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RESUMO

Introducdo: Tendo em vista que as doengas cardiovasculares constituem uma
importante causa de morbi-mortalidade, se faz necessario o desenvolvimento de
novas estratégias terapéuticas na tentativa de diminuir o imenso impacto social e
econdmico. Neste sentido a terapia celular tem demonstrado resultados promissores
em estudos pré-clinicos e clinicos. As células progenitoras endoteliais (CPE) e as
células-tronco mesenquimais (CTM) tém se mostrado importantes reguladoras no
processo de reparo tecidual, na formacdo de novos vasos e na regeneracdo de
regides isquémicas. Objetivo: O objetivo deste trabalho foi comparar o efeito do
transplante das CPE derivadas do sangue de corddo umbilical humano, das CTM
derivadas da geléia de Wharton e a associacdo destes dois tipos celulares no
tratamento do modelo experimental de miocardiopatia isquémica (MIl) em ratos.
Metodologia: Os procedimentos foram realizados com a aprovacado do comité de
ética da PUCPR. Foram utilizados ratos Wistar (300-350 g) para desenvolver o
modelo experimental da Ml e do transplante celular. Foi realizada a ligadura da
artéria coronaria esquerda e 7 dias apds a inducdo da MI foi realizada a andlise
ecocardiografica. Os animais com fracdo de ejecéo do ventriculo esquerdo (FEVE) <
40% foram selecionados para o estudo. No nono dia apds a indugcdo da MI os
animais foram randomizados entre 0s grupos experimentais e foram injetados com
uma das seguintes condicdes em 200pL de meio: (1) 2 x 10° CTM; (2) 2 x 10° CPE;
(3) 1 x 10° CTM + 1 x 10° CPE; ou (4) meio (controle) . Depois de 30 dias pés-
transplante foi realizada andlise ecocardiografica seguida por eutanasia. Avaliacdes
histol6gicas foram realizadas por meio das coloracdes de Hematoxilina e Eosina,
tricromico de Masson e Picrossirius Red. A localizacdo de células humanas foi feita
pela metodologia de hibridizagcdo in situ por fluorescéncia (FISH) em cortes
parafinados do coracdo dos ratos e foi realizada a quantificagcdo da expressdo de
proteinas angiogénicas humanas no sangue periférico dos ratos. Resultados: Os
grupos de ratos que receberam a terapia celular apresentaram um aumento do nivel
de proteinas angiogénicas humanas no sangue periférico, houve menor deposicéo
de colageno nos tecidos cardiacos e uma melhoria global da funcdo cardiaca. Ao
analisar comparativamente os valores das médias da FEVE nos grupos antes e apos
o transplante observa-se boa correlacdo na melhora da FEVE entre os grupos que
receberam a terapia celular. Pequenas quantidades das células transplantadas
foram detectadas no tecido cardiaco por FISH. Conclusdo: Estes resultados
sugerem que a terapia celular € importante na atenuacdo da progressao da
disfuncdo ventricular esquerda apés a MI. CPE derivadas do sangue de cordao
umbilical humano e as CTM derivadas da geléia de Wharton podem representar uma
promissora fonte celular para a cardiomioplastia celular e uma estratégia terapéutica
eficaz na melhora da funcao cardiaca apos a Ml.

Palavras-chave : Cordédo umbilical. Sangue de cordao umbilical. Geleia de Wharton.
Célula-tronco mesenquimal. Célula progenitora endotelial. Infarto do miocardio.



ABSTRACT

Introduction : Given that cardiovascular disease constitutes an important cause of
morbidity and mortality, it is necessary to develop new therapeutic strategies in an
attempt to reduce the immense social and economic impact. Cell therapy has shown
promising results in several preclinical studies and clinical trials. Endothelial
progenitor cells (EPC) and mesenchymal stem cells (MSC) have been shown to be
important in regulating the tissue repair process, the formation of new vessels, and
regeneration of ischemic regions. Objective : The aim of this study was to compare
the effect of transplantation of human umbilical cord blood-derived EPC, human
Wharton's jelly-derived MSC and the combination of these two cell types in the
treatment of ischemic cardiomyopathy (IC) in a rat model. Methodology : Animal
procedures were performed with the approval of the PUCPR Animal Care
Committee. Wistar rats (300-350 g) were used for the infarction and cell
transplantation model. Left coronary artery ligation procedures were performed and
baseline echocardiography was performed 7 days after IC induction. The animals
with left ventricular ejection fraction (LVEF) < 40% were selected for the study. On
the ninth day after induced IC, animals were randomized into experimental groups
and injected with one of the following medium: (1) 2 x 10° MSC; (2) 2 x 10° EPC; (3)
1 x 10° MSC plus 1 x 10° EPC; or (4) medium only (control). Thirty days after
treatment, an echocardiographic analysis of rat hearts was performed followed by
euthanasia. Histologic assessments were performed by hematoxylin and eosin,
Masson’s trichrome, and picrossirius red staining. Localization of human cells in
paraffin-embedded sections of rat heart tissue was done by fluorescence in situ
hybridization (FISH) and quantification of angiogenic growth factor protein-expression
levels in the peripheral rat blood was performed. Results : The groups that received
cell therapy presented increased levels of human angiogenic growth factors in
peripheral blood less collagen deposition in heart tissue, and an improved myocardial
function. Upon comparative analysis between the mean LVEF values for the groups
before and after transplant, we observed an improvement in cardiac function
(increase in LVEF) among the groups given cell therapy. In addition, low quantities of
transplanted cells were detected in myocardial tissue by FISH. Conclusion : Theses
results suggest that cellular therapy is important in attenuating the progression of left
ventricular dysfunction after IC. Human umbilical cord blood-derived EPC and human
Wharton's jelly-derived MSC may represent promising cell sources for cellular
cardiomyoplasty and an effective therapeutic strategy for improving cardiac function
in IC.

Key-words: Human umbilical cord. Human umbilical cord blood. Wharton's jelly.
Mesenchymal stem cells. Endothelial progenitor cells. Acute myocardial infarction.
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1 INTRODUCAO
1.1 EPIDEMIOLOGIA DAS DOENCAS CARDIOVASCULARES

Segundo dados da Organizacdo Mundial de Saude (OMS) as doencas
cardiovasculares (DCV) sao responsaveis por 1/3 das mortes em todo o mundo,
sendo que 80% desses 6bitos sédo registrados em paises de baixa e média renda
(1). No Brasil, as DCV sao a principal causa de morte, provavelmente devido a
associacdo do aumento da expectativa de vida aliado a ingesta de dietas ricas em
gorduras saturadas, ao tabagismo e ao estilo de vida sedentario (2). Em nosso Pais,
as DCV apresentam trés importantes caracteristicas: altas taxas em faixas etarias
mais jovens, altas taxas entre mulheres e a hipertensao arterial como fator principal
na génese da doenca (3).

Em 2006, as doencas do aparelho circulatorio foram responsaveis pelo
internamento de 1.157.509 pacientes pelo Sistema Unico de Saude (SUS) e por
29,4% dos Obitos no pais, sendo as principais causas de morte, nos homens, as
doencas isquémicas do coracdo e as doencas cerebrovasculares, enquanto nas
mulheres predominaram as doencas cerebrovasculares (4).

As doencas isquémicas do coragdo sdo a segunda maior causa de morte e
em 2006, foram responsaveis por 8,8% do total de Obitos no pais (4). Segundo os
registros oficiais entre 1990 a 2006, na populagao adulta de 20 a 74 anos, o risco de
morte por doencas isquémicas do coracdo apresentou uma tendéncia a reducdo nas
regides Sul e Sudeste e um aumento nas regides Centro Oeste, Nordeste e Norte
(4) (figura 1).

Dentre as doencas isquémicas do coracdo, o infarto agudo do miocardio
(IAM) é a principal causa de 6bito na populacdo mundial (5, 6), correspondendo, no
Brasil, a 6,7% da proporcao de obitos (4).

O estudo dos Fatores de Risco para Infarto do Miocéardio no Brasil - FRICAS
(7) realizado entre 1994 e 1995 em 20 centros médicos no Brasil, relacionou como
fatores de risco para ocorréncia de IAM a hipercolesterolemia, hipertenséao arterial
sistémica, diabetes mellitus, sobrepeso e histdria familiar positiva. Corroborando com
0 obtido pelo estudo FRICAS, o estudo Avaliagao dos Fatores de Risco para Infarto
Agudo do Miocardio - AFIRMAR analisou 1.279 pares de pacientes caso-controle

entre 1997 e 2000. Demonstrou-se neste estudo que os fatores de risco classicos
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sdo os responsaveis pelo aparecimento do IAM na populacdo brasileira (8). Os
dados obtidos por esses estudos indicam que se faz necesséario a aplicagdo de
politicas de saude preventivas no Brasil, uma vez que as DCV constituem um grave
problema socioeconémico. Com isso, mostra-se imprescindivel a realizacdo de
programas educacionais com o0 intuito de atenuar, por meio de mudangas

comportamentais, a exposi¢cao do paciente aos fatores de risco.

Figura 1 — Taxas de mortalidade por doenca isquémica do coragéo para populacédo adulta de 20 a 74
anos, Brasil e regides, 1990 e 2006.
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Fonte: Disponivel em http://portal.saude.gov.br/portal/arquivos/pdf/saude_brasil_2008
_web_20_11.pdf, 2008.

1.2 INFARTO DO MIOCARDIO E TERAPIA CELULAR

A ocorréncia do IAM, resultante em sua maioria devido a doenca
aterosclerotica coronariana, caracteriza uma situacao clinica de extrema gravidade e

com risco de vida. A maioria das mortes por IAM ocorre nas primeiras horas de
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manifestagdo da doenga, sendo 40%-65% dos casos na primeira hora e,
aproximadamente, 80% nas primeiras 24 horas (9).

Ocorre geralmente quando ha uma interrupcdo subita e intensa do fluxo
sanguineo, em uma ou mais artérias coronarias, frequentemente ocasionado pelo
trombo gerado na ruptura da placa aterosclerética (10), instalando-se 0 processo
inflamatorio na regido infartada.

A aterosclerose € uma doenca inflamatoéria, sendo a disfuncdo endotelial o
fator desencadeador da formacdo da placa. O processo da aterogénese é
desencadeado por fatores agressores do endotélio. Esta agressdo permite uma
maior passagem de lipoproteinas de baixa densidade (LDL) para o espaco
subendotelial onde a LDL € oxidada. A partir disso, as células endoteliais (CE)
expdem as moléculas de adesdo na superficie endotelial onde os mondcitos séo
aderidos. As proteinas quimiotéticas no subendotélio atraem mondcitos que migram
e se diferenciam em macréfagos no subendotélio. Os macrofagos fagocitam as LDL
oxidadas (LDL-0x) via receptores scavenger. Estes receptores reconhecem apenas
as moléculas de LDL-ox. Os macrofagos que fagocitam varias moléculas de LDL-0x
sdo denominados de células espumosas e comecam a se acumular no espaco
subendotelial dando inicio a formacédo das estrias gordurosas, sendo esta a primeira
lesdo macroscopica da aterosclerose (11).

A extensdo da lesdo concebida apds o infarto depende da duracdo e da
gravidade na falha da perfusdo sanguinea (12), podendo gerar uma lesdo celular
irreversivel e necrose miocardica (13). No entanto, o grau de infarto também é
modulado por uma série de fatores, incluindo o fornecimento de sangue, a
medicacdo em uso e o pré-condicionamento isquémico do tecido (14). A diminuicao
do fluxo sanguineo para os tecidos, o que define a isquemia, resulta em uma menor
oferta de substratos necessarios, tais como o oxigénio e glicose e um excessivo
acumulo de residuos metabdlicos (15). A oclusdo da artéria coronaria resulta em
alteracdes complexas da arquitetura ventricular que evoluem por semanas apos o
evento isquémico (16). O IAM €, atualmente, uma das mais importantes causas de
remodelacdo cardiaca, e contribui, significantemente, para a dilatagdo ventricular,
fibrose miocardica, disfungéo ventricular e desenvolvimento de insuficiéncia cardiaca
congestiva (17).

O desconforto associado ao IAM muitas vezes é difuso, ndo localizado, n&o

posicional, ndo afetado pelo movimento da regido, e pode ser acompanhado de
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dispnéia, sudorese, nauseas ou desmaio. Esses sintomas ndo sdo especificos para
isquemia do miocérdio e, portanto, podem ser mal diagnosticados e atribuidos a
distarbios gastrointestinais, neurologicos, pulmonares ou musculares. O IAM
também pode ocorrer com sintomas atipicos, ou mesmo assintomaticos, sendo
detectado apenas pelo historico clinico do paciente, eletrocardiograma, elevagcdes
nos niveis séricos de biomarcadores ou por imagem (18) para um tratamento rapido
e eficaz.

O processo de remodelamento apdés o IAM pode ser dividido em quatro
etapas: primeiramente ocorre a morte de células por necrose ou apoptose,
ocasionando o adelgagcamento das paredes cardiacas com a liberacdo sistémica e
local de mediadores inflamatorios; seguida por inflamacéo caracterizada pela grande
quantidade de células inflamatorias (macrofagos, neutréfilos e mastocitos) e
degradacdo da matriz extracelular; logo ap6s ocorre a formacdo de tecido de
granulacdo constituido de neovasculatura, macrofagos e miofibroblastos; e por fim
ocorre a formacédo da cicatriz tecidual ndo contratii com diminuicdo da funcéo
ventricular esquerda (19, 20). Na espécie humana, estes eventos se completam
entre dois e trés meses (21). Todas as etapas do remodelamento sao reguladas por
citocinas e fatores de crescimento (22).

O coracdo adulto humano possui uma capacidade limitada de regeneracao
(23) mesmo com a presenca de células progenitoras residentes cardiacas (24).
Embora a circulacdo possa ser restabelecida, as areas de fibrose ndo contribuem
para o desempenho miocardico global em funcdo da perda das unidades contrateis
(25).

Embora grandes avancos tenham sido alcancados no entendimento dos
mecanismos apds 0 evento isquémico, nenhuma medicacdo ou procedimento
utilizado clinicamente tem demonstrado eficacia na restauracdo da cicatriz
miocardica. Devido a estes fatores surgiu a necessidade do desenvolvimento de
novas opcoes terapéuticas para reparar o miocardio lesado (26), buscando a
multiplicacdo de cardiomidcitos funcionais, a formacdo de neovasos, o controle da
apoptose e da fibrose, além de modular a resposta inflamatéria e aumentar a funcao
ventricular esquerda (27).

Nesse contexto surge a terapia celular com o objetivo de utilizar células-

tronco (CT) no tratamento das DCV. Varios estudos pré-clinicos (28-32) e clinicos
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(33, 34) tém demonstrado resultados promissores desta estratégia terapéutica no
tratamento destas graves doencas (35, 36).

Muitos tipos celulares tém sido estudados na regeneracdo do miocéardio e o
potencial terapéutico de células como células mononucleares (CMO) (37-39)
cardiomidcitos fetais (40), mioblastos esqueléticos (41-46), células 133" (47, 48) e
células-tronco mesenquimais (CTM) (49, 50) tem sido extensamente pesquisado
para esta finalidade. No entanto, diversos fatores devem ser considerados na
escolha do tipo celular mais adequado para a regeneracdo cardiaca. Ja foi
demonstrado na literatura que as CMO derivadas da medula 6ssea (MO) (38) e os
mioblastos esqueléticos (46) ndo foram efetivas para a terapia cardiaca.

Em especial as células progenitoras endoteliais (CPE) e as CTM tém se
mostrado importantes reguladoras no processo de reparo tecidual, na formacéo de
Novos vasos e na regeneragdo de regides isquémicas (51, 52), sendo estes tipos
celulares o foco do presente estudo.

1.3 CELULAS-TRONCO

As células-tronco (CT) séo células indiferenciadas e ndo especializadas,
definidas pela sua capacidade de proliferacdo, auto-renovacédo e diferenciacéo
(figura 2). A divisdo pode ocorrer por mitose, onde sao originadas duas linhagens de
células, sendo uma indiferenciada e a outra diferenciada. A auto-renovacao ocorre
por mitose simétrica, onde produzem duas células filhas idénticas e que
permanecem indiferenciadas, repondo o pool de CT (53).

O conceito da CT foi proposto em 1961 por Till e McCulloch (54) que
desenvolveram um ensaio clonogénico in vivo, onde identificaram células
clonogénicas da medula 6ssea de murinos com capacidade de auto-renovacao e

multipotencialidade (55).
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Figura 2 — Propriedades das células-tronco: auto-renovagéo e capacidade de diferenciagéo.
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Fonte: Adaptado de http://delsold.nas.edu/dels/rpt_briefs/Understanding_Stem_Cells.pdf

As CT podem ser classificadas pela capacidade de se diferenciar em
diferentes tecidos. Uma CT é classificada como totipotente quando for capaz de
originar todos os tecidos do organismo, incluindo os extraembrionarios. Sdo as
células que formam o embrido. Apdés o desenvolvimento do zigoto € possivel obter
da massa interna do blastocisto as CT pluripotentes. Estas tem a capacidade de se
diferenciar em células dos trés folhetos germinativos, com excecédo da placenta e
dos anexos embrionarios e apresentam alta capacidade de proliferacdo. As CT
multipotentes podem ser encontradas na maioria dos tecidos do organismo adulto e
podem diferenciar-se nas células de um dos trés folhetos embrionarios, dando
origem a uma limitada variedade de linhagens celulares diferenciadas. Por fim, as
CT unipotentes podem originar apenas um uanico tipo celular especifico com

capacidade limitada de auto-renovacéo (figura 3) (56-58).
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Figura 3 — Plasticidade das Células-Tronco
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1.4 CELULAS-TRONCO ADULTAS

As células-tronco adultas (CTA) sdo indiferenciadas, porém sédo encontradas
em tecidos diferenciados (58). Possuem uma menor capacidade de auto-renovacéo
guando comparadas com as células-tronco embrionarias (CTE), sendo um dos
motivos os baixos niveis de telomerase (59). No entanto, sdo poderosas ferramentas
no estudo da auto-renovacéao e diferenciacao celular (60).

A funcé@o das CT encontradas em tecidos adultos é atuar na manutencgéo e
reparo tecidual. Todos os érgdos e tecidos possuem o seu préprio compartimento de
CT, sendo estas regides denominadas de nicho. Nestas as ceélulas encontram-se

quiescentes prontas para serem ativadas, proliferarem e mobilizadas em resposta a
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liberacdo de citocinas por ferimentos ou doencas (61). O nicho tem um papel
fundamental no controle da proliferagcdo celular, além de abrigar outros tipos
celulares que controlam a diferenciacao e apoptose das CT (62).

O principal mecanismo de acdo das CTA é pela secrecdo de varios fatores
troficos e imunorregulatérios, sendo este mecanismo denominado de efeito
paracrino (63).

Devido ao envelhecimento do organismo, o niumero e a capacidade funcional
das CTA diminui (64), reduzindo o seu potencial de diferenciacdo e a sua
capacidade regenerativa (65). Zaim et al. (2012) verificaram se a idade do doador e
o cultivo por longos periodos afetam o potencial de diferenciacdo e de proliferacédo
das células-tronco mesenquimais derivadas da MO humana. Para isso,
selecionaram doadores saudaveis de trés faixas-etarias: crianca (0 a 12 anos),
adulto (25 a 50 anos) e idoso (acima de 60 anos). Em relacdo a morfologia, nas
passagens iniciais as células de todos os doadores apresentaram morfologia
fusiforme. Durante as passagens celulares as células gradualmente apresentaram
morfologia achatada e assim permaneceram até o periodo maximo de expanséao. O
namero de células em divisdo decresceu em passagens avancadas. Houve
correlacdo direta entre a idade do doador e o potencial de diferenciagdo, onde
células de doadores mais velhos apresentaram redugdo no potencial de
diferenciacdo adipogénico e osteogénico. Ja o potencial de diferenciacéo
condrogénico demonstrou-se independente da idade do doador. Diante do exposto,
conclui-se que as células de doadores adultos perdem as caracteristicas de CT
durante a expanséo continua in vitro. Por isso, a idade do doador e o periodo de
expansao sao parametros criticos que afetam a morfologia, o potencial proliferativo e
a habilidade de diferenciacdo das CTM. Estes parametros devem ser considerados

na escolha da fonte celular ideal em estudos pré-clinicos e clinicos (66).

1.4.1 Células-Tronco Mesenquimais

As CTM representam um tipo de CTA que pode ser facilmente isolada de
vérios tecidos e expandida in vitro (67). Correspondem a uma pequena populacéo
celular variando, por exemplo, na medula 6ssea de 0,001% a 0,01% das células

nucleadas com capacidade multipotencial e de autorrenovacao (68).
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Em recente revisdo, Parekkadan e Milwid (2010) fizeram um breve
levantamento sobre a histéria da descoberta das CTM. Primeiramente, Cohnheim
(1867) hipotetizou a origem na medula 6ssea de fibroblastos envolvidos na
cicatrizacdo de feridas distais. No inicio do século XX, Maximow (1924) descreveu a
relagdo entre os componentes recém-formados do sangue e da mesoderme durante
a embriogénese. Inicialmente, ele postulou a importancia do tecido estromal da
medula no apoio do desenvolvimento e da manutencdo do sangue e 0Orgaos
hematopoéticos. Estas observacdes feitas por Cohnheim e Maximow foram a
primeira indicagdo de um reservatorio de células estromais na MO envolvidas no
reparo natural e na hematopoese (69).

Friedenstein et al. (1968) foram os pioneiros no estudo de células precursoras
nao-hematopoéticas da MO de camundongos. Estas foram caracterizadas por sua
capacidade de formar colbnias aderentes in vitro, que, fenotipicamente, se parecem
com fibroblastos e, por isso, foram denominadas de unidades formadoras de
colonias fibroblasticas (CFU-F) (70).

Durante a década de 80, diversos estudos demonstraram que células isoladas
pelo método de Friedenstein et al. (1968) possuiam a capacidade de diferenciacao
em células de mdltiplas linhagens como osteoblastos, condroblastos, adipdcitos e
mioblastos (71, 72).

No final de 1980, Maureen Owen e Arnold Caplan elaboraram trabalhos com
base nos achados iniciais de Friedenstein e propuseram a existéncia de CTA
responsaveis pela geracdo da linhagem mesenquimal. Caracterizaram o estroma da
medula e demonstraram a heterogeneidade desta populagao (73, 74). A0 mesmo
tempo, Caplan et al. (1991) hipotetizaram, em um trabalho de embriogenese de
aves, que uma subpopulacdo do estroma medular esta ligada ao desenvolvimento
de tecidos mesenquimais. Além disso, eles identificaram o primeiro conjunto de
antigenos expressos por CTM que reagem com 0s anticorpos monoclonais CD105 e
CD73. Caplan cunhou o termo CTM para descrever este subtipo de célula estromal
da medula envolvido no processo de geracao da linhagem mesenquimal (74). Logo
apos a descoberta dos métodos para isolar e cultivar CTM, o campo comegou a
crescer rapidamente, e muitos grupos iniciaram testes em humanos para avaliar a

seguranca e eficacia da terapéutica (figura 4) (69).
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Figura 4 — Histdria resumida das células-tronco mesenquimais.
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Fonte: Adaptado de Parekkadan e Milwid, 2010 (69).

A MO é composta por uma rede de tecido conjuntivo e uma variedade de
células estromais, incluindo, CE, adipdcitos, macrofagos, células reticulares,
fibroblastos, osteoprogenitores, CT hematopoéticas (CTH), CTM e CPE (75, 76).

Dentre as células que compde a MO ha uma rara populacdo celular
denominada CTM gque da suporte na hematopoese, no crescimento e na
diferenciacdo de CT hematopoéticas. Na revisdo realizada por Caplan (2007) ha
duas capacidades importantes em relacdo a este tipo celular. A primeira € a alta
capacidade de diferenciagdo em células ndo-mesenquimais de multiplas linhagens in
vitro e in vivo. E a segunda € que estas células secretam uma ampla variedade de
macromoléculas bioativas que atuam na regulacdo da resposta do sistema
imunologico e na estruturagcdo do microambiente regenerativo de areas lesadas,
sendo denominada de atividade trofica (77).

Ha diversas denominac¢cdes na literatura para as CTM: CT estromais (78),
Células estromais da MO (79-81) ou como sugerido pela Sociedade Internacional
de Terapia Celular, Células estromais mesenquimais multipotentes (82). Esta
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diversidade de nomenclatura pode ser explicada pela diferenca nos protocolos de
isolamento e caracterizagéo celular utilizados por diferentes grupos de pesquisa.

Estima-se, por meio do ensaio de CFU-F, que o niumero de CTM presentes na
MO decresce com a idade (77), sendo encontrada uma a cada 10* células em recém
nascidos, uma a cada 10° células em adolescentes e uma a cada 10° células em
adultos (83). Este declinio também ocorre com a densidade vascular, sendo estes
alguns dos indicios utilizados por Caplan (2009) para demonstrar que as CTM estéo
em contato coordenado com 0s vasos sanguineos (83).

As CTM encontram-se distribuidas por todo o organismo pdés-natal. J& foram
isoladas de 6rgaos e tecidos como a parede das artérias (84), o tecido muscular
esquelético e a derme (85), o tecido adiposo (TA) (86), a membrana sinovial (87), a
polpa dentéria (88), o endotélio e subendotélio da veia umbilical (89), a veia safena
(90), o rim (91), o sangue de cordao umbilical (SCUh) (92-94), a placenta (95), a MO
(96), a cartilagem articular (97), o ligamento periodontal (98), o osso trabecular (99),
o pulméo (100), o sangue menstrual (101), entre outros.

Essa ampla distribuicdo por todo o organismo pdés-natal foi confirmada por
Covas et al. (2008), bem como, suas similaridades com pericitos (102). Meirelles,
Chagastelles e Nardi (2006) tém demonstrado que as CTM sao provenientes da
regido perivascular dos vasos sanguineos, podendo ser responsaveis pela reposicao
celular nos tecidos ou 6rgdos em que se encontram, sugerindo um modelo em que
pericitos sdo CT ao longo de toda vasculatura justificando a ampla distribuicdo desse
tipo celular (103).

O potencial de diferenciacao in vitro e in vivo e a expressao de marcadores
sao caracteristicas similares entre pericitos e CTM. Alguns estudos sugerem que as
CTM da MO sao originarias dos pericitos (104, 105), porém nem todo pericito € uma
CT. Os pericitos estdo em contato direto com as CE e diferem na morfologia, na
expressdo de marcadores e na densidade nos diferentes 6rgdos do organismo
(106).

O perfil fenotipico das CTM quando observadas em microscépio é alongado e
oblongo, morfologia fibroblastéide alongada, fusiforme e pontiaguda, com nucleo
eucromético, oval, grande, central e com citoplasma abundante (107).

Ha uma grande divergéncia nas definicdbes das CTM na literatura. O Comité
de CTM e Teciduais da Sociedade Internacional de Terapia Celular estipulou trés

critérios minimos para definir as CTM, com o objetivo de padronizacdo, a saber: 1)
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possuir como caracteristica a aderéncia ao plastico quando mantidas em condi¢fes
padrdo de cultivo in vitro; 2) a expressdo conjunta dos antigenos de superficie
CD105, CD73 e CD90 e a ndo expressao dos antigenos de superficie CD45, CD34,
CD14 ou CD11b, CD79a ou CD19, e HLA-DR; 3) potencial de diferenciagao in vitro
em osteoblastos, adipdcitos e condrdcitos (82).

As CTM nao possuem marcadores de superficie exclusivos, por isso séo
definidas por uma combinacdo de caracteristicas fenotipicas e funcionais, sendo
positivas em mais de 95% para os antigenos CD 105, CD 73, CD 90 e selecionadas
negativamente em menos de 2% para os antigenos CD 45, CD 34, CD 31, CD 14 ou
CD 11b, CD 79a ou CD 19 e HLA-DR (82).

As CTM possuem a habilidade de diferenciacdo em osteoblastos, adipocitos,
condroblastos (68, 82) e também em fibroblastos, mioblastos, cardiomioblastos (81),
neurdénios, CE vasculares e cardiomiécitos (49, 108) sob condi¢des especificas in
vitro.

Existem algumas evidéncias de que as CTM sejam ndo imunogénicas ou
pouco imunogénicas, em virtude de seu imunofenotipo distinto associado a auséncia
de expressdo de antigeno de histocompatibilidade (HLA) de classe Il (109) e de
moléculas co-estimuladoras CD40L, CTLA-4, CD 80 e CD86 (110-112), além de
secretarem fatores que diminuem a resposta dos linfécitos T (113). Estes dados
sugerem que a CTM podem ser utilizadas terapeuticamente em transplantes
alogénicos, pois funcionariam em qualquer receptor como uma “célula universal’
(83). O fato das CTM nao estimularem a resposta linfocitaria pode ser explicado pela
auséncia das moléculas co-estimulatérias que séo essenciais para a proliferacdo de
linfécitos T (111, 112). ApGs a diferenciacdo das CTM o nivel de HLA de classe I
aumenta, no entanto, a interacdo com os linfécitos T ndo aumenta in vitro (110).

Estas células secretam uma ampla gama de citocinas angiogénicas como
VEGF, bFGF, fator de crescimento de hepatocitos (HGF), fator de crescimento
semelhante a insulina (IGF-I), proteina quimiotatica de mondocito 2 e 3 (MCP-2 e
MCP-3) (114-119).

As CTM em cultura sintetizam matriz extracelular (colageno tipo |,
fibronectina, colageno tipo IV e laminina) e uma pequena fragédo sintetiza antigenos
associados ao fator VIII (81).

Em comparacdo com outros tipos de células, as CTM parecem possuir

propriedades Unicas que permitem uma terapia celular conveniente e altamente
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eficaz no tratamento de diversas doencas. As CTM estdo sendo testadas no
tratamento de doencas cardiacas (120, 121), lesdes Osseas (122), lesbes das
cartilagens (123, 124), lesdes dos tenddes (125), fibrose pulmonar (126), lesdes da
medula espinhal (127), lesdes do sistema nervoso central (128), doenca do enxerto
contra o hospedeiro (GVHD) (129), doengas hepaticas (130), doencas genéticas
como a osteogénese imperfeita (131) e a sindrome de Hurler (132), com resultados
encorajadores. Esses primeiros estudos foram importantes porque forneceram
evidéncias preliminares da seguranca da terapia com CTM, bem como a base para
0s processos de producdo em escala clinica.

Como candidatas para a terapia cardiaca, a utilizacdo de CTM tem fornecido
abrangentes beneficios funcionais, que incluem a diminui¢do da area cicatricial e do
tamanho do infarto, restauracdo do mecanismo de acoplamento eletro-mecanico,
melhora da funcéo ventricular regional e global, aumento da densidade vascular e da
perfusdo miocardica (133, 134). Alguns estudos sugerem que 0 transplante de
células da MO possa induzir a angiogénese. Tomita et al. (1999) observaram que as
células da MO induziram a angiogénese no miocardio isquémico (135). Nagaya et al.
(2004), em um estudo experimental em ratos infartados, demonstraram que as CTM
injetadas por via intravenosa sdo capazes de enxertar a area isquémica e
diferenciarem-se em cardiomiécitos e CE vasculares, resultando em angiogénese e
miogénese, com consequente melhora da funcéo cardiaca (117).

Esta capacidade angiogénica das CTM pode ser devido a diferenciacao
destas em CE (136, 137) ou pelo provavel potencial paracrino (118). Observa-se que
o efeito trofico das CTM é de grande importancia na regeneracao dos tecidos. Apés
o enxerto, elas poderiam contribuir para a reparacdo dos tecidos através da
secrecdo de uma série de moléculas troficas que incluem glicoproteinas solluveis da
matriz extracelular, citocinas e fatores de crescimento (138), além da conexédo direta
célula-célula entre as CTM e o tecido adjacente (139). Tem-se verificado que estas
moléculas tréficas podem nao sO reduzir a apoptose, a inflamacdo e a fibrose
tecidual, como também estimular a regeneracéo celular do tecido. Na fase aguda da
lesdo parecem desempenhar o seu papel na regeneracao principalmente através de
sua funcdo trofica (140).

Até o momento, a MO, o TA, o SCUh e o corddo umbilical (CUh) tém sido
considerados como as principais fontes de CTM para a regeneracao e engenharia

tecidual (141). No entanto, a obtencdo da MO é um procedimento altamente
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invasivo, trabalhoso e doloroso (142). Além disso, a idade do paciente leva ao
declinio da capacidade de diferenciagéo e da viabilidade celular, consequentemente
0 potencial terapéutico também diminui (143). Portanto, € necessaria a busca de

fontes alternativas de CTM para a aplicacao clinica.

1.4.2 Células Progenitoras Endoteliais

As CPE foram primeiramente isoladas por Asahara et al. (1997) a partir do
sangue periférico (SP). Neste trabalho foi isolada uma populacdo heterogénea de
células circulantes, que apdés diferenciacdo, expressaram marcadores de células
endoteliais e contribuiram para a formacao de novos vasos em modelos animais de
isquemia, derrubando o dogma de que a diferenciacdo de células mesodermais em
angioblastos e posteriormente em células endoteliais ocorre apenas no
desenvolvimento embrionario (144). Desde entdo varios estudos tém demonstrado
que estas células desempenham um papel importante na neovascularizacdo do
tecido cardiaco isquémico (145, 146), dos membros inferiores isquémicos (147, 148)
e da isquemia cerebral (149).

As CPE sao definidas por terem propriedades analogas aos angioblastos
embrionérios (150). Em geral, sdo caracterizadas pela expressao dos marcadores
de superficie CD133, CD34, receptor de fator de crescimento endotelial vascular-2
(VEGFR2), pela absorcédo de lipoproteina de baixa densidade-acetilada e pela
ligacdo a lectina (32, 144, 151, 152) (tabela 1).

O termo CPE tem sido utilizado por diversos autores para descrever
diferentes populagBes celulares que variam dos hemangioblastos até as CE
diferenciadas (153-155). Também ha divergéncia entre os marcadores de superficie
e 0s métodos de isolamento e cultivo (144, 156-158). Experimentalmente, o pré-
plagueamento pode ser uma maneira de reduzir a heterogeneidade das CPE
cultivadas, por excluir rapidamente as células aderentes como mondcitos

diferenciados ou possiveis células endoteliais adultas (156).
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Tabela 1 — Caracteristicas utilizadas na identificagao das células progenitoras endoteliais.

IDENTIFICADOR
CD45

CD14

CD115

CD117 (c-Kit)

CD133

CD34

CD31

Absorcédo de
lipoproteina de
baixa densidade
acetilada
Ligacao a
Lectina
CD105

CD141

Fator de von
Willebrand

Tie-2 (CD202)

CD146

E-selectin
(CD62E)

CD144

VEGFR-2
(CD309, KDR,
Flk1)
Oxido nitrico
sintase endotelial

DISTRIBUICAO
Leucécitos

Mondcitos, macrofagos,
alguns neutrofilos

Mondcitos, macrofagos

Células-tronco
hematopoiéticas e
células progenitoras
hematopoéticas
Células-tronco
hematopoiéticas e
células progenitoras
hematopoéticas
Células-tronco
hematopoiéticas,
células progenitoras
hematopoéticas e
endotélio de capilar
Leucécitos, plaquetas,
endotélio

Macré6fagos, mondcitos,
endotélio

Macrofagos, mondcitos,
endotélio

Endotélio, macrofagos
ativados,
musculo liso

Endotélio, musculo liso,
mondacitos,
e neutrofilos

Endotélio, plaquetas

Endotélio, mondcitos,
células-tronco

Endotélio, células de
melanoma,
células dendriticas

Endotélio

Endotélio

Endotélio

Endotélio

FUNCAO
Molécula de sinalizagao que regula a
diferenciacéo e proliferacéo de leucécitos

Receptor de endotoxinas que regula a
producao de citocinas inflamatérias, como o
TNF por mondcitos
Receptor de macr6fago-col6nia estimulante
fator regulador da proliferacéo e
diferenciacdo mieldide
Receptor do fator de célula-tronco; estimula
a proliferacéo celular

Desconhecida

Molécula de adesao intercelular; liga as
selectinas-E e -L e regula as interac6es
leucocitos/ células endoteliais

Molécula de adesao que parecem ser
importantes para a migracao celular
transendotelial para sites na inflamacéo
aguda
N&o disponivel; processo fagocitario
ocorrendo em células mieldides e endoteliais

Nao disponivel; coloragéo histoquimica

Constituinte do receptor do fator de
crescimento transformador beta-1;
importante regulador da angiogénese
Liga-se a trombina, ativa a proteina C e
inicia a via anticoagulante

Hemostasia

Receptor de angiopoietina-1; regula o
remodelamento e mantém a integridade
vascular

Molécula de adesao intercelular

Molécula de adesao que regula as
interacdes leucacito/célula endotelial e do
trafico de célula para locais de inflamacéo

Molécula de adesao intercelular reguladora
da permeabilidade e proliferacao endotelial
Regulacdo da adesao e sinalizagéo
endotelial, essencial para o desenvolvimento
embrionario vascular

Geracao enzimatica de 6xido nitrico

Fonte: Adaptado de Padfield, Newby e Mills, 2010 (159).
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Varios autores diferem em relacdo a descricdo das CPE (144, 157, 158). No
entanto, Hur et al. em 2004 sugeriram a existéncia de dois diferentes tipos de CPE
encontradas no sangue periférico que diferem na morfologia, na taxa de proliferacao,
no comportamento e na expressado génica. Estes dois tipos foram denominados de
CPE “precoce” e CPE “tardia” devido ao tempo que aparecem na cultura. O primeiro
tipo apresenta tempo de vida curto de 3 a 4 semanas e morfologia fusiforme (160). O
nimero da populagdo de CPE “precoce” CD133"/CD34'/VEGFR-2' no sangue
periférico em humanos saudaveis é de 0,002% do total de células mononucleares,
correspondendo de 70 a 210 células/mL (161). Gradualmente perdem a expressao
de CD45 e CD31 e passam a expressar baixos niveis de KDR (kinase insert domain
receptor) e VE-caderina, porém apdés a 32 semana perdem estes marcadores e
morrem. Esta populacdo € semelhante a descrita por Asahara et al. (1997). Ja o
segundo tipo aparece entre a 22 e a 42 semana apo0s o0 plagueamento, apresenta
tempo de vida longo, rapida proliferacdo, morfologia pavimentosa, longos e altos
niveis de expressdo génica de VE-caderina, Flt-1, KDR, e-NOS e VWF. Esta
populacdo é semelhante as células obtidas nos trabalhos de Lin et al. (2000) e
Reyes et al. (2002). Hur et al. (2004) propdem diferentes papéis na vasculogénese
para as CPE “precoces” e CPE “tardias”. As CPE “precoces” contribuem para a
vasculogénese por meio da secrecao de citocinas angiogénicas e no recrutamento,
inducdo da proliferacdo e sobrevivéncia das células endoteliais adultas. Ja as CPE
“tardias” proporcionam um numero suficiente de células endoteliais devido ao seu
alto potencial de proliferacao (figura 5) (160). Ambos os subtipos podem induzir a
neovascularizacdo em animais e podem atuar sinergeticamente (162), ndo apenas
pela incorporacdo das CPE aos neovasos, mas também pela liberacdo de citocinas

pré-angiogénicas que atuam de forma paracrina.
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Figura 5 — Caracterizacdo das CPE precoces e tardias por marcadores de superficie celular.
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Fonte: Adaptado de Shantsila et al. 2008.

No aspecto funcional, as CPE demonstram algumas propriedades tanto das
células hematopoéticas quanto das endoteliais. Uma importante caracteristica
funcional destas células € a sua capacidade em formar unidades formadoras de
colonias (64), sendo este comportamento tipico de células de origem hematopoética
(150). Além disso, as CPE demonstram algumas caracteristicas funcionais de CE
como a formacao de tubulos capilares e a producédo de oxido nitrico (153, 163). Em
cultivos prolongados apresentam a morfologia cobblestone tipica de CE adultas
(157, 164).

As CPE representam uma populacao celular heterogénea de multiplas origens
e fenotipos distintos, sendo capazes de originar células endoteliais funcionais. Na
hierarquia estabelecida no sistema hematopoético, as células progenitoras tém um
menor potencial de diferenciacdo quando comparadas com as ceélulas-tronco. No
entanto, CPE possuem um grau de “tronquicidade” (stemness) que inclui a auto-
renovagao, clonogenicidade e capacidade de diferenciagao (165).

A MO, o SP e o SCUh contém células progenitoras que sdo capazes de se
diferenciar em CE adultas, contribuindo para a re-endotelizacdo e a
neovascularizacao (144, 154, 160, 166-169). Este tipo celular também tem sido
isolado do tecido adiposo (161, 170). Diversos estudos sugerem que outras
populacdes celulares, além das CT hematopoéticas, também originam CE (figura 6).
CT/progenitoras derivadas da MO adulta e as células progenitoras adultas

multipotentes tém se diferenciado em células da linhagem endotelial. CT tecido
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residente foram isoladas do coragdo e também demonstraram capacidade em se
diferenciar em células da linhagem endotelial (158, 171, 172).

Figura 6 — Esquema retratando o potencial de origem e diferenciacdo das células progenitoras
endoteliais a partir de células-tronco hematopoéticas e células nao hematopoéticas.
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A gquantidade limitada de CPE na circulacdo periférica tem sido um dos
principais obstaculos nos estudos clinicos (173). Véarios autores tém tentado
expandir estas células ex vivo para obter um produto homogéneo para a terapia
celular (173, 174). Estudos pré-clinicos sugerem que seria necessario coletar mais
de 10 litros de sangue periférico autélogo para isolar um namero de CPE efetivo na
neovascularizacao (148, 175).

CPE isoladas da MO representam células mais imaturas quando comparadas
com as isoladas do sangue periférico, expressando o marcador hematopoético
CD133 (176). O fendtipo destas células geralmente é CD133"/CD34'/VEGFR-2"/VE-
caderina” (153, 161). A expressdo do CD133 distingue as CPE das células
endoteliais maduras e dos monacitos.

Ha cada vez mais evidéncias de que as CT sdo mobilizadas a partir da MO
para a circulacdo, diferenciam-se em células progenitoras endoteliais circulantes
(CPEC) e em locais de isquemia contribuem para a formacdo de novos vasos

sanguineos. Quando migram para a circulacao sistémica as CPE gradualmente
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perdem a propriedade progenitora e comecam a expressar marcadores endoteliais
adultos. Portanto, a perda do CD133 reflete a transformagédo das CPEC em células
com caracteristicas de endoteliais mais maduras. VEGF e fator derivado do estroma
da medula 6ssea (SDF-1) sdo produzidos em areas isquémicas e tém um papel
importante na mobilizagdo das CPE (153, 166, 177-179). O VEGF induz a
diferenciacdo de células progenitoras CD34" (144), CD133" (153) e CMO do SP em
CE (151, 180).

Multiplos fatores associados a idade estdo envolvidos na diminuicdo do
namero e da fungdo das CPE no organismo (181). Alguns estudos tém descrito a
influéncia das condigbes patologicas, como a hipertensdo arterial, diabetes,
hiperlipidemia, do uso de medicamentos, sedentarismo e tabagismo e por outros
fatores de risco cardiovasculares (64, 182). Por isso, as CPE tém sido amplamente
estudadas como um marcador biolégico de doencas cardiovasculares (64, 182, 183).

Um dos fatores de risco cardiovascular mais importantes é a hiperlipidemia,
ou seja, o nivel elevado de LDL colesterol. In vitro a LDL-oxidada reduziu o nimero
de CPE, prejudicando a capacidade de proliferacdo, migracdo, adesdo e
vasculogenese (184), além de aumentar a taxa de senescéncia celular (185).

In vivo o niumero de CPE apresenta reducéo significante em pacientes com
hipercolesterolemia (64). O numero de células CD34/KDR" esta correlacionado
negativamente com o nivel de LDL colesterol no soro (186). Diabetes mellitus reduz
a quantidade e tem efeito prejudicial nas fun¢bes das CPE (187, 188).

O numero de CPEC também pode ser influenciado pela faléncia crénica renal
(189, 190). Fumantes também tém baixos niveis de CPE (191, 192) e reduzida
atividade funcional destas células (192). No entanto, Wang et al. (2004)
demonstraram em um estudo experimental que baixas concentracdes de nicotina
aumentam o numero e a atividade de CPE, enquanto que altos niveis foram
associados a citotoxicidade (193).

DCV também modificam o numero e a funcdo de CPEC. Pacientes com
doenca coronaria arterial estavel tém um numero reduzido de CPE, de células
CD34" e dano na funcdo de CPE (186, 194). Hill et al. (2003) demonstraram uma
forte correlacdo entre o numero de CPE circulantes e o indice de risco de
Framingham (64). Na insuficiéncia cardiaca a mobilizacdo ocorre de forma bifasica,

com um aumento no niumero de CPE durante a fase inicial e uma diminuicdo durante
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a fase avancada (195). No entanto, um aumento significativo no nimero de CPE é
observado em pacientes com IAM (196).

Outros fatores de risco associados a reducdo do numero de CPE e ao dano
nas funcdes celulares incluem o histérico familiar de doenca arterial coronariana,
sedentarismo e o nivel de proteina C reativa (186, 197).

Até o presente momento nao foi definido qual é o melhor fator para aumentar
os niveis de CPE na circulacéo periférica. Varios fatores estdo sendo estudados em
modelos animais e em humanos, como o fator de estimulacdo de colbnia por
granulécito (G-CSF), o fator estimulante de colénias de granuldcitos e macrofagos
(GM-CSF) (147), a eritropoietina (EPO) (198), SDF-1 e o VEGF-165 (199).

Alguns farmacos que atuam de forma ateroprotetora tém demonstrado
relacdo direta no aumento do ndmero e na funcionalidade de CPE in vitro, em
camundongos (151, 200) e em pacientes com doenca corondria arterial estavel (151,
152, 200). As estatinas aumentam a proliferacdo, a migragéo, a atividade funcional e
previnem a senescéncia e a apoptose (151, 152, 200, 201). O estrogéneo e o
exercicio fisico também tiveram a mesma atuacao nas CPE (202-204).

Em um estudo clinico foram utilizadas CPE originarias de SP e da MO no
tratamento do infarto do miocardio. As células de ambas as fontes tiveram
resultados efetivos na melhora da viabilidade e contratilidade miocéardica (201),
porém o pequeno numero de CPE encontradas no SP é fator limitante para a sua
aplicacao clinica (205), sendo necessario buscar formas de aumentar a quantidade
destas células.

Varios estudos vém demonstrando que tanto as CT quanto as progenitoras
isoladas a partir de tecidos adultos tém o potencial para aumentar a
neovascularizacao e regeneracao do miocardio infartado (29, 30, 115, 135, 144, 171,
206). Senegaglia et al. (2008) demonstraram que as células CD133" do cordao
umbilical diferenciadas in vitro tém funcdo semelhante a das células endoteliais,
sendo este tipo celular uma ferramenta atrativa para a regeneracdo de tecidos

isquémicos (174).
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1.5 MODELO EXPERIMENTAL

Para melhor compreender a fisiopatologia da insuficiéncia cardiaca, bem
como desenvolver novas formas de tratamento, os pesquisadores tém desenvolvido
modelos animais que simulem a doenca humana. A escolha do modelo animal é
importante, porque, embora seja possivel induzir a hipertrofia cardiaca e a
insuficiéncia cardiaca com uma variedade de intervencbes em diferentes animais,
para que o modelo experimental seja util, a fisiopatologia deve ser a mais proxima
possivel do que ocorre em humanos (207).

O modelo de ligadura da artéria coronaria em ratos € amplamente utilizado
para estudar o infarto do miocardio, o remodelamento ventricular e a insuficiéncia
cardiaca congestiva (207), devido a grande similaridade com a fisiopatologia
humana (208). A progresséo para insuficiéncia cardiaca nos ratos é semelhante ao
que acontece quando um paciente sofre um infarto do miocardio de grande
extensdo, sobrevive, desenvolve insuficiéncia cardiaca, sem a ocorrencia de outro
evento isquémico. Tanto em humanos quanto em ratos, o tecido viavel apés o infarto
nao consegue compensar a funcdo global para impedir o desenvolvimento da
insuficiéncia cardiaca. Além de ser um bom modelo experimental da fisiopatologia,
as respostas as intervencdes farmacoldgicas em ratos tem sido Uteis em predizer o
que vai acontecer em humanos com o mesmo tratamento (207). Por fim, o custo
relativamente baixo do modelo de infarto em ratos o torna economicamente atraente.

Apés a ligadura da artéria coronaria ocorre 0 adelgacamento e distensdo de
todo o miocardio. Posteriormente, ocorre a hipertrofia da area infartada na proporgao
do tamanho do infarto, o que envolve até 20% do ventriculo, e consequentemente a
substituicdo do tecido por cicatriz. H& um aumento na pressédo ventricutar diastolica
final e um deslocamento para a direita do ventriculo esquerdo na relagédo
pressao/volume (209). A dilatacdo ventricular progressiva ocorre entre 3 a 4 meses
apos o infarto e o débito cardiaco comeca a diminuir em 6 meses (210). A forma do
coracao é alterada de elipsoidal para esférica (211).

A taxa de mortalidade esta diretamente ligada a extensao do infarto, uma vez
que Pfeffer et al. (1985) verificaram que quanto maior o comprometimento da fracao
de ejecdo maior é a taxa de mortalidade (212).

Em relacdo ao sistema imune do hospedeiro h4 evidencias de que o animal
imunocompetente € essencial para o efeito benéfico de CTA apls isquemia
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miocardica. Tolar et al. (2007) verificaram que a recuperacdo da funcéo do ventriculo
esquerdo apos a infusdo de CTA em um modelo murino de IAM é altamente
dependente da presenca de um sistema imunoldgico intacto. Estes autores foram os
primeiros a demonstrar que a competéncia imune do receptor modula o impacto
terapéutico da infusdo de CTA na lesdo do IAM, mesmo com as células
permanecendo por mais tempo nos animais imunossuprimidos (213).

S&8o0 inameros os estudos pré-clinicos desenvolvidos para o modelo
experimental do IAM. Alguns dos trabalhos que demonstraram desfecho positivo
utilizaram CMO do SP (171), CMO c-Kit" (214), CMO da MO (215), CTM da MO (49,
216). Diante deste panorama, varios estudos clinicos ja foram realizados para o
tratamento do 1AM, sendo a fracdo mononuclear da MO de longe a mais utilizada
(33, 38, 217-223). No entanto, os resultados obtidos na melhora da FEVE nao foram
tdo efetivos quanto o obtido nos estudos pré-clinicos, razdo pela qual os ensaios
pré-clinicos focados na cardiomioplastia celular ainda tem como objetivo entender a
fisiopatologia, definir o melhor tipo celular, a janela terapéutica, a melhor via de
aplicacdo, as melhores formas de avaliacdo e se as metodologias desenvolvidas

podem ser transpostas para a pratica clinica.
1.5.1 Terapia celular em modelos experimentais utilizando CTM e CPE

As CTM e as CPE possuem propriedades diferentes. No entanto o potencial
sinérgico da aplicacdo conjunta destes tipos celulares no tratamento cardiaco ainda
nao foi extensamente estudado.

Estudos recentes tém demonstrado que a formacédo de uma rede vascular
robusta e funcional requer o co-transplante de CTM e CPE (224-226).

No trabalho de Zhang et al. (2008) ratas foram induzidas a lesdo miocardica
pela aplicacdo de isoproterenol. Apos 4 semanas 5 grupos receberam o transplante
de salina, meio, CPE, CTM, CPE e CTM, respectivamente. A avaliacdo dos
resultados demonstrou que o grupo que recebeu o transplante da associacao de
CPE e CTM apresentou uma melhora na funcéo cardiaca, pois aumentou a fracéo
de ejecdo e a fracdo de encurtamento e reduziu a pressdo diastolica final do
ventriculo esquerdo, quando comparado com os demais grupos. Interessantemente,
o transplante das CPE combinado com CTM pode representar uma nova estratégia

terapéutica na melhora do fluxo sanguineo e da funcéo cardiaca no miocardio (225).
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Traktuev et al. (2009) demonstraram pela primeira vez a capacidade de dois
tipos celulares ndo modificados geneticamente, células estromais do TA e CE
isoladas do sangue do corddo e da veia umbilical, da placenta e tecido adiposo de
adultos, atuando simultaneamente na formacéo de redes vasculares em matrizes de
colageno (226).

Melero-Martin et al. (2008) mostraram que a associacdao de CPE e CTM
humanas de diferentes fontes, tém uma capacidade vasculogénica inerente que
pode ser explorada para criar redes de microvasos funcionais in vivo. Usando
Matrigel® como matriz, as CPE obtidas da fracdo mononuclear do SCUh e do SP
foram co-implantadas com CTM provenientes da fragdo mononuclear provenientes
da MO e do SCUh na regidao dorsal de ratos imunodeficientes. Apds 1 semana o
transplante resultou na formacédo de extensas redes vasculares. A presenca de
lumens contendo hemécias em toda a regido dos implantes indicou ndo apenas um
processo de vasculogénese dos dois tipos celulares, mas também de comunicacao
funcional com o sistema circulatorio do receptor (224).

Suuronen et al., (2007) realizaram um estudo comparando os efeitos do
transplante homélogo das CTM, CPE e a combinacao dos dois tipos na regeneragao
do miocérdio infartado e da funcéo cardiaca de ratos sprague-dawley. Os animais
foram infartados por ligadura da artéria coronéria, 14 dias apés foram analisados por
ecocardiografia, receberam o transplante 21 dias ap6s o infarto do miocardio e apos
28 dias do transplante foi realizada uma nova andlise ecocardiografica. Os
resultados demonstraram que o grupo que recebeu o transplante isolado de CPE
apresentou aumento da densidade arteriolar na regiao de transi¢cao, resultando em
uma melhora na neovascularizacdo e aumento da fracdo de ejecdo do ventriculo
esquerdo e da fracdo de encurtamento quando comparados com 0s outros grupos
(146).

Diante do exposto se faz necessario definir o tipo celular ideal para cada

patologia, possibilitando aplicacbes mais efetivas na medicina regenerativa.

1.6 CORDAO UMBILICAL

O corddo umbilical humano (CUh) é um tecido conectivo de origem

extraembrionaria, que conecta o feto a placenta. E desenvolvido durante a quinta
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semana da embriogénese e, em gestacées normais, atinge um comprimento final
entre 60 a 65 cm, pesa aproximadamente 40 gramas e tem um didmetro médio de
1,5 cm. A estrutura do CUh compreende duas artérias e uma veia, imersas em um
tecido demoninado de geléia de Wharton e fechado por um simples epitélio
amnidtico (figura 7) (227).

A geléia de Wharton (GW) é um tecido conjuntivo mucoide abundante em
proteoglicanos e acido hialurénico, que isola e protege os vasos umbilicais de
torcdo, compressao ou flexdo. Assim, assegura um fluxo sanguineo constante entre
feto e placenta (228). O sangue remanescente da veia umbilical, apds o nascimento,
€ uma fonte rica em células hematopoéticas e células progenitoras, e tem sido uma
fonte alternativa bem sucedida na cura de uma variedade de doencas pediatricas,
imunologicas, hematolégicas e disturbios oncologicos. Além disso, o sangue do

cordao é rico em CT ndo-hematopoéticas, como células endoteliais e CTM (229).

Figura 7 — Estrutura do cordao umbilical: composto por duas artérias, uma veia cercada pela geléia
de Wharton e pelo epitélio amniético.
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Fonte: Adaptado de llie et al., (2011)(227).

A obtencédo de CTM provenientes da GW € um processo relativamente novo
(230-232), por isso, diferentes metodologias sdo empregadas no isolamento, cultivo
e caracterizacao deste tipo celular (Tabela 2).

Nos ultimos anos, varios pesquisadores publicaram protocolos de isolamento
das CTM a partir do tecido do corddo umbilical. O primeiro passo para o
procedimento de isolamento € representado pela remocao da artéria e veia umbilical
seguida pela divisdo do corddo em segmentos menores que sdo posteriormente
digeridos por enzimas (233). Outra técnica envolve método de isolamento, sem

digestdo enzimatica ou remocdo dos vasos, por explante (234). Outro método foi
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descrito para o isolamento das células do tecido perivascular ou subendotélio da
veia umbilical (figura 8 e tabela 2) (89).

Tabela 2 — Caracteristicas das diferentes metodologias de isolamento das CTM provenientes da GW.

Autores Método Reagentes N° de células isoladas Ref eréncia

colagenase tipo |
TSAGIAS et al., (2011) Enzimético hialuronidase 9,5 x 10° (235)

Tripsina

colagenase tipo |

hialuronidase

MEYER et al. (2008) Enzimatico o 7,28 x 10° (236)
Tripsina
DNAse
BSA,
o NacCl 5
MONTANUCCI et al. (2011) Enzimatico ) ) 1,5-3x10°/cm de cordéao (237)
hialuronidase
Liberase
o colagenase tipo Il ;
LU et al. (2006) Enzimatico o 2,6x10 (238)
tripsina
KARAHUSEYINOGLU et al. (2007) | Enzimatico colagenase tipo B 3,6x10° (239)
colagenase 3 .
o 5x10°/ cm de cord@o
tripsina
Enzimético colagenase 3
SALEHINEJAD et al., (2012) o 2,5x10°/ cm de cordéo (240)
tripsina

hialuronidase

Tripsina 1x10% cm de cord&o

DE BRUYN et al. (2010) .
Explante N.A. 2,8x10 (241)

Legenda: N.A. = N&o se aplica

Comumente, as células isoladas exibiram grande potencial proliferativo. Por
pelo menos 20 passagens, as células podem ser expandidas sem perder a
capacidade proliferativa e a viabilidade. Apés 50 passagens torna-se comum O

processo de senescéncia replicativa (227).



a7

Figura 8 — Representacdo esquematica dos protocolos utilizados para a obtencdo de células-tronco
mesenquimais derivadas do corddo umbilical.
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Fonte: Adaptado de llie et al.. (2011) (227).

O potencial de diferenciacdo das CTM derivadas do CUh tem sido testado
para as linhagens derivadas das trés camadas germinativas, como cardiomiocitos
(242), células endoteliais (243, 244), células neurais (245), células hepaticas (246),

células musculares esqueléticas (247), condrdcitos, adipécitos e osteoblastos (248).

1.6.1 Terapia Celular com Sangue de Cordao Umbilical

O SCUh pode ser usado como uma fonte de CT hematopoéticas e células
progenitoras pluripotentes na aplicacdo clinica para reconstituir o sistema
hematopoético ou para restaurar a fungdo imunolégica in vivo (249). Tem sido usado
com sucesso como uma alternativa ao transplante de MO e de sangue periférico
(SP) para o tratamento de pacientes pediatricos e adultos com doengas oncoldgicas
(250), hematoldgicas (251), imunologicas (252) e hereditarias (253, 254). O primeiro
transplante para reconstituicdo da MO utilizando o SCUh foi realizado em 1988 em
uma paciente com anemia de Fanconi que recebeu as células congeladas da irma
(255). ApoOs obter resultados promissores com doadores relacionados, o SCUh
passou a ser melhor estudado com doadores nao relacionados (252, 256).

O SCUh possui propriedades atrativas em comparacédo a MO e ao SP, como
uma menor probabilidade de induzir a doengca do enxerto contra o hospedeiro
(DECH) aguda e cronica, mesmo quando a tipagem HLA ndo é totalmente
compativel com a do receptor, aparentemente mantém o efeito enxerto versus
leucemia e um menor indice de infeccbes causadas por Virus Epstein Barr e
Citomegalovirus (257, 258).

Um terco de todos os pacientes que precisam de transplantes de MO nao

encontram doadores com compatibilidade imunoldgica (259). Diante desta situacao,
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0 SCUh representa uma valiosa alternativa (249) tanto para doadores relacionados
(255), como para doadores néo relacionados (252, 256).

Amostras de SCUh armazenadas tém sido utilizadas para transplantes em
criancas e adultos com doencgas malignas ou ndo-malignas (260). No entanto, o fator
limitante para o uso do SCUh é o numero limitado de células, o que compromete a
pega do enxerto, tornando o transplante mais arriscado com maior necessidade de
uso de antibiéticos e suporte hemoterapico. Pacientes que tém massa corporal
elevada também ndo encontram unidades disponiveis com facilidade. S&o
realizados transplantes quando o numero de antigenos HLA incompativeis é igual ou
menor que dois (261) e o nimero de células é superior a 2,5x10’ por quilo de peso
do receptor (249).

Cada unidade de SCUh contém, em média, 1x10° células nucleadas totais
(262). Geralmente o uso de mais de uma unidade de SCUh é necessaria para o
transplante em adultos, o que parece levar a um melhor resultado. No entanto,
ocorre uma maior incidéncia de DECH aguda apos o transplante de duas unidades
de SCUh (263).

Os resultados preliminares em estudos clinicos demonstram avancos
significativos no uso de CT do SCUh em humanos e, por isso, esta € uma atrativa
fonte celular no campo emergente da medicina regenerativa (249).

1.7 FONTES CELULARES ALTERNATIVAS PRESENTES NO SANGUE E NO
CORDAO UMBILICAL

O SCUh como fonte alternativa de CT pode oferecer varias vantagens
importantes, incluindo a auséncia de riscos para a gestante e 0 neonato,
disponibilidade imediata para uso, manipulacdo minima das células e reducédo nos
aspectos éticos (249). O estudo de outros tipos celulares presentes no SCUh se faz
necessario para o desenvolvimento de novas estratégias terapéuticas em diferentes
patologias. Além das CT hematopoéticas, o SCUh contém células progenitoras
endoteliais, células-tronco mesenquimais, células T-reguladoras, células dendriticas
e células natural killer (264).

Estudos experimentais demonstram que estes tipos de células podem se

tornar uma importante ferramenta da medicina regenerativa, permitindo opc¢des de
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tratamento para doencas como lesao cerebral (265), acidentes vasculares cerebrais
(266), mal de Parkinson (267), mal de Alzheimer (268), de Huntington (269) e
esclerose lateral amiotréfica (268). Outras doencas em estagios iniciais de
investigacao incluem disturbios hepaticos (270), diabetes (271), infarto do miocardio
(272), aplicacdes ortopédicas para reparar a cartilagem e a fusdo da coluna vertebral
(273, 274). No entanto, pouco é conhecido sobre os mecanismos responséveis por
esta melhora funcional.

Dentre as células presentes no SCUh ha uma populacdo com alto potencial
proliferativo, que foi denominada por Ingram et al. (2004) de colonias formadoras de
células endoteliais (154). O transplante destas colénias em matriz resultou na
formacdo de vasos funcionais em camundongos, quando as células foram
protegidas ao estresse oxidativo (275). Senegaglia et al. (2008) demonstraram que
aproximadamente 0,64% das células mononucleares presentes no SCUh séo
CD133" e que as CPE podem ser isoladas do SCUh, expandidas em até 70 vezes e
diferenciadas ex vivo em células endoteliais adultas funcionais. Em contrapartida, os
resultados de Pinho-Ribeiro et al. (2010) ndo demonstraram melhora na funcao e na
prevencdo do remodelamento cardiaco de ratos Wistar infartados apds o tratamento
com células mononucleares, a fresco ou congeladas, provenientes do SCUh (276).

Até o momento, ndo esta definido se a eficacia terapéutica ocorre pela
substituicdo das células comprometidas, ou devido a liberacdo de fatores de
crescimento e citocinas pelas células infundidas, ou devido a
estimulacdo/regeneracéo das CT do propio paciente (249).

Outra fonte que tem sido bastante investigada é a GW presente no CUh. Este
tecido conjuntivo mucoso derivado do mesoderma extraembrionario foi
primeiramente descrito por Thomas Wharton em 1656 (277).

McElreavey et al. (1991) reportaram a existéncia de células semelhantes a
fibroblasto na GW (278). Desde entdo, varios estudos demonstraram as
possibilidades de isolar, proliferar e diferenciar as CTM derivadas do CUh (279-281).
Wang et al. (2004) descreveram uma metodologia eficiente para isolamento, cultivo
e caracterizacao de CTM da GW (279).

Estudos demonstram que as CTM presentes na GW apresentam perfil
morfologico, imunofenotipico e com potencial de diferenciacdo semelhantes as CTM
da MO (93, 279, 280).
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Segundo Sarugaser et al. (2005) as CTM presentes no CUh sdo positivas em
98% ou mais para o0s antigenos CD 105, CD 73, CD 90, CD 44, em 75% para MHCI
e em 15% para CD 117, e com valores menores ou iguais a 1,5% para os antigenos
CD 45, CD 34, CD 106, CD 235a, MHCII, D123 (IL-3) (232).

Em relacdo ao potencial de diferenciacéo in vitro foi observado capacidade
para diferenciacdo em osteoblastos, adipdcitos e condrdcitos (232).

Para verificar as propriedades imunoldgicas, Yoo et al. (2009) compararam a
capacidade imunomoduladora das CTM da MO com as CTM da GW, TA e SCUh.
Neste trabalho os autores verificaram que as fontes analisadas possuem potencial
imunossupressor, pois inibiram a proliferacdo dos linfocitos T quando CMO do SP
ativadas com fitoemaglutinina foram co-cultivadas com CTM em diferentes
concentracfes. Essa supresséao foi dependente da concentracdo celular utilizada no
co-cultivo e da presenca dos agentes imunomodulatorios, INF-y e TNF-a, que atuam
na ativacéo da producdo da enzima indolamina-2,3-dioxigenase pelas CTM (282).

Secco et al. (2008) demonstraram que o CUh é uma fonte mais rica em CTM
do que o SCUh. A frequéncia de CTM no SCUh é de 1 em 200 milhdes, enquanto
gue no CUh é de 1 em trezentas (281). Sarugaser et al. (2005) demonstraram uma
eficiéncia de 100% no isolamento de CTM da GW (232), enquanto que KOGLER et
al. (2004) obtiveram sucesso em 40,3% dos isolamentos de CTM do SCUh (283),
corroborando com Rebelatto et al. (2008) onde obtiveram apenas 30% de sucesso
no isolamento de CTM do SCUh (284).

Diante do exposto, se faz necessario o desenvolvimento de estudos que
abordem os tipos celulares presentes no SCUh e no CUh para o desenvolvimento de
novas estratégias terapéuticas em diferentes patologias uma vez que estas fontes
celulares possuem potencial terapéutico e sdo comumente descartadas apdés o

nascimento.



51

2 JUSTIFICATIVA

Tendo em vista que as DCV constituem uma importante causa de morbi-
mortalidade, se faz necessario o desenvolvimento de novas estratégias terapéuticas
na tentativa de diminuir o imenso impacto social e econdmico causados na
sociedade moderna.

Neste panorama, surge a terapia celular, que tem como objetivo aumentar o
namero de células funcionais, sendo de relevante papel na medicina regenerativa.
Neste contexto, estudos para a utilizagdo de tecidos adultos como fonte de células
sao de valor significativo para esse tipo de terapia.

Os recentes trabalhos experimentais e clinicos que demonstram o importante
papel das CT na melhora funcional do miocardio mostram que estas células sdo um
alvo importante para novas terapias a serem desenvolvidas. Além disso, a pesquisa
da angiogénese representa um campo de investigacdo de grande importancia
clinica, visto a sua efetividade terapéutica em modelos animais de isquemia
coronaria ou de membros inferiores.

Diversas fontes tém sido pesquisadas para a terapia celular, dentre elas o
SCUh, que tem sido amplamente estudado, armazenado e utilizado como fonte
alternativa de CT hematopoéticas para o tratamento de doencas hematoldgicas,
oncoldgicas, hereditarias e imunoldgicas. Outra fonte com potencial para a terapia
celular € o CUh, que demonstrou ser uma rica fonte de CTM.

Neste projeto foram escolhidas as CTM oriundas do CUh pela sua capacidade
de diferenciacdo em varios tecidos e pela capacidade paracrina no estimulo a
angiogénese, bem como as CPE oriundas do SCUh pela sua capacidade de
diferenciacado em CE.

A caracterizagdo morfoldgica, molecular, fenotipica e funcional destas células
tanto in vitro quanto in vivo é de suma importancia para elucidar o seu potencial
terapéutico.

A hipotese deste trabalho € que a associagcdo de CTM com CPE aumente a
capacidade funcional e pr6-angiogénica de cora¢cdes com miocardiopatia isquémica.
Assim, co-transplantes destes tipos celulares terdo um efeito benéfico maior que
transplantes de tipos celulares individuais. Neste sentido, estudos pré-clinicos séao
necesséarios para comprovar a eficacia e a efetividade terapéutica das células
presentes no SCUh e no CUh na miocardiopatia isquémica.
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3 OBJETIVOS

3.1 OBJETIVO GERAL

Estudar in vivo a capacidade das células-tronco mesenquimais e células

progenitoras endoteliais provenientes do corddo e sangue umbilical humano na

melhora funcional e pré-angiogénica no tratamento da miocardiopatia isquémica.

3.2 OBJETIVOS ESPECIFICOS

a)

b)

f)

g)

h)

Isolar as CTM do corddo umbilical humano e as CPE do sangue de
cordao umbilical humano.

Caracterizar as CTM e as CPE por analise morfologica,
imunofenotipica e funcional.

Localizar nas CTM e CPE proteinas especificas por imunofluorescéncia
indireta.

Realizar ensaios pré-clinicos em modelo de ratos Wistar infartados com
fracdo de ejecdo igual ou menor a 40%, transplantando CTM e CPE
isoladamente ou em conjunto.

Analisar por ecocardiografia a fracdo de ejecdo dos ratos Wistar pré e
pos-transplante.

Analisar histologicamente o grau de deposi¢cdo de colageno no tecido
isquémico.

Verificar se as células humanas estéo presentes no tecido cardiaco dos
ratos 30 dias apos o transplante.

Identificar se ha proteinas humanas no sangue periférico dos ratos 30

dias apos o transplante.
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4 PROCEDIMENTOS METODOLOGICOS
4.1 LOCAL DO ESTUDO

O estudo foi realizado no Laboratério Experimental de Cultivo Celular e no
Laboratério de Cirurgia Experimental do Ndcleo de Tecnologia Celular da Pontificia
Universidade Catodlica do Parana e no Instituto Carlos Chagas/Fiocruz - Parana. O
projeto foi submetido e aprovado pelo Comité de Etica em Pesquisa da PUCPR com
0 nimero de registro 2788/08 e pelo Comité de Etica no Uso de Animais com o

namero de registro 401.
4.2 TERMO DE CONSENTIMENTO LIVRE E ESCLARECIDO

A montagem do termo de consentimento livre e esclarecido atendeu as
diretrizes e normas regulamentadoras de pesquisas, envolvendo seres humanos,
contidas na resolucdo n°. 196, de 10 de outubro de 1996 (285) e resolucdo de n°
251, de 07 de agosto de 1997 do Conselho Nacional de Saude (286).

Os individuos receberam informacfes claras e objetivas dentro de sua
compreensao, afim de que fossem esclarecidas as finalidades, os propdsitos, bem

como os riscos e beneficios direitos da pesquisa com a qual contribuiram.

4.3 OBTENCAO DO SANGUE DE CORDAO UMBILICAL E PLACENTARIO
HUMANO

O SCuUh foi coletado no Hospital e Maternidade Victor Ferreira do Amaral, de
parturientes que voluntariamente concordaram em participar da pesquisa e
assinaram o Termo de Consentimento Livre e Esclarecido, respeitando-se o0s
seguintes critérios de inclusdo e exclusdo estabelecidos na RDC N° 56, de 16 de
dezembro de 2010 (287).

4.3.1 Critérios de inclusao

* |dade materna acima de 18 anos e que tenha se submetido ha, no minimo,
duas consultas pré-natais documentadas.
« ldade gestacional igual ou superior a 35 semanas;

+ Bolsa rota ha menos de 18 horas;
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» Trabalho de parto sem anormalidade;

* Auséncia de processo infeccioso e ou doenca durante a gestacao que
possa(m) interferir na vitalidade placentaria e

» Criangas nascidas a termo, de parto normal ou ceséarea, cujas maes nao

apresentaram patologias gestacionais.
4.3.2 Critérios de exclusao

* Sofrimento fetal grave;

* Feto com anormalidade congénita;

« Temperatura materna igual ou superior a 38T duran te o trabalho de parto;

» Gestante com situacao de risco acrescido para infec¢des transmissiveis pelo
sangue;

* Presenca de processo infeccioso e doenca durante o trabalho de parto, que
possam interferir na vitalidade placentaria;

» Gestante em uso de hormonios ou drogas que se depositam nos tecidos;

» Gestante com histéria pessoal de doenca sistémica autoimune ou de
neoplasia;

» Gestante e seus familiares, pais bioldgicos e seus familiares ou irmaos
biolégicos do recém-nascido com histéria de doencas hereditarias do sistema
hematopoético, tais como, talassemia, deficiéncias enzimaticas, esferocitose,
eliptocitose, anemia de Fanconi, porfiria, plaguetopatias, neutropenia crénica
ou outras doencas de neutrofilos, bem como com histéria de doenca
granulomatosa cronica, imunodeficiéncia, doengas metabdlicas ou outras
doencas genéticas.

» Gestante incluida nos demais critérios de exclusédo visando a protecado do
receptor, descritos nas normas técnicas vigentes para doa¢édo de sangue.

ApoOs o nascimento, o CUh foi clampeado com o auxilio de uma pinca
hemostatica na porcédo justafetal o mais préximo possivel ao recém-nascido e
seccionado pelo obstetra. A placenta foi posicionada sobre a mesa auxiliar com
campo esteéril. Apos realizar a antissepsia com gaze embebida em alcool 70%, a
veia umbilical foi puncionada, no terco distal do corddo umbilical, a cerca de 3 a 4

cm da ligadura do corddo. Os vasos sanguineos do corddo e da placenta foram
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puncionados em porc¢do justafetal com auxilio de uma agulha 40x16 (BD) drenando
0 sangue para uma seringa de 20 mL (BD) com 2,5 mL de solucdo anticoagulante
para aférese (JP industria farmacéutica S.A, SP, BR) e imediatamente
acondicionado em tubo cénico de polipropileno de 50 mL (TPP®, Zurique, Suica),
contendo 19 mL de meio de cultura Iscove’s Modified Dulbecco’s (IMDM) (Gibco®,
Invitrogen™, NY, USA) suplementado com 1 mL de solugcdo anticoagulante para
aférese e 1% de antibidtico penicilina/estreptomicina (Gibco®, Invitrogen™, NY,
USA) que foi delicadamente homogeneizado por inversdo manual (Figura 9). O
material foi transportado para o Laboratério Experimental de Cultivo Celular dentro

de caixa térmica a temperatura ambiente.

Figura 9 — Principais etapas da coleta de sangue do cord&do umbilical e placentério.

Fonte: a autora, 2012.

Legenda: (A) Clampeamento do corddo umbilical (B) Antissepsia com gaze embebida em alcool 70%
(C) Puncéo dos vasos sanguineos do corddo e da placenta (D) Transferéncia do sangue para o tubo
com meio+anticoagulante.
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4.4 ISOLAMENTO DE CELULAS MONONUCLEARES DO SANGUE DE
CORDAO UMBILICAL E PLACENTARIO HUMANO

O isolamento das CMO do SCUh foi realizado conforme descrito por
Senegaglia et al. (2008) com algumas modificagbes (174). O SCUh foi diluido na
proporcéo de 1:3 em meio IMDM (Gibco®). O volume de 25 mL de SCUh diluido foi
colocado sob 20 mL do gradiente de densidade Ficoll-Hypaque® (densidade 1.077
g/mL) (Sigma Chemical, St. Louis, USA). As CMO foram isoladas por centrifugacéo a
400g durante 30 minutos a temperatura ambiente, sem aceleracdo e sem freio. O
anel de CMO formou-se na interfase entre o gradiente de densidade e o plasma e,
desta forma, foi possivel separar os eritrocitos e granulécitos presentes na amostra.
O anel foi coletado com o auxilio de pipeta de 10 mL (Corning inc., NY, USA) e
transferido para um tubo conico de polipropileno de 50 mL. As CMO foram lavadas
duas vezes com meio IMDM a 400g por 10 minutos (figura 10). A concentracéo

celular final foi obtida em camera de Neubauer (Boeco, Alemanha).

Figura 10 — llustracéo das principais etapas do isolamento de CMO provenientes do SCUh.
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Fonte: a autora, 2012.

Legenda: (A) Amostra total; (B) Amostra diluida; (C) Amostra sob gradiente de densidade; (D)
Composicdo da amostra apés centrifugacdo; (E) Lavagem por centrifugacdo; (F) Células
mononucleares.

4.5 PURIFICAGAO DE CPE OBTIDAS DO SANGUE DE CORDAO UMBILICAL E
PLACENTARIO HUMANO

O isolamento das células CD133" obtidas das CMO provenientes do SCUh foi
realizado conforme metodologia descrita por Senegaglia et al. (2008) (174). A

suspensao de CMO foi centrifugada a 438g por 10 minutos e ressuspendida em 10
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mL de PBS (Gibco®, Invitrogen™, NY, USA) suplementado com 5% de SBF e 2mM
de EDTA. As CMO foram filtradas em cell strainer de 40um (BD Falcon),
centrifugadas a 438g por 10 minutos e ressuspendidas em 300uL de PBS
suplementado. A purificacdo das CPE foi realizada com o kit de separacdo células
MACS® (Miltenyi Biotec). A separacdo das células CD133" foi feita por meio da
ligagdo com o anticorpo anti-CD133 humano ligado as micropérolas magnéticas.
Para isso, foram adicionados 100 pL de solucdo bloqueadora (Miltenyi Biotec) e
100pL do anticorpo anti-CD133 puro ligado as micropérolas magnéticas (Miltenyi
Biotec). O material foi homogeneizado com o auxilio de uma pipeta estéril de 5mL
(Corning inc., NY, USA) e incubado a quatro graus centigrados por 30 minutos. Apés
a incubacédo, as células foram lavadas com 10mL de PBS suplementado e
centrifugadas a 438g por 10 minutos. O sobrenadante foi desprezado, as células
foram ressuspendidas em 1mL de PBS suplementado e foram mantidas em banho
de gelo. A coluna de separagéo foi acoplada ao suporte magnético e umedecida
com 3mL de PBS suplementado. Ap0s o esvaziamento da coluna foi colocada a
suspensao celular, e foram realizadas quatro lavagens com 3mL com PBS
suplementado. Durante esta etapa, as células ligadas as micropérolas magnéticas
permaneceram na parede da coluna devido ao campo magnético. Para obter a
populacgéo purificada de células CD 133" a coluna foi removida do suporte magnético
e foram adicionados 5mL de PBS suplementado. O émbolo foi colocado na parte
superior da coluna e empurrado até o completo esvaziamento em um tubo conico de
prolipopileno de 50mL (figura 11). A concentracdo celular final foi obtida em camera
de Neubauer.
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Figura 11 — llustracdo das principais etapas do isolamento das células CD133" provenientes do
SCUh.
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Fonte: a autora, 2012.

Legenda: (A) Adicao do anticorpo anti-CD133 humano (B) Incubacdo a 4°C por 30 minutos (C)
Células passam pela coluna de separacédo (D) Retirada das células presas a coluna com auxilio do
émbolo (E) Populagéo final de células CD 133",

45.1 Cultivo de CPE

As células foram plaqueadas em frascos de cultura de 12,5 cm? (Falcon®, BD,
NJ, USA) a 37°C em atmosfera contendo 5% de CO, e 95% de ar umidificado. O
meio endotelial basal EBM®-2 (Clonetics®, Lonza, MD, USA) foi suplementado com o
kit EGM®-2MV (Lonza) composto por hEGF, hidrocortisona , Gentamicina,
Anfotericina-B, soro bovino fetal, VEGF, hFGF-B, R3-IGF-1, acido ascorbico, além

de 10% de soro bovino fetal (Gibco®).
4.5.2 Manutencéo do cultivo de CPE

A primeira troca do meio foi realizada apdés 7 dias, e as demais foram
realizadas a cada 2 dias. Quando o cultivo apresentou confluéncia acima de 50% foi

realizada a dissociacao celular.
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4.5.3 Dissociacdo de CPE

Para que as células percam a sua adesdo a superficie de crescimento é
necessario fazer um tratamento com enzima. O meio foi retirado dos frascos que
foram lavados duas vezes com 3 mL de PBS para retirar o SBF, o célcio e o
magneésio e, com isso, afrouxar a ligacao célula/célula e permitir o acesso da enzima
a superficie celular. Foram adicionados 5 mL de tripsina-EDTA 0,25% (Gibco™
Invitrogen, NY, USA) e os frascos foram colocados por 5 minutos em estufa a 37 °C.
Apés este periodo, os frascos foram observados em microscopio para verificar se
ocorreu a dissociacao celular. Foram adicionados 200 puL de SBF para inativar a
acao da tripsina e 1 mL de meio. A suspensao celular foi centrifugada a 4389 por 10
minutos, ressuspendida em 5 mL de meio EBM®-2 e a concentracdo celular final foi
obtida em camera de Neubauer. As células foram replaqueadas em frascos de 75
cm? (TPP®) para expanséo celular e incubadas a 37 °C, 5% de CO, e 95% de ar

umidificado.

4.6 ISOLAMENTO DE CELULAS-TRONCO MESENQUIMAIS DA GELEIA DE
WHARTON PROVENIENTES DO CORDAO UMBILICAL HUMANO

O isolamento das CTM obtidas da GW provenientes do CUh foi adaptado da
metodologia descrita por Young-Jin Kim (2007) (288).

O CUh foi colocado em uma placa de Petri estéril e lavado duas vezes com
10 mL de PBS para retirar o sangue. O comprimento do CUh foi medido com o
auxilio de uma régua. Foram realizados cortes transversais de 3 a 5 cm com auxilio
de uma lamina de bisturi. Os segmentos foram cortados longitudinalmente e os
vasos sanguineos removidos. A GW foi separada com auxilio de uma pinga e
tesoura estéreis. Os segmentos da GW foram acondicionados em uma placa de
Petri com PBS e macerados com auxilio de duas laminas de bisturi em pedacos de 1
a 3 mm. O material foi colocado em tubo cbnico de polipropileno de 50 mL com
auxilio de uma espatula estéril. O tubo foi centrifugado a 438g por 10 minutos, o
sobrenadante foi retrado e a GW pesada em balanca analitica. Foram
acrescentados 10 mL da solugdo enzimatica de colagenase tipo | (Gibco®) (0,0149g/

10 mL de PBS) para cada grama de GW. A amostra foi homogeneizada
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manualmente e incubada em estufa a 37°C por 16 horas. ApGs o periodo da
digestdo enzimética foram adicionados 30 mL de PBS e o tubo foi centrifugado a
438g por 10 minutos. O sobrenadante foi retirado com o auxilio de uma pipeta estéril
de 10 mL e as células foram ressuspendidas em 10 mL de meio IMDM
suplementado com 1% de ATB e 15% SBF e, por fim, as células foram filtradas em
cell strainer de 100 pm para auxiliar na remocdo dos detritos celulares. A
concentracdo celular final foi obtida em camera de Neubauer e as células foram

plagueadas na concentragéo de 30.000 células/cm?.

Figura 12 — llustracéo das principais etapas do isolamento de CTM provenientes da GW.

A B (o D E F

Fonte: a autora, 2012.
Legenda: A) Corddo umbilical B) Cortes transversais C) Separa¢do da geleia de Wharton D) Geleia
de Wharton E) Dissociacéo enzimatica F) Filtragem apoés dissociagéo.

4.6.1 Manutengao do cultivo de CTM

A manutencdo do cultivo foi realizada com troca de meio de cultura apos 5
dias e depois a cada 2 dias até obter 80% de confluéncia. O meio utilizado foi o
IMDM suplementado com 1% de solucéo de antibiotico e 15% de SBF. Quando o
cultivo apresentou confluéncia acima de 80% foi realizada a dissociacéo celular com
tripsina-EDTA 0,25% (Gibco®, Invitrogen™, NY, USA).

4.6.2 Dissociacdo de CTM

Para que as células percam a sua adesdo a superficie de crescimento é
necessario fazer um tratamento com enzima. O meio foi retirado dos frascos que
foram lavados duas vezes com 5 mL de PBS para retirar o SBF, o célcio e o
magnesio e, com isso, afrouxar a ligacao célula/célula e permitir o acesso da enzima

a superficie celular. Foram adicionados 7 mL de tripsina-EDTA 0,25% (Gibco™
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Invitrogen, NY, USA) e os frascos foram colocados por 8 minutos em estufa a 37°C.
Apés este periodo, os frascos foram observados em microscopio para verificar se
ocorreu a dissociacao celular. Foram adicionados 1 mL de SBF para inativar a acao
da tripsina e 5 mL de meio. A suspensédo celular foi centrifugada a 438g por 10
minutos, ressuspendida em 5 mL de meio IMDM e a concentracao celular final foi
obtida em camera de Neubauer. As células foram replaqueadas em frascos de 150
cm? (TPP®) para expansdo celular e incubadas a 37T, 5% de CO, e 95% de ar

umidificado.

4.7 CARACTERIZACAO CELULAR
4.7.1 Anélises morfologicas

Andlises morfolégicas das CTM e CPE em cultura foram realizadas
rotineiramente utilizando microscopia de fase em microscopio invertido (DMIL LED,
Leica) acoplado a uma camera digital com programa de captura e processamento de
imagens (LAS V3.6, Leica).

4.7.2 Imunofenotipagem

A técnica de imunofenotipagem foi utilizada para realizar a caracterizagéo,
quantificacdo e analise da viabilidade das CTM que foram analisadas pelo painel de
anticorpos monoclonais conjugados com fluorocromo: anti-CD 14 (BD-
Pharmingen™), anti-CD 29 (BD-Pharmingen™), anti-CD 31 (BD-Pharmingen™),
anti-CD 34 (BD-Pharmingen™), anti-CD 44 (BD-Pharmingen™), anti-CD 45 (BD-
Pharmingen™), anti-CD 73 (BD-Pharmingen™), anti-CD 90 (BD-Pharmingen™),
anti-CD 105, anti-CD 117 (BD-Pharmingen™), anti-CD 166 (BD-Pharmingen™): e as
CPE que foram analisadas pelo seguinte painel: anti-CD 14 (BD-Pharmingen™),
anti-CD 31 (BD-Pharmingen™), anti-CD 34 (BD-Pharmingen™) anti-CD 45 (BD-
Pharmingen™), anti-CD 105 (eBioscience®) e anti-CD 133 (Miltenyi Biotec®). O
corante 7-AAD (BD-Pharmingen™) foi utilizado para determinar a viabilidade celular.
Os controles isotipicos y1FITC (BD-Pharmingen™), y2PE (BD-Pharmingen™),
y3PerCP (BD-Pharmingen™) e y4APC (BD-Pharmingen™) foram utilizados para

ajustar os parametros de fluorescéncia.
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As células na terceira passagem foram dissociadas conforme descrito
anteriormente. Foram adicionadas 200.000 células por tubo de citometria (BD
Falcon™, MA, USA) e 500uL de PBS. As células foram centrifugadas a 438g por 5
minutos, o sobrenadante foi removido e foi adicionado 5uL de cada anticorpo,
conforme especificado nas tabelas 2 e 3. As amostras foram homogeneizadas por
agitacdo manual e incubadas por 30 minutos ao abrigo da luz. ApGs este periodo, as
células foram centrifugadas a 438g por 5 minutos, ressuspendidas em 500uL de
PBS+2% de paraformaldeido e armazenadas ao abrigo da luz até o0 momento da
aquisicao.

A andlise das células foi realizada em citbmetro de fluxo FACSCalibur (Becton
e Dickinson®) e a anélise dos dados foi realizada utilizando-se o software FlowJo

(Flowjo®).
Tabela 3 — Anticorpos utilizados para caracterizacdo imunofenotipica das CTM.
FITC PE PerCP APC

Tubo 1 yl y2 y3 y4
Tubo 2 Controle autélogo = células + PBS
Tubo 3 90 73 106 -
Tubo 4 44 34 45 14
Tubo 5 31 166 7AAD 29
Tubo 6 19 105 HLA-DR 117

Tabela 4 — Anticorpos utilizados para caracteriza¢do imunofenotipica das CPE.

FITC PE PerCP APC
Tubo 1 yl y2 y3 y4
Tubo 2 Controle autélogo = células + PBS
Tubo 3 31 166 309 105
Tubo 4 45 133 7AAD 34
Tubo 5 144 201 106 117
Tubo 6 - 146 - 29

4.7.3 Imunofluorescéncia indireta

Foram realizados ensaios de imunofluorescéncia indireta das CPE e das
CTM, para verificar a expressao de alguns antigenos presentes em células
endoteliais e mesenquimais. As CPE foram coradas com anticorpo primario anti-von
Willebrand humano (Dako®), anti-CD31 humano (BD-Pharmingen™), anti-CD106
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humano (BD-Pharmingen™), anti-VEGF humano (eBioscience™) e os nlcleos com
4'-6-Diamidino-2-phenylindole (DAPI) (Sigma-Aldrich®). As CTM foram coradas com
anticorpo primario anti-vimentina, anti-CD105 humano (BD-Pharmingen™) e os
nacleos com DAPI.

As células foram plagueadas em placas de 24 pocos sob laminulas
circulares de vidro (Glastécnica® com 13 mm de diametro, estéreis, na
concentracdo de 10.000 células por poco e cultivadas durante 48 horas. ApOs este
periodo, as células foram lavadas 3 vezes com PBS e fixadas com PBS + 2% de
paraformaldeido (Sigma-Aldrich) durante 30 minutos a temperatura ambiente. Para
remover o fixador foram realizadas 3 lavagens com 500 pL de PBS. Para reduzir a
autofluorescéncia provocada pela exposicdo ao paraformaldeido foram adicionados
500 pL de PBS + 0,1M de glicina e incubado por 10 minutos. Para permeabilizar as
células foram adicionados 500 pL de PBS + 0,2% de triton X-100 e incubado por 10
minutos. Para bloquear ligagdes inespecificas foi adicionado PBS + 1% de albumina
de soro bovino (BSA) por 20 minutos. Foram adicionados 0s anticorpos primarios
diluidos em PBS + 0,2% de BSA e incubados por 3 horas a temperatura ambiente. A
concentracdo de cada anticorpo esta especificada na tabela 4. Apés este periodo
foram realizadas 5 lavagens com 1 mL de PBS para retirar o anticorpo nao ligante
excedente. A reacao foi bloqueada com PBS + BSA 0,2% por 20 minutos. Foram
adicionados os anticorpos secundarios diluidos em PBS + 0,2% de BSA e incubados
por 30 minutos a temperatura ambiente no escuro. Apos este periodo foram
realizadas 5 lavagens com PBS. Para evidenciar os nucleos foi adicionado 150uL de
DAPI (Sigma-Aldrich®) e incubado por 5 minutos. ApGs esta etapa, com o auxilio de
uma ping¢a, as laminulas foram mergulhadas em um béquer contendo agua MilliQ.
As laminas (Erie Scientific Company) foram montadas com meio de montagem
(Dako®) e apds 24 horas seladas com esmalte.

O controle desta reacdo foi realizado com a incubagdo de apenas o
anticorpo secundario, sem a incubagcdo com o anticorpo primario. Desta maneira foi
possivel verificar se a reacao do anticorpo secundario nao foi inespecifica.

As laminas foram analisadas em microscépio de fluorescéncia (Leica
DM4000) acoplado a uma camera digital (Leica DFC 345FX) com programa de

captura e processamento de imagens (Leica LAS AF).
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Tabela 5 — Relag&o dos anticorpos utilizados em ensaios de imunofluorescéncia indireta das CPE e
CTM.

Anticorpos [1 Diluicéo Anticorpos [1 Diluicéo
Primarios Secundarios
Mouse anti humano 62,5 1:100 Texas red X goat 2 mg/mL 1:1500
CDh 31 pg/mL anti mouse
Monoclonal mouse 240 mg/L 1:200 Texas red X goat 2 mg/mL 1:1500
anti-humano Von anti mouse
Willebrand
Policlonal rabbit 3,1g/L 1:200 FITC anti-rabbit 1.1 mg/mL 1:80
anti-human Von IgG
Willebrand
Mouse anti humano 0,5 mg/ml 1:100 Texas red X goat 2 mg/mL 1:1500
CD 105 anti mouse
Mouse anti humano 0,5 mg/ml 1:100 Texas red X goat 2 mg/mL 1:1500
CD 106 anti mouse
Cabra anti 200 ug/mL 1:50 Alexa Fluor 488 2 mg/mL 1:1500
Vimentina puro rabbit anti goat
Mouse anti humano 200 ug/mL 1:50 Texas red X goat 2 mg/mL 1:1500
VEGF anti mouse

4.7.4 Dupla marcacao fluorescente direta de CPE com UEA-1  -FITC e DIL-AC-
LDL

Foi avaliado o potencial das CPE incorporarem Lipoproteina de baixa
densidade acetilada marcada com 1,1'-dioctadecil-3,3’,3'-tetrametilindocarbocianina
(Dil-acLDL) e se ligarem a lectina de Ulex europaeus (UEA-1-FITC).

As CPE foram dissociadas, conforme descrito anteriormente, na segunda
passagem e plaqueadas em placas de 24 pocos sob laminulas circulares de vidro
com 13 mm de diametro e mantidas em cultura a 37°C e 5% de CO, até obter
confluéncia de aproximadamente 80%. Apds, as células foram lavadas 1 vez com
1000 pL de PBS, foi adicionado 2ug de Dil-acLDL (Molecular Probes, Invitrogen)
diluido em 1000 pL de meio IMDM e foram incubadas por 1 hora em estufa a 37°C e
5% de CO, ApOs este periodo, o sobrenadante foi retirado e as células foram
lavadas 1 vez com 1000 pL de PBS. A fixagéo foi realizada com 1000 pL de PBS +
4% de paraformaldeido por 10 minutos. As células foram lavadas 1 vez com 1000 pL
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de PBS e foi adicionado 10ug de UEA-1-FITC (Sigma) diluido em 500uL de PBS. As
células foram incubadas por 1 hora a temperatura ambiente ao abrigo da luz. Apos
esta etapa, foi realizada a lavagem com 1000 pL de PBS e adicionado 500 pL de
DAPI por 5 minutos.

A laminula foi montada sobre lamina de vidro com meio de montagem (Dako)
e ap0s 24 horas selada com esmalte incolor. As laminas foram analisadas em
microscopio de fluorescéncia (Leica DM4000) acoplado a uma camera digital com

programa de captura e processamento de imagens (Leica LAS AF).
4.8 CARACTERIZACAO FUNCIONAL
4.8.1 Ensaios de diferenciacdo adipogénica e osteogénica

As CTM foram dissociadas na segunda passagem e plagueadas em triplicata
em placas de 24 pocos (TPP®) com &rea de 1,91cm?, contendo laminulas de vidro
com 13 mm de diametro, com uma densidade 2x10° células/poco. As células foram
cultivadas em meio IMDM suplementado com 1% de ATB e 15% de SBF em estufa a
37°C com atmosfera contendo 5% de CO, e 95% de ar umidificado. A indugéo a
diferenciacéo foi iniciada quando as células atingiram 80% de confluéncia utilizando-
se meios comerciais enriquecidos com indutores celulares especificos (StemPro,
Gibco®) durante 21 dias. A troca do meio foi realizada trés vezes na semana.

A diferenciacdo osteogénica das CTM foi detectada pela observacdo de
depositos de célcio nas culturas, através da coloragdo com Alizarina Red S (Fluka).
A deteccdo da diferenciacdo adipogénica das CTM foi evidenciada pelos vacuolos
de gordura corados por Oil Red O (Sigma-Aldrich).

O controle negativo foi realizado com as CTM da GW cultivadas com meio
IMDM + 15% SBF + 1% ATB pelo mesmo periodo e o controle positivo foi realizado
com CTM da medula 6ssea cultivadas com os mesmos meios de inducdo pelo

mesmo periodo.
4.8.2 Ensaio de diferenciagao condrogénica

Para a diferenciagdo condrogénica foram formadas micromassas de 500.000
células através de centrifugacdo a 438g durante 10 minutos em tubos coénico de

polipropileno de 15mL (TPP®). A troca do meio foi realizada a cada trés dias. Apés
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21 dias de indugcdo com meio de diferenciacdo condrogénico (StemPro, Gibco®), as
micromassas foram coradas em Azul de Toluidina e emblocadas em parafina para
confeccdo de laminas permanentes. O controle negativo foi realizado com as CTM
da GW cultivadas com meio IMDM + 15% SBF + 1% ATB pelo mesmo periodo.

Os condroblastos secretam uma matriz extracelular rica em
glicosaminoglicanos sulfatados, que serdo corados com Azul de Toluidina. Foram
confeccionadas laminas permanentes para possibilitar a captura das imagens em
microscopio oOptico. As laminas foram analisadas em microscopio (Leica DM2000)
acoplado a uma camera digital (Leica DFC 295) com programa de captura e
processamento de imagens (Leica LAS V3.6).

4.8.3 Ensaio de formacao de tubulos capilares  in vitro

O Matrigel™ (BD-Biosciences®) é um composto comercial rico em proteinas
de matriz extracelular que permite a formacdo de uma estrutura tridimensional. O
potencial vasculogénico das CPE foi avaliado pelo ensaio de formag&o de tubulos
capilares in vitro.

Foram adicionados em uma placa de 24 pocos 250uL de Matrigel por poco
que foi acondicionada em estufa a 37°C por 30 minutos para polimerizar. As células
foram dissociadas e plagueadas na concentragdo de 20.000 células/poco. A placa
foi acondicionada em estufa a 37°C com 5% de CO; e 95% de ar umidificado. Os
ensaios foram realizados em triplicata. O controle positivo foi realizado com células
endoteliais provenientes da veia safena humana e o controle negativo com
fibroblastos da linhagem L929.

As observagOes foram realizadas nos tempos de 1, 3 e 24 horas em
microscopio invertido (DMIL LED, Leica) acoplado a uma camera digital com

programa de captura e processamento de imagens (LAS V3.6, Leica).
4.9 ENSAIOS PRE-CLINICOS
4.9.1 Aspectos éticos nos cuidados com animais

Todos o0s procedimentos seguiram, rigorosamente, a regulamentagéo

existente sobre experimentagdo com animais do Comité de Etica no Uso de Animais
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(CEUA) da Pontificia Universidade Catodlica do Paran& e obedecendo as disposi¢ces

postuladas pelo Colégio Brasileiro de Experimentacdo Animal (COBEA).
4.9.2 Desenho experimental

Foram utilizados 440 ratos machos (Rattus Norvegicus), da linhagem
Wistar, adultos, com 4 meses de idade, pesando entre 350 a 400 gramas
provenientes do biotério da Pontificia Universidade Catdlica do Parana.

A manipulacdo dos animais seguiu as diretrizes de Waynforth e Flecknell
(1992) e, também, de Wolfensohn e Lloyd (1995), obedecendo as disposicoes
postuladas pelo Colégio Brasileiro de Experimentacdo Animal (COBEA,1991) quanto
a criacdo e ao uso de animais para atividade de ensino e pesquisa.

Os animais foram alocados em gaiolas plasticas em grupos de cinco e
mantidos em condicdo padrdo de laboratorio climatizado e com periodos
claro/escuro de 12/12 horas durante toda a duracao do experimento. Foi fornecida
agua ad libitum e racdo padronizada para a espécie Nuvilab CR-1 (Nuvital).

Os animais foram divididos em quatro grupos. O controle foi composto pelo
grupo transplante de meio. Os grupos de tratamento foram compostos por trés
grupos: transplante de CTM; transplante de CPE e transplante de CTM + CPE.

O grupo transplante de meio foi submetido a ligadura da artéria coronaria
descendente anterior esquerda, os animais com FE igual ou abaixo de 40% foram
selecionados e receberam o transplante de 200uL de meio.

Trés tipos diferentes de tratamento foram testados e os grupos foram
compostos da seguinte maneira: o grupo CTM foi submetido a ligadura da artéria
coronaria descendente anterior esquerda e os animais com FE igual ou abaixo de
40% receberam o transplante de 2x10° CTM; o grupo CPE foi submetido & ligadura
da artéria coronaria descendente anterior esquerda e os animais com FE igual ou
abaixo de 40% receberam o transplante de 2x10° CPE; o grupo CTM+CPE foi
submetido a ligadura da artéria coronaria descendente anterior esquerda e o0s
animais com FE igual ou abaixo de 40% receberam o transplante de 1x10° CTM +
1x10° CPE.
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Figura 13 — Fluxograma da composi¢ao dos grupos.
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Fonte: a autora, 2012.

Legenda: Grupo | (controle): Animais infartados tratados com meio; Grupo Il (tratamento): Animais
infartados tratados com CTM; Grupo lll(tratamento): Animais infartados tratados com CPE e Grupo
IV(tratamento): Animais infartados tratados com CTM+CPE.

Figura 14 — Fluxograma dos ensaios pré-clinicos.
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Fonte: a autora, 2012.
Legenda: Dia 0: Inducdo da miocardiopatia isquémica; Dia 7: Avaliagdo ecocardiografica pré-
transplante; Dia 9: Transplante e Dia 39: Avaliacdo ecocardiografica pés-transplante.

4.9.3 Inducédo da miocardiopatia isquémica

No pré-operatério foi fornecida racdo padronizada e agua ad libitum, até 2
horas antes da anestesia. Os animais foram pesados antes de serem submetidos ao
procedimento cirdrgico para calcular a dose da medicacao anestésica. Os animais

foram numerados e marcados na cauda com auxilio de caneta.
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Os animais foram pré-medicados com analgésico opidide meperidina 20mg/kg
associada a sulfato de atropina 40 pg/kg administrados por via intramuscular (IM) 10
minutos antes da cirurgia. A inducédo anestésica foi feita por inalacdo de vapor de
halotano em campanula de vidro fechada. O monitoramento foi realizado através da
frequéncia respiratéria, frequéncia cardiaca e presenca de reflexos protetores
(reflexo palpebral, reflexo fotooculomotor, reflexo podal e reflexo de degluticdo).

Os animais foram tricotomizados com o auxilio do aparelho de tricotomia
(Andis AGI) com lamina n® 40 na regido dorsal. A cirurgia foi iniciada quando os
animais ficaram em plano anestésico cirdrgico.

Os animais foram posicionados sobre prancha rigida de madeira revestida por
férmica, forrada com campo cirdrgico, em decubito dorsal, com os membros
superiores estendidos fixados por esparadrapo e a cabeca alinhada ao tronco. Em
seguida, foi realizada antissepsia da regido dorsal com gaze embebida em solugéo
alcoolica de glucanato de cloroxidina a 2%.

A metodologia de inducdo a miocardiopatia isquémica (MI) foi realizada
conforme Johns e Olson (1954) (289) e Capriglione et al. (2012) (290). Foi realizada
uma pequena toracotomia lateral esquerda entre o quinto e sexto espaco intercostal.
Neste momento o animal recebeu ventilacdo pulmonar manual por meio de um
respirador adaptado na narina. A anestesia foi mantida com o halotano administrado
por meio de um tubo facial. Foi feita uma sutura em bolsa da pele e dos musculos da
regido, deixando o no aberto até o término da cirurgia. Apos a abertura, o coracéo foi
exteriorizado manualmente e foi feita a ligadura da artéria descendente anterior com
um fio de seda 4.0 por meio de um né duplo entre a via de saida da artéria pulmonar
e o atrio esquerdo. Em seguida, o coracao foi reposicionado, a bolsa de sutura foi
fechada e quando os animais apresentassem movimentos respiratorios espontaneos

foi cessada a ventilagdo pulmonar manual (Figura 15).
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Figura 15 — Principais etapas da indu¢c@o da miocardiopatia isquémica.

Fonte: a autora, 2012.

Legenda: (A) Posicionamento do animal em declbito dorsal (B) Toracotomia lateral esquerda (C)
Sutura em bolsa da pele e dos musculos (D) Sutura em bolsa (E) Exteriorizagdo manual do coragao
(F) Passagem da agulha por trds da artéria coronaria descendente anterior (G) Oclusédo da artéria
coronaria descendente anterior (H) Reposicionamento do coracédo (I) Fechamento da sutura em
bolsa.

ApoOs o periodo operatorio, os animais foram acondicionados em mesa
aguecida com mascara de oxigénio posicionada na face e foram observados pela
condicdo clinica pdés-cirdrgica e pos-anestésica. Apdés a completa recuperacao,
foram recolocados em suas caixas, alojados no biotério e mantidos com agua e
racao ad libitum.

Durante todo o periodo pés-operatorio foi realizada avaliagdo clinica diaria
dos animais, a fim de monitorar a evolugdo, bem como reforcar a numeragéo na
cauda. A ferida cirdrgica foi limpa diariamente com auxilio de gaze e solucao
fisiologica 0,9% até completa cicatrizacdo. Os animais receberam para controle da
dor analgésico opidide morfina 2mg/kg duas vezes ao dia no pés-operatdrio imediato
(24 horas), anti-inflamatério ndo esteroidal flunexim meglumine 2,5mg/kg duas vezes
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ao dia durante 4 dias e antibidtico terapia com enrofloxacina 10mg/kg uma vez ao
dia durante 4 dias via IM.

4.9.4 Avaliacdo por ecocardiografia da fungdo cardiaca ap  0s a inducdo da

miocardiopatia isquémica

No sétimo dia apds a inducdo da MI por ligadura da artéria descendente
anterior foi realizada a avaliagdo ecocardiogréafica pelo equipamento de
ecocardiografia (SONOS 55, Agilent Technologies, Inc. Massachusetts, USA), com o
uso de transdutores de alta frequéncia e alta resolucao.

Os animais foram anestesiados via injecdo intramuscular entre o musculo
semitendinoso e semimembranoso no membro pélvico com cloridrato de ketamina
(Konig) 50 mg/kg e cloridrato de xylazina 5 mg/kg. Foram recolocados nas caixas e
acompanhado o estado anestésico sem que se observe qualquer reacéo do animal.

Apés os animais foram tricotomizados com o auxilio do aparelho de tricotomia
na regido ventral do abdémen e do toérax e foram acondicionados na mesa.

Foi realizado o monitoramento dos animais nas derivacdes periféricas com trés
eletrodos pediatricos, obtendo-se a frequéncia cardiaca com visibilizacao
cardioscopica.

O transdutor foi colocado na porgédo antero-lateral esquerda da parede toracica,
as imagens foram vistas em duas dimensdes, e as camaras ventriculares
observadas em dois cortes, o transversal e o longitudinal.

Foram analisados os parametros: fracdo de ejecéo (FE), volume diastélico final
do ventriculo esquerdo (VDVE), volume sistdlico final do ventriculo esquerdo
(VSVE), area diastélica final do ventriculo esquerdo (ADVE) e area sistolica final do
ventriculo esquerdo (ASVE) e o tipo de contratilidade nas paredes do ventriculo
esquerdo (normal, hipocinesia, acinesia ou discinesia) em trés ciclos cardiacos
consecutivos. A imagem foi visualizada no monitor e registrada em fita videocassete
(Figura 16).

A éarea do ventriculo esquerdo, o comprimento e o volume foram medidos pelo
método de Simpson, utilizando o software do computador, tanto na sistole como na
diastole, o comprimento sempre em seu maior eixo (da base para o 4pex) e a area

por delimitagdo das paredes do ventriculo esquerdo.
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Somente foram incluidos no estudo os animais que apresentaram FE menor
que 40%, justamente para caracterizar disfuncdo ventricular.

Todas as medidas foram feitas no mesmo aparelho e foram realizadas trés
vezes pelo mesmo profissional, que desconhecia a procedéncia dos animais e 0s
grupos experimentais aos quais eles pertenciam, sendo considerada a média como

resultado final.

Figura 16 — Andlise ecocardiogréfica.

Fonte: a autora, 2012

Legenda: (A) Visao geral do procedimento. (B) Animal no momento do exame (C) Imagem gerada.

4.9.5 Transplante de células

A inducdo anestésica foi feita por inalagdo de vapor de halotano, conforme
descrito anteriormente. O animal foi posicionado para receber a medicacdo pré-
anestésica via injecao intramuscular na face interna da pata direita de sulfato de
atropina 40ug/kg, cloridrato de Petidina 10 mg/kg, cloridrato de cetamina 12,9 mg/kg
e Diazepam 1,25 mg/kg.

A intubacéo endotraqueal foi realizada sob viséo direta com auxilio de cateter
de latex. A partir dessa etapa, a ventilagdo do animal foi por via endotraqueal
controlada em sistema de ventilagéo circular fechado (Harvard® Inc., Massachusetts,

USA) com volume minuto de 150 mL/min e frequéncia respiratoria de 60 a 80 ciclos

por minuto.
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Foi realizada uma nova incisdo da pele, seguida do divulsionamento dos
musculos da regido e toracotomia antero-lateral no 3° espaco intercostal esquerdo.
Apbs a colocacado do afastador autostatico, o coracdo foi exposto e foi visualizada a
area infartada pela diferenca na coloracdo, na contratilidade e com aspecto
cicatricial. No centro desta area, foi realizada uma injecdo de 2 x 10° células diluidas
em 200 pL de meio de cultura IMDM, através de uma seringa de 1mL e agulha
13x0,38. Em seguida, foi realizada a sutura da musculatura intercostal com fio
cirtrgico de prolipopileno 5-0 e a pele com fio cirargico de Nylon 4-0 e o animal foi
extubado (Figura 17). Os cuidados p0s-cirirgicos e poés-anestésicos foram os
mesmos descritos para a miocardiopatia isquémica, além da aplicagdo intramuscular

de antibidtico.

Figura 17 — Principais etapas do transplante.

Fonte: a autora, 2012

Legenda: (A) intubacdo endotraqueal (B) manutencdo anestésica (C) incisdo da pele (D)
divulsionamento dos musculos da regido (E) toracotomia antero-lateral no 3° espaco intercostal
esquerdo (F) exposicdo do coracdo (G) transplante (H) sutura (I) mesa aquecida.
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4.9.6 Avaliacdo por ecocardiografia da funcdo cardiacaap  6s o transplante

Apos 30 dias da realizacdo do transplante a funcéo cardiaca foi avaliada por
ecocardiografia, onde foram analisados os mesmos parametros para o procedimento

ecocardiografico descrito anteriormente.

4.9.7 Eutanasia

No trigésimo dia pos-transplante, apdés a realizacdo da avaliacao
ecocardiografica, os animais foram submetidos a eutanasia por perfusédo
transcardiaca, onde o0s coracdes foram fixados e retirados para analise
histopatoldgica.

Os animais foram sedados via injecdo intramuscular entre o musculo
semitendinoso e semimembranoso no membro pélvico de cloridrato de ketamina 300
mg/Kg e cloridrato de xylazina 30 mg/kg.

O sistema de perfuséo foi constituido por um banho de gelo no intuito de
manter as solucdes de perfuséo refrigeradas, uma bomba peristaltica de 3 canais
(Minipuls 3, Gilson Medical Electronics, Franca) e tubo peristaltico de PVC.

O animal foi colocado em uma bandeja de inox, foi realizada uma nova
incisdo da pele, seguida do divulsionamento dos musculos da regido e toracotomia
antero-lateral. O coracédo foi exposto e uma agulha de 13mm x 0,45mm foi inserida
no ventriculo esquerdo.

Primeiramente foi feita a infus&o de 300 mL de solucéo isotbnica de cloreto de
sédio 0,9% por 10 minutos para remover o sangue, preservando ao maximo a
estrutura dos vasos sanguineos. O fluxo foi ajustado para 30 mL por minuto com
rotacdo de 35 RPM. Em seguida foi realizada perfusdo de 300 mL da solucdo de
paraformaldeido a 4% diluido em tampao fosfato por 15 minutos que proporcionou a
fixacdo dos tecidos. O fluxo foi ajustado para 20 mL por minuto com rotacéo de 32
RPM. Apos a finalizacdo do procedimento o coracdo foi cuidadosamente removido
do térax com auxilio de tesoura e pinca e foi acondicionado em tubo com solucao de
formol a 10% (Figura 18).
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Figura 18 — Eutanasia por perfuséo transcardiaca.

Fonte: a autora, 2012.
Legenda: (A) Visao geral do procedimento (B) Aspecto do coracdo antes da perfusdo. Seta azul: né

cirrgico da oclusao; seta branca: area infartada. (C) Aspecto do coracdo durante a perfusao (D)
Aspecto do coracéo apos o procedimento de perfusao.
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Tabela 6 — Relacdo da medicagcdo utilizada nos procedimentos de inducdo da miocardiopatia
isquémica, ecocardiografia pré e pos-transplante, transplante e eutanasia.

Procedimento Etapa Medicamento Funcéo Doselvia Temp o0
Medicagao pré- Meperidina Analgésico opitide 10 mg/kg/IM -
anestésica
Medicagao pré- Sulfato de Inibir estimulac&o vagal 40 pg/kg/IM -
anestésica atropina e bradicardia, reduzir
secrecdes
traqueobrénquica,
broncodilatagéo
Indugzo do Infarto Inducgéo e m’anutenc;éo Halotano Anestésicp _Geral Conforme -
do Miocardio anestésica Inalatéria necessidade para
obter plano
anestésico-cirdrgico
Analgesia pos- Morfina Analgésico opibide 3 mg/kg/SC 8 horas por
operatoria 48 horas
Analgesia pos- Flunexim Anti-inflamatério, 2,5 mg/kg/SC 12 horas
operatéria meglumine analgesia por 48
horas
Antibiéticoterapia Enrofloxacina Antibiético 10 mg/kg/IM uma vez
ao dia por
4 dias
Ecocardiografia Sedacédo Cloridrat_o de Contencéo quimica 50 mg/kg/IM -
Pré e Pos- = keFamma = —
Transplante Sedacédo Clorldra_to de Contencgéo quimica 5 mg/kg/IM -
xylazina
Medicagao pré- Sulfato de Inibir estimulagéo vagal 40 pg/kg/IM -
anestésica atropina e bradicardia, reduzir
secregdes
traqueobrénquica,
broncodilatagéo
Medicagao pré- Meperidina Analgésico opitide 10 mg/kg/IM -
anestésica
Medicagao pré- Cloridrato de Anestesia dissociativa, 12,5 mg/kg/IP -
anestésica cetamina analgesia;
Medicagao pré- Diazepam Ansiolitico, 1,25 mg/kg/IP -
anestésica tranquilizante,
miorrelaxante, amnésia
Transplante Indugdo e manutengéo Halotano Anestésico Geral Conforme -
anestésica Inalatéria necessidade para
obter plano
anestésico-cirdrgico
Analgesia pos- Flunexim Anti-inflamatério, 2,5 mg/kg acada 12
operatoéria meglumine analgesia horas por
48 horas
Morfina Analgésico Analgesia pos- 3 mg/kg/SC acada8
opidide operatéria horas por
48 horas
Antibiéticoterapia Enrofloxacina Antibiético 10 mg/kg/IM uma vez
ao dia por
4 dias
Anestesia Cloridrato de Plano anestésico 300 mg/kg/IM -
ketamina profundo
Anestesia Cloridrato de Plano anestésico 30 mg/kg/IM -
Eutanasia xylazina profundq . _ _ i
Promover total Halotano Plano anestésico Administracéo até -
inconsiéncia profundo assistole
Assitole Cloridrato de Inibi a despolarizagéo 2 mL/IP -

Potéassio

celular
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4.10 ANALISE HISTOLOGICA

ApoOs a realizacdo da fixacdo por perfusdo de paraformaldeido, os coracdes
foram clivados com o auxilio de uma navalha de agco em quatro partes por cortes
paralelos da base ao apice. Os cortes foram acondicionados em cassetes para
histologia.

O processamento histologico foi realizado pelo Laboratério de Patologia
Experimental da PUCPR. O processamento foi realizado no equipamento
histotécnico (Leica TP1020) onde foi realizada a desidratacéo dos tecidos em banho
de alcool 70°, alcool 80° e alcool 90°. Em seguida foi realizado o processo de
diafanizacdo em trés banhos de xilol. Em seguida foram realizadas trés trocas de
parafina liquida aquecida a 65<C. Para confeccionar o bloco de parafina utilizou-se o
equipamento Inclusor (Leica EG1160). Apés a incluséo foi realizada a microtomia
dos blocos no microtomo (Leica RM2145). Os cortes histologicos foram seccionados
com espessura entre 4 e 5 micras, colocados em banho histologico a 50T,

posicionados na lamina, que foram secadas em estufa a 60C por uma hora.

Figura 19 — Blocos de parafina contendo os fragmentos do coracéo.
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Fonte: a autora, 2012

As laminas foram usadas para verificar, comprovar a extensédo do infarto e
comparar os resultados obtidos na area infartada dos grupos quanto a deposi¢céao de

coldgeno no tecido isquémico.

4.10.1 Hematoxilina-Eosina

Os cortes corados pelo hematoxilina-eosina foram usados para identificacao

da area afetada com ou sem afilamento de suas paredes ou até mesmo hipertrofia
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compensatoéria. Os nucleos foram corados em azul e o citoplasma, as fibras

colagenas e elasticas em rosa.
4.10.2 Tricrobmio de Masson

Os cortes corados com Tricrbmio de Masson foram utilizados para
identificacdo da regido infartada por sua especificidade para observagdo do
colageno. A area do infarto nos diferentes grupos experimentais foi calculada em
cortes submetidos a coloracdo de tricromio de masson e definida como porcentagem
do ventriculo esquerdo positivo para marcagcao de colageno, indicando a presenca e
a extensdo de zona cicatricial em relacdo a area total do ventriculo esquerdo. A
coloragédo das laminas em tricromio de Masson foi feita conforme metodologia do
fabricante (EasyPath®). Resumidamente, as laminas foram desparafinizadas em
xilol, em seguida foram hidratadas em alcool e lavadas com agua destilada. O corte
foi coberto com hematoxilina de Weigert por 10 minutos, a lamina foi lavada e foi
adicionado acido picrico por 6 minutos. A lamina foi lavada e foi adicionado Fucsina
por 4 minutos. A lamina foi novamente lavada e foi adicionado acido fosfomolibdica
por 5 minutos, seguida da solucdo de azul de anilina. Apés, as laminas foram
lavadas, desidratadas em série de alcool ascendente até o xilol e montadas com
meio de montagem e laminula. As fibras colagenas foram coradas em azul e o

restante do tecido em vermelho.

4.10.3 Picrossirius red

Para a quantificacdo dos diferentes tipos de colageno foi utilizado a coloragéo
de Picrosirius Red, um composto aniénico que distingue a espessura e densidade
das fibras de colageno pela coloracdo emitida sob a luz polarizada. Enquanto as
fibras finas dissociadas tipicas do colageno tipo lll sdo esverdeadas, as fibras mais
grossas fortemente associadas do colageno tipo | emitem cores com comprimento
de ondas maiores, como vermelho e amarelo (291, 292).

A coloracdo das laminas em picrosirius red foi feita conforme metodologia do
fabricante (EasyPath®). Resumidamente, as laminas foram posicionadas em berco
de coloracao e submetidas aos processos de desparafinizagdo em xilol, em seguida
foram hidratadas em élcool e lavadas com agua destilada. O corte foi coberto com a
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coloragdo de picrosirius por 1 hora. Em seguida as laminas foram lavadas e foi
adicionado hematoxilina de Carrazzi por 4 minutos. Apos, as laminas foram lavadas,
desidratadas em série de alcool ascendente até o xilol e montadas com meio de
montagem e laminula.

As laminas foram avaliadas sob microscopia de luz normal e luz polarizada em
microscopio optico com objetiva de 20 vezes (Olympus®). Apds a observacdo do
campo na area da lamina corada pelo Picrosirius red foi realizada a polarizacao para
quantificacdo de colageno, assim como sua classificacdo quanto a maturacao.
Realizou-se a analise das imagens por morfometria mediante o aplicativo Image Pro-
Plus versao 4.5 para Windows (RGB), em computador da linha Pentium Ill 733MHz.
Nesse programa foi possivel identificar o tipo de colageno baseado em cores.
Vermelho e amarelo correspondem a colageno tipo | (maduro), enquanto o verde
corresponde ao colageno tipo lll (imaturo). De cada lamina corada em Picrosirius
Red foram obtidas 10 imagens digitalizadas em microscépio de luz com objetiva
planacromatica de 20x, utilizando-se de filtros de luz polarizada e em campo claro. A
quantidade de fibras avermelhadas, amareladas e esverdeadas presentes nos
cortes histolégicos permitiu a realizacdo do célculo do percentual da area do campo
examinado ocupada por estas fibras. O valor de colageno total correspondeu a soma
dos valores das areas vermelhas, amarelas e verdes. A analise das imagens obtidas
em campo claro possibilitou o célculo da quantidade total de colageno presente no

tecido cardiaco.

4.11 LOCALIZACAO DAS CELULAS TRANSPLANTADAS POR HIBRIDIZAGCAO
IN SITU POR FLUORESCENCIA

A localizac&o das células transplantadas foi realizada por meio da técnica de
FISH (do inglés fluorescence in situ hibridization) que detecta sequéncias
especificas de 4&cidos nucléicos em cromossomos, células e tecidos
morfologicamente preservados, utilizando sonda de DNA marcada com
fluorescéncia. A sonda de DNA reconhecera e se hibridizara com sua sequéncia

complementar no cromossomo das células humanas.
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O protocolo para realizagdo do FISH foi realizado com adaptacées ao
preconizado pelo fabricante da sonda, bem como pelo proposto por Henegariu (293,
294).

Foram realizados cortes de 3 a 5 pm em laminas silanizadas. As laminas
ficaram 2 horas na estufa a 60°C para ajudar a fixar o corte. Foi realizada a
desparafinizagcdo em banho com xilol por 15 minutos, seguido por banho em solucéo
de xilol / alcool absoluto por 10 minutos e por ultimo banho com alcool absoluto por
10 minutos a temperatura ambiente. A digestdo enzimatica do tecido foi realizada
em banho com a solucdo de proteinase K a 50°C por 25 minutos. Apos a lamina foi
lavada em PBS por 3 minutos e foi desidratada com alcool 70% por 5 minutos e com
alcool absoluto por 5 minutos a temperatura ambiente. Foi adicionado 10uL da
sonda pan-centromérica humana em vermelho (Kreatech KBI-20000R) na area de
interesse e a co-desnaturacéo foi realizada em banho-maria a 90°C por 10 minutos.
As laminas foram acondicionadas em hibridizador a 37°C overnight. Durante esse
periodo, a sonda ligou-se a regido alvo do cromossomo e ocorreu a hibridizacao.
Apos a hibridizacéo a lamina foi colocada em banho-maria a 73°C por 2 minutos em
solucdo de 2xSSC + 0,3 de igepal. As lavagens pos-hibridizacdo foram realizadas
em solucao 2xSSC + 0,1 de igepal a temperatura ambiente para retirar o excesso de
sonda. A contra coloragdo foi feita com DAPI por 10 minutos. Apés, as laminas
foram lavadas com 2x agua destilada, centrifugadas a 438g por 10 minutos e a
montagem foi feita com meio de montagem e uma laminula retangular.

As laminas foram analisadas em microscépio de fluorescéncia (Leica
DM4000) acoplado a uma camera digital com programa de captura e processamento
de imagens (Leica LAS AF).

4.12 ANALISE DAS PROTEINAS ANGIOGENICAS NO SANGUE PERIFERICO
POR ARRANJOS DE ANTICORPOS

A presenca de fatores de crescimento e citocinas angiogénicas humanas no
sangue periférico dos animais transplantados foi analisada por meio de arranjo de
anticorpos (RayBio™Raybiotech). O controle negativo foi feito com o sangue

periférico de animais sadios e o controle positivo com o sangue periférico humano.
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Resumidamente, as membranas foram bloqueadas por 30 min em uma
solugéao contendo 5% de BSA, 0,01 M de Tris com 0,15M NaCl (pH7,6). Em seguida
foram incubadas por 2h com 1mL do soro em temperatura ambiente. Apés lavagem,
as membranas foram incubadas por 15h com anticorpos anti-citocinas e anti-fatores
de crescimento conjugados a biotina a 4°C. As membranas foram novamente
lavadas e incubadas por 2h com estreptavidina conjugada com peroxidase em
temperatura ambiente. Mais uma vez foram repetidas as etapas de lavagem e em
seguida as membranas foram incubadas com 1mL de reagente de deteccéo
(preparado com volumes iguais de buffer de deteccdo A e B) por 5-10 min. Em
seguida, as membranas foram expostas ao filme Kodak x-omat (Kodak®) para
revelacao dos spots (Figura 20).

As analises da expresséo foi realizada pelo programa de analise de Imagem
ImageJ® (National Institutes of Health, Bethesda, MD, EUA).

Para a analise e normalizacdo dos resultados, as membranas possuem spots
correspondentes a controles positivos, controles negativos e spots “vazios” para
determinar os valores de background.

Os filmes foram escaneados e as imagens em TIFF foram copiadas para um
software (ScanAlyze verséao 2,5- www.graphics.stanford.edu/software/scanalyze) que
mede a intensidade dos spots.

Os valores das intensidades dos spots foram importados do ScanAnalyze
para o software de analise fornecido pelo préprio fabricante dos arranjos (Raybio®
Analyzis Tool Software).

Os dados foram alinhados de acordo com o mapa, e os calculos realizados
pelo software consistem em subtrair os valores de backgrounds e calcular em

relacdo a média do controle positivo.
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Figura 20 — Principais etapas da metodologia de arranjo de anticorpos.
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4.13 ANALISE ESTATISTICA

Os resultados obtidos no estudo foram expressos por médias, medianas,
valores minimos, valores maximos e desvios padrdes. Para a comparacdo dos
grupos em relacdo as variaveis quantitativas avaliadas no momento pré, foi
considerado o modelo de analise de variancia com um fator (ANOVA). Para as
comparacdes dos grupos em relacdo as avaliacdes pos e em relacdo as diferencas
ocorridas entre pré e pos, foi usado o modelo de analise de covariancia (ANCOVA)
incluindo a avaliagdo pré como covariavel. Para a comparagdo dos momentos de
avaliacao pré e pos, foi usado o teste t de Student para amostras pareadas. Valores
de p<0,05 indicaram significancia estatistica. Os dados foram analisados com o

programa computacional Statistica v.8.0.
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5 RESULTADOS

5.1 COLETA DE SANGUE E CORDAO UMBILICAL HUMANO

Foram coletados 37 cordfes umbilicais. Para estabelecer o protocolo do
isolamento de CPE e CTM foram utilizados 12 cordbes. Dois corddes foram
descartados por baixo volume, totalizando 23 utilizados para a realizacdo dos
experimentos.

O comprimento dos segmentos coletados foi, em meédia, 21,10 + 4,52
centimetros. A idade média das doadoras foi de 31+7,01 anos. O SCUh foi coletado

no volume médio de 94,4 + 42,30 mL.

Tabela 7 — Dados da coleta de CUh e SCUh.

N° Cordao Doadora Tamanho (cm) Volume (mL)
13 MGPB 17 45
14 MGPB 16 40
15 BCS 21 120
17 DSL 19 90
18 KRL 19 90
19 RMD 17 90
20 RSA 21 150
21 ACFP 22 170
22 PFS 27 142,5
24 VGS 21 165
25 DRD 20 82
26 RA 27 177
27 DM 25 75
28 MASM 15 116
29 AGP 18 60
30 GAR 31 69
31 APA 11,5 44
32 SAO 21 41
33 ACEC 20 81
34 MTSC 24 116
35 SR 26 90
36 DFS 26 92,5
37 EAM 21 119

Legenda: cm = centimetro; mL = mililitro.
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5.2 ISOLAMENTO DE CELULAS MONONUCLEARES PROVENIENTES DO
SANGUE DE CORDAO UMBILICAL HUMANO

O processamento foi iniciado em, no maximo, 12 horas apds a coleta. As
células mononucleares foram obtidas do SCUh. Foram realizados 23 isolamentos

que resultaram em média 26,74x10°+19 células mononucleares.

Tabela 8 — Dados dos isolamentos de células mononucleares provenientes do SCUh.

N° Cord&o N° de Células x10 °
13 3,4
14 1,8
15 64
17 41
18 18,5
19 70
20 21
21 25
22 10,5
24 17,7
25 445
26 6,5
27 48
28 12,25
29 35,25
30 12,5
31 28
32 25,5
33 48,5
34 28
35 13,5
36 34,25
37 13




5.3 ISOLAMENTO DE CELULAS
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PROGENITORAS ENDOTELIAIS

PROVENIENTES DO SANGUE DE CORDAO UMBILICAL HUMANO

ApGs obter a fracdo de células mononucleares foi iniciado o isolamento de

células 133" que resultou em média 17,26x10°+19,67.

Tabela 9 — Dados dos isolamentos de células 133" provenientes do SCUh.

N° Cord&o N° de Células 133 *x10°
13 2,3
14 2,2
15 62,5
17 32,5
18 5
19 37,5
20 7,6
21 15
22 5
24 6,5
25 27,5
26 2
27 20
28 7
29 10
30 5
31 12,5
32 14
33 16,5
34 8
35 6
36 80
37 12,5

Testou-se a hipotese nula de que nédo existe correlagdo entre as duas

variaveis avaliadas, versus a hipotese alternativa de que existe correlacdo. Os

resultados sao apresentados na tabela abaixo.

Tabela 10 — Andlise da correlacao das variaveis do isolamento das células provenientes do SCUh.

Volume (mL) X N° de Células mononucleares (x10°)

Volume (mL) X N° de Células 133" (x10°)

n Coeficiente de correlagcdo Valor de
de Spearman p

23 -0,07 0,761

23 0,00 0,998
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5.4 ISOLAMENTO DE CELULAS-TRONCO MESENQUIMAIS DA GELEIA DE
WHARTON PROVENIENTES DO CORDAO UMBILICAL HUMANO

Foram obtidas, em média, 2,9 gramas da GW e foram isoladas, em média,

5,26 x10° células. Para cada grama de GW foram obtidas, em média, 1,8 x10°

células.

Tabela 11 — Dados dos isolamentos de CTM provenientes do CUh.

N° Cordao Peso da GW (q) N° de Células x10°
13 3,99 1,35
14 2,62 0,9
15 2,187 0,7
17 18 2,0
18 2,764 1,7
19 1,679 1,9
20 2,262 2,1
21 0,825 0,5
22 2,626 1,5
24 0,98 0,82
25 2,339 4.5
26 3,961 6,0
27 1,45 1,7
28 2,1 3,7
29 1,877 3,5
30 1,569 10
31 0,68 7,2
32 2,064 16
33 4,494 4,0
34 1,913 11
35 2,682 7,5
36 1,184 27,25
37 1,648 5,75

Legenda: g = grama

Testou-se a hipotese nula de que nédo existe correlagcdo entre as duas

variaveis avaliadas, versus a hipotese alternativa de que existe correlacdo. Os

resultados sao apresentados na tabela abaixo.

Tabela 12 — Andlise da correlagao das variaveis do isolamento das células provenientes do CUh.

n  Coeficiente de correlacdo de  Valor de
Spearman p
Tamanho (cm) x Peso da GW (g) 23 -0,11 0,621
Tamanho (cm) x N° de Células (x106) 23 0,27 0,217

Legenda: g = grama; cm = centimetro
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5.5 CARACTERIZACAO CELULAR

5.5.1 Andlise morfolégica das células progenitoras endote liais

Apbés 24 horas do plagueamento foram visualizadas pequenas col6nias
aderidas ao fundo do frasco de cultura (Figura 21A e 21B). No sexto dia ja foi
possivel identificar colénias com caracteristicas de células endoteliais (Figura 21C e
21D). No 15° dia, quando as células estavam confluentes, apresentaram morfologia
poligonal caracteristica de cobblestone ou “calcada de petit-pavé” em passagem 0
(PO) (Figura 21E e 21F).

Figura 21 - Fotomlcrografla de contraste de faseda cultura primaria de CPE derivadas do SCUh.

Dial

Dia 6

Dia 15

Legenda: Morfologia celular das células aderentes ap0s o isolamento no 1° dia (A e B), no 6° dia (C e
D) e no 15° dia (E e F). As setas indicam as colénias formadas no inicio do cultivo. As
fotomicrografias sdo de uma area representativa dos frascos de cultivo. Barra da escala (A, C e E) =
500um; Barra da escala (B, D e F) = 200um.
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5.5.2 Andlise morfolégica das células-tronco mesenquimais

Apbs 24 horas do plaqueamento poucas células estavam aderidas e havia
presenca de debris celulares devido ao processo de isolamento (Figura 22 A e B),
no 6° dia o cultivo apresentou um aspecto homogeneo (Figura 22 C e D), e no 15°
dia o cultivo atingiu 90% de confluéncia (Figura 22 E e F). As células aderentes
apresentaram morfologia fibroblastoide, semelhantes as CTM de MO em passagem
0 (PO).

Figura 22 — Fotomicrografia de contraste de fase da cultura priméaria de células-tronco mesenquimais
derivadas d gelia de harton do CUh.
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Dia 15

Legenda: Morfologia celular das células aderentes apds o isolamento no 1° dia (A e B), no 6° dia (C e
D) e no 15° dia (E e F). As fotomicrografias sdo de uma area representativa dos frascos de cultivo.
Barra da escala (A, C e E) = 500um; Barra da escala (B, D e F) = 200pm.
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5.5.3 Imunofenotipagem de CPE e CTM

As CPE e as CTM cultivadas foram analisadas por citometria de fluxo para
quantificar a expressdao de antigenos de superficie. Foram realizados 5
experimentos independentes na P3 para as CTM e 3 experimentos independentes
na P3 para as CPE. Para cada analise foram adquiridos 100.000 eventos.

Os resultados obtidos por citometria de fluxo estdo expressos em percentual
da média de células positivas para cada anticorpo (Tabela 13 e 14). A viabilidade
das células analisadas pelo corante vital 7AAD foi de 94,95% para as CTM e 91,7%
para as CPE.

O padréo de expressao das células obtidas do SCUh e do CUh sugere a

presenca de células com imunofenétipos de populagbes CE e CTM.

Tabela 13 — Perfil imunofenotipico das CTM da GW analisado por citometria de fluxo.

Marcador Corddo 19 Corddao27 Cordao?25 Corddaol15 Co rdao11l Média
CD 14 0,013 1,08 2,46 0,057 0,052 0,7324
CD 34 1,32 0,15 0,19 2,67 5,66 1,998
CD 44 87 96,4 73,9 95,2 94,5 89,4
CD 45 0,049 5 13,7 0,13 2,53 4,2818
CD 73 98,8 99 98,5 98 99,1 98,68
CD 90 99,6 96,8 91,4 99,5 99,9 97,44
CD 106 30,6 0,2 11,2 4.9 56,9 20,76
CD 19 2,46 0,24 0,1 413 0,59 1,504
CD 105 99,7 - - 98,3 95,7 97,9
CD 117 65,6 99,8 99,9 0,66 1,06 53,404
HLADR 0,58 0,073 0,19 0,66 1,38 0,5766
7AAD 2,62 3,6 8,6 5,47 4,94 5,046
CD 29 97,5 98,7 97,3 98 98 97,9
CD31 0,49 0,37 0,049 0,39 1,26 0,5118
CD 166 99,1 89,4 87,6 95 96,7 93,56

Legenda: Valores expressos em percentual.

Tabela 14 — Perfil imunofenotipico das CPE do SCUh analisado por citometria de fluxo.

Marcador Cordao 19 Cordao 27 Cordao 25 Média
CD 106 6,97 19,7 12,3 12,99
CD 117 4,43 11,9 5,32 7,21
CD 144 5,34 4,55 5,6 5,16
CD 201 10,9 44.8 75,4 43,7
CD 31 70,2 55,4 61,2 62,26
CD 105 97,6 99,8 99,2 98,86
CD 166 62,8 62,9 75,3 67
CD 309 1,33 1,48 4,38 2,39
CD 29 87,3 97 98,5 94,26
CD 146 71,3 88,6 92,4 84,1
7AAD 10,7 9,73 4,49 8,30
CD 34 0,27 7.4 24,8 10,82
CD 45 1,17 - 0,56 0,865
CD 133 1,70 8,41 6,51 5,54
CD 44 - 0,41 - 0,41

Legenda: Valores expressos em percentual.
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Graéfico 1 — Quantificagcdo por amostra da expressao em percentual de moléculas presentes nas CTM

da GW por imunofenotipagem.
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Legenda: Valores expressos em percentual

Grafico 2 — Quantificacdo média da expressdo em percentual de moléculas presentes nas CTM da

GW por imunofenotipagem.
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Graéfico 3 — Quantificagdo por amostra da expressdo em percentual de moléculas presentes nas CPE

or imunofenotipagem.
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Legenda: Valores expressos em percentual

Gréfico 4 — Quantificagcdo média da expressao em percentual de moléculas presentes nas CPE por

imunofenotipagem.
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5.5.4 Imunofluorescéncia indireta de CPE

A imunofluorescéncia indireta com dupla marcacdo demonstrou que as CPE
obtidas do SCUh apresentam o fator de Von Willebrand e a molécula de adeséo das
células endoteliais e plaquetdrias (CD31). A reacdo com 0 anticorpo primario
monoclonal de coelho anti-Von Willebrand humano foi evidenciada por meio do
anticorpo secundario ligado a molécula fluorescente FITC. A reacdo com o anticorpo
primério monoclonal de camundongo anti-CD31 humano foi evidenciada por meio do
anticorpo secundario Texas Red X. Os nucleos foram corados com DAPI. O controle
negativo desta reacdo foi realizado com a incubacdo de apenas o anticorpo
secundario, sem a incubacédo com o anticorpo primario. Desta maneira verificou-se
que a reagcdo do anticorpo secundario ndo € inespecifica, pois apenas 0s nucleos

foram corados.

Figura 23 — Imunofluorescéncia indireta com dupla marcacdo para VWF e CD31 de células
progenitoras endoteliais de sangue de corddo umbilical humano em cultura.

vWF CD 31 CD 31+ vWF + DAPI

Legenda: (A) VWF FITC (B) CD31 Texas Red (C) VWF+CD31+DAPI (D) Detalhe. Barra da escala=
10pm.
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A imunofluorescéncia indireta com dupla marcagcdo demonstrou que as CPE
obtidas do SCUh apresentam a molécula de adesdo das células endoteliais e
plaquetéarias (CD31). A reacdo com 0 anticorpo primario monoclonal de coelho anti-
CD 31 humano foi evidenciada por meio do anticorpo secundario ligado a molécula
fluorescente FITC. A reacdo com o anticorpo primario monoclonal de camundongo
anti-VEGF humano foi evidenciada por meio do anticorpo secundéario Texas Red X.
Os nucleos foram corados com DAPI. O controle negativo desta reacéo foi realizado
com a incubacdo de apenas o anticorpo secundario, sem a incubacdo com o
anticorpo primario. Desta maneira verificou-se que a reacao do anticorpo secundario

nao é inespecifica, pois apenas os nucleos foram corados.

Figura 24 — Imunofluorescéncia indireta com dupla marcacéo de células progenitoras endoteliais de
sangue de corddo umbilical humano em cultura.

CD 31 VEGF CD 31 + VEGF + DAPI

Legenda: (A) CD31; (B) VEGF e (C) CD31 + VEGF + DAPI (D) Detalhe. Barra da escala = 50um.
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5.5.5 Dupla marcacéao fluorescente direta de CPE com UEA-1 -FITC e DIL-
ACLDL

As CPE foram avaliadas funcionalmente pela capacidade de internalizacao de
Dil-acLDL e ligacdo a UEA-1-FITC. Todas as células aderentes foram positivas para
dupla marcacédo pela absorcdo de Dil-acLDL e pela ligagdo a UEA-1-FITC. Os

nucleos foram corados com DAPI.

Figura 25 — Dupla marcacéo positiva CPE para UEA-1-FITC e Dil-acLDL.

UEA-1 Dil-acLDL UEA-1 + Dil-acLDL + DAPI

Legenda: (A) UEA-1 FITC; (B) Dil-acLDL TRITC e (C) UEA-1 + Dil-acLDL + DAPI (D) Detalhe.
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5.5.6 Imunofluorescéncia indireta de CTM

A imunofluorescéncia indireta demonstrou que as CTM obtidas de CUh séo
positivas para vimentina e CD105. Os nucleos foram corados com DAPI. O controle
negativo desta reagcdo foi realizado com a incubacdo de apenas o anticorpo
secundario, sem a incubacédo com o anticorpo primario. Desta maneira verificou-se
gue a reacao do anticorpo secundario ndo € inespecifica, pois apenas 0s nucleos

foram corados.

Figura 26 — Imunofluorescéncia indireta para vimentina e CD105 de CTM em cultura.

Vimentina CD 105

20,0 pm 1

20,0 pm 20,0 pm

Legenda: (A) Vimentina (B) CD105 (C e D) controle negativo. Barra da escala = 20um.
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5.6 CARACTERIZACAO FUNCIONAL
5.6.1 Ensaios de diferenciacdo adipogénica, osteogénica e condrogénica

As CTM provenientes da GW apresentaram potencial de diferenciacdo em
adipécitos, osteoblastos e condrécitos com caracteristicas morfoldgicas tipicas de
células especializadas quando tratadas por 21 dias com meio indutor na 32
passagem. O controle positivo destes ensaios foi feito com CTM provenientes da MO
humana. Foi detectada a diferenciacéo adipogénica das CTM pela coloracéo Oil Red
O que evidencia os vacuolos de gordura. A diferenciacdo osteogénica das CTM foi
detectada pela observacao de depdsitos de calcio nas culturas, através da coloracao
com Alizarina Red S. Os condroblastos secretam uma matriz extracelular rica em

glicosaminoglicanos sulfatados, que foram corados com Azul de Toluidina.

Figura 27 — Ensaios de Diferenciacao Adipogénica, Osteogénica e Condrogénica.
Adipogénico Osteogénico Condrogénico

CTM-GW

Controle Negativo

CTM-MO

Legenda: (A) CTM coradas em corante Oil Red O, (B) CTM coradas em Alizarina Red S, (C) CTM
coradas em Azul de Toluidina, (D, E, F) Controles negativos, (G, H, I) Controles positivos. Barra da
escala = 20um.
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5.6.2 Ensaio de formacao de tubulos capilares  in vitro

O ensaio de formacédo de tubulos capilares permitiu verificar a habilidade das
células progenitoras endoteliais provenientes do SCUh formarem estruturas com
caracteristicas de vasos sanguineos em matriz tridimensional.

Foram realizados intervalos de observacédo de 1, 3 e 24 horas. Com 1 hora
foi possivel verificar estruturas com caracteristicas de tubulos capilares. Com 3
horas de observacdo os tubulos capilares foram formados e permaneceram até as
24 horas de observacdo. Nos 3 experimentos realizados foram obtidos os mesmos
resultados. As células endoteliais (CE) obtidas de veia safena humana foram
utilizadas como controle positivo e a linhagem de fibroblastos L929 foi utilizada como

controle negativo.

Figura 28 — Ensaio de formacao de tdbulos capilares. Barra da escala= 500um.

3 Horas

24 horas

{ - 3 —T— e —T—

Legenda: (A) CPE em 1 hora, (B) CE em 1 hora, (C) L929 em 1 hora, (D) CPE em 3 horas, (E) CE em
3 horas, (F) L929 em 3 horas, (G) CPE em 24 horas, (H) CE em 24 horas, (I) L929 em 24 horas.
Barra da escala = 500um.
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5.7 ENSAIOS PRE-CLINICOS

5.7.1 Inducéo da miocardiopatia isquémica

Foram utilizados 440 animais para o procedimento de inducdo da MI. O peso
meédio dos animais foi de 361,21 *+ 8,03 gramas. A duracdo do procedimento foi de
4,1610,42 minutos. A isquemia foi confirmada pela rapida mudanca de coloracéo e
acinesia na regido. O tempo de recuperacdo no pos-operatério imediato foi
10,37+4,34 minutos. A taxa de mortalidade durante o procedimento foi de 30%, no

pos-cirdrgico 15,90% e apés 24 horas 3,64%, totalizando 218 obitos.

5.7.2 Avaliacdo por ecocardiografia da funcdo cardiaca ap  0s a inducdo da

miocardiopatia isquémica

Foi realizada a avaliagcdo ecocardiografica em 222 animais, destes 62
apresentaram FE igual ou abaixo de 40% e foram randomizados entre os seguintes
grupos:

. Transplante Meio: N = 18

. CTM: N =17

. CPE: N =13

. CTM+CPE:N =14

A taxa de efetividade da indugcéo da MI com fracao de ejec&o igual ou abaixo
de 40% foi de 27,93%.

Tabela 15 — Média das variaveis ecocardiograficas no 7° dia apos inducéo da Ml.

Grupo N ADF1 VDF1 ASF1 VSF1 FEVE1
Transplante Meio 18 1,27978 0,78800 1,05002 0,56387 27,95333
CT™M 17  1,3227 0,8675 11,0887 0,6509 26,2100

CPE 13 1,2403 0,7672 0,9590 0,5133 32,4167
CTM+CPE 14  1,2427 0,7757 0,9661 0,5361 32,8633

Legenda: ADF1: area diastdlica final; VDF1: volume diastélico final; ASF1: area sistdlica final; VSF1.:
volume sistélico final; FEVEL: fracdo de ejecdo do ventriculo esquerdo.
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5.7.3 Transplante de células

O transplante de células foi realizado no nono dia apés a inducédo da Ml em
62 animais, sendo 18 para o grupo transplante de meio, 17 para o grupo CTM, 13
animais para o grupo CPE e 14 animais para o grupo CTM+CPE. A duracdo do
procedimento foi de 19,8+1,71 minutos e o tempo de recuperacdo no pos-operatorio
imediato foi 3,85+3,75 minutos. A taxa de mortalidade durante ou apds o transplante
foi de 27,41%, sendo 7 animais para o grupo CTM, 3 animais para o grupo CPE, 4
animais para o grupo CTM+CPE e 3 animais para o grupo transplante de meio. Os
grupos finalizaram o estudo com o0s seguintes numeros de animais:

. Transplante Meio: N = 15

. CTM: N =10

. CPE:N=10

. CTM+CPE: N =10

5.7.4 Avaliacdo por ecocardiografia da funcdo cardiaca ap 6s 30 dias do

transplante

Foi realizada a segunda avaliagdo ecocardiografica em 45 animais ap6s 30

dias do transplante.

Tabela 16 — Média das variaveis ecocardiograficas no 30° dia apés o transplante.

Grupo N ADF2 VDF2 ASF2 VSF2 FEVEZ2
Transplante Meio 15 1,45422 1,02113 1,19371 0,74927 27,71556
CT™M 10 1,3640 10,9249 1,0065 0,5910 37,9833

CPE 10 1,3530 0,9018 0,9673 0,5408 40,3267
CTM+CPE 10 1,3510 0,9220 0,9737 0,5712 40,0567

Legenda: ADF2: area diastdlica final; VDF2: volume diastélico final; ASF2: area sistélica final; VSF2:
volume sistélico final; FEVEZ2: fracdo de ejecdo do ventriculo esquerdo.
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Figura 29 — Organograma do comportamento dos animais no estudo.
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Os grupos foram comparados dois a dois testando-se a hipétese nula de que
a probabilidade de Obito é igual para os dois grupos sob comparacdo, versus a
hipotese alternativa de probabilidades diferentes. Na tabela 17 sdo apresentadas
frequéncias e percentuais de acordo com os grupos e o desfecho de 6bito. Também

sao apresentados os valores de p dos testes estatisticos na tabela 18.

Tabela 17 — Taxa de mortalidade nos diferentes grupos apés o transplante.

Obito TX meio CTM CPE CTM+CPE
N&o 15 (83,3%) 10 (58,8%) 10 (76,9%) 10 (71,4%)
Sim 3 (16,7%) 7 (41,2%) 3 (23,1%) 4 (28,6%)
Total 18 17 13 14

Tabela 18 — Estudo de correlaces feito entre os grupos.

Grupos sob comparacgéo Valor de p
Tx meio x CTM 0,146
Tx meio x CPE 0,676
Tx meio x CTM+CPE 0,669
CTM x CPE 0,440
CTM x CTM+CPE 0,707
CPE x CTM+CPE 1

Na tabela 19 sdo apresentadas frequéncias e percentuais para o grupo Tx
meio e o grupo de CTM, CPE, CTM+CPE (tratados) e o desfecho de 6bito.

Tabela 19 — Comparacdo do percentual de mortalidade do grupo controle com os grupos que
receberam o transplante celular.

Obito TXx meio Tratados (CTM, CPE, CTM+CPE)
Nao 15 (83,3%) 30 (68,2%)

Sim 3 (16,7%) 14 (31,8%)

Total 18 44

Valor de p = 0,348
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5.8 ANALISE HISTOLOGICA

Primeiramente foi realizada uma analise macroscopica dos coracfes onde
ficou demonstrado que os animais que passaram pela inducdo da miocardiopatia
isquémica apresentam o0 mesmo padrdo anatomo-patoldgico: morfologia oval,
presenca de extensa area de cicatriz na regido antero-lateral, e ventriculo esquerdo
dilatado. O controle sadio apresentou padrdo anatémico normal: morfologia eliptica,
sem aumento das cavidades. Observa-se que a espessura do ventriculo esquerdo
dos animais tratados com células é maior em relacdo ao controle. O adelgagamento
da parede infartada durante o processo de formacdo da cicatriz € também

observado no remodelamento ventricular (figura 30).

Figura 30 — Demonstragdo histologica da espessura da cicatriz do ventriculo esquerdo apds
alterag6es morfologico-estruturais que ocorrem apos 30 dias do infarto corados em HE.

— N
X X N

CTM + CPE CPE CTM Sadio Tx Meio

Legenda: seta = regido isquémica antero-apical do ventriculo esquerdo.

5.8.1 Hematoxilina-Eosina

A avaliagcdo microscopica do tecido cardiaco foi realizada em cortes corados
com hematoxilina-eosina (HE) com o intuito de evidenciar a area infartada do
ventriculo esquerdo, bem como observar a organizacdo geral do tecido. Nesta
coloracdo os nucleos foram corados em azul e o citoplasma, as fibras colagenas e
elasticas em tons de rosa. As amostras fixadas com formalina 10% e embebidas em
parafina foram seccionadas em cortes de 4 ym para exames histolégicos com a
coloracdo HE.

Observa-se pela coloracio em HE que o tecido miocardico sofreu
modificacdes anatomo-patologicas pela extensdo da lesdo e processo cicatricial,

pela hipertrofia da parede do ventriculo esquerdo e aumento da cavidade ventricular.
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Ocorreram degeneracdo e morte das fibras musculares cardiacas, evidenciada pela
perda das estriagfes e dos nucleos. As imagens sdo de um animal representativo de

cada grupo.

Figura 31 — Seccdes histologicas da regido do ventriculo esquerdo de coragfes de ratos obtidas 30
dias apos o transplante coradas por HE.

Tx de Meio

CTM

CTM+CPE

SADIO

CPE

Legenda: Visualizacéo das secc¢des histolégicas com magnitude de 100x (A, D, G, J, M) 200x (B, E,
H, K, N) e 400x (C, F, I, L, O).
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5.8.2 Tricrébmio de Masson

A coloracdo com tricromio de Masson revelou a presenca de fibrose
intersticial em todos os grupos. A area cicatricial dos diferentes grupos foi definida
como porcentagem do ventriculo esquerdo positivo para marcacdo de colageno
(azul), indicando a presenca e a extensdo de zona cicatricial. A avaliacdo da relacéo
ventriculo esquerdo / cicatriz foi feita a partir da area total do ventriculo esquerdo e
da é&rea relativa a cicatriz. Os nucleos foram corados em azul escuro, o musculo, 0s

eritrocitos e o citoplasma das células em vermelho e o colageno em azul.

Figura 32 — Cortes histolégicos na regia

o0 do ventriculo esquerdo corados por tricré
: — A SN R DRVl
> e Y

mio de Masson.

Tx Meio

CTM

CPE

CTM+CPE

Legenda: Visualizacao das seccdes histoldgicas com magnitude de 100x (A, C, E, G) Barra da escala
=200um e 400x (B, D, F, H) Barra da escala = 50pum.
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Para % total de colageno e % total de tecido sadio, testou-se a hipétese nula

de que os resultados sao iguais nos 3 grupos, versus a hipétese alternativa de que

pelo menos um dos grupos tem resultados diferentes dos demais. Na tabela 20 sdo

apresentados os resultados obtidos. Considerando-se que a soma dos dois

percentuais € igual a 100%, o valor de p é o mesmo para os dois testes estatisticos.

Tabela 20 — Valores medianos do percentual de coldgeno e de tecido sadio nos diferentes grupos

corado por Tricrbmio de Masson.

Desvio Valor

Variavel Grupo n Média Mediana Minimo Maximo ~
padrédo de p*
% Total de Colageno CTM 46 28,6 14,1 0,1 98,2 32,9
CPE 51 18,6 4,6 0,1 92,3 27,6
CTM+CPE 51 33,6 20,6 0,1 98,8 37,2
TX meio 91 52,7 50,8 40,2 69,2 6,1 <0,001
% Total de Tecido
Sadio CTM 46 71,4 85,9 1,8 999 32,9
CPE 51 81,4 95,4 7,7 999 27,6
CTM+CPE 51 66,4 79,4 1,2 999 37,2
Tx meio 91 47,3 49,2 30,8 59,8 6,1 <0,001

Legenda: *Teste ndo-paramétrico de Kruskal-Wallis, p<0,05

Considerando-se que houve diferenca significativa entre os 4 grupos, estes

foram comparados dois a dois. Na tabela abaixo sdo apresentados os valores de p

dessas comparacoes.

Tabela 21 — Valores de p da comparacao dois a dois entre 0s quatro grupos experimentais

Grupos comparados Valor de p
CTM x CPE 0,117
CTM x CTM+CPE 0,229
CTM x Tx meio <0,001
CPE x CTM+CPE 0,005
CPE x Tx meio <0,001
CTM+CPE x Tx meio <0,001
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Graéfico 5 — Percentual de colageno e de tecido sadio nos diferentes grupos corado em tricromio de

Masson.
i Tecido sadio
@ Colageno

CPE CTM+CPE TX meio

100%
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80% -
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CT™M

Legenda: Vermelho = percentual de tecido sadio; Azul = percentual de colageno total.

Gréafico 6 — Valores expressos por médias, medianas, valores minimos, valores maximos nos
diferentes grupos.
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[#] Tecido sadio
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Grupo
Legenda: Vermelho = percentual de colageno total; Azul = percentual de tecido sadio.
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5.8.3 Picrossirius red

A avaliacdo morfométrica pela coloracdo de Picrossirius red possibilitou a
quantificacdo de colageno tipo | e tipo lll na &rea infartada. Quando um tecido é
lesado os fibroblastos proliferam, migram para a ferida e produzem grandes
quantidades de matriz rica em colageno que ajuda a isolar e reparar o tecido. A
hipotese testada para esta analise é que os animais que receberam o transplante
celular apresentem uma quantidade menor de colageno quando comparados com 0s
animais que recebereram apenas o transplante de meio.

Para cada uma das variaveis de colageno detectado pela coloracao
Picrossirius red, testou-se a hipdtese nula de que os resultados sdo iguais nos 3
grupos, versus a hipétese alternativa de que pelo menos um dos grupos tem
resultados diferentes dos demais.

Na tabela abaixo sdo apresentados os resultados obtidos para campo claro.
Considerando-se que a soma dos dois percentuais € igual a 100%, o valor de p é o

mesmo para os dois testes estatisticos.

Tabela 22 — Valores medianos do percentual de colageno e de tecido sadio por Picrossirius red em
campo claro.

_ _ _ _ _ Desvio Valor
Variavel Grupo n Media Mediana Minimo Maximo .
padrdo de p*

% total de Tecido

Sadio - CT™M 70 65,1 65,7 22,8 93,6 16,7
Campo claro CPE 80 75,6 78,5 32,0 96,7 12,1
CTM+CPE 51 47,7 43,8 6,4 95,7 22,1
TXx meio 93 355 35,8 11,5 53,2 10,0 <0,001
% Total de Colageno - CTM 70 34,9 34,3 6,4 77,2 16,7
Campo claro CPE 80 24,4 21,5 3,3 68,0 12,1

CTM+CPE 51 523 56,2 4,3 93,6 22,1
Tx meio 93 64,5 64,2 46,8 88,5 10,0 <0,001
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Considerando-se que houve diferenca significativa entre os grupos, estes
foram comparados dois a dois. Na tabela abaixo sdo apresentados os valores de p

dessas comparacoes.

Tabela 23 — Comparacao entre os grupos dos valores de p para o percentual de colageno e tecido
sadio por Picrossirius red em campo claro.

% total de Tecido Sadio % Total de Colageno
Grupos comparados
Campo claro Campo claro
CTM x CPE <0,001 <0,001
CTM x CTM+CPE <0,001 <0,001
CTM x Tx meio <0,001 <0,001
CPE x CTM+CPE <0,001 <0,001
CPE x Tx meio <0,001 <0,001
CTM+CPE x Tx meio <0,001 <0,001

Gréfico 7 — Percentual de colageno e de tecido sadio nos diferentes grupos corado em Picrossirius

red analisado em campo claro
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Legenda: Vermelho = percentual de tecido sadio; Azul = percentual de colageno total.

Identificacdo de colageno tipo | e colageno tipo Il apds polarizacao
demonstrando &rea de fibrose intersticial devido a substituicdo das fibras musculares

cardiacas por tecido conjuntivo (Figura 33).
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Figura 33 — Fotomicrografias de corte histolégico do ventriculo esquerdo corado por Picrossirius red.

Luz Polarizada Campo Claro

/ N (T

TX meio

CTM + CPE

Legenda: (A) Tx de meio em luz polarizada, (B) Tx de meio em campo claro, (C) CTM em luz
polarizada, (D) CTM em campo claro, (E) CPE em luz polarizada, (F) CPE em campo claro, (G)
CTM+CPE em luz polarizada, (H) CTM+CPE em campo claro. Barra da escala = 100pm.
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Nas tabelas abaixo s&do apresentados os resultados obtidos para luz

polarizada.

Tabela 24 — Valores do percentual de colageno vermelho, amarelo e verde por Picrossirius red
analisado em luz polarizada.

Desvio Valor

Variavel Grupo n Meédia Mediana Minimo Maximo .
padrdo de p*
) CT™M 70 6,7 2,5 0,0 72,4 11,7
% de Colageno
CPE 80 6,9 3,6 0,0 80,0 12,2
Vermelho
_ CTM+CPE 51 18,4 7,1 0,2 90,2 23,8
Luz polarizada .
Tx meio 93 38,0 38,5 20,3 54,2 56 <0,001
) CT™M 70 85,8 88,3 24,0 99,0 13,3
% de Colageno
CPE 80 824 86,0 19,7 99,4 15,4
Verde
_ CTM+CPE 51 67,1 71,5 57 98,3 24,7
Luz polarizada _
TXx meio 93 419 41,9 28,2 52,5 4,4 <0,001
i CT™M 70 75 4,7 0,2 32,8 6,8
% de Colageno
CPE 80 10,8 8,4 0,3 52,8 9,5
Amarelo
, CTM+CPE 51 14,5 12,0 0,4 42,2 11,0
Luz polarizada _
TXx meio 93 20,1 20,2 -0,4 40,5 6,7 <0,001

Legenda: *Teste ndo-paramétrico de Kruskal-Wallis, p<0,05; Amarelo = percentual de coldgeno
tipo | (maduro); Vermelho = percentual de colageno tipo | (maduro); Verde = percentual de
colageno tipo Il (imaturo).

Considerando-se que houve diferenca significativa entre os grupos, estes

foram comparados dois a dois. Na tabela abaixo sdo apresentados os valores de p

dessas comparacoes.

Tabela 25 — Comparagéo dos valores de p do percentual de colageno vermelho, amarelo e verde por
Picrossirius red analisado em luz polarizada.

% de Colageno

% de Colageno

% de Colageno

Grupos comparados Vermelho — Luz Verde — Amarelo —
polarizada Luz polarizada Luz polarizada
CTM x CPE 0,513 0,101 0,015
CTM x CTM+CPE <0,001 <0,001 0,011
CTM x Tx meio <0,001 <0,001 <0,001
CPE x CTM+CPE <0,001 <0,001 <0,001
CPE x Tx meio <0,001 <0,001 <0,001
CTM+CPE x Tx meio <0,001 <0,001 <0,001
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Gréfico 8 — Percentual dos diferentes tipos de colageno nos diferentes grupos corado em Picrossirius

red analisado em luz polarizada.
LiAmarelo
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Legenda: Amarelo = percentual de colageno tipo | (maduro); Vermelho = percentual de colageno tipo |
(maduro); Verde = percentual de colageno tipo Il (imaturo).

Gréafico 9 - Valores expressos por médias, medianas, valores minimos, valores maximos nos
diferentes grupos.
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Legenda: Amarelo = colageno tipo | (maduro); Vermelho = colageno tipo | (maduro); Verde =
colageno tipo Il (imaturo).
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5.9 LOCALIZACAO DAS CELULAS TRANSPLANTADAS POR HIBRIDIZACAO
IN SITU POR FLUORESCENCIA (FISH)

Por meio da técnica de hibridacdo in situ por fluorescéncia foi possivel
localizar as células 30 dias apds o transplante por meio da sonda de DNA que
reconheceu e se hibridizou com sua sequéncia complementar no cromossomo das
células humanas. Na figura A e B mostra o controle positivo em uma lamina de
medula 6ssea e células-tronco mesenquimais derivadas da MO, respectivamente.
Com estes controles foi possivel identificar o padrédo de expressao. Nao foi possivel
quantificar o niumero de células humanas presentes no tecido cardiaco dos animais,

pois foram raramente visualizadas.

Figura 34 — Localizacdo das células transplantadas por hibridizacao in situ por fluorescéncia.

Legenda: (A) Controle positivo — Medula 6ssea; (B) Controle positivo — CTM-MO; (C) CTM+CPE; (D)
CTM; (E) CPE; (F) Controle negativo. Barra da escala = 20um.
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5.10 ANALISE DAS PROTEINAS ANGIOGENICAS NO SANGUE PERIFERICO
POR ARRANJOS DE ANTICORPOS

Para verificar a especificidade da membrana foi utilizado como controle

positivo 0 soro humano e como controle negativo o soro de rato sadio.

Figura 35 — Citocinas e fatores de crescimento presentes no sangue periférico humano e de rato
sadio.

Soro humano Rato sadio
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[ERY
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1ls

Controle -

Apos verificar a especificidade da membrana foi feita a analise em triplicata do

soro dos animais nos 4 grupos experimentais.

Figura 36 — Citocinas e fatores de crescimento presentes no sangue periférico dos animais
transplantados
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{

Ao analisar a intensidade dos spots, nas imagens das membranas dos

CTM + CPE

arranjos, entre o controle positivo (soro humano), controle negativo (soro de animal
sadio) (Figura 35) com o0s grupos que receberam o transplante (Figura 36) foi
observado que de fato existia na circulacdo dos ratos fatores paracrinos humanos

relacionados a angiogénese.
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Figura 37 — Mapa da membrana de arranjo de anticorpos das citocinas e fatores de crescimento.
A B C D E F G H

1 POS POS NEG NEG Angiogenin EGF EMA-TE b FGF

2 POS POS NEG NEG Angiogenin EGF ENA-78 b FGF
3 GRO IFMN-y IGF-I IL-6 IL-8 LEPTIN MCP-1 PDGF-BB
4 GRO IFM-y IGF-I IL-6 IL-8 LEPTIN MCP-1 PDGF-BB
5 PIGF RANTES TGF-g1 TIMP-1 TIMP-2 Thrombopoistin VEGF VEGF-D
] PIGF RANTES TGF-g1 TIMP-1 TIMP-2 Thrombopoietin VEGF VEGF-D
7 BLANK BLANK BLANK BLANK BLANK BLANK Neg POS

8 BLANK BLANK BLANK BLANK BLANK BLANK Neg POS

Legenda: POS: controle positivo; NEG: controle negativo; VEGF: Fator de crescimento endotelial
vascular; bFGF: Fator de crescimento basico de fibroblastos; PDGF: Fator de crescimento derivado
de plaqueta; TIMP1: Inibidor da metaloproteinase 1; TIMP2: Inibidor da metaloproteinase 2; PIGF:
Fator de crescimento placentario; EGF: Fator de crescimento epidermal; GRO: Regulador do
crescimento de oncogene; INFy: interferon gama; IGFI: fator de crescimento semelhante a insulina do
tipo 1; IL-6 Interleucina-6; IL-8: Interleucina-8; LEPTIN: Leptina; MCP-1: proteina 1 quimioatrativas de
mondcitos; RANTES: Citocina expressa e secretada por linfécitos T; Angiogenin: Angiogening;
ENA78: ativador neutrofilico derivado do epitélio; Thrombopoietin: Trombopoietina; VEGF-D: Fator de
crescimento endotelial vascular-D; TGF-R3: fator de crescimento transformador-B e BLANK: em
branco.

Tabela 26 — Valores da média de expressdo das citocinas e fatores de crescimento humanos
presentes no sangue periférico dos animais nos diferentes grupos experimentais.

Meio CT™M CPE CTM+CPE
Média

POS 841,7 841,7 8417 841,7
NEG 13,4 6,1 4,7 19,7
Angiogenina 18,7 8,7 7.9 88,1
EGF 145,9 108,2 127,0 186,3
ENA-78 79,0 59,6 40,9 227,1
bFGF 109,1 49,7 9,1 187,2
GRO 24,3 40,6 45,1 162,1
IFN-gama 11,4 29,1 32,6 158,5
IGF-I 48,7 75,9 81,9 239,2
IL-6 1,0 50 8,1 235,0
IL-8 7.4 16,3 15,4 24,6
Leptina 12,6 18,0 18,1 120,6
MCP-1 23,3 15,9 10,7 156,8
PDGF-BB 70,7 57,5 54,5 182,8
PIGF 29,9 39,8 40,9 189,5
RANTES 111,8 140,4  154,6 325,0
TGF-beta 1 22,7 26,8 24,9 41,0
TIMP-1 6,7 17,8 10,1 39,2
TIMP-2 13,1 23,8 23,6 60,9
Trombopoietina 5,6 19,5 14,9 94,0
VEGF 11,3 17,7 12,8 46,4
VEGF-D 50,7 47,4 36,7 217,2
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Para os fins de analises, foram considerados somente aqueles fatores que
estivessem aumentados por um fator igual ou maior que dois nos grupos que
receberam o transplante celular em relacdo aos controles negativos. Foi utilizada a
seguinte férmula:

Coeficiente = Média Grupo Tratamento
Média Grupo Controle

Das 20 citocinas e fatores de crescimento possiveis de serem detectados pelo
arranjo de anticorpos o interferon gama, a interleucina-6, a interleucina-8 e a

trombopoietina, cumpriram com estes critérios nos trés grupos experimentais.

Tabela 27 — Coeficiente da expressao das citocinas e fatores de crescimento humanos presentes no
sangue periférico dos animais nos diferentes grupos.

CT™M CPE CTM+CPE

Angiogenina 0,5 0,4 47
EGF 0,7 0,9 1,3
ENA-78 0,8 0,5 2,9
bFGF 0,5 0,1 1,7
GRO 1,7 1,9 6,7
IFN-gama 2,5 2,9 13,9
IGF-I 1,6 1,7 4.9

IL-6 5,0 8,1 235,0
IL-8 2,2 2,1 3,3
Leptina 1,4 1,4 9,6
MCP-1 0,7 0,5 6,7
PDGF-BB 0,8 0,8 2,6
PIGF 1,3 1,4 6,3
RANTES 1,3 1,4 2,9
TGF-beta 1 1,2 11 1,8
TIMP-1 2,7 1,5 5,9
TIMP-2 1,8 1,8 4.6
Trombopoietina 3,5 2,6 16,7
VEGF 1,6 1,1 4,1
VEGF-D 0,9 0,7 4,3

Legenda: Vermelho: indice maior que 2 nos trés grupos



5.11 ANALISE ESTATISTICA

5.11.1 Comparacéo entre os grupos CPE+CTM, CTM, CPEe TX M EIO
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Para cada uma das variaveis, testou-se a hipotese nula de que a meédia é

igual nos grupos comparados, versus a hipotese alternativa de que pelo menos um

grupo tem média diferente dos demais. No caso de rejeicdo da hipotese nula, ou

seja, de diferenca significativa entre os grupos, estes foram comparados dois a dois.

Na tabela abaixo sdo apresentadas estatisticas descritivas das avaliacdes pré, pos e

da diferenca entre pré e pés. Também sado apresentados os valores de p dos testes

estatisticos.

Tabela 28 — Andlise estatistica dos parametros ecocardiograficos dos grupos CPE+CTM, CTM, CPE

e Tx Meio.
Varidvel Grupo n Média Mediana  Minimo Ma&ximo E:;rvég Valgi de
ADF1 CPE+CTM 10 1,24 1,26 0,92 1,37 0,13

CT™M 10 1,32 1,31 1,14 1,70 0,16

CPE 10 1,24 1,19 1,07 1,58 0,15

Tx meio 15 1,28 1,28 1,19 1,39 0,06 0,415
ADF2 CPE+CTM 10 1,35 1,32 1,12 1,71 0,17

CT™M 10 1,36 1,33 1,07 1,63 0,16

CPE 10 1,35 1,34 1,19 1,53 0,12

Tx meio 15 1,45 1,44 1,22 1,72 0,14 0,242
Dif ADF CPE+CTM 10 0,11 0,15 -0,17 0,49 0,20

CT™M 10 0,04 0,05 -0,40 0,49 0,25

CPE 10 0,11 0,11 -0,22 0,41 0,18

Tx meio 15 0,17 0,16 0,03 0,36 0,11 0,242
VDF1 CPE+CTM 10 0,78 0,81 0,48 0,89 0,12

CT™M 10 0,87 0,84 0,69 1,29 0,17

CPE 10 0,77 0,74 0,62 1,09 0,15

Tx meio 15 0,79 0,78 0,66 0,91 0,08 0,300
VDF2 CPE+CTM 10 0,92 0,88 0,66 1,42 0,23

CT™M 10 0,92 0,90 0,64 1,22 0,18

CPE 10 0,90 0,88 0,75 1,09 0,13

Tx meio 15 1,02 1,01 0,65 1,29 0,18 0,339
Dif VDF CPE+CTM 10 0,15 0,18 -0,22 0,71 0,25

CT™M 10 0,06 0,06 -0,43 0,54 0,28

CPE 10 0,13 0,11 -0,18 0,44 0,17

Tx meio 15 0,23 0,21 -0,01 0,53 0,16 0,339
ASF1 CPE+CTM 10 0,97 0,98 0,68 1,16 0,14

CT™M 10 1,09 1,05 0,87 1,51 0,19

CPE 10 0,96 0,93 0,84 1,23 0,12
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Tx meio 15 1,05 1,02 0,92 1,30 0,10 0,102
ASF2 CPE+CTM 10 0,97 0,96 0,68 1,43 0,21

CT™M 10 1,01 1,00 0,65 1,49 0,24

CPE 10 0,97 1,01 0,80 1,15 0,12

Tx meio 15 1,19 1,18 0,90 1,59 0,20 0,029
Dif ASF CPE+CTM 10 0,01 0,02 -0,44 0,43 0,24

CT™M 10 -0,08 -0,05 -0,62 0,61 0,34

CPE 10 0,01 0,04 -0,28 0,18 0,14

Tx meio 15 0,14 0,18 -0,17 0,33 0,16 0,029
VSF1 CPE+CTM 10 0,54 0,54 0,31 0,71 0,12

CTM 10 0,65 0,59 0,48 1,05 0,17

CPE 10 0,51 0,49 0,38 0,75 0,10

Tx meio 15 0,56 0,57 0,43 0,78 0,09 0,075
VSF2 CPE+CTM 10 0,57 0,56 0,29 1,06 0,22

CTM 10 0,59 0,57 0,29 1,07 0,23

CPE 10 0,54 0,57 0,41 0,67 0,10

Tx meio 15 0,75 0,73 0,43 1,08 0,20 0,041
Dif VSF CPE+CTM 10 0,04 -0,02 -0,34 0,55 0,24

CTM 10 -0,06 -0,04 -0,58 0,57 0,32

CPE 10 0,03 0,05 -0,16 0,19 0,11

Tx meio 15 0,19 0,23 -0,09 0,43 0,15 0,041
FE1 CPE+CTM 10 32,86 33,18 25,63 39,70 4,67

CTM 10 26,21 27,45 18,33 32,00 5,35

CPE 10 32,42 32,03 25,00 38,53 5,20

Tx meio 15 27,95 30,03 11,37 35,90 7,56 0,036
FE2 CPE+CTM 10 40,06 39,25 25,27 56,67 9,59

CT™M 10 37,98 37,90 12,50 53,57 12,66

CPE 10 40,33 39,67 34,00 47,27 4,43

Tx meio 15 27,72 27,20 15,77 43,00 8,15 0,006
Dif FE CPE+CTM 10 7,19 7,38 -9,57 27,27 9,86

CT™M 10 11,77 13,68 -15,07 27,80 14,05

CPE 10 7,91 7,67 0,73 14,90 4,52

Tx meio 15 -0,24 0,50 -12,80 20,47 8,18 0,006

Legenda: *ANOVA para as avaliacdes pré e ANCOVA para as avaliacdes pos e diferencas (avaliacédo
pré como covariavel), p<0,05; ADF1: area diastélica final no 7° dia apés inducdo da MI; ADF2: area
diastélica final no 30° dia apés transplante; Dif ADF: Diferenca da ADF2-ADF1; VDF1: volume
diastélico final no 7° dia apés inducdo da MI; VDF2: volume diastélico final no 30° dia apés
transplante; Dif VDF: Diferenca do VDF2-VDF1; ASF1: area sistélica final no 7° dia apds inducéo da
MI; ASF2: area sistélica final no 30° dia ap6s transplante; Dif ASF: Diferenca da ASF2-ASF1; VSF1:
volume sistélico final no 7° dia ap6s indugdo da MI; VSF2: volume sistdlico final no 30° dia apos
transplante; Dif VSF: Diferenca do VSF2-VSF1; FE1: fragdo de ejecao do ventriculo esquerdo no 7°
dia ap6s inducgédo da MI; FE2: fracao de ejecao do ventriculo esquerdo no 30° dia apoés transplante; Dif
FE: Diferenca da FE2-FE1.
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Na comparagcao dos grupos dois a dois foi encontrada diferenca significativa
entre os valores de FE nos trés grupos de tratamento versus o grupo controle
(transplante de meio). No entanto, ndo foi encontrada difereca significativa na

comparacao dos grupos de tratamento entre si.

Tabela 29 — Comparacao das variaveis ecocardiograficas que apresentaram valor de p<0,05

Grupos comparados Valor de p

ASF2 DifASF  VSF2 Dif VSF FE1 FE2 Dif FE
CPE+CTM x CTM 0,715 0,320 0,819 0,277 0,018 0,606 0,257
CPE+CTM x CPE 0,943 0,994 0,726 0,930 0,870 0,946 0,858
CPE+CTM x Tx meio 0,010 0,103 0,029 0,064 0,053 0,002 0,048
CTM x CPE 0,663 0,316 0,563 0,317 0,027 0,560 0,338
CTM x Tx meio 0,027 0,008 0,051 0,003 0,484 0,007 0,002
CPE x Tx meio 0,008 0,104 0,012 0,052 0,078 0,001 0,031

Legenda: ASF2: area sistdlica final no 30° dia ap6s transplante; Dif ASF: Diferenca da ASF2-ASF1;
VSF2: volume sistoélico final no 30° dia apds transplante; Dif VSF: Diferenca do VSF2-VSF1; FE1:
fracdo de ejecdo do ventriculo esquerdo no 7° dia apds inducdo da MI; FE2: fracdo de ejecdo do
ventriculo esquerdo no 30° dia apds transplante; Dif FE: Diferenca da FE2-FEL1.
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cada grupo

A andlise ecocardiografica demonstrou que houve melhora da FE nos grupos

de terapia celular 30 dias apés o transplante. O grupo transplante de meio (controle)

nao apresentou melhora em relacao aos valores iniciais.

Tabela 30 — Comparacédo entre os valores da area diastélica final pré e pés-transplante dentro de

cada grupo
Grupo Avaliagéo n Média Destio Dife,ren(;a Valor de
padrdo  média p*

CPE+CTM ADF1 1,24 0,13

ADF2 10 1,35 0,17 0,11 0,116
CT™M ADF1 1,32 0,16

ADF2 10 1,36 0,16 0,04 0,615
CPE ADF1 1,24 0,15

ADF2 10 1,35 0,12 0,11 0,074
Tx meio ADF1 1,28 0,06

ADF2 15 1,45 0,14 0,17 <0,001

Legenda: *Teste t de Student para amostras pareadas, p<0,05; ADF1 = area diastdlica final no 7° dia
apos indugédo da MI; ADF2 = area diastdlica final no 30° dia apés transplante.

Gréfico 10 — Média da area diastolica final pré e pés-transplante dentro de cada grupo
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Legenda: Aval 1 = &rea diastdlica final no 7° dia ap6és inducao da MI; Aval 2 = area diastélica final no

30° dia apos transplante.
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Tabela 31 — Comparagédo entre os valores do volume diastolico final pré e pds-transplante dentro de

cada grupo
Grupo Avaliacéo n Média Desv~io Dife[enga Valor de
padrdo  média p*

CPE+CTM VDF1 0,78 0,12

VDF2 10 0,92 0,23 0,15 0,099
CT™M VDF1 0,87 0,17

VDF2 10 0,92 0,18 0,06 0,526
CPE VDF1 0,77 0,15

VDF2 10 0,90 0,13 0,13 0,031
TX meio VDF1 0,79 0,08

VDF2 15 1,02 0,18 0,23 <0,001

Legenda: *Teste t de Student para amostras pareadas, p<0,05; VDF1 = volume diastdlico final no 7°
dia ap6s inducéo da MI; VDF2 = volume diastdlico final no 30° dia ap6s transplante.

Gréfico 11 — Média do volume diastolico final pré e péds-transplante dentro de cada grupo
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Legenda: Aval 1 = volume diastélico final no 7° dia apés indugédo da MI; Aval 2 = volume diastoélico
final no 30° dia apds transplante.
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Tabela 32 — Comparagéo entre os valores da area sistolica final pré e pés-transplante dentro de cada

grupo
Grupo Avaliacéo n Média Desv~io Dife[enga Valor de
padrdo  média p*

CPE+CTM ASF1 0,97 0,14

ASF2 10 0,97 0,21 0,01 0,924
CT™M ASF1 1,09 0,19

ASF2 10 1,01 0,24 -0,08 0,465
CPE ASF1 0,96 0,12

ASF2 10 0,97 0,12 0,01 0,854
TXx meio ASF1 1,05 0,10

ASF2 15 1,19 0,20 0,14 0,003

Legenda: *Teste t de Student para amostras pareadas, p<0,05; ASF1 = area sistdlica final no 7° dia
apos inducdo da MI; ASF2 = area sistdlica final no 30° dia apés transplante.

Gréfico 12 — Média da area sistolica final pré e pés-transplante dentro de cada grupo
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Tabela 33 — Comparacéo entre os valores do volume sistélico final pré e pés-transplante dentro de
cada grupo.

Desvio Diferenca Valor de

Grupo Avaliagéo n Média padrio  média o*
CPE+CTM VSF1 0,54 0,12

VSF2 10 0,57 0,22 0,04 0,652
CT™M VSF1 0,65 0,17

VSF2 10 0,59 0,23 -0,06 0,564
CPE VSF1 0,51 0,10

VSF2 10 0,54 0,10 0,03 0,433
Tx meio VSF1 0,56 0,09

VSF2 15 0,75 0,20 0,19 <0,001

Legenda: *Teste t de Student para amostras pareadas, p<0,05; VSF1 = volume sistélico final no 7° dia
apos inducdo da MI; VSF2 = volume sistdlico final no 30° dia apds transplante.

Gréfico 13 — Média do volume sistdlico final pré e pds-transplante dentro de cada grupo.
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Tabela 34 — Comparagéo entre os valores da fracéo de ejecao pré e pés dentro de cada grupo.

Desvio Diferenca Valor de

Grupo Avaliagéo n Média padrio  média o*
CPE+CTM FE1 32,86 4,67

FE2 10 40,06 9,59 7,19 0,047
CT™M FE1 26,21 5,35

FE2 10 37,98 12,66 11,77 0,026
CPE FE1 32,42 5,20

FE2 10 40,33 4,43 7,91 <0,001
Tx meio FE1 27,95 7,56

FE2 15 27,72 8,15 -0,24 0,912

Legenda: *Teste t de Student para amostras pareadas, p<0,05; FE1 = fracdo de ejecédo do ventriculo
esquerdo no 7° dia ap6és inducao da MI; FE2 = fracdo de ejecdo do ventriculo esquerdo no 30° dia
apos transplante.

Gréfico 14 — Média da fracdo de ejecédo pré e pds-transplante dentro de cada grupo.
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6 DISCUSSAO

Dentre as doencas isquémicas do coracéo, o infarto agudo do miocardio é a
principal causa de 6bito na populagdo mundial. Apesar dos avangos farmacolégicos,
das intervencdes intravasculares para a colocacdo de stents, tratamentos
intervencionistas e cirurgia de revascularizacdo, nenhum é eficaz para substituir o
tecido isquémico por cardiomiocitos funcionais. Frente a este quadro, se faz
necessario a busca de novas terapias para o reparo do miocardio.

A terapia celular tem sido proposta na cardiologia para evitar o afinamento da
parede miocardica e a expanséao da lesao isquémica. A descoberta de células-tronco
cardiacas residentes (172), células c-kit" (24), células derivadas de cardioesferas
(295), células islet-1" (296), associado a demonstracdo de que as células-tronco
derivadas da medula éssea sdao mobilizadas para o tecido cardiaco e se
transdiferenciam em cardiomiécitos (297), demonstram a ocorréncia e a importancia
da auto-renovacdo miocéardica. No entanto, o coracdo ndo consegue regenerar
totalmente o tecido lesado por a¢des patoldgicas (23).

Até o momento, a maioria dos estudos experimentais e clinicos utilizaram
células-tronco adultas apdés o infarto agudo do miocardio e demonstraram uma
melhora global da funcéo cardiaca. O uso terapéutico de células ndo selecionadas
derivadas da medula 6ssea foi uma das primeiras abordagens clinicas da terapia
celular para aplicacdo na cardiologia (298). Varios estudos clinicos investigaram o
uso de células derivadas da medula 6ssea para o tratamento do infarto agudo do
miocardio (33, 217, 299, 300), bem como o de linhagens especificas, como as
células 133" (301), células 34" (302), células-tronco mesenquimais (303) e células-
tronco cardiacas residentes (304). No entanto, os resultados obtidos sé&o
conflitantes.

O modelo experimental utilizado neste estudo mostrou-se de facil execucéo e
boa reprodutibilidade. Os nossos dados corroboram com Minicucci et al. (2010) que
relataram em animais infartados a presenca de maiores didmetros do atrio esquerdo
e maior cavidade do ventriculo esquerdo na diastole e na sistole, além de
desenvolverem hipertrofia na parede do ventriculo esquerdo e alteracdo da forma
eliptica para esférica (305). A partir dos trabalhos Pfeffer et al. (1985) demonstrou-se
que 50% dos animais evoluem a Obito quando o ventriculo esquerdo esta
comprometido em 5 a 19,9%; ja para infartos considerados moderados, entre 20 a
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39,9%, 75% dos animais evoluem a Obito e, para grandes infartos, com
comprometimento acima de 40%, 85% dos animais evoluem a Obito em um periodo
de 12 meses (212). Zornoff et al. (2009), em artigo de revisdo, citam que a
mortalidade verificada nas primeiras 24 horas apos a inducdo da miocardiopatia
Isquémica situa-se comumente entre 40 e 60% (306).

No presente trabalho foram utlizados 440 animais para a inducdo da
miocardiopatia isquémica. A mortalidade durante o procedimento de inducéo da Ml
foi de 132 animais, no pos-cirargico foi de 70 animais e apos 24 horas foi de 16
animais, totalizando 49,6% de Obitos. A primeira andlise ecocardiografica foi
realizada em 222 animais, destes apenas 62 (27,9%) apresentaram fragéo de ejecao
igual ou inferior a 40%, sendo este o critério de inclusdo no estudo. No nono dia
apos a inducdo da MI os animais foram randomizados entre 0s quatro grupos
experimentais, sendo 18 para o grupo controle, 17 para o grupo CTM, 13 para o
grupo CPE e 14 para o grupo CTM+CPE. A mortalidade durante ou apos o
transplante foi de 3 animais para o grupo controle, 7 animais para o grupo CTM, 3
animais para o grupo CPE e 4 animais para o grupo CTM+CPE, totalizando 45
animais vivos até o 30° dia ap6s o transplante. Justifica-se, desta maneira, o grande
namero de animais necessarios para o desenvolvimento dos ensaios pré-clinicos.
Goldman e Raya (1995) citam que o grande atrativo deste modelo experimental é a
similaridade com as alteracfes fisiopatoldégicas que ocorrem apds o infarto em
humanos, além de ser reprodutivel e viavel economicamente (207).

NGs optamos em desenvolver o modelo de MI em animais imunocompetentes
e que nao fossem submetidos a imunossupressao. O trabalho de Tolar et al. (2007)
indica que o0 uso da imunossupressdao nhas terapias celulares alogénicas ou
xenogénicas para o infarto agudo do miocéardio deve ser visto com cautela, pois
pode impedir os efeitos terapéuticos das células-tronco, uma vez que a funcéo
ventricular esquerda melhorou apenas em camundongos com sistema imunoldgico
intacto (213).

A via de administracdo escolhida foi a intracardiaca que apresenta como
vantagem a visualiza¢do da aplicacdo das células na area de interesse. No entanto,
este procedimento implica em uma nova cirurgia com a necessidade de toracotomia,
que, neste estudo, resultou em uma taxa de mortalidade de 27,4%. Novos estudos

devem ser realizados para verificar se a infusdo das células pela via caudal ou pela



126

jugular ndo trariam os mesmos beneficios sem a necessidade dos animais ja
comprometidos fisiologicamente passarem por uma cirurgia de grande porte.

A utilizacdo em conjunto das CTM e CPE para a terapia celular em
cardiopatias foi pouco explorada na literatura. O trabalho de Suuronen et al. (2007)
utilizou ratos Sprague-Dawley no modelo experimental de infarto por ligadura da
artéria coronaria utilizando células homélogas. Foram transplantadas 1x10° células
em 3 diferentes grupos: células-tronco mesenquimais derivadas da medula 0ssea,
células progenitoras endoteliais derivadas do sangue periférico e a associacao dos
dois tipos celulares. O Unico grupo que apresentou melhora da fracdo de ejecao foi o
gue recebeu células progenitoras endoteliais (146).

Em outro modelo experimental, Zhang et al. (2008) induziram ratas a lesao
miocardica pela aplicacdo de isoproterenol. As células foram obtidas da fracao
mononuclear da medula 6ssea de ratos machos. Ap6s 4 semanas foram
transplantadas 2x10° células por animal entre os seguintes grupos: CPE, CTM, CPE
e CTM. Os grupos para controle receberam 200uL de salina e 200uL de meio EGM-
2. A avaliacdo dos resultados demonstrou que o grupo que recebeu o transplante da
associacdo de CPE e CTM apresentou uma melhora na funcdo cardiaca, pois
aumentou a fracdo de ejecdo e a fracdo de encurtamento e reduziu a presséo
diastdlica final do ventriculo esquerdo quando comparado com 0s demais grupos
(225).

No entanto, os dados obtidos no nosso estudo diferem dos relatados por
Suuronen et al. (2007) e por Zhang et al. (2008) e podem ser atribuidos a diversos
fatores. Primeiramente, no nosso estudo foram utilizadas células-tronco
mesenquimais derivadas da geléia de Wharton de corddo umbilical humano e
células progenitoras endoteliais derivadas do sangue de corddo umbilical humano.
Os trabalhos de Zhang et al (2008) e Suuronen (2007) utilizaram células da medula
de ratos. Nos dois trabalhos as células ndo foram devidamente caracterizadas pela
morfologia, imunofenotipo e funcionalidade. No nosso estudo o numero de células
injetadas foi de 2x10° por animal, sendo que o grupo CTM+CPE recebeu 1,0x10° de
cada tipo celular, corroborando com o trabalho de Zhang et al (2008). No trabalho de
Suuronen et al (2007) o nimero de células foi de apenas 1x10° por animal. Os trés
trabalhos utilizaram o volume de 200 pL para a injecdo das células e do meio/PBS.

Com os resultados obtidos pela avaliacdo ecocardiografica, confirma-se a

efetividade da terapia celular na melhora da fungéo cardiaca, onde a diferenca do
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percentual da funcéo ventricular esquerda, 30 dias pds-transplante, do percentual da
func@o ventricular esquerda pré-transplante, foi de 7,19% no grupo CTM+CPE,
7,91% no grupo CPE e 11,77% no grupo CTM. Ja o grupo controle ndo apresentou
melhora, pois a diferenca entre a FEVE apds 30 dias e da FEVE no 7° dia apés
inducdo da MI foi de -0,23%. Ao analisar comparativamente 0S grupos que
receberam o transplante de células constata-se que n&do houve diferenca
significativa entre os diferentes tipos de tratamento. Todos os grupos de terapia
celular, independentemente do tipo celular, apresentaram efeitos benéficos na
funcdo do ventriculo esquerdo em animais com fragédo de ejecdo < 40%. Entretanto,
ocorreu diferenca significativa ha comparacdo dos grupos tratamento com 0 grupo
controle. No trabalho de Suuronen et al (2007) néo foi utilizada a fracdo de ejecéo
como parametro de elegibilidade e, ao se comparar as analises ecocardiograficas da
fracdo de ejecao do ventriculo esquerdo, observou-se uma redugdo apds 4 semanas
do transplante nos grupos que receberam PBS de 69+11,7% para 49,6+£9,5%, no
grupo CTM de 68,3+18,9% para 53+6%, no grupo CTM+CPE de 69,4+7,4% para
55+11,1% e o grupo que recebeu CPE permaneceu estavel de 66,4+17,6% para
68,319,8%. O grupo que recebeu a associacdo dos dois tipos celulares néo
apresentou melhora, possivelmente pelo efeito dose-resposta (146). No presente
estudo esperava-se que 0 grupo que recebeu a associacdo dos dois tipos celulares
apresentasse uma melhor resposta frente aos grupos que receberam apenas um
tipo celular, no entanto, ndo houve diferenca significativa ao analisar a fracdo de
ejecdo do ventriculo esquerdo entre os diferentes grupos de tratamento. Ja no
estudo de Zhang et al. (2008) as ratas que apresentaram reducéo de 20% na fragcéo
de ejecdo do ventriculo esquerdo apds a inducdo com isoproterenol foram
selecionadas para o estudo. O valor da FEVE pré-inducéao foi de 77,47+1,97%, apos
a inducdo foi reduzida para 56,16+4,23%. Apdés 12 semanas do tratamento o0s
grupos apresentaram o0s seguintes valores para a fracdo de ejecdo de ventriculo
esquerdo: PBS 55,68+3,34%; Meio EGM-2 55,04+3,53%; CTM 62,85+4,84%; CPE
63,43+4,49% e CTM+CPE 68,23+2,69%. O grupo que recebeu a associacdo dos
dois tipos celulares apresentou uma melhor resposta frente aos demais (225). No
entanto, o modelo experimental difere do presente estudo como também do estudo
de Suuronen et al (2007). Outra grande divergéncia € o valor basal da fracdo de

ejecao, que nos dois trabalhos citados foi superior ao utilizado neste estudo.
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Ao transpor estes resultados para os estudos clinicos demonstra-se a
efetividade das células no tratamento, pois Assmus et al. (2006) realizaram uma
metanalise de estudos clinicos e relataram um aumento significativo de 3,66% da
FEVE nos pacientes que receberam o transplante de células-tronco derivadas da
medula 6ssea (307, 308). O mesmo foi observado na revisdo realizada por Gersh et
al (2009) onde o resultado obtido em 4 diferentes estudos clinicos demonstrou um
aumento de, aproximadamente, 3% na FEVE (309).

A analise do sangue periférico pelo arranjo de anticorpos demonstrou que
citocinas humanas estavam presentes na circulacdo periférica apos 30 dias do
transplante. Assim, estima-se que algumas células transplantadas estavam
presentes e funcionais, secretando fatores tréficos que atenuam o remodelamento
ventricular, induzem a neovascularizacdo e promovem a regeneracao tecidual (115,
310, 311).

Na andlise por FISH foram encontradas evidéncias de que as células
humanas transplantadas fusionaram-se ao tecido isquémico nos trés grupos
experimentais, corroborando com Zhang et al (2008) que encontraram células de
ratos machos transplantadas em ratas apdés 12 semanas do transplante nos 3
grupos: CTM; CPE e CTM+CPE (225). Foi relatado por Hirata et al. (2005), em ratos
Wistar machos induzidos ao IAM que receberam 2x10° células CD34" injetadas via
intramiocardica derivadas do sangue de corddo umbilical, que as células
transplantadas sobreviveram, foram localizadas ao redor dos vasos do tecido
isquémico e melhoraram a vascularizagdo, mas apenas 1% das células injetadas foi
incorporada aos vasos cardiacos. Alvarez-Dolado et al. (2003) concluiram que a
fusdo das células mononucleares aos cardiomiécitos parece ser um fenémeno
bastante raro (312). Nossos resultados vao de encontro ao apresentado por estes
autores, uma vez que as ceélulas transplantadas foram encontradas em baixa
frequéncia apés 30 dias do transplante.

Na analise histolégica pode-se evidenciar pela coloracdo de tricromio de
Masson, reducéo das estriacbes e dos nucleos, decorrente da degeneracdo e morte
das fibras musculares cardiacas e, consequentemente, substituicdo por tecido
conjuntivo. No entanto, a avaliacdo morfométrica dos grupos que receberam o
transplante de células demonstrou reducdo nas taxas de colageno quando
comparados ao grupo controle. O mesmo foi demonstrado por Zhang et al. (2008),

onde os grupos que receberam o transplante demonstraram uma menor taxa de
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deposicao de colageno, sendo de 31,81% para o grupo CTM, 30,28% para o grupo
CPE e 25,59% para o grupo CTM+CPE (225).

A andlise quantitativa e qualitativa de colageno pela coloracdo de picrossirius
red demonstrou que 0s animais que receberam o transplante de células
apresentaram menor deposi¢do de colageno quando comparados com 0s animais
gue receberam o transplante de meio, vindo de encontro aos resultados observados
na funcdo ventricular. Dados semelhantes foram observados por Hu et al. (2006),
onde o grupo de ratos infartados que recebeu o transplante de células
mononucleares do SCUh apresentou menor densidade de coldgeno no ventriculo
esquerdo (313). Desta forma, demonstra-se que as células transplantadas atenuam
0 processo de remodelamento cardiaco.

Em conjunto, os dados obtidos demonstraram melhora nos parametros
cardiacos funcionais e histopatolégicos dos animais que receberam o transplante de
CTM, CPE ou CTM+CPE. No entanto, a retencdo das células no coracdo foi
bastante reduzida.

Inicialmente acreditava-se que o0 mecanismo de acdo das celulas
transplantadas ocorresse por transdiferenciacdo. O estudo pioneiro realizado por
Orlic et al. (2001) demonstrou que células mononucleares da medula 6ssea de
camundongos machos foram capazes de regenerar o muasculo cardiaco de
camundongos fémeas quando injetadas na cicatriz do infarto. Apos nove dias do
IAM foram localizadas na regido do infarto células endoteliais, células musculares e
células endoteliais com o cromossomo Y (214). Em outro estudo foi observado que
as CTM ap6s o tratamento com 5-azacitidina poderiam se diferenciar em
cardiomidcitos quando injetadas em ratos infartados por criolesdo e melhorar a
funcao ventricular (135). No entanto, ha relatos na literatura que a transdiferenciacéo
nao ocorre in vivo. Outros pesquisadores quando transplantaram células-tronco
hematopoéticas derivadas da medula Ossea nao encontraram células
transdiferenciadas (28, 314), indo contra ao apresentado por Tomita et al. (1999)
(135) e Orlic et al. (2001) (214).

A fusdo também foi proposta como mecanismo de acdo das células-tronco
(312, 315). No entanto, foi relatado com baixa frequéncia, o que reduz a
possibilidade deste mecanismo ser o principal fator de efetividade da terapia celular.

Ndés néo investigamos 0 mecanismo de acao das células, no entanto acredita-

se que o potencial paracrino e imunomodulador sejam 0s principais responsaveis
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pelos efeitos benéficos da terapia celular, j& que as isquemias comecam com
processos inflamatdrios. Existe um nimero crescente de evidéncias que suportam a
hipétese de que o mecanismo paracrino mediado pela liberacdo de fatores pelas
células-tronco adultas desempenha um papel essencial no processo de reparacéo
observado ap6s a mobilizagcdo ou transplante de células-tronco no infarto do
miocardio (316). Tem sido demonstrado que as células-tronco adultas,
particularmente as CTM, produzem e secretam uma grande variedade de citocinas,
qguimiocinas e fatores de crescimento que podem estar potencialmente envolvidos na
reparacao cardiaca (317). Concentracdes teciduais de proteinas, tais como VEGF,
bFGF, HGF, IGF-I, e adrenomedulina estdo aumentadas significativamente nos
tecidos cardiacos isquémicos tratados com CTM ou células-tronco multipotentes
derivadas da medula éssea (162, 318).

Alguns pesquisadores propuseram que os beneficios funcionais observados
apos o transplante de células-tronco em modelos animais de lesédo cardiaca podem
estar relacionados a secrecdo de fatores sollveis que, agindo de forma paracrina,
protegem o coracdo, atenuando o remodelamento ventricular, induzindo a
neovascularizacao, e promovendo a regeneracao tecidual (115, 310). Assim, 0s trés
principais mecanismos de acdo das células-tronco adultas na reparacdo cardiaca
seriam: a regeneracao dos cardiomiocitos, a vasculogénese e as agles paracrinas
(316).

Estudos experimentais ddo um forte suporte ao mecanismo paracrino na
reparagdo cardiaca. Resultados encorajadores foram obtidos em ensaios
experimentais em que a administracdo de meio condicionado proveniente de
células-tronco adultas € capaz de repetir os efeitos benéficos observados apos
terapia celular. Foi demonstrado que o meio condicionado de CTM, particularmente
das CTM geneticamente modificadas para a superexpressdo do gene Akt-1,
exercem prote¢cdo dos cardiomidcitos isquémicos e, através dos meios de cultura
condicionados para hipoxia, sdo capazes de reduzir a apoptose e a necrose de
cardiomiodcitos de ratos expostos a baixas tensdes de oxigénio (310, 311). Esses
dados comprovaram que as CTM exercem seu efeito protetor no miocérdio pela
liberacdo de fatores paracrinos e que a ativagdo da via de Akt potencializa a
producao e a liberacéo desses fatores.

Uma das abordagens em outros trabalhos do nosso grupo foi que a eficacia

dos transplantes de CTM seria melhorada se houvesse uma pré-diferenciacédo
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destas em cardimidcitos in vitro antes dos transplantes in vivo como estratégia para
prevenir a diferenciagdo intramiocardica das CTM. Rebelatto et al. (2009)
demonstraram que o tratamento de CTM derivadas da MO e do TA com doadores
de 6xido nitrico aumenta a expresséo dos niveis de VEGF in vitro (319). Berardi et
al. (2011) utilizaram CTM derivadas do TA pré-comissionadas para o fendétipo
cardiaco. Foi desenvolvido o modelo de IAM em ratos Wistar em 3 grupos: Tx de
meio, Tx de CTM e Tx de CTM+SNAP (doador de o6xido nitrico). Apos 30 dias do
transplante os animais que receberam as células tratadas in vitro com SNAP
apresentaram aumento significativo da fragdo de ejecdo, tendéncia de menor
remodelamento, aumento da expressao de marcadores musculares cardiacos e de
neovascularizacao (320). Schittini et al. (2010) investigaram o potencial dos fatores
soluveis liberados no meio, através de explante cardiaco humano, sobre as CTM
derivadas da medula 6ssea. Niveis aumentados do mRNA de VEGF, conexina-43,
troponina | e troponina T foram observados nas CTM cultivadas com meio
condicionado quando comparadas com o controle. Os resultados sugerem que 0
meio condicionado de explantes cardiacos humanos talvez funcione como um
modelo in vitro para estudar fatores de diferenciacdo cardiaca com potencial para
aplicaces clinicas futuras (321).

Neste trabalho as concentragBes plasméticas de IL-6, IL-8, trombopoietina e
interferon-gama humana em todos os grupos de terapia celular indicaram que
algumas das células transplantadas permaneceram vivas e ativas nos ratos apos um
més de transplante liberando, pelos menos, estes quatro fatores paracrinos. A
liberacdo de fatores de crescimento e citocinas pelas células transplantadas pode ter
auxiliado no processo de regeneracao cardiaca. A producado local ou sistémica de
mediadores inflamatorios talvez influencie ndo somente a migracdo das CTM aos
tecidos danificados (322, 323), mas também a proliferacdo, diferenciacéo (324) e a
integracdo das células exdgenas aos tecidos danificados (325). Além disso, as
células podem secretar fatores importantes na regulacdo da angiogénese (326). A
IL-6 € uma citocina responsavel pelo crescimento celular, apoptose, sobrevivéncia e
diferenciacdo em varios tipos celulares e 6rgéos, inclusive o coracao (327). Ainda,
IL-6 € conhecida ndo somente pela modulagdo dos processos inflamatoérios, mas
também pela modulacdo na angiogenese. A IL-8 e Gro trabalham conjuntamente na
ativacdo de neutrofilos ao tecido danificado com infarto do miocardio (328), além de

participarem no processo de angiogénese (329). Varias pesquisas basicas e clinicas



132

tém sugerido que o principal regulador da producédo de plaguetas, trombopoietina
(TPO) (330), desempenha um papel vital na auto-renovagéo e expansao de células-
tronco hematopoéticas (331), atua na formacdo hemangioblastos (332) e na sintese
e secrecao de VEGF (333). Amano et al. (2005) demonstraram em um modelo
experimental de terapia génica em ratos que os efeitos da TPO em resposta a
iIsquemia aguda sao, provavelmente, mediados pela liberacdo de fatores
angiogénicos pelas plaquetas para o tecido isquémico (334). Segundo Kuby et al.
(1999), o INF-y contribui na resposta inflamatoria aguda e principalmente na cronica,
atraindo macréfagos e aumentando o numero de células fagocitarias no local da
inflamacéo (335). Interessantemente, o grupo transplantado com os dois tipos
celulares juntos apresentou um maior nimero de fatores paracrinos, mas estes
fatores foram tanto pré-angiogénicos quanto anti-angiogénicos. Isto poderia explicar,
pelo menos parcialmente, os resultados das avaliagdes funcionais dos coragfes dos
ratos transplantados, ainda que ndo existam diferencas significativas entre os
grupos.

A efetividade do transplante de células-tronco € inquestionavel, mas algumas
guestdes permanecem em aberto, como qual é a melhor via para o transplante no
miocardio, qual € o nimero de células ideal para a efetividade do transplante, qual é
0 mecanismo de agdo das células transplantadas, qual € a melhor fonte celular e
como fazer para que as células sobrevivam por mais tempo.

A busca pela fonte celular ideal € uma constante na area da terapia celular. A
possibilidade de utilizar células derivadas do SCUh e do CUh aumenta com o
desenvolvimento de estudos pré-clinicos e clinicos. Sdo muitas as vantagens destas
fontes celulares frente a medula 6ssea: a coleta ndo oferece risco ao recém-nascido
e a parturiente, as células apresentam alta capacidade proliferativa, alto potencial de
diferenciagdo, baixa imunorrelatividade, baixa possibilidade de transmissdo de
doencas infecciosas por virus latentes, sdo fontes de CTH, CPE, CTM e de
linhagens multi/pluripotentes de células-tronco. J4 a medula 6ssea apresenta como
fator complicador a dificuldade de encontrar doadores de medula 60ssea compativeis
com os receptores, agravado pela grande variabilidade genética e alta miscigenacao
da populacédo brasileira, além do procedimento ser altamente invasivo, trabalhoso e
doloroso. A aplicacdo autdloga das células derivadas da medula Ossea evita o

problema de rejeicdo, mas a idade do paciente influencia no potencial de auto-
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renovagao, proliferacdo e diferenciacao celular (66, 143), pesando diretamente na
efetividade da terapia.

Outra abordagem deste estudo foi padronizar a obtencdo de CTM derivadas
do CUh. Uma vez que a obtencdo das CTM a partir da MO apresentam o0s
problemas citados anteriormente, as CTM derivadas do CUh sdo uma fonte
alternativa para a aplicagdo clinica visto que sdo abundantes e de facil acesso.
Outra vantagem referente a este tipo celular € que os pacientes que forem
transplantados terdo um menor indice de rejeicdo em comparacdo a outras fontes
celulares, uma vez que estas células apresentam baixa expressédo de moléculas do
complexo de histocompatibilidade principal humano tipo | (HLA-ABC) e auséncia da
expressao de moléculas do complexo de histocompatibilidade principal humano tipo
II (HLA-DR), caracterizando baixa imunogenicidade, o que favorece o uso destas
células em terapias alogénicas (238). Além disso, 0 SCUh pode fornecer CPE de um
mesmo doador, possibilitando aplicacdes mais abrangentes na medicina
regenerativa. A obtencdo das CPE derivadas do SCUh ja foi padronizada no nosso
grupo de pesquisa pelo trabalho de Senegaglia et al. (2008, 2010) (174, 336).

O trabalho realizado por Salehinejad et al.,, (2012) demonstrou que a
utilizacdo de colagenase e tripsina proporciona melhores resultados em relacdo a
conservacdo das caracteristicas celulares quando comparado ao isolamento por
colagenase/hialuronidase/tripsina e explante (240). No entanto, independente do
meétodo escolhido, € necessario cultivar as células antes da utilizacdo, pois devido
ao isolamento enzimatico ha muitos debris celulares que séo eliminados durante o
cultivo.

Atualmente, h4 um enorme interesse no estabelecimento e desenvolvimento
de bancos de sangue do corddo umbilical. Em todo o mundo, mais de 400 mil
unidades de sangue do corddo umbilical estdo disponiveis em mais de 50 bancos
(227). No entanto, ha uma polémica entre as opcbes de bancos para
armazenamento de SCUh: publico e privado. Os bancos publicos dispdem as
unidades de SCUh para o transplante alogénico, utilizando o material de doadores
voluntérios. Antes da inclusdo no registro, as amostras sdo examinadas com base
no volume, nimero e tipos de células, historico de saude e doencgas infecciosas. Por
outro lado, os bancos de sangue privados armazenam o SCUh para uso autélogo da
crianca sob a tutela dos pais. Neste servico as amostras sdo mais onerosas tanto na

coleta como na manutencdo. A maior critica aos bancos privados € que o doador
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para quem o sangue foi congelado, provavelmente nunca vai precisar do SCU
armazenado e o0 mesmo ndo é acessivel ao publico em geral (337). Ballen et al.
(2008) estimaram que a chance de um individuo desenvolver uma doenca tratavel
com o seu préprio SCUh, até a idade de 20 anos, é de 0,04% a 0,005%, na hipotese
de transplante hematopoético (338). Johnson (1997) relatou que a propor¢ao de
individuos que seriam candidatos para usar transplantes autélogo ou alogénico entre
irmaos, é de 1/2.700 e 1/1.400, respectivamente (339). Por isso, é necesséria a
otimizacdo do SCUh e do CUh para a obtenc&o de diferentes tipos celulares como
fontes alternativas para a aplicagéo clinica.

No esfor¢co de superar doencas incuraveis, pode ser apenas uma questao de
tempo até as ceélulas-tronco mesenquimais derivadas do corddo umbilical e as
células progenitoras endoteliais derivadas do sangue do corddo umbilical serem
utilizadas com sucesso em aplicacdes de engenharia clinica e tecidual.

Como relatado acima, estudos randomizados com o objetivo de avaliar a
utilizacao terapéutica de ceélulas-tronco adultas no miocardio isquémico tém gerado
diferentes resultados. Embora seja concebivel que estas observa¢cdes conflitantes
sdo causadas pela utilizacdo de diferentes técnicas, tipos de células, fontes
celulares, da dose celular e da via de aplicagdo, ndo ha um consenso na literatura
guanto as seguintes questodes:

* Qual é adose, a via e o tempo de transplante celular terapeuticamente ideal?

e Quais sdo o0s potenciais beneficios terapéuticos das células no
restabelecimento funcional do 6rgéao-alvo?

* As CTM e CPE derivadas do CUh e do SCUh, respectivamente sdo seguras e
viaveis?

* O transplante realizado imediatamente ap0s o infarto (cenario agudo) € mais
efetivo aos realizados varios dias apos o infarto (cenario crénico)?

« Ha uma forma de melhorar a retencdo e sobrevida das células
transplantadas?

* Qual o tempo de duragéo dos beneficios da terapia com células-tronco?

» Sera possivel a re-injecao de células-tronco no mesmo paciente?



135

7 CONCLUSAO

Com base nos resultados apresentados pode-se concluir que:

O isolamento das CTM provenientes da geléia de Wharton do corddo umbilical

humano foi efetivo;

O isolamento das CPE provenientes do sangue de corddo umbilical humano foi
efetivo;

Foi possivel caracterizar as CTM e as CPE por meio de analise morfologica,

fenotipica e por ensaios funcionais;

O ensaio de imunofluorescéncia indireta permitiu analisar a expressao de proteinas

especificas pelas CTM e CPE;

Foi estabelecido o modelo de indugéo a miocardiopatia isquémica em ratos Wistar;

A andlise ecocardiografica demonstrou que o transplante celular dos trés grupos foi
efetivo na melhora funcional do modelo experimental de miocardiopatia isquémica

desenvolvido em ratos Wistar;

A analise histolégica pela coloracdo de tricromio de Masson e Picrossirius red
demonstrou que os animais que receberam o transplante celular reduziram a area

de colageno no tecido isquémico;

A analise por FISH demonstrou poucas células humanas fusionadas ao tecido

isquémico;

A andlise do sangue periférico dos animais 30 dias apds o transplante demonstrou a

presenca de fatores angiogénicos humanos.
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APENDICE A — FOLHA DE ROSTO PARA PESQUISA ENVOLVEND O ANIMAIS

ESTUDO IN VITROE IN VIVO DA CAPACIDADE PRO-ANGIOGENICA 1
DAS CELULAS-TRONCO MESENQUIMAIS E CELULAS
PROGENITORAS ENDOTELIAIS HUMANAS TRATADAS COM DOADOR
DE OXIDO NiTRICO

PONTIFICIA UNIVERSIDADE CATOLICA DO PARANA
FOLHA DE ROSTO PARA PESQUISA ENVOLVENDO ANIMAIS

Nimero do Protocolo (Uso do CEUA):

Data de recebimento (Uso do CEUA): f /

Area do Conhecimento: Ciéncias da sainde

PESQUISADOR RESPONSAVEL

Nome:Paula Hansen Suss

Identidade: CPE: Endereco (Rua, n.%):
6.275.267-0 027.650.999-44 Rua Alcides Terézio de Carvalho, 87 casa 01
Nacionalidade: Profissdo: CEP: Cidade: U.F.
Brasileira Biologa 81520-230 Curitiba PR
Maior Titulagdo: Cargo Fone: Fax
Graduacéo Especialista em cultivo (41) 32712219 (41) 32712646

celular
Institui¢do a que pertence: Email:
PUCPR paula.h@pucpr.br

Termo de Compromisso: Declaro que conhego ¢ cumprirei os principios da ética em pesquisa com animais vigentes
no pais. Comprometo-me a utilizar os materiais e dados coletados exclusivamente para os fins previstos no protocolo
e a publicar os resultados sejam eles favoraveis ou ndo. Aceito as responsabilidades pela condugio cientifica do
projeto acima.

Data: 17/11/2008 j au . M«f"‘ W, W
Assinatura

INSTITUICAO ONDE SERA REALIZADO A PESQUISA
Nome: Enderego (Rua, n°):
Pontificia Universidade Catélica do Parana Rua Imaculada Concei¢iio, 1155
Centro/Curso: CEP: Cidade: LLE.
ICBS— Curso de Doutorado em Ciéncias da 80215901 Curitiba PR
Saude
Participag@o Estrangeira: Sim ( ) Nio (x) Fone: Fax:

(41) 32712219 (41) 32712646

Projeto Multicéntrico: Sim ( ) N&o (x) Nacional ( ) Internacional ( )
(Anexar lista de todos os Centros Participantes no Brasil e no Exterior)

Termo de Compromisso (Devera ser assinado pelo Decano de Centro): Declaro que conhego os principios da
ética em pesquisa com animais vigentes no pais, conhec¢o também o projeto de pesquisa anexo e tenho ciéncia de seu
aspecto orgamentdrio (item 9 do Formuldrio de Submisséo).

Nome: Prof. Dr. Alberto Accioly Veiga Cargo DECANO DO CCBS
,‘/: B %
Data: 18/11/2008 Assinatura Alberto Acc;mtl?/ :/elg

Documentos necessarios para a submissao de projetos de pesquisa no CEUA (todos em 3 vias):
1. Folha de Rosto para Pesquisa Envolvendo Animais (preenchido)
2. Formuldrio para Submisso de Projeto de Pesquisa com Animais (preenchido)
3. Folha de Parecer Técnico (apenas com o Titulo do Projeto de Pesquisa)
4. Projeto de Pesquisa (anexar)
Observaciao Importante: O processo de anélise sera interrompido e os documentos devolvidos ao pesquisador
responsdvel em caso de incoeréncia entre o projeto anexado e o Formulario de Submisséo.




APENDICE B — FOLHA DE ROSTO PARA PESQUISA

HUMANOS

r1dnos ae daude - derviaor Page | of |
MINISTERIO DA SAUDE
i 7 Conselho Nacional de Saude
%f Comissao Nacional de Etica em Pesquisa - CONEP
FOLHA DE ROSTO PARA PESQUISA ENVOLVENDO SERES HUMANOS FR - 229426

Projeto de Pesquisa

ESTUDO IN VITRO E IN VIVO DA CAPACIDADE PRO-ANGIOGENICA DAS CELULAS-TRONCO MESENQUIMAIS E CELULAS
PROGENITORAS ENDOTELIAIS HUMANAS TRATADAS COM DOADOR DE OXIDO NiTRICO.

Area de Conhecimento
4.00 - Ciéncias da Satde - 4.01 - Medicina - Nenhum

Nivel
Nao se aplica

Grupo
Grupo Il

Area(s) Tematica(s) Especial(s)

Fase
No se Aplica

Unitermos
células-tronco, terapia celular
e ==

Sujeitos na Pesquisa

N° de Sujeitos no Centro Total Brasil N° de Suijeitos Total Grupos Especiais
50 50 50
Medi it gh, oot
Placebo HWE, :fD"éen o2 Wash-out _ Sem Tratamento Especifico Banco de Malenz_zls Biolégicos
NAO NAO NAO NAO NAO
P
Pesquisador Responsavel CPF Identidade
Paula Hansen 027.650.898-44 62752670
Area de Especializagdo Maior Titulagdo Nacionalidade
Biologia Graduagio Brasileira
Enderego Bairro Cidade
Imaculada Conceicao, 1155 Prado Velho Curitiba - PR
Cadigo Postal Telefone Fax Email
4132711428 / 41 32712219 4132711657 paula.h@pucpr.br

Termo de Compromisso

Data: _—3 ) / <

Aceito a? respunsjbﬁidades ela condug&o cientifica do projeto acima.

Declaro que conhego ¢ cumprirei os requisitos da Res. CNS 196/96 e suas complementares. Comprometo-me a utilizar os materiais e dados
coletados exclusivamente para os fins previstos no protocolo e publicar os resuitados sejam Elﬁ ﬁ/oréveis oy ndo.
5 /!
A

G

e iys

Assinatura

Onde Sera Realizad

Nome

CNPJ Nacional/Internacional
Pontificia Universidade Catélica do Parana - PUCPR 76.659.820/0001-51 Nacional
Unidade/Orgao Participagdo Estrangeira Projeto Multicéntrico
ICBS NAO NAO
Enderego Bairro Cidade
Rua Imaculada Conceigdo 1155 cxp 16210 Prado Velho Curitiba - PR
Cddigo Postal Telefone Fax Email
80215-901 41 2712292 412712292 nep@pucpr.br

Termo de Compromisso

desenvolvimento deste projeto, autorizo sua execucio.

Declaro que conhego e cumprirei os requisitos da Res. CNS 196/96 e suas complementares e como esta instituicao tem condigdes para o

et

Nome: Alberto Accioly VPigZ\

Data: k Sl d\ / é/ﬂ decana do CCBS Assinatura \
Patrocinadora

Nome CNPJ

Financiadora de Estudos e Projetos - FINEP 33.749.086/0001-09

Endereco Bairro Cidade

Praia do Flamengo, 200 - 13° andar Flamengo Rio de Janeiro - RJ

Cadigo Postal Telefone Fax Email

22210-030 (21)2555-0555 (21)2555-0509 seac@finep.gov.br

Responsavel Cargo / Fungéo

Maura Avaliadora

O Projeto devera ser entregue no CEP em até 30 dias a partir de 06/11/2008. N&o ocorrendo a entrega
nesse prazo esta Folha de Rosto serd INVALIDADA.

@Valtar

IMPRIMIR I

http://portal.saude.gov.br/sisnep/pesquisador/folha_rosto.cfm?vcod=229426

17/11/2008
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APENDICE C — TERMO DE CONSENTIMENTO LIVRE E ESCLARE CIDO

PONTIFICIA UNIVERSIDADE CATOLICA DO PARANA
NUCLEO DE TECNOLOGIA CELULAR
LABORATORIO EXPERIMENTAL DE CULTIVO CELULAR

Termo de Consentimento Livre e Esclarecido

Vocé estd sendo convidada(o) para participar, como voluntanalo), em uma
pesquisa cientifica. Apos ser esclarecida(o) sobre as informagdes a seguir, no
caso de aceite fazer parte do estudo, assine ao final deste documento, que
esta em duas vias. Uma delas & sua e a outra do pesquisador responsavel. Em
caso de recusa vocé ndo sera penalizada(c) de forma alguma. Em caso de
divida vocé pode procurar o Comité de Etica em Pesquisa da Pontificia
Universidade Catdlica do Parana pelo telefone (41) 3271-2292.

Eu, , hacionaldade

idade estado chil , profisséio

enderego .
RG , entendo que estou sendo convidada(o) a participar

de um projeto denominado: “Estudo in vitro e in vive da capacidade pro-
angiogénica das célulastronco mesenquimais e células progenitoras
endoteliais humanas fratadas com doador de odxido nitrico™, onde os
pesquisadores estio empenhados em buscar um melhor conhecimento das
células-tronco presentes no sangue e no corddo umbilical para desenvolver
uma maneira de proteger o coracdo dos efeitos causados pelas doencas
cardiovasculares, podendo os seus resultados identificar, melhorar e
aperfeicoar o tratamento médico.

Foi me explicado que a minha participacao no refendo estudo sera no sentido
de doar o sangue e o corddo umbilical e que este procedimento ndo trara riscos
fisicos para mim e para o bebé e que o procedimento do parto ndo sera
alterado.

Eu entendo que a minha participacdo neste projeto € voluntana e ndo me da
direito a qualquer tipo de remuneragio.

Eu expressamente autorizo que os pesquisadores procedam a coleta do
sangue do corddo umbilical e do cordde umbilical do recem-nascido
imediatamente apds a realizac3o do parto.

Eu compreendo que o sangue & o corddo umbilical sdo coletados apds o
nascimento do bebé depois do corddo umbilical ser cortado. Ma sala de parto,
0s pesquisadores fardo a coleta do sangue e do cord3o que serdo utilizados
para a obtengdo das células que serdo estudadas nessa pesquisa. As células
obtidas sero apenas analisadas em laboratério e ndo serdo utilizadas para
qualguer fim terapéutico.

Eu entendo que a minha prvacidade sera respeitada, ou seja, meu nome, o

nome do bebé, ou qualguer outro dado ou elemento que possa, de qualquer
forma, me identificar, sera mantido em sigilo.

Pagina | 1

Rubrica do sujeito de pesquisa Rubrica do pesquisador




PONTIFICIA UNIVERSIDADE CATOLICA DO PARANA
NUCLEO DE TECNOLOGIA CELULAR
LABORATORIO EXPERIMENTAL DE CULTIVO CELULAR

Tenho conhecimento de que poderei a qualquer momento, antes, durante e
depois, abandonar a pesquisa sem que isso acarrete qualquer conseqiiéncia a
minha pessoa. Sei também que ndo terei gualquer tipo de gasto financeiro para
a realizacdo desta pesquisa, e caso venha ter, serei ressarcido integralmente
pelo pesquisador. Terei os meus direitos preservados e a garantia do sigilo,
quanto 3o meu nome, endereco e atividade profissional, sendo me assegurada
a privacidade quanto a todos os dados envolvidos na pesquisa.

Pude verificar que a minha participac3o nesta pesquisa ndo acametara nenhum
problema a minha pessoa, quanto a danos fisicos, morais, socials, éticos, de
origem religiosa e financeira.

Eu entendo que este projeto esta sendo desenvolvido na Pontificia
Universidade Catdlica do Parana e os pesquisadeores envolvidos com o refenido
projeto s3o; Paula Hansen Suss; Paulo Roberto Slud Brofman e com eles
poderei manter contato pelos telefones: (41) 32712219 /(41) 32711858.

Sendo assim, ndo havendo quaisquer dividas, dou-me por esclarecido quanto
aos objetivos, importdncia e resultados desta pesquisa, dos meus direitos,
nscos e beneficios, em participar desta pesquisa. Portanto, concordo de livre e
espontdnea vontade com a minha participac3o na realizacdo desta pesquisa.

Reafirmo, portanto, que li o texto acima e compreendi a natureza e o objetivo
do estudo do qual fui convidado a participar e concordo voluntariamente em
participar.
“Em caso de reclamagdo ou qualquer tipo de denuncia sobre este estudo
devo ligar para o CEP PUCPR ({41) 3271-2292 ou mandar um e-mail para

nep@pucpr.br”

Cuntiba, de de

Nome do sujeito da pesquisa =

Assinatura do sujeito da pesquisa =

Nome do pesquisador responsavel =

Assinatura do pesquisador responsavel =

Pagina | 2

Rubrica do sujeito de pesquisa Rubrica do pesquisador
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ANEXO A — PARECER DO COMITE DE ETICA NO USO DE ANIM AIS

F PONTIFICIA UNIVERSIDADE CATOLICA DO PARANA
N
Ay S . ,
&‘ i _ NUCLEO DE BIOETICA

" 2D COMITE DE ETICA NO USO DE ANIMAIS

PUCPR PARECER DE PROTOCOLO DE PESQUISA

Registro do projeto no CEUA: 401 22 verséo
Data do parecer: 20/03/2009

Titulo do Projeto:

Estudo in vitro e in vivo da capacidade pré-angiogénica das células-tronco
mesenquimais e células progenitoras endoteliais humanas tratadas com doador
de oxido nitrico

Pesquisador responsavel:
Paula Hansen Suss

Equipe da pesquisa:

Paulo Roberto Slud Brofman

Instituigdo:

PUCPR

Categoria do Experimento — D

Espécie de Animal Sexo Idade ou peso Quantidade

Rattus norvegicus albinus Macho Adulto, 250g 200

O colegiado do CEUA em reunizo no dia 19/03/2009, avaliou o projeto e
emite o seguinte parecer: APROVADO.

Eventuais modificagdes ou emendas ao protocolo devem ser
apresentadas ao CEUA-PUCPR de forma clara e sucinta, identificando a parte
do protocolo a ser modificado e as suas justificativas.

Se a pesquisa, ou parte dela for realizada em outras instituigdes, cabe
ao pesquisador ndo inicia-la antes de receber a autorizacao formal para a sua
realizagéo. O documento que autoriza o inicio da pesquisa deve ser carimbado
e assinado pelo responsavel da instituicdo e deve ser mantido em poder do
pesquisador responsavel, podendo ser requerido por este CEUA em qualque;
tempo. /
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Lembramos ao senhor pesquisador que é obrigatério encaminhar o
relatorio anual parcial e relatério final da pesquisa a este CEUA.

Curitiba, 20 de margo de 2009.

Atenciosamente

Profa%;{cmnmmeida e Oliveira
Coordenadora do CEUA
PUC PR
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ANEXO B — PARECER CONSUBSTANCIADO DE PROTOCOLO DE P ESQUISA
ENVOLVENDO SERES HUMANOS

Vocé ja pode submeter o seu
projeto em qualquer verso
via internet.

——
Acesse o enderego:

PONTIFICIA UNIVERSIDADE CATOLICA DO PARANA hitp //www.pucpr.br/cep L
Nucleo de Bioética —— -
Comité de Etica em Pesquisa
Ciéncia com Consciéncia

PARECER CONSUBSTANCIADO DE PROTOCOLO DE PESQUISA

Parecer N°® 0002325/08 Protocolo CEP N°© 2788
Titulo do projeto Estude in vitro e in vivo da capacidade pré-angiogénica das células- Grupo III
tronco mesenquimais e células progenitoras endoteliais humanas tratadas com Versdo 1
doador de éxido nitrico

Protocolo CONEP 0538.0.084.000-08 Pesquisador responsavel Paula Hansen

Instituicdo

Objetivos

Estudar os efeitos do doador de dxido nitrico DEA/NO na diferenciacdo de células
progenitoras endoteliais e células-tronco mesenquimais em células endoteliais e
na capacidade paracrina pré-angiogénica destas células. Serdo também avaliados
os efeitos do co-transplante destes dois tipos celulares tratados ou ndo com o
doador de dxido nitrico em modelo animal infartado.

Comentarios

O projeto tem a relevancia de contribuir para elucidar questdes como permitir a avalicdo pré-clinica para a possibilidade
de utilizar transplantes

de células progenitoras endoteliais e células-tronco mesenquimais tratadas

com 0xido nitrico

Consideragdes

O projeto tem embasamento cientifico e pesquisadores com experiéncia na area pertinente ao objeto de pesquisa.

Termo de consentimento livre e esclarecido

Adequado aos sujeitos.

Conclusdes

O projeto atende as exigéncias da Res. 196/96, portanto, esta aprovado.




Parecer N°© 0002325/08 Protocolo CEP N° 2788
Titulo do projeto Estudo in vitro e in vivo da capacidade pré-angiogénica das células- Grupo III
troncor quimais e células progenitoras endoteliais humanas tratadas com Versédo 1
doador de 6xido nitrico

Protocolo CONEP 0538.0.084.000-08 Pesquisador responsavel Paula Hansen

Instituicgio

Devido ao exposto, o Comité de Etica em Pesquisa da PUCPR, de acordo com as exigéncias das ResolugSes Nacionais
196/96 e demais relacionadas a pesquisas envolvendo seres humanos, em reunido realizada no dia: 26/11/2008,
manifesta-se por considerar o projeto Aprovado.

Situag¢@ao Aprovado

Lembramos aos senhores pesquisadores que, no cumprimento da Resolugdo 196/96, o Comité de Etica em Pesquisa
(CEP) deverd receber relatérios anuais sobre o andamento do estudo, bem como a qualquer tempo e a critério do
pesquisador nos casos de relevancia, além do envio dos relatos de eventos adversos, para conhecimento deste Comité.
Salientamos ainda, a necessidade de relatério completo ao final do estudo.

Eventuais modificagdes ou emendas ao protocolo devem ser apresentadas ao CEP-PUCPR de forma clara e sucinta,
identificando a parte do protocolo a ser modificado e as suas justificativas.

Se a pesquisa, ou parte dela for realizada em outras instituicdes, cabe ao pesquisador n&o inicid-la antes de receber a
autorizagdo formal para a sua realizagdo. O documento que autoriza o inicio da pesquisa deve ser carimbado e assinado
pelo responsavel da instituicdo e deve ser mantido em poder do pesquisador responséavel, podendo ser requerido por
este CEP em qualquer tempo.

Curitiba, 26 de Novembro de 2008.

== W
Prof. Dr. Sergio Surugi de Siqueira
Coordenador do Comité de Etica em Pesquisa

PUCPR
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ANEXO C — ARTIGO PUBLICADO EM REVISTA INDEXADA

Dissimilar Differentiation of Mesenchymal
Stem Cells from Bone Marrow, Umbilical
Cord Blood, and Adipose Tissue

C. K. ReBELATTO,* A. M. AGuIAR,T,] M. P. MoreTA0,T A. C. SENEGAGLIA,® P. HANSEN,*
F. Barcuik,® J. OLIVEIRA,* J. MARTINS, | C. KuLicovskl,[ F. Mansur,] A. Cumsloue,*

V. E. Amarar,§ P. S. Brorvan,® S, GOLDENBERG,T,§ L. S. NakA0,§ AND A. CORRE:

.t.

*Laboratorio Experimental de Cultivo Celular, Pontificia Universidade Catélica do Parand, Rua
Imaculada Conceicdo 1155, Curitiba 80215-901, Brazil; TFIOCRUZ, Avenida Brasil 4365, Rio de
Janeiro 21040-900, Brazil; finstituto de Biologia Molecular do Parand, Rua Algacyr Munhoz Mader
3775, Curitiba 81350-010, Brazil; §Niicleo de Investigacdo Molecular Avancada, Pontificia
Universidade Catolica do Parand, Rua Imaculada Conceicao 1155, Curitiba 80215-901, Brazil

Mesenchymal stem cells (MSCs) have been investigated as
promising candidates for use in new cell-based therapeutic
strategies such as mesenchyme-derived tissue repair. MSCs are
easily isolated from adult tissues and are not ethically restricted.
MSC-related literature, however, is conflicting in relation to MSC
differentiation potential and molecular markers. Here we
compared MSCs isolated from bone marrow (BM), umbilical
cord blood (UCB), and adipose tissue (AT). The isolation
efficiency for both BM and AT was 100%, but that from UCB
was only 30%. MSCs from these tissues are morphologically
and immunophenotypically similar although their differentiation
diverges. Differentiation to osteoblasts and chondroblasts was
similar among MSCs from all sources, as analyzed by cyto-
chemistry. Adipogenic differentiation showed that UCB-derived
MSCs produced few and small lipid vacuocles in contrast to
those of BM-derived MSCs and AT-derived stem cells (ADSCs)
(arbitrary differentiation values of 245.57 + 943 and 243.89 =
145.52 pm? per nucleus, respectively). The mean area occupied
by individual lipid droplets was 7.37 pm? for BM-derived MSCs
and 2.36 um? for ADSCs, a finding indicating more mature
adipocytes in BM-derived MSCs than in treated cultures of
ADSCs. We analyzed FAPB4, ALP, and type |l collagen gene

This work was supported by grants from Ministério da Saide and Conselho Nacional
de Desenvolvimento Cientifico e Tecnoldgico-CNPq (5522342005-2). AC. is
recipient of a Fiocruz-CNPg Visiting Researcher Fellowship, and 5.G. is a research
fellow from CNPg.

! To whom comespondence should be addressed at Instituto de Biologia Molecular do
Parand, Rua Algacyr Munhoz Mader 3775, Curitiba 81350-010, Brazl. E-mail:
alejandro@tecpar.br

Received December 27, 2007.
Accepted March 9, 2007.

DOL: 10.3181/0712-RM-356
1535-370208/2337-0901$15.00
Copyright © 2008 by the Sodety for Experimental Biology and Medicine
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expression by quantitative polymerase chain reaction to confirm
adipogenic, osteogenic, and chondrogenic differentiation, re-
spectively. Results showed that all three sources presented a
similar capacity for chondrogenic and osteogenic differentiation
and they differed in their adipogenic potential. Therefore, it may
be crucial to predetermine the most appropriate MSC source for
future clinical applications. Exp Biol Med 233:901-913, 2008

Key words: mesenchymal stem cells; bone marrow; umbilical cord
blood; adipose tissue; differentiation

Introduction

Mesenchymal stem cells (MSCs) comprise a population
of multipotent progenitors capable of supporting hemato-
poiesis and differentiating into many tissues (1). MSCs are
not ethically restricted and have low immunogenicity (2).
MSCs are thought to be promising candidates for novel cell-
based therapeutic strategies such as the repair of mesen-
chyme-derived tissues. In fact, MSCs have already been
clinically used to repair or regenerate somatic tissues (3-6),
to promote engraftment, and to prevent or treat severe graft-
versus-host disease in allogeneic stem cell transplantation
(7-8). In the appropriate microenvironment, MSCs differ-
entiate into various cell types, including adipocytes,
osteoblasts, chondrocytes (9—11), cardiomyocytes (12—14),
and also into nonmesodermal-derived cells, including
hepatocytes and neurons (15). Selective differentiation is
dependent on specific environmental effectors: usually a
combination of growth factors and cytokines supplied in
vitro (1, 16). MSCs were originally isolated from bone
marrow (BM) by Friedenstein e al. (17); however, similar
populations have been reported in other tissues, such as
peripheral blood (18), cord blood (19), trabecular bone (20),
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adipose tissue (1), synovium (21), skin (22), muscle, and
brain (23).

MSCs have been characterized by their fibroblast-like
morphology, plastic-adhesive and self-renewal properties,
and their ability to differentiate in vitre into at least three
mesodermal-derived tissues: bone, cartilage, and fat (1).
Immunophenotypically, MSCs have been defined as cells
expressing CD29, CD44, CD90, and CD105 and lacking
hematopoietic lineage markers and HLA-DR (9-11).
However, recent studies have demonstrated that MSCs
isolated from several sources are not a homogenous
population and that their differentiation potential may vary
depending on the source and the donor (11, 24, 25).
Unfortunately, the factors affecting these differences are still
unknown. BM has been considered the main MSC source
because of their potential to both proliferate and differ-
entiate (3, 7). However, other sources of similar cell
populations are being investigated, because BM-derived
MSC isolation requires a painful and invasive procedure, the
frequency of MSCs is low (1), and their ability to proliferate
and differentiate decline with age (26).

Human umbilical cord blood (UCB)-derived MSCs are
being evaluated for use in cellular therapies because they are
ontogenically primitive, are less exposed to immunologic
challenges, are abundantly available, and can be harvested
without risk to the domor (27). Various reports are
conflicting in relation to the presence of MSCs in UCB
(28=30): however, several groups have successfully isolated
MSCs from UCB (11, 15, 24, 31-35). The frequency of
mesenchymal progenitors in the UCB of full-term deliveries
is extremely low (0.00003% of nucleated cells) (31);
however, these progenitors have the highest expansion
potential when compared with that of other sources (11, 25).

Adipose tissue has recently been identified as a
convenient alternative source of MSC-like cells. Adipose
tissue—derived stem cells (ADSCs) are available in quanti-
ties of hundreds of million cells per individual (9), have an
extensive self-renewal capacity (36), are easily isolated by
differential sedimentation, and can be cultured for several
months in virre with low levels of senescence (37). ADSCs
also have the potential to differentiate into various cells,
including adipocytes, osteoblasts, chondrocytes, neurons,
and multinucleated myocytes in response to lineage-specific
induction factors (10, 11, 37—41).

The starting population for most of the trans-differ-
entiation experiments is different; therefore, comparing
results between various groups is difficult and may also
partly account for the lack of reproducibility in some of the
initial reports (10). MSCs are poorly defined, and this has
led separate groups to assign diverse names and phenotypes
to this cell population (42). Thus, a precise characterization
of MSC and its properties relating to molecular differ-
entiation represents an absolute condition for future
development and exploitation of stem cell research for
clinical applications (10, 11).

In this study we characterized for the first time adult

stem cells isolated from three sources (BM, UCB, and AT)
by flow cytometry and compared their differentiation
properties to adipocytes, osteoblasts, and chondrocytes by
cellular (cytochemistry) and molecular (reverse transcriptase
polymerase chain reaction [RT-PCR]/quantitative polymer-
ase chain reaction [qPCR]) approaches.

Materials and Methods

Collection of BM, UCB, and AT. Human BM
stromal cells were obtained from the iliac crest of 10
patients with dilated cardiomyopathy who were aged
between 50 and 70 years (60.36 *= 9.86 years) and who
had applied for a stem cell transplantation procedure. About
5 ml of BM aspirate were collected in a syringe containing
10,000 IU heparin to prevent coagulation.

UCB units from full-term deliveries (n = 10) were
collected from unborn placenta by a standardized procedure
using syringes that contained anticoagulant citrate dextrose,
and were processed within 12 hrs after collection. Donors
faced no complications throughout their pregnancy.

AT was obtained from 10 donors, aged between 26 and
50 years (38.0 * 12.55 years), who were undergoing
elective bariatric surgery and dermolipectomy procedures.
Typically, 100 ml of AT was processed.

All samples of BM, UCB, and AT were collected after
informed consent was obtained in accordance with the
guidelines on the use of human subjects, as approved by the
ethics committee of Pontificia Universidade Cat6lica of
Parand (approval number 597).

Isolation and Culture of Adherent Cells. Three
sources of adherent cells were used in this work.

BM. The aspirate was diluted 1:3 with Iscove’s
modified Dulbecco’s medium (IMDM) (Gibco Invitrogen.
Grand Island, NY) and carefully loaded onto Histopaque
(1.077 g/ml) (Sigma Chemical Co., St. Louis, MO) to
isolate BM mononuclear cells (MNCs). MNCs were isolated
by density gradient centrifugation (400 g, 30 mins, room
temperature) and washed twice with IMDM (43). BM-
derived MNCs were cultured at a density of 1 X 107 cells/
em® in T75 culture flasks (TPP, Trasadingen, Switzerland)
at 37°C in a humidified atmosphere that contained 5% CO,;
IMDM supplemented with 15% fetal calf serum (FCS)
(Gibco Invitrogen), penicillin (100 units/ml), and strepto-
mycin (100 pg/ml) (Gibco Invitrogen) were also used. The
culture medium was changed to remove the remaining
nonadherent cells 2 days after the initial plating. Thereafter,
the culture medium was replaced twice each week.

UCB. UCB MNCs were isolated by using two
methods. In the first, each UCB unit was diluted 1:3 and
processed as described for BM. The second was performed
by using a commercially available kit (RosetteSep, Stem
Cell Technologies, Vancouver, Canada) according to the
manufacturer’s instructions; Histopague density separation
as described (15) followed. UCB-derived MNCs were set in
culture at a density of 6 X 107 cells/em® in T75 culture flasks
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in the same culture medium described in the preceding
section. The cultures were incubated for 4 days at 37°C in a
humidified atmosphere containing 5% CO,. Nonadherent
cells were then removed, and fresh medium was added to
the flasks. Culture medium was removed by complete
exchange every 7 days.

AT. ADSCs were isolated by using enzymatic diges-
tion. In brief, 100 ml AT was washed with sterile phosphate-
buffered saline (PBS) (Gibco Invitrogen). A one-step
digestion by 1 mg/ml collagenase type I (Invitrogen) was
performed for 30 mins at 37°C during permanent shaking
and was followed by filtration through first a 40- and then
100-pum mesh filter (BD FALCON, BD Biosciences
Discovery Labware, Bedford, MA, USA). The cell
suspension was centrifuged at 800 g for 10 mins, and
contaminating erythrocytes were removed by erythrocyte
lysis buffer, pH 7.3. The cells were washed and then
cultivated at a density of 1 X 10° c&:]ls.,’cml in T75 culture
flasks in DMEM-F12 (Gibco Invitrogen) supplemented with
10% FCS, penicillin (100 units/ml), and streptomycin (100
pg/ml) (44). The medium was changed 2 days after the
initial plating. The culture medium was then replaced twice
each week.

BM-derived and UCB-derived MSCs and ADSCs were
subcultured after the cultures had reached 80% to 90%
confluence; MSCs were detached by treatment with 0.25%
trypsin/EDTA (Invitrogen) and were replated as passage-1
cells (the process was then continued as previously
described).

Determination of the Cell-Surface Antigen
Profile. BM-derived and UCB-derived MSCs and ADSCs,
between the third and fifth passages (P; through Ps), were
labeled with antibodies against several human proteins to
analyze cell-surface expression of typical marker proteins:
nonconjugated CD105; CD9Y90, CD44, and CD31, each of
which was conjugated with fluorescein isothiocyanate
(FITC); CD73, CD166, and CD34, each of which was
conjugated with phycoerythrin (PE); CD29, CDI117, and
CD14, each of which was conjugated with allophycocyanin
(APC; BD Pharmingen, CA, USA); and CD45 conjugated
with peridinin chlorophyll protein (PerCP; BD Pharmingen,
San Diego, CA). Cells were detached by treatment with
0.25% trypsin/EDTA, washed with PBS, and incubated in
the dark for 30 mins at room temperature with the respective
antibody. Cells were then washed with wash flow buffer and
resuspended in 500 pl of 1% formaldehyde solution. For the
detection of CDI105, cells were further washed and
incubated for 15 mins with a secondary antibody Goat
F(ab")2 anti-human IgG (gamma) (Caltag Laboratories,
Burlingame, CA) (45). Mouse isotype IgG1 antibodies were
employed as controls (BD Pharmingen). Approximately
20,000 labeled cells were passed through a FACS Calibur
flow cytometer (Becton Dickinson, Franklin Lakes, NI,
USA) and were analyzed by Flowlo software (Flowjo,
Ashland, Oregon, USA).

Differentiation Procedures. BM-derived and

UCB-derived MSCs and ADSCs were assessed for their
potency by inducing their differentiation into adipocytes,
osteoblasts, and chondrocytes. Cells between P; and Ps from
each source were incubated with three differentiation media.

Adipogenic Differentiation. Subconfluent (80%)
MSCs were seeded on glass coverslips (Sarstedt, Newton,
NC, USA) in 24-well plates (TPP) and were treated with
three types of media: medium | consisted of 0.05 pM
dexamethasone (Sigma Chemical Co.), 10 pg/ml insulin
(Sigma-Aldrich, St. Louis, MO), 60 pM indomethacin
(Sigma-Aldrich) in DMEM-HG (Gibco Invitrogen) with
15% FCS (46); medium 2 consisted of 1 uM dexametha-
sone, 5 pg/ml insulin, 60 pM indomethacin in IMDM with
15% FCS (46); and medium 3 consisted of Poietics
Differentiation Basal Medium Adipogenic (Cambrex Bio-
Science, Walkersville, MD) supplemented with hMSC
Adipogenic SingleQuots (Cambrex BioScience). Adipogen-
ic differentiation was induced by cyclic changes; the
maintenance medium that contained the adipogenic inducer
was changed every 3 days during 3 weeks. Oil Red O
(Sigma-Aldrich) was used to visualize lipid-rich vacuoles.
Briefly, cells were treated with Bouin’s fixative (Biotec,
Labmaster, Parand, Brazil) for 10) mins at room temperature,
washed twice with 70% ethanol and once with Milliq water,
and stained with a solution of 0.5% Qil Red O (Sigma-
Aldrich) for 1 hr. Hematoxylin-eosin (HE) (Biotec) was
used for nuclear staining. Control cells were kept in IMDM
medium with 15% FCS. To quantitatively analyze adipo-
genic differentiation, 70 fields in three biological replicates
from each source of MSCs were counted by using Image-
Pro Plus version 4.5. We also performed RT-PCR and
qPCR to estimate the level of adipocyte-specific FABP4
mRNA in induced (medium 2) and noninduced (negative
control) cultures.

Osteogenic Differentiation. Cells were seeded and
cultured on slides placed in 24-chamber plates (TPP) to
induce osteogenic differentiation. Subconfluent (80%)
cultures were subjected to three types of osteogenic
medium: medium 4 consisted of 0.1 pM dexamethasone,
10 mM [-glycerolphosphate (Sigma-Aldrich), and 50 pM
ascorbate in DMEM-HG with 15% FCS (16); medium 5
consisted of 0.1 pM dexamethasone, 10 mM [-glycerol-
phosphate, 100 pM ascorbate, and IMDM with 15% FCS
(16); and medium 6 consisted of Poietics Differentiation
Basal Medium Osteogenic (Cambrex BioScience) supple-
mented with hMSC Osteogenic SingleQuots (Cambrex
BioScience). Media were replaced every 3 days over a 3-
week period. Induced monolayers were fixed for 10 mins in
Bouin’s fixative (Biotec) and washed (twice with 70%
ethanol and once with Milliq water). Monolayers were then
incubated for 15 mins with Alizarin Red S at pH 7.0 and pH
4.2 (Fluka Chemie, Buchs, UK) at room temperature to
evaluate calcium accumulation. Light green (Sigma-Al-
drich) was used to counterstain. Control cells were kept in
IMDM with 15% FCS over the same period. In addition,
RT-PCR and gPCR were performed to estimate the level of
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Table 1. Primer Sets Used for RT-PCR and qPCR
Gene Sequence (5'-3') Accession no. Amplicon (bp)

GAPDH Forward: GGCGATGCTGGCGCTGAGTAC 2597 150
Reverse: TGGTTCACACCCATGACGA

FABP4 Forward: ATGGGATGGAAAATCAACCA 2167 97
Reverse: GTGGAAGTGACGCCTTTCAT

Osteonectin Forward: ACATCGGGCCTTGCAAATACATCC 6678 437
Reverse: GAAGCAGCCGGCCCACTCATC

ALP Forward: TACAAGGTGGTGGGCGGTGAACGA 249 92
Reverse: TGGCGCAGGGGCACAGCAGAC

Collagen type II, o1 Forward: CCGGGCAGAGGGCAATAGCAGGTT 1280 128
Reverse: CAATGATGGGGAGGCGTGAG

the osteoblast-specific osteonectin and alkaline phosphatase
(ALP) mRNA in MSCs cultured in induction medium
(medium 5) and in noninduction or control medium.

Chondrogenic Differentiation. Cells were grown in
micromass culture to promote chondrogenic differentiation
(47). Briefly, 2 X 10° cells in 0.5 ml of medium were
centrifuged at 300 g for 10 mins in a 15-ml polypropylene
tube to form a pellet. Without disturbing the pellet, cells
were cultured for 21 days in three different chondrogenic
media; medium 7 consisted of DMEM-HG supplemented
with 15% FCS and 001 pM dexamethasone, 397 pg/ml
ascorbic acid-2-phosphate (Sigma-Aldrich), 1 mM sodium
pyruvate (Gibco Invitrogen), 10 ng/ml TGF-p1 (Sigma-
Aldrich), and 1% insulin-transferrin-selenium-X (Gibco
Invitrogen) (27); medium 8 consisted of DMEM-HG
supplemented with 1% FCS and 10 ng/ml TGFp1, 0.5 pg/
ml of insulin, 50 pM ascorbic acid (27); and medium 9
consisted of Differentiation Basal Medium Chondrogenic
supplemented with hMSC Chondrogenic SingleQuots.
Media was changed every 3 days. On day 21, cell
aggregates were fixed in 10% formaldehyde for 1 hr at
room temperature, dehydrated in serial ethanol dilutions,
and embedded in paraffin blocks. Paraffin sections (4-pm
thick) were stained for histologic analysis with HE, Mallory
(Biotec), or Toluidine Blue solution (Sigma-Aldrich) to
demonstrate the presence of intracellular matrix mucopoly-
saccharides. Chondrogenic differentiation was further con-
firmed by RT-PCR analysis of the chondrocyte-specific
protein collagen type II mRNA in induced (medium 8) and
noninduced cultures.

Total RNA Extraction and RT-PCR. Total RNA
was obtained with the RNeasy kit (QIAGEN, Austin, TX)
and treated in column with DNAse I (QIAGEN). Concen-
trations were determined by spectrophotometry (Gene-
Quant, Amersham Biosciences, Sunnyvale, CA).
Complementary DNA (cDNA) was synthesized from 1 pg
of total RNA by using 1 pl of 10 uM oligo-dT primer (USB
Corporation, Cleveland, OH) and 1 pl of reverse tran-
scriptase (IMPROM 11, Promega, Fitchburg, WT) according
to the manufacturers’ instructions. PCR was carried out with
20 ng of cDNA as template, 20 mM Tris-HCI (pH 8.4), 50

mM KCl, 5 pmol of primers (10 pmol for the FABP4 gene:
Table 1), 2.5 mM MgCl, 0.0625 mM dNTPs, and 1 unit
Tag polymerase (Invitrogen). The oligonucleotide primer
sets used for PCR and the amplicon size are depicted in
Table 1. PCR included heating at 94°C for 2 mins, and the
heating was followed by 30 cycles of 94°C for 15 secs, 55°C
for 30 secs, 72°C for 40 secs, and a final extension of 72°C
for 3 mins by using a Bio-Cycler II thermocycler (Peltier
Thermal Cycler; Bio-Rad, Hercules, CA). Ten microliters of
RT-PCR products were resolved by 2% agarose gel
electrophoresis, visualized by ethidium bromide staining,
and photographed under ultraviolet illumination (UV White
Darkroom, UVP Bioimaging Systems, Upland, CA).
qPCR. Quantitative PCR was performed by using the
ABI PRISM 7000 sequence detection system (Applied
Biosystems, Foster City, CA). Amplifications were carried
out in a final reaction volume of 20 pl with the SYBR Green
master mix (Applied Biosystems), 10 ng cDNA template,
and 5 pmol primers (10 pmol for FABP4). PCR conditions
were 50°C for 2 mins and 95°C for 10 mins, and this initial
step was followed by 45 cycles of 95°C for 15 secs, 60°C for
30 secs, and 72°C for 40 secs. The melting curves were
acquired after PCR to confirm the specificity of the
amplified products. A standard curve based on cycle
threshold values was used to evaluate gene expression. In
brief, we used 1:5 dilutions of known concentrations of
cDNA in triplicate to generate curves extending from 50 pg
to 80 ng cDNA. We generated standard curves for each
gene, including the control (housekeeping) gene. The
relative amount of gene expression for each sample was
normalized by dividing the value obtained for the analyzed
gene by the value obtained for each control gene. Results
were analyzed as gene expression relative to the house-
keeping gene expression. Differences in expression were
observed by comparing cells induced to differentiate with
control samples that had not been induced (48).
Statistical Analysis. Continuous variables were
presented as means * standard deviations, and categorical
variables were presented as frequencies and percentages.
Comparisons between BM-derived and UCB-derived MSCs
and ADSCs were performed by using the nonparametric
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Figure 2. Immunophenotype assessed by flow cylometry. BM-derived MSCs, UCB-derived MSCs, and ADSCs were labeled with antibodies
against the indicated antigens and analyzed by flow cytometry. Representative histograms are displayed. On the y axis is the % Max (the cell
count in each bin divided by the cell count in the bin that contained the largest number of cells), and the x axis is the fluorescence intensity in a
log (10°=10%) scale. The isotype control is shown as a thick black-line histogram.

were found between BM-derived MSCs (DV = 245.57 =
943 pmz per nucleus) and ADSCs (DV = 243.89 = 145.52
pmz per nucleus). The impressively high variations
observed in BM-derived MSCs DV may be a consequence
of the heterogeneous cell population present at the moment
analyzed. However, the mean area occupied by individual
lipid droplets was 7.37 um?® in BM-derived MSCs and 2.36
pm?® in ADSCs, indicating that adipocytes in BM-derived
MSC cultures are more mature than in treated ADSC
cultures.

Osteogenic differentiation was assessed by the miner-
alization of the extracellular matrix, visualized by Alizarin
Red S staining at pH 4.2. We detected calcium carbonate
and phosphate in cells from all sources after 21 days of
differentiation induction (Fig. 3). No differences in the
osteogenic differentiation capacity were detected among
BM-derived and UCB-derived MSC and ADSC samples.

In chondrogenic differentiation assays, MSCs formed
aggregates that dislodged and floated freely in the
suspension culture. High-density micromass MSC cultures
generated cellular nodules, which produced large amounts
of cartilage-related extracellular matrix molecules such as
collagen. Paraffin sections of the aggregates stained with
HE, Mallory. or Toluidine Blue showed a condensed
structure with cuboidal cells and chondrocyte-like lacunae.
The cells stained positively for Toluidine Blue; this dye is
specific for the highly sulfated proteoglycans of cartilage

matrices. All samples tested, irrespective of their origin,
demonstrated a cartilage-like phenotype with chondrocyte-
like lacunae (Fig. 3).

Untreated control cultures, which were grown in regular
medium without adipogenic, osteogenic, or chondrogenic
differentiation stimuli, did not exhibit spontaneous adipo-
cyte, osteoblasts, or chondrocyte formation after 14 and 21
days of cultivation (Fig. 3).

Expression Profile of Differentiation Markers by
RT-PCR and g-PCR Analysis. The mRNA levels of
various marker genes were analyzed by RT-PCR and gPCR
of total RNA isolated from induced and noninduced
cultures, GAPDH mRNA was used as an intemmal control.

Levels of mRNA for FAPB4 were analyzed as a marker
of adipogenic differentiation. RT-PCR easily detected
FAPB4 expression in induced BM-derived MSCs and
ADSCs in comparison with FAPB4 expression in the
noninduced control cells; importantly, control cells were
cultured for the same period as treated cells were. The
overall RT-PCR profile was very similar for replicates from
the same MSC source. However, results of gPCR detected
significant variability in expression among independent
biological samples (Fig. 5A). No expression or low levels of
expression of FAPB4 were detected in induced and
noninduced UCB-derived MSCs; this low expression is in
contrast to that observed in BM-derived MSCs and ADSCs
(Fig. 5A). Therefore, poor adipogenic potential detected in
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Kruskal-Wallis exact test, and values of P < (.05 were
considered statistically significant. Analysis was performed
with the SPSS V.14 software package.

Results

Isolation, Expansion, and Morphology of BM-
Derived and UCB-Derived MSCs and ADSCs. The
success rate for isolating BM-derived MSCs and ADCSs
was 100% (10/10). By contrast, the success rate for UCB
was only 30% (3/10). UCBs were processed no longer than
12 hrs after umbilical cord collection. A net volume of 74.4
+ 287 ml and 88.1 X 10° + 48.4 X 10° MNCs were
obtained. No correlation was detected between volume,
number of MNCs in the UCB after gradient separation, and
success in obtaining MSCs. Although evidence for the
isolation of fibroblastoid cells with MSC characteristics
from UCB is still under debate (11, 15, 24, 28-30, 33-35,
44), we observed that MSC-like cells can be isolated from
UCB units of full-term newboms.

The commercial kit (RosetteSep) did not significantly
improve the isolation of UCB-derived MSCs. Therefore, the
density gradient method (Histopaque) was used because it
was less expensive and faster. Only a few cells attached to
the plastic culture flasks and formed spindle-shaped
adherent cells within 3 to 4 weeks after the plating of
UCB-derived MNCs. By contrast, BM-derived MNCs and
ADSCs formed clusters of elongated, spindle-shaped
(fibroblast-like) MSCs within 3 days and reached cell
confluence after 1 week.

Confluent cells were treated with trypsin and were
subcultured (1:2 split). Cells from BM-derived and UCB-
derived MSCs and ADSCs after two passages were
homogeneous in size (P = 0.159) and granulosity (P =
0.165), having a fibroblastic shape (Fig. 1).

MSC Cell-Surface Antigen Profile. Cell-surface
antigen expression was evaluated by flow cytometry in at
least 3 samples each from BM-derived and UCB-derived
MSCs and ADSCs between P; and Ps (Fig. 2). With few
exceptions, all three sources displayed similar immunophe-
notypes for the markers analyzed (Fig. 2 and Table 2). Cells
were uniformly positive for the endoglin receptor CD105,
the extracellular matrix protein CD90, the surface enzyme
ecto-3'-nucleotidase CD73, the activated leukocyte cell

adhesion molecule CD166, the P;-integrin CD29, and the
hyaluronate receptor CD44. No detectable contamination of
hematopoietic cells was observed, as flow cytometry
analysis was negative for markers of hematopoietic lineage,
including the lipopolysaccharide receptor CD14, the
leukocyte common antigen CD45, and the endothelial cell
marker CD3 1. The percentages of expression of CD34, a
hematopoietic progenitor cell marker, in MSCs isolated
from BM, UCB, and ADSCs were 2.16% * 2.48%, 10.52%
* 10.58%, and 10.37% = 8.37%. respectively (Table 2).
Statistical analysis comparing the MSCs sources regarding
CD34 showed a significant difference only between BM and
ADSCs (P =0.02). Flow cytometry experiments for CD117
(c-kit) were independently analyzed by three experts. The
independent analyses showed that CDI17 is a complex
marker to evaluate. Whereas ADSCs were clearly positive
(98.11 = 3.06), BM-derived and UCB-derived MSCs
showed dimly positive-to-negative staining for CD117.
This pattern became evident when the mean values and
standard deviations of BM-derived and UCB-derived MSCs
positive for CD117 were evaluated (52.7 = 46.46 and 38.84
*+ 40.80, respectively; Table 2).

Differentiation Assays. After careful visual exami-
nation, the following differentiation media were considered
the most efficient in inducing adipogenic (medium 2),
osteogenic (medium 5), and chondrogenic (medium 8)
differentiation. Using these media, MSCs from the three
sources between passages P; and Ps were compared for their
multilineage differentiation plasticity by in vitro assays.
Differentiation to adipocytes, osteoblasts, and chondrocytes
was qualitatively assessed on the basis of cell morphology
and cytochemistry.

‘We used the presence of lipid-rich vacuoles stained
with Oil Red O to analyze adipogenic induction. BM-
derived MSCs and ADSCs presented large. round cells with
cytoplasmic lipid-rich vacuoles (Fig. 3); however, UCB-
derived MSCs displayed few and very small intracellular
lipid droplets (Fig. 4). Seventy fields in three biological
replicates from each source of MSCs were analyzed to
estimate the differentiation value (DV), which was calcu-
lated by dividing the lipid droplet area by the number of
nuclei so that possible differences in field cell confluences
were considered. No differences in the adipogenic potential
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Figure 2. Continued.

UCB-derived MSCs by microscopic analysis was consistent
with the results observed in FAPB4 expression analyses.
We analyzed osteonectin and ALP expression to
evaluate osteogenic induction. Osteonectin is a glycoprotein
that has been used as a differentiation marker for bone cells
(49). RT-PCR showed no difference in osteonectin expres-
sion between induced and noninduced cells(data not shown).
By qPCR, we observed discordant osteonectin expression
profiles among biological samples from all three MSC
sources. Whereas osteonectin expression in the induced
culture in one BM sample was considerably greater than that
in the noninduced culture, no difference was observed in the

remaining samples. Therefore, we concluded osteonectin did
not appear to be a suitable marker for osteogenic differ-
entiation, at least in the culture conditions used in this study.
Therefore, ALP mRNA levels were analyzed. We detected
higher ALP mRNA levels in the induced cells than in
noninduced cells from all sources after performing qPCR
(Fig. 5B). In all the induced UBC-derived MSCs replicates
analyzed, ALP mRNA levels were higher than those in the
induced samples from the other sources (Fig. 5B).
Chondrogenesis was further studied by analyzing the
mRNA level of a well-known marker, the cartilage-specific
type IT collagen gene. Similar to osteonectin expression, a

Table 2. Comparison of the Expression of Surface Proteins of Mesenchymal Stem Cells Derived from at Least 3
Samples of BM-Derived MSCs, UCB-Derived MSCs, and ADSCs Analyzed by Flow Cytometry®

Antibody BM UCB AT

CD105 95.75 = 5.52 96.96 = 4.33 98.83 = 1.01
CD90 93.16 = 4.61 87.16 = 5.79 96.78 = 1.88
CD73 97.61 = 2.83 96.84 = 0.81 96.42 = 2.82
CD166 91.69 = 4.10 80.71 = 25.31 93.79 = 6.78
CD44 95.43 = 4.27 92.48 = 7.01 98.77 = 0.62
CD29 98.72 + 2.28 99.78 = 0.06 97.45 = 4.18
CD14 4.06 £ 4.35 4.32 £ 3.57 2.13 £1.79
CD45 1.97 = 1.46 0.97 = 0.88 0.45 = 0.58
CD31 0.28 = 0.20 0.41 = 0.43 0.94 + 1.54
CD34 2.16 £ 2.48 10.52 = 10.58 10.37 = 7.98
Cb117 52,70 = 46.46 38.84 = 40.80 98.11 % 3.06

@ Each value is the mean percentage of at least three experiments + standard deviation.
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Figure 3. Differentiation of BM-derived MSCs, UCB-derived MSCs, and ADSCs. Cells between P, and Ps from each source were incubated for
21 days in the presence of specific differentiation agents for adipocytes (medium 2), ostecblasts (medium 5), and chondrocytes (medium 8).
Differentiation into the adipocyte lineage was demonstrated by staining with Oil Red O. Alizarin Red S staining shows mineralization of the
extracellular matrix. Toluidine Blue shows the deposition of proteoglycans and lacunae Untreated control cultures without adipogenic,

osteogenic, or chondrogenic differentiation stimuli are shown on the bottom right corner of each photograph. Magnification: x200. The bar
indicates 20 um.

strong band was detected in all induced and noninduced
MSCs under the RT-PCR conditions used in this study.
However, we detected higher type II collagen expression in
induced cells than in noninduced cells after qPCR; this

MSC source:

N ; N LS

increase in expression was evident for most induced cells
although individual expression levels varied (Fig. 5C). In a
few cases, no significant differences between induced and
noninduced cells were seen (2 of 4 ADSCs).

Figure 4. Tiny intracytoplasmic lipid droplets (amowheads) present in UCB-derived MSCs under standard differentiation conditions.

Magnification: x1000. The bar indicates 20 um.
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Discussion

The expected plasticity of human mesenchymal pro-
genitors is paramount for upcoming therapeutic strategies
for cellular therapy and tissue engineering. Functional
assays are required to establish the presence of MSCs in a
tissue because there are no specific and universal molecular
markers of adult MSCs. Here we compared the biological
properties and differentiation potential of MSCs isolated
from presently the most important sources: BM, UCB, and
AT.

MSC isolation differed depending on the source.
Whereas BM-derived MSCs and ADSCs isolation effi-
ciency was 100%, that for UCB-derived MSCs was only
30%. Other groups have also reported low levels of
efficiency in the isolation and establishment of UCB-
derived MSCs (10, 11, 24). Sharing UCB-derived MSCs
with the fetus (50) and cross-contamination with monocytes
and osteoclast-like cells during culture establishment (24)
are some of the hypotheses to explain the low yields of
MSCs from this source. Also, successes in obtaining UCB-
derived MSCs are related to the time between collection and
isolation, and the UCB unit volume (24). In this study, the
storage time was less than 12 hrs, and the mean volume was
74.4 * 28.7 ml; however, the low number of MNCs (88.11
X 10° + 48.37) might account for the extremely low
frequency of UCB-derived MSCs obtained in comparison
with the frequencies of BM-derived MSCs or ADSCs. The
period for establishing BM-derived MSCs or an ADSC
monolayer was shorter than that for UCB-derived MSCs.
Growth of the latter was slower than that of BM-derived
MSC and ADSC cultures, but once cultures were estab-
lished, growth was maintained over multiple passages. This
result probably reflects the low precursor frequency of
MSCs in UCB (32).

No morphologic differences were observed between
BM-derived and UCB-derived MSCs and ADSCs, as has
been previously reported (10, 11, 51). Also, flow cytometry
measurements showed no significant differences conceming
cell size and complexity in all MSC populations (data not
shown). The homogeneity of MSC cultures at specific
passages was apparent after assessment of the cell-surface
antigen profile. The direct comparison reported here showed
that BM-derived and UCB-derived MSCs and ADSCs share
classic MSC marker proteins (52). As expected, these cells
lacked the hematopoietic marker CD14, CD45, and the
endothelial marker CD3 1. However, CD34 gene expression
was 2% in BM-derived MSCs and about 10% in UCB-
derived MSCs and ADSCs. This observation was not
unusual as freshly isolated or primary cultures of BM-
derived and UCB-derived MSCs and ADSCs have been
reported to be dimly to significantly positive for CD34 (15,
53-56).

CD117 was present in ADSCs and dim in BM-derived
and UCB-derived MSCs. Expression of this protein by
MSCs is controversial. Tt has been previously reported that

MSCs do not express CD117 (10, 57-59), whereas other
reports have shown that embryonic stem cells, hemato-
poietic stem cells, and MSCs are dimly or strongly positive
for this marker (60-63); our results are consistent with the
latter. Together, these data strongly suggest that BM-derived
MSCs, UCB-derived MSCs, and ADSCs are highly similar
morphologically but are not so immunophenotypically (54,
57, 62-65).

In this study, we used qualitative assays to demonstrate
the in vitro multilineage developmental potential of BM-
derived and UCB-derived MSCs and ADSCs after exposure
to specific culture conditions. BM-derived MSCs and
ADSCs demonstrated a high in vitro potential to differ-
entiate into adipocytes, osteoblasts, and chondrocytes,
whereas UCB-derived MSCs presented a more restricted,
or at least delayed, adipocyte differentiation capacity.
Immaturity of these neonatal cells cannot account for their
low adipocyte differentiation potential because differentia-
tion to osteoblasts and chondrocytes was similar to that of
BM-derived MSCs and ADSCs.

BM-derived MSCs and ADSCs cultures had a greater
propensity to differentiate into adipocytes than did UCB-
derived MSCs under similar culture conditions. Induced
BM-derived MSCs presented more mature adipocytes
(unilocular lipid vacuoles) by morphometric assessment
than did induced ADSCs. Karahuseyinoglu er al. (66)
reported that some MSCs in the BM stroma may already be
committed to form mature adipocytes in situ. Previous
studies had reported conflicting data regarding the adipo-
genic differentiation potential of UCB-derived MSCs (10,
11, 15, 24, 25, 32, 50). UCB-derived MSCs rarely
differentiated toward adipocytes under our standard differ-
entiation protocols. Only tiny lipid vacuoles were observed
in a few UCB-derived MSCs after 21 days of induction, and
FABP4 expression was poor or even absent; FABP4 is a
fatty acid-binding protein characteristically present in
adipocytes. These tiny lipid vacuoles suggest that differ-
entiation is at its initial stages, and it is highly probable that
a longer culture period is necessary for UCB-derived MSC
adipogenic differentiation. In fact, human umblical cord
stromal cells achieved adipogenic differentiation only after
40 days of induced culture (66); this represents a relatively
longer period than with BM-derived MSCs and ADSCs.
Also, Bieback er al. (24) showed that adipogenic differ-
entiation could solely be induced in MSC-like cells cultured
continuously in adipogenic induction medium for at least 5
weeks.

In this study, human BM-derived and UCB-derived
MSCs and ADSCs were able to proliferate and subsequently
differentiate into osteoblasts. Incubation with differentiation
medium induced cell aggregation and matrix production,
which positively stained with the calcium-specific marker
Alizarin Red S. The mRNA profiles for osteonectin were
not satisfactory for the detection of osteoblast differ-
entiation, at least under our conditions. Compared with
induced MSCs, untreated MSCs from all three sources
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mostly showed no differences in osteonectin mRNA levels.
Data deposited at the Gene Expression Omnibus profile at
National Center for Biotechnology Information (accession
number GDS1288 record | GPL96 212667) show that
osteonectin mRNA levels in BM-derived MSCs are quite
high, and it has also been shown by Serial Analysis of Gene
Expression analyses that noninduced BM-derived and UCB-
derived MSCs significantly expressed this glycoprotein (67,
68): these data are consistent with our observations.
Therefore, we suggest that osteonectin is not an appropriate
hallmark gene for cultures induced to differentiate into
osteoblasts during 21 days. Matrix mineralization is the
latest stage of osteoblast differentiation process, and
osteonectin may be considered a marker for terminal
differentiation (69); terminal differentiation was not
achieved in the 21 days of our induced cultures. Accord-
ingly, Plant and Tobias (70) studied osteoblast differ-
entiation and observed that osteocalcin, osteopontin, and
osteonectin expression showed modest increases only at
later times, such as 20 and 24 days after induction.
Conversely, ALP appeared to be a good osteogenic marker
under conditions used in this study. In addition, identifying
genes associaled with osteoblast differentiation is a very
complex task in MSCs induced to become an osteoblast
lineage (71-74).

BM-derived and UCB-derived MSCs and ADSCs
cultured with TGF-f developed typical morphologic
features of chondrocytes and produced mucopolysaccharide,
an indicator of chondrogenic differentiation. Although the
extracellular matrix protein collagen type II is expressed by
chondrocytes and MSCs, g-PCR assays clearly showed that
its mRNA levels were higher in induced MSCs than in
noninduced MSCs. A common observation for all the
molecular markers analyzed was the considerable variability
seen among all biological samples. The overall profiles were
similar among samples that had undergone similar treat-
ment, but the relative mRNA levels differed enormously. It
is highly probable that the variation observed was mainly
due to the age, the health condition, and the genetic
background of the patients and donors rather than due to
technical variations (75, 76).

Here we presented comparative data from human BM-
derived and UCB-derived MSCs and ADSCs. Tt is
reasonable to conclude that MSCs can be found in these
three various tissues, and although MSCs from the 3 sources
analyzed here may be considered morphologically and
immunophenotypically similar with the usual markers
available, they clearly diverge in their differentiation

capacity and/or differentiation kinetics. Presently, stem
cell-based therapies are being extensively studied in vivo.
Whereas BM-derived MSCs and ADCS can produce a
variety of tissues of mesodermal and nonmesodermal
origins (77-82), the in vive adipocyte differentiation
potential of UCB-derived adherent cells seems to be
reduced (27), as it was observed in our in vitro assays.
Therefore, further basic research is still necessary to
understand the biology of MSCs obtained from different
tissues and to delineate their extent and significance on
clinical applications.
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Introdugao

Células-tronco/progenitoras frequentemente néo estdo disponiveis em quantidade su-

ficiente para restauragdo de 6rgdios e tecidos danificados, sendo necessdria sua expan-
sdo in vitro. Instalagdes fisicas adequadas, pessoal técnico qualificado, reagentes de
grau clinico e protocolos bem definidos de acordo com as condi¢des de boas prdticas
de fabricagdo sdo imprescindiveis para assegurar a qualidade e seguranga das células
infundidas no paciente. 4 medula dssea e o sangue de corddo umbilical ainda sdo as
fontes de células mais utilizadas em terapias. Protocolos bem sucedidos de expansdo
utilizando células-tronco hematopoéticas, células-tronco mesenquimais e células
progenitoras endoteliais jd tém sido empregados em estudos pré-clinicos e clinicos. 4
escolha do tipo celular adequado deve ser direcionada pelo tamanho da lesdo ou
natureza do tecido tratado e pelo efeito terapéutico desejado. Estudos recentes tém
demonstrado que propriedades de diferentes células expandidas in vitro podem ser
combinadas para obteng¢do de um resultado melhor no tratamento de algumas doen-
¢as. Células em culturas de longo termo precisam ser acompanhadas por meio de
diversas técnicas de citogenética cldssica e molecular para demonstrar que ndo hd
evidéncias de transformagdo espontdnea ou sinais de imortaliza¢do. Ensaios utilizan-
do a infusdo de células expandidas através da barreira alogeneica e xenogeneica,
apresentaram melhora fiumcional e foram alcan¢ados sem imunossupressdo e sem
evidéncias de infiltrados celulares que indicariam resposta imune. Porém, mais estu-
dos precisam ser realizados para avaliar a imunogenicidade destas células e garantir
a seguranga da terapia celular alogénica permitindo sua consolidagéo no uso clinico.
Aqui apresentamos uma atualizagdo sobre expanséo celular associada com seu uso
clinico. Rev. Bras. Hematol. Hemoter.

Palavras-chave: Células-tronco; medula éssea; corddo umbilical.

necessidades de instalagdes fisicas adequadas, pessoal
técnico qualificado com experiéncia em cultivo e protocolos

As células-tronco/progenitoras ndo estdo disponiveis,
naturalmente, em quantidade suficiente para restaura¢do de
orgaos e tecidos danificados. Para assegurar o sucesso das
terapias regenerativas € necessaria a expansdo do nimero
destas células. Algumas das limitagdes ao desenvolvimento
de terapias utilizando células expandidas in vitro sdo as

bem definidos para a produgdo de células, seguindo todas as
normas internacionais de boas praticas de fabricagdo. Outra
dificuldade € que a expansdo requer uma grande variedade de
reagentes, como citocinas e fatores de crescimento, que, em
sua grande maioria, ndo sdo produzidos em grau clinico. A
necessidade da substituicdo destes reagentes por similares
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de grau clinico € critica para o desenvolvimento de novos
protocolos. Este procedimento visa ndo somente minimizar
os riscos de contaminagio, mas também reduzir a chance de
desvios de protocolos e otimizar a identificacao de proble-
mas na produg¢io e melhorar o processo como um todo.!

A escolha do tipo celular adequado para a terapia ce-
lular deve ser direcionada pelo tamanho da lesdo ou nature-
za do tecido que esta sendo tratado e pelo efeito terapéutico
desejado. A expansdo de células especificas visa a melhora
da eficacia da terapia celular, diminuindo a possibilidade de
expansdo inesperada, in vivo, de células ndo adequadas.
As principais fontes de células utilizadas atualmente sdo a
medula 6ssea e o sangue de cordio umbilical humano

(SCUH).
Medula 6ssea

O transplante de medula dssea, utilizado mais comu-
mente para recuperar a linhagem hematopoética, foi o primei-
ro tipo de transplante que abordou a terapia com células-
-tronco, € 0s primeiros ensaios clinicos com sucesso foram
na década de 1950.%

O uso da medula 6ssea como fonte de células, especi-
almente para terapia em cardiomiopatias, tem alguns pontos
desfavoraveis, tais como o risco em relagdo ao procedimento
da coleta, a possibilidade de formagdo de trombos se induzida
a mobilizacdo no sangue periférico e a dificuldade no uso
para o tratamento da doenga isquémica aguda.® A atividade
das células-tronco e especialmente das células progenitoras
endoteliais é diminuida e o seu numero € reduzido em pacien-
tes que sofrem de doengas cardiovasculares, bem como nos
pacientes de idade avangada.***

Entre os pontos favoraveis ao uso da medula dssea,
estd a possibilidade do transplante autdlogo e de nfo ha-
ver necessidade de criopreservagdo da amostra para uso
posterior, podendo-se obter uma grande quantidade de
células que, no caso dos transplantes com células-tronco
hematopoéticas, em geral, € suficiente para o sucesso do
transplante.

Sangue de cordao umbilical humano

O primeiro transplante utilizando células do sangue de
cordio umbilical humano (SCUH) foi realizado em 1988 por
Gluckman e colaboradores” para tratar uma crianga com ane-
mia de Fanconi. Até o momento, mais de 10 mil transplantes
com SCUH ja foram realizados em todo o mundo. Atualmente
existem mais de duzentos bancos publicos e privados de
SCUH no mundo, armazenando em torno de 2 milhdes de
unidades.®

Em relagdo ao SCUH tém-se como desvantagens a ne-
cessidade da criopreservagdo para um possivel uso futuro e
o nimero de células limitado ao volume coletado. Dentre as
vantagens, a coleta no envolve nenhum tipo de risco para a

maie ou para o bebg, e as células podem ser facilmente extra-
idas e criopreservadas. Em comparagdo com as células da
medula 6ssea, no SCUH existe frequentemente um numero
maior de células-tronco por volume coletado, com alta capa-
cidade de proliferacdo,’ e as células transplantadas sdo me-
nos suscetiveis ao desencadeamento da reatividade alogé-
nica no receptor.’

Células-tronco mesenquimais

As células-tronco mesenquimais (CTM) contribuem na
regenerac¢do de cartilagem, gordura, ossos, musculos e
estroma,’® ¢ a expansio destas células, provenientes de di-
versas fontes, tem sido explorada para o uso clinico nas mais
variadas dreas.'"'** Porém, ndo demonstram i vivo capaci-
dade de regeneracdo ou manutengdo de um compartimento
tecidual."* CTM proliferam em cultura aderidas ao pléstico,
possuem capacidade de autorrenovagdo € podem diferenci-
ar-se in vitro em multiplas linhagens; representam uma fra-
¢do muito pequena, apenas 0,001% a 0,01% das células
nucleadas da medula ossea®® e 0,00003% das células nucle-
adas do SCUH."® A caracterizagdo celular destas células ain-
dando esta totalmente definida, mas hd um consenso de que
devam ser positivas para os marcadores CD29, CD44, CD90,
CD105, CD73 e negativas para os marcadores CD34, CD45,
CD14 e CD3.11617

A utilizagdo das CTM no transplante para o tratamento
de doengas hematopoéticas malignas e ndo malignas é fun-
damentada na sua aparente habilidade de modulagado
imunologica.

A doenca do enxerto contra o hospedeiro (DECH) ¢
uma complica¢do pos-transplante de células-tronco hema-
topoéticas (CTH) que apresenta grande indice de mortalida-
de. As CTM dio suporte para o crescimento e diferenciagio
de CTH no microambiente medular € promovem a pega do
enxerto em modelos animais.'® Em um estudo com 55 pacien-
tes, resistentes ao tratamento com esterdides e com DECH
de graus ITa IV, realizado por Le Blanc ¢ colaboradores, as
CTM dos doadores, expandidas 7n vitro, foram infundidas
nos pacientes pos-transplante de CTH. Apos 60 meses de
acompanhamento, 39 pacientes responderam ao tratamento,
com sobrevida significativamente mais alta naqueles com res-
posta completa e sem efeitos colaterais, sugerindo que as
CTM podem suprimir a resposta das células T do doador aos
aloantigenos do receptor.

Ball e colaboradores,?® em um ensaio clinico envolven-
do 14 pacientes, cotransplantaram CTM e CTH haploidén-
ticas. Cinco semanas antes do transplante de CTH, células
mononucleares foram isoladas da medula 6ssea ¢ as CTM
foram expandidas in vitro. Comparando-se os resultados dos
pacientes que receberam a coinfusdo de células com um his-
térico de 47 pacientes (do grupo controle) nas mesmas con-
digdes, que ndo receberam o cotransplante, verificou-se que
no grupo controle houve 15% de falha na pega do transplan-
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te € no grupo que recebeu as CTM todos os pacientes tive-
ram pega do enxerto sem nenhuma reagdo adversa, demons-
trando que as CTM possivelmente suprimem o efeito
alorreativo dos linfocitos T do hospedeiro.

A expansdo in vitro possui o risco de acumular mudan-
¢as genéticas e epigenéticas na célula, o que poderia levar a
uma transformagdo celular e ao cancer.?! O cultivo de CTM
na presenca de reagentes de origem Xenogeneica também
limita a utilizagdo destas células em ensaios clinicos.

O uso do soro autdlogo do paciente em substituigido
ao soro bovino fetal tem como fator limitante a quantidade
que pode ser obtida ¢ também o fato de que a idade dos
individuos dos quais o soro foi obtido interfere na prolifera-
¢do ¢/ou na diferenciagdo das CTM.? Schallmoser e colabo-
radores® demonstraram a capacidade de substituir o uso de
soro bovino fetal pelo lisado de plaquetas no cultivo de CTM.
Este procedimento previne a contaminagdo das células culti-
vadas com patdgenos bovinos e a xenoimunizag¢do, manten-
do a capacidade de proliferagdo e diferenciagdo, e assim per-
mite a utilizagdo clinica das células cultivadas em diferentes
doengas. O lisado de plaquetas ¢ obtido a partir da concen-
tragdo de dez unidades de plaquetas humanas ricas em plas-
ma. Cada unidade ¢ constituida de uma unidade de plasma
de doador do grupo AB e quatro unidades de concentrado
de plaquetas, de doadores do grupo O, previamente filtradas
para deple¢do de células brancas. A lise das plaquetas se da
pelo congelamento a -30°C; a seguir o produto € centrifugado
e filtrado, resultando em um volume aproximado de 2.5 a 3,0
litros, o qual ¢ aliquotado e congelado para uso posterior.

Em culturas de longo termo, CTM de camundongo acu-
mularam aberragdes cromossomicas e exibiram um fenétipo
de transformacdo maligno® e, em alguns modelos animais,
estas células levaram a formagdo de tumores in vivo.** CTM
derivadas do tecido adiposo demonstraram potencial de trans-
formagdo espontanea apos culturas de longo termo in vitro.*’
CTM humanas originadas da medula 6ssea parecem diferir
bastante no comportamento quando comparadas as CTM de
camundongo. Bernardo e colaboradores® realizaram um es-
tudo utilizando diversas técnicas de citogenética classica e
molecular para demonstrar que ndo ha evidéncia de transfor-
magdo espontinea ou sinal de imortalizagdo das CTM obti-
das damedula dssea de individuos saudaveis em culturas de
longo termo. A analise em diferentes pontos do cultivo que
alcangou 25 passagens, ou até a senescéncia das células,
mostrou que nido houve aparecimento de anormalidades
cromossomicas, a atividade da telomerase ¢ dos transcritos
do gene hTERT nao foram expressos € os telomeros sofreram
encurtamento durante o periodo de cultivo.

Hemoangioblastos
O estabelecimento de ilhas sanguineas no saco vite-

linico marca o inicio da hematopoese e da vasculogénese no
desenvolvimento embrionario de camundongos; essas deri-

vam de agregados de células mesodermais € colonizam o
saco vitelinico pos-fecundagdo. As células centrais no inte-
rior desses agregados originam as células hematopoéticas
embrionarias, enquanto a populagdo periférica se diferencia
nas células endoteliais que formam as primeiras estruturas
vasculares.?¥3! Esse desenvolvimento préximo entre a li-
nhagem hematopoética que origina as células do sistema
sanguineo ¢ da linhagem endotelial leva a hipotese de que
elas derivam de um precursor ancestral comum, o hemo-
angioblasto .33

Em estudos in vitro identificou-se uma populagio de
precursores embriondrios com potencial para originar as li-
nhagens hematopoética e endotelial. Esses precursores de-
senvolvem-se em uma mesma célula, denominada célula for-
madora de col6nias de blastos (BL-CFC), a qual esta presen-
te logo no inicio do desenvolvimento do corpo embridide e
persiste por um curto periodo precedendo o inicio da hema-
topoese e da vasculogénese.’! As células CD133+ sdo origi-
nadas a partir da BL-CFC e preenchem muitos critérios, os
quais caracterizam os verdadeiros hemoangioblastos.

Células-tronco hematopoéticas

A expansdo de CTH in vitro envolve o cultivo das
células em suspensdo na presenga de meio e varias combi-
nag¢des de citocinas e fatores de crescimento. O aumento
no numero de CTH ¢é especialmente util para um melhor
aproveitamento das amostras de SCUH criopreservadas. O
baixo nimero de CTH obtidas se deve ao pequeno volume
de sangue coletado, o que limita sua utilizagdo para criangas
ou adultos de baixo peso. A expansio ex vivo de CTH do
SCUH tornaria esta importante fonte de células util para
aplicagdes também em adultos. Por isso, nas ultimas duas
décadas, numerosas tentativas tém sido realizadas para ex-
pandir CTH em cultura >3

Uma alternativa tem sido a realiza¢do da expansdo ex
vivo utilizando-se como substrato nanofibras com grupa-
mentos amina conjugados a superficie.** As nanofibras pare-
cem prover superficies adesivas que promovem a expansiao
das CTH na presenca do SCF, Flt-3 ligante, TPO e IL-3. Ao
final de dez dias, os espacadores de etileno e butilieno mos-
traram alta eficiéncia de expansio, aumentaram em 200 e 235
vezes, respectivamente, o nimero de células CD34+, CD45+
com 95% de viabilidade e foram capazes de repovoar a me-
dula de camundongos diabéticos ndo obesos € com imuno-
deficiéncia severa combinada NOD/SCID.

Outro estudo recente® demonstrou que um grupo de
proteinas semelhantes a angiopoietina, especialmente a 5
(Angptls-5), e o fator de crescimento de insulina ligante da
proteina 2 (IGFBP2), quando associados a outros fatores,
podem expandir CTH derivadas do SCUH em até vinte vezes
e também repovoar a medula de camundongos NOD/SCID.

A expansdo i vitro de células da linhagem eritroide
pode ser uma alternativa devido a diminui¢do de doadores
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de sangue ou no caso de pacientes de grupos sanguineos
raros. Varios ensaios tém sido realizados na intencdo de
produzir células vermelhas in vitro.** Baek e colaborado-
res® descreveram a geragdo in vitro de células eritroides
derivadas de células CD34+ de SCUH. As células mono-
nucleares foram selecionadas positivamente para o CD34+
¢ foram cultivadas, por uma semana, em meio livre de soro,
suplementado, acrescido de fator de crescimento de células-
tronco (SCF), interleucina 3 (IL-3) ¢ eritropoietina (EPO) ou
SCF, IL-3 e trombopoietina (TPO) mais o Flt-3 e posterior-
mente cocultivadas com CTM derivadas do SCUH e da
medula 6ssea. Os melhores resultados foram obtidos no
meio com EPO e no cocultivo com CTM do SCUH. As células
CD34+ foram diferenciadas na linhagem eritroide e puderam
ser expandidas em larga escala, fornecendo uma base soli-
da para futuras produgdes clinicas de células vermelhas
para transfusdo.

Células progenitoras endoteliais

Até recentemente acreditava-se que a angiogénese,
que ¢ a formacdo de novos vasos sanguineos, a partir da-
queles pré-existentes** era a unica forma de indugdo da
neovascularizagdo em tecidos isquémicos. Evidéncias suge-
rem que a vasculogénese, que implica a diferenciacio in situ
dos hemoangioblastos em células endoteliais e sua subse-
quente organiza¢do em redes capilares primarias, ndo ocorre
apenas no estagio embrionario. O estudo de Asahara e cola-
boradores,® em 1997, foi fundamental para demonstrar a
vasculogénese pos-natal e a existéncia das células proge-
nitoras endoteliais (CPE).

Estratégias terapéuticas promissoras sio baseadas no
conceito de que as CPE podem diferenciar-se em células se-
melhantes as endoteliais, contribuindo para os processos de
reparo vascular.* Aproximadamente 0,01% das células
mononucleares da medula 6ssea sio CPE,*” o niumero de CPE
no sangue periférico ¢ 500 vezes menor que na medula 6s-
sea’® e no SCUH foram encontradas 0,64% de CPE.*

Em estudo pré-clinico de Kawamoto e colaboradores,™
as CPE diferenciadas in vitro e infundidas na area isquémica
de ratos com enfarte agudo do miocardio foram detectadas
na area de neovascularizagdo em estudos histologicos pds-
-eutanasia. Demonstrou-se que essas células ndo participam
apenas da inducdo de fatores paracrinos, os quais estimula-
riam a proliferagdo de células presentes in sifu, mas sim fisi-
camente da reconstitui¢do da area lesada. Estudo similar foi
realizado por Kalka e colaboradores em um modelo de ratos
com isquemia de membro inferior, também apresentando me-
lhora nos animais que receberam as CPE expandidas.

Até o presente, o transplante de CPE derivadas do
SCUH ainda encontra-se na fase de experimentos pré-clini-
cos.® A exata populagdo de CPE (purificadas ou diferencia-
das) que seria mais adequada para o uso na terapia celular
ainda ndo esta definida. Em modelos animais, ambos os tipos

tém se mostrado efetivos na melhora da neovascularizagio,
como demostrado pelos experimentos de Melero-Martin e
colaboradores.™

Estudos recentes tém demonstrado que as proprieda-
des diferentes das CTM e das CPE podem ser combinadas
para obtencdo de um resultado melhor no tratamento de
cardiomiopatias. Ensaios pré-clinicos em ratos utilizando a
coinfusdo das CTM e das CPE mostraram um aumento na
expressdo de fatores angiogénicos ¢ menor deposigdo de
colageno, poucas células em apoptose e uma melhora regio-
nal do fluxo sanguineo quando comparados ao grupo con-
trole, sugerindo que o transplante combinado destas células
deve ser considerado para melhora da fungdo cardiaca.®

Transplantes alogénicos

Tém sido relatados estudos utilizando a infusdo de CTM
através da barreira alogeneica e xenogeneica, apresentando
algum tipo de recuperagdo. Estes resultados foram alcanca-
dos sem imunossupressdo e sem evidéncias de infiltrados
celulares que indicariam resposta imune. %%

Cho e colaboradores®” demonstraram em um experimen-
to com miniporcos, com o complexo principal de histocom-
patibilidade (CPH) definido, a imunogenicidade das CTM de
SCUH. A conclusio do estudo € que uma unica infusio de
células ndo compativeis para o complexo principal de histo-
compatibilidade ndo induz a uma resposta imune detectavel.
No entanto, estas células sdo imunogénicas quando a infu-
s30 ¢ realizada em uma regifio de inflamacao, ou sdo realiza-
das infusdes repetidas em uma mesma regido, ou ainda quan-
do estimuladas com o interferon gama (IFN-y); antes da infu-
sdo estas células sdo imunogénicas. Como algumas vezes
estratégias de terapia celular envolvem a infusdo de células
em regides de inflamagéo, ou repetidas doses, estes resulta-
dos podem ter implicagdes importantes para se alcangarem
bons resultados sem efeitos deletérios. Estudos mais apro-
fundados com as CTM e outros tipos de células expandidas
em cultivo precisam ser realizados com o objetivo de garantir
a seguranga da terapia celular alogénica para que futuramen-
te seu uso clinico seja consolidado.

Abstract

Stem/progenitor cells are not frequently available in large enough
amounts to repair damaged tissues and organs and so in vitro
expansion is necessary. Appropriate facilities, qualified technicians,
clinical-grade reagents and well defined protocols relating to good
manufacturing products are essential to assure the quality and
security of the cells injected in the patient. Bone marrow and human
umbilical cord blood are still the best sources of cells for therapies.
Successful expansion protocols using hematopoietic stem cells,
mesenchymal stem cells and endothelial progenitor cells have
already been used in clinical and pre-clinical trials. Adequate cell
choice should consider the extent of injury or nature of the damaged
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tissue and the desived therapeutic effect. Recent studies have
demonstrated that properties of different in vitro expanded cells can
be combined aiming to improve the outcome of the treatment of
some diseases. Long-term cell cultures need to be followed up by
classical and molecular cytogenetic techniques to demonstrate that
there is no evidence of spontaneous transformation or signs of
immortalization. Assays using expanded cell infusions across both
xenogeneic and allogeneic transplant barriers showed functional
improvement and were achieved without immunosuppression and
without evidence of a cellular infiltrate that would indicate an immune
response. However, more research needs to be performed to evaluate
the immumnogenicity of these cells and to guarantee the safety of
allogeneic cell therapy, allowing consolidation of their clinical use.
Here, we present an update regarding cellular expansion associated
with their clinical use. Rev. Bras. Hematol. Hemoter.

Key words: Stem cell; bone marrow, cord blood.
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Abstracr

Objective: Endothelial progenitor cells (EPC)
caracterized by the CD133+ marker contribute to neo-
vascularization. Increasing EPC number in vitro could be a
promising therapeutic tool. Human umbilical cord blood
maintains a significant number of EPCs, suggesting the
possibility of using these cells to induce revascularization
of ischemic tissues. The aim of this study was to analyze the
in-vitro function of differentiated CD133+ cells.

Methods: Cells were characterized by flow cytometry;
VEGF mRNA expression was evaluated by RT-PCR analysis
and the functionally by essays of capillary tubes formation.

Resuirs: Differentiated cells lost EPC markers,
maintained low levels of markers for hematopoietic and
monocytic cell lines and increased the expression of adult
endothelial cell markers. Differentiated cells expressed
VEGF mRNA and were capable to induce in vitro capillary
tubules formation.

Conclusion: CD133+ cells differentiated into endothelial
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cells in vitro are functionally active initiating the possibility
of their use in future therapeutic applications.

Descriptors: Endothelial cells. Cell proliferation. Cord
bload stem cell transplantation. Neovascularization,
physiologic.

Resumo

Objetivo: As células progenitoras endoteliais (CPE),
caracterizadas pelo marcador CD133+, contribuem para a
neovascularizacio, e 0 aumento no nimero dessas células
pode ser uma ferramenta terapéutica promissora. O sangue
de cordio umbilical humano contém um numero
significante de CPE, sugerindo a possibilidade do uso destas
células para a revascularizacio de tecidos isquémicos. O
objetivo desse trabalho foi analisar a funcionalidade das
células CD133+ diferenciadas in vitro.

Métodos: As células diferenciadas foram caracterizadas
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por citometria de fluxo; a expressio do mRNA de VEGF foi
avaliada por RT-PCR e a funcionalidade, por meio de ensaios
de formacio de tibulos capilares.

Resultados: As celulas diferenciadas perderam os
marcadores de CPE, mantiveram em niveis baixos os
marcadores das linhagens hematopoética e monociticas e
aumentaram a expressio dos marcadores de células
endoteliais adultas. As células diferenciadas apresentaram
transcritos no mRNA de VEGF e mostraram-se capazes de
formar tabulos capilares in vifro.

INTRODUCTION

Research about stem cells (SC) has been continually
increasing. and there are promising results for recovering
injured tissues. including those of the heart [1.2]. However.
the lack of sufficient vasculature (which allows for a fast
and appropriate supply of cells infused with oxygen and
nutrients) is still a limiting factor for the success of the
establishment of tissue engineering and for ischemic tissue
treatment [3].

There are currently three types of clinical conditions
that could benefit from endothelial progenitor cell (EPC)
transplantation: lower limb ischemia. myocardial ischemia.
and scarring after heart attacks. Studies have indicated that
cell therapy using cells expanded in vitro could promote
neovascularization of ischemic tissues. even when applied
as a single therapy: that is. without the administration of
growth factors [4-6].

A critical limitation of the therapeutic approach with
EPCs in the postnatal period is the low number of such
cells in circulation. Several studies have been performed in
order to optimize the quantity and quality of these cells
available for clinical use [4]. Due to the small quantities of
EPCs found in peripheral blood. these cells are not readily
available for use in clinical trials. Research on the increase
of the functional EPC amount may become important.

After myocardial infarction. natural angiogenesis is
normally insufficient in meeting the great oxygen and
nutrient demands and in preventing apoptosis of
hypertrophic cardiomyocytes and ventricular remodeling.
Thus. the increase in infarcted myocardium perfusion in
order to improve the circulation of oxygen and nutrients by
formation of new blood vessels can potentially improve
cardiac function [7].

The potential mechanisms for EPCs fo induce
neovascularization include an increase in the supply of
endothelial cells (ECs) through proliferation and EPC
differentiation. or an increase in the supply of growth
factors to enable the resident mature endothelial cells (ECs).
EPCs are CD133+ cells. and most of them co-express CD34
+ (only a small percentage is CD34-). Thus, the CD133+
cells represent a subset of CD34+ SC. and are the best

468

Conclusio: As celulas CD133+ diferenciadas in vitre em
células endoteliais demonstraram serem funcionalmente
ativas, abrindo perspectiva para seu use futuro em aplicacdes
terapéuticas.

Descritores: Celulas endoteliais. Proliferacio de células.
Transplante de células-tronco de sangue do cordio
umbilical. Neovascularizacio Fisioldgica.

population for generating ECs [8]. Santanna et al. [9] report
on increasing capillaries through gene therapy using a
transmural injection of plasmid encoding VEGF 165, which
leads to supposed benefits in the reduction and recovery
of the ischemic area.

It has already been shown that the human umbilical
cord blood (HUCB) contains mesenchymal stem cells [10]
and a large number of EPCs [11]. suggesting the possibility
of using these cells for the revascularization of ischemic
diseases. At this point, EPC transplantation derived from
HUCBsS is still undergoing experiments with animals. The
exact population of specific EPCs (isolated. expanded or
differentiated) that should be used for transplant has not
yet been clearly defined [12].

We have implemented methods to differentiate CD133+
cells in vifro if they have been derived from HUCBs,
producing a population similar to the endothelial cells that
were assessed in order to prove whether they were
functionally active, thus making its future clinical use
possible.

METHODS

The experiments were performed at the Experimental
Laboratory of Cell Culture — PUCPR. and the Parand
Molecular Biology Institute. with five samples of human
umbilical cord bloed (HUCB) obtained from the Victor
Ferreira do Amaral Maternity Hospital - Curitiba/PR from
five participants. who. after receiving all necessary
information. signed the written informed consent and
agreed to participate in the study. The Research Ethics
Commiitee - Pontifical Catholic University of Parana
(PUCPR) approved this study (number 1366) and it is
registered at the Brazilian Research Ethics Commission
(CONEP) under title page No. 105806.

Criteria for inclusion of pregnant women donors of
HUCBs

Age: 18 to 36 years:

Recorded prenatal care with at least two consultations:

Vaginal delivery or Caesarean section;

Time of amniotic membrane rupture of up to 18 hours:
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Parturitions at at least 32 weeks;

Newborn weight of at least 1.500 grams:

Pregnant women without risk behaviors such as drug
use. sexual promiscuity, infectious diseases such as
hepatitis. sexually transmitted diseases. Chaga’s disease
or Malaria:

Pregnant women without diseases that may interfere
with the placenta’s vitality, such as diabetes or
hypertension:

Pregnant women who do not use antidepressant drugs,
cortcoids, anxiolytics or hormones in general.

Purification and expansion of CD133+ cells

The CD133+ cells were purified using the CD133
MicroBead kit (Miltenyi Biotec ®) linked to anti-CD133
antibody. according to the manufacturer’s instructions. The
suspension of mononuclear cells (MC) was briefly
centrifuged and resuspended in phosphate buffered saline
(PBS) (Invitrogen Life Technologies®) supplemented with
5% fetal bovine serum and 2 mM ethylenediaminetetraacetic
acid (EDTA). The cells were then filtered (40 pm porosity)
and centrifuged for 10 minutes at 450 g. The cell
concentration was adjusted to 1 x 10° cells (at maximum) in
300 pL of supplemented PBS. We added 100 um of blocking
solution (Miltenyi Biotec ®) and 100 pm of anti-CD133
antibody (pure) linked to magnetic microBeads (Miltenyi
Biotec ®). The material was homogeneized and incubated
for 30 minutes at 4 C°-,

The EPCs resulting from the purification of the MC
from HUCB were plated on 12 well-plates covered with
fibronectin (BD-Bioscience &) in supplemented IMDM
medium and growth factors (b-FGF) (Invitrogen Life
Technologies®), IGF-I (Sigma-Aldrich ®) and VEGF
(Sigma-Aldrich ®). After five days of cultivation. the
medium was exchanged for the first time and then
exchanged again every two days after that. The cultures
were kept in a stove. with 5% of CO? tension in humid
atmosphere. The cells were observed daily using an
inverted optical microscope (Olympux IX70 ®) to study
their morphology and proliferation. When the cells reached
approximately 80% confluence, the cell decoupling was
performed using the Acutase enzyme. First the cells were
separated from the plates and plated again in cultivation
bottles of 25 cm® (TPP®). and then separated into two
Dbottles in geometric progression until the 30% day of
cultivation.

Cell characterization by flow cytometry

The characterization. quantification and analysis of the
viability of purified and differentiated CD133 + cells were
performed using the flow cytometry technique with specific
antibodies. The purified cells were analyzed immediately
after their isolation. and the differentiated cells were

analyzed 30 days after cell dissociation. The technique was
performed following Owens etal.B.

The marking was performed with 2 x 10° cells that were
incubated with various conjugated antibodies and
fluorochromes. Isotypes identical to antibodies were used
as controls. The acquisition of samples was performed
using the FACSCalibur flow cytometer (BD. USA). FlowJo
software (FlowJo. USA) was used to perform the analysis.

Tests for evaluating the functionality of the expanded
and differentiated cells

Analysis of the VEGF mRNA transcripted expression
using RI-PCR

The ribonucleic acid (RNA) of all of the CD133 + purified
and differentiated cells was extracted using the RNeasy
reagent kit (Qiagen). and following the manufacturer’s
recommendations. Then synthesis of complementary
deoxyribonucleic acid (cDNA) was performed.

The transcripts that encode for the VEGF were
amplified by a polymerase chain reaction with reverse
transcriptase (RT-PCR) using the cDNA and VEGF primer
pair (F1 5CTACCTCCACCATGCCAAGTG3 R1
STGCGCTGATAGAACATCCATGAS).

The glvceraldehyde-3-phosphate dehydrogenase
(GAPDH) is a constituent and stable gene expressed at
high levels in nearly all tissues and cells, and was used as
internal control. The amplification products were stained
and analyzed by agarose gel electrophoresis at 2%. and
the molecular weight marker (1KB Plus) (Invitrogen Life
Technologies ®) was used. The images were captured by
UV Darkroom (UVP Bioimaging Systems ®), with the
Labworks analysis software.

Test of capillary tubules formation in vitro

At the end of 30 days of cultivation. the differenciated
CD133+ cells were separated and seeded in 24 well-plates
covered with 250 L of Matrigel™ (BD-Biosciences ®). The
cell density was 20,000 cells in 250 pL of supplemented
IMDM and growth factors. The cells were incubated in a
humidified stove with a tension of 5%. CO% and were
observed at two. six. twelve and twenty-four hours using
an inverted microscope (Olympus IX 70). to verify the
formation of capillary tubules in order to prove their in
vitro functional capacity. During the examination of cells
under the microscope. the images were obtained through
the image capture system Spot Insight (Diagnostic).

RESULTS
Cell characterization by flow cytometry

The purified CD13 3+ cells were immunophenotypically
evaluated after isolation with immunomagnetic microbeads
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Fig. 1 - Phenotypic characterization by flow cytomeny of purified and differentiated CD133 + cells. Cells were marked with anti-CDI133,
CD34, CD45, CD14, CDI105, CD31 and vI¥F fluorescent nanan antibodies. Biue histograms identify the percentage of posttive cells for each

antibody and red histograms identify the isotype controls (negarive)

coupled to anti-CD133 antibody and the differentiated cells
after enzymatic dissociation at the end of the 30-day
cultivation (results represented in Figure 1). Thus, it was
possible to characterize each of these cell types
independently.

Analysis of VEGF mRNA transcripted expression using
RT-PCR

The analysis of VEGF mRNA expression was performed
in purified and differentiated CD133+ cells by RT-PCR in
five samples. The GAPDH expression was evaluated as
internal control, which presented bands for the ten samples.
In the purified cells. the presence of transcripts for VEGF
mRNA was not verified. Transcriptions for VEGF in all
analyzed differentiated cells (Figure 2) were noted. It was
shown that only the cells after induction of differentiation
began to express the VEGF mRNA transcripts.

Purified CD135+ cells Differentiated CD133 4 celle

12 3 4 6 6 7 8 9 10

vecr I
oaron RS [

Fig. 2 - Agarose gel of the products of RT-PCR for VEGF and

GAPDH. Samples 1 to 5: Purified CD133+ cells; samples 6 to 10:
differentiated CD133 + cells
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Fig. 3 - Test of capillary tubules formation of CDI133+ cells
differentiated in vitro. Photomicrography of: (4) cells immediately
after plating, presenting rounded morphology and randomly
scattered on the surface; (B) cells after 24 hours, showing structures
similar to well-formed capillary tubules
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Test of in vitro capillary tubule formation

To evaluate the function of differentiated CD133+ cells.
the in vitro capacity of these cells to form capillary tubules
when plated on MatrigelT was tested. The cells were
analyzed and photographed at two. six. twelve and twenty-
four hours after plating. The analysis showed that,
immediately after plating. the cells had rounded morphology
and were randomly scattered on the surface without capillary
tubule formation (Figure 3A). And. after 24 hours, they
formed tubular structures similar to well-formed capillaries
(Figure 3B). In all five experiments (independently
performed, and each after 24 hours). the differentiated cells
formed capillary tubules in vitro.

DISCUSSION

Apart from the source. EPCs are difficult to isolate
because they represent a very small population when
compared with the hematopoietic cells. In peripheral blood,
only 0.01% of MCs are EPCs [14]. In bone marrow. less
than 0.05% of the cells are EPCs [15]. In previous studies
from the authors of this study [16], it was possible to obtain
0.64% of isolated EPCs from HUCB-MC. showing that the
HUCB can be a better option as a source of EPCs. This
finding is similar to that concluded by Eggermman et al.
[15]. who showed that the number of EPCs from HUCBs is
higher than that found in adult peripheral blood. The exact
number of cells needed to successfully induce
neovascularization is still uncertain [17]. The possibility of
obtaining a greater number of cells may inspire other
researchers to complete new testing to determine the more
appropriate number of cells needed for this type of therapy.

The cells had their phenotype characterized by flow
cytometry. When the cells reached confluence around four
weeks. the CD133+ cells were similar to the typical EC
phenotype and increased positivity for markers
(characteristics for such cells). such as CD31 and vWF
[18]. There was a decrease in CD34+ cells. However, some
of these cells still remained. according to studies from Gross
et al. [14]. Such results also occurred with CD105, There
was a significant decrease in CD133 cells. as described by
Shmelkov et al. [19]. The number of CD45 and CD14 cells -
from hematopoietic and monocytes lines, respectively - was
not representative.

The RT-PCR technique clearly showed the presence of
VEGF-mRNA transcripts in all five experiments
independently performed with differentiated CD133+ cells.
It is known that VEGF is decisive in neovascularization
function due tfo its potent mitogenic property for ECs.
promoting migration and proliferation of these cells. It also
contributes to the remodeling of the extracellular matrix. as
well as the formation of capillary tubules and the vascular
network [20]. The verification of the presence of VEGF

mRNA transcripts is important for confirming that only the
EPCs differentiated in vitro possess characteristics that
can confirm that such cells are similar to adult EC.

Functional testing through tubular formation on
MatrigelTM showed that the CD133+ cells differentiated
in vitro present a formation of structures similar to
capillaries, providing additional evidence that the cells
proliferated and gave origin to cells similar to endothelial
cells. The capacity of cell migration is essential for forming
new vessels and capillaries. and it is a characteristic of ECs
that are capable of an organization resulting in formation of
three-dimensional in-vitro tubular structures [21].

In terms of the functionality of differentiated CD133+
cells. the results seem to be in accordance with a pre-clinical
study of Kawamoto et al. [22]. In this study. the EPC
differentiated in vitro infused in the ischemic area of rats
with acute myocardial infarction were found (through
posteuthanasia histological study) in the area of
neovascularization. It was shown that these cells not only
participate in the induction of paracrine factors - which
may stimulate the proliferation of in sifu cells - but also in
the physical reconstruction of the lesioned area. In another
study, Mukai et al. [23] confirmed the findings of this study.
showing that cultivated EPCs could form blood vessels,
unlike from EPCs without cultivation. which would promote
angiogenesis through the migration and proliferation of
mature ECs. suggesting that these two cell populations
would have a different role in in vivo neovascularization.

According to Rocha et al. [24]. the cells derived from
HUCBs are not very immunogenic. which would allow for
theiruse in allogeneic transplant. There is a need for further
studies to confirm whether the EPCs differentiated in vitro
have HLA antigen expression or not. and what their
expression intensity. Even if these cells do not present HLA
antigens. other histocompatibility tests must be performed
in an attempt to prove whether the EPCs differentiated in
vitro trigger an allogeneic immune response. In a study
with mesenchymal cells, Cho et al. [25] described that
allogeneic mesenchymal cells do not trigger an immune
response in normal tissue, but in regions of inflammation:
i.e.. in the presence of cytokines such as IFN-vy-, where
rejection can occur. Based on this information. there may
be a more solid basis to make viable the use of the
differentiated EPCs derived from HUCBs in clinical trials.

The use of EPCs derived from HUCBs can serve as a
useful strategy in the study of the nature of these cells
before using them in clinical trials. EPCs can be obtained
and expanded from HUCBs. and also used for several
functions. such as ex vivo expansion of cells similar to ECs
for cellular and gene therapy. or. according to Quirici et al.
[26]. in in vitro co-cultures that can provide new
perspectives for the treatment of ischemic heart disease.
The results obtained by Melero-Martin et al. [27] reaffirm
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the in vivo therapeutic potential of EPCs to form vascular
networks that allow for the vascularization of ischemic
tissues and organs.

The performed tests showed that the CD133+ cells
differentiated in vitro are similar to ECs in terms of
functionality and their potential use in therapeutic
applications hereafter .
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ARTIEGLE INFO ABSTRACT

Article history:

Mesenchymal stem cells (MSCs) have received special attention for cardiomyoplasty because several
studies have shown that they differentiate into cardiomyocytes both in vitro and in vivo. Nitric oxide
(NO) is a free radical signaling molecule that regulates several differentiation processes including cardio-
myogenesis. Here, we report an investigation of the effects of two NO agents (SNAP and DEA/NO), able to
activate both cGMP-dependent and -independent pathways, on the cardiomyogenic potential of bone
marrow-derived mesenchymal stem cells (BM-MSCs) and adipose tissue-derived stem cells (ADSCs).
The cells were isolated, cultured and treated with NO agents. Cardiac- and muscle-specific gene expres-
Diftetentiation sion was analyzed by indirect immunofluorescence, flow cytometry, RT-PCR and real-time PCR. We found
Muscle markers that untreated (control) ADSCs and BM-MSCs expressed some muscle markers and NO-derived interme-
VEGF diates induce an increased expression of some cardiac function genes in BM-MSCs and ADSCs. Moreover,
NO agents considerably increased the pro-angiogenic potential mostly of BM-MSCs as determined by
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Stem cell therapy shows great promise for regeneration of dam-
aged myocardial tissue [1]. The functional outcomes in injured
heart is improved by this treatment [2], possibly due to muscle tis-
sue regeneration and induction of neovascularization [3].

Of the various types of adult stem cells, mesenchymal stem cells
(MSCs) have received most attention for cardiomyoplasty. Indeed,
several studies report that MSCs differentiate into cardiomyocyte
in vivo [4-6]. However, MSCs are heterogeneous populations so
their differentiation capacity raises concerns about uncontrolled
differentiation in patients. In vitro MSC differentiation to cardiomy-
ocyte-like phenotypes has been described following 5-azacytidine
treatment [6,7], coculture with cardiomyocytes [8,9], growth in a
cardiomyogenic medium containing insulin, dexamethasone and
ascorbic acid [10], and in a conditioned medium of cardiomyocytes
after hypoxia/reoxygenation [11].

Nitric oxide (NO) is a free radical signaling molecule [for a re-
view, see 12]. NO and/or its metabolites induce several differenti-

* Corresponding author. Address: Instituto Carlos Chagas, FIOCRUZ, Rua Algacyr
Munhoz Mader 3775, Curitiba 81350-010, Brazil. Fax: +55 41 3316 3267.
E-mail addresses: alejandro@tecpar.br, alejandrocorreadominguez@gmail.com
(A. Correa).

0006-291X/$ - see front matter © 2008 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2008.11.061

ation processes [13-15], including cardiomyogenesis [16-18].
Treatment of embryonic stem (ES) cells with S-nitroso-N-acetyl-
p,.-penicillamine (SNAP) or 2-(N,N-diethylamino)-diazenolate-2-
oxide (DEA/NO), or the transduction with the iNOS gene increases
both the number of spontaneously contracting cell clusters and the
expression of cardiac myosin light chain (MLC) protein, an effect
abolished by NOS inhibitors [16].

In view of (i) MSCs being multipotent cells able to differentiate
into cardiomyocytes, (ii) NO being important in heart development
and (iii) embryonic stem cells differentiating into cardiomyocytes
after exposure to NO agents or endogenously produced NO, we
investigated the effects of NO agents on cardiomyogenic differenti-
ation of MSCs.

In particular, we investigated the effects of two NO agents (the
nitrosothiol SNAP and the NO donor DEA/NO) on the cardiomyo-
genic potential of bone marrow-derived mesenchymal stem cells
(BM-MSCs) and adipose tissue-derived stem cells (ADSCs). We re-
port that exposure to these compounds induced an increased
expression of some muscle genes and vascular endothelial growth
factor (VEGF). The low expression of muscle markers and the con-
siderable induction of VEGF suggest that, rather than a direct dif-
ferentiation to the cardiac phenotype, MSCs treated with NO
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agents may improve cardiac function acting pro-angiogenically,
possibly through paracrine signaling.

Materials and methods

Isolation, culture and characterization of adherent cells from BM
and AT. Human bone marrow (BM) was obtained from the iliac
crest of ten patients, aged between 40 and 74 years (60.4 £ 9.9)
and suffering from dilated myocardiopathy. Subcutaneous abdom-
inal adipose tissue (AT) was obtained from ten patients, aged be-
tween 19 and 60 years (38.0 + 12.6), undergoing elective bariatric
surgery and dermolipectomy procedures.

Adherent cells were obtained from BM and AT, cultured and
characterized as described by Rebelatto and colleagues [19]. All
samples were collected after informed consent following guide-
lines on research involving human subjects, as approved by the
Ethics Committee of Pontificia Universidade Catélica of Parand (ap-
proval number 597).

Cell treatment with NO agents. To explore whether NO promoted
the differentiation of BM-MSCs and ADSCs into cardiomyocytes or
cardiomyocyte-like cells, BM-MSCs and ADSCs biological replicates
were exposed to NO by exogenous supplementation of S-nitroso-
N-acetyl-p,.-penicillamine (SNAP) (Calbiochem, CA, USA) and 2-
(N,N-diethylamino)-diazenolate-2-oxide (DEA/NO) (Calbiochem,
CA, USA). Confluent cultures of BM-MSCs and ADSCs maintained
in 5% fetal calf serum (FCS) were exposed to NO by exogenous sup-
plementation with 0.4 mM SNAP and 0.1 uM DEA/NO. NO agents
were added to cell cultures on day 0, replaced on day 2 and main-
tained until day 4. Thereafter, cultures were continued in medium
without NO agents. Medium was replenished every 2 days until
day 20 [41, modified]. After 20 days, BM-MSCs and ADSCs were
analyzed for cardiac and muscular-specific gene expression by
indirect immunofluorescence, flow cytometry, RT-PCR and real-
time PCR. Non-induced cell cultures were used as negative con-
trols. Treatments were performed in biological triplicate.

Flow cytometry. BM-MSCs and ADSCs were basically treated as
previously described [19, modified]. Briefly, cells were stained with
the following anti-human monoclonal antibodies: fluorescein iso-
thiocyanate (FITC)-conjugated anti-CD44; phycoerythrin (PE)-con-
jugated anti-CD34; allophycocyanin (APC)-conjugated anti-CD29;
and peridinin chlorophyll protein (PerCP)-conjugated anti-CD45.
All antibodies were from BD Biosciences (San Jose, CA, USA). For
intracellular staining, cells were first permeabilized with the Fix&-
Perm Cell permeabilization kit (Caltag Laboratories, CA, USA) and
incubated separately with the following primary anti-human anti-

Table 1

bodies: anti-cardiac troponin T (1/100), anti-ventricular myosin
heavy chain (VMHC) (1/10) (both from Chemicon International,
CA, USA), anti-myosin (skeletal, slow) (1/2000) (Sigma-Aldrich,
MO, USA), anti-cardiac (fetal) actin (1/10) (Fitzgerald, MA, USA)
and anti-connexin-43 (1/20) (BD Biosciences Pharmingen, CA,
USA). The cells were washed then stained with a secondary goat
anti-mouse IgG (BD Biosciences Pharmingen, CA, USA). Controls
for the flow cytometry setup procedure included cells incubated
with FITC-, PE-, PerCP- and APC-conjugated isotype antibodies
(all from BD Biosciences Pharmingen). Cytometric evaluation was
performed in FACSCalibur equipment (Becton Dickinson, San Jose,
CA, USA). Data were analyzed by Flow]o software (Tree Star, Ash-
land, OR, USA). Results are expressed as the ratio between immu-
nopositive treated and immunopositive untreated cells. Values
are the mean of two independent experiments.

Indirect immunofluorescence. For indirect immunofluorescence
analysis, BM-MSCs and ADSCs were treated as previously described
[20]. In brief, treated and untreated cells were washed with PBS,
fixed with 2% paraformaldehyde for 2 h and permeabilized with
0.2% Triton X-100. After blocking with 1% BSA, the cells were incu-
bated for 3 h at room temperature with primary mouse anti-hu-
man cardiac troponin T (1/100) (Chemicon International, CA,
USA), VMHC (1/10) (Chemicon), cardiac (fetal) actin (1/10) (Fitz-
gerald, MA, USA), g-actinin (sarcomeric) (1/250) (Sigma-Aldrich,
M1, USA), myosin (skeletal, slow) (1/2000) (Sigma-Aldrich), conn-
exin-43 (1/20) (BD Biosciences Pharmingen, CA, USA); goat anti-
human troponin I (1/50) (Santa Cruz Biotechnology, CA, USA) and
rabbit anti-human desmin (1/10) (Sigma-Aldrich). The cells were
incubated with secondary antibodies: rabbit anti-goat 1gG Texas
Red (Santa Cruz Biotechnology, CA, USA) at dilution 1:100, goat
anti-rabbit IgG at dilution 1:100 and goat anti-mouse 1gG Texas
Red at dilution 1:1500 both from Molecular Probes (Oregon,
USA). Nuclei were counterstained by 4’,6-diamidine-2’-phenylin-
dole dihydrochloride (DAPI). Slides were examined on a Nikon E-
600 microscope. Reaction controls involved incubating the cells
with the secondary antibody only, and all do not showed nonspe-
cific staining. Digital images were captured using CoolSNAP-PRO¢f
(Media Cybernetics) camera controlled by an Image Pro-Plus soft-
ware system from Diagnostic Instruments. Indirect immunofluo-
rescence was done at least in three independent experiments and
technical duplicate.

Total RNA extraction and reverse transcription-polymerase chain
reaction. Total RNA extraction, RT-PCR and qPCR (real-time quanti-
tative PCR) were all performed as described by Rebelatto and col-
leagues [19]. Primer sets used for RT-PCR and qPCR analyses are
shown in Table 1. Three independent experiments were performed

Primer sets used for RT-PCR and qPCR analyses. Abbreviations: MLC-A, myosin light chain atrium; MLC-V, myosin light chain ventricle; VEGF, vascular endothelial growth factor.

Target Reference NCBI seq Amplicon (bp) TM (°C) Primer sequence
GAPDH [39] 2597 150 55 F: 5-GGCGATGCTGGCGCTGAGTAC-3'

R: 5'-TGGTTCACACCCATGACGA-3"
Alpha cardiac actin [40] NM_005159 226 55 F: 5-GCAAGGACCTGTATGCCAACAATG-3'

R: 5-GCCTCATCGTACTCTTGCTTGCTA-3"
Conexina-43 [41] M65188 154 60 F: 5'-CCTTCTTGCTGATCCAGTGGTAC-3/

R: 5'-~ACCAAGGACACCACCAGCAT-3'
MLC-A [42] BC027915 239 62 F: 5'-GCTCTTTGGGGAGAAGCTCA-3'

R: 5-CGTCTCCATGGGTGATGATG-3"
MLC-V [42] BC031006 200 62 F: 5'-GGCGCGTGAACGTGAAAAAT-3

R: 5'-CAGCATTTCCCGAACGTAAT-3'
Cardiac troponin [42] BC002653 152 62 F: 5'-GGCAGCGGAAGAGGATGCTGAA-3"

R: 5'-GAGGCACCAAGTTGGGCATGAACGA-3
VEGF [42] M27281 101 60 F: 5'-CTACCTCCACCATGCCAAGTG-3'

R: 5'-TGCGCTGATAGACATCCATGA-3"
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for each stem cell source. GAPDH was used as an internal house-
keeping control for expression.

Results

Human BM-MSCs and ADSCs were previously isolated and char-
acterized by our group [19] and shown that these cells are similar
in morphology, immunophenotype and differentiation capacity.
Here, we investigated by flow cytometry, cellular immunofluores-
cence, RT-PCR and real-time PCR analysis if exposure of these cells
to the NO agents SNAP and DEA/NO induces the expression of car-
diac function genes.

In order to define an efficient, but non-lethal concentration of
the NO agents, cells were treated with 4, 0.4 and 0.04 mM SNAP
and 1, 0.1 and 0.01 uM DEA/NO. Cells were exposed to the NO
agents for 4 days and left in culture in the absence of the com-
pounds for up to 20 days. The time points analyzed were 2 (i.e.,
during the NO agents treatment), 7 and 20 days. Expression of var-
ious cardiac markers was assayed by RT-PCR (Table 1) in two bio-
logical samples of BM-MSCs and ADSCs. The highest concentration
of SNAP was cytotoxic. Overall, cells cultured for 20 days, treated
with 0.4 mM of SNAP and 0.1 uM of DEA/NO expressed oi-cardiac
actin, cardiac troponin T and connexin-43 in both BM-MSCs and
ADSC more consistently than the other tested conditions (data
not shown). Thus, these concentrations and time of treatment were
chosen for further analyses.

BM-MSCs

Indirect immunofluorescence analysis showed that both NO
agents induced the expression of some cardiac and muscle markers
by day 20; some markers were observed in a few isolated cells and
others in most of the cells (Fig. 1). Interestingly, connexin-43, car-
diac (fetal) actin and «-actinin (sarcomeric) were detected even in
non-treated cells, suggesting that MSCs spontaneously express
these markers after 20 days in culture. The findings for BM-MSCs
and ADSCs exposed to SNAP and DEA/NO were similar.

The percentage of immunopositive cells for muscle markers was
determined in duplicate by flow cytometry. The number of cells
expressing muscle markers, putatively differentiated cells or in
the process of differentiation, never exceeds 20% of the total num-
ber of treated cells. Because some markers were spontaneously ex-
pressed, results are reported as the ratio of immunopositive
treated to immunopositive non-treated cells on day 20 (Table 2).
The percentage of CD34-positive cells increased in BM-MSCs trea-
ted with both SNAP and DEA/NO and in ADSCs treated with SNAP.
CD44 increased slightly in ADSCs treated with both NO agents.
QOverall, expression of muscle markers showed a tendency to in-
crease, and mainly in BM-MSCs, following exposure to NO agents
(Table 2).

The expression of some muscle marker genes and of VEGF was
also assessed by RT-PCR and qPCR (Table 1). RT-PCR results were
highly dispersed. MLC-V expression was detected in only one ADSC
sample treated with SNAP whereas expression of the genes for
connexin-43, VEGF and troponin T was detected in most of the
samples analyzed (Fig. 2). When qPCR was performed, it was

ADSCs

Control SNAP DEA/ND

Control

SNAP DEA/NO

Connexin-43

Troponin T

VMHC

Myosin

Cardiac (fetal ) actin

Troponin |

o-actinin
(sarcomeric)

Fig. 1. Indirect immunofluorescence showing the expression of muscular and cardiac markers. BM-MSCs (A) and ADSCs (B) were treated with SNAP and DEA/NO. On day 20,
indirect immunofluorescence analyses were performed for the markers indicated on the right (Texas Red). DAPI stain (blue) show the nuclei. Representative results of three
independent experiments are shown. VMHC, ventricular myosin heavy chain. Scale bar =20 uM.
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Table 2

200

459

Quantification by flow cytometry of immunopositive cells. Results are expressed as the ratio between immunopositive treated and immunopositive untreated cells for the
indicated markers. Values are mean of two independent experiments. Abbreviations: BM-MSC, bone marrow mesenchymal stem cell; ADSC, adipose derived stem cell; VMHC,

ventricular myosin heavy chain.

CDh44 CD34 CDh45 D29 Connexin-43 Troponin T VMHC Myosin Cardiac actin
Mean ratio ADSC
SNAP/control 1.9 3.5 0.8 12 0.7 0.8 0.6 14
DEA/NO/control 21 0.8 0.8 12 1.2 12 0.8 09 14
Mean ratio BM-MSC
SNAP/control it 6.2 1.6 1 0.8 1.8 14 1.6
DEA/NO/control 1 43 13 1 1.2 1.6 : [ 1.6 2

possible to detect an increased of connexin-43 expression in BM-
MSCs treated with NO agents. More interestingly, the mRNA levels
of the potent angiogenic factor VEGF were considerably increased
in all BM-MSCs samples following treatment with either SNAP or
DEA/NO. Only one ADSC sample gave results in agreement with
these data (Fig. 3).

Discussion

Our study shows that the expression of some muscle markers in
MSC is increased by treatment with NO agents. However, unlike ES
cells [16], MSCs exposed to the NO agents did not fully differentiate
into cardiomyocyte-like cells, confirming that the potential of
MSCs to differentiate is more restricted than that of ES cells. The
results of flow cytometry and immunofluorescence were consis-
tent concerning the relative increases in expression, i.e., the differ-

A AT7 AT2 AT3

Gene Name CSD C SD CS D Amplcomsize (o)
VEGF _—— 101

a-cardiac actin _ 2B B 226
comnexinds [ L 154

MLCV Bl v no 200

MLCA IEC B R X 239

Troponin T _uu 152

GAPDH O e i 150

B BM7 BM2 BM3

Gene Name csD C SD CSD Ampicomsize (bp)
VEGF o 101

u-cardiac actin MO vw Y 227
Connexin-43 vo RN B 154

MLCA Bl -~ B 239
Troponin T e BT B 152

GAPDH e e et 150

Fig. 2. Analysis of VECF and cardiac markers mRNA levels by RT-PCR. Three
independent experiments of AT (A) and BM (B) are shown. Non-induced cells were
used as negative controls. GAPDH was used as an internal control. Abbreviations:
BM, bone marrow; AT, adipose tissue; C, control; S, SNAP; D, DEA/NO; ND, not
detected.

ences between NO-treated and untreated cells after 20 days in
culture.

One interesting finding was that untreated (control) ADSCs and
BM-MSCs expressed some muscle markers at mRNA and protein
levels. Spontaneous expression of muscle markers by MSCs has
also been observed at the molecular level by other groups [7,21-
23]. Tondreau and colleagues [24] suggested that expression of
certain proteins by MSCs depends on time in culture, rather than
on specific induction factors. These studies, combined with the
findings reported by Verfaille's group, support the idea that MSCs
are, at the molecular level, “pluridifferentiated” cells [4]. Although
the corresponding mRNAs are present in untreated ADSCs and BM-
MSCs, they might be functionally inactive or the proteins they en-
code might have non-canonical functions [25].

BM-MSCs seem to be more promising than ADSCs for cardiomy-
oplasty, as assessed by qPCR analysis. This may be a consequence
of the pre-commitment of these cells for the cardiomyogenic line-
age, because all the BM donors were dilated cardiomyopathy pa-
tients. Local or systemic production of inflammatory mediators
might influence not only MSC migration to injured tissues
[26,27], but also MSC proliferation, differentiation [28] and
engraftment [29].

There is recent evidence that mesenchymal progenitor cells
might have beneficial effects on post-infarcted myocardium scar-
ring through paracrine factor-stimulated angiogenesis, rather than
by cardiomyogenic differentiation itself [20,30,31]. The increased
expression of connexin-43 observed in cardiomyocytes was attrib-
uted to secretion of paracrine factors by transplanted mesenchy-
mal progenitor cells from BM [32]. Through this indirect
mechanism, MSC transplantation could lead to the recovery of car-
diac performance and to induction of neovascularization [20],
although some degree of differentiation into cardiomyocytes may
also take place. Our qPCR results are consistent with this possibil-
ity. We show that untreated BM-MSCs and ADSCs produce the
mRNAs for connexin-43 and VEGF and, more importantly, their
expressions were greatly increased after exposure to NO agents,
most substantially with DEA/NO. VEGF is a critical angiogenic fac-
tor which may both contribute to endothelial lineage cell survival
through VEGF-mediated phosphorylation of protein kinase B and
endothelial nitric oxide synthase [33-35] and also accelerate
development of microvessels and enhance regional blood flow in
ischemic tissue [36].

We determined the percentages of immunopositive cells by
flow cytometry and found an increase of CD34 expression in BM-
MSCs exposed to both NO agents and in ADSCs exposed to SNAP.
CD34 has been considered to be a marker of activated stem cells
[37], and CD34" cell levels are significantly correlated to VEGF lev-
els in healthy controls [38].

In conclusion, this work indicates that NO and/or its derivatives
increase the expression of various muscle markers and VEGF in
BM-MSCs and ADSCs, and is consistent with the putative pro-
angiogenic role of MSCs. Thus, NO agents treated-MSCs transplan-
tation may have beneficial effects in cardiac patients.
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Fig. 3. qPCR for connexin-43 and VEGF mRNAs. Expression of cannexin-43 (A, C) and VEGF (B, D) in BM (A, B) and AT (C, D). Three independent experiments are shown. qPCR
values are expressed as means + SD of technical triplicates. GAPDH was used as an internal housekeeping control for expression. Abbreviations: C, control; S, SNAP; D, DEA/

NO.
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Abstract

Endothelial progenitor cells (EPCs), which express the CD133 marker, can differentiate into mature endothelial cells (ECs) and
create new blood vessels. Normal angiogenesis is unable to repair the injured tissues that result from myocardial infarction
(MI). Patients who have high cardiovascular risks have fewer EPCs and their EPCs exhibit greater in vitro senescence.
Human umbilical cord blood (HUCB)-derived EPCs could be an alternative to rescue impaired stem cell function in the sick
and elderly. The aim of this study was to purify HUCB-derived CD133™ cells, expand them in vitro and evaluate the
efficacy of the purified and expanded cells in treating Ml in rats. CD133" cells were selected for using CD133-coupled
magnetic microbeads. Purified cells stained positive for EPC markers. The cells were expanded and differentiated in media
supplemented with fetal calf serum and basic fibroblast growth factor, insulin-like growth factor-l1 and vascular endothelial
growth factor (VEGF). Differentiation was confirmed by lack of staining for EPC markers. These expanded cells exhibited
increased expression of mature EC markers and formed tubule-like structures in vitro. Only the expanded cells expressed
VEGF mRNA. Cells were expanded up to 70-fold during 60 days of culture, and they retained their functional activity.
Finally, we evaluated the therapeutic potential of purified and expanded CD133" cells in treating Ml by intramyocardially
injecting them into a rat model of MI. Rats were divided into three groups: A (purified CD133" cells-injected); B (expanded
CD133" cells-injected) and C (saline buffer-injected). We observed a significant improvement in left ventricular ejection
fraction for groups A and B. In summary, CD133™ cells can be purified from HUCB, expanded in vitro without loosing their
biological activity, and both purified and expanded cells show promising results for use in cellular cardiomyoplasty.
However, further pre-clinical testing should be performed to determine whether expanded CD133™ cells have any clinical
advantages over purified CD133" cells.

Keywords: umbilical cord blood, endothelial progenitor cells, transplantation, myocardial infarction
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Introduction ) ' . .
ventricular remodeling processes and prevent postinfarction

Reperfusion therapy is associated with significantly reduced
mortality rates and improved clinical outcomes in patients
with acute myocardial infarction (MI).1 However, normal
angiogenesis is usually unable to supply the greater
demand for oxygen and nutrients required following MI. In
addition, it is unable to prevent hypertrophied cardiomyo-
cyte apoptosis and ventricular remodeling? Cell therapy
may provide a novel therapeutic strategy to modify left

ISSN: 1535-3702
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heart failure® Different cell populations have been tested
in this regard in both preclinical and clinical settings.
Recently, isolated CD34" cells demonstrated increased
potency and safety for therapeutic neovascularization after
MI, as compared with total mononuclear cells (MNCs).*
Endothelial progenitor cells (EPCs) are precursor cells that
can differentiate into mature endothelial cells (ECs) and create
new blood vessels.” Generally, EPCs can be identified based

Experimental Biology and Medicine 2010; 235: 119-129
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on their expression of CD133, CD34, KDR and/or VE-cadherin
cellular markers.® The similar phenotype of hematopoietic and
EPCs strongly supports the existence of a common precursor
cell, which has been called the hemangioblast. This cell has
been identified in in vitro studies using embryonic stem cells
from postnatal bone marrow and cord blood.”

EPCs represent less than 1% of all bone marrow cells and
less than 0.01% of peripheral blood MNCs.® Human umbi-
lical cord blood (HUCB) is a viable source of stem cells
due to its large CD34 and CD133-expressing cell popu-
lations. These cells exhibit robust proliferative capacity,
low immunogenicity and low infection contamination
(including virions). Furthermore, the diverse representation
of human leukocyte antigen (HLA) genotypes in unrelated,
banked HUCB allows the use of HUCB-derived cells in allo-
geneic transplantations.9 Promising results were obtained
using purified HUCB stem cells as cellular therapies in
animal models, and these results support their potential
application in cardiovascular medicine.'®"! Independently
or in combination with biomaterials, such as collagen
matrix, HUCB-derived stem cells seem to improve the
efficiency of cellular cardiomyoplasty in mice. Thus, this
strategy has emerged as a novel therapy.12

Results from preclinical studies have suggested that it
would take more than 10 L of autologous peripheral blood
to produce a sufficient number of EPCs to induce angiogen-
esis in one patient.® Furthermore, patients with increased
cardiovascular risk have fewer EPCs, as compared with
healthy subjects, and their EPCs demonstrate increased
in vitro senescence.® The use of CD133" cells derived
from purified and expanded HUCB could be used to
rescue stem cell function in the sick and elderly. EPCs can
be expanded in vitro to increase their potential therapeutic
use. However, all current protocols involving short-term
culture would not yield sufficient numbers of cells for sys-
temic therapy in humans. On the other hand, long-term
culture may introduce changes in the EPC’s phenotype,
which could reduce their therapeutic efficacy.'

The aim of this study was to isolate and purify CD133%
cells from HUCB and to expand the cells in vitro by exposing
them to an appropriate growth factor cocktail. We evaluated
the effectiveness of the purified and expanded CD133" cells
in improving the cardiac function in a rat model of ML

Materials and methods

This study was reviewed and approved by the Local Ethics
Committee (Pontificia Universidade Catdlica do Parana:
numbers 1366 and 180). Signed informed consent was
obtained from each mother prior to HUCB collection. All
animal experiments were carried out in accordance with:
‘The Guide for the Care and Use of Laboratory Animals’
published by the National Institute of Health (NIH publi-
cation 85-23, 7th edn, revised 1996).

Purification of CD133" cells

MNCs were isolated from HUCB. Thirty-seven HUCB
samples (approximately 7853 +4.63mL each) were

collected from fresh placentas with the umbilical cord still
attached, and acid-citrate-dextrose was used as anticoagu-
lant. MNCs were isolated by centrifugation for 30 min at
400 g using Ficoll density gradients (Sigma-Aldrich, Saint
Louis, MO, USA) and washed three times in phosphate-
buffered saline (PBS) (Invitrogen, Grand Island, NY, USA).
CD133+ cells were selected using CD133-coupled magnetic
microbeads (Miltenyi Biotech, Bergisch-Gladbach, Germany),
following the manufacturer’s instructions. Briefly, MNCs
were incubated with the CD133/1 monoclonal antibody,
which was directly conjugated to microbeads, for 30 min. The
samples were washed, filtered through a 50-um nylon mesh
to remove clumps and added to a column in the midi MACS
cell separator (Miltenyi Biotec). The labeled cells were separ-
ated using a high-gradient magnetic field and eluted from
the column after being separated from the magnet. At the end
of the separation, the cell purity and viability were determined
using an anti-CD133 antibody (PE conjugated; Miltenyi Biotec)
and 7AAD (BD Pharmingen, San Diego, CA, USA), respect-
ively. The samples were analyzed using a FACSCalibur flow
cytometer (Becton Dickinson, San Jose, CA, USA).

Proliferation assay on CD133" cells

A cell proliferation assay was performed to establish the
optimal culture conditions for CD133% cells. A cell suspen-
sion of 50 uL (1 x 10° cells/mL) in Iscove’s Modified
Dulbecco’s Media (IMDM) (Invitrogen), supplemented
with 10% fetal bovine serum (FBS) (Invitrogen) and 1%
penicillin-streptomycin  (Invitrogen), was seeded into
96-well plates (Corning, Oneonta, NY, USA). Various con-
centrations of growth factors were added: 0.5, 1.0 and
20ng/mL of basic fibroblast growth factor (b-FGF)
(Invitrogen); 1.0, 2.0 and 3.0 ng/mL of insulin-like growth
factor-I (IGF-1) (Sigma-Aldrich); and 25, 50 and 75 ng/mL
of vascular endothelial growth factor (VEGF) (Sigma-
Aldrich). Media with a constant amount of 1 ng/mL
b-FGF and 2 ng/mL IGF-I with increasing VEGF concen-
trations (25, 50 and 75 ng/mL) was used. The cells were
incubated at 37°C with 5% CO, in a humidified atmosphere.
After five days, 1 uCi of [methyl-3H] thymidine (5.0 Ci/
mmol) (GE Healthcare, Buckinghamshire, UK) was added
to each well. Six hours later, the culture media and cells
were removed, and the cell-associated radioactivity was
measured using a scintillation counter (Beckman Coulter®,
Fullerton, CA, USA). Responses to each concentration
were assayed in triplicate, and results were expressed as
the mean of 12 independent experiments.

Culture and expansion of CD133" cells

After establishing the optimal culture conditions, 2 x 107
CD133" cells in 50 uL were plated into 12-well culture plates
coated with human fibronectin (Becton Dickinson) and
cultured in IMDM supplemented with 50 ng/mL VEGF,
1 ng/mL b-FGF, 2 ng/mL IGF-1, 10% FBS and 1% penicillin-
streptomycin. All cultures were maintained at 37°C with 5%
CO, in a humidified atmosphere. Additional feeding was
performed depending on the rate of cell proliferation; the
supernatant was removed by gentle pipetting and fresh
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medium was added. Cells were cultured to approximately
80% confluence, detached using Accutase (US Bio-
Technologies, Pottstown, PA, USA) digestion and replated in
T-25 tissue culture flasks for 60 d. On day 60, the cells were
assessed for viability, rate of expansion and phenotype.

Phenotypic characterization of cells

Immunophenotypic analysis was performed by staining 2 x
10% of MNCs, purified and expanded CD133" cells. MNCs
and purified cells were analyzed after isolation, whereas
expanded cells were analyzed after 60 days of culture. The
cells were incubated with various conjugated and unconju-
gated monoclonal antibodies against the following human
antigens: CD133 (PE Conjugated; Miltenyi Biotec), CD34
(APC conjugated; BD Pharmingen), CD45 (PerCP conju-
gated; BD Pharmingen), CD14 (fluorescein isothiocynate
[FITC] conjugated; BD Pharmingen), CD31 (BD Pharmingen),
CD105 (BD Pharmingen) and von Willebrand Factor (vWF;
Dako, Glostrup, Denmark). All incubations were performed
at 4°C for 30 min. For CD31 and CD105 detection, cells
were further incubated with an isotypespecific FITC-
conjugated goat anti-mouse antibody (Caltag, Burlingame,
CA, USA). For intracellular detection of vWF, cells were
permeabilized using FIX & PERM cell permeabilization
reagents (Caltag, Carlsbad, CA, USA), and further incubated
with an isotype-specific FITC-conjugated goat anti-rabbit
antibody (Sigma-Aldrich). Isotype-identical antibodies (BD
Pharmingen) were served as controls. After incubation, the
cells were washed with PBS containing 2% FBS and fixed
with PBS containing 1% paraformaldehyde. Quantitative ana-
lyses were performed using a FACSCalibur flow cytometer and
FlowJo software (Flowjo, Ashland, OR, USA).

Immunofluorescence microscopy

Expanded CD133" cells were cultured on chamber slides (Erie
Scientific Company, Portsmouth, NH, USA) to confluence.
Cells were washed twice with PBS and fixed for 20 min with
cold methanol. Slides were incubated for 30 min with a poly-
clonal rabbit anti-human vWF antibody (1:200) (Caltag),
followed by an isotype-specific FITC-conjugated goat anti-
rabbit antibody (1:80) (Sigma-Aldrich). Cells were washed
with PBS and then stained with 4',6-diamidino-2-
phenylindole dihydrochloride (1:5) (Sigma-Aldrich). The
negative control was obtained by omitting the primary anti-
body incubation. Slides were examined and imaged using a
fluorescent microscope (Olympus, Tokyo, Japan).

Reverse transcription-polymerase chain reaction

To evaluate VEGF expression, total RNA was extracted from
purified and expanded CD133" cells using the RNeasy kit
(QIAGEN, Valencia, CA, USA). RNA was treated with
DNAse 1 (QIAGEN) in a column, according to the manufac-
turer’s instructions. The total RNA (1 pg) was converted to
cDNA by adding 10 nmol/L of oligo-dT primer (USB
Corporation, Cleveland, OH, USA) and 1 pL of reverse tran-
scriptase (RT) (IMPROM II, Promega, Fitchburg, W1, USA),
according to the manufacturer’s instructions. Polymerase

chain reaction (PCR) reactions contained 20 ng of cDNA
as a template with 20 mmol/L Tris-HCl (pH 84),
50 mmol/L KCl, 10 pmol of forward and reverse primers
for VEGF and 5pmol for glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) primers, 2.5 mmol/L MgCl,,
62.5 pmol/L dNTPs (deoxyribonucleotide triphosphates)
and 1 U Taq polymerase (Invitrogen). The oligonucleotide
primers used for PCR (Midland Certified Reagent
Company, Midland, TX, USA) were as follows: VEGF
(Accession Number: M27281) forward (5" CTACCTCCACC
ATGCCAAGTG 3') and reverse (5" TGCGCTGATAGAC
ATCCATGA 3'), which yielded a 101-base pair (bp)
product; and GAPDH (Accession Number 2597) forward
(5" GGCGATGCTGGCGCTGAGTAC 3) and reverse (5
TGGTTCACACCCATGACGA 3'), which yielded a 150-bp
product. PCR conditions were: 94°C for two minutes, fol-
lowed by 30 cycles of 94°C for 15s, 62°C for VEGF and
55°C for GAPDH for 30 s, and 72°C for 40 s followed by a
final extension step of 72°C for three minutes. All reactions
were performed in a Bio-Cycler 1l thermocycler (Bio-Rad,
Hercules, CA, USA). Amplified PCR products were separ-
ated by electrophoresis on 2% agarose gels and visualized
by ethidium bromide staining. Bands were imaged using
ultraviolet illumination (UV White Darkroom, UVP
Bioimaging Systems, Upland, CA, USA). Relative gene
expression was normalized to GAPDH.

Capillary-like tubule formation assay

The Matrigel® basement membrane matrix (Becton
Dickinson) was used to assess EC tube formation.
Matrigel was thawed overnight at 4°C and added (250 uL)
to each well of a 24-well plate. The Matrigel matrix was
allowed to polymerize at room temperature for 20 min. A
suspension of 2 x 10 CD133" cells/well in 250 pL of
IMDM containing 10% FBS and 1% penicillin- streptomy-
cin, and a suspension of expanded CD133" cells/well in
250 uL of IMDM containing 50 ng/mL VEGF, 1 ng/mL
b-FGF, 2 ng/mL IGF-1, 10% FBS and 1% penicillin-strepto-
mycin were added to the wells. All assays were performed
in triplicate. Cells were incubated for 24 h at 37°C in a
humidified 5% CQO, incubator and observed at 2, 6, 12 and
24 h using an IX70 Olympus microscope.

Rat model of MI

Seventy male Wistar rats (200-400 g) were subjected to MI,
as previously described.'® Briefly, rats were anesthetized by
intramuscularly injecting ketamine (50 mg/kg) and xylazine
(10 mg/kg). The animals were intubated with a 14-gauge,
2.54-cm angiocatheter under direct vision and ventilated
with a Harvard rodent ventilator model 683 (Harvard
Apparatus, Holliston, MA, USA) with minute ventilations
of 150 mL/min. The heart was exposed via a left anterolat-
eral thoracotomy incision at the fourth intercostal space.
The ribs were retracted to open the chest cavity. After
removing the pericardium, the left anterior descending
(LAD) branch of the left coronary artery was identified
and then permanently ligated by passing a 7-0 polypropy-
lene suture (Premio” Peters Surgical, Bobgny, France)
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under the LAD at the level of the distal margin of the
retracted left atrial appendage. The chest wall, muscle
layers and skin were closed with interrupted 3-0 silk sutures.

Cell transplantation

Rats with ejection fractions (EF) lower than 40% were ran-
domly assigned to three groups: purified CD133" cells
group A; expanded CD133% cells group B and control
group C. Seven days after the M1, the animals were anesthe-
tized and ventilated as described above. Groups A and B
were treated with 2 x 10° cells in 0.3 mL of PBS injected
using a tuberculin syringe with a 13 x 0.38 needle into
one point of the myocardium (left ventricle [LV]), specifi-
cally in the center of the scar covering the whole infarcted
and peri-infarcted area. An equal volume of PBS was
injected into the heart of control animals.

Echocardiography analysis

Transthoracic echocardiography was performed in all
animals five days after MI (baseline echocardiogram) and
30 days after the transplant. The evaluated variables were
LV ejection fraction (LVEF), LV end-systolic volume and
LV end-diastolic volume. Echocardiograms were performed
using a commercially available echocardiography system
equipped with a 12-MHz phased-array transducer
(Hewlett-Packard Sonos 5500; Andover, MA, USA; http://
www.hp.com). Under sedation, the transducer was posi-
tioned in the left anterolateral portion of the thorax, and
the heart was visualized using the two-dimensional mode
with the axial view of the LV, with the mitral and aortic
valves and the apex within the same image. The LV end-
diastolic and LV end-systolic volumes were calculated
using Simpson’s rule. All measurements were averaged
over three consecutive cardiac cycles and were determined
by an experienced cardiologist who was blinded to the treat-
ment group. Only animals with left ventricular dysfunction
(Le. LVEF lower than 40% during the first echocardio-
graphic evaluation) were included in the study. Animals
were euthanized after the second echocardiographic
evaluation.

Statistical analysis

Continuous variables were presented as mean + standard
deviation, and categorical variables were presented as fre-
quency and percentage. After statistical evaluation, the out-
liers, which were samples with values greater than 1.5 times
the interquartile interval, were removed from the final
analysis. Cell proliferation and immunophenotyping data
were both evaluated using Friedman’s non-parametric
test. The normality distribution of the data was evaluated
using the Shapiro-Wilks test, and the homegeneity con-
dition was assessed by the Lévene test. Multiple compari-
sons were analyzed using the LSD test, and comparisons
between two evaluations were assessed by the Student’s
t-test for paired samples. Values of P < (.05 were considered
to be statistically significant. Analysis was performed using
the SPSS V.14 software (SPSS, Chicago, IL, USA).

Results

Purification and phenotypical characterization
of HUCB-derived CD133™ cells

CD133" cells were positively selected using anti-CD133-
coupled magnetic microbeads. The mean number of cells
obtained after magnetic CD133+ cell sorting was 0.55 x
10° + 0.04, corresponding to 0.64% of the MNC population.
As determined by flow cytometry, the mean purity of
selected CD133+ cells was 74.8 + 15.82%, and the viability
was 80.87 +10.55%. As shown by fluorescence-activated
cell sorting (FACS) analyses, the major contaminants in
the CD133-enriched population were cells of the hemato-
poietic (CD45™) and monocytic (CD147) lineages.

Flow cytometry analysis was performed to characterize
the cell populations contributing to the MNCs, as well as
the purified and expanded CD133+ cells. The staining pat-
terns of cells for specific markers are provided in Figure 1a.
The cell population profiles showed that most of the MNCs
stained positive for CD45 (88.69 + 10.19%). Some cells
stained positive for CD14 (19.49 + 10.4%), CD31 (26.09 +
6.22%), CD105 (33.97 + 5.88%) and VWT (34.25 + 24.12%).
A small number of MNCs stained positive for CD133
(3.37 + 2.3%) and CD34 (325 +1.97%). After the CD133
purification, a large number of cells stained positive for
CD133 (748% +1582) and CD34 (6215 +16.09%). A
greater number of purified CD133+ cells co-stained for
CD31 (86.27 +18.37%) and CD105 (69.16 + 31.95%). A
similar number of cells stained positive for vVWF (35.24 +
9.78%), and a considerably reduced number were positive
for CD45 (9.03 £+ 5.07%) and CD14 (3.18 + 4.1%).

Proliferation assays on growth
factor-treated CD133* cells

We evaluated the effects of using different concentrations of
three growth factors (b-FGF, IGF-I1 and VEGF) on CD133"
cell proliferation. Proliferation was assessed after five days
of treatment, which included thymidine incorporation for
six hours. Three concentrations of each growth factor were
independently used, in addition to media with a constant
concentration of b-FGF and IGF-1 and varying VEGF
concentrations. The proliferation rate was calculated by
dividing the mean cell count at each growth factor concen-
tration by the mean cell count of the control. The only stat-
istically relevant effect for b-FGF was observed when
1.0ng/mL was added to the cultures (P =0.04). There
were no significant differences in proliferation observed
when various concentrations of IGF-I or VEGF were inde-
pendently used. Constant concentrations of b-FGF (1.0 ng/
mL) and IGF-I (2.0ng/mL) were added along with
varying concentrations of VEGF. Incubating the cells with
50 ng/mL VEGF increased their proliferation (P = 0.004).

CD133" cells actively proliferate and
differentiate into endothelial-like cells

CD133™ cells were grown on fibronectin-coated chamber
slides in the presence of VEGF, b-FGF and IGF-I to induce
the differentiation of putative purified EPCs into
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PURIFIED
CD 133" CELLS

EXPANDED
CD 133" CELLS

Figure 1

o el e

wWF

Phenotypic characterization by flow cytometry and fluorescence microscopy. (a) Human umbilical cord blood (HUCB)-derived mononuclear cells, pur-

ified and expanded CD133" cells were labeled with fluorescent human antibodies against CD133, CD34, CD45, CD14, CD31, CD105 and von Willebrand factor
(vWF). Blue histograms indicate the percentage of positive cell populations for each antibody, whereas red histograms indicate isotype-control antibodies.
Histograms represent one experiment. The X-axis represents the fluorescence intensity. (b) Fluorescent images (400) labeled with anti-human vWF isotype-
specific fluorescein isothiocynate (FITC)-conjugated goat anti-rabbit antibody (green) and 4',6-diamidino-2-phenylindole dihydrochloride (DAPI) (blue). 1:
Negative control, expanded CD133" cells (labeled with FITC-conjugated secondary antibody and DAPI). 2: Positive contral; coronary artery-derived endothelial

cells. 3: HUCB-derived expanded CD133" cells after 60 days of culture

endothelial-like cells. Adherent cells formed a monolayer,
predominantly consisting of small-sized cells, during the
first 10 days of culture. No significant proliferation was
noted during this culture period. Cells began to form clus-
ters in some areas of the chamber on day 14 of culture.
After this, several cells (increased on a daily basis) became
spindle-shaped and tended to form cell lines. We also
observed an increased population density, suggesting that
the culture was actively proliferating. Adherent cells were
still actively growing between days 30 and 60; therefore, cul-
tures needed to be expanded on average every five days.
At this point, morphological analysis of the cells revealed
large flat cells with a cobblestone appearance, which is
characteristic of ECs (Figure 2). Growth curves exhibited
up to a 17-fold increase in the cell number by day 30
(passage 1) and up to a 70-fold increase after 60 days of
culture (passage 4) and a viability of 85.32 + 8.36% (Figure 3).

We analyzed the expanded CD133+ cells after 60 days
of culture. Very few cells stained positive for CD133
(2.21 + 1.65%), CD45 (3.36 + 2.1%) and CD14 (2.03 + 1.36%).

The number of cells expressing CD31 (63.58 + 16.3%)
decreased over time but still represented a large population.
The CD105 (14.14 +14.14%) and CD34 (11.52 4+ 7.09%)
positive populations decreased, and most of these cells were
also positive for vVWF (79.59 + 8.33%). The mean viability for
MNCs, purified CD133+ cells and expanded CD1334 cells
was greater than 92%, 80% and 87%, respectively.

Immunofluorescence microscopy analysis using anti-vWF
antibody was performed to characterize the expanded
CD133+ cells in culture and to confirm our flow cytometry
data. At day 60, most cells exhibited strong staining and
clear cytoplasmic localization of vWF, which is a character-
istic of ECs (Figure 1b).

Expanded CD133+ cells express VEGF
mRNA and form capillary-like tubes

VEGF mRNA was not detected in purified CD1334- cells by
RT-PCR; however, high VEGF mRNA levels were observed
in all five biological replicates of cells induced to
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Figure 2 CD133+ cell culture in the presence of growth factors (basic fibroblast growth factor, insulin-like growth factor-l and vascular endothelial growth
factor). (1) Small-sized round cells at day 5 (x100). (2) Small-sized round and flat elongated cells at day 14 (x200). (3) Cluster formation at day 15 (x200). (4)
Cell lines at day 21 (x100). (5) Proliferation enhanced at day 21 (x200). (6) Confluent cells with cobblestone appearance at day 27 (x200)

differentiate. Thus far, the data suggest that CD133+4 cells
are indeed EPCs, and expanded CD133+ cells are
endothelial-like cells. Based on these conclusions, we
characterized the function of expanded CD1334 cells by
studying their ability to form tubule-like structures on a
Matrigel layer. Only expanded CD133+ cells, not purified
CD133+ cells, formed a branched network of tubule-like
structures after 24 h of culture on Matrigel (Figure 4).
Thus, the in vitro data indicated that expanded CD133+
cells clearly exhibit EC-like characteristics.

Purified and in vitro expanded CD133™
cells improved LVEF in a rat model of Mi

To confirm the in vivo functional activity of purified and
expanded HUCB-derived CD133" cells and their potential
use as a cell therapy, the cells were implanted in a rat model
of ML Seventy rats were infarcted and 11 animals died after
this procedure. Twenty-seven rats showed left ventricular dys-
function (EF below 40%) in the first echocardiographic evalu-
ation. Four rats died during or immediately following cell
transplantation. The remaining 23 rats were divided into

1000 oeesmmmmmsemton s

8.00 A

4.00 4

Cell numberx108&
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Figure 3 Proliferation rates. Eleven samples were used to evaluate the increase in cell number at three time points. PO, day 0: purified CD133" cells were grown
on fibronectin-coated chamber slides (mean = 0.19 x 10%. P1, day 30: first passage; cells reached 80% confluence, and the morphological analysis showed
spindle-shaped cells without a differentiated phenotype. The cell number increased up to 17-fold (mean = 1 x 109). P4, day 60: fourth passage; the momhological
analysis revealed large flat cells with a cobblestone appearance, which is characteristic of expanded endothelial cells, and the cell number increased up to 70-fold
(mean = 6.23 x 10)

208



Senegaglia et al. Are purified or expanded cord blood-derived CD133" cells better at improving cardiac function?

125

Figure 4 Capillary-like tubule formation assay of human umbilical cord blood-derived CD133" cells cultured for 24 h on a Matrigel® layer. (1) Purified cells after
24 h of culture (% 40). Expanded CD133" cells formed tubules in response to basic fibroblast growth factor, insulin-like growth factor-1 and vascular endothelial
growth factor after (2) 2 h (<40); (3) 6 h (x200); (4) 12 h (x 200); (5) 24 h (<40) and (6) 24 h (x100)

three groups: group A, purified CD133" cells-injected rats (7
rats); group B, expanded CD133" cells-injected rats (6 rats),
and group C, saline buffer-injected rats (10 rats). Three rats in
group C died after surgery (12, 16 and 24 days). There were
no deaths in groups A and B. After statistical evaluation, the
outliers in each group were discarded. There was one outlier
in group A, one in group B and two in group C.
Echocardiography measurements were applied to evaluate
whether purified and/or in vitro expanded HUCB-derived
CD133+ cells could restore cardiac function in a rat model of
MI 30 days after cell injection. Five days after MI, the LVEF
measurements for the groups A, B and C were 22.51 +
748%,20.75 + 5.42% and 25.99 + 5.03%, respectively. In com-
parison to the second echocardiography (30 days after cell
injection), the LVEF had increased by 10.16% for group A
and by 6.8% for group B. The control group (group C) exhib-
ited a 7.09% reduction in the LVEF. However, these data
were not statistically significant. At this point, the LVEF
values for groups A, B and C were 32.67 + 14.37%, 27.55 +
542% and 2046 + 4.05%, respectively. When we compared
the difference between the first and second echocardiographic
evaluations, we observed an improvement in the LVEF for the
cell injection groups (A and B). The LVEF for group A (purified
CD133" cell injection) was improved, as compared with the
control group (P =0.001). Group B (expanded CD133" cell
injection) also exhibited a significant improvement in the
LVEF, as compared with the control group (P = 0,011). There
was no statistical difference observed between groups A and

B (Figure 5).

Discussion

Neoangiogenesis within the infarcted tissue is an integral
component of the remodeling process; however, the capil-
lary network is unable to support the increased

requirements of the hypertrophied myocardium, resulting
in a progressive loss of viable tissue, infarct extension and
fibrous replacement.l? Limitations of the current strategy
for inducing angiogenesis in ischemic tissues has led to
the exploration of cell therapy as a means of stimulating
neovascularization.’® =" Most clinical assays use autologous
bone marrow-derived MNCs for revascularization cell
therapy.' ™ In spite of bone marrow-derived MNCs
showing positive effects in the treatment of heart disease
in humans,z'zs it has been suggested that using a specific
fraction of progenitor cells (such as EPCs) could be more
effective in rescuing the ischemic-induced injured areas of
the heart.2%7 Overall, the available clinical data indicate
that cell therapy with EPCs is safe, feasible and associated
with improved heart function.?®?? The outcomes of clinical
trials have been mixed and not as robust as they were in
the animal models, partly because of the conflicts regarding
the definition of human EPCs and the heterogeneity of the
cell populations used in the treatments.™

However, EPCs isolated from patients with increased cardio-
vascular risk factors such as hypertension, atherosclerosis,
smoking, family history and diabetes mellitus, as compared
with those isolated from healthy subjects, are reduced in
number and demonstrate increased in vitro senescence.'**~*
In patients either at high risk for future cardiovascular events
or who have documented coronary disease, the body’s
endogenous stem cell supply and bone marrow response may
be inadequate.” Impairment may be due to age-related dimin-
ution of vascular EC number and function. This may limit the
efficacy of patient-derived progenitor cells in mediating neovas-
cularization;'* therefore, the use of stem cells for myocardial
tissue repair might be limited among the elderly and sick
because their cell supply is depleted and /or exhausted.

Cord blood-derived EPCs may have a potentially power-
ful therapeutic advantage in ischemic diseases, especially
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Figure 5 Echocardiographic evaluation. (a) Comparison of the left ventricle ejection fraction (LVEF) in two evaluations: echo 1, five days after myocardial infarc-
tion (white box); and echo 2, 30 d after cell transplantation (striped box). (b) Differences in the LVEF between echocardiography evaluations 1 and 2, comparing

the groups in pairs and all together

MI and stroke.® HUCB has been previously described as a
potential source of EPCs,® but little is known about the
optimal culture conditions and differentiation of these
cells.” Previous studies have demonstrated that circulating
CD347 cells co-expressing the CD133 maker can be isolated
from MNCs.*”” Using a similar methodology, we purified
CD133+ cells from HUCB, resulting in a cellular fraction
of approximately 75% purity. The frequency of EPCs in
bone marrow-derived MNCs is 0.01%.3% In this study, we
obtained approximately 0.64% EPCs from HUCB-derived
MNCs, confirming that HUCB is a better source for EPCs."®

After deciding on an EPC source, we attempted to estab-
lish the optimal conditions for cell expansion. VEGF was
one of the growth factors chosen for cultivation, because it
has been established to be involved in the first steps of
hemoangioblast differentiation and is associated with
faster endothelium growll‘l.20 VEGF could also be important
in stimulating growth in relation to neovascularization,*
as it is considered to be an important mitogen for ECs 4!
FGF is a regulator of proliferation; it influences EC
growth, differentiation and migration both in vive and
inn vitro.”® ECs cultivated without b-FGF undergo apopto-
sis.® In clinical trials, co-administration of VEGF and
b-FGF led to a faster and more efficient neovascularization
than if either growth factor was independently used. It
has been proposed that these growth factors promote the
differentiation of EPCs into EC-like cells in vitro. IGF-I was
also chosen, asitisa mito%en that regulates cellular prolifer-
ation and differentiation.*

There is no consensus regarding the optimal dose for stem
cell administration.** Extrapolating from the data available
on the injected EPC number required to obtain therapeutic
efficacy in mice,* the number of EPCs required for clinical
therapy in humans would exceed the output of most pub-
lished protncnls.15 We expanded CD133+ cells in the pres-
ence of three growth factors, b-FGF, IGF-I and VEGF.

Cellular proliferation assays obtained with each growth
factor showed that the optimal and most statistically signifi-
cant concentration of b-FGF was 1.0 ng/mL. Different IGF-I
and VEGF concentrations were not statistically significant
when individually used. When VEGF was analyzed with
co-administration of b-FGF and IGF-I (at a constant concen-
tration), a VEGF dose of 50 ng/mL was found to be the most
effective and statistically significant. Eighty milliliters of
cord blood, a volume that can be routinely extracted from
one cord, yields about 6.23 x 10° EPCs after expansion.
According to Forraz et al.,*® HUCB-derived EPCs exhibit a
high proliferative capacity and also demonstrate rapid self-
renewal. We found this same result in our study. Growth
curves showed up to a 17-fold increase on day 30, and
cells had the typical morphology of undifferentiated EPCs.
After this point and until the fourth passage (approximately
60 days), the cell population increased up to 70-fold, and
they acquired similar morphological and functional pheno-
types to ECs, suggesting that the cells lost expression of EPC
markers. At this point, the cells continued to proliferate at
least until the fourth passage, suggesting that a few undif-
ferentiated cells were still present. The cell number
increased by 17-fold at P1, so at this point, these cells
could be clinically used, since there is a reasonable
number of undifferentiated EPCs that have been passaged
for a relatively short period of time.

EPCs are subdivided into two groups: early and late
EPCs. Both can induce neovascularization in animals and
can synergistically interact with each other *® Early EPCs
appear within 4 -7 days of in vitro culture; they are spindle-
shaped and express CD14.*4 Late EPCs develop after 2-3
weeks of culture; they have a cobblestone pattern, are very
proliferative and do not express CD14.** Our culture was
maintained for 60 days, and the cells continued to signifi-
cantly expand without any signs of senescence. EC-like
colonies appeared around the third week, and they had
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the appearance of a cobblestone monolayer. These results
were consistent with those reported by Ingram and col-
leagues,* i.e. the expanded cell population was character-
istic of late EPCs.

We used flow cytometry to characterize the cell pheno-
type. Immunophenotyping of MNCs showed the typical
phenotype for the hematopoietic lineage, ie. cells were
positive for CD45" and CD14, which is characteristic of
monoq,rtes.51 There were practically no cells positive for
CD13327* and CD34.% Some cells expressed both endo-
thelial and hematopoietic markers®® and were CD31+ %
We also observed the presence of CD105-positive cells,
which is characteristic of HUCB-derived cells and proliferat-
ing ECs.™ Purified EPCs expressed predominantly CD133,
CD34, CD31 and CD105. There was a small percentage of
contamination from hematopoietic lineage cells (CD45+).
The cells reached confluence after four weeks of culture
and displz;ged a typical EC phenotype, including vWF
expression” and CD31 enhancement. We observed a
reduction in CD34+ and CD105+ cells in the population;
however, some cells remained, which was consistent with
the previous study by Gross and 1 !erl)rig.z'8 Our results pre-
sented a similar loss of CD133 cells, as previously described
by Shmelkov and colleagues.®® EPCs adopted a more
mature endothelial phenotype during their in vitro culture
and expansion, which was consistent with a previous
study.'®

We evaluated the functional phenotype of CD133+ cells.
One important finding is that CD133+ cells only form capil-
lary tubes and express VEGF after induction of differen-
tiation, suggesting that only these cells have the potential
to induce vascular regeneration. Samadja and Colleagues61
have demonstrated that bone morphogenetic proteins 2
and 4, which play a key role in endothelial colony-forming
cell commitment and outgrowth during neovascularization,
were selectively expressed by late EPCs but not by early and
circulating EPCs.

During in vitro expansion, stem cells experience a long
replicative history; thus, they are subject to damage from
intracellular and extracellular insults.®? Therefore, expanded
and purified CD133+ cells could show different biological
properties when transplanted in vivo. We decided to test
both populations in terms of their ability to repair myo-
cardial tissue after inducing MI in a rat model.

The rats that received purified CD133" cells (Group A)
and expanded CD133" cells (Group B) showed a significant
improvement in their LVEF, as compared with the control
group. The smaller improvement observed for Group B, as
compared with Group A, may be related to the lower pro-
liferation rate of these differentiated cells. The high prolifer-
ation rate of purified CD1337 cells suggests that these cells
would continue to proliferate after injection into the heart.
Despite the ventricular enlargement, the results suggest
that LV systolic dilation is reduced. Leor and colleagues'
obtained similar results using 1.2-2 x 100 purified
HUCB-derived CD133™ cells intravenously injected seven
days after permanent coronary artery ligation in athymic
nude rats. The cells showed functional recovery as there
was abrogation of scar thinning and LV systolic dilation.
We used approximately 6-10 times less cells in our

experiments and obtained the same improvement. The
direct infusion of the cells into the myocardial scar could
explain our results.

The therapeutic effects of EPCs have been recently demon-
strated in preclinical studies of hindlimb ischemia, 1%
strokes® and ML One disadvantage of using HUCB-
derived EPCs in clinical trials is the inherent risk of rejection.
Previous studies suggest that HUCB-derived cells are not
very immunos_:enjC,65’67 s0 these cells may be a useful source
for cell therapy. In addition, a previous Eurocord study
demonstrated that unrelated HLA-mismatched umbilical
cord blood transplantation in children with acute leukemia
produces comparable results to HLA-matched transplantation
with other stem cell sources.®® However, the reduced immuno-
genicity of HUCB cells is unproven and warrants further inves-
tigation. According to Cho and cnlleagues,é'9 umbilical cord
tissue derived cells are major histocompatibility complex
(MHC) class I dim and negative for MHC class II. A single
injection of MHC-mismatched UTC-derived cells did not
induce a detectable immune response. However, when these
cells were injected into an inflamed region, repeatedly injected
into the same region, or stimulated with interferon y prior to
injection, they were immunogenic. The reported successes of
CD133" and mesenchymal cell allograft-xenografts in animal
models encouraged further experiments to test the efficacy
of clinical-grade HUCB CD133™ cells in promoting cardiac
regeneration using more accurate immunogenicity studies.”
In summary, the cells from HUCB-<ompatible MHC donors
in cord blood banks have the potential for therapeutic
application.

In conclusion, we purified and expanded CD133™" cells
in vitro up to 70-fold. After 60 days of cultivation, the cells
were functionally active in vitro and expressed cellular
differentiation markers. We observed a significant improve-
ment in the LVEF and attenuation of ventricular remodeling
after transplantation of the purified and expanded HUCB-
derived CD133" cells, suggesting that both purified and
expanded cells are promising candidates for use in cellular
cardiomyoplasty. However, further pre-clinical trials
should be performed to elucidate whether expanded
CD133™ cells have any clinical advantages over purified
CD133" cells.
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Abstract

The use of conditioned medium (CM) from human cardiac explants (HCEs) as a potential source of paracrine factors for adult
stem cell signaling has never been evaluated. We hypothesized that HCEs might provide a source of soluble factors triggering
the differentiation of mesenchymal stem cells (MSCs) into cardiomyocyte-like cells. By using two-dimensional electrophoresis
(2-DE) gels/mass spectrometry and antibody macroarray assays, we found that HCEs release macromolecules, including
cytokines, growth factors and myocardial and metabolism-related proteins into the culture medium. We identified a total of
20 proteins in the HCE-CM. However, as shown by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and 2-DE,
these 20 proteins account for only a fraction of the total number of proteins present in the HCE-CM. We also found that
CM increased the proliferation of bone marrow-derived-MSCs (BM-MSCs) in vitro. Unlike the other effects, this effect was
most evident after 48 h of culture. Moreover, we examined the effect of HCE-CM on levels of mRNA and protein for
specific cardiac markers. We showed that a surprisingly big fraction of BM-MSCs (3.4-5.0%) treated in vitro with HCE-CM
became elongated and began to express cardiac markers, consistent with their possible differentiation into
cardiomyocyte-like cells. Our in vitro model may be useful not only per se, but also for studies of the mechanisms of
action of soluble factors involved in cell differentiation, paving the way for possible new protein-based treatments in the future.

Keywords: mesenchymal stem cells, conditioned medium, human cardiac explant, cytokines, growth factors

Experimental Biology and Medicine 2010; 235: 1015-1024. DOI: 10.1258/ebm.2010.010003

Introduction

Following myocardial infarction, human cardiomyocytes
undergo mitosis to repair the damage. It has also been
shown that endogenous or transplanted stem cells contrib-
ute to the regeneration of damaged cardiac tissue.! ™
Nonetheless, major myocardial infarctions lead to replace-
ment of the functional tissue by a fibrotic non-contractile
tissue. The proliferative potential of the cardiomyocytes
and the number of stem cells capable of differentiating
into cardiac myocytes are limited, restricting the potential
for complete, functional regeneration after injury. In particu-
lar, the regenerative potential is too low to prevent the pro-
gression of postinfarction cardiac dysfunctions.” Efforts are
therefore being made to identify strategies for increasing
the myocardial mass after injury.

It has been shown that bone marrow-derived mesenchymal
stem cells (BM-MSCs) can differentiate into cardiomyocytes

ISSN: 1535-3702

in vitro or in vivo®” Several methods have been used to
promote the differentiation of stem cells into specific cell
types, including cardiomyocyte-like cells. These methods
include the co-culture of stem cells with differentiated
somatic Cells,‘q treatment with cardiac Hssue exh'acis,g
treatment of MSCs with chemicals such as 5-azacytidine!
and the treatment of embryonic or adult stem cells with
nitric oxide donors."*'2 Most of these methods are inefficient,
resulting in the generation of only a small percentage of
differentiated cells after treatment.

In a very different model designed to promote chondro-
genic differentiation, it has recently been shown that carti-
lage explants release soluble signaling factors into the
culture medium and that these factors induce the differen-
tiation of adult rat marrow stromal cells into chondrocyte-
like cells."> The use of conditioned medium (CM) from
human cardiac explants (HCEs) as a potential source of

Experimental Biology and Medicine 2010; 235: 1015-1024
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paracrine factors for adult stem cell signaling has never been
evaluated. We hypothesized that HCEs might provide a
source of soluble factors triggering the differentiation of
MSCs into cardiomyocyte-like cells. This system could also
be used as a model of cardiac repair in vitro.

We identified some of the soluble growth factors and
cytokines released by cardiac explants. We also showed
that the treatment of BM-MS5Cs with explants-CM induced
the expression of cardiac markers, in terms of both mRNA
and protein production, consistent with the putative differ-
entiation of these MSCs into cardiomyocyte-like cells.

Materials and methods
Ethical issues

All human samples used in this work were collected in
accordance with guidelines for research involving human
subjects and the 1975 Helsinki Declaration. The study was
approved by the ethics committee of the Oswaldo Cruz
Foundation (approval number 419/07).

Isolation of HCEs and preparation of CM

Cardiac Hssue was obtained from the material discarded
during valve dissection. Pericardium/epicardium and endo-
cardium were removed and the myocardium (auricle and
ventricle) was processed. We cut 600 mg of cardiac tissue
into 1mm” pieces, transferred them to a sterile tube and
washed them three times with phosphate-buffered saline
(PBS) to remove cellular debris. Tissue fragments were dis-
pensed in equal quantities into 75cm” culture flasks
(150 mg/flask) containing 20mL of Iscove’s modified
Dulbecco’s medium (IMDM) without fetal calf serum
(FCS) and cultured as explants. Explants were cultured for
six days, with complete replacement of the medium every
other day. The medium was collected, passed through a
filter with 0.70 pm pores (BD Falcon cell strainer) and
then through a filter with 0.22 um pores (thiamine pyropho-
sphate). The final filtrate was stored at —20°C untl use.

Protein sample preparation for two-dimensional
electrophoresis

Just before the assay, samples were thawed on ice. Protease
inhibitor (1 mmol/L phenylmethylsulfonyl fluoride and
10 pmol/L N-a-p-tosyl-L-lysine chloromethy! ketone) was
added and total protein was concentrated by precipitation
with a 95% saturated solution of (NH4).S50,; and
re-suspended in 500 L of ultra-pure water (18.2MQ
grade). Excess salts were removed and the buffer was
changed by dialyzing the sample for 30 h against focusing
buffer (7 mol/L urea, 2 mol/L thiurea, 10 mmol/L Tris-HCI
[H 8] and 10 mmol/L dithiothreitol [DTT]), using a mini-
dyalisis kit (GE Healthcare, W1, USA) with a cutoff point of
1 kDa. Before electrophoresis in the first dimension, disulfide
bonds were reduced by incubation with 10 mmol/L DTT
(45min at 60°C) and alkylated by incubation with
55 mmol/L iodoacetamide and 10 mmol/L DTT (30 min at

room temperature). Protein concentration was determined
with the 2D-Quant Kit (GE Healthcare).

Two-dimensional polyacrylamide gel electrophoresis

We solubilized 150 pg of protein in 100 uL of focusing
buffer supplemented with 0.5% immobilized pH gradient
(IPG) buffer (pH 4-7) (GE Healthcare) and 10% isopropa-
nol. Samples were cup-loaded onto an IPG strip (18 cm,
pH 4-7, GE Healthcare) and focused under the following
conditions: 50 V-1h, 100V-1h, 300V-1h, 500V-1h,
1000 V-1h, 2000 V-1h, 4000 V-2h and 6000 V-10 h. For
the second dimension, strips were treated for 20 min with
equilibration buffer (6mol/L urea, 30% glycerol, 2%
sodium dodecyl sulfate [SDS], 50 mmol/L Tris-HCI
[pH 8]) supplemented with 2% DTT and then for 20 min
in the same buffer supplemented with 2.5% iodoacetamide.
Gels were silverstained, as described by Blum et al 1t

Matrix-assisted laser desorption/ionization-time
of flight/time of flight analysis

Protein spots were manually extracted for mass spec-
trometry analysis in the 10-70 kDa range. The more inten-
sely stained and well-resolved spots were selected for
matrix-assisted laser desorption/ionization-time of flight/
time of flight (MALDI-TOF/TOF) analysis. Gel pieces
were de-stained, and proteins were reduced (20 mmol/L
DTT), alkylated (55 mmol /L iodoacetamide) and digested
with 10 ng/uL trypsin (Promega, W1, USA) in 50 mmol/L
ammonium bicarbonate. Peptides were extracted (50%
acetonitrile, 1% trifluoroacetic acid [TFA]), dried on a
Speed Vac and re-suspended in 1 uL of 0.1% TFA for analy-
sis. Peptide sample was mixed 1:1 (v/v) with crystallization
solution (5 mg/L 3,5-dimethoxy-4-hy droxycinnamic acid in
50% acetonitrile, 0.1% TFA) and immediately spotted onto a
MALDI plate. Mass spectra were obtained by MALDI-TOF/
TOF in a mass spectrometer (Autoflex, Bruker Daltonics,
Bremen, Germany) operating in positive mode. The Xml
extension files containing mass lists were generated with
FlexAnalysis software v 2.0 (Bruker Daltonics, MA, USA)
and proteins were identified with the Mascot search
engine and public databases (NCBI).

Antibody array and analysis

For identification of the growth factors and cytokines
released from the HCEs, 1 mL of HCE-CM without FCS
(HCE-CM) or non-conditioned IMDM FCS-free (NCM)
was assayed with the RayBio™ growth factor and cytokine
array (Raybiotech, GA, USA) according to the manufac-
turer’s protocol. Briefly, the membranes were blocked by
incubation for 30 min in 5% bovine serum albumin (BSA)
in 0.01 mol/L Tris buffer supplemented with 0.15 mol/L
NaCl (pH 7.6) and then incubated for two hours in 1mL
of HCE-CM or NCM at room temperature, The membranes
were washed and incubated with biotin-coupled anticyto-
kine and antigrowth factor antibodies for two hours,
washed again and incubated with horseradish peroxidase-
conjugated streptavidin for two hours, We incubated each
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membrane with 1 mlL of detection reagent (prepared by
mixing equal volumes of detection buffers A and B) for
5-10min and then placed it against X-ray film. Films
were developed after various durations of exposure to the
membrane (5, 10 and 40 s).

The films were scanned and the data were input into
ScanAlyze 25 software (www.graphics.stanford.edu/soft-
ware/scanalyze) for obtaining the raw intensity values of
each spot. The normalized intensity of each spot was deter-
mined with the Raybio™ Analysis Tool. Values were calculated
with respect to positive controls and statistical analysis was
carried out with GraphPad Prism 5 software. All values
are expressed as means + standard errors of mean and we
compared variables between groups by two-way analysis of
variance. Values of P < (.05 were considered significant.

Isolation and culture of MSCs

The MSCs used in this study have been isolated from BM and
characterized previously by Rebelatto ef al.'® Cells were
cultured with IMDM (Gibco, NY, USA) supplemented with
15% FCS, 100 U/mL penidillin and 100 pg/mL streptomycin,
at 37°C, in a humidified atmosphere containing 5% CO,. All
experiments were performed with MSCs in passage 3.

Culture of MSCs with cardiac explant-CM

Biological trplicates of BM-MSCs were cultured into
six-well /plates (8 x 10* cells) and 24-well /plates (4 < 10*
cells). The cells were maintained in IMDM supplemented
with 15% FCS until they reached 80% confluence. To main-
tain the same culture conditions for the three biological tri-
plicates of BM-MSCs used in this experiment, the HCE-CM
samples were pooled and both media (pooled HCE-CM and
NCM) were then supplemented with 5% FCS. After that,
BM-MSCs were cultured with a 1mL pool of either
HCE-CM or NCM in six-well plates and a 500 uL pool of
HCE-CM or NCM in 24-well plates. The BM-MSCs were
cultured for up to three weeks at 37°C, under an atmos-
phere containing 5% COs. The medium was changed
every three days. Viable cells were counted, following
trypan blue staining, in a Neubauer chamber, for compari-
son of the numbers of BM-MSCs cultured in HCE-CM
and NCM media.

Table 1 Primer sets used for RT-PCR analyses

Cell proliferation assay

Cell proliferation assay was performed by bromodeoxyuri-
dine (BrdU) incorporation (100 pmol/L BrdU for 24 h) and
labeling according to the manufacturer’s recommendations
(Invitrogen, NY, USA) with minor modifications. Briefly,
the proliferative activity of BM-MSCs was evaluated
before and after 48h of incubation with NCM or
HCE-CM. BrdU incorporation was detected using
anti-BrdU antibody labeled with Alexa Fluor 488 and ana-
lyzed in a FACSCalibur device (BD Bioscience, CA, USA)
equipped with CellQuest software. Cell proliferation
assays were carried out in duplicate.

Total RNA extraction and reverse
transcription-polymerase chain reaction

Total RNA was extracted from cultured MSCs with the RNeasy
kit (QIAGEN, TX, USA) according to the manufacturer’s
instructions. The RNA was treated with DNAse I (QIAGEN)
and its concentration was determined with a nanodrop
device (ND-100-UNISCIENCE spectrophotometer). We syn-
thesized the first-strand ¢cDNA from 1 ug of total RNA, using
1 pL of 10 mmol/L oligo-dT primer (USB Corporation, OH,
USA) and 1pul of reverse transcriptase (IMRPOM I,
Promega) according to the manufacturer's instructions.
Polymerase chain reaction (PCR) was carried out with 20 ng
of cDNA as the template, 20 mmol/L Tris-HCl (pH 84),
50 mmol/L KCIL 10 pmol of primers, 5 mmol/L of MgCl,,
025mmol/L of dNTPs and 06U Tag polymerase
(Invitrogen). PCR primer sequences are listed in Table 1. We
subjected 20 uL of reverse transcription (RT)-PCR products
to electrophoresis in a 2% agarose gel. The bands obtained
were visualized by ethidium bromide staining and photo-
graphed under ultra-violet transillimination (UV White
Darkroom, UVP Biomaging Systems, CA, USA).

Immunofluorescence

Cultured MSCs were washed three times with PBS and
fixed by incubation for 5min in 4% paraformaldehyde.
The cells were then permeabilized by incubation for
30 min in 0.5% Triton X-100 in PBS and blocked by incu-
bation for 60 min with 5% PBS-BSA. Blocked cells were

Gene Sequence (5 -3') Accession number Amplicon size (bp) Twm (°C)

GAPDH F: GGCGATGCTGGCGCTGAGTAC NM 2597 150 55
R: TGGTTCACACCCATGACGA

Cx43 F: CCTTCTTGCTGATCCAGTGGTAC NM 65188 154 62
R: ACCAAGGACACCACCAGCAT

cTnl F: GGGGGCCCGGGCTAAGGAGTC3 NM 000363.4 183 60
R AGGGCAGGGGCAGTAGGCAGGAAG

eTnT F: AGGAGAAGTTCAAGCAGCAGA NM 000364.2 155 55
R GCGAGCGAGGAGCAGAT

Nkx2.5 F: GGTCTATGAACTGGAGCGGC AB021133 322 60
R ATAGGCGGGGTAGGCGTTAT

VEGF F: CTACCTCCACCATGCCAAGTG M27281 101 60

A: TGCGCTGATAGACATCCATGA

RT-PCR, reverse transcription-polymerase chain reaction; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; Cx43, connexin 43; cTnl, cardiac troponin I;
cTnT, cardiac troponin T; Nkx2.5, NK2 transcription factor-related, locus 5; VEGF, vascular endothelial growth factor
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incubated for one hour at 37 “C with goat anti-human tropo-
nin I, goat anti-human troponin T, mouse anti-human
a-actinin and mouse anti-human connexin-43 polyclonal
antibodies (Santa Cruz Biotechnology, CA, USA) diluted
1:200. The secondary antibodies, Alexa 488-conjugated anti-
goat IgG antibody (Invitrogen) diluted 1:400 and Alexa
456-conjugated anti-mouse IgG antibody (Invitrogen),
diluted 1:400, were added to the cells, which were then incu-
bated for 30 min. Nuclei were stained by incubation with
4 p-diamidine-2'-phenylindole (DAPI) for five minutes at
room temperature. All the antibodies were diluted in
PBS-BSA. Samples were photographed with a Nikon E-600
optical immunofluorescence microscope. For a semi-
quantitative analysis of differentiation, the percentages of
cells positive for troponins I and T were calculated from
10 random fields (20X), with Image] software (http://
rsbweb.nih.gov /ij/).

Results

HCE-CM contains cytokines, growth factors,
structural and metabolic proteins

Proteins present in the HCE-CM were precipitated and
initially  analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), which

10-

kDa

showed the sample to be highly complex, containing a
wide range of proteins of various sizes, from small polypep-
tides to high-molecular weight proteins (Figure 1). Despite
the thorough washing of the explants before culture, we sus-
pected that some, possibly even most of the proteins seen in
the CM, might be the products of explant manipulation and
necrosis and/or apoptosis of the pieces of tissue during
culture time. A more complete view of the proteome was
obtained by subjecting protein samples to two-dimensional
gel electrophoresis (2-DE) and analyzing some of the spots
obtained by MALDI-TOF/TOF. Gels with narrower pH
ranges (4 to 7) gave the best resolution. Most of the signifi-
cant identifications (EV < 107%) corresponded to structural
and metabolism-related proteins (Table 2). The loading of
larger amounts of sample would have decreased the
resolution, making it harder to identify proteins due to the
large number of proteins with molecular weights of up to
70 kDa.

In addition to 2-DE/MALDI-TOF/TOF, we also carried
out antibody array analyses to identify the cytokines and
growth factors released by the human cardiac tissue. A
comparison, by eye, of the HCE-CM and NCM membranes
clearly demonstrated that some cytokines and growth
factors were present on the HCE-CM membrane, but
not on the NCM membrane (Figure 2a). Reproducibility
was high for the four samples analyzed. Stahstical

pl=7

Figure 1 Separation of the proteins presentin HCE-CM by SDS-PAGE and 2-DE. The proteins present in HCE-CM were precipitated and analyzed by SDS-PAGE
{15% polyacrylamide gel). Numbers 1, 2 and 3 comespond to the biological replicates (inserted top left panel). The proteins in the HCE-CM were also analyzed by
2-DE. Assays were performed in two different pl ranges (3-10 and 4-7). A representative gel is shown for the pl 4-7 range. Indicated spots (circled spots) were
excised and subjected to in-gel digestion with trypsin. The resulting peptides were identified by MALDI-TOF /TOF (see Table 2). NCM, non-conditioned medium;
HCE-CM, human cardiac explant-conditioned medium; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; 2-DE, two-dimensional

electrophoresis
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Table 2 Proteins identified in the CM by 2-DE

Protein EV Gene ID
TPH 5.60E — 13 7167
ACTN3 3.50E — 08 89
MDH1 8.00E — 05 4190
DCl 3.80E — 04 1632
MyBPC 4.20E — 04 4607
ACTAZ2 5.50E — 05 59
S0D2, mitochondrial 5.70E — 04 6648
ACTCH 1.00E — 03 70
MYL4 4.00E — 03 4635
MYLK 5.890E — 03 4638

CM, conditioned medium; 2-DE, two-dimensional electrophoresis; EV,
expected value; TP, tiose phosphate isomerase 1; ACTNS, actinin, alpha
3; MDH1, malate dehydrogenase 1; DCI, dodecenoyl-coenzyme A delta
isomerase; MyBPC, cardiac myosin binding protein C; ACTA2, actin, alpha 2,
smooth muscle; S0D2, superoxide dismutase 2; ACTC1 actin, alpha,
cardiac muscle 1; MYL4, myasin, light chain 4; MYLK myosin light chain
kinase

analysis showed that four of the 23 detectable cytokines on
the antibody arrays were present in significant amounts
in the CM (P < 0.05). These cytokines were as follows:
growth-regulated oncogene (GRO), interleukin-6 (IL-6),
IL-8 and monocyte chemoattractant protein-1 (MCP-1)
(Figure 2b). Six of the 41 growth factors detectable on the
antibody arrays were present in significantly larger
amounts (P < 0.01) in the HCE-CM. These growth factors
were: basic-fibroblast growth factor (bFGF), epidermal
growth factor (EGF), hepatocyte growth factor (HGEF),
insulin-like growth factor binding protein-1 (IGFBP-1),
IGFBP-2 and transforming growth factor-g (TGF-j)
(Figure 2c). The fluorescence intensity of the spots on the
HCE-CM membranes ranged from approximately 1.5 to
approximately 12 times the background signal (NCM).
For example, IL-6 signal intensity on HCE-CM
membranes was almost 10 times that on NCM membranes,
whereas IL-8 signal intensity on HCE-CM membranes
was only 15 times higher than the background
signal, although this difference was nonetheless significant
(P =< 0.05).

These results suggest that HCE-CM is a source of para-
crine factors, such as cytokines, growth factors and other
proteins and unidentified molecules.

HCE-CM increases the proliferation of BM-MSCs
in culture and induces the differentiation of these
cells into cardiomyocyte-like cells in vitro

The total number of viable BM-MSCs was higher in the
HCE-CM-treated cultures than in the NCM-treated cultures
as established by trypan blue staining and counting in
Neubauer chamber. To determine if this increase in cell
number was caused, at least in part, by an increase in
cell proliferation, BrdU incorporation experiments were
carried out. Following the treatment of BM-MSCs with
HCE-CM for 48h, the percentage of proliferating
BM-MSCs was 1.5- to 1.8-fold higher than in the
NCM-treated cells (Figure 3). The result from two
BM-MSCs samples were plotted individually due to the
different cell cycle kinetics seen between patients

Human cardiac explant-conditioned medium

(Figure 3a). Proliferation increase in HCE-CM-treated cells
is quite evident after 48 h in the representative FACS histo-
grams (Figure 3b) and also in microscopy images of the cul-
tures (Figure 3c).

We also examined the effect of HCE-CM, during the first
and third weeks of treatment, on levels of mRNA and
protein for specific cardiac markers (troponins [ and T,
a-actinin, Nkx 2.5, connexin-43) and an angiogenic factor
(vascular endothelial growth factor [VEGF]) in BM-MSCs.
Most of the effects of CM on BM-MSCs were evident after
one week of culture, but were much more marked at the
third week, for the three BM-MSCs replicates analyzed.
RT-PCR was used to determine mRNA levels. Troponin T,
troponin I, NKx 2.5, connexin-43 and VEGF transcript
levels were higher in all HCE-CM-treated samples than in
NCM-treated cells. However, BM-MSCs spontaneously
expressed some of the genes analyzed, to some extent
(Figure 4).

Indirect immunofluorescence analyses of protein distri-
bution in BM-MSC cultures demonstrated clear differences
between treated and untreated samples. After one week of
culture, a subpopulation of cells positive for troponin
I (Figure 5a and e), troponin T (Figure 5c and g) and
a-actinin (Figure 5d and h) was detected in all the
HCE-CM-treated samples but not in the NCM-treated
samples. Most of the cells positive for these cardiac
markers were spindle shaped, with elongated nuclei, as
shown by DAPI staining (Figure 5). As stated above,
cardiac markers were more strongly expressed after
three than after one week, whether we considered the
absolute numbers of cells expressing these markers or
the fluorescence intensity of the elongated cells
(Figure 5i, k, |, m, o and p). Again, the control cultures
(reated with NCM) also included cells positive for these
markers, but in much smaller numbers than for the
HCE-CM-treated cultures. Differently to these markers,
connexin-43 was present in most of the NCM- and
HCE-CM-treated cells. Nevertheless, connexin-43 staining
was seen in the boundaries between adjacent elongated
cells in the cultures treated with HCE-CM for three
weeks.

A semi-quantitative analysis of cells positive for troponins
T and I showed that HCE-CM-treated BM-MSC cultures
contained four times as many positive, spindle-shaped
cells with elongated nuclei than NCM-treated cells. The per-
centage of cells reacting with antibodies against troponins [
and T was determined by analyzing 10 random fields from
each sample and for each marker. After one week, the mean
percentages of cells positive for troponins [ and T were 3.4
(+1.3) and 3.9 (£1.7), respectively. After three weeks of
treatment with HCE-CM, the mean percentages of cells
immunopositive for troponins [ and T were 4.7 (+1.7) and
5.0 (+2.2), respectively. The ratio of the proportion of posi-
tive HCE-CM- to NCM-treated cells was about 4.0 in all
cases, with no significant differences between markers or
weeks of treatment. These results suggest that the stronger
effects of HCE-CM after three weeks than after one
week result from a larger absolute number of positive
cells rather than an increase in the percentage of immuno-
positive cells.
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Figure 2 Growth factors and cytokines present in HCE-CM. (a) Antibody array analysis. Membranes were placed against X-ray film for various durations (5, 10
and 40 s). The film was then developed and the image was scanned and input into Scanalyze software for analysis. Values for each spot were calculated and
nomalized by subtracting the background signal from blank spots and dividing by the mean value for positive controls. Eight values were generated for each
factor, from four biclogical replicates and four technical duplicates. Error bars indicate the standard error for the four biological replicates. (b) Graphical represen-
tation of cytokines and (c) growth factors present in significant amounts (*P < 0.05; **P < 0.01; ***P < 0.001) in HCE-CM, as determined by comparison with the
background signal generated for NCM membranes (y-axis = normalized intensity ratio: HCE-CM/NCM). Error bars represent the standard ermor for the four bio-
logical replicates. HCE-CM, human cardiac explant-conditioned medium; NGM, non-conditioned medium; TGF-8, transforming growth factor-3; IL, interleukin;
GRO, growth-regulated oncogens; MCP, monocyte chemoattractant protein; EGF, epidermal growth factor; IGFBP, insulin-like growth factor binding protein;
HGF, hepatocyte growth factor; FGF, fibroblast growth factor

Discussion

We found that HCE release macromolecules, including cyto-
kines, growth factors and myocardial and metabolism-
related proteins into the culture medium. We identified a
total of 20 proteins in the cardiac explant-CM. However,
as shown by SDS-PAGE and 2-DE, these 20 proteins
account for only a fracion of the total number of proteins
present in the HCE-CM. A high-throughput approach is
required for full characterization of the CM. We are cur-
rently working on a proteomics project aiming to generate

an exhaustive list of the proteins present. We also found
that CM increased the number of treated BM-MSCs in
vifro at least partially due to induced proliferation. It
remains unclear as to whether HCE-CM also has a
cytoprotective/antapoptotic  effect.  Furthermore, we
showed that a fraction of BM-MSCs treated in vitro with
HCE-CM became elongated and began to express cardiac
markers, consistent with their possible differentiation into
cardiomyocyte-like cells.
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Figure 3 Effect of conditioned medium on MSC proliferation. (a) Graphs showing the percentage of BrdU-positive proliferating cells on two different samples of
BM-MSC cultured in HCE-CM or NCM for 48 h. The open bar represents the proliferation rate of the initial cell population (0 h) of both BM-MSCs samples before

NGM or HCE-CM (IPBT). (b) Rep ive hi

of BrdU-positive proliferating cells cultured in HCE-CM (open histogram) or NCM (gray area) at 0

and 48 h. {c) Representative images (differential interference contrast (DIC) microscopy) of BM-MSCs cultured with NCM and HCE-CM for 48 h. Scale bar: 30 pm.
MSC, mesenchymal stem cells; BrdU, bromodeoxyuridine; BM, bone marrow; HCE-CM, human cardiac explant-conditioned medium; NCM, non-conditioned

medium; IPBT, initial population before treatment

The heart is a complex organ consisting of several differ-
ent cell types and tissues. Cardiomyocytes are the main
cellular component of the heart, but non-muscle cells such
as endothelial cells, mesenchymal cells, fibroblasts, smooth
muscle cells and leukocytes are also present. All these
cells are potential sources of paracrine factors that might
help to repair cardiac tissue after injury (cell growth and
differentiation). Adult, resident stem cells have also been
found in the heart. These undifferentiated cells reside, in
extremely small numbers, among the differentiated cells
in mature organs or tissues,'® They have been shown to
produce and secrete a wide range of cytokines, chemokines
and growth factors potentially involved in cardiac repair."”
In this context, we hypothesized that cardiac
explants might release a set of factors participating in
cardiac repair.

NCM
HCE-CM

+CT

Cx43

kaz.s --
-

Figure 4 Gene expression profiling by RT-PCR. RT-PCR analysis of mRNA
levels for cardiac markers. Representative results of three independent exper-
iments, after 21 d of culture, are shown. We used mRMNA isolated from
NCM-treated cells as a negative control and mRNA isolated from cardiac
tissue as positive control (+CT). GAPDH was used as an internal control.
Cx43, connexin 43; Nkx2.5, NK2 transcription factor-related, locus 5; cTnl,
cardiac troponin I; ¢TnT, cardiac troponin T; VEGF, vascular endothelial
growth factor; GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
RT-PCR, reverse transcription-polymerase chain reaction; NCM, non-
conditioned medium; HCE-CM, human cardiac explant-conditioned medium

<TnT
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Using explant culture, a technique for the isolation of cells
from fragments of body tissue, Barile et al.™ showed that left
atrial or ventricular biopsy specimens could generate a layer
of migratory cells. In this study, we used tissue fragments
exclusively as a source of paracrine factors. We cultured
the explants for six days to condition the medium, and we
observed no cell migration from them. Cell migration from
cardiac explants takes at least two weeks of culture.
However, we nonetheless continued to culture the explants
for four weeks, to check that they were viable. In fact, all the
explants used to condition the medium in this study were
viable and different cells had migrated from them after
two weeks of culture (data not shown).

Structural (cMyBP-C and a-actin) and metabolic (triose
phosphate isomerase and malate dehydrogenase) proteins
were detected by 2-DE/MALDI-TOF/TOF. Despite
thorough washing of the explants before culture, these pro-
teins were probably present as a result of the mechanical
dissociation required to obtain cardiac explants or due to
the normal necrotic/apoptotic process occurring during
culture. Several studies have identified candidate bio-
markers for the analysis of proteins released into the
blood after myocardial injury. Structural myocardial pro-
teins, such as the cardiac troponins, have been detected in
the bloodstream and are currently used as serum
markers for myocardial cell necrosis and/or myocardial
ischemia. Moreover, the concentrations of these proteins in
the serum are associated with the severity of the injury.'?"
MyBP-C has been detected in mouse hearts subjected to
ischemia reperfusion,™ in dog hearts subject to low-flow
rate ischemia® and in the plasma of mice with acute
myocardial infarction.”* The study on mice with myocardial
infarction anticipated cMyBP-C as an excellent new
candidate biomarker of infarction, due to the high
levels of this protein found in the bloodstream after injury
and the rapidity of the response. The presence of
cMyBP-C and other non-secreted proteins in HCE-CM
suggests that our experimental model may be of potential
value for use in studies of cardiac injury and repair
mechanisms.

Antibody array analysis demonstrated the presence of
many secreted cytokines and growth factors in HCE-CM.
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Indirect immunofluorescence analysis. Indirect immunofluorescence analysis of the expression of cardiac markers. BM-MSCs were treated with NCM

(a-d; i-I) and HCE-CM (e~h; m-p) for six days {a-h) and 21 d i-p). Inmuncfluorescence analyses were performed for the markers indicated at the top. Days of
treatment are shown on the left and the medium used for MSC culture is shown on the right (HCE-CM or NCM). Cell nuclei are stained with DAPI (blue).
Representative results from three independent experiments are shown. Scale bar = 30 um. Cx43, connexin 43; cTnl, cardiac troponin I; ¢TnT, cardiac troponin
T; ACTN, a-actinin; BM-MSC, bone marrow-derived mesenchymal stem cells; NCM, non-conditioned medium; HCE-CM, human cardiac explant-conditioned
medium; DAPI, 4',6-diamidine-2'-phenylindole (A color version of this figure is available in the enline journal)

One of these molecules, [L-6, has been shown to be released
in response to the stress caused by myocardial inju.ry.E In
the acute phase of myocardial infarction, inflammatory acti-
vation is enhanced, with a predominantly proinflammatory
response and high serum concentrations of IL-6.° IL-6 is a
pleiotropic cytokine responsible for many different pro-
cesses, including the regulation of cell growth, apoptosis,
survival and differentiation in various cell types and
organs, including the heart® The local or systemic pro-
duction of inflammatory mediators may influence not only
MSC migration to injured tissues,”®"* but also MSC pro-
liferation, differentiation™ and engraftment.”

Moreover, cytokines, such as IL-6, can induce the
secretion of important chemokines involved in the regu-
lation of angiogenesis. * The IL-8, GRO and MCP-1 chemo-
kines are also detected in the HCE-CM. The healing of the
myocardium after infarction involves changes in the
adhesive interactions between endothelial cells in the pre-
existing vasculature and extracellular matrix, under the
control of locally produced factors (cytokines, chemokines).
These changes lead to endothelial cell migration, prolifer-
ation, re-organization and microvessel formation.™ Indeed,
the IL-6 released into the HCE-CM may induce the secretion
of MCP-1, IL-8 and GRO into the medium. Kocher et al.**
found that the production of IL-8 and GRO by endothelial

cells regulated the ability of chemokines to induce

myocardial neovascularization, and mediated protection
against cardiomyocyte apoptosis and the recovery of
cardiac function. The cytokines present in HCE-CM may
therefore work together to repair the myocardial injury
caused by the cutting of cardiac tissue, by increasing the
number of cells or inducing cardiomyocyte differentiation.

Growth factors, such as bFGF, EGF, HGF, IGFBP-1 and -2
and TGF-B, were also present in HCE-CM. Some of these
factors play a role in tissue repair and, as reported pre-
viously, are also crucial for cardiomyocyte specification
during development. It has also been shown that FGF,
EGF, TGF and IGFBP play a role not only in embryo devel-
opment, but also in the cardiogenic potential of embryonal
carcinoma cells in culture.**® TGF-g is a multipotent factor
associated with neoangiogenesis, decreasing inflammatory
signals and inducing MSC differentiation. Li et al. 3, reported
the inducton by TGF-g of the differentiation of BM-MSC
into immature cardiomyocytes, and Abarbanell ef al.®
reported a correlation between prolonged exposure to
TGF-8 and HGF in witro with cardiac surface marker
expression on BM-MSCs. Similarly, we showed that
HCE-CM containing TGEF-B, HGF, bFGF and IGFBP-1
and -2 induced an increase in cardiac marker expression,
as indicated by RT-PCR and immunofluorescence assays.
Zhu et al.*® have shown that IGFBP-4 induces cardiomyo-
cyte differentiation by antagonizing Wnt/g-catenin and,
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other members of the IGFBP family, such as IGFBP-1 and -2,
are genetically redundant with IGFBP-4. Accordingly, we
are currently studying how IGFBP-1 and -2 might affect pro-
liferation and cardiomyocyte differentiation of BM-MSCs in
culture.

NCM-treated BM-MSCs also produced mRNA and
protein for some cardiac markers. The spontaneous
expression of muscle markers by MSCs has been reported
before,'***-# and Verfaille’s group described MSCs as
‘pluridifferentiated” cells.** Alternatively, as it was observed
in this work, it might be due to the spontaneous differen-
tiation of a small fraction of cells.

In conclusion, this study demonstrates that HCEs release
cytokines and growth factors into the medium and that
these molecules induce the proliferation and differentiation
of human BM-MSCs into cardiomyocyte-like cells.
Moreover, our in vitro model may be useful for studies of
the mechanisms of action of soluble factors involved in
cell differentiation, paving the way for possible new protein-
based treatments in the future.
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Stem cell therapy has been considered a promise for damaged myocardial tissue. We have previously shown
that S-nitroso-N-acetyl-D,L-penicillamine (SNAP) increases the expression of several muscular markers and
VECF in mesenchymal stem cells, indicating that transplantation of SNAP-treated cells could provide better
functional outcomes. Here, we ransplanted SNAP-treated adipose tissue-derived stem cells (ADSCs) in rat

:?‘:mszzerived T infarcted myocardium. After 30 days, we observed a significant improvement of the ejection fraction in rats
SNADI? that received SNAP-treated ADSCs, compared with those that received untreated cells (p=0.008).
Nitric oxide Immunchistochemical reactions showed an increased expression of troponin T-C and von Willebrand factor,

and organized vascular units in the infarcted area of tissue transplanted with treated ADSCs. SNAP exposure
induced intracellular S-nitrosation, a decreased GSH/GSSG ratio, but did not increase cGMP levels.
Collectively, these results indicate that SNAP alters the redox environment of ADSCs, possibly associated

Ejection fraction
Neovascularization
Cardiomyogenesis

with a pre-differentiation state, which may improve cardiac function after transplantation.

© 2010 Elsevier Inc. All rights reserved.

Introduction

Heart failure is the main cause of hospitalization in the United
States. Despite the decline of mortality its prevalence continues to
increase, mainly due to effectiveness of clinical treatment and aging of
the population (Schocken et al.,, 2008).

In recent years several studies have demonstrated the potential of
stem cells in tissue regeneration with the possibility of cardiac
function improvement after transplantation (Al-Radi et al, 2003;
Anversa et al, 2003; Orlic et al., 2002; Pittenger et al., 1999; Pittenger
and Martin, 2004). The mechanisms by which these cells promote
repair of myocardial damage are not well known. However, the idea
that stem cells could promote myocardium regeneration by means of
the transdifferentiation seems insufficient. For this reason compli-
mentary mechanisms should be considered such as paracrine events
and neovascularization (Korbling and Estrov, 2003).

* Comesponding author. Departamento de Patologia Basica, room 153, Setor de
Ciéncias Bioldgicas, Centro Politécnico, Universidade Federal do Parand, Curitiba 81531-
980, Brazil. Fax: +55 41 3266 2042.

E-mail address: lia.nakao@ufpr.br (LS. Nakao).

0014-4800/$ - see front matter © 2010 Elsevier Inc. All rights reserved.
doi:10.1016/j.yexmp.2010.11.005

Conceptually, a variety of stem cells can be used for myocardium
regeneration (Boyle et al, 2006). Mesenchymal stem cells (MSCs)
were first described by Friedenstein et al. (1970). Their main function
is maintenance and renewal of adult mesenchymal tissue. These cells
can be harvested from diverse sources (Fukuda, 2005; Korbling and
Estrov, 2003; Wollert and Drexler, 2005} and although the similarities
described, differences in the expression of some genes and in
differentiation potential (Dominici et al, 2006; Rebelatto et al,
2008) should be considered to choose the best source for each
determined transplant (Dai et al,, 2005).

Adipose-derived stem cells (ADSCs) show similar characteristics
to bone marrow mesenchymal stem cells (BM-MSCs). Furthermore,
they are easily obtained, are present at a high frequency (0.5%),
and are able to differentiate into various lineages (Zuk et al., 2002).
Planat-Benard et al. (2004) observed that these cells can spontane-
ously differentiate and express transcription factors of cardiac cells.
The ADSCs also express cardiac tissue proteins and have the ability to
repair myocardial infarction (Strem et al., 2005), emphasizing the
possibility of their use in cellular therapy (Jiang et al., 2002).

The in vitro differentiation of ADSCs in cardiomyocytes requires the
addition ofan inductive agent of differentiation. Nitric oxide (NO) induces
the differentiation of embryonic stem cells in cardiomyocytes (Kanno
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et al, 2004). We have recently demonstrated that NO donors, such as
DEA/NO (2-(N,N-diethylamino)-diazenolate-2-oxide) and SNAP (S-
nitroso-N-acetyl-D,L-penicillamine), increase the expression of muscular
and cardiac markers, VEGF and CD34 in BM-MSCs and ADSCs (Rebelatto
et al., 2009), which might improve their effects in cellular therapy.
Here, we show that transplantation of SNAP-treated ADSCs in a rat
model of myocardial infarction improves the cardiac ejection fraction
when compared to transplantation of untreated ADSCs. The expres-
sion of troponins and von Willebrand factor, as well as the number of
blood vessels in the infarcted area, are also increased in SNAP-treated
cells transplantation. In vitro experiments indicate that SNAP triggers
an early intracellular protein S-nitrosation and an oxidative redox
state in ADSCs, which may be involved in observed beneficial effects.

Material and methods
Experimental animals and study design

All procedures were performed after approval by the Human and
Animal Ethics Committees of Pontificia Universidade Catélica of Parand
(approval numbers 597 and 202, respectively). Myocardial infarction
was induced in 60 male Wistar rats (200-230 g). Echocardiography
was performed 7 days later for determination of ventricular function.
On the eighth day, 33 rats presented ventricular ejection fraction
below 40%. Eight rats died after randomization, and the remainder
myocardial-infarcted animals underwent cell transplantation
(n=21) or injection of medium (control, n =4). Five additional rats
died after transplantation, and the rest were kept alive for 4 weeks,
without immunosuppression. Some animals were transplanted with
ADSCs previously transduced with GFP gene.

Infarct induction

All rats that underwent myocardial infarction were given general
anesthesia of intramuscular ketamine (50 mg/kg, Ketamine™, Labor-
atorios Konig SA, Brazil) and xylazine ( 10 mg/kg, Sintec, Rhobiofarma,
Brazil). These animals were endotracheally intubated with a flexible
catheter (Abocath), and mechanically ventilated by using a small
animal ventilator (HARVARD®, Inc., model 683, Massachusetts, USA).
A left lateral thoracotomy was performed via the fourth intercostal
space to expose the heart. The anterior descending coronary artery
was localized, and ligated with a 7.0 non-absorbable Prolene suture
(Ethicon, Brazil) just proximal to the bifurcation of the left coronary.
The infarction was verified by the observed myocardial blanching
distal to the ligation. The thorax was then sutured and the animals
were monitored until they fully recovered from the anesthesia.

Echocardiography

Echocardiography was performed on the seventh day post-infarc-
tion and on the thirtieth day after cell transplantation. After anesthesia,
by intramuscular injection, a two-dimensional transthoracic echocar-
diography was performed with an echocardiography system equipped
with a 12-MHz phased-array transducer HP Sonos 5500 (Hewlett
Packard, USA) with the use of a specific transducer for small animals (S
125-12 mHz linear 15 L6 7-15 mHz) in the anterolateral portion of the
left lateral chest wall. The images were observed in two dimensions and
ventricular chambers observed in two sections, longitudinal and
transverse. Ejection fraction, end systolic and diastolic volume of the
left ventricle, and the end systolic and diastolic area of left ventricle were
analyzed by the Simpson's method. The study included animals that
presented an ejection fraction of below 40% on the echocardiography on
the seventh day after infarction. All measurements were performed on
the same equipment and repeated three times by the same observer.
The results are presented as the mean of three independent
measurements.

Cell culture

ADSCs were isolated using the technique described by Puissant
etal. (2005) with modifications. Primary human ADSCs were isolated
and characterized as MSC as described elsewhere (Rebelatto et al.,
2008) from subjects undergoing elective bariatric surgery and
dermolipectomy procedures at the Instituto de Cirurgia e Medicina do
Parand. Patient consent was acquired prior to surgery. A cohort of 3
samples was used for cell culture and transplantation.

Transduction of ADSCs by lentivirus and flow cytometry

Four days prior to transplantation, ADSCs were transduced by a
third-generation lentivirus containing the green fluorescent protein
(GFP) gene. The lentiviral particles were kindly provided by the
Institute of Molecular Biology of Parana (IBMP, Curitiba-PR, Brazil).
Transductions were performed by a single exposure of lentivirus in
the presence of 5 pg/ml of polybrene and a multiplicity of infection
(MOI) of 5. Twenty-four hours after transduction the medium with
the exceeding viruses was removed and the cells were maintained in
standard culture media until transplanted.

The percentage of positive cells for the GFP gene was assessed by
flow cytometry. Cells were trypsinized, washed twice with PBS
solution and fixed in 300 L of 1% paraformaldehyde (PFA) (Merck,
Darmstadt, Germany) in PBS. The evaluation was immediately
performed in a FACS Calibur equipment (Becton Dickinson, San Jose,
CA, USA) and data were analyzed by Flowjo software (Tree Star,
Ashland, OR, USA).

ADSCs treatment with nitric oxide donor SNAP

This work employed two types of experiments with ADSCs. 1) For
the transplantation, following the establishment in culture of a
homogeneous population of ADSCs (fourth passage), 0.4 mM SNAP
(Calbiochem, CA, USA) was added in the first and third days and
maintained until the fourth day. After this period, the cells remained
for a further 16 days with medium without addition of SNAP. The
medium was changed every two days until the twentieth day,
when cells were prepared for the transplantation. 2) To analyze the
effects of SNAP exposure to the ADSCs, cells were seeded at a density
1x10%/cm?. After adhesion, they were grown in medium containing
1% fetal calf serum for 24 h and then treated with 0.2 mM SNAP in
medium containing 5% fetal calf serum (Gibco, Invitrogen Corpora-
tion, NY, USA) during 40 min.

Cell transplantation

Cell transplantation was performed 24 h after the determination
of ventricular function by echocardiography. Rats underwent general
anesthesia, a median thoracotomy was performed, and 1x 10° ADSCs
were resuspended in 300 pL of DMEM-F12 medium and injected
using a tuberculin syringe with a needle into one point of the
myocardium (left ventricle), specifically in the center of the scar
covering the whole infarcted and peri-infarcted area. The animals
were divided into three experimental groups: (A) 4 animals
transplanted with medium (control group); (B) 11 rats transplanted
with ADSCs treated with SNAP, and (C) 10 rats transplanted with
ADSCs.

Animal euthanasia, perfusion-fixation of the heart

After 30 days of the transplant, the animals were euthanized under
sedation, as described above. Briefly, the left ventricle was cannulated
with a catheter connected to an infusion pump, and approximately
100 mL of a saline solution, followed by 400 mL of 2% PFA were
infused. At the end of the infusion, the heart was removed and
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sectioned into four pieces from the apex to the base. The segment with
the infarcted region was fixed with 4% PFA for 24 h. Subsequently, the
sections were immersed in three solutions of sucrose (Biotec, Parana,
Brazil) 10%, 20% and 30% in phosphate buffer (Gibco, Invitrogen
Corporation, NY, USA) 0.1 M, pH 7.4, embedded and frozen in a block
of cryopreservation medium of optimal cutting temperature (OCT)
(Sakura Finetek, Zoeterwoude, The Netherlands) in liquid nitrogen,
and stored at —80 °C.

Immunohistochemistry

For immunohistochemistry, cryosections of 5-7 um were
obtained. Tissue sections were washed three times with a solution
of 10 mM TBS (Invitrogen, CA) containing 0.1% triton for 5 min. The
specimens were blocked with 10 mM TBS containing 0.1% triton
(Nuclear, Sao Paulo) and 5% goat serum (Gibco, Invitrogen Corpora-
tion, NY, USA) for 1 h. Subsequently, sections were incubated for 2 h
with primary antibodies mouse anti-GFP conjugated with FITC (1/50),
goat anti-human troponin | (1/50) and goat anti-troponin T-C (1/50),
all from Santa Cruz Biotechnology (CA, USA), rabbit anti-human
desmin (1/10) (Sigma-Aldrich, Missouri, USA) and rabbit anti-human
von Willebrand factor (1/200) (Sigma-Aldrich, Missouri, USA). The
sections were washed with TBS +0.1% triton, blocked with 10 mM
TBS containing 0.1% triton and 5% goat serum for 40 min and
incubated with secondary antibodies rabbit anti-goat 1gG Texas Red
(Santa Cruz Biotechnology, CA, USA) (1/100), goat anti-rabbit 1gG
(Molecular Probes, Oregon, USA) (1/400) for 1 h and 30 min at room
temperature. Nuclei were stained with 4',6-diamino-2 phenylindole
(DAPIL) and the slides were mounted using fluorescence mounting
medium (Dako, CA, USA). The anti-GFP was used in the sections of
animals that were transplanted with cells transduced with the GFP
gene. The controls of the immunohistochemical reaction were made
using only the secondary antibody. Slides were analyzed in the E-600
Nikon microscope and images captured using the camera-CoolSNAP
PRO c¢f (Media Cybernetics) and Image Pro-Plus software (Diagnostic
Instruments).

Indirect immunofluorescence

After the short SNAP exposure, cells were fixed with 4% PFA and
then incubated with anti-nitrosocysteine (1/400) (Sigma-Aldrich,
Missouri, USA), overnight at 4 °C, in a humidified chamber. The
secondary antibody used was anti-rabbit IgG-Alexa 488 (1/600)
(Molecular Probes, Oregon, USA), in PBS containing 0.01% saponin
(Sigma-Aldrich, Missouri, USA), during 40 min at 4°C. Actin was
labeled with phalloidin conjugated with Texas red (Sigma-Aldrich,
Missouri, USA). In some experiments, 2 mM HgCl, was added to the
cells for 30 min, before the fixation step, to analyze the specificity of
the anti-nitrosocysteine to the nitrosocysteine epitope. Images were
captured by a confocal microscopy (Nikkon, Eclipse 800 equipped
with a Biorad camera, Radianna 2100).

GSH and GSSG determination

Cells (treated in T75 flasks) were pelleted and stocked at —80 °C
until analysis. For the GSH and GSSG determination, the light-protected
pellets were thawed inice, and suspended in 80 uL of a buffer consisting
of 50 mM phosphate pH 2.7, 50 pM sodium octanosulfonate (Sigma-
Aldrich, Missouri, USA). Cells were lysed by 3 freeze-thaw cycles in
liquid nitrogen/water bath. Lysates were centrifuged (10,000 rpm at
4°C for 5min) and the supernatants were 0.22 pm-filtered. Thirty
microliters of the supernatants were injected in an HPLC Shimadzu
system consisting of a quaternary pump (LC20AD) controlled by the LC
Solution software, a manual injector (Rheodyne 7125), and a coulo-
metric detector (ESA Chelmsford), operating at 470 and 910 mV, for
GSH and GSSG detection, respectively.

Intracellular levels of cGMP

Cells were treated as described in 24 wells plates (TPP, Trasadin-
gen, Switzerland). Cyclic GMP levels were assessed by a commercial
kit (GE Healthcare), according to the manufacturer.

Statistical analysis

This work has a primary outcome based on analysis of immuno-
histochemistry for in vivo evaluation of expression of neovasculariza-
tion and muscle markers and secondary in the evaluation of
ventricular function with the data obtained from an ejection fraction
of the left ventricle. Statistical analysis was performed by a non-
parametric Kruskal Wallis test for the assessment of ejection fraction
of the three study groups and by non-parametric Wilcoxon test to
compare pre and post ejection fraction within each group. The data
were analyzed with the software Statistica 8.0. The GSH/GSSG ratios
were analyzed by one way ANOVA, using GraphPad Prism software.

Results

The myocardial-infarcted animals were divided into three groups:
(A) control; animals that were transplanted with medium (n=4) (B)
animals that received ADSCs treated with SNAP (n=9) and (C)
animals that received untreated ADSCs (n=7). Some ADSCs samples
were transduced with the GFP gene. A total of eight rats from groups B
and C were transplanted with GFP-transduced cells. The efficiency of
transduction with GFP gene was 28 and 31% for SNAP-treated and
untreated ADSCs, respectively (data not shown).

There was a significant difference between groups with respect to
absolute difference in the pre and post transplant ejection fraction. A
significant difference between B and C (p=0.008) was found, while
groups A and C (p=0.249) presented similar behavior (Fig. 1). This
data suggests that SNAP exposure to the ADSCs had a role in the final
functional outcome. The ventricular remodeling occurred in all groups
measured by the increment of ventricular size. On average, this
variation was 18.8% in group A, 16.4% in group B and 17.1% in group C
(p=0.907). Although group B presented the lowest increment of
ventricular size, no significant difference was observed between
groups. In addition, there was no difference between groups regarding
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Fig. 1. Mean pre- and post-transplant ejection fraction. Myocardial infarcted rats were
divided in groups A (control ), B (animals transplanted with ADSCs treated with SNAP)
and group C (animals transplanted with untreated ADSCs). Their mean cardiac ejection
fractions (annotated above the bars) were determined by echocardiography one day
before (white bars) and thirty days after (black bars) the cell transplant. Ejection
fractions are presented as mean+ SE in the box area and mean + 5D in Whisker plot.
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the absolute difference in the end diastolic volume of the left ventricle
(p=0999; data not shown).

The ejection fractions of animals in groups B and C that were
transplanted with GFP-transduced cells were compared to determine
if CFP transduction could have negatively influenced the ejection
fraction by providing an early cell death of transplanted ADSCs.
Although some GFP expression could be detected in the infarcted
region of all transplanted rats (Fig. 2), no difference in ejection
fraction was found between these two transplanted groups
(p=0.518), indicating that transplanted cells were integrated to the
injured tissue and that cardiac function was independent on GFP
expression.

To investigate if SNAP-treated cells were more prone to differen-
tiate into cardiac cells in the infarcted area, we analyzed the
expression of desmin, troponin T-C and troponin | by immunohisto-
chemistry. Positive cells to desmin were observed in both groups, B
and C in regions with and without myocardial infarct, i.e, with and
without transplanted cells (data not shown). These results indicate
that desmin is a nonspecific marker and could not be considered
appropriate for analysis of expression of cardiac proteins in
transplanted cells. The presence of troponin | was observed in the
infarcted area of both B and C groups (Fig. 3a, b). A specific marker to
cardiac cells, troponin T-C, was predominantly present in the
infarcted region of the animals in group B (Fig. 3c, d). The anti-von
Willebrand, specific for endothelial cells, was observed in cells around
blood vessels in infarcted and non-infarcted (data not shown) regions
in both groups B and C, but more prominently in SNAP-treated cells
(Fig. 3e, f). It was not observed unspecific staining by secondary
antibodies. A semi-quantitative analysis was carried out to evaluate
the number of vessels in the infarcted region of animals from groups B
and C. Sixty-eight random fields were counted in both groups, and a
greater number of vessels (n=81) was observed in group B when

compared with group C (n=63) which might reflect the more
extensive von Willebrand factor staining in group B.

So far, the results demonstrate that transplantation of SNAP-treated
ADSCs, compared with transplantation of untreated ADSCs, induces an
improvement in cardiac ejection fraction, an increased cardiac expres-
sion of troponin T-C and von Willebrand factor, and an increased
neovascularization. Next, we aimed to analyze the early events triggered
by SNAP in ADSCs, which could be associated with the above effects.
Since NO activates guanylate cyclase (GC), leading to the production of
cGMP, we measured its intracellular level 40 min after exposure to SNAP.
No significant difference between control (untreated) and SNAP-treated
ADSCs was found (676 versus 710 fmol/well, respectively, n=2). We
employed 1 uM DEA/NO, a compound that spontaneously releases NO, as
a positive control. With this NO donor, cGMP levels increased to
976 fmol/well. This result demonstrates that SNAP does not induce cGMP
production in ADSCs under our experimental conditions. Thus, an
alternative pathway to NO signaling is a cGMP-independent mechanism,
relying on protein S-nitrosation. Indeed, the images obtained with anti-
nitrosocysteine antibody show an intense immunostaining, with a
granular pattern dispersed in the cytoplasm, as determined by the
extension of actin labeling with phalloidin (Fig. 4). Control cells, i.e., not
exposed to SNAP, showed no anti-nitrosocysteine immunostaining
(Fig. 4). To investigate whether the observed reaction was due to
nitrosocysteine residues recognition, we incubated the fixed treated cells
with Hg(ly, to disrupt the nitrosocysteine bond. Indeed, no staining was
abserved after this incubation (data not shown), confirming the antibody
specificity to nitrosocysteine epitopes.

Since NO-derived species are able to alter the redox environment
of the cell, we assessed whether SNAP exposure could alter the
cellular redox state, determined by the GSH/GSSG ratio. Our results
indicate that SNAP decreases the GSH/GSSG ratio in ADSCs by ca. 50%
compared to the untreated cells (Fig. 5).

Fig. 2. GFP expression in ADSCs-transplanted infarcted myocardium. Indirect immunofluorescence indicates the presence of GFP-transduced ADSCs (green) in infarcted area of
untreated (a) and SNAP-treated ADSCs (b, c). In subpanel (d) the image is magnified from subpanel (¢).
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immunofluorescence.
Discussion

Cellular therapy has emerged as an alternative to cardiac repair and
formation of new blood vessels (Pittenger and Martin, 2004). Based on
studies showing that NO utilization could facilitate cardiomyogenesis
(Kanno et al., 2004) and that treatment of ADSCs with NO agents
increases the expression of cardiac specific genes {Rebelatto et al.,
2009), our focus was to study the effects of SNAP-treated ADSCs
transplantation on cardiac repair after myocardial infarct in Wistar rats.

In this study, a significant increase in the ejection fraction was
observed in the group that received ADSCs treated with SNAP
compared with the group that received untreated ADSCs. We did
not observe a significant difference in the ejection fraction variation
between groups A (control) and C (transplanted with untreated
ADSCs), in contrast to other studies which show that mesenchymal
stem cell transplantation can improve cardiac function in different
experimental models (Caplan, 2009; Dai et al., 2005; Nagaya et al.,

2005; Strem et al., 2005; Valina et al., 2007). Differences between
these publications and our results can be explained by methodological
differences such as isolation and cultivation techniques (Ciordano
et al., 2007), methods of infarct induction, moment of transplant after
infarction, route of infusion and number of transplanted cells.

Despite promising results in the recovery of ventricular function
with mesenchymal stem cell transplantation, some studies have not
shown positive results. Van der Bogt et al. (2009) performed cellular
transplant with bone marrow mesenchymal stem cells and ADSCs in
rats with myocardial infarction and did not observe benefits on
ejection fraction, in line with our results. The low number of
transplanted cells, 5% 10°, might have interfered in the result. We
transplanted 1x10% cells by intramyocardial infusion. Possibly, a
higher number of transplanted stem cells could result in a significant
functional improvement. Indeed, Nagaya et al. (2005) observed that
satisfactory increments of ejection fraction were obtained only after
increasing the number of stem cells to 5 x 108,
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Fig. 4. Protein S-nitrosation by SNAP-treatment in ADSCs. Cells were untreated (a) or treated with 0.2 mM SNAP (b) during 40 min. After fixation and permeabilization, actin was
labeled with phalloidin conjugated with Texas Red. The reaction was performed with anti-nitrosocysteine antibody and rabbit anti-IgG conjugated with Alexa 488.

We aimed to investigate the transplant of pre-committed ADSCs for
the cardiac phenotype. Other studies showed that committed cellscould
lead toincreased cytoprotection effects of cardiomyocytes present in the
heartand to increased therapeutic efficiency of mesenchymal stem cells
in myocardial regeneration (Chamberlain et al., 2007). Mazo et al.
(2008) had demonstrated that undifferentiated ADSCs were more
efficient than predifferentiated ADSCs to cardiac regeneration. These
differences can be related to different methods of predifferentiation
used in each study. We chose the nitrosothiol SNAP, since this agent had
been previously shown to increase cardiomyogenesis in both embryonic
and adult stem cells (Kanno et al, 2004; Rebelatto et al., 2009). We
hypothesized that cardiomyogenesis might have been facilitated by the
ADSCs pre-commitment. Here, we demonstrated a significant increase
in the ejection fraction in the group that received ADSCs treated with
SNAP compared with the group that received untreated ADSCs. This
increase in contractile function indicates that SNAP-treated cells
contribute to the improvement of the damaged area, since we have
observed anincreased expression of some cardiac muscle markersin the
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Fig. 5. Decreased intracellular GSH/GSSG ratio by SNAP treatment in ADSCs.
Representative chromatograms of the simultaneous detection of GSH (peak 1,
470 mV trace) and GSSG (peak 2, 910 mV trace) in ADSCs cytosolic fraction are
shown. Inset shows the GSH/GSSG ratio in control and SNAP-treated ADSCs. The values
are representative of 5 independent experiments. *P<0.05.

infarcted area. Troponin | was expressed in untreated and SNAP-treated
ADSCs. Due to the small number of positive cells and the antibody
specifity for the human protein, we suggest that cells expressing
troponin | were the transplanted human ADSCs. However, it was not
possible to visualize the co localization of GFP and troponin I-positive
cells. The anti-troponin T-C utilized is specific for cardiac tissue and its
expression was observed in ADSCs treated with SNAP and only in the
infarcted area. Thus, we suggest that SNAP had acted on the pre-
differentiation of ADSCs to muscular cells. The expression of cardiac
muscular proteins by ADSCs has been described after differentiation
induction by several methods. For example, Zuk et al. (2002) had
demonstrated that ADSCs in vitro could express myogenic transcription
factor 1 (myod1), desmin, myogenin, myogen regulator factor and
myosin heavy chain (MHC) after addition of hydrocortisone. Also, we
have demonstrated the expression of cardiac «-actin, troponin T,
troponin | and connexin-43 on ADSCs and bone marrow mesenchymal
stem cells after SNAP addition (Rebelatto et al., 2009) and the
improvement of cardiac function of infarcted rats has been associated
with expression of a-MHC, [>MHC, «a-actin and myosin light chain
(MLC2v) after 30 days of transplant (Nagaya et al,, 2005).

In addition, our results show that SNAP-treated cells were either
more prone to differentiate to endothelial cells or that they induced
other tissue cells to differentiate into endothelial cells, by a paracrine
signaling for instance. Our data showed more cells expressing von
Willebrand factor and organized in vascular units in infarction area of
animals that received treated ADSCs than in the group that received
untreated cells. Recent studies suggest that mesenchymal stem cells
can be differentiating toward endothelial cells (Fraser et al., 2006;
Kinnaird et al., 2004; Tang et al., 2006). However, we were unable to
co-localize GFP and von Willebrand factor in our experiments. This is
not surprising considering that the efficiency of transduction was
approximately 30%, and about 3% of these cells remain at the lesion
site (Freyman et al, 2006). On the other hand, SNAP has been
associated with VEGF increment (Maulik, 2006) and this marker is
involved in function improvement, vessels number increment and
remodeling limitation as demonstrated by Sadat et al. (2007). These
authors had demonstrated that ADSCs secrete angiogenic factors that
are responsible for vascular formation and cellular protection. Also,
Tang et al. (2005) had demonstrated that ventricular function
increment and vessels formation after mesenchymal cell transplant
were associated with elevation of VEGF, fibroblast growth factor ( FGF)
and stem cell derived factor 1-a (SDF-1cx) expression. We had
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previously reported an increased genic expression of VEGF by ADSCs
after SNAP exposure (Rebelatto et al., 2009). Indeed the vasculogen-
esis has been more often observed than the differentiation in muscle
cells (Kamihata et al., 2002).

Here we showed that SNAP induces ADSCs S-nitrosation that may
contribute to the functional effects observed. We did not identified the
proteins modified by SNAP in ADSCs, but in endothelial cells, S-
nitrosation by exogenous NO donors, like DEA/NO, takes place mainly
in mitochondrial proteins, presenting a staining pattern similar to that
observed by us (Yang and Loscalzo, 2005). Recently, SNAP has been
shown to stabilize HIFla, leading to VEGF expression, by a
mechanism dependent on HIF1 S-nitrosation (Park et al., 2008).

SNAP is a nitrosothiol which has been described to release NO, leading
to cardiovascular benefits, such as vasodilation (Moncada and Higgs,
1993; Nathan, 1992) and also protection against oxidative stress
(Monastyrskaya et al,, 2002 ). However, its chemical properties, regarding
NO release, are quite complex, and are extremely dependent on the
chemical environment (Janssens et al, 1999) such as the presence of
thiols (Hu and Chou, 2006). SNAP itself cannot cross the cell membrane
(Zhang and Hogg, 2005). Thus, it can be suggested that SNAP-derived NO
enters the cell, possibly by transnitrosation mediated by membrane
proteins (Zai et al,, 1999). NO or NO-derived species then nitrosates
intracellular thiols, such as glutathione. Nitrosoglutathione may then
further react with other biomolecules, and becomes oxidized, decreasing
the GSH/GSSG ratio. These transnitrosation reactions may account for the
lack of GC activation observed in our experiments. Moreover, nitroso-
proteins may transfer the NO moiety to other thiols, acting as NO carriers/
storage. It has been demonstrated in endothelial cells that the half-life of
nitrosoproteins is about 1 h (Yang and Loscalzo, 2005).

Finally, the SNAP-induced oxidative redox state in ADSCs is in
agreement with the findings described by Jones (for a review, see
Jones, 2006). It has been demonstrated that a slightly oxidative
reduction potential, measured by the intracellular concentrations of
glutathione and glutathione disulfide accompanies the differentiation
phenotype, probably by altering the redox state of target protein
modules involved in transcription. On the other hand, more reduced
potentials are associated with cell proliferation. Thus, the decreased
GSH/GSSG ratio found after SNAP treatment in ADSC may be an
important factor to induce differentiation.

In conclusion, this study indicates that transplanted SNAP-treated
ADSCs induce a functional improvement and neovascularization in
rats that underwent severe myocardial infarction, possibly by events
involving ADSCs protein S-nitrosation and decreased GSH/GSSG ratio.
Specific proteins involved in this process remain to be identified.
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PRELIMINARY RESULTS OF IN VIVO STUDY OF
PRO-ANGIOGENIC CAPACITY OF HUMAN UMBILICAL
CORD-DERIVED MESENCHYMAL STEM CELLS AND HUMAN
UMBILICAL CORD BLOOD-DERIVED ENDOTHELIAL
PROGENITOR CELLS IN THE TREATMENT OF MYOCARDIAL
INFARCTION.
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Introduction and Objectives: Considering that cardiovascular disease represents an
important cause of morbidity and mortality, it becomes necessary to develop new
therapeutic strategies. In this context arises cell therapy, where endothelial progenitor
cells (EPC) and mesenchymal stem cells (MSC) have shown to be important in regulating
the tissue repair process, as well as, the formation of new vessels in the regeneration of
ischemic regions. The aim of this study is to compare the effect of transplant of EPC, MSC
as well as the combination of those, isolated from human umbilical blood and cord, for the
treatment of acute myocardial infarction (AMI) in rats. Methods and Results: For the study
control, animals were divided into four groups: normal, sham-operated, natural evolution,
vehicle. For cell therapy, the animals were divided into the following groups: EPC, MSC,
EPC+MSC. AMI was induced in the animals by ligation of the left coronary artery and
echocardiography (ECHO) was performed on the 7th day post-AMI. On the ninth day only
rats with less than 40% of left ventricular ejection fraction (LVEF) were randomized and
received transplant of 2x106 cells. A new ECHO was performed on day 30th
post-transplantation. The mean LVEF on the 7th day post-AMlI and 30th day
post-transplantation were: normal (n=10)= 56/53; sham-operated (n=10)= 61/55; natural
evolution (n=10)= 28/28; vehicle (n=10)= 28/27; EPC (n=4)= 31,3/41,3; MSC (n=3)=
28,2/43,4; EPC+MSC (n=6)= 28,5/40,3. Conclusion: When comparatively analyzing the
mean values of LVEF in those groups, it was observed improvement of the cardiac
function, increase in LVEF, among cell therapy groups. However, a larger number of
animals will be necessary to prove the results efficiently. Financial Support:
MCT/CT-Saude, Decit/SCTIE/MS, CNPq and Fundacdo Araucaria.
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IN VIVO STUDY OF PRO-ANGIOGENIC CAPACITY OF MESENCHYMAL STEM CELLS AND
ENDOTHELIAL PROGENITOR CELLS IN THE TREATMENT OF MYOCARDIAL INFARCTION

P.H. Suss', L.G.A. Capriglione', F. Barchiki', L. Miyague', N.I. Miyague', D. Jackowski', L. Fracaro', A.C.
Senegaglia’, C.L.K. Rebelatto' L.M.B. Leite’, A. Correa®, P.R.S. Brofman’
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Considering that cardiovascular disease constitute an important cause of morbidity and mortality, it
becomes necessary to develop new therapeutic strategies. In this context arises cell therapy, where
endothelial progenitor cells (EPC) and mesenchymal stem cells (MSC) have shown to be important in
regulating the tissue repair process and the formation of new vessels in the regeneration of ischemic
regions. The aim of this study is to compare the effect of transplant of EPC, MSC as well as the
combination of those, from the human umbilical blood and human umbilical cord, for the treatment of
acute myocardial infarction (AMI) in rats. For the study control, animals were divided into groups: normal,
sham-operated, natural evolution, vehicle. For cell therapy, the animals were divided into groups: EPC,
MSC, EPC+MSC. Animals were induced to a AMI by ligation of the left coronary artery; echocardiography
(ECHO) was performed on 7" day post-AMI. On the ninth day only rats with less than 40% in the left
ventricular ejection fraction (LVEF) were randomized and received transplant of 2x10° cells. A new ECHO
was performed on the 30" day post-transplantation. The mean LVEF on the 7" day post-AMI and 30" day
post-transplantation were: normal= 56/53; sham-operated= 61/55; natural evolution= 28/28; vehicle=
28/27; EPC= 31,3/38,4; MSC= 28,2/43 4; EPC+MSC= 28,5/39,4. When comparatively analyzing the
mean values of LVEF in those groups, it was observed improvement of the cardiac function in terms of
increase in LVEF among groups of cell therapy. However, a larger number of animals will be necessary to
prove the results efficiently.
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OPTIMIZATION OF BLOOD AND UMBILICAL CORD AS A SOURCE OF HUMAN ENDOTHELIAL
PROGENITOR CELLS AND MESENCHYMAL STEM CELLS

Paula Hansen Suss 1, Alexandra Cristina Senegaglia 1, Danielle Jackowski 1, Leticia Fracaro 1,
Lidiane M. B. Leite 1, Carmen L. K. Rebelatto 1, Alejandro Correa 2, Paulo R. S. Brofman 1.
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Financial Support: MCT/CT-Satide, Decit/SCTIE/MS, CNPq and Fundagdo Araucdria.
Objectives: The aim of this study was to isolate and characterize human umbilical cord
(HUC)-derived mesenchymal stem cells (MSC) and human umbilical cord blood (HUCB)-
derived endothelial progenitor cells (EPC).

Materials: MSC were isolated by enzymatic dissociation of Wharton's Jelly and EPC were
isolated from the HUCB positively selected using CD133-coupled magnetic microbeads.

Results: Morphological, functional and phenotype characterization of cells was performed in
the third passage. MSC showed typical spindle-shaped morphology, the immunophenotypic
profile were positive for CD 105 (98,8%), CD 29 (94,2%), CD 146 (84,1%), CD 166 (67%), CD
31 (62,2%), CD 201 (43,7%), CD 106 (12,9%) and reduced expression for CD 34 (10,8%), CD
133 (5,5%), CD 117 (7,2%), CD 144 (5,1%), CD 309 (2,3%), CD 45 (0,8%). Indirect
immunofluorescence showed positive staining for primary antibodies anti-Vimentin and
anti-CD105 and also showed differentiation potential into adipocytes, chondrocytes and
osteoblasts. EPC showed typical endothelial cobblestone morphology, the
immunophenotypic profile were positive for CD 105 (98,8%), CD 29 (94,2%), CD 146 (84,1%),
CD 166 (67%), CD 31 (62,2%), CD 201 (43,7%), CD 106 (12,9%) and reduced expression for CD
34 (10,8%), CD 133 (5,5%), CD 117 (7,2%), CD 144 (5,1%), CD 309 (2,3%), CD 45 (0,8%).
Indirect immunofluorescence of EPC showed positive staining for primary antibodies anti-
von Willebrand, anti-CD31, anti-CD106 and anti-VEGF. The EPC were double-positive for LDL
uptake and Lectin binding, beyond form three-dimensional capillary tu bules in vitro.

Conclusions: Since the acquisition of MSC and EPC is feasible and that the cell type needed

in the future is uncertain, it is suggested that in addition to storage of HUCB also be made for
HUC-derived MSC, allowing broader applications in regenerative medicine.
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