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SOMMARIO

L'uso di cellule staminali adulte per rigenerargsigo danneggiato non ha le implicazioni
di tipo morale e tecnico associate invece all'ustetiule di origine embrionale.

Le cellule staminali mesenchimali adulte (MSCs)goo® essere isolate da vari tessulti,
pit comunemente dal midollo osseo, e sebbene gpig@senti in una piccola percentuale,
sono facilmente espandibili.

Recenti studi hanno mostrato come l'uso di MSCsa@®rtare benefici clinici a pazienti
con osteogenesi imperfecta, malattia da reaziongetio, e infarto al miocardio.

Accanto a queste cellule staminali, € noto cheuleelCD133+ dal midollo osseo umano
(BM) hanno un ruolo importante nel compartimentoatpoietico. Le cellule infatti
possono prendere parte alla ricostituzione vaseaaando diventano cellule endoteliali
(EC), alla rigenerazione di fibre muscolari schvdbe quando sono precursori muscolari
e a cardiomiociti quando differenziano in cellulaiscardiomiocitarie. Mentre il ruolo in
ematopoiesi e vasculogenesi delle cellule CD133®bere conosciuto, la loro capacita a
differenziare verso linee non endoteliali non eciacstata ben definita.

Scopo di questo studio & di provare se cellule G@1@erivate da BM, paragonate alle
MSCs, sono in grado di differenziare in vitro naosin cellule del sangue ma anche in
linee cellulari che appartengono al foglietto geraté del mesoderma.

A tal fine cellule CD133+ sono sono state isolatiizaando un metodo clinicamente
approvato e si &€ paragonato il loro potenzialeedifiziativo a quello delle cellule
ematopoietiche (HSCs) e delle MSCs ottenute ddghkss campioni di midollo osseo
umano.

Nelle condizioni di coltura utilizzate, I'espress® del marker CD133 e diminuita
mantenendosi comunque ad un livello inferiore giressione dopo il secondo passaggio
in coltura, come pure I'espressione dei markergt elOCT-4, mentre I'espressione di

Stage Specific Embryonic Antigen 4 (SSEA4) e rimastnsistente in tutte le differenti



condizioni di coltura. CD133+ espanse sono riselfasitive anche per HLA-ABC ma
negative per HLA-DR in accordo con quanto riportger le MSCs. Inoltre si sono
dimostrate in grado di differenziare in adipocitiioblasti, cellule endoteliali, osteociti,
cardiomiociti, e cellule neuronali precursori. suitati di questo studio hanno dimostrato
I'ampio potenziale differenziativo delle CD133+ dadollo osseo umano, non solo in
senso mesodermico ma anche ectodermico (neuronale).

In vivo, utilizzando un approccio di ingegneria tissutae,e voluto studiare se un
polimero di collagene biocompatibile e biodegrattglihiamato cardiac patch, applicato
nella zona infartuata di cuore di ratto nudo, patme ospitalita alle cellule staminali e
renderle disponibili per migliorare la funzionalitardiaca. Le cellule sono state iniettate
sia sul patch (modello 1) sia per via sistemica deim 1l); anticorpi contro Actina
muscolare liscia e Von Willebrand hanno evidenziatsviluppo di nuovi vasi nel patch e
nella zona di cryoinury (come gia dimostrato dalpgro di ricerca); circa il 2% delle
cellule ha vissuto e ha mostrato buona mobilitapagth di collagene, & stata accertata
migliore funzionalita cardiaca rispetto agli animdi controllo, anche se dopo quattro
settimane non é stato osservato attecchimento cidllde staminali a seguito di iniezione
delle stesse sia a livello locale sia sistemico.

In conclusione, i due diversi modeiii vivo hanno voluto definire sia la resistenza del
patch dopo iniezione delle cellule nel primo moaldlkia I'effetto trofico del patch nel
modello II.

Per trattare in modo approfondito i punti sopra nmmati, sara necessario analizzare
I'espressione bcl-2 in animali trattati e non ttitton le cellule, con e senza patch, per
verificare se I'approccio di tissue engineering qolesto polimero possa favorire I'effetto
paracrino oppure sia necessario cambiare il potinpgr migliorare la sopravvivenza

cellulare.



SUMMARY

The use of adult stem cells to regenerate damagsedet circumvents the moral and
technical issues associated with the use of thase &n embryonic source.

Mesenchymal stem cells (MSC) can be isolated frorargety of tissues, most commonly
from the bone marrow (BM), and, although they repre¢ a very small percentage of
these cells, are easily expandable. Recently, $reotiMSC has provided clinical benefit
to patients with osteogenesis imperfecta, grafswsmnost disease and myocardial
infarction.

Beside these stem cells, it is known that the bmagow CD133 cells play an important
role in the hematopoietic compartment. The celldeed can take part to vascular
reconstitution when become endothelial cells (E€)keletal muscle fiber regeneration
when switch in muscle precursors, and to cardiowigscphenotypic conversion when
differentiate in cardiomyocytes like cells. Whildet role on hematopoiesis and
vasculogenesis of the selected cells is well estadad, their ability to differentiate along
multiple non-EC lineages has not yet been fullcielated.

The goal of this study is to assert whether humB133-BM derived cells, compared
with MSCs, are able to differentiate in vitro besidto blood cells, to cell lineages
pertinent to the mesoderm germ layers.

To this end CD133cells have been isolated using a clinically apptbmethodology and
their differentiation potential compared to thatrefmatopoietic stem cells (HSCs) and
mesenchymal stem cells (MSCs) obtained from theedglh samples.

In adopted culture conditions, CD133 expression emsistently decreased after passage
2, as well as the expression of the stemnesss msarkdt and OCT4, whereas expression
of Stage Specific Embryonic Antigen 4 (SSEA4) ramabnsistent on all different
conditions. Expanded CD133 were also positiveHbA-ABC, but negative for HLA-DR

in accordance to what has been previously repéorelSCs. Moreover they were able to



differentiate into adipocytes, myoblasts, endo#ielells, osteocytes, cardiomyocytes and
neuronal precursor cells.

The results of this study fully support the notmna wide range differentiation potential
of CD133-BM derived cells, encompassing not only mesoderimalalso ectodermic
(neurogenic) cell lineages.

CD133 antigen could be potentially used to selectell population with similar
characteristics to the MSCs ones; the obtainedltseseamark the great potential of
CD133 cells from BM, and support the existence of a Bipanultipotent/pluripotent cell
that persists in the adult, and justify the upcaminterest for possible therapeutic
applications.

In vivo, using a tissue engineering approach, it has beestigated the possibility that a
biodegradable and biocompatible collagen polymalied cardiac patch, applied on the
infarction area of nude rat, can give hospital@ystem cells and deliver them to improve
cardiac functionality. Cells have been injected itite patch ( model I) and systemically
(model 11); smooth muscle actina and Von Willebragmtibodies detected many new
vases in patch and cryoinjury area (as alreadyddynthe research group); about 2% of
cells survived and showed good mobility into thdagen patch; improved functionality
was detected compared with control animals howawetell engraftment was seen after
four week from cell injection either locally or sgmically.

Summarizing, the two differerib vivo models aimed at define both the patch strength
after cell injection in model | and the patch trapéffect in model I1.

Therefore to address these points it will be masgab analyze bcl-2 expression on cells
treated and un-treated animals, with and withouttpato verify whether the tissue
engineering approach with this specific polymernildoenhance the paracrine effect of

human CD133+, or suggest a change of the polymamtdiorate cell survival.
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HUMAN BM CD133+ CELLS: PLASTICITY AND CARDIAC REGERMTION 1

Chapter 1 Introduction

Basic and clinical research accomplished during lt#s few years on stem cells has
constituted a revolution in regenerative medicimel @ancer therapies by generating
multiple possible therapeutically useful cell typéstense research on stem cells has
provided important information on developmental, rpimlogical and physiological
processes that govern tissue and organ formatiamtemance, regeneration and repair
after injury. More recently, significant advancaghe understanding of stem cell biology
have provoked great interest and hold high thertgpeuomises based on the possibility
of stimulating the ex vivo andéh vivo expansion and differentiation into functional
progeny that could regenerate the injured tissugaro firstly in animals and then in
humans fimeault M et al, 200y

1.1 Stem Cells

Stem cells are primal cells found in all multicédiu organism defined by two
characteristics: they are unspecialized cells teaew for a lifetime by cell division to

maintain the stem cell pool, and they can diffaegatto cells with special functions under
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specific physiologic or experimental conditions. fudill this dual function, they undergo
symmetric and asymmetric divisions during developime

To begin with, we can distinguish between embryamid adult stem cells;

Embryonic stem cells (ES cells) were first deriviedm mouse embryos in 1981 by
Martin Evans and Matthew Kaufman and independdmntiggail R. Martin.

ES cells are stem cells derived from the innermalss of an early stage embryo known as
a blastocyst (4-5 days post fertilization); ESsealle pluripotent, therefore they are able to
differentiate into all derivatives of the threerpary germ layers: ectoderm, endoderm,
and mesoderm. These include each of the more tB@ncell types in the adult body.
Pluripotency distinguishes ES cells from multipatprogenitor cells found in the adult;
these only form a limited number of cell types. \Whao stimuli is given for
differentiation, (i.e. when growim vitro), ES cells maintain pluripotency through multiple
cell divisions. The presence of pluripotent adtdins cells remains a subject of scientific
debate, however, research has demonstrated thd@bqent stem cells can be directly
generated from adult fibroblast culturd@kahashi K and Yamanaka S, 2D@ecause of
their plasticity and potentially unlimited capacftyr self-renewal, ES cell therapies have
been proposed for regenerative medicine and tissplacement after injury or disease.
However, to date, no approved medical treatmente leeen derived from embryonic
stem cell research mainly because they form termtom

Differently from ES, which are defined by their giri, it is unknown where adult stem
cells come from in mature tissues (Figure 1).

Adul stem cells are undifferentiated cells foundoam differentiated cells in a tissue or
organ; the primary roles of adult stem cells iivenly organism are to maintain and repair
the tissue in which they are found. They have tlansdeen the only stem cells used to
successfully treat several diseases, such as aanwohblood and immune-system related

genetic diseases, cancers, and disorders; juvdinibetes.



HUMAN BM CD133+ CELLS: PLASTICITY AND CARDIAC REGERMTION 3

The history of research on adult stem cells begauiad0 years ago. In the 1960s, Joseph
Altman and Gopal Das present scientific evidenddesce of adult neurogenesis, in the
same period it has been discovered that the bomewaontains at least two kinds of
stem cells. One population, called hematopoietmstells, forms all the types of blood
cells in the body. A second population, called borarow stromal cells, was discovered

a few years later.
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Figure 1:Development scheme of stem cells and organThe pluripotent ESC types derived
from blastocyst stage during embryonic developmenand multipotent tissue-resident adult

stem cells arising from endodermal, mesodermal, anectodermal germ layers are shown.
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1.1.1 Mesenchymal Stem Cells and CD133+ populatiofrom

human bone marrow

Bone marrow (BM) stromal cells were first identifieby Friedenstein in 1976
(Friedenstein AJ et al., 1976who described an adherent fibroblast-like poputatble

to differentiate into bone that he referred to ageogenic precursor cells . Subsequent
studies demonstrated that these cells have thiyatuil differentiate into various other
mesodermal cell lineages, including chondrocy®sotytes and myoblasts. Based on this
multilineage differentiation capacity, Caplan irduzed the term mesenchymal stem cells
(MSCs). It was therefore recently proposed to ume term multipotent mesenchymal
stromal cells (with the acronym MSCs) to descrilbeoblast-like plastic adherent cells.
Recently, Bonnet D et al. demonstrated that sigéderived populations of murine
BM-derived MSCs characterized by Stage Specific Bomic Antigen-1 (SSEA-1)
expression, were capable of differentiation in-yitbus showing their true stem cell
properties. While originally isolated from BM, sian populations have been isolated
from other tissues, including adipose tissue, pitce amniotic fluid , and fetal tissues
such as fetal lung and blooduk PA et al., 2001; In 't Anker PS et al., 203

The capacity to differentiate into multiple meseyroll lineages, including bone, fat and
cartilage, is being used as a functional critetmdefine human MSCs

Considering the phenotype of human MSC, at preserspecific marker or combination
of markers has been identified that specificallfiraess MSCs. Indeed, ex-vivo expanded
MSCs express a number of non-specific markers €rdpl including Stro-1 which
identify a non hematopoietic stromal cell precussd@D105 (SH2 or endoglin), CD73
(SH3 or SH4), CD90, CD166 (activated leucocyte eslhesion molecule, ALCAM),
CD44 and CD29, SSEA4 and GD@4dng EJ et al, 2007; Martinez C et al, 200MSCs
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are devoid of hematopoietic and endothelial marksush as, CD11b, CD14, CD31 and
CD45.Therefore, so far an unique protocol to isoldtese cells cannot be agreed yet
among different laboratories and represent an uadgbroblem for standardized clinical
applications.

Beside many issues remain to be solved regardieiy tharacteristics, phenotype and
behavior in culture, nonetheless MSCs have alredeiynonstrated their efficacy in
preliminary therapeutic applications, including emggenesis imperfecta, hematopoietic

recovery and bone tissue regeneratidarvitz EM et al, 2002; Petit H et al, 2000

Table 1. Cell surface marker characterisation offman MSC. The common cell surface markers
used to select or exclude MSC from a heterogenegllpopulation. HLA: human leukocyte
antigen. MHC: Major histocompatibility complex. FnoFox JM et al, 2007

MSC selection markers MSC exclusion markers
HLA-ABC (MHC Class I) HLA-DR (MHC Class )

CD90 (Thy-1) CD4 (T-cell co-receptor)
CD105 (Endoglin/SH-2 CD4 (T-cell co-receptor)
CD106 (VCAM-1) CD14 (LPSR)

CD73 (SH-3) CD25 (IL-2R)

CD166 (ALCAM) CD45 (Leucocyte antigen)
SSEA-4 CD34 (Haematopoietic marker)
Stro-1

SH-4

On a different ground, marrow isolated cells likearbw Isolated Adult Multilineage
Inducible cells (MIAMI; D’lppolito G et al, 2004 and Multipotent Adult Progenitors
Cells (MAPCs;Jiang Y et al, 2002have been described as pluripotent cells capafble

differentiatingin vitro into cell lineages derived from all three germelay (mesoderm,
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ectoderm and endoderm), and murine MAPCs weretalgagraft into various tissués
vivo. Hence, these cells could represent a significasakthrough for (cellular) therapy
with respect to MSCs. Notwithstanding, MAPCs haeerb reported to be difficult to
isolate and to maintain in culture, and as a camsecg they have not been taken in
consideration yet for cell therapy.

In the late Nineties, a new stem cell marker catleaiminin-1, CD133 was identified.

Prominin-1 is the first discovered member of a fgnuf polytopic membrane protein
conserved throughout the animal kingdom. It is ale$terol binding protein of 115/120
kDa, selectively associated with plasma membraotysion which motivated the choice
of the name prominin (from the latin word prominer& has an unsual membrane
topology containing 5 transmembrane domains andar@el glycosilate extracellular
loops.(Figure 2Fargeas CA et al., 2006

Prominin-1 was identified in two independent stadigoth being reported in 1997, which
concerned murine neuroepithelial cell$vgigmann A et al, 1997and human

hematopoietic stem and progenitor cellsraglia S et al., 199¥respectively.
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Figure 2: From Corbeil D et al., 2001. Membrane toplogy of prominin and prominin-related

protein. Murine prominin. After cleavage of the sighal sequence, prominin is predicted to
consist of an extracellular N-terminal domain (E1) five membrane-spanning domains (M1—
M5) separating two small intracellular domains (11 and 12) and two large glycosylated

extracellular domains (E2 and E3) and a cytoplasmi€-terminal domain (13).

Regarding the first, studying the neuroepitelidlscef the ventricular zone rat monoclonal
antibodies against mouse epithelial cells wereechi®ne antibody was found to label the
apical plasma membrane of neuroepithelial cellspaated with microvilli.

In the hematopoietic system, several distinctlgsdlages arise from rare pluripotent stem
cells: since the total bone marrow- derived celpyation is heterogeneous and the

pluripotent hematopoietic stem cell constitute alsfnaction, numerous effort have been
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made toward their efficient isolation. Hence Yirdamwllegues generate antibodies against
human hematopoietic progenitor cells. The mAb dalkRC133 identify the protein
bearing the antigen AC133, a glycosilation-depentpitope of CD133. The human
protein expressing the antigen AC133 epitope idlitigelated to murine prominin in
membrane topology, tissue distribution and subtalliocalisation, the similarities in the
topologies of human AC133 and mouse prominin sugdethat these proteins were
homologous , although their amino acid sequenceveticonly 60% identity and their
tissue distribution was quite diverse.

Specifically, the expression of prominin-1 proténadult humans is not limited to the
stem and progenitor cellM{raglia S et al. 1997; Yin AH et al. 1997, see [Ealh). Like
murine prominin-1\Weigmann A et al. 1997; Maw MA et al,. 2pRGtuman prominin-1 is
expressed in epithelial cell&lorek M et al, 200b and cells derived therefrom, such as
photoreceptor cells. The glycosylation-dependentl3& epitope of human prominin-1
appears to specifically expressed in hematopos&m and progenitor cell¥ifh AH et
al., 1997, embryonic epitheliaCGorbeil D et al,. 2000; Uchida N et al,. 200@nd cells
dedifferentiating in the process of malignant tfammation Florek M et al, 2005 but
not in differentiated adult epithelia, such as lgdr(Figure 3;Miraglia S et al., 199¥.
Consistent with this, the AC133 epitope is presemt undifferentiated human
adenocarcinoma Caco-2 celfSarbeil D et al., 200Pbut is lost upon the differentiation
of these cells, although the expression of the primri protein as such persistlgrek

M et al, 200%. Therefore, the term “AC133 antigen” should netused synonymously
with prominin-1 or CD133 Kargeas CA et al., 2003 Nonetheless, within the
hematopoietic lineage, the human prominin-1 prot&nexclusively expressed by
primitive stem and progenitor cells and does indamustitute a cell surface hematopoietic
stem cell marker, as originally concluded from #agression of the AC133 antigen
(Miraglia S et al. 1997; Yin AH et al. 1997
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Summarizing, human AC133 expression is restrictedan-differentiated cells, whereas
upon cell differentiation and glycosylation, humamd mouse CD133/prominin-1

expression is retained.

For example, in a multiple tissue expression astagwed that human CD133 mRNA was
stringly expressed in several tissues includingltakidney, mammary gland, trachea ,

salivary gland , placenta , pancreas, digestiva trad testesHorek M et al., 200p

undifferentiated differentiated de-differentiated

Figure 3:Cartoon of the expression of glycosylatiolependent AC133 epitope of prominin-
1/CD133 according to the status of cell differentttoon. From Florek M et al., 2005.
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Table II: Tissue distribution of prominin-1: pregen epithelial and non-epithelial cells. AC133

and 13A4 data refer to immunodetection analysdsuaian and mouse prominin using mAbAC13
(Weigmann A et al., 1997)and mAb 13A4(Yin H et1&897) respectively. n.d.=not determined.
From Forek M, 2005.

Tissue Human Mouse

mRNA AC133 mRNA 13A4
Embryonic
Brain n.d + n.d +
Gut n.d + n.d +
Kidney n.d + n.d +
Stomac n.d n.d n.d +
Adult
Bone marrow + + n.d. +
Brain + - + +
Colon + - + -
Heart + - - -
Kidney + - + +
Liver + - - -
Lung + - + -
Pancreas + - n.d. n.d.
Placenta + - n.d. n.d.
Skeletal muscle + - + n.d.
Small intestine + n.d. + -
Spleen - n.d. - -
Testis n.d. - + n.d.
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In the last few years, research groups showedeisitasn CD133 marker. Indeed, it is
proved that CD133cells exhibit high proliferative potential and shahe phenotypic
(Peichev M et al, 20Q0and functional properties with cells derived frahe putative
endothelial progenitor cells (angioblasts). As dar HSCs transplantation is concerned,
preliminary clinical studies show slightly improveshgraftments with CD133cells
compared to CD34cells (ang P et al, 200¢4 In such a clinical setting, highly purified
CD133 peripheral cells have already been successfully irs autologous transplantation
of a patient with ALL Koehl U et al., 2002 More recently CD133BM derived cells
have also shown possible applications in regeneratiedicine. In particular, it has been
emphasized that they improve functionality of isfad myocardium, possibly as result of
the contribution of AC133+endothelial progenitanshiood vessels formatiorsamm C
et al., 2003. Taking into account the broad spectrum of thelA& epitope expression on
stem cells of different tissues, a direct cardioggmic capacity of AC133+ cells could be
a possibility Emelkov SV et al., 2003Vioreover, they integrate in a regenerating skéle
muscle fusing with newly formed myofibre¥drrente Y et al., 20Q4and differentiate
into neural cells and astrocytdseg A et al., 2005

Therefore, we can say that a role for CD133/AC183%anarker of stem cells with the
capacity to engraft and differentiate to form afsmctional non-hematopoietic adult
lineages and contribute to disease ameliorationind&ect ( paracrine effect) or direct
tissue regeneration, is emerging (Table 1ll) andstitD133/AC133 cell therapy may

represent a promising treatment for many diseases.
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Table llI: Cells expressing prominin family membersften in combination with a repertoire of
other markers, are widely expressed by multiplsugs and function as stem cells. BM:bone
marrow; CB:cord blood. Adapted from Mizrak D et, £008.

Antigenic phenotype Origin Stem cells action Refereces
AC133 or CD133 Human adult  Human hematopoietic Yin AH,
blood, BM, CB reconstitution 1997
and fetal liver
AC133 Human Myogenesis in mouse model Torrente Y,
peripheral blood of Duchenne’s muscular 2004
distrophy
CD133 Human Endothelial and Bonanno
peripheral blood cardiomyocytic diffin vitro G, 2007
CD133 Adult human Endothelial and epithelial Bussolati
kidney differentiation, human renal B, 2005
regeneration
CD133 Human BM Human liver regeneration, am Esch
mechanism unknown JS, 2005
CD133 Human and Neural differentiation in mice Barraud P,
mouse brain 2007
CD133 and SSEA4 Mouse Neural differentiationn vitro  Corti S,
embryonic 2007
forebrain
AC133-2B1 integrin Human neonatal Keratinocytes differentiation YuY,
foreskin in vitro 2002
AC133-2p1 integrin Human prostate Prostatic differentiatiom Richardson
basal cells Vitro GD, 2004
CD133+CD34-CD45- Ductal Multiple lineage Oshima 'y,
Terl19- epithelium differentiation in mouse 2007
neonatal mouse pancreas
pancreas
CXCR4,NGN-3,nestin, Human pancreas Islet differentiationvitro Koblas T,
CD133,0CT-4,Nanog, 2007
ABCG2,CD117




HUMAN BM CD133+ CELLS: PLASTICITY AND CARDIAC REGERMTION 13

1.2 Cardiac environment :tissue engineering after

miocardial infarction

1.2.1 Tissue engineering

Tissue engineering aims at restoring, maintainingrdvancing tissue and organ function.
In particular scientists use combination of cebsgineering, materials, and suitable
biochemical and physio-chemical factors to imprawereplace biological functions.
Tissue engineering plan the use of cells, capabldifferentiating into the appropriate
lineages; scaffold that provides a structural textgpfor tissue development and in many
cases bioreactor, that guides appropriate celemifftiation and tissue development by
providing the necessary biochemical and physiagallegory signals .

Particularly the perspective to use engineerediss organ replacement in patients has
intrigued scientists and clinicians alike. Indepemd of the scientific intellectual
challenge, there is a clear necessity to develgerngtives to current organ
transplantation.

Langer and Vacanti were the first to promote thecept that cells may be seeded on
artificial matrices to support formation of funati tissue-like structures that may be
used to repair diseased organs or to screen fotedbaand unwated effects of drugs
(Langer R and Vacanti JP, 1993

A sound application is on cardiac environment. &ctf a dramatic hurdle to cardiac
wound healing in rat and other mammals is represeby the low regenerating capacity
of myocardium in face of the high regenerative igbibf vascular endothelial cells and

smooth muscle cells.
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After death of the cardiomyocytes, macrophages,aogtes, and neutrophils migrate into
the infarct area, initiating the inflammatory respe. Then infarct expansion begins to
occur because of the activation of matrix metalitgases (MMPS), which degrade the
extracellular matrix and results in myocyte slippadhis weakening of the collagen
scaffold results in wall thinning and ventriculatation. After the initial inflammatory
phase, there is an increase in fibrillar, croskdih collagen deposition, which resists
deformation and rupture.

These characteristics, in combination with scaugsformation, low blood supply, which
resulted from the post-injury inflammatory respgnseduce a weak-to-severe left
ventricular dysfunction, possibly culminating inanefailure Landmesser U et al, 20p5
In principle, replacement of damaged myocardium amagdcular tissues with new
cardiovascular units should avoid such an eventresires the contractile function or, at
least, re-gains part of the original structural &mtttional cardiovascular propertidse(i

A et al, 200%. Cardiovascular cell replenishment after acut®eaydial infarction (AMI)
or reduction/slowing down of progressive functiodaiterioration in case of prolonged
ischemia are to be addressed by two different egies: 1) implementation of
angiogenesis and arteriogenesis along with cardiexje (via local activation or extra-
cardiac mobilization of cell precursors, or exogen@dministration of committed or
precursor cells) Khurana R et al, 2005, Anversa P et al, 20af 2) inducing
angiogenesis/arteriogenesis followed by cardiogsrieshe local conditions can permit
this sequential cell colonizatiok(tl G et al, 200%. To this end, the choice of stem cell
type to be used in therapeutic cardiovascular reggion of acute or chronic myocardial
ischemia could be of paramount importance whenisp@ombinations of differentiated

cell phenotypes must be obtained.
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1.2.2 Cell source

Efforts to regenerate functional myocardial tisaue being pursued through cell grafting;
fetal, neonatal and adult cardiomyocytes, skeletgbblasts, bone marrow progenitors

cells and embryonic stem cells have been considerazhrdiac repair (Figure 4).

Blood Bone marrow  Skeletal muscle  Adipose tissue Embryonic stem
J cells
//"""’ ) o s\
p \ -
[ nﬁ/ y .'ﬁ \ \ o i
Endo‘(hewal 3 MSCs Satellite cells MSCs
precursor cells Hematopoietic Sca-1+ celis SP cells

stem cells SP cells
SP calls

Heart
Sca-1* cells
c-Kit* cells
SP cells

Figure 4: Sources of cells for cardiac repair. Cedl in current human trials include skeletal
muscle myoblasts, unfractionated bone marrow, andiculating (endothelial) progenitor

cells. Cells in preclinical studies include bone nieow MSCs, multipotent cells from other

sources such as adipose tissue, and novel progenitor stem cells discovered in the adult
myocardium such as cardiac resident progenitors cklsl. Dimmeler S et al, J.of Clinical Invest,
2005.

Although fetal and neonatal cadiomyocytes were afgleform electromechanical
junctions, they are currently not a feasible sowfcgansplant cells due to the ethical and

donor issues.
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Embryonic stem cells can give rise to functionabeec myocytes and could theoretically
serve as reliable cell sources for cardiac tissugineering. As previously said, they
derive from the inner cell mass of a blastocyst eand differentiate into derivatives of all
three germ layers including mesodermal cardiac wigsc (augwitz KL et al, 2005;
Badorff C et al, 2008 Yet, available ES-cell lines, be it from mice ammans, do not
exhibit equal differentiation capacities, most dif ae difficult to expand and form
teratoma.

On the other hand the first clinically relevantledb be proposed as a surrogate for
cardiomyocytes were skeletal muscle myoblasts —iffementiated proliferation-
competent cells that serve as precursors to sketetscle. For clinical use, autologous
human myoblasts are isolated from skeletal musoleskes, propagated and expanded ex
vivo for a few days or weeks, then injected dingatto the ventricular wallagege AA,
et al, 2006 nevertheless these cells do not form gap junciiod can not contract
synchronously.

Finally, bone marrow is, at present, the most fesjusource of cells used for clinical
cardiac repair. Adult stem cells such as bone marstem cells contains a complex
assortment of progenitor cells, as HSCs which @ameldp into a wide variety of tissues,
including cardiomyocytedRjttenger M.F et al, 2004; Malouf NN et al, 2001arBoff C et
al, 200). Most studies support the notion that cell engmefit in animal model of
myocardial infarction can improve contractile funot The mechanism behind this
functional improvement remains to be elucidatedyédw@r, and to date the capacity of
circulating stem cells to give rise to cardiac mgtes is controversialNygren JM et al,
2004; Laflamme MA et al, 20p5
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1.2.3 Scaffolds

A critical step is the creation a suitable threeelsional matrices composed of natural or
synthetic scaffold materials that host the cellefifbd as cardiac patch) to allow the
maintenance of cellular viability and different@tiand favour cell integration.

A lot of effort were recently undertaken to undanst the function of microenvironment
cues of the stem cell niche to better control gte bf transplanted stem cells.

Several requirements have been identified as drdoia the production of tissue
engineering scaffolds-(rth ME et al, 200).

(1) the scaffold should possess interconnectinggpof appropriate scale to favour tissue
integration and vascularisation,

(2) be made from material with controlled biodegtaitity or bioresorbability so that
tissue will eventually replace the scaffold,

(3) have appropriate surface chemistry to favoliulee attachment, differentiation and
proliferation,

(4) possess adequate mechanical properties to nredhtended site of implantation and
handling,

(5) should not induce any adverse response and,

(6) be easily fabricated into a variety of shapes sizes.

Numerous studies have examined different scaffatde/ell as various culture conditions
for creatingin vitro engineered myocardial tissue.

Cellular transplantation, left ventricle (LV) remitit devices, and tissue engineering
approaches have emerged as possible alternativesitbtransplantation for the treatment
of damaged myocardium . Initial studies focusedhmninjection of viable cells directly
into the infarcted myocardium, a technique whichs hbeen termed cellular

cardiomyoplasty. More recent approaches includeue of engineered tissue, which is
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culturedin vitro and then implanteith vivo and in situ engineered tissue, which is injected
directly into the myocardium (Figure 5). Polymer ghes have also been utilized to
prevent LV expansion.

Table IV summarize the most used polymers in carfigld, to date aliphatic polyesters
such as polyglycolic acid (PGA), polylactic acid_[/A), their copolymers (e.g. PLGA)
and polycaprolactone (PCL) are use das solid ddaffhereas naturally derived protein
(collagen, fibronectin) or carbohydrate polymerseénhbeen used as scaffolds both solid or
liquid. Synthetic polymers have the advantagesavirty chemical and fisical properties
well defined but they can induce inflammatory resgm whereas natural scaffold are

biocompatible and facilitate cell adhesion everutiioit is more difficult to obtain them.

Table IV:  Synthetic and natural polymers most in e:us PLA=poly(L-
lactic)acid;PNIPAAM=poly(Nisopropylacrylamide);PTEpoly(tetrafluoroethylene);PDGFBB=p
latelet derived growth factor BB;bFGF=basic fibrast growth factor. Adapted from Christman
KL and Lee RJ, 2006

Material Transplantation References

Left ventricular restraint

Polypropylene Alone EnomotoY, 2005

Polyester Alone Olsson A, 2005

In vitro engineered tissue

Gelatin Alone or with fetal Leor J, 2000

cardiomyocytes

Alginate With fetal cardiomyocytes Kellar RS, 2005

Polyglycolide/polylactide Witt dermal fibroblasts idmermann
WH, 2002

Collagen type one andWith neonatal cardiomyocytes Zimmermann

matrigel WH, 2006
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PTFE,PLA mesh, collagen IAlone or with bone marrow Krupnick AS,
and matrigel derived mesenchymal progenitoR005
cells
Collagen | Alone or with embryonic stenKofidis T, 2005
cells
PNIPAAM Cell sheet of neonatalMiyahara Y, 2006
caridiomyocytes or  adipose
derived MSC

In situ engineered tissue
Fibrin Alone with skeletal myoblasts Christman KL,
bone marrow nuclear cells « 2005

pletiotrophin plasmid

Collagen Alone or with bone marrow cells Dai W, 2005

Alginate Alone Leor J, 2005

Matrigel Alone or with embryonic sten Kofidis T, 2004
cells

Collagen | and matrigel Alone or  with neonata Zhang P, 2006

cardiomyocytes

Self assembling peptites Alone, with neonata Davis ME, 2005
cardiomyocytes or PDGFBB

Gelatin With bFGF Iwakura A, 2003

In particular, structural proteins such as collagdaminin, elastin, and fibronectin have
been used as matrices for tissue engineering (idpa vehicles for cell delivery.
Collagen has found widespread use as a scaffold cander for cells in TE and
regenerative medicine, particularly in soft tissyplications such as skirdraj KA et al,

2007); not only it is a major component of the extradal matrix that supports most
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tissues and gives cells structure from the outdis, also has great tensile strength.
Therefore, synthetic collagen, in particular calagype | most abundant collagen in the
human body, is mimicking normal biological extrdgklr matrix (ECM), which
contributes to mechanical integrity and has impurgagnalling and regulatory functions
in the development, maintenance, and regeneratiotissues. ECM components, in
synergy with soluble signals, provided by growtbtéas and hormones, participate in the
tissue-specific control of gene expression throagrariety of transduction mechanisms.
Furthermore, the ECM is itself a 3D dynamic stroetthat is actively remodelled by the
cells with which it interacts and is a selectivey lebement in providing specific adhesion

characteristics.
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Left Ventricular /n Vitro Engineered In Situ Engineered
Restraint Tissue Tissue

Figure 5:Strategies for treatment of myocardial infrction using biomaterials. To date, 3
different biomaterial approaches are being examinedor treatment of myocardial infarction.
Polymer meshes can be sutured around the heart farse as a left ventricular (LV) restraint
(@) to preserve LV geometry.In vitro engineered tissue involves culturing cells on a
biomaterial scaffold in vitro and then implanting the tissue onto the epicardiasurface (b). In
situ engineered tissue can be achieved by injecting biomaterial alone (d), or using an
injectable scaffold as a delivery vehicle for cell§c) or therapeutic agents such as genes or
proteins (6. Christman KL and Lee RJ,, 2006

Hence, which polimer support and which stem calrapst suitable for transplantation in

the injured heart?
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1.3 Aim of the study

In vitro, we herein focus our study on the mesenchymahtiateof CD133 isolated from
the BM (Masiero L et al, 2004 as preliminary indicated by Trondeau T et al. and
colleagues who have shown that CD188lls from both cord blood and peripheral blood
were able to give rise to mesenchymal progenitors.

About thisin vitro part of the study, the contribution is two foldtsfly, it formulates a
protocol to isolate mesenchymal stem cells fromBheusing clinical-grade monoclonal
antibody; secondly, it provides full characteripatiof the multipotency of subpopulation
of CD133 cells isolated from BM of healthy donors.

Because of the mentioned characteristics, we dédmese collagen type | in our vivo
experiments and our goal is to ascertain capalilitgurviving and cell differentiation
potential of human CD133+ BM cells injected on agén patch using a nude rat model

of cardiac-transmural acute necrotizing injury (ANI



HUMAN BM CD133+ CELLS: PLASTICITY AND CARDIAC REGERRATION 23

Chapter 2 Materials and Methods

2.1 In vitro experiments

2.1.1 Cell isolation

Cells were collected from remaining samples oficiih BM transplantation drawings
from consenting healthy volunteer donors, accordimgguidelines from the Ethical
Committee of the Azienda Ospedaliera di Padua, ®attaly and from the Groupe
Hospitalier Necker-Enfants Malades, Paris, France.

Selection of CD133 CD34 and MSCs. Mononuclear cells were isolated by dgnsi
gradient centrifugation over LymphopfEp(AXIS-SHIELD PoC AS, Norway) by
manufacturer’s instructions; mononuclear cells, lvealsthree times, were resuspended in
PBS 1X, incubated with anti-CD133 conjugated syy@amagnetic microbeads (CD133
Isolation Kit, Miltenyi Biotech, Germany), washeddaimmunomagnetic-sorted with
MiniMACS (Miltenyi Biotech) protocol to obtain pdied CD133 cells. Selection of
CD133 cells was also done automatically using CliniMAGSIinMACS Plus superior
cell selection, Miltenyi Biotech). Positive celleere plated at 1x£0cells/cnf density in

fibronectin (StemCell Technologies Inc., Canada)ted dishes (Falcon, Becton
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Dickinson, CA, USA) and cultured in three differecdnditions: first on fibronectin-
coated Petri dishes in Reyes’ medifimsed as control medium, second on fibronectin-
coated Petri dishes artMEM (Gibco) supplemented with 20% Fetal Bovine Seru
(FBS), 1% penicillin/streptomycin and 1% L-glutami(Gibco) and third on plastic Petri
dishes andMEM supplemented with 20% FBS, 1% penicillin/stapycin and 1% L-
glutamine. Cells at 60% of confluence were detachrd seeded on 96-well at 0.5
cells/well to test the clonogenicity. Once adherils reached approximately 60-70% of
confluence, they were detached with Trypsin 0.05FED0.02 w/v (Biochrom AG,
Germany) sterile solution, centrifuged 5 min at @200 rpm) and re-plated at 1:3
dilution under the same culture conditions. Sinhjlan what previously described for
CD133 selection, mononuclear cells derived from theme BM samples were
resuspended in PBS 1X and labeled with anti-CD34jugated microbeads (MAGS
Direct CD34 Isolation Kit, Miltenyi Biotech), incabed at 4°C for 30 minutes and then
immunosorted by magnetic isolation to obtainedfipaiCD34 cells. Mesenchymal cells
were isolated as the adherent fraction of bothnib@onuclear fraction and the negative
fraction of CD133 antigen as previously descrifieMesenchymal cells were plated at
2.5x1C cells/cnt density and cultured as described above for CD&.8ls.

2.1.2 Cell differentiation

Differentiation towards hematopoietic, adipogeeiegothelial, osteogenic, myogenic, and
neuronal lineages was investigated for CD1&8ls and MSCs. CD34ells were used as

control for hematopoietic differentiation; experimte were repeated with 25 different BM
samples.

Hematopoietic differentiation. To induce hematopoielifferentiation 5x103 cells/cm2

were plated on tissue culture dishes (Falcon, BD3eimisolid growth media made of 1%
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methylcellulose in IMDM, 30% FBS, 1% bovine serufbumin (BSA, Sigma), 10-
4mol/L 2-mercaptoethanol, 2mM L-glutamine, 50ng/n8tem Cell Factor (SCF),
10ng/mL IL-3 and 10ng/mL erythropoietin (completedia from StemCell Technologies
Inc.). Pictures of colonies were taken with a Lékzamedia C-4040 camera and processed
with Leica AnalySIS Software (Leica Microsystems).

Adipogenic differentiation. To induce adipogenidfelientiation, 2 to 7 passages cells
were plated at 4x103 cells/cm2 density on tissueieidishes (Falcon, BD) and treated
with adipogenic medium for three weeks. Medium c¢jeanwere carried out 3 times a
week and adipogenisis was assessed at 3, 7, 14&2A&ndays. Adipogenic medium
consisted of DMEM low glucose (Sigma) supplementitt 10% FBS (Gibco), 0.25mM
IBMX (Sigma), 0.1M dexamethasone (StemCell Technologies Inc.), 6@mddlin (MP
Biomedicals, Germany), 1nM Triiodothyronine T3 (Q@), 1@M rosiglitazone
(Avandia®, GlaxoSmithKline, United Kingdom), 10mMepes (Sigma), 17M
pantotenate, 38 biotin (Ink Biomedicals, USA), 10g/ml transferrin (MP
Biomedicals), 1% penicillin/streptomycin and 1% ltigmine (Gibco).

Endothelial differentiation. To induce endotheldifferentiation, 2 to 7 passages cells
were plated at 4x103 cells/cm2 density in fibrome¢StemCell Technologies Inc.) coated
dishes (Falcon, BD) and treated with endotheliadioma for 3 weeks with medium
changes 3 times a week. Endothelial medium cowsaft&EBM2 supplemented with 2%
FBS, 0.04% hydrocortisone, 0.4% hFGF-B, 0.1% VEGEY% R3-IGF-1, 0.1% ascorbic
acid, 0.1% hEGF, 0.1% GA-1000, 0.1% heparin (cetepmedium from Cambrex Bio
Science Walkersville Inc. USA).

Osteogenic differentiation. To induce osteogenfifedintiation, 5 to 7 passages cells were
plated at 4x103 cells/cm2 density on tissue cultlisbes (Falcon, BD) and treated with
osteogenic medium for 3 weeks with medium changtisi@s a week. Osteogenesis was
assessed at 3, 7, 14 and 21 days. Osteogenic medisisted of DMEM low glucose
(Gibco) supplemented with 100nM dexamethasone, 1@¥dWcerol phosphate, HdA
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ascorbic acid 2 phosphate (StemCell Technologi&s),Iril% penicillin/streptomycin
(Gibco).

Myogenic differentiation. To induce myogenic dietiation, 2 to 7 passages cells were
plated at 4x103 cells/cm2 density in Matrigel (BE)ated dishes (Falcon, BD) with
12mm round slides and treated with myogenic medinatde of DMEM low glucose
(Sigma) supplemented with 20% FBS (Gibco), 0.5%ckdm embryo extract (MP
Biomedicals, Germany), 10% horse serum (Gibco), @icillin/streptomycin (Gibco)
for 3 weeks. After 2 days, cells were treated V@tiM 5-azacytidin (Sigma) for 24 h.
Medium changes were carried out 3 times a weekrarajenesis was assessed at 10, 20
and 30 days.

Neuronal differentiation. CD133+ at 2 to 7 passagere plated at 4x103 cells/cm2 and
maintained as neurospheres in the presence of DNFERI (Gibco), 25ug/mL Insulin,
100pug/mL Tansferrin (MP Biomedicals), 20nM Progeste(Sigma), 60uM Putrescin
(Sigma), 20ng/mL EGF (Sigma), 200uM BHA (Sigma),ndglnL bFGF (Sigma).
Neurosphere cells were harvested, dissociatedcaltdred in dishes previously coated
with Poly-L-Ornithine (Sigma) and Laminin (Sigma&Jeurogenic medium consisting of
Neurobasal medium (Invitrogen) supplemented with7 B@nvitrogen) and 1% L-
glutamine and penicillin/streptomycin. Neuronalfeiiéntiation was assessed at 14 and 21
days with PCR and immunostaining.

Cardiomyocyte differentiation. To induce cardiomytacdifferentiation, 2 to 7 passages
cells were co-cultured at 2x103 cells/cm2 densityl% gelatin coated dishes (Falcon,
BD) with rat neonatal cardiomyocytes in CulturatPlg Medium (CPM; 68% DMEM
(Invitrogen), 17% M-199 (Sigma), 5% fetal bovinewa (Invitrogen), 10% horse serum
(Invitrogen), 1% streptomycin-penicillin, and 1% glutamine). Neonatal rat
cardiomyocyte (rCM) cultures were obtained by tigiiSDTA digestion from newborn
heart rats. Several rounds of tissue digestion weltected by centrifugation and then re-

suspended in Culture Plating Medium. Co-culturesewestablished by admixing rCM
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with hCD133+ cells in the ratio 4:1 and seeding bk mixture on gelatine-coated glass
coverslips (8x103 cells/cm2). hCD133+ had beeniptsly labelled with the green cell
tracker chloromethylfluorescein diacetate (CMFDA)Idwing the instructions of the
manufacturer (Molecular Probes, Eugene, OR). Celbility after cell labeling was
monitored by Blue Trypan exclusion test. Mediumrades were carried out 3 times a
week and co-cultured cells were an Immunocytochieyishe expression of myogenic
and cardiomyocyte markers in differentiated celiswassessed by immunostaining. Cells
were washed twice with PBS 1X solution (Gibco)gfixwith PFA 2% for 20 minutes at
4°C, permeabilized with a 0.1% Triton X-100 / PB8usion (Sigma) for 10 seconds at
room temperature and then incubated for 25 minate37°C with primary antibodies,
diluited in a 1% PBS/BSA (Sigma) solution, and siiedor MyoD (rabbit polyclonal
IgG, Santa Cruz Biotechnology) and skeletal andiaarTroponin | (mouse monoclonal
IgG, Chemicon, Italy, quello per le co-colture deto forse da schiaffino, sempre mouse
monoclonal 1gG). Cells were subsequentely incubdted25 minutes at 37°C with
secondary Alexa Fluorescence 594-conjugated (dordaty-mouse 1gG, Molecular
Probes, Invitrogen) and Cy2-coniugated (goat aiibit IgG, Chemicon) antibodies
diluted in a 1% PBS/BSA and human serum solutiod famally mounted with DAPI
solution (Vector Laboratories, Ltd., United KingdprRictures of the staining were taken
using an Axioplan Zeiss fluorescent microscopeedyat 4, 6 and 9 days by RT-PCR and

immunostaining.

Flow Cytometric Characterization. Both fresh anduture samples after selections were
analyzed. For external labeling, cells resusperader concentration of 5x16ells/10Gl

of PBS were incubated with the following monocloaatibodies: anti-CD3 Fluorescein
isothiocyanate (FITC) conjugated, anti-CD13 FIT@Gti-&€D29 FITC, anti-CD31 FITC,
anti-CD44 FITC, anti-CD54 FITC, anti-CD25 Allophyoanin (APC) conjugated anti-
CD26 Phycoerythrin (PE), anti-CD90 FITC or PE, €@f73 PE , anti-CXCR4 APC,
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anti-CD123 pure (all purchased from BD PharmingeA, USA), anti-CD9 FITC, anti-
CD124 pure (eBioscience, CA, USA), anti-CD19 FIT&nti-CD146 FITC and anti-
CD184 PE (Immunotech S.A., Coulter Company, Frarenetj-CD34 (clone alfa-HPCA2)
FITC or PE and (clone 8G12) APC, CD140b PE (BD, N$A), (eBioscience), anti-
CD127 PE, anti-KDR PE (R&D System, MN, USA), anfdpC33/1 PE and anti-CD133/2
(clone 293 C3) PE or APC (Miltenyi Biotech), (R&DysSem), (BD Pharmingen), anti-
CD45 FITC (BD Pharmingen) or Peridinin-chlorophgtiotein Complex (PerCP) (clone
2D1, BD), anti-CD105 FITC (BD Pharmingen) or PE i@gience), anti-CD106 FITC
(BD Pharmingen) or PE (eBioscience), anti-CD117 G-I{Miltenyi Biotech) or PE
(Caltag, Invitrogen, Italy), HLA-ABC FITC (Human u&ocyte Antigen; Immunotech) or
pure (Dako, Denmark), HLA-DR PE ( Immunotech) org(Dako), anti-SSEA3 pure and
anti-SSEA4 pure (Santa Cruz Biotechnology, Inc. YS2ure antibodies were revealed
further incubating cells for 10 min at 4°C FITC qagated AffiniPure Rat anti-mouse 1gG
(Jackson Immunoresearch, United Kingdom), PE-caipd) goat anti-rat IgG 568
(Molecular Probes, Invitrogen) or FITC-conjugatedag anti-mouse 488 (Molecular
Probes, Invitrogen) after rinsing the cells withBX. For internal labeling, cells were
fixed at room temperature with 4% paraformaldehgfdEA) for 10 min and permeated
with 100% ethanol for 2 min after washing with PE®lIs were incubated with 10% FBS
to block non-specific binding, followed by primargntibody OCT4 (Santa Cruz
Biotechnology, Inc. USA) for 1 hour; secondary Fi€@njugated antibody (Molecular
Probes) was applied for 30 min. Mouse or rat nomime immunoglobulins were always
used as controls. Events were acquired and analgpe@ Coulter Epics XL-MCL
(Beckman Coulter) or a FACS-Calibur (BD) cytometeith respectively EXP®' 32
ADC and BD Cell Quest Software. As control, flomt@ayetric analyses of MSCs were
performed at passages 2 and 4 using the same rsethsdribed above for CD13¢ells.
Cell proliferation AssayFor cell growth assay, CD138ells and MSCs were seeded at

low-density 24-well microplates in control mediuggll proliferation was monitored by
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Particle Count and Size Analyzer every 2 days fordays. Cell proliferation was
measured counting cells using a Z2 Co@t&article Count and Size Analyzer (Beckman
Coulter, France). Cell replication ratio was obgairplotting cell number against days of
culture.

Karyotype analyses. Standard chromosome prepanatathods were applied to CDI33
and MSCs cultures according to Back et al. Congeati AgQNQ; staining of the nucleolus
organizing regions (NORs) was performed.

Telomerase activity. Telomerase activity of thelutat extract from 2x1b cells was
assayed using the TRAPeze Telomerase Detectionfodawing the manufacturer's

directions (Chemicon), pictures were acquired mdist Version 9® software.

2.1.3 Cell differentiation analyses

Alkaline Phosphatase (AP) assay. AP activity waaluated in both osteogenic induced
cells and controls according to the manufacturgssructions (Sigma-Aldrich). Briefly,
cells were fixed in acetone for 15 minutes . Suast(fast blue RR solution with naphthol
AS-MX phosphate alkaline solution) was added to @bls in culture dishes that were
counterstained with Mayer's Hematoxylin solution.

Oil-Red-O staining. The presence of adipose elesnannduced and control cultures was
determined by Oil-Red-O staining (Sigma). The digeere fixed in 10% formalin for 1
hour, washed in deionized water and air-dried. d¢lés were incubated with Oil-Red-O
staining solution for 15 minutes and counterstaimeth Mayer's Hematoxylin (pH4,
Sigma).

Immunofluorescence. The expression of myogenic erarkn differentiated cells was
assessed by immunostaining. Cells were washed twitte PBS 1X solution (Gibco),
fixed with PFA 2% for 20 minutes at 4°C, permeaeil with a 0.1% Triton X-100/PBS
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solution (Sigma) for 10 seconds at room temperaucethen incubated for 25 minutes at
37°C with primary antibodies specific for Desmiralibit polyclonal IgG, Santa Cruz
Biotechnology), diluted in a 1% PBS/BSA (Sigma)utimn. Cells were subsequently
incubated for 25 minutes at 37°C with secondaryxAl&luorescence 488-conjugated
(goat anti-mouse 1gG, Molecular Probes, Invitrogenyd finally mounted with DAPI

solution (Vector Laboratories, Ltd., UK). Pictureé the staining were taken using an
Axioplan Zeiss fluorescent microscope. The expoessdf neural markers has been
detected fixing the cells in 2% PFA for 10 minutemsed three times with PBS,
permeabilized with 0.3% Triton X-100 (Sigma) for 2dinutes, rinsed with PBS and
incubated for 24 hours with primary antibody O4 (rs@ monoclonal, Chemicon), MAP2
(mouse monoclonal, Chemicon) diluted in BSA/PBSnflas were washed with PBS for
10 minutes, incubated with secondary antibody (dgnkanti mouse IgG Alexa

Fluorocrome 594; anti mouse Cy2 conjugated, Chemjidor two hours at room

temperature and finally washed and mounted with Ds®iRution (Vector).

2.1.4 RNA extraction and RT-PCR

Total RNA was isolated from undifferentiated anffetentiated cells with RNAzGY B
(Tel-Test Inc., Texas, USA) andid of RNA was reverse-transcribed into first strand
cDNA with Superscript Il reverse transcriptase €Lifechnologies, MD, USA) using
Oligo-dT primer (Invitogen) following manufactursrinstructions. Both RT and PCR
was done using a GeneAPCR System 2700 (Applied Biosystem, CA, USA). &ach
PCR reaction cDNA was used in a final volume gfil2sith 200nM dNTP, 10pM of each
primer, 0.3U Tag-DNA-polymerase, reaction buffendaMgClL (Invitrogen). Cycling

conditions consisted of 9€ for 2 minutes, annealing at €3 for 40 seconds and
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elongation at 72 for 1 minute. Cycle numbers varied between 22 3hdycles. Primer

sequences are listed in Table 1. cDNA frboman satellite cells, from human bone
tissue, from human adipose tissue, from human é&elm neuroblastoma, from human
heart tissue and from HUVEC cells (Promo Cell Biesce Alive) were used as positive
control. cDNA from undifferentiated cells was usasl negative control. PCR reactions
were performed on 1% agarose gel electrophoredipi@ture acquired by Studio Version
9® software. Primers sequences were build usingp:/Htbdo.wi.mit.edu/cgi-

bin/primer3/primer3_www.cgi web site and were pasdd from Invitrogen.

Table V. Primers details.

Primers name Primer sequences Size

Corebinding factor | F: 5-AGA TTT GTG GGC CGG AGT G-3' 301 bp

alpha 1 (Cbfal) R: 5-CAT CAA GCT TCT GTC TGT GCC TT-
3

GATA4 F:5-TCC CTC TTC CCT CCT CAA AT-3 158 bp
R:5’-CAG ATG CCT TTA CAC GCT GA-3

human cardiac - F:5-CAA GTT TGG CCA CAC CAA-3 152 bp

MHC R:5-GTT CCAGCAGCTTTTTGT-3

Osteocalcin F: 5-TGA AGA GAC CCA GGC GCT A-3 125 bp
R: 5'-GAT GTG GTC AGC CAACTC GTC-3'

Myogenic F: 5-GGC TCG TGA TAA CGG CTA AGG-3’ 151 bp

Regulator Factor 4 | R: 5-CGC AACGTT TCT TTG TGA ATG T-3’

(MRF4)

MyoD F: 5-TCC GCG ACG TAG ACC TGC C-3 172 bp
R: 5'-GAT ATA GCG GAT GGC GTT GC-3
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Desmin F:5-CCA TCG CGG CTA AGA GCA TT-3 440 bp
R: 5-GCC TCA TCA GGG AAT CGT TA-3’

Peroxisome F:5-TCA GTG GAG ACC GCC CA-3 152 bp

Proliferator- R: 5-TCT GAG GTC TGT CAT TTT CTG

activated Receptor | GAG-3’

gamma 2 (PPR2)

Lipoprotein lipase | F:5-CTG GTC GAAGCATTG GAAT-3 131 bp

(Lph R: 5- TGT AGG GCA TCT GAG AAC GAG-3’

P1H12 (CD146) F: 5-AGG CAT TAG CCC CGA ATC A-3 154 bp
R: 5-AAC CCA GTG GCC CTT TGA A-3’

Angiopoietin F:5-CCCCTTTTT GCC TTA CAAGTG ATA 159 bp
T-3
R: 5-TCT GTA GGA ACA CAA AAG GAC
AAA ATA-3

Bl Tubulin F: 5-CAT TCT GGT GGA CCT GGA AC-3’ 195 bp
R: 5-TCG CAG TTT TCACAC TCC TTC-3

human cardiac F:5-TCC CTC TTC CCT CCT CAA AT-3 158bp

GATA4 R: 5-CAG ATG CCT TTA CAC GCT GA-3

human cardiac B- F: 5-CAA GTT TGG CCA CAC CAA-3 152bp

Myosin R:5-GTT CCAGCAGCT TTT TGT-3

HeavyChain (-

MHC)

[ microglobulin F:5-GCT GTG CTC GCG CTACTC T-3 151 bp
R: 5-CAA CTT CAATGT CGG ATG GAT G-3’
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2.1.5 Immunemodulatory properties assay

T limphocyte proliferation assays with phytohemdatigin (PHA) : to evaluate

human CD133 capacity to inhibit T lymphocytes ahxtion after mitogen stimulation,
co-coltures between PHA-actived lymphocytes and dunCD133 at different
concentrations was estabilished. Method: T lymptexywas collected from healthy
donors. Lymphocytes was seeded on 96-well dishie®xX05 cells/well density and in
200u! of RPMI medium added with 20%FBS, 1% L-gluitzen 1% pen/strep and
20pg/ml PHA. Cells was irradiated with 3000cGy. fBliént passages of irradiated
(3000cGy) CD133 cells was added to PHA-stimulatedphocytes cultures at different
concentrations (2x105, 2x104, 2x103 cells/well dghsUntreated PBL and MSC (at
2x105 cells/well density), other than medium, wagplyed as negative controls. Each
experiment was carried out in triplicate. DishessJiiaally incubated at 37°C and 5%
CO2 atmosphere for 3 days after which lymphocytdiferation rate was evaluated with
the tritiated thymidine incorporation method.

T limphocyte proliferation assays: tritiated thyimiel method: this method is based on
the incorporation of radioactive nucleotides inlijeoating cells during DNA replication
and on the following measurement of cells radio@gti

Method: 1 uCu of tritiated thymidine (Amersham Riesices, UK) was added to every
well of PHA-stimulated cultures after an incubatioinrespectively 3 and 4 days. Plates
was then incubated at 37°C and 5% CO2 atmospher8 fwours. Cells will then be
harvested using a Combi Cell Harvester (Skatrortrungents, Lier, Norway) and
transferred on fibre glass filters (Skatron Instemts, Lier, Norway) that after was
covered with 4ml of scintillation medium (Ultima o Perkin Elmer Life and Analytical

Sciences, Boston, USA). Finally, radioactivity wasasured with ap-counter (Liquid
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Scintillation Analyzer, Tricarb, Canberra Packartihe results was expressed as counts

per minute.

2.2 In vivo experiments

2.2.1 Stem cell labelling

hCD133+ were labelled with the red fluorescentao#lular tracker (5-(and-6)-(((4-
chloromethyl)benzoyl)amino)tetramethylrhodamine) TWR (Molecular Probes) by a
30 minutes incubation with a solution of 0,25 ul@MTMR in MEMa Medium at 37°C.

Figure 6: Chemical structure of CMTMR cell tracker.
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2.2.2 GFP+ rat cardiomyocytes isolation

GFP+ rat cardiomyocytes (rCM) were obtained fron8 ays-old GFP-positive

transgenic Sprague Dawley rats by enzymatic digestccording to Radisic et al .

Animals
Male immunodeficient nude rats (rNu, Harlan, Mildtaly) weighing about 190-200 gr

and 11 weeks old were housed and maintained imt@aadled environment.

Biomaterial

The 3D type | collagen scaffold was obtained asntey in Callegari A et al. 2007.

Experimental model of cardiac cryoinjury and bioenet application.

All surgical and pharmacological procedures usecthis study were performed in
accordance with regulations expressed in the GioadeCare and Use of Laboratory
Animals prepared by the Institute of Laboratory el Resources, National Research
Council, published by the National Academy Preesised 1996 (NIH Publication No.
85-23) and the ltalian Health Minister Guidelines Animal Research. The protocol was
approved by the University of Padua Animal Care @ittee.

The surgical procedures were carried out as preljaaet in Callegari et al. 2007 . rNu
rats were anesthetised by i.m. injection of zolgtiimg/100 g body weight) along with
atropin (s.c.; 5 uL/10f) and xylazin (i.p.; 0.4 mg/ 100 g).

Cells injection
Stem cells were detached from culture plastic diskigh Trypsin 0.05-EDTA 0.02 w/v
(Biochrom AG) sterile solution and centrifuged 5nmat 310g (1200 rpm). 5 x 40
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cells/animal cmtmr+ hCD133+ and gfp+ rCM were ibgetin 90ul of DMEM high
glucose medium with hepes (Gibco) and rNU serur@@ solution (injection medium) in
the collagen patch 15 days afteriitsvivo application on the heart cryoinjury. Animals
were sacrificed at 24 hours, 15 and 30 days (#sistime point only for the stem cells not

for rCM) after the cells injection.

2.2.3 Ecocardiography

Transthoracic echocardiograms were performed anusing a SONOS 5500 ultrasound
unit (Philips Medical Systems, lItaly) equipped watli5-MHz linear array transducer and
a 12-MHz phase array transducer. The animals weiatained lightly anesthetized with
zoletil (4 mg/100 g body weight).Two dimensionallavi-mode echocardiography were
used to assess wall motion, chamber dimensionsthikiiess and fractional shortening.
Images were obtained from parasternal long axisagbernal short axis at the mid-
papillary level, apical 4-chamber, apical 2-chaméed apical 3-chamber views.Baseline
echocardiograms were acquired at 2-3 days post Wil additional echocardiograms
acquired at 4 weeks post ANI. We prospectively ldistaed that ananimal must have

sustained a sizable anterior ANI in order to bduited in subsequent studies.

2.2.4 Histology and Immunostainig

Eight-micron thick frozen sections were cut fromahe of animals and stained with
hematoxylin-eosin and Masson’s trichrome staini&igma).
Other cryosections were processed by immunofluerese protocol for cardiac, immune

response and inflammatory markers such as antiezattbponin T (cTnT mouse IgG,
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1:500, Abcam, UK), anti Smooth Muscle Acting-SM Actin, mouse IgG 1:1000 Sigma,
IT), anti-von Willebrand Factor (vVWf, rabbit IgG;1D0), anti-CD31 (mouse IgG 1:100
bot from Chemicon Canada), anti-CD79a (B lymphocyabbit IgG Abcam, UK), anti-
macrophages (ED2 mouse IgG 1:400 Chemicon, IT), RHB8 ( mouse monoclonal,
Upstate, NY).

Briefly, tissue slides were fixed in PFA 4% for Snote at room temperature, and
incubated at 37°C for 25 minutes with the apprdprdilution of the primary antibody in
PBS+1% bovine serum albumin (Gibco and Sigma).sGedire then re-incubated at 37°C
for 25 minutes with the appropriate dilution of teecondary antibody (goat anti-mouse
IgG coniugated with Alexa Fluorescence 564 1gG Q@;18olecular Probes; goat anti-
rabbit coniugated with Alexa Fluorescence 488 IgGbQ, Molecular Probes) PBS+1%
bovine serum albumin with human and rat serum (@).1Cell nuclei were stained with a
Hoescht solution diluited 1:5000 in PBS 1X for Shoties at room temperature.

Apoptosis analisys was made using apoptag deteckiin (Chemicon,Canada)
Observations were made using a Zeiss Axioplan wegifiscence microscope (Zeiss,
Oberkochen, Germany), a Leica TCS SP5 confocalamétpe and images were obtained
using a Leica DC300F digital videocamera. Opticahdges were acquired by a Leica

DMR microscope connected to a Leica DC300 videocame
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Chapter 3 Results

3.1 In vitro

3.1.1 Cell culture

CD133, CD34 and MSCs were successfully isolated in all the 8\hples examined.
An average of 2% of CD13Zells were obtained among the 13 fresh sampled fose
FACS analyses. More than 80% of fresh CD188lls were co-expressing CD45, CD34
and CD117 (c-kit) remarking their hematopoietiogori(Figure 8A). Cells isolated from
additional samples using ClinicMACS or/and MiniMAG8owed similar results. Freshly
isolated CD133cells express markers that underlined their hepuigtic and endothelial
potential such as CD34 and CD31. Interestinglyeondtured, CD133acquired markers
normally expressed by MSCs such as CD146 and Ci0&h were not present at the
moment of isolation. Expression of CD90 (Thy-1) veasilar comparing freshly-isolated
and cultured CD133cells. In parallel markers of hemato-endotheliateptial where
instead down-regulated. Positivity for both HLA-ABd HLA-DR was detected but loss
of the latter was observed after culture, as exge¢Figure 8B). In order to expand
CD133 cells, different cultured conditions were testédggre 2C). In all the tested

conditions CD133cells assumed a spindle-like shape reminisceMS(s. Interestingly,
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only when cultured on fibronectin-coated dishes @®icells continue to express the
POU-domain transcription factor POU5f1 (OCT4). largdlel, the expression of CD44,
hyaluronate receptor, a stromal cell marker, CIMIOA-ABC, CD73 and CD105 become
positive highlighting an ongoing mesenchymal peofiFigure 2C). CD133and MSCs

showed significant difference growth capacities mhailtured on fibronectin-coated
dishes with Reyes’ medium (Figure 2D) while CD384d not survive in these conditions
throughout the culture period. At passage 4, clanfe€D133 cells and MSCs were
harvested to analyze their morphology, karyotyp&vel as to study telomerase activity.
Under the above-specified conditions, no significammange in morphology after

expansion could be observed up to passage 4.

Human
Bone Marrow

MSCs CD133* cells CD34+ cells
| |
| | | |
Karyotype Hematopoieti
an Differentiation EClonql D?g} a OI?I:. 1© Differentiation
Telomerase xpansion ifferentiation
I
| |
Karyotype
an Differentiation
Telomerase

Figure 7. Working plan. From human bone marrow sampes to Mesenchymal Stem Cells,
CD133 and CD34 cells isolation, characterization and evaluation fotheir differentiation

potential.
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Figure 8. Immunephenotype and growth kinetics. A. @tofluorimetric characterization of

CD133 cells isolated from BM before plating; B. Cytoflugimetric characterization of
CD133 cells in culture; C. Growth curve of CD133 (p<0,05) compared to MSCs with and
without CD133 antigen (the two MSCs groups shown @vlapping growth curve); D.

Different CD133" cultures conditions, the histograms referred to te fourth condition

(fibronectin with Reyes’ medium).

The karyotype and telomerase activity showed a abmpattern (Figure 9A and 3C).
However, to evaluate the best condition for theivitro culture, expression of stemness

markers was evaluated in the CD13%3:lls that underwent to three different culture
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conditions as summarized in Figure 2C. In particwahen expanded in fibronectin-
coated dishes and cytokines enriched medium, 5%hefselected cells retained the
antigen CD133 until passage 5 but lose CD34 andSCbMile the expression of CD44
and CD90 antigens highlights an ongoing mesenchymnafile (Figure 2B-C). The
negativity for CD3, CD4 and CD8 underline the ufefiéntiated-state of the selected
population because no contamination of mature Tphymeytes and dendritic cells were
found (data not shown). Interestingly, only in #aesnditions, CD13Zells were able to
maintain the expression of POU-domain transcriptiactor Pou5f1 (OCT4). On the
contrary, when selected cells were cultured irnedéht conditions, CD133 expression was
consistently decreased after passage 2, as wilkaxpression of the stemnesss markers
c-kit and OCT4, whereas expression of Stage SpeEifinbryonic Antigen 4 (SSEA4)
remain consistent on all different conditions. Exghed CD133 were also positive for
HLA-ABC, but negative for HLA-DR in accordance tdat has been previously reported
for MSCs. While CD133and MSCs showed good replicative capacities isehmilture
conditions, CD34 survived only on methylcellulose-coated dishespémticular, when
compared to MSCs derived from same BM samples, GDtélls showed significantly
higher proliferative capability (Mann-Whitney Tegk0,05) as displayed in Figure 2D.
Clones of CD133and MSCs were generated and karyotype and telsmectivity were
tested at the time of isolation and at passager £@133 and MSCs cells. Under the
above-specified conditions, no significant chanigethe morphology of the expanding
cells could be observed throughout the culturegoeiioreover, both CD133and MSCs
maintained a normal chromosomal length as welhastélomerase activity (Figure 9A-
C). Cytofluorimetric profile of MSCs was also exa®d in order to evaluate their

mesenchymal origin (data not shown).
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a CD133+

CD34+ |CDI133+| MSCs
Hematopoietic
Differentiation LR =
Adipogenic } . .
Differentiation
Endothelial
Differentiation A )
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Differentiation
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Figure 9. Cells characterization. A. Karyotype of @133 and MSCs; CD133 cells at
different days of culture; B. Morphological aspectof CD133 cells in culture with light
microscopy; x200 original magnification (up) and xDO original magnification (down); C.
Telomerase: lane 1. Positive Control, lane 2. CD133lane 3. MSCs, lane 4. HUVEC; D.
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Chart of differentiations on all cell populations.Pictures were taken with a Leica Camedia C-

4040 camera and processed with Leica AnalySIS Sofine (Leica Microsystems).

3.2 Cell differentiation ability

3.2.1 Hematopoietic differentiation of CD133+, CD34 and MSCs.

Freshly isolated CD133and CD34 cells cultured on methylcellulose-based media were
able to generate both CFU-GM and BFU-E coloniegufé 10A-B). After 15 days of
culture there were not statistically significantfeliences on the number of CFU-GM and
BFU-E colonies generated by CD13®9.75+6.61 and 17.25+10.47 respectively) or
CD34 cells (25.5+6.37 and 38+1.5 respectively) derifredn the same BM samples. As
expected, MSCs were not able to generate neitherBBRor CFU-GM colonies in all the
tested samples (Figure 10A). Clones of CD1&4ls derived from different BM samples
and expanded in mesenchymal conditions did not taiaied the potential to differentiate

towards the hematopoietic lineage (Figure 10A).
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CD34+ CD133+ MSCs CD1383- MSCs derived
from CD133+

Figure 10. Hematopoietic differentiation. A. Numberof hemopoietic colony (5.000 cells/ml).
B. Morphological aspect of CD133 hematopoietic colony: BFU-E (left), GFU-GM (centrg

and; BFU-E and GFU-GM (right); x100 original magnification. Pictures of colonies were
taken with a Leica Camedia C-4040 camera and procesd with Leica AnalySIS Software

(Leica Microsystems).
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3.2.2 Mesenchymal differentiations.

In vitro differentiation of osteoblasts, adipocytes, eneldh myocytes and neuronal cells
from BM CD133 cells and MSCs. In order to test the mesenchyrogdngial of the
clones derived by culturing CD138ells expanded in fibronectin-coated dishes diffier
lineages were tested. MSCs derived from same BMpkmmwere used as control. As
reported above, CD34cells did not survive when cultured in the samaditions. To
determine whether CD13%ells can differentiate into adipocytes, cells avalowed to
grow to 70% confluence prior to induction. Morphgilcal changes as well as formation
of lipid vacuoles within the cells were noticeablge week post induction and visualized
by Qil-Red-O staining. The expression of RRRd Lpl was detected after 7, 14 and 21
days of induction and increased with time (FigufeA)l CD133 cells maintained in
control medium did not show any sign of adipogediiferentiation. When seeded on
fibronectin-coated plates and cultured under eradiathconditions, CD133cells changed
their morphology and where able to form capillakel structures when seeded on
Matrigel-coated dishes. Moreover, expression ofodmelial markers such as P1H12
(CD146) and Angiopoietin was detected at 7, 142ihdays after induction (Figure 11B).
To investigate the osteogenic potential of CD138lected cells, second to seventh-
passage cells were cultured under appropriate ttondor differentiation. When induced,
the spindle shape of CD132ells flattered and broadened with increasing tiofie
induction, and were homogenously stained by APlsGe&intained in control media did
not show any change in their morphology and noviigtof AP was detected. Moreover,
only CD133 cells induced in osteogenic culture condition skdvexpression of Cbfal
and Osteocalcin at RT-PCR analysis. The decreasgbfaml expression in the induced
cells at 21 days is compatible with the fact thas is normally expressed at the early

stage of osteogenic differentiation (Figure 11C).
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Figure 11. Differentiations - part I. A. Light microscopy showed lipidic vacuole after
adipogenic stimulation; PCR results of specific agliogenic genes: transcription factor
PPRgamma increase during the period of culture, wheas Lpl synthesis begins only after 14
days; x400 original magnification and x200 originalmagnification (inset). B. Endothelial
differentiation: light microscopy showed CD133 with characteristic endothelial morphology;

PCR results of specific endothelial genes: the tragription factor P1H12 decrease after 14
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days in culture, whereas Angiopoietin is highly exgss during all period of culture; x200
original magnification (up) and x100 original magnfication (down). C. Alkaline phosphatase
staining of CD133 cells induced in osteogenic conditions compared ©D133 in the control
medium; PCR results of specific osteogenic geneshet transcription factor Cbfal and
Osteocalcin increase during the first period and derease at 21 days of culture; x200 original
magnification and x100 original magnification (insé). All pictures were taken with a Leica

Camedia C-4040 camera and processed with Leica Ary&@IS Software (Leica Microsystems).

Myogenic potential was evaluated by culturing CD188lls in Matrigel-coated plates
under appropriate conditions. Myotube-like struetuwere noticed from 24 to 48 hours
after 5-Azacytidine was added to the culture meldiereasing in the expression of MyoD
and MRF4 was detected by RT-PCR after 14 and 2% dégr induction (Figure 12A).
Cells maintained in control medium were not abléoton myotube-like structures neither
to express muscle proteins. Neurospheres formatias the primary step to induce
CD133 cells trough neural differentiation. After the nespheres dissection indeed, the
neuronal potential of selected cells was evalubgeculturing on pOrn and laminin coated
plates under serum-free conditions. After 10 daysamly morphological changes were
noticeable as the formation of long extensionsoagtes-like but also the detection of O4
and MAP?2 protein expression. Finally, only CD188lls on neurogenic conditions were
able to express hetatubulin (Figure 12C). MSCs with and without CB& fraction
were able to undergo to osteogenic, myogenic aimpbgenic differentiation as previously
described® (data not shown). No statistical differences neitime the length of time
necessary for the induction of the differentiatpocess, nor in the gene expression was
noticed between MSCs and the clones derived frare#tpansion of CD133However,
both MSCs fractions did not show any differentiattowards the neurogenic lineage and

as expected toward endothelial lineage (data rawsh
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Cardiomyocyte differentiation was assessed by d¢mH@ method with rat neonatal
cardiomyocytes. CD133+ cells expressing the cardiarker troponin | by
immunofluorescence (Figure 12B left), the earlynsa@iption factor GATA4 and the
sarcomeric proteiB-MHC by RT-PCR were noticed after 4 and 9 days @fualture

(Figure 12B right). CD133+ cells expressing thisrtiomyocyte-like” phenotype were

about 5% of the whole co-cultured stem cell popohat
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Figure 12. Differentiations — part Il. A. Myogenic differentiation: more than three nuclei

fused in one myotube (see black arrows).

Immunostaing with Desmin in muscle

differentiated CD133" cells; PCR results of specific myogenic genes:pgssion of MyoD and
Desmin were detected only in CD133cells cultured under myogenic conditions; x100 oginal
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magnification (up), x200 original magnification (davn) and x200 original magnification
(inset).

B. Cardiomyocyte differentiation: immunofluorescene for troponin | (Tn I, red) and

CMFDA (green) expression on cytospun CD133+-cmfdagells co-cultured with rCM, after 9

days. Yellow arrows show CD133+-cmfda+ cells expraisg troponin | on merge pictures;
PCR results of the specific human cardiac genes GAW® and p-MHC: co-cultured human

CD133+ cells were positive for the expression of ¢hcardiac early transcription factor and
sarcomeric protein after 4 days of co-culture withrCM (which are negative for the expression
of these human genes).C. Neuronal differentiationunder these conditions CD133 forms

neurospheres before employ typical neuronal aspedimmunostainig with O4 and MAP2 in
neuronal differentiated cells; PCR results: the expession of betalll tubulin increase during
the three weeks of culture; x100 original magnificon (up right), x200 original magnification

(up left) and x200 original magnification (down). Al pictures were taken with a Leica

Camedia C-4040 camera and processed with Leica Ary&@IS Software (Leica Microsystems).
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3.2.3 Immunemodulatory effect of CD133+ cells

The mitogenic effect of phytohaemoagglutinin(PH&3ted in hCD133 bone marrow cells
and hMSC highlight comparable profile of prolifévatresponse (Figure 13). The already
know immunemodualtory effect of h(MSC appear eviddab for hCD133 bone marrow

cells and for both stem cells was cell-concentratiependent.
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Figure 13: PHA assay for hMSC and hCD133 bone marme cells. The immunemodulatory

effect was stronger according to the used cell-coatration. Cpm: count per minute.
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3.3 Invivo

3.3.1 In vivo application of CD133+ cells

In this work we analyzed CMTMR+ hCD133 bone margiem cells injected in collagen
patch previously implanted into infracted heartMdide Immunodeficient Rats (rNu)
(Figure 14 and 15). Cryoinjured heart of rNU withtgh application and injection of

alternatively gfp+ rCM or cell suspension mediunrevesed as control.
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Figure 14: Cartoon of zone of infarction in left vatricle (LV) by acute necrotizing injury
(ANI)
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A5

R2ORY Kiao

Figure 15:A, B and C showed the cryoinjury procedue in NuRat LV.C: scar after cryoinjury
where the collagen patch will be applied. D:collage patch (cp):0.8x0.8x0.5 cm. We use
collagen type | because of the propensity of cardiamyocytes to form contracting aggregates

by entrapment in collagen. E and F: electron scansh microscopy (SEM) images of collagen.
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In particular, the animals underwent first to acimury damage of the heart performed
through a left thoracotomy followed by a patch &ailon similarly to what has been
previously describedQallegari A et al., 200 Two weeks after, animals were randomly
divided in 2 groups. The first (model I) underwémia second thoracotomy associated to
the direct injection of the cell into the patche thecond (model 1) had the cells injected
systemically via the femoral vein (Figure 16).

Cells before injection were positive for the medgmaal stem cell marker CD73, CD105,
CD90, SSEA4 and in both models 4x10”" cells at pps&were injected. Animals were
sacrificed after 24h, 15 days and 30 days aftectign.

{ % Model I f 'i Model II

(! LN

= &

( (
= =
T0=15d TO0+24h TO+15d T0+30d TO0=15d T0+30d

N

Cryoinjury: Cryoinjury: .
Transmural damage ITP urp IITP Transmural damage Sacrifice
and Cardiopatch and Cardiopatch

Femoral vein :
Systemic cells injection
CMTMR labeled

CMTMR labeled

Figure 16. Cartoon of the experimental models. Modd : cryoinjury and patch application,
15 days later animals underwent new surgery and deinjection into the patch. Three
different time points were chosen. Model II: cryoigury and patch application, 15 days later

cells were injected via femoral vein and one timegint was chosen.

In model | after 24h about 60% of cells , both @amd/ocytes and CD133+ were found
inside the patch, interestingly after 15 days @amjiocytes were still in the patch area
whereas CD133+ cells moved from the periphery @ thjection site toward the

cryoinjured area (Figure 17).
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15+24h

15+15d

Figure 17: Model |. Gross appereance of the heart ith rGFP Cardiomyocytes (high left),

c=cryoinjury area, p=collagen patch; LV= left ventricles. Haematoxylin and Eosin (high
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centre) and Masson’s Tricrome (high right). Stainirg examples of TnT and ED2 antibodies
after 15days post patch application and 24hour caidmyocytes injection. TnT staining
evidenced green cardiomyocytes are on the patch aescattered macrophages expressing
ED2 antibody were found at the periphery of the path close to the cells. After 15days post
patch application and 15 days cardiomyocytes injen, TnT staining highlight most of the
cardiomyocytes in patch area and Smact positive dslalways in collagen patch were found

mixed to cardiomyocytes cells. 200x original magridation.

In Figure 18 A it is noticeable the very small ambaf cells present during the different
time points; after 15 days cells are dramaticaligrdased keeping then constant their
small number probably because either they lostciietracker or they died since the
collagen environment appear to be hostile to tlwsvtir. The very small number of cells
which died by apoptosis (Figurel8 B) pointed ot tlifferent mechanism of cell death

chosen by the injected cells.
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Figure 18: Model | and II. Quantitative analysis ofthe injected cells(A). After 24h 60% of the
cells were found in the patch injection site. Theall number after 15 and 30 days post patch
injection and 30 days after cell injection in cryonjury area without patch and after systemic

injection was estimated around 2%.

Very small amount of cells died by apoptosis in alllifferent conditions (B).

Number of vases after 15 (C) and 30 (D) days of tahjection in model I. After 15 days post

injection, small arterioles positive for Smact weremore present in patch area whereas after
30 days new vases positive for vW factor were moebundant in cryoinjury area in respect to

patch zone.
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Both after 15 and 30 days serial slides of sampkre stained for Von Willebrand factor
and Smooth muscle actin underlining presence ofar@vmature vases respectively, with
scattered red cells close to the vases particutarlyhe second time point; nevertheless
immunoflurescence assays did not reveal integratibi€D133 cells in capillaries or

arterioles (Figure 20).

Figure 19: Model I. Gross appereance of the heart ith BM CD133+cells (left), c=cryoinjury
area, p=collagen patch; LV= left ventricles. Haemaixylin and Eosin (centre) and Masson’s

Tricrome (right).
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15+24h

15+15d

15+30d

Figure 20: Model I. Staining with vW and Smact in @mtch area (15+24h). In 15+15days after

cells injection scattered red cells are present neaby vases in cryoinjury area. Similar
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situation has been detected 15+30 days after celtgection where small number of cells were

still present close to VW and Smact positive cells.

Quantitative analisys of the vases in patch argaigury and myocardium highlighted
the strong capacity time dependent of the collageecruit new vases; as in Figure 18 C
and D after 15 days many mature vases Smact +pvesent in patch area whereas after
30 days the vases number riched a plateau.

Macrophages and natural killer cells were detectied,latter were present only at the
periphery of the patch while macrophages were fotowlard the inner part of the
collagen and in cryoinjury zone. In particular,eaf80 days they were still present in the
patch area; moreover red spots of CMTMR+ cells vieuad inside macrophages, clearly
showing that phagocitosys of the cell tracker tplace (

Figure21).



62 Chapter 3 Results

15+24h

15+15d

15+30d

Figure 21: Model I. ED2 staining in different time points. Macrophages are present after 24h
cells injection (200x magnification) mainly in thepatch area, it is collagen patch applied 15
days earlier which withdraw these cells. In the otbr two conditions, ED2 positive cells
appear also in cryoinjury zone ( 15+15 days. 200x agnification) often with red spot of
CMTMR cell tracker inside. (15+30 days. 400x magnitation). Last row: example of NK
staining. Positive cells were found at the periphgr of the patch unrelated to CMTMR

positive cells in all three different time points {00x and 600x magnification)
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In model Il CMTMR+ cells were found mainly into thener part of the patch closely
related to the cryoinjured area and near by thiedaiige vases (Figure 22); no co-staining
with ED2 macrophage marker was found even thougtp&sitive cells with red spot of
CMTMR were found mainly in the patch area.

Interestingly positive cells for the proliferatiomarker PH3 were abundant in the

cryoinjury area of animals that underwent systereits injection.
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Figure 22. Model Il: systemic injection. Sample wez analyzed after 30 days post cells
injection; in border zone (end of the path-beginniig of cryoinjury) most of CMTMR positive
cells were also ED2 (right above), but in cryoinjuy area scattered red cells were negative for
the above mentioned marker and close to the quitealge vases positive for Smact and vW
respectively. Last raw shows PH3 (green) stainingnicryoinjury area. Interestingly PH3
positive cells were more present in cryoinjury areaof model Il than model I, (200x

magnification).
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Chapter 4 Discussion

4.1 In vitro

The present study suggests the presence in humanfBdVmultipotent progenitor cell
with mesenchymal characteristic defined by the esgion of CD133, OCT4 and SSEA4.
CD133 cells were able not only to generate vitro both CFU-GM and BFU-E
hematopoietic colonies but also to undergo to nmsgnal and neurogenic
differentiations. Indeed, this is the first studgsdribing the potential of deriving MSCs
from CD133 human BM. So far, different procedures have besstribed for selecting
both HSCs and MSCs. For clinical application, H&@s purified using a single isolation
strategy (CD34 expressior{Bhatia M et al., 1997;Sharkis SJ et al.,, 19@n the
contrary, MSCs have been isolated from BM and otfsious adult specimens using
different methods Rittenger M et al, 2002but a standardized method has not been
described yet and as a consequence cell phenofyMSGs has been reported to be
variable among different laboratorieBigirolamo CM et al, 199p Isolation of MSCs
based on their phenotype is attractive for instdremause the selection of a specific cell

type would avoid culture contamination with alreamymmitted or differentiated cells,
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which could affect the phenotype of MSCs and thédferentiation process. Moreover, a
selected undifferentiated population able to gige to different lineages would possibly
enhance the unsatisfactory preliminary results inbthwith MSCs transplantation for
tissue regeneratiorL¢ontiadis E et al., 2006 In this scenario, we proved that CD133
cells could represent an alternative source of MSCs

Telomerase activity and maintenance of a normabkgre are essential characteristics
for stem cell therapyZimmermann S et al, 2003n our study telomerase activity was
comparable between CD133+ and MSCs pointing ouptientially good proprieties of
self renewal. As a matter of fact it is accepteat telomerase is required for replication
and differentiation process@diyama Eet al., 200Q7even though hMSc express low level
of telomerase activity and may elongate telomenrgsabrecombination based DNA
replication mechanism, the alternative lengtherpaghway (ALT) Serakinci N et al,
2008.

An emerging body of data indicate that MSCs possassunemodualtory properties and
may play specific roles as immunemodulators in mesiance of peripheral tolerance,
transplantation tolerance, autoimmunity, tumor @wasas well as fetal-maternal
tolerance. MSCs are considered to be hypoimmunogédisiplaying low expression levels
of human leukocyte antigen (HLA) major histocompiity complex (MHC) class I.
Comparing CD133+ and MSC in PHA assay, same immuodoiation characteristics
have been highlighted proving that our cells hasees characteristics of MSC. In
particular, MSCs, have been shown to suppressdtindta of a broad range of immune
cells, including T cellsBartholomew A et al, 2002; Di Nicola M et al, 20@ghey lack
indeed of surface expression of costimulatory mdes; such as CD80 -B7-1- and CD86
-B7-2-), antigen-presenting cells, natural kill&i() cells and B cells. New studies have
further shown that MSCs interact with NK cells, segs NK cell receptor ligands, express
Toll-like receptors (TLRs), respond to TLR ligandsd act as antigen-presenting cells

upon interferon-g stimulatiorspaggiani GM et al., 2006; Liotta F et al, 2007
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Taken together, these data suggest that deepéesstudimmunological profile of CD133
have to be arrange since it will be of paramourgdrtance in our understanding of the
biology and function of adult stem cells and in ttevelopment of therapeutic strategies

aimed at exploiting or targeting BM CD133+ aduérstcells.

In order to evaluate their differentiation abilitgD133 cells were compared with CD34
and MSCs derived from same BM sample®ftmann WK et al, 2002; Jones EA et al.,
2002 As previously reported, we confirmed that hematepoi colonies obtained
respectively from CD133and CD34 selected cells were comparadtaqdgretinger R et
al, 2003) As expected, MSCs derived from BM samples botlorkeand after CD133
depletion, on hematopoietic medium did not arislerges. These results are in keeping
with previous data that remarked the hematopojeditential of CD133cells bothin vitro
andin vivo. CD133 cells have indeed the ability to generatevitro a non-adherent
CD133CD34 stem cell subset with a significantly higher fregoy for SCID
repopulating cells than any other CD33 CD34 stem cell populations reported so far
(Kuci S et al.,, 2003; Handgretinger R et al, 2OBloreover it has been shown that
CD133 antigen seems to appear on the surface ohtbpwietic stem/progenitor cells
before CD34 confirming that CD133D34 cell subset appear at very early stage of
human hematopoiesigdrraz N et al, 2004 In addition to these data our study proved
that this subset of CD133CD34 cells, which co-express markers of stemness ssch a
SSAE4 and OCT4 have also the ability of generatingadherent subset of cells with
mesenchymal potential. In fact, while the hematefioipotential of CD133cells has
already been extensively described, the potenti@il 33 cells to differentiate towards
mesenchymal lineages has been only partially eggldforrente Y et al, 2004 In
particular the possibility of CD13%ells derived from BM to give rise to mesenchymal
lineages other than endothelial and myogenic habeen demonstrate®€ichev M et al,
2000. In this study we showed for the first time tHdSCs derived from BM with
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potentials to differentiate to various mesenchytirdages and with some neurogenic
potential, could be generated from CD13%lls. MSCs and CD34from same BM
samples were used as control. However, as preyi@msiwed CD34% fraction did not
grow on mesenchymal culture conditiofhfués R et al., 20QMore importantly, stromal
cells expanded after CD133elections showed some differences also when cemiga
MSCs derived from the same BM samples. Firstly thlegwed a different proliferative
capability. When cultureih vitro, CD133 cells grew quicker than MSCs underlining the
beneficial characteristics for expansion and celindgplantation. Secondly some
differences were also evident in terms of diffelaidn potential. Similarly to what has
been previously describéBomyje J et al, 2003 CD133 cells in endothelial condition
were able to express specific endothelial markech as P1H12 and Angiopoietin and to
form capillary-like structure when seeded on MadtigOn the contrary MSCs did not
show any endothelial differentiation potential e tsame conditions. Although previously
reported the potential of MSCs to differentiate aotls endothelial lineages is still
debatable and in our experimental conditions MSi@sndt form capillary-like structure
neither expressed markers of endothelial diffeaioth Oswald J et al., 2004

Conversely, the endothelial potential of CD188lls is so well established that at least a
subpopulation of these is defined as endotheliatymsors cellsHriedrich EB et al.,
2006). It is well known that CD133BM derived cells contributed to angiogenic process
during adult life and have also shown the capacitform new vessels (vasculogenesis)
(Hilbe W et al., 2004). Remarkably, their angiogenic potttas been well established
also in tumor growth and increased numbers of Eitmg CD133 cells occur in patient
with solid tumor(Sussman LK et al., 20P3n this perspective, the angiogenic potential of
CD133 cells would represent a further advantage on M®@sere the angiogenic
potential, if present is not comparabl&alven P et al, 2003to overcome the
vascularization problems usually related to celhgplantation and tissue engineering. In

this perspective we could speculate in fact that 8D cells not only differentiate into the
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tissue target, but could also contribute to thecwkdture architecture of that specific
tissue.

Moreover, if compared to MSCs, stromal cells detifrem CD133 had the advantage of
being able to differentiate towards neurogenic diges. After three weeks of neural
stimulation CD133 expressed markers of neural development such aB2viend O4,
whereas MSCs cultured in the same conditions diddata not shown). Finally, similarly
to what has been previously reported, differertiattowards myogenic lineages and
myotube-like structure formation was more effectiveing CD133 cells that MSCs
(Torrente Y et al, 2004 While showing some advantages to MSCs in terrhs o
proliferation and differentiation, we showed foetfirst time that CD133BM derived
cells where also able to differentiate towards agtaic and adipogenic lineages, fully
proving their mesenchymal potential. In osteogeniture conditions, CD133ells were
able to determine homogenous activity of AP sirildo what we observed for MSCs
(data not shown) and osteogenic gene expressiodetastable. Oil-Red-O quantification
showed that CD133induced cells were able to deposit lipid similarty MSCs in the
same conditions (data not shown) and the attairdigogenic differentiation was
confirmed by the expression of specific genes. Vidr&ances in terms of proliferation and
differentiation are in keeping with some differerinetheir phenotype during expansion.
In particular stromal cells derived from CD13®-expressed c-kit, SSAE4, OCT4 while
MSCs in the same culture conditions never expreshede markers, who typically
identify early progenitors.

Moreover, different methods of expansion such beofiectin-coated or uncoated Petri
dishes showed evidence of the importance of thelatgn of anchorage-dependent cell
growth, migration, differentiation and gene expi@sgor the CD133 cells while MSCs
cultured in the same conditions did not show arffedince on growth potential and
cytofluorimetric analyses (data not shown). Notyodid the type of plastic indeed, but

also the coating of the substrate where the cali® weeded, determine the characteristic
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phenotype of a forerunner CDI38ell. Interestingly, it is conceivable that adloesf
CD133 cells to fibronectin, multi-domain adhesive glyooiein found in blood and
interstitial connective tissuaMang R et al, 2000 induces formation of focal adhesions
that influence cell migration and signallinga¢kson L et al., 200°and do not change the
immunological properties of the cells. In particulthe progenitors markers c-kit and
SSEA4 were expressed by CD132lIs seeded on fibronectin, whereas they werendow
regulated on plastic substrate. Purified CD138 passage 2 and 4 showed down
regulation of CD133 expression in accordance tadtita previously reported (Miyamoto
S et al., 1998). No expression of CD4, CD8, CD3B3€ and CD45 was found while
they continue to express CD13 present on the sudaearly committed progenitors of
granulocytes and monocytes and by all cells ofdHiegeages as they mature. Expression
of surface proteins with a critical role for thdéra and extra-vasation process as CD13
and CD44 may indicate that CDI3&lIs are associated, or attached, to vesseieiBM
compartment $uuronen EJ et al, 20D6Expression of CXCR4 could allow them to
respond to Stromal Derived Factor-1 and may confineir ability to enter into the
bloodstream if necessary. In keeping with the mesgmal phenotype defined by In 't
Anker et al [n't Anker PS et al, 20Q3ur cells were positive for the stromal cell mesk
CD105, CD90 and the adhesion molecule CD73 (SH2YSH3

All together, our results vitro showed that CD133ells could represent a good source
of cells for transplantation because they are abtenly to reconstitute the hematopoietic
compartment as previously reported but in additiay can also give rise to the stroma.
As a consequence the results of this study cortfierhypothesis that CD133D34 cells
identify a very early progenitor of both HSCs an8Gk.

However, more studies are necessary in order tceaddit least two points that are still
unclear. On one hand more data are needed on ifie of CD133 cells in the BM.
McGuckin et al Forraz N et al., 200¢defined a cell population intracellular CO34nd

CD133 that may represent a primitive cell population ingvyet to express external
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CD34. Loges et allpges S et al., 2004after demonstrating the hematopoietic and
endothelial capacity of single CD13%®recursors, speculate the identification of the
human adult hemangioblast in CD138ells since the latter are positive for the
hematopoietic and endothelial markers CD31 and Gebich C et al., 2004 hence
VEGFR-2 are committed in Flk-1+ populatior@hp, S.K et al, 2001BM or Peripheral
Blood Stem Cells transplantation of CD3dells have always faced the problem of
stromal reconstitution and the regulation of mekgnmal cells has been considered
important for the hematopoietic regulation andtf@ immunological response of the host
(Fibbe WB et al, 2003In particular the support of good stroma hasmbmmsidered very
important for the final outcome of the transplaioiat

To summarize, by means of immunoselection with @m& human clinical-grade
monoclonal antibody we obtained precursor cellsy efas isolate and expand, with
hematopoietic characteristics and mesenchymal dapalVe still have to optimize the
Petri dish coating to modulate the antigen pradihe in this sense studigsvitro andin
vivo are planned. The immune response of CDX28s is under investigation since it is
mandatory to know whether CD138ells possess immune modulation effect as MSCs.
So far, our results remark the great potential DfLE3" cells from BM, and support the
existence of a broadly multipotent/pluripotent d¢blt persists in the adult and justify the

upcoming interest for possible therapeutic apptcet

4.2 In vivo

Reconstituting infarcted tissue with cells capaifl@erforming the functions of the heart
or proving beneficial trophic factors for nativdlseare attractive solutions for myocardial
repair (Figure 24Murry CE et al, 200R In most of the cellular cardiomyoplasty studies,

stem cells have been administered systematicalisadoronary, or directly injected into



72 Chapter 4 Discussion

the myocardium. Although positive results have bebserved, the accumulation of
transplanted cells in other organs as the luhgu(D et al., 200f engendered cell death
because of an unsuitable milieu, poor retention thedow transdifferentiation rate into
cardiomyocytes are issues which need to be addréssecrease the efficacy of stem cell
therapy. In this study we tested alternative apghea to deliver stem cells to the injured
area; in particular CD133+ cells were deliverechgsa biodegradable collagen patch.
Despite the fact that through this approach we weo¢ able to appreciate cell
engraftment, we could nonetheless find our cellgratéd to the cryoinjury area and
confirm the good mobility characteristics of BM CEBt cells.

Collagen type | was previously usindvitro from Vunjak-Novakovic G.groupRadisic M

et al, 2004 and it showed the best cardiomyocytes survival e natural tendency of
the cardiac cells to form cell junction; moreovke tpolymer possess neoangiogenetic
properties Callegari A et al., 200)/

As previously mentioned, CD133 is a primitive mark&pressed in cell population with
potent hematopoietic and angiogenic potential pitoangiogenic effect of BM CD133+
cells in humans has been demonstrated by improgedgion and function of infarcted
hearts after cell injectionBartunek J et al, 2005; Stamm C et al, 200A addition,
because of the importance of allowing new vasgsay a crucial role on feeding the cell,
we inject the cells after 15 days on scaffold impddion .

Indeed the number of new vases was enhanced gatble area, in particular in model Il
where the quite large lumens were evident intopiteh, close to cryoinjury zone. These
vases were larger than those in cryoinjury areaewbey are usually big and less
numerous after infarction. Interestingly, red cellsre found near the large vases although
we have to mention that most of the injected oglise noticed in spleen, liver and lung.
The scattered red cells in patch-cryoinjury areaved that somehow CD133+ stem cells
felt the biochemical signals from the damage arghpossibly functional integration of

non-cardiomyogenic cells might not be requireddbieve a beneficial effect on cardiac
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function. We performed functional analysis on omeug of animal and treated animals
ameliorate their heart function when compared tdrob rats.

In particular, most of the BM CD133+ cells homesites of ischemia and it can be
speculated a local release of factors acting ira@geine manner on the surrounding
ischemic tissue.

It has been demonstratedréckop DJ et al., 20Q3that MSCs and similar cells repair
tissue injury by three different mechanisms: coeatiof a milieu that enhances
regeneration of endogenous cells, transdifferdaatiabnd perhaps cell fusion (Figure 23).
Although the differentiation potential of variousrogenitor cells was repeatedly
demonstrated drlic D et al, 200}, in vivo cells frequently produced functional
improvements without much evidence of either presan differentiation of the cells. For
instance, improvement in cardiac function afteram¢nous infusion of human MSC in
immunedeficient mice after coronary ligation wassedyed but about five cells were
detected in the heart after three wedgs Y, 200Y.

It has been observed that the cells release angogeowth factors such as vascular
endothelial growth factor (VEGF), basic fibroblagrowth factor ( bFGF) and
angiopoietin which protect cardiomyocytes againgidxia promoting local angiogenic
response Xu M et al, 200Y, moreover previous work suggested that both VE®GE
bFGF induce the expression of the antiapoptoticedggadl-2 fortifying cardioprotection
against myocardial cell deatiNgr JE et al, 1999; Nishida S et al., 200&ytokines
analyses on our samples are ongoing to detect Bad2confirm the hypotized paracrine
effect of CD133+ cells.

Interestingly, immunostaining with phospho-specdittibody, PH3, revealed many cells
under mitotic phosphorylation of histone 3 in cnjary area. These cells in proliferation,
negative for the red cell tracker CMTMR, were d&tddn animals treated systemically:
again this phenomenon may be explained by the paeaeffect of CD133+ cells, even

though it is not clear why in model | proliferatinglls were not so abundant.
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Figure 23:Schematic showing the multiple actions ahesenchymal stromal cells and perhaps

[T NS

other adult stem progenitor cells in repairing tissies. From Prockop DJ et al.,2007.

In both models the efficacy of cell engraftment vedmost absent as more than 90% of
the cell suspension injected was lost and did ngtadt. Cells did not die by apoptosis

and ,if they really died before secreting cytokinather factors could have been involved
to create an hostile environment, such as the aohstretching force of systolic and

diastolic heart and patch movements triggered stad hypoxia into the collagen. Cells
could have died by oncosys following acute damagesavelling of the entire cell, so that

it was not possible to detect the injected cells.

Therefore, the creation of engineered tissue tlaatomly assembles cardiac cells but
which also includes factors and, or cells favounirag only revascularization but also a
trophic environment, will be crucial. For an optingechievement of cardiac patches, it
might be necessary to cultivate three-dimensiomdl constructs in bioreactors that

reproduce the normal stress and flow experiencatidyissue.
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The use of CD133+ cells that possess MSC features, be relevant for clinical
application. In fact, this stem cell type showedtipatency and low immunogenicity and,
hence, no rejection potential when xenotransplaintéde heart of nude rats that possess
macrophages and natural killer cells. Anyway, riegip ischemic tissue may be
inadeguate for donor cell retention in sufficientagtity to allow the desired effect
because the survival of cells from any source imgid in the myocardium varies between
1% and 10%Wbrich C et al, 2004

Still, there lack studies on the isolation expansaod evaluation of bone marrow derived
CD133+ cells for tissue regeneration; figure 24vet as non cardiac cell sources are
considered for cardiac repair.

An important point to be consider is the possipilib deliver cells by low-invasive
techniques, such as the use of catheters, to aaliddispersion as in our systemic

method.
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Figure 24:Current challenges for cell-based therapyn cardiac repair include identifying the
origins of the novel cardiac progenitor and stem dks found within the heart, pingpointing the
biological active cells from bone marrow and othermixed populations, optimizing cell
mobilization and homing, augmenting grafted cells’survival, defining the cues for cardiac
differentiation, promoting donor cell proliferation ex vivo (or, if safe,in vivo) and exploiting

cell therapy as a platform for secretory signals. Aapted from Dimmeler S et al,2005.
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4.3 Conclusion

While some types of stem cells are already usedlifoical therapy, recent investigations
raised high hopes for a broad spectrum of apptinatiin cell-based therapies for
regenerative or reparative medicine. It has begotmgsized that stem cells may at some
point in the future become the basis for treatnoémtiseases such as Parkinson’s disease,
diabetes and heart disease. In this study we waesta characterize the CD133+ stem
cell population from human bone marrow samptesitro, highlighting the potentially
good properties for clinical applications compaeata the ones owned by MSC; white
vivo we tested the possibility that a biodegradable bintompatible polimer, called
cardiac patch, applied on the infarction area alentat, could give hospitality to stem
cells and deliver them to improve cardiac functlimaAbout 2% of cells survived and
showed good mobility into the collagen patch; inyaew functionality was detected,
however no cell engraftment was seen after foukviiesn cell injection both locally and
systemically.

Summarizing, the two differerib vivo models aimed at define both the patch strength
after cell injection in model | and the patch tripéffect in model 1l. Therefore to address
these points it is mandatory to analyze bcl-2 esgiom on treated and un-treated samples
with and without patch to verify whether the tissumgyineering approach with this specific
polimer, could have enhanced the paracrine effettuman CD133+ or changes of the

polimer have to be pursue to ameliorate the celligal.
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Appendix: Why using a cryoinjury model?

Cryoinjury of the heart might be a useful model tmyide therapeutic clues for
interventions aimed at improving wound healing raifitéarction, like the identification of
cytokines and growth factors involved in the acedkd wound healing.

In particular, several rat and murine models of Afdle been established over the past
decades. The ligation model, in which the left Eatedescending (LAD) coronary artery
is permanently ligated, is the most extensivelyduseuse model of experimental ANI
However, the cryoinjury model, in which a frozerolpe is applied directly to the left
ventricular (LV epicardial surface to inflict tissulamage), has also been used in many
ANI studies. In particular, it has been proposed ased as an adequate ANI model to test
the effects of cardiac cell transplantation due shmplicity and reproducibility of the
application of the injuryEittira B et al, 2002; Yau TM et al, 2001

In regards to our study, the decision for the dse specific murine ANI model should be
considered and, more than technical aspects, ttoglaysiology of the experimental
model should be further investigate for the intetation of the study outcome. Since the
ability for regeneration of myocardial tissue imilied, adequate wound healing is a
critical step in the early pathophysiology after IANlyocardial wound healing starts by

infiltration of inflammatory cells that promote wad healing by removal of necrotic cell
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debris as well as by production of growth factonsd acytokines that modulate
neovascularizationHfancogiovanni NG et al., 2002 Inflammatory cell infiltration is
followed by scar formation by which prevents stanat fragility.

Furthermore, during these early wound healing nese® tightly controlled architectural
changes of the heart take place, which are a niajmrminant of the functional outcome
after ANI (Francogiovanni NG et al., 2002; Sun Y et al, 2005

It is known that between ligation and cryoinjurglited ANI there are some differences,
1) that the inflammatory response is increased aft@injury,

2) that wound healing is accelerated after cryainju

3) that the electrophysiological response diffexsudeen both models, and

4) that cryoinjury infarcted mice have only modestremodeling and a noticeable better
functional outcome than ligation infarcted mice.

In order to create transmural injury we attemptedesal applications of the cryoprobe
precooled in liquid nitrogen.

Although highly representative of the ischemic delath as occurs in humans, the ligation
model is inherently associated with infarcts of iable size, requiring large group
numbers of mice in studies that evaluate anti-rastiog therapies. Even more
importantly, LAD ligation in the mouse heart tygdigdeads to apical infarcts with large
aneurysm formation causing a particular ventricgl@aometry. Ligation-induced infarcts
in the mouse heart appear therefore less repréisenfiar infarcts encountered in clinical
practice, where acute LAD occlusion followed by mggive reperfusion therapy often

leads to moderately sized infarcts of the antdres wall.
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