoxicity assay, histology and scanning electron microscopy.
Unseeded scaffolds were used as negative control. In addition, the pT8é8Gad

CorMx was tested in a cardiopulmonary bypass recovery piglet model.

Figure9 Bioreactor installation. The graft was stitched to the rotating arm of the bioreactor and st
back to itself so as it fashions a tube shape (a). The arm is then inserted within the chamber (b), w
filled with growing medium (c). ThHaoreactor was placed into an incubator at 37°C for one week.

10. VIABILITY/CYTOTOXYCITY ASSAY

The Viability/Cytotoxicity assay kit for animal live and dead cells (Biotium), provides
green and red fluorescence for live and deeells respectively. The technique uses
probes (Calcein AM) for intracellular esterase activity in viable cells, while takes

advantage of compromised plasma membrane integrity in dead cells.

Calcein AM is a membraseermeable, norfluorescent esterase substte that can

enter the cytoplasm, where is cleaved by esterases in viable cells, producing the green
fluorescent dye calcein. This product is cell membrane impermeable and is retained in
the cytoplasm of live cells with intact plasma membrane. Dead g¢bkredo not stain

due to the lack of esterase activity, or fail to retain calcein in the cytoplasm due to their
compromised plasma membrane. The working concentration of Calcein AM used was 4
uM.
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Ethidium homodimer 1l (EthDl) is a plasma membranmpermeable dye that is
excluded by viable cells. This dye does not fluoresce until it binds molecules of DNA.
EthDIIl penetrates dead cells with damaged plasma membrane and then it stains the

nucleus with red fluorescence. The working concentration of Hth&pplied was 2 uM.

Cells were incubated with the dyes for 40 minutes at 37°C. At the end of the incubation,

cells were washed with PBS and observed with an inverted fluorescent microscope.

11. HISTOLOGICAL EXAMINATION

11.1 Sample preparation

Tissue samps were washed with PBS and fixed with 4% PFA PBS and incubated ON at
4°C. The following day, samples were washed with PBS and transferred in histological
cassettes (Histosette I, Simport). Samples were then processed ON in the Excelsior AS
processor (Theno Fischer). The day after, samples were embedded in paraffin using a
Histo Star embedding machine (Thermo Fischer). Samples were cut using a Reichert
Jung 2030 Biocut microtome and sections of 4 um thickness were produced. The
sections were then incubate ON at 37°C and stored at RT. The same preparation

protocol was applied to process samples for immunohistochemistry.

11.2. Hematoxylin and Eosin

Hematoxylin and Eosin (H&BRE is a histological stain that colours the nuclei of the
cells and the calcified material in blue to purple thanks to the oxidation product of
hematoxylin, haematin. Cellular and nuclear materials are counterstained with eosin, an

alcoholic solution that@lours the eosinophilic structures in various shades of red/pink.

This staining was performed using a Shandon Varistad 2ditomated machine
(Thermo Fischer). The procedure included a dewaxing step into clerene (Leica) and
rehydration with different conentration of Industrial Methylated Spirits (IMS, Gente
Medical) to tap water. Slides were then moved into hematoxylin (Pioneer Research
Chemicals) and washed in distilled water. Samples were transferred into Scots Tap
Water Sub (Atom Scientific) and washetth running tap water. Slides were stained
with 0.5% eosin (Atom Scientific) and washed in running tap water. Finally, slides were

dehydrated in IMS and rinse with clerene.
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11.3. Elastic Van Gieson

Elastic Van GiesorieYG is a staining procedure that forms\ariety of bounds with

elastin that in turn has high affinity for the irdreematoxylin complex formed by the
reagents in the stain. Thus, elastin retains the dye longer than other tissue elements,
becoming the only stained tissue. In fact remaining tissgu®8 RS O2ft 2 NAT SR ®
stain is used to counterstain the principal one. This dye colours the collagen fibers in
red, whereas all other tissue elements such as cytoplasm, red blood cells and muscular

tissue, are stained in yellow.

An automated macine was used to perform the histological stain. Slides are firstly
dewaxed in clerene and then rehydrated to tap water. Samples were then moved into
0.5% Pot Permanganate (Sigma Aldrich), rinsed in distilled water, incubated with 1%
Oxalic acid (Sigma Aldn) and washed again with distilled water. Then, slides were
moved into IMS before and after being incubated with Millers Elastin (Pioneer Research
Chemicals). Samples were washed with tap running water and stained with Van Gieson
solution (Pioneer Reseelr Chemicals). Finally, slides were dehydrated in IMS and rinsed

in clerene.

11.4. Alcian Blue
In order to detect the glycosaminoglycans (GAG) left in the tisshlesan Blue (AB)

staining was performed manually. This protocol allows the visualization of acid
mucosubstances, acetic mucins and cellular material. Strongly acidic mucosubstances
are stained blue, nuclei are stained pink to red and cytoplasm are coloured in pale pink.
Samples were deparaffinised in clerene and hydrated to distilled water. Then esampl
were stained for 30 minutes at RT with alcian blue solution (1% alcian blue in 3% acetic
acid solution). At the end of the incubation, samples were washed under tap running
water for 10 minutes and rinse in distilled water. Nuclei were counterstaingtd wi
nuclear fast red solution for 5 minutes (0.1% nuclear fast red, 5% aluminium sulfate in
distilled water). Samples were washed under tap running water for 5 minutes and rinsed

in distilled water. Then samples were dehydrated in IMS and rinsed with eleren
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At the end of the H&E, EVG and AB stainings, samples were mounted with DPX
mounting medium (Thermo Fischer Scientific) and let dry ON. Slides were observed with

a bright field inverted microscope (Zeiss Observer.Z1).

12. IMMUNOHISTOCHEMISTRY PROCEDURES

Sections of paraffirembedded samples were incubated for one hour at 60°C in order to
let the tissues attach better to the slides. Then samples were dewaxed with three
washes in Clerene. Samples were rehydrated with gradually lower concentrations of
alcohol two washes with 100% IMS, one with 90% IMS, one with 70% IMS and lastly one
wash with distilled water. Tissue antigens retrieval was performed with Sodium Citrate
buffer (10mM, with 0.05% Tween 20 (Sigma Aldrich), pH 6) by microwaving the samples
three times at 700 w. Samples were let cool down in tap running water fe8Q20
minutes and then washed twice with 0.5% Tweem t . { ® { I YLX SaQ FyiA
blocked with 5% goat serum in PBS for 40 minutes at RT. Different primary antibodies
were used, dependingn the sample and on the purpose of the experiment. All the
primary antibodies used in this study are reported in Table 7 with the relative
concentrations. Sarcomeric alpffectinin, Desmin, cardiddlyosin Heavy Chain and
Connexird3 consist of cardiac magks, while smooth musciMyosin Heavy Chain and
alphaSmooth Muscle Actin are smooth muscle antigens and Isol8etins an
endothelial markerThe following day, samples were washed three times with Tween
PBS and then incubated covered for 1 hour at Rfh Wie appropriate secondary
antibodies (Table 8). At the end of the incubation, tissues were washed three times with
TweenPBS. To counterstain the nuclei, samples were stained with DAPI (1:3000) for 10
minutes covered at RT. Tissues were then washedethimes with TweefPBS and
mounted with fluorescent mounting medium. Samples were observed with an inverted

fluorescent microscope.
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Dilution
Antibody Source Company
ICC / IHC
Sarcomeric alphaActinin 1:100/ 1:100| Mouse Abcam
Desmin 1:200 /1:150 | Rabbit Abcam
Connexin43 1:150/ 1:100| Rabbit Santa Cruz
polyclonal| Biotechnology

CardiacMyosin Heavy Chain | 1:150/ 1:100{ Mouse Thermo Fischer
Smooth muscleMyosin Heavy| Readyto-use | Mouse Dako
Chain
Alpha-Smooth Muscle Actin 1:200 Mouse Abcam
Isolectin B4 biotin 1:100 / Life Technologies

Table 7.Primary antibodies used in this study. The table shows the antigens detected, the dilution of the
antibodies, the animal in which the antibodies have been produced and the company that sells them.

Antibody Dilution Host animal | Company

Mouse- AF488 1:400 Goat Abcam

Mouse¢ Cy3 1:300 Goat Jackson Immung
Research Labs

Rabbit¢ AF 546 1:400 Goat Abcam

Streptavidin- AF488 1:200 / Life Technologies

Table 8.Secondary antibodies applied in this study. The table reports the name of the antibodies along with
the conjugated fluorophore, the concentration at which the antibodies were used, the animal into which the
antibodies were raised and the Company from Whiey were obtained.

13. SCANNING ELECTRON MYCROSCOPY ANALYSIS

Sample structure, morphology and topography were analysed with a Quanta 200 FEI
field emission scanning electron microscope, in the Walfson Bioimaging Facility of the
University of Bristol. FGBEM examination, tissues of about 0.5’ecmere fixed with 4%

PFA ON at 4°C. A 0.1 M phosphate buffer solution was prepared by mixisgdiuan
hydrogen phosphate dehydrate (1M, Fluka) with sodium dihydrogen phosphate
anhydrous (1M, Fluka). This buffer svased to wash the tissues three times, before
carrying out a second fixation with 1% osmium tetroxide (1 part of osmium 4% (Electron

Microscopy Sciences), 1 part of 0.4 M phosphate buffer and 2 parts of distilled water)
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for 20 minutes at RT. Samples wéhen washed three times with the 0.1M phosphate
buffer and dehydrated in alcoholic solutions with progressive concentrations: 25%, 50%,
70%, 80%, 90%, 95% and 100%, 10 minutes each. To allow the samples to be wholly dry,
a critical point dryer was used (ce EM CPD300). At this point, samples were mounted
over little pegs and then coated with Argon to make them electrically charged. The

Emitech K575X sputter coater machine was used.

All specimens were examined with the SEM either at an opening voltage k¥ and
spot size of 3, or at an opening voltage of 5 and a spot size of 1, depending on the tissue

observed.

14. IN VIVOSTUDY

A swine model of recovery CPB was established to test the engineered CorMx in vivo. A
piece of approximately 7 chof scaffold vas seeded with undifferentiated pTMSCs and

culture for 2 weeks as explained in paragraph 9.2. Surgical procedures were performed
at the Translational Biomedical Research Centre based at the Langford Veterinary

Campus, Bristol.

Fiveweekold Landrace femal piglets of approximately 285 kg, were used in this
study. The choice of this breed is due to their rapid growth, which lead to an increased

stress on the early graft.

14.1. Cardiopulmonary Bypass

The CPB was designed in order to reproduce as clopesatble what is routinely done

in the operating cardiac theatre for children undergoing RVOT. All drugs administered to
the animals were provided from the Translational Biomedical Research Centre and were
supplied by NHS internal pharmacy. Surgical propedvas performed under general
anaesthesia and neuromuscular blockade that were administered and controlled by an
anaesthetic machine Hgure 10a). The neuromuscularblocking agent (NMBA)
Pancuronium Bromide (2 mg/ml) was used to relax the residual muscle tone and
diaphragmatic paralysis that would be present despite the anaesthesia and was
administered via the jugular vein. Anaesthesia was inducted by intramuscjdatiom

of ketamine (100 mg/ml) and midazolam (5 mg/ml). Occasionally Propofol (10 mg/ml)
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was administered intravenously to reach a deeper anaesthesia. Then anaesthesia was
maintained with inhalation of 2% Isoflurane. Throughout the surgical procedusren

also administered intravenously Fentanyl (50 mg/ml, analgesic), Cefuroxime (750 mg,
antibiotic), Pancuronium Bromide (2 mg/ml) and Heparin (5000 i.u./ml, anticoagulant)

to ensure that the activating clotting time (ACT) was above 450 during the CPB.

Pidets were placed in a supine position in order to have better access to the thorax. An
endotracheal tube was inserted to provide mechanical ventilation that was started with

10 ml/kg tidal volume, 100% oxygen and 0 mmHg of-exuiratory pressure. The righ

carotid artery and vein were exposed to monitor the arterial pressure and to insert a

central line catheter for drug infusion and monitoring of the central nervous system.
Thissingl@ G 38 @Sy2dza OF GKSGSNI ft26a G§GKS Y2y Al;
profile by passing a thin tube into the superior vena cava that entered the right side of

the heart and exitedhrough the pulmonary artery.

FigurelO Anaesthetic (a) and cardiopulmonary bypass machine (b) used sugical procedures.

The heart was then exposed via median sternotomy, hence a cut over the sternum was
performed. CPB was established by cannulating the inferior and superior vena cava and
the ascending aorta. The deoxygenated blood was drained frorhehet and lungs to a
reservoir via venous cannulation and returned oxygenated to the cannulated ascending
aorta thanks to a mechanical pump and an oxygenator. Cardiac monitoring of the
heartbeat, blood pressure and arterial oxygen saturation gpp@@re performed to
measure the depth of anaesthesia and NMBA. A-camlioplegic technique was carried

out, hence the heart was not stopped from beating, so that no cardioplegic arrest was

needed, in order to avoid any ischemic damage of the heart after reperfughort
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periods of aortic crosslamping and VF were performed lapplying directly on the
heart fibrillating patches that keep the ventricle in e flow, mean arterial pressure
and rectal temperature during the bypass were maintained respectivelydsn 85 and

100 ml/kg, 55 and 65 mmHg and 37°C, thus the CPB was performed under

normothermia conditions.

An incision over the right ventricular outflow tract and below the pulmonary valve
annulus was performed={gurella). The defect created was then patched using either a
control CorMatrix, or an engineered one that were stitched to the Ryufellb). The
engineered patch was placed with the cells facing the outer side of the heart. After
anastomotic haemostasis was assured, the cannulae were removed and the incisions
closed Figurellc). When surgery was completed, full rewarming and strong analgesia
(based on a combination of opioids, paracetamol and NSAIDs) were established before

the piglet was allowed to wake.

Postoperative postop) monitoring was intense for the first 48 hours after surgery in
order to identify any changes in the physiological condition or evidence of poor pain
control (Figure 11d). A combination of the following drugs were administered
intravenously during the intensive care: Paracetamol (300 mg, every 6 hours, analgesic),
Morphine (5 mg, every 4 hours, analgesic), Cefuroxime (400 mg, every 8 hours) and
Meloxicam (8 mgevery 24 hours, NSAID). Additionally, intramuscular injection of
Buprenorphine (0.3 mg/ml, every 12 hours, vetergesic) were performed when piglets
returned to the Animal Services Unit (ASU). Regular checks were made in the
subsequent two days, being thise critical period during which serious pegperative
complications were likely to occuilhis mistake caused a lot of blood loss during the
surgery leading to a situation of anaemia. During the night following the operation, the
anaemia got worse and wedecided to terminate the animal. Data from this piglet
allowed us to evaluate the integration of the scaffold right after the bypass and the
K2a0Qa AYYSRAFGS NBFOGAZ2Y (2 GKS LI G§OKSR

Before termination, pigs were checked with echo. Euthanasiathexs performed with
an intravenous injection of Euthatal (200 mg/ml, pentobarbitone), a shoting

barbiturate.
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Figurell CPB surgical procedure. The adopted operating conditions were mimicking the clinical star
pediatric procedure. The heart was accessed by sternotomy and after the bypass was established,
performed on the RVOT and the patch was stitchei ¢a, b). The sternum was closed (c) and the
recovered in the intensive care unit for 48 hours (d) until it was moved to the animal services unit.

14.2. Two-dimensionaldopplerechocardiography

Two-dimensional dppler echocardiography (Echo, VividQGE Healthcare) was
performed in the shoraxis view to observe the cross section of the RV and LV. The
animals were laid down on the right side and the probe was placed in correspondence of
the heart. The Mmode measuring allowed to calculate several paeters, including

the thickness of the Interventricular Septum in diastole and in systole (respectively IVSd
and IVSs), the LV Internal Diameter in diastole and in systole (respectively LVIDd and
LVIDs) and the LV Poster Wall in diastole and in systapdgegvely LVPWd and LCPWSs).
Furthermore, it was determined the volume of the edihstole (EDV) and ergystole

(ESV), the Ejection Fraction (EF), the Stroke Volume (SV) and the Fractional Shortening
(FS).

Echo was performed immediately before surgery afigr two, three and four months

post2 LI Ay 2NRSNJ 2 Y2yAG2NI G§KS FyAYLFfaQ OF NRA
the echo, pigs were anaesthetised with Ketamine (100 mg/ml), Midazolam (5 mg/ml)

and Azoperone (40mg/ml) to sedate the animal durihg procedure. Anaesthesia was

then maintained with inhalation of-2% Isoflurane.
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