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RESUMO

TESE DE DOUTORADO

Wallace de Mello

Um dos maiores desafios para o delineamento de terapia celular em doencas
musculares € encontrar as condi¢gdes ideais para a insergiao das células do
doador no musculo receptor. Na presente tese, avaliamos inicialmente o
impacto da irradiagdo e criolesdo local nos musculos de camundongos
imunodeficentes Rag2/yc/C5 no processo de transplante de mioblastos,
analisando a migragao, proliferagdo e sobrevivéncia dessas células. Vimos
que, o tratamento prévio de musculos receptores com irradiagdo e criolesado
promoveu um aumento na dispersdao e sobrevivéncia dos precursores
injetados. Além disso, observamos acumulo das células transplantadas em
sitios onde foi detectado um aumento da deposi¢ao de laminina. Experimentos
in vitro confirmaram que a laminina € capaz de induzir a migragao, proliferacao
e sobrevivéncia dessas células.

Fatores de crescimento vém sendo bastante utilizados como forma de
promover aumento da dispersdo das células ao longo musculo receptor. Nesse
sentido definimos o papel do fator de crescimento de hepatécito (HGF) na
migragcao dessas células frente a diferentes moléculas de matriz extracelular,
relacionando tal efeito com a producdo de metaloproteases de matriz
extracelular (MMP). HGF foi capaz de aumentar a migragdo mioblastos quando
estes foram cultivados sobre laminina-111 ou fibronectina. Além disso, vimos
por zimografia que diferentes doses de HGF foram capazes de aumentar a
secreg¢ao de MMP-2, e que o bloqueio da producédo dessa enzima poderia inibir
parcialmente o incremento de respostas migratoria induzido por HGF e
proteinas de matriz extracelular. Tomados em conjunto, estes dados sugerem
um efeito conjunto de MMP-2 e HGF. Nesse sentido, tais interagcdes devem ser
levadas em conta nas tentativas de aumentar a migragdo de precursores
miogénicos in vivo.

Palavras-chave: 1. Mioblastos 2. Migracao celular 3. HGF 4.Transplante
5.Matriz extracelular 6. Metaloproteases
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ABSTRACT

TESE DE DOUTORADO

Wallace de Mello

One major challenge in developing cell therapy for muscle diseases is to define
the best condition for the recipient's muscle to niche donor cells. We have
examined the impact of local irradiation on Rag2/gc/C5 immunodeficient
mouse muscle after myoblast transplantation, analyzing its migration,
proliferation and surviving. It was noticed that irradiation regimen lead an
increasing on myoblast dispersion and surviving after four weeks post
transplantation. Moreover, an increase on laminin deposition was seen, with
accumulation of myoblasts in these laminin-enriched niches. In vitro
experiments confirmed that laminin may enhance recruitment, proliferation and
surviving of these cells.

The use of growth factors to enhance cell dispersion along recipient’'s muscle
has been studied for the last decades. In this way, we defined the role of HGF
on extracellular matrix-driven migration relating its involvement with matrix
metalloproteases (MMP). Our data demonstrated that Hepatocyte growth factor
(HGF) was able to increase myoblast migration upon laminin-111 and
fibronectin substrates. By zymography, different doses of HGF were able to
induce MMP-2 up-regulation and, when this enzyme was blocked, the
increment on HGF-induced migration was no longer seen. Taken together,
these data point to a concerted role of MMP-2 and HGF upon the migration of
human myoblasts mediated by extracellular matrix proteins. In this respect,
these interactions should be taken into account for better designing
therapeutical strategies aiming to improve migration of human myogenic
precursors in vivo.

Keywords: 1. Myoblasts 2. Cell migration 3. HGF 4.Transplantation
5.Extracellular matrix 6. Metalloproteinases
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1- INTRODUGAO
1.1 — Estrutura e desenvolvimento do tecido muscular esquelético

O tecido muscular esquelético € constituido por unidades contrateis
denominadas de fibras musculares. Cada fibra muscular é uma célula
multinucleada (sincicio) que contém no seu citoplasma estruturas altamente
diferenciadas, as miofibrilas. Estas, por sua vez, sdo formadas por proteinas
contrateis, organizadas em unidades funcionais repetitivas, os sarcomeros,
responsaveis pelo fendbmeno de contracdo muscular. Em funcdo da composicéo
molecular dos sarcomeros, as fibras podem apresentar propriedades mecanicas
e energéticas distintas. Cada sarcbmero é composto por 2 proteinas
majoritarias: a actina, e a miosina, proteina mais abundante no musculo (Figura
1). Duas isoformas de actina podem ser expressas pela fibra muscular estriada
humana: a a-esquelética, e a a-cardiaca(Gunning et al, 1997). A actina se
apresenta em sua forma monomérica como uma proteina globular de
aproximadamente 41kDa. Em funcéo da polimerizacdo desses mondmeros sao
formados filamentos finos, os filamentos de actina, aos quais outras proteinas
como a troponina e tropomiosina estdo associadas(Milligan et al, 1990). A
miosina por sua vez € formada a partir da associagcdo de moléculas de MHC
(myosin heavy chain, cadeia pesada da miosina), e moléculas MLC (myosin light
chain, cadeia leve da miosina). Tais cadeias se associam, formando uma
estrutura em hélice com dominios globulares, os quais contém sitios cataliticos
para hidrélise de ATP, sendo também reponsaveis pela interacdo com a actina,

permitindo assim o movimento de contragao(Hayashibara & Miyanishi, 1994).
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Figura 1. Esquema da anatomia do musculo esquelético. (A) Organizagao
estrutural do musculo estriado esquelético em feixes de fibras contrateis. (B)
Representacao da interagao entre filamentos de actina e miosina. Figuras adaptadas

a partir dos seguintes websites:
www.science-art.com/image.asp?id=1235&search=1 (painel A)

http://www.bgsu.edu/departments/chem/midden/chem308/MCQO_Files/molecule.jpeg (painel B)

Em vertebrados, o tecido muscular € essencialmente originado a partir de
uma estrutura mesodérmica embrionaria transitéria chamada somito, formado
lateralmente ao tubo neural (Tajbakhsh & Buckingham, 2000). Inicialmente os
somitos possuem uma caracteristica epitelial que vai sendo modificada em
funcdo do processo de compartimentalizagéo (figura 2). A porgédo ventral dessa
estrutura passa a entdo ser denominada como escler6tomo, enquanto que a
porcado dorsal passa a ser chamada de dermatomiétomo. O esclerétomo torna-
se responsavel pela formagéo dos tecidos dsseo, conjuntivo e cartilaginoso que
circundam estruturas neurais, enquanto que o dermatomiéotomo contém
precursores de linhagens miogénicas, dermatogénicas e angiogénicas (Revisto
em Brand-saberi, 1996, Yusuf & Brand-Saberi, 2006).
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Figura 2. Representacédo esquematica da somitogénese. (Retirado de Parker et al, 2003).

No curso do desenvolvimento as estruturas axiais do embrido como tubo
neural e notocorda, assim como as regides laterais, mesoderma, e ectoderma
dorsal produzem uma série de fatores necessarios a formagao de somitos e
determinantes na diferenciagdo miogénica, tais como: SHH - sonic hedgehog,
membros das familias Wnt, moléculas da familia do TGF-f -transforming growth
factor, e as BMP — bone morphogenic proteins (revisto por Borycki & Emerson,
2000).

Por outro lado, a especificagdo de precursores mesodérmicos do somito na via
miogénica €& controlada pela interacdo de diferentes familas de fatores de
transcricdo, e por sinais ativadores ou inibitorios, que sao secretados no
microambinete onde se encontram essas ceélulas. Durante a miogénese tais
precursores param seu ciclo passando a expressar genes especificos de célula
muscular. Em funcédo disso, alteram a morfologia e se fusionam formando

sincicios (Tapscott, 2005).



Dentre os fatores importantes na determinacdo de quais células teriam a
capacidade de migrar para formar conjuntos especificos de estruturas
musculares maduras estdo: Pax3, HGF e Ibx1. Tais moléculas sao utilizadas
como marcadores de precursores miogénicos localizados nos dermatomiotomos
laterais, responsaveis pela formacdo dos musculos dos membros e musculos
hipaxiais (Mennerich et al, 1998; Brohmann et al, 2000; Haines et al, 2004).

O Pax3 é membro de uma familia de fatores de transcricdo regulados ao
longo do desenvolvimento, sendo critico na formag&o apropriada do embrido.
Além da sua expressao no sistema nervoso central, Pax-3 €& expresso
precocemente nos somitos condensados, tornando-se, em torno do dia 11.5 da

embriogénese murina, restrito a porgao lateral.

A fungdo de Pax3 na miogénese foi evidenciada através da analise de
camundongos Splotch, que apresentam mutagcdo espontdnea para Pax3.
Nesses animais os somitos sdo reduzidos, ndo sendo detectados os musculos
dos membros (Goudling et al, 1994; Bober et al, 1994; Williams & Ordahl, 1994).
Em humanos a deficiéncia em Pax-3 também causa disturbios na formacao do
tecido muscular, acarretando em uma hipoplasia severa conhecida como
sindrome de Waardenburg tipo 1 (Chalepakis et al, 1994). Mais recentemente foi
visto que na auséncia de expressao de Pax-3, assim como de Pax-7 (Gros et al,
2005), progenitores musculares nao entram na via de diferenciagcdo do tecido

muscular, adotando outros destinos (Relaix et al, 2005).

Outra molécula importante no desenvolvimento muscular € o fator de
crescimento para hepatédcitos (HGF). Inicialmente produzido pelas regides
primitivas dos membros em desenvolvimento, o HGF, através da interagdo com
seu receptor do tipo tirosina quinase c-met, fornece sinais necessarios para a
transicdo epitélio-mesenquimal dos dermatomiétomos, permitindo a sua
delaminagdo e a migragdo de progenitores em favor de um gradiente de
concentracao (Sonnenberg et al, 1993; Bladt et al,1995; Yang et al, 1996). A
importancia da interagdo entre essas moléculas na miogénese foi determinada

através da analise em camundongos deficientes tanto para c-met quanto para



HGF (figura 3), os quais ndo apresentam musculos que sao desenvolvidos a
partir de precursores derivados dos dermatomiétomos (Bladt et al, 1995). A
analise de camundongos Splotch mostra uma diminuigao de c-met em somitos e
membros em desenvolvimento, sugerindo que a expressédo desse receptor seja

induzida por Pax-3 (Epstein et al, 1996).

Selvagem HGF-/- ou c-met-/-

Figura 3. Esquema representando a importancia do eixo HGF/ C-met na distribuicdo de

precursores miogénicos durante desenvolvimento. (Extraido de Birchmeier et al, 2003)

Além desses fatores, vem sendo descrito que produtos de genes
homeoboxes regulam diversos eventos como: segmentacéao, identidade celular e
proliferagdo durante a miogénese. Lbx1, por exemplo, pertence a esta familia de
genes, sendo importante no processo de migragao dos progenitores de somitos
até os membros. Animais deficientes em |bx1 apresentam delaminagdo dos
progenitores musculares dos dermatomiétomos, e migracdo deficiente,
permanecendo nos arredores dos somitos onde vao assumir destinos diferentes
de células musculares. Em funcéo disto ocorre o comprometimento da formagao
de musculos dorsais e dos membros, enquanto que a formacao dos musculos

ventrais apresenta-se inalterada (Schafer & Braun, 1999).



O processo de diferenciagdo celular ocorre uma vez que progenitores
migrantes alcangam os sitios de formagdo dos membros, ocorrendo uma
mudanca na expressao de alguns fatores de transcricdo. Por exemplo, tais
células deixam de expressar Pax3 e Lbx1, e passam a expressar uma familia de
fatores de transcricdo regulatorios da miogénese — Myf5, MyoD, MRF4 e
miogenina, expressos sequencialmente durante a diferenciagdo. Dessa forma
podemos tracar os estagios iniciais da miogénese analisando a expressao de
Myf-5/MyoD (Rudnicki, 1993) e estagios mais tardios por MRF4/miogenina
(Borycki et al., 1997). A importancia de tais fatores foi evidenciada inicialmente
em camundongos duplo-nocautes para Myf-5/MyoD, nos quais nao foi detectada
a formacao de musculo (Rudnicki et al, 1993; Tajbakhsh et al, 1996). Nesse
mesmo contexto, a inativagdo dos genes da miogenina e Mrf4 induziu sérios
defeitos musculares, enfatizando o envolvimento desses fatores na
diferenciagdo de precursores miogénicos. Além disso, foi demonstrado que
estes ultimos estdo envolvidos com a fusdo de mioblastos e formacdo de
miotubos multinucleados (Wright et al, 1989). Camundongos que nao expressam
miogenina apresentam numero normal de mioblastos e fibras primarias, embora
apresentem defeito na formacdo de fibras secundarias o que leva a uma
deficiéncia severa na musculatura e morte logo apdés o nascimento (Hasty et al,
1993; Nabeshima et al, 1993; Venuti et al, 1995).

Além dos fatores citados acima, as moléculas de matriz extracelular,
como fibronectina e laminina, e seus receptores sdo expressos ao longo do
processo da miogénese participando em enventos de migragao, proliferagao e
diferenciacao. A expressao das cadeias a1, o4, a5, a6 e a7 foram detectadas
nos miotomos de embrides no estagio E11.5, bem como a presencga de laminina
e fibronectina. As células que migram a partir dos dermomiétomos em dire¢ao as
regides de formagao dos musculos dos membros expressam as cadeias a5, do
receptor de fibronectina VLA-5, e a1, do receptor de laminina/colageno VLA-1,
mas nao de o4, a6 e a7. Dessa forma essas células possuem a capacidade de
interagir com essas proteinas de matriz participando assim do processo inicial

de recrutamento de células miogénicas. No entanto foi notado que existe um



acumulo de fibronectina entre as células precursoras que migraram para a
regiao de pré-massa muscular, mas nao de laminina que vai surgir nessa regiao
somente em E12.5 (Cachaco, 2005). Seguindo as etapas do desenvolvimento
muscular, a fusdao de mioblastos embrionarios leva a formacdo de pequenas
fibras musculares, um processo mediado por moléculas de superficie como N-
CAM (CD56), N- e M-caderina (Arnold & Braun, 2000). Com a formagao dos
miotubos primarios em E13.5, foi possivel notar a expressédo dos receptores de
laminina VLA-6 e VLA-7 e da organizagdo de laminina-211 ao redor dos
miotubos formados. A fibronectina e seus receptores permaneceram expressos
durante essa fase (Cachaco, 2005).

Durante sua diferenciacao, as fibras musculares podem diferir umas das outras,
quanto a expressdo de genes da familia da miosina. Tais diferengas sao
refletidas na fungdo e contracdo das fibras musculares baseadas nas
propriedades enzimaticas dos genes que elas codificam (Reiser, 1988). Em
modelo murino foi demonstrado que os tipos de fibras sao definidos ao longo do
desenvolvimento (Pin & Merrifield, 1993).

O musculo esquelético adulto € um tecido estavel, composto de fibras
musculares pos-mitéticas multinucleadas, e por uma pequena populagdo de
células mononucleares (Clegg & Hauschka, 1987). Apés o nascimento, a
reparacao e crescimento desse tecido ocorrem através da ativacdo dessa
populagcdo mononuclear mantida como uma populacdo de reserva, € que se
mantém quiescente no musculo maduro (Schultz et al, 1978). Sdo as chamadas
células satélites (Mauro, 1961). Mais recentemente outras populagdes, que
também guardam caracteristicas de células-tronco, vém sendo caracterizadas,
estando possivelmente envolvidas no processo de regeneragdo do tecido
muscular (Sambasivan & Tajbakhsh, 2007).

Anatomicamente, as células satélites estdo dispostas adjacentes a fibra
muscular (Figura 4), ocupando um espacgo entre a lamina basal e membrana
plasmatica (Hawke & Garry, 2001). Apds ativadas, em fungdo de uma leséo

traumatica, ou uma patolologia, parte desta populagdo sai do estado de



quiescéncia, seguindo entdo as etapas de proliferacdo, diferenciacdo em

mioblastos, fusao e formacao de fibra muscular madura
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Figura 4. Esquema mostrando a localizagdo de células satélites, sua ativagao e

formacéo de fibra muscular. (Adaptado de www.yorku.ca/thawke/images/sat.jpg).

Outra parte destas células satélites nao se diferencia no decorrer de um
processo de regeneragao, e sao mantidas como células quiescentes, o que
permite a manutengao de um pool de células de “reserva” (revisto por Kitzman &
Fernandez, 2001).

A ativagao e a proliferacdo de células satélites sdo reguladas por fatores
secretados por elas proprias, por fibroblastos, ou ainda por células inflamatdrias

infiltradas no musculo lesado (Sheehan & Allen, 1999; Tsivitse et al, 2003).

A molécula HGF vem sendo apontada como importante fator de
crescimento envolvido nos processos de regeneragdo muscular. A expresséo do
receptor c-met foi detectada em células satélites (Anastasi et al, 1997). Foi
demonstrado que HGF ¢é capaz de estimular a proliferacao dessas células, e por

outro lado, inibir sua diferenciacéo (Miller et al, 2000).



Aléem do HGF, diferentes membros da familia FGF -- fibroblast growth
factor -- sdo descritos como fatores capazes de ativar e inibir a diferenciagao de

células satélites (Allen & Boxhorn, 1989).

Outros fatores sdo ainda responsaveis por regular os sinais que véao
controlar a massa muscular no periodo pos-natal. IGF-I — insulin-like growth
factor -- € um fator de crescimento produzido pelas proprias fibras musculares e
esta intimamente ligado a processos de hipertrofia muscular, visto que em
camundongos transgénicos para esse fator ocorre um aumento da massa
muscular, enquanto que os deficientes em IGF-I apresentam hipoplasia
muscular (Coleman et al, 1995; Fournier & Lewis, 2000). A miostatina também
estd envolvida nesse controle, visto que animais deficientes nesse fator

possuem aumento no tamanho de fibras musculares (Zhu et al, 2000).

Em conjunto esses dados mostram que, a formagédo do tecido muscular
depende da expressao sequencial de diversos fatores de transcricao, bem como
de fatores soluveis secretados no microambiente e seus respectivos receptores
celulares. Nesse contexto, doengas como distrofias musculares podem surgir

por defeitos de expressdo de um ou mais destes fatores ou receptores.



1.2 - Distrofias musculares
1.2.1- Descricao geral.

As distrofias musculares constituem um grupo de doencas
neuromusculares genéticas caracterizadas por atrofia e fraqueza muscular,
alteragdes neuromusculares degenerativas, e aumento dos niveis séricos de
enzimas neuromusculares. Foram descritas pelo menos 30 formas de distrofias
musculares, sendo a causa principal um defeito na produgdo de proteinas
importantes no funcionamento e integridade da fibra muscular (revisado em
Vainzof & Zatz, 2003).

Diversos tipos de proteinas estao envolvidos nesse processo dentre elas:
moléculas de matriz extracelular, proteinas formadoras de complexos

transmembranares, proteinas citosolicas e nucleares (figura 5).

Tradicionalmente, de acordo com as manifestagdes clinicas e patoldgicas,
as distrofias sao agrupadas em: Distrofia Muscular de Duchenne (DMD), distrofia
de Becker (BMD), distrofia de Emery-Dreifuss (EDMD); distrofia distal
fascioescapular, distrofia oculofaringea (OPMD), distrofia da cintura (LGMD,

limb-girdle muscular dystrophy), e distrofias musculares congénitas.

Os achados mais comuns em musculos distréficos sdo a presenca de
pequenas fibras em regeneracgéao, localizagdo dos nucleos celulares, e acumulo

de tecido conjuntivo e adiposo.

Um numero crescente de genes vem sendo associado a essas diferentes
distrofias, sendo que a mutagdo em um unico gene pode vir a gerar fenétipo de
distrofias distintas, assim como mutagdes em genes distintos podem estar

associadas a um mesmo fendétipo (Nigro, 2003; Bione et al, 1994).

Dentre as mutacdes relacionadas a defeitos na expressao de proteinas de
matriz extracelular, a mutacédo no gene LAMA2 (Allamand & Campbell, 2002),
vem sendo descrita como a principal causa da distrofia muscular congénita

(CMD) em estudo realizado com pacientes brasileiros (Ferreira et al, 2005).
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A laminina-211, ou Merosina, € uma das principais isoformas de laminina
presente no musculo esquelético, sendo detectada na regido em torno de fibras
musculares, as quais se ligam a esse substrato através de proteinas do tipo
integrina, ou por intermédio da interagdo com o a-distroglicana presente no
complexo sarcodistroglicano (Wewer & Engvall,1996; Belkin & Stepp, 2000). A
mutacédo no gene LAMA2 tem como consequéncia uma deficiéncia na producao
dessa isoforma de laminina gerando um quadro clinico de fragilidade muscular,
além de complicagbes no sistema nervoso central (Pegoraro et al, 1998).
Alteragbes na (glicosilagcdo da proteina alfa-distroglicana também podem

acarretar este tipo severo de distrofia muscular (Endo& Manya, 2006).

@Q—

- - Laminina-211 D
| Sarcoglicanopatias |

Distroglicanos
Sarcoglicanos MDEEI

WW 0 (T

Actina F

Emetina EDMD

amina NC LG MO B

Figura 5. Esquema de algumas proteinas envolvidas nos diferentes tipos de
distrofia muscular. CMD - Distrofia muscular congénita, DMD/BMD - Distrofia
muscular de Duchenne e de Becker, LGMD — Distrofia muscular do tipo cintura, EDMD

— Distrofia muscular de Emery-Dreifuss. Adaptado de Vainzof e Zatz, 2003.
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Defeitos na sintese da cadeia 6A do colageno, proteina abundante na
ldmina basal das fibras musculares, estao associados a outras formas de CMDs.
Mutacbes recessivas no gene responsavel pela formagcdo dessa cadeia geram
um quadro de distrofia chamado CMD de Ulrich, doenga que causa fraqueza
muscular severa, associada a multiplas contraturas das juntas e deficiéncia de
colageno VI. Por outro lado, mutagdes nesse mesmo gene podem levar a
miopatia de Belém, uma doenca muscular com grande variabilidade clinica
também caracterizada pela formacao de contraturas, diferente da anterior. Esses
dados nos mostram que dependendo do tipo de mutacédo ocorrida num mesmo
gene pode levar a uma variabilidade na gravidade da doenga (Reed et al, 2005;
Pepe et al, 2006).

As distrofias musculares do tipo cintura sao caracterizadas por disfungdes
heterogéneas que acometem principalmente os musculos da pelve e cintura. As
sarcoglicanopatias sdo as formas mais severas desse tipo de distrofia muscular
(revisto por Anastasi et al, 2007). A deficiéncia nas subunidades alfa, beta,
gama, e delta-sarcoglicano causam as distrofias de cintura do tipo 2D, 2E, 2C e
2F, respectivamente (Pogue et al, 2001). A perda primaria da expressdo de um
desses componentes pode levar a uma deficiéncia secundaria na expressao de
outras proteinas que formam esse complexo protéico. Uma excecao, no entanto,
€ a mutagdo que causa a distrofia do tipo cintura 2D, em que a deficiéncia
parcial da subunidade alfa, ndo esta associada a modulagdes na expressao de

outras proteinas do complexo sarcoglicano (Vainzof et al, 2000).

Além das distrofias ja descritas, existem aquelas relacionadas a mutagdes
em componentes citosolicos. A mutacdo no gene da distrofina, localizado no
cromossoma X, locusXp21 leva ao quadro de distrofia mais comum, com

frequéncia de acometimento de 1 entre 3500 meninos nascidos.

A distrofina € uma molécula de alto peso molecular, possuindo uma forma
em haste cuja porgao N-terminal interage com filamentos de F-actina, e a porgao

C-terminal com o complexo sarcoglicano, tal como ilustrado na figura 5.
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Diversas mutag¢des no gene da distrofina foram descritas e, dependendo da
regiao modificada, o quadro apresentado pode ser caracteristico de doenga mais
branda ou mais grave. Os casos mais graves levam, em geral, ao 6bito por volta

da segunda década de vida (Carsana et al, 2005).

A gravidade do fenétipo da doenga parece estar associada a preservagao
ou ndo do quadro de leitura do gene (Monaco, 1988). Assim, o fendtipo de
distrofia muscular de Duchenne (DMD), mais grave, esta associado, na maioria
dos casos, a formacédo de um codon de parada (stop codon), que leva a parada
prematura da traducédo e formacdo de uma proteina nao-funcional. Nos casos
mais brandos, relacionados a distrofia muscular de Becker, pode haver a
conservagcao do quadro de leitura do gene, levando a geracdo uma proteina
truncada, mas funcional, ou ainda, a mutagao pode estar localizada numa regido
do gene nado implicado na formagéo de regides de interagdo com proteinas do
complexo sarcoglicano (Monaco etal, 1987; Arikawa et al, 1995; Carsana et al,
2005).

O diagnostico atualmente é realizado através da técnica de PCR (reacéo
de polimerase em cadeia), que permite a verificagdo de qual regido do gene

estaria comprometida (Prior & Bridgeman, 2005).

Clinicamente os pacientes com DMD apresentam atraso no processo de
locomogao, que evolui progressivamente para perda completa da marcha. Com
o processo de enfraquecimento muscular severo, os pacientes evoluem para um
quadro de insuficiéncia respiratéria e cardiaca, devido ao comprometimento do

diafragma e miocardio, respectivamente.

Foram descritos alguns modelos experimentais para estudo de distrofias,
alguns dos quais obtidos espontaneamente, outros em laboratério (revisto por
Allamand & Campbell, 2000).

O camundongo mdx € um mutante natural de uma colénia de animais
C57BI/10ScSn, onde uma mutagao pontual espontanea no éxon 23 do gene da

distrofina causa a interrup¢ao da leitura da fita de RNAm gerando uma proteina
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nao-funcional (Sicinski et al, 1989). Esses animais sao bastante utilizados como
modelo experimental da distrofia muscular de Duchenne, embora o curso da
doenga nesses animais difira daquele que ocorre em humanos. Neste modelo,
as primeiras manifestacdes de degeneragcdo muscular ocorrem em torno da 3% e
52 semanas de vida. Apds esta fase de degeneragdo aguda, segue-se um
periodo de regeneragao e hipertrofia muscular transitéria, depois do qual pode
ser observado um processo de degeneragao/regeneragcao em niveis baixos e
relativamente constantes durante praticamente toda a vida do animal.
Entretanto, por motivos ainda ndo esclarecidos, a regeneragdo muscular nestes
camundongos deixa de ocorrer em idade mais avangada (em torno do 15°. més
de vida) o que acarreta em fraqueza muscular e morte (Coulton et al, 1988;
Tanabe et al, 1986).

Outros tipos de distrofias estdo relacionados a auséncia de proteinas
nucleares (Frock et al, 2006). Na Distrofia muscular de Emery-Dreifuss, por
exemplo, sao detectadas mutagdes no gene da emerina, uma proteina de 34kDa
presente na membrana nuclear e importante componente na estabilizagdo da
cariomembrana. Pacientes com este tipo de distrofia apresentam quadro com
disfungdes cardiacas, bem como alteragbes nas juntas pélvicas e nos tenddes
de Aquiles (Helbling-Leclerc et al, 2002). Ainda dentro desse grupo, outro tipo de
distrofia estd associada a anormalidades no gene da Lamina A, que leva a
geracdo de uma doenga autoss6mica dominante clinicamente semelhante a de
Emery-Dreifuss, sendo classificada, no entanto, como distrofia do tipo cintura 1B
(Mittelbronn et al, 2006).

1.2.2. Alternativas de correcao

Ao longo das ultimas quatro décadas alguns modelos envolvendo terapia
celular e terapia génica foram testados a fim de estabelecer uma estratégia
terapéutica eficaz no tratamento de distrofias. Embora nesse periodo um grande
avanco tenha sido alcangado, o sucesso de ambas as alternativas tem se

mostrado bastante limitado. Tal limitacdo estaria relacionada a uma série de
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fatores, tais como: a dificuldade de inser¢cdo de genes de alto peso molecular
(como o da distrofina), a intensa morte celular verificada logo nas primeiras
horas de transplante (no caso de terapia celular através de transferéncia de
precursores miogénicos), € a migragao limitada das células transferidas no

musculo enxertado.

1.2.2.1. Terapia celular

A utilizagdo da terapia celular no reparo de distrofias musculares, tem por
base o fato de que a célula a ser transferida, como célula normal, seria a

carreadora do gene (ou seu produto) defeituoso.

As primeiras tentativas de reparagao, entretanto, foram feitas utilizando
fragmentos de musculo esquelético normal, e ndo células isoladas, que eram
transplantados no tecido muscular distrofico do receptor. Os trabalhos de
Ignat’eva e Zhenevskaia no inicio da década de 60 utilizaram este tipo de
ferramenta na recuperagdo de distrofias em modelo canino. A técnica,
entretanto, se mostrou pouco eficaz, com capacidade regenerativa limitada,
inclusive quando utilizada em outros modelos (Law, 1978). No ano seguinte esse
mesmo grupo surgiu com uma técnica inovadora, e que apresentou resultados
preliminares satisfatorios. Nesse trabalho, o musculo solear de camundongos
recém-natos foi implantado em animais de 20 dias. Cinco meses apds o
transplante foram detectadas alteragbes significativas no peso do musculo
receptor, na expressdo de distrofina, e o restabelecimento da contracéo

muscular ao nivel normal (Law & Yap, 1979).

O grupo de T. Partridge (1978) foi um dos primeiros a evidenciar que
mioblastos injetados poderiam participar da regeneragdo do musculo receptor,
sendo este dado confirmado por varios outros grupos (Lipton & Schultz, 1979;
Watt et al, 1984; Morgan 1988). Foi entao introduzido o uso de precursores de

tecido muscular como alternativa para o restabelecimento de fibras distréficas.
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Posteriormente foram utilizadas células mononucleares extraidas
enzimaticamente de musculos de animais recém-natos, que foram inseridas
diretamente na area de regeneragao de um musculo receptor. Dos 60 enxertos
realizados neste estudo 43 apresentaram fibras com perfil hibrido, indicando que
as células do animal doador se fundiam as fibras do receptor, levando a um
mosaicismo de fendtipo (Watt, 1982 e 1984). Mais tarde foi descrito que a
injecdo intramuscular de mioblastos obtidos a partir de cultivos celulares
primarios levava ao aparecimento de células distrofina-positivas no musculo de
um receptor distréfico (mdx) (Partridge et al, 1989). No ano seguinte um dos
primeiros trabalhos utilizando a transferéncia de mioblastos entre espécies
diferentes mostrou resultados satisfatorios. Mioblastos humanos cultivados com
timidina radioativa foram injetados no musculo quadriceps de camundongos mdx
na fase pré-necrotica. A partir do primeiro més pos-transplante foram detectadas
fibras hibridas no musculo receptor, além de fibras distrofina-positivas nao
necroticas, o que sugeria que a produgao de distrofina levava a um bloqueio de

sua degeneracédo (Karpati, 1989).

Por outro lado, os ensaios clinicos, utilizando a transferéncia de mioblastos
como alternativa terapéutica para pacientes DMD, n&o foram encorajadores. O
primeiro transplante realizado recebeu varias criticas (Law, 1990). A avaliagcéo
de bidpsia de paciente tratado mostrou que as fibras detectadas como positivas
para distrofina nada mais eram do que fibras revertidas apresentando uma forma
truncada da proteina (Fanin, 1992). O insucesso dessa alternativa em humanos
levou ao retorno das etapas de delineamento experimental e re-avaliagdo de
protocolos usando imunossupressores (Gussoni et al, 1992; Karpati et al, 1993;
Tremblay et al, 1993).

Na busca de outros candidatos, fibras musculares isoladas e células
satélites (progenitores miogénicos enddégenos) vém ganhando atengao como
alternativas para correcao de distrofias (Sim, 2003). Foi demonstrado que fibras
isoladas de musculo esquelético retém células satélites abaixo da membrana
basal (Wozniak, 2005). Utilizando modelo experimental de infarto do miocardio,

foi visto que o transplante de fibras isoladas de musculo esquelético leva a
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ativacdo e migragao de células satélites em diregdo a area afetada. Com base
nesses dados surgiu a hipétese de que as fibras musculares seriam um bom
veiculo natural de células satélites (Suzuki, 2002). Nesse mesmo contexto,
foram testadas células-tronco enddgenas, obtidas diretamente do tecido
muscular, e que, como as células satélites possuiam a caracteristica de auto-
renovagdo, embora nao fossem monopotentes (Seale, 2000; Qu-Petersen,
2000). O isolamento desses precursores endoégenos foi baseado na
identificacdo, no tecido muscular esquelético, de uma populagdo celular
denominada de “side population” (SP). Tais células compartilham com células-
tronco derivadas de medula Ossea, a capacidade de extrusdao do corante
Hoescht, sendo essa caracteristica utilizada como ferramenta para seu
isolamento (Goodell et al, 1996). Foi demonstrado que células SP, apés isoladas
e injetadas por via endovenosa em camundongos mdx irradiados, eram capazes
de restaurar parcialmente a expressao de distrofina no muasculo dos

camundongos receptores (Gussoni et al, 1999).

Mais recentemente vem sendo testado o uso de células-tronco
hematopoiéticas humanas na regeneracado de tecido muscular distréfico. Tais
experimentos se baseiam em estudos anteriores mostrando que células
originadas da medula éssea seriam capazes de se converter em células
miogénicas (Ferrari et al, 1998, LaBarge & Blau, 2002). No que diz respeito a
utilizacdo dessas células na corregcdo de distrofias musculares, vem sendo
mostrado que células purificadas num estagio mais indiferenciado sédo mais
eficientes na recuperacdo de fibras musculares, quando comparadas a
populacgdes celulares nao purificadas ou cultivadas (Mueller et al, 2002; Qu-
Petersen et al, 2000). Existem evidéncias de que, células de fendtipo
CD45%/Sac1” isoladas de medula 0ssea s&o capazes de gerar tanto células da
linhagem hematopoiética, quanto de musculo esquelético, embora a eficacia de
diferenciagdo na via miogénica seja muito menor (Camargo et al, 2003). Por

outro lado, utilizando o modelo de camundongos mdx imunodeficientes
(mdx/nu/nu), foi visto que, a transferéncia de células Pax3'CD34"CD45 Sca-1

leva a formacdo de fibras distrofina-positivas no musculo desses animais
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(Montarras et al, 2005). Mais recentemente vem sendo demonstrado que a
utilizagdo de células-tronco, presentes no sangue periférico, positivas para o
marcador AC133+, é capaz de recuperar o tecido muscular de camundongos
mdx imunodeficientes, através da producido de fibras expressando distrofina
(Torrente et al, 2004). Além disso, também foi visto que, a utilizagdo de anticorpo
anti-VCAM, molécula envolvida no processo de migragcado transendotelial, é
capaz de alterar a migracdo de células de fenotipo AC133" para dentro do
musculo, evidenciando a participagdo de VCAM no enderecamento dessas
células para o tecido muscular, e, por outro lado, sugerindo que em funcéo de
um trauma, tais células circulantes poderiam vir a ser incorporadas no tecido

muscular (Gavina et al, 2006).

Embora os resultados apresentados sejam promissores, em muitos desses
trabalhos fica claro que o comprometimento com a diferenciagcdo miogénica é
apenas parcial, tendo em vista que, apds estes procedimentos, muitas das
células transplantadas ndo chegam a expressar marcadores miogénicos mais
tardios. Esse fato, somado a baixa eficiéncia da regeneragéo do tecido muscular
distréfico (Lapidos et al, 2004; Cossu et al, 2004), reforca a idéia de que, a célula
“ideal” para recuperacdo do musculo, residiria dentro do préprio musculo
(Sherwood et al, 2004)

Além da distrofia muscular de Duchenne, existe a expectativa de que
outros tipos de doengas musculares possam vir a ser corrigidas através da
terapia celular. No modelo murino dy/dy de distrofia muscular congénita, por
exemplo, a expressao da cadeia alfa2 da laminina-211 esta ausente ou
sensivelmente reduzida, provocando um quadro de deficiéncia muscular precoce
e severo (Sunada et al, 1994). Foi demonstrado que, o transplante de mioblastos
humanos nao imortalizados obtidos de cultura primaria, assim como precursores
miogénicos de linhagens permanentes levam a expressdo da cadeia alfa2 da
lamina humana e murina respectivamente, nos receptores dy/dy (Vilquin et al,
1999).
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1.2.2.2 - Modulacao génica

Com a evolugéao das técnicas de biologia molecular nas ultimas décadas, a
intervengdo génica surgiu como alternativa promissora no tratamento de
pacientes com distrofias musculares(Hoffman, 2003 ). A facilidade em manipular
alguns mecanismos moleculares vem permitindo que sejam estabelecidos
protocolos onde sequéncias de DNA, RNA e outras moléculas sintetizadas
possam ser administradas por diferentes vias, alcangando, com diferentes graus
de eficacia, fibras deficientes Goyenvalle et al, 2004; Wong et al, 2005; Welch et
al, 2007). Assim, métodos utilizando vetores n&o Vvirais, vetores virais
integradores e nao integradores de DNA, e até mesmo drogas que interfiram no
processo de tradugcdo, vém sendo amplamente utilizados. No entanto, a
utilizacdo desses meétodos apresenta vantagens e desvantagens; como por
exemplo: a eficiéncia da insergdo da amostra de material genético, a indugdo de
resposta imune, a dependéncia do estado proliferativo da célula-alvo carreadora,
e ainda, a limitagdo do tamanho da seqliéncia a ser aplicada (Revisto por Flotte,
2007).

Vetores retrovirais foram inicialmente utilizados na tentativa de restabelecer
a expressao de distrofina em culturas de fibras musculares obtidas a partir da
diferenciagdo de cultivos de mioblastos de camundongos mdx (Dunckley et al,
1992). Através dessa técnica somente células em divisdo podem ser infectadas
com um limite em torno de 10-12kb de tamanho de sequéncia a ser
empacotada. Tendo em vista que o gene da distrofina possui um alto peso
molecular (14kb), excedendo esse limite, a alternativa encontrada foi a insergéo
de um minigene semelhante ao encontrado em individuos que apresentam
distrofia muscular de Becker, onde a proteina perde grande parte de seu
dominio central mas continua sendo parcialmente funcional (England et al, 1990;
Phelps et al, 1995). Através de imunohistoquimica, Dunckley e colaboradores
(1992) demonstraram que apds o processo de diferenciacdo houve uma intensa
imuno-reatividade contra distrofina nos miotubos provenientes de mioblastos

infectados, quando comparados aos respectivos controles. Mais tarde, utilizando
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a mesma alternativa em vetores adenovirais foi detectada imunorreatividade em

aproximadamente 50% das fibras do musculo injetado (Ragot et al, 1993).

Vetores virais adeno-associados recombinantes (rAAV) surgiram como
alternativa promissora para o tratamento de sarcoglicanopatias (Fougerousse et
al, 2007). Como os genes responsaveis pela codificagdo das proteinas do
complexo sarcoglicano apresentam tamanho em torno de 2kb, eles se adaptam
perfeitamente a esses vetores. As vantagens na utilizacao desses vetores dizem
respeito a sua persisténcia por mais tempo pos-infecgdo, e o fato de ativarem

menos a resposta imune inata em camundongos (Flotte, 2007).

Hamsters Bio14.6 apresentam uma mutacdo espontanea no promotor do
gene da subunidade gamma-sarcoglicano sendo utilizado desde entdo como
modelo animal para a distrofia do tipo cintura 2C. Embora a mutagao seja restrita
a esse gene, como descrito anteriormente, as outras subunidades estdo
ausentes devido a desestabilizacdo do complexo sarcoglicano. Apds a
administragao do vetor contendo o gene-alvo foi verificado o restabelecimento
da expressao da subunidade gamma-sarcoglicano, bem como das subunidades
alfa e beta (Li et al, 1999).

Visto que tanto o gene como o minigene da distrofina excedem o tamanho
maximo para a utilizagdo dos vetores rAAV (até 5kb) foi usada, como alternativa
para dispor dos beneficios desses vetores, a técnica de exon-skipping (salto de
éxon). Essa técnica, que tem por base os eventos que ocorrem naturalmente
durante o splicing alternativo dos pré-RNAm e que geram variantes a partir do
mesmo gene, permite que exons contendo mutagdes nonsense e que levam a
finalizacdo da leitura da fita de RNAm em proteina sejam pulados, gerando
dessa forma um RNAm modificado que vai produzir uma distrofina funcional. No
caso de camundongos mdx, uma mutagdo pontual no exon 23 do gene da
distrofina é responsavel pela finalizagdo precoce da traducdo de seu RNAmM
(Sicinski et al, 1989). Através da técnica de exon-skipping, uma sequéncia de
oligonucleotideo complementar ao RNAm da distrofina murina foi inserida num

vetor AAV-1. Tal oligonucleotideo foi desenhado para reconhecer regides
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especificas dos exons 22 e 23 e, dessa forma, durante o processamento do
RNAm, foram gerados transcritos sem o exon que sofreu mutagdo, fato este
confirmado pelo sequenciamento das bandas amplificadas por RT-PCR. Os
camundongos analisados nesse trabalho apresentaram recuperagcao da
expressao de distrofina na ordem de 67% no primeiro més pds-infec¢do com
pico de 77% na oitava semana e persisténcia de expressao até a 132 semana.
Além disso, foi observado que nestes animais, a expressdo de componentes do

complexo sarcodistroglicano voltou aos niveis normais (Goyenvalle et al, 2004).

O uso de métodos nédo-virais, principalmente os que utilizam somente o
DNA, sem o auxilio de vetores (Naked DNA), surgiu como alternativa bastante
vantajosa. Entretanto apds a eletroporacao e transferéncia dessas construgoes
no musculo tibialis anterior de camundongos mdx, foi verificado que existe uma
“‘preferéncia” de insercdo do DNA em fibras musculares maduras, quando
comparadas as células satélites. Assim, como o componente que supostamente
vai realizar a renovagao do tecido muscular ndo possui o gene-alvo, o
procedimento deveria ser repetido periodicamente a fim de que os niveis

protéicos sejam mantidos e o método seja realmente eficaz (Wong et al, 2005).

Embora os resultados obtidos com tais metodologias sejam promissores,
sabe-se que o resultado da insercdo de sequéncias selvagens do gene da
distrofina através de plasmideos pode persistir durante meses nas fibras
musculares; no entanto, ocorre uma perda progressiva desse material. Uma
alternativa seria a co-transfec¢ao dessas construcbes com um plasmideo que
codifica uma integrase, que catalisaria a integragcdo do gene da distrofina ao
genoma, promovendo assim uma maior persisténcia do material inserido
(Bertonit al, 2006).

Por outro lado alguns tipos de mutagdo podem levar a formagdo de um
cédon de terminagdo prematuro (PTC), impedindo a tradugdo completa do
RNAmM e consequentemente formando uma proteina de menor peso molecular.
Nesse tipo de alteragdo genética a administracdo de determinadas drogas

forcaria a leitura desses codons de terminacdo possibilitando entdo a produgao
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normal da proteina. O PTC124 é um composto sintético capaz de ler esses PTC
sem interferir com os cédons de terminacdo normais. A administracdo dessa
droga promoveu a producdo de distrofina em cultivos de fibras musculares
humanas e em camundongos mdx, resgatando a fungdo dos musculos estriados

dentro de 2-8 semanas de administragao (Welch et al, 2007).

1.2.2. 3 - Limitagdes das terapias celular e génica.

Conforme ja comentado anteriormente, o sucesso esperado da terapia
celular e terapia génica dependera da resolugdo de diversos fatores que
atualmente limitam a recuperacao dos individuos tratados. Particularmente no
tocante a transferéncia de células, sejam elas modificadas ou nao através de
terapia génica, os principais fatores limitantes dizem respeito: a permanéncia
das células transferidas no ponto de inoculacdo, o que denota uma baixa
capacitagao migratdria, e a morte celular logo a seguir o processo de transplante
que, de acordo com o0 que vem sendo descrito na literatura, pode ou nao estar

associada a resposta imune do organismo receptor contra as células injetadas.

Vaérios estudos mostram que a maior parte de células morre logo nos
primeiros dias poés-transplante, antes mesmo que uma resposta imune
especifica seja montada (Fan et al, 1996; Guerette et al, 1997; Beauchamp et al,
1999).

No que diz respeito ao papel da resposta imune inata nesse processo, uma
hipétese seria de que a ativagdo do sistema complemento, apds a inje¢éo de
precursores de musculo esquelético, poderia ser um dos fatores responsaveis.
De fato a deplecdo do fator C3 da cascata do complemento parece estar
relacionada a sobrevida inicial de mioblastos; no entanto, pouco beneficio foi
observado apds 3 semanas de transplante, mostrando que o complemento pode
estar envolvido na morte celular prematura, mas a deplegao por si s6é ndo seria
suficiente para uma melhora a longo prazo (Hodgetts et al, 2001). Além disso, foi
sugerido que fatores associados ao complemento poderiam agir no

recrutamento de neutrofilos e macrofagos infiltrados no sitio de rejeicdo (Skuk &
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Tremblay, 1998). Outros estudos sugerem a participagao de células NK (natural
killer) nessa rapida rejeicdo (Hodgetts et al, 2003a). Entretanto, em modelo de
transplante singénico, a deplecao de células NK em fémeas mdx ndo gerou
diferengas significativas em relagdo a permanéncia de células transplantadas
entre os receptores distréficos depletados, e os ndao-depletados em céluas NK.
Foi demonstrado que mesmo a retirada de macréfagos e neutréfilos ndo afetava
o estabelecimento das células transplantadas nesses animais (Sammels et al,
2004).

No que diz respeito a interferéncia da resposta imune adaptativa de base
celular do organismo receptor, foi visto que, em camundongos mdx, a eliminagao
de leucacitos circulantes, através da irradiagao corporea, leva a uma alta taxa de
sobrevida dos mioblastos transplantados. Quando os animais irradiados foram
submetidos a reconstituicdo da medula 6ssea o sucesso na sobrevivéncia das
células diminuiu, girando em torno de 25%. Ja a irradiagéo local da pata rendeu
uma melhora de até quase 4 vezes mais no numero de mioblastos, quando

comparados aos musculos controles ndo irradiados (Hodgetts et al, 2003b).

A utilizagdo de animais imunodeficientes mostrou ser uma ferramenta
eficaz no estabelecimento de protocolos utilizando células humanas em modelos

de xenotransplante.

O papel de linfécitos T, B e células NK na rejeicao de mioblastos humanos
foi avaliado através da utilizagdo de animais imunoficientes RAG2"/yc-/C5-.
Estes animais apresentam deleg&do simultdnea do gene Rag-2 (gene ativador de
recombinase), do gene da cadeia gama comum a varios receptores de citocinas
(yc’), além da auséncia do fator C5 do sistema complemento. Sdo animais
alinféides, ndo apresentando células T, B, NK ou seus precursores. A injecéo de
mioblastos em musculos lesados por miotoxina ou criolesdo, mostrou um
aumento na eficiéncia do transplante de mioblastos humanos, sendo detectadas
fibras diferenciadas até 6 meses apos a transferéncia (Cooper et al, 2001; Silva-

Barbosa et al, 2005). Estes dados evidenciam claramente o papel dessas
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células e de fatores do complemento no processo reacional contra células

transplantadas.

As alternativas para ultrapassar a barreira de rejeicdo de células
transplantadas, seriam: a aplicacdo de agentes imunossupressores (Skuk &
Tramblay 2003), e a utilizagdo de transplante autélogo associado a “corregéo
génica”, antes da implantagdo no receptor. Assim, mioblastos isolados de
camundongos mdx foram transfectados com a sequéncia completa do gene da
distrofina e sequencialmente transplantados em novos animais mdx. Apos um
més numerosas fibras expressando distrofina foram encontradas ao longo dos
cortes (Bujoldt et al , 2002).

Com relacdo a utilizacdo da terapia génica dos maiores obstaculos
enfrentados é a resposta imune gerada contra as proteinas da capsula viral ou
do transgene. Os vetores AAV ndo possuem qualquer gene viral, mas o seu
capsideo € capaz de gerar resposta imune de base humoral no organismo
receptor (Chimule et al, 1999). Nesse sentido a procura de cepas com menor
capacidade imunogénica facilitaria a utlizacdo de menores doses desses
vetores. A utilizacdo do sorotipo AAV2 em camundongos mostrou grande
eficiéncia na transducdo do material genético, visto que esse sorotipo néo é
capaz induzir resposta imune nesses animais; entretanto, a utilizacdo desses
mesmos vetores no modelo canino induziu uma potente resposta imune (Wang
et al, 2007).

Além dos fatores ja descritos, e que devem ser considerados no
delineamento de protocolos experimentais, um outro fator limitante diz respeito a
permanéncia de células injetadas no ponto de inoculagdo. Um dos parametros a
ser analisado como determinante na correcdo de um musculo distrofico seria a
capacidade de dispersédo do precursor miogénico sadio transferido ao longo do
tecido transplantado. E simples de se imaginar que, de um ponto de vista de
eficacia terapéutica, quanto maior a capacidade de dispersdo de precursores
injetados, maior a chance de fusdo com precursores endogenos ativados, com

maior formagéao de fibras normais.
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Em modelos experimentais foi verificada que a migragdo in vivo de
mioblastos transplantados € muito limitada (Lipton & Schultz, 1979; Rando &
Blau, 1994), mas pode ser aumentada em funcdo da aplicagcdo de fatores
indutores de morte/ativacdo de células no musculo receptor. Dentre esses
fatores estdo incluidos: drogas miotoxicas, irradiacéo, criolesdo (Morgan et al,
1990; 1993). Neste particular, foi visto que a crioleséo, ou lesao a frio, promove
a destruicdo da fibras maduras, e ativacdo de células satélites residentes
promovendo um ambiente propicio para que as células a serem injetadas
formem fibras hibridas no musculo receptor. A pré-irradiacédo também induz
lesdo do musculos receptores promovendo a proliferagcdo e migragdo dos
precursores injetados nao irradiados, embora os mecanismos pelos quais isso
ocorra ainda néo estejam esclarecidos (Beauchamp et al, 1999; Morgan et al
2002; Silva-Barbosa et al, 2005). Além disso, para aumentar a dispersao de
células injetadas vem sendo adotada como alternativa a injecéo simultédnea do
material a ser transplantado em varios pontos ao longo do musculo aceptor
(Skuk et al, 2000; 2002). Recentemente, utilizando este protocolo foi detectado,
apo6s o transplante, cerca 30% de fibras expressando distrofina em musculo de
paciente apresentando DMD (Skuk, 2006, 2007).

A analise da migragao/dispersao das células transplantadas no musculo
receptor pode ser realizada através da marcacédo prévia de precursores com
tracadores moleculares fluorescentes como o PKH26; radioativos, como a
timidina tritiada ou ainda, pela inser¢cdo de genes reporteres (Karpati et al, 1989;
Torrente et al, 2000), ou através da utilizacao de sondas especificas (Smithe et
al, 2000). A utilizacado de tais marcadores vem permitindo a deteccao do material
transferido no musculo transplantado, e uma avaliagao da eficacia do processo

de transplante.

1.3 - Fatores que influenciam a migracao celular

Diversos trabalhos vém descrevendo os diferentes fatores que regulam

etapas da migracdo durante a miogénese (Odemis et al, 2007; Bandow et al,
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2004). Mais recentemente vem sendo mostrada a importéncia da migracao de
precursores de tecido muscular no crescimento e desenvolvimento de miofibras
(Kamochi et al, 2006).

A regulagéo desse processo envolve uma série de moléculas de superficie,
incluindo caderinas, integrinas e membros da superfamilia de imunoglobulinas
(Schawander et al, 2003), além de fatores ditos estimuladores e inibitérios desse
processo. Dentre esses fatores sdo destacados como estimuladores: FGF, TGF-
B, IGF-1, HGF, a quimiocina CXCL12, e metaloproteases de matriz extracelular
(MMPs). Os fatores inibitorios de migracdo, por outro lado, sdo pouco
conhecidos, sendo a molécula esfingosina 1-fosfato recentemente descrita por

exercer essa fungéo (Becciolini et al, 2006).

O fator de crescimento de hepatdcitos (HGF) vem sendo considerado um
dos mais importantes fatores de crescimento envolvidos no processo de
regeneracao de fibra muscular. A ligagcdo do HGF ao receptor c-met induz sua
auto-fosforilagdo e ativacdo de uma cascata de proteinas intracelulares
(Rodrigues & Park, 1994). Neste sentido foi visto que, a interacdo HGF/c-met
induz a fosforilagdo de FAK (quinase de adesao focal), componente importante
no processo de migracao (Hildebrand et al, 1993). Esse dado remete a um ponto
de convergéncia entre as vias de sinalizagdo de fatores de crescimento e
integrinas, que também ativam FAK durante sua ligagdo a um dado substrato de

matriz extracelular (Beviglia et al, 1999).

Durante o desenvolvimento do tecido muscular esquelético a fungdo do
HGF esta ligada a migragéo de precursores provenientes do somito (Yang et al,
1996). Foi visto que essa mesma molécula é capaz de potencializar a migragao
in vitro de mioblastos embrionarios murinos. Dados vém mostrando que o
tratamento prévio dessas células com o HGF é capaz de induzir a quimiocinese
dos precursores apos o transplante nos membros anteriores de um embrido no
estagio 11.5 de desenvolvimento fetal (Lee et al, 1999). No que diz respeito a
funcdo dessa molécula na migracao pds-natal de precursores miogénicos, foi

visto que células satélites isoladas de animais adultos mostraram sensibilidade
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ao estimulo quimiotatico do HGF in vitro (Bischoff et al, 1997; Corti et al, 2001).
Outros dados vém mostrando que a inser¢ao subcutidnea de mioblastos de
camundongos (a linhagem celular C2C12) numa matriz tridimensional de
matrigel, impregnada com HGF ou FGFb, induz a formacé&o ectdpica de musculo

em camundongos imunodeficientes nude (Barbero et al, 2001).

Por outro lado, precursores oriundos da medula éssea podem ser atraidos
por fatores produzidos pelas fibras musculares. Foi demonstrado que o bloqueio
da sinalizagdo da via HGF/c-met através de anticorpos neutralizantes reduziu a
migragdo in vitro de uma populagdo de células-tronco, de fendtipo CD45",
isoladas da medula éssea, em dire¢ao a culturas de miotubos (Rosu-myles et al,
2005).

A quimiocina CXCL12 (SDF-1a) possui papel importante na miogénese,
visto que os animais deficientes no seu receptor, a molécula CXCR4,
apresentam defeitos no desenvolvimento de musculos dos membros (Odemis et
al, 2005). Dados mais recentes mostram que essa quimiocina também é capaz
de induzir a proliferagdo e migracdo de mioblastos C2C12 e de inibir a

diferenciagdo dessas células in vitro (Odemis et al, 2007).

O fator de crescimento de endotélio vascular (VEGF) é classicamente
descrito por sua fungdo na resposta angiogénica a isquemias (Breen et al,
2007). A expressao de VEGF e de seus receptores no musculo normal encontra-
se restrita as células satélites quiescentes. No entanto, trés dias apds a indugao
do processo de isquemia é possivel visualizar presenca dessas moléculas
também nas fibras musculares, devido a inser¢ao de mioblastos em proliferacao.
Foi visto, por exemplo, que VEGF é capaz de potencializar a capacidade
migratéria da linhagem de mioblastos murino C2C12 em até cinco vezes em

relagdo ao controle (Germani et al, 2003).

Além desses fatores, dados recentes sugerem que citocinas exercem papel
importante durante o processo de regeneragao do musculo estriado esquelético
(Authier et al, 1997; Chen et al, 2005). A interleucina-4 (IL-4), por exemplo, que

também pode ser produzida por miotubos, tem a capacidade de induzir a
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migragado de precursores miogénicos tanto in vivo quanto in vitro (Lafreniere et
al, 2005). Além dessa citocina, foi demonstrado que o TNF-a, fator de necrose
tumoral do tipo alfa, produzido por miotubos e células inflamatérias que infiltram
o0 musculo lesado, atua como fator quimiotatico de precursores durante o reparo
tecidual. Experimentos in vitro mostraram que esta citocina aumenta
significativamente a migragdo de precursores miogénicos. Foi também visto que
a administragao continua in vivo de TNF-a no musculo tibialis anterior aumentou
a migragao de células injetadas no epimisio desses musculos (Torrente et al,
2003).

Além disso, o papel de enzimas proteoliticas tais como as
metaloproteinases de matriz, capazes de degradar a matriz extracelular, também
tem sido avaliado. Tais enzimas tém em comum a presencga de zinco em seu
sitio ativo, a dependéncia de ions calcio para a sua atividade, e a capacidade de
reagir com inibidores teciduais especificos de metaloproteinases (TIMPs)
formando complexos enzimaticos inativos. A familia de MMPs agrupa
aproximadamente 20 enzimas dentre as quais existem aquelas com fungao de
degradacgao de proteinas de matriz extracelular e que também pode agir sobre
quimiocinas, clivando e inativando essas moléculas, como por exemplo CXCL12.
(McQuibban et al, 2001; Sheu et al, 2001).

O tipo de substrato que degradam pode servir para a divisdo desta familia
de endopeptidases em varios subgrupos, dentre eles: as colagenases (MMP-1,
MMP-8, MMP-13), que séo ativadas contra as fibrilas colagenas; as gelatinases
(MMP-2, MMP-9), que tém intensa atividade sobre colagenos desnaturados; as
estromelisinas (MMP-3, MMP-10, MMP-11), que degradam os componentes
nao-colagenos da matriz; as MMPs de membrana (MT1-MMP a MT4-MMP), que
s&o moléculas transmembrana; as metaloelastases (MMP-12) e outras (MMP-
19, MMP-20, MMP-26) (Vu & Werb 2000; Goffin et al, 2003).

Em tecidos lesados, estas gelatinases atuam de modo importante no
processo de migracédo celular em tecidos lesados, através da degradacdo de

substratos no microambiente, tais como colageno IV, e fragmentos de

28



colagenos, laminina, fibronectina (Aimes & Quigley 1995; Seltzer et al, 1989;
Wilhelm et al, 1989; Giannelli et al, 1997, Nagase et al, 1991; Karelina et al,
2000).

Atualmente 24 tipos de MMPs foram descritas em mamiferos, sendo as
MMP-2 e MMP-9 as mais expressas no musculo esquelético em condicdes
normais. Tais enzimas tém, entretanto, sua expressdo aumentada apds leséo
tecidual, passando a regular a migracdo de células e sua localizagao tecidual
(Parks et al, 2004; Zimowska et al, 2008). Foi visto que o TNF-a estimula a
producdo de MMP-2/9 no tecido muscular, sugerindo que o efeito quimiotatico
desta citocina possa resultar de sua acao direta sobre as células, ou indireta,
através do aumento da atividade de MMPs (Torrente et al, 2003). Além disso, foi
visto que a injegcdo simultédnea de IGF-I ou de FGF com mioblastos humanos foi
capaz de aumentar a migragao dessas células ao longo do musculo receptor.
Nesse sistema foi também detectado um aumento da expressdao de MMP-9,
sugerindo mais uma vez que a interagdo entre essas enzimas e fatores de

crescimento contribuam no controle do processo migratorio (Allen et al, 2003).

Além dos sinais estimuladores, existem ainda os sinais inibitérios de
migragdo de precursores miogénicos. No tecido muscular foram poucos os
sinais identificados e, aqueles que foram, estdo relacionados com a inibicdo da
proliferacdo, favorecendo assim a diferenciacdo da célula muscular. Dentre os
fatores identificados esta a esfingosina 1-fostato (S1P), um mediador lipidico
previamente conhecido por inibir a proliferagdo de mioblastos e estimular a
miogénese (Meacci et al, 2008). Foi verificado que S1P é capaz de inibir a
migracao de células C2C12 em resposta a IGF-1. Nesse trabalho o efeito anti-
migratorio da molécula foi atribuido a sua ligac&o a receptores ligados a proteina
G, levando ao aumento nos niveis de calcio intracelular (Becciolini et al, 2006).
Mais recentemente, uma outra molécula, a prostaciclina (PGI2), agente
vasodilatador e anti-coagulante liberado pelo tecido muscular lesado (Rodemann
et al, 1982; Nowak et al, 1983), vem sendo implicado simultaneamente na
inibicio da migracdo e como agente facilitador da fusdo de mioblastos
(Bondesen et al, 2007).
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2- Justificativa e Objetivos

O transplante de células precursoras de musculo esquelético (mioblastos) tem
sido visto como estratégia potencial no tratamento de distrofias. Embora este
tipo de estratégia, ou seja, a substituicdo de um gene defeituoso utilizando
células normais, ja tenha sido demonstrada em diferentes modelos, a eficacia da
transferéncia de mioblastos e de sua manutencao ainda permanece sob analise.

Tais dados nos levaram a desenvolver esta tese, com o objetivo de identificar
fatores que possam intervir na sobrevida das células transplantadas, e sua
dispersao nos musculos receptores. Tendo por base a identificacdo desses
fatores, sera possivel delinear estratégias terapéuticas de maneira a favorecer o

processo de regeneracao do tecido muscular.

Tendo em vista os dados discutidos, foram definidos como objetivos especificos:

1. Avaliar a eficiéncia do transplante de mioblastos humanos em

camundongos imunodeficientes previamente irradiados e/ou criolesados,

2. Analisar o efeito da laminina sobre a proliferagdo, sobrevivéncia e migragao

de mioblastos humanos.

3. Estudar o papel do HGF na migragéo in vitro de mioblastos através de

laminina e fibronectina.

4. Verificar o efeito do HGF sobre a liberagcdo de metaloproteases de matriz

extracelular por mioblastos.
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3- RESULTADOS
3.1- Artigo 1

Human Myoblast Engraftment Is Improved in
Laminin-Enriched Microenvironment

Y oW 2,3,4,5,7 M7 ¢ 2,3 . : 2,3,
Suse D. Silva-Barbosa,">>*>” Gillian S. Butler-Browne,* Wallace de Mello,* Ingo Riederer,">>*
: o - o ; 2,3
James P. Di Santo,® Wilson Savino,* and Vincent Mou Iy‘r

Transplantation. 2008 Feb 27;85(4):566-575.

Seguindo uma linha visando a optimizacdo de modelos experimentais para
terapia celular, neste trabalho procuramos avaliar o efeito da molécula de
laminina sobre a eficacia de transplante de precursores miogénicos humanos.

O trabalho surge a partir de um modelo xenogénico de transplante em que,
precursores musculo esquelético (mioblastos), obtidos a partir de explantes de
tecido normal, foram injetados diretamente no musculo tibialis anterior de
camundongos imunodeficientes (RAG™yc”/C5). Nesses animais, os musculos
receptores foram previamente irradiados e/ou criolesados. Constatamos um
aumento da eficacia do transplante quando utilizamos o modelo de irradiagao
associado a criolesdo: vimos um maior numero de mioblastos humanos
incorporados, quando comparados aos grupos controles. A analise do tecido
muscular mostrou aumento da deposi¢gdo de laminina, com um grande numero
de células humanas intimamente associadas a areas onde a molécula era mais
expressa. A estreita associagcdo entre essa molécula e os mioblastos
transplantados nos a levou sugerir que essa proteina estivesse favorecendo os
eventos de proliferagdo, inibicio de morte e dispersdo de mioblastos
transplantados no musculo receptor. Nesse sentido estabelecemos protocolos
experimentais onde demonstramos que de fato a molécula poderia estar
regulando tais eventos.

Os dados apresentados nesse trabalho apontam para a utilizacdo da molécula
de laminina no delineamento de estratégias experimentais visando ao

desenvolvimento de terapia celular para a correcdo de doengas musculares.
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EXPERIMENTAL TRANSPLANTATION

Human Myoblast Engraftment Is Improved in
Laminin-Enriched Microenvironment

Suse D. Silva-Barbosa,”>**>7 Gillian S. Butler-Browne,"” Wallace de Mello,” Ingo Riederer,’>**
James P. Di Santo,® Wilson Savino,” and Vincent Mouly" >

Background. One major challenge in developing cell therapy for muscle diseases is to define the best condition for the
recipient’s muscle to niche donor cells, We have examined the efficiency of human myoblast transplantation in an
immunadeficient animal model, after local irradiation, as well as the potential impact of laminin on myoblast behavior

Methods, Human myoblasts were injected into preirradiated tibialis anterior muscles from immunodeficient mice,
The donor cell engraftment, proliferation, and laminin content within the transplanted muscles were evaluated by
immunocytochemistry. Additionally, the effect of laminin upon myoblast proliferation, migration, and survival was
ascertained in vitro.

Results. Engraftment of human myoblasts into the skeletal muscle of immunodeficient Rag2 ™ /yc™ /C5 ™ mice presub-
jected to local irradiation provided the best niche for myoblast engraftment, as demonstrated by the number of viable
and proliferating donor cells found in the host muscle. Local irradiation significantly enhanced laminin deposition
within the recipient’s muscle and donor cells were preferentially located in laminin-enriched areas. The same batch of
myoblasts used for in vivo injections also responded to laminin in vitro with increased proliferation and cell survival, as
well as an improved migratory response.

Conclusions. We show that local irradiation enhances the laminin content in the host muscle microenvironment and
provides a better engraftment of human myoblasts. In addition, laminin increases myoblast proliferation, survival, and
migration in vitro, These data provide combined in vivo and in vitro evidence that laminin status should be taken into
account when designing experimental and clinical cell therapy strategies for muscle disease.

Keywords: Skeletal muscle, Laminin, Human myoblast transplantation, lrradiation.

(Transplantation 2008;85; 566-575)

C umulating evidence indicates that myoblast transplant
therapy can be envisioned as a potential treatment for
certain muscle diseases, in particular those with a selective
effect on a restricted number of small muscles. How to im-
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prove donor myoblast survival and migration within the re-
cipient muscle remains a major problem ().

Host irradiation has been extensively used to improve
cell engraftment within mouse skeletal muscle. Local irradia-
tion acts directly upon the host skeletal muscle and, depend-
ing on the dose applied, a long-term deficit in muscle growth
may occur because of the destruction of the majority of the
resident muscle progenitors and even postmitotic fully differ-
entiated fibers (2—4).

The effect of local host muscle irradiation to prevent
endogenous regeneration has been used to increase the incor-
poration of donor cells after myoblast transplantation (4-8).
In addition, it is accepted that irradiation has a mitogenic
effect on the transplanted myogenic precursors (5, 8, 9), sug-
gesting that this procedure enhances the production and the
bioavailability of soluble growth factors within the graft site.
However, at present these factors have not been identified. It
is also conceivable that insoluble moieties could be involved
in this general process, providing not only cell guidance and
growth, but also presenting growth factors to the cells. In this
context, extracellular matrix (ECM) components directly in-
fluence cell growth and migration and favor the action of
cytokines, chemokines, and growth factors (10).

ECM ligands and receptors have been incriminated as
key players in muscle differentiation (11-13) and particular
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attention has been addressed to the laminin family, a basement
membrane component onto which skeletal muscle fibers adhere
and stabilize through a critical connection between this glycop-
rotein and the plasma membrane dystrophin-dystroglycan
complex (14). Laminin is a polypeptidic heterotrimer formed
by one heavy (a) chain and two light chains (3 and ), each
being encoded by a specific gene (15). The different combi-
nations of the several «, 3, and y subunits, and their variants
resulting from RNA splicing, generate isoforms that can be
expressed more or less specifically according to the tissue or
to the developmental stage of a given tissue. Classical laminin,
or laminin-1 (the heterotrimer alf1vyl1, recently renamed
laminin-111), as well as the variant laminin-2 (a2B1y1 or
laminin-211) (16), have been extensively studied during
myogenesis (11). Although laminin-211 is the predominant
variant present in the basement membrane of developing and
mature mammalian muscle fibers (15), laminin-111 expres-
sion precedes the onset of myogenesis (17, 18). Laminin-211
is upregulated during mvogenic differentiation (19), whereas
laminin-111, which has also been suggested as being involved
in myoblast fusion and myotube formation (20, 21), acts pri-
marily as a promoter of myoblast proliferation (22, 23).

Because of the involvement of the laminins in the pro-
cess of cell migration and differentiation, their potential as
relevant players in the interactions between grafted myoblasts
and the recipient’s microenvironmental niches should be
taken into consideration.

In the present study, we have devised a combined eval-
uation of the engraftment efficiency of human myoblasts into
immunodeficient recipients, together with the impact on the
in situ laminin content, as well as the responsiveness of hu-
man myoblasts to this ECM protein.

We found that local irradiation plus cryolesion resulted
in efficient myoblast engraftment in immunodeficient mice.
The largest number of viable and proliferating donor cells was
correlated with an increased laminin deposition within the
recipient’s muscle, with donor cells being preferentially localized
in the laminin-enriched areas. By using an in vitro approach,
we showed that human myoblast proliferation, survival, and
migration was enhanced by laminin-111. Taken together, our
findings clearly point to a role for this molecule as a coadju-
vant for improving myoblast transfer therapy.

MATERIALS AND METHODS

Mice and Irradiation Procedure

Rag2 /yc¢ /C5 immunodeficient mice, aged 8-12
weeks, were raised under spf conditions in Pasteur Institute
(Paris, France). Animals were anesthetized by intraperitoneal
injection of 0.4 mg/kg ketamin and 0.2 mg/kg xvlasin (Sigma
Co., 5t. Louis, MO) and submitted to a single local dose of
18-Gy gamma rays at the surface of the lower hind limbs. This
dose of irradiation had been shown to be efficient in inducing
a mitogenic effect upon the transplanted myogenic mouse
cell line C2C12 (8). Three dayslater, 5 10° human myoblasts
were injected in a single midpoint site along the longitudinal
axis of the recipient’s tibialis anterior (TA) muscle in a vol-
ume of 15 ul.

In another experimental group, mice were anesthe-
tized and recipient muscles were irradiated and submitted
to cryodamage (freeze-thawing injury) immediately prior to

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

33

Silva-Barbosa et al. 567

cell engraftment, as previously described (24). A third group
consisted of nonirradiated animals submitted to cryolesion
prior to myoblast injection. Each experimental group con-
sisted of at least seven animals. Among these, in at least two
animals per group, we applied the counterlateral leg of the
same mouse as untreated control.

It should be noted that, in all experiments, animals
were handled according to the rules precluded by the Euro-
pean Union ethical guidelines for animal research.

Human Myoblast Isolation and Culture

Cells were isolated from a biopsy of the quadriceps
from a 5-day-old infant who died from cardiac malforma-
tions, with no other signs of neuromuscular disease. The bi-
opsy was performed with consent of the family, and after
approval of the local ethical committee, in accordance with
the French legislation,

Cells were grown in Ham’s F10 medium (InVitrogen,
Boussens, France) supplemented with 50 pg/ml of gentamycine
and 20% fetal calf serum (Life Technologies, Cergy-Pontoise,
France) and maintained at 37°C in 5% CO, atmosphere (25).
Cells were detached from the culture dishes after incubation
in a solution containing 0.05% trypsin and 0.02% ethylenedi-
amine tetraacetic acid. For all experiments, the culture purity
was above 85% as determined by immunocytochemistry us-
ing an antihuman desmin antibody (Dako Co., Carpinteria,
CA) that identifies myogenic cells.

For tr';lmpl:mt;ltim] and in vitro experiments, human
myoblasts were used between 2837 population doublings (26).

Antibodies and Immunohistochemistry

Four weeks after transplantation, recipient muscles
were dissected, mounted in 6% gum taragacanth (Sigma Co.,
Saint Louis, MO), frozen in liquid nitrogen-cooled isopen-
tane and stocked at —80°C.. The number ot human myoblasts
present in each muscle was determined by immunohisto-
chemistry on cryostat sections, as described previously (27),
using monoclonal antibodies which react specifically with
human lamin A/C and spectrin. In further experiments, we
used antibodies against dystrophin and slow myosin heavy
chain (MyHC; Novacastra, Newcastle-upon-Tyne, United
Kingdom). In double immunofluorescence experiments, rabbit
polyclonal antibodies to laminin (Chemicon, Temecula, CA) or
desmin were used. The antidesmin antibody was also applied to
acetone-fixed cell cultures in order to contirm their myogenic
purity. Appropriate secondary reagents, such as biotinylated an-
timouse immunoglobulin (1g) G, were purchased from Vector
and revealed using streptavidin-coupled Alexa-Fluor 488 or
Alexa-Fluo 597 (Molecular Probes, Montlu¢on, France).
Samples were visualized using an Olympus (BX60) micro-
scope and the images were digitalized using the Meta View
image analysis system.

In two separate experiments, 10 mice per group re-
ceived intraperitoneal injections of bromodeoxyuridine
(BrdU; Sigma), 100 pg per gram of body weight, in 200 pl of
saline 36, 24, and 1 hr before the human myoblasts were
transplanted. Additional injections of BrdU were made every
24 hr until the end of the experiment. Cycling donor-derived
myoblasts were then assayed for BrdU uptake using an anti-
BrdU antibody, purchased from Dako. Proliferating cells
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were also detected by their expression of the Ki-67 protein,
using a specific anti-Ki-67 antibody (Dako). In these experi-
ments, 10 animals were evaluated in each group.

For all immunohistochemical analyses, serial 5-pum
thick transverse cryosections were made and the entire mus-
cle was sectioned and immunostained to detect all donor-
derived cells until 1 month after transplantation. We then
chose, for each muscle, the section that presented the highest
number of muscle profiles that were positive for human
lamin A/C and spectrin.

Quantitative evaluation of in situ laminin deposition in
the muscle was done by computational analysis of immuno-
stained sections of the TA muscles. Images were scanned using
the Metamorph software (Molecular Devices Corporation,
Sunnyvale, CA). Quantitative fluorescence analyses were per-
formed by transforming specific staining in pixels and divid-
ing the total pixel numbers by the area analyzed, obtaining the
numbers of pixels per micrometer squared. Additionally,
thickness of laminin containing fibers, intermingled with ad-
jacents myoblasts, was calculated and expressed in microme-
ters. For these quantitations, at least ten regions from 3-5
sections from each experimental group were studied.

In Vitro Proliferation and Survival of Human
Myoblasts

Commercial laminin-111 obtained from mouse EHS
cell line (Sigma) and laminin-211 from human placenta
(Gibco-BRL) were used in these experiments. Twenty-four
well culture plates (Nune, Danemark) were coated with 10
pg/mllaminin or bovine serum albumin (BSA ) diluted in F10
culture medium supplemented with 20% fetal calf serum.
Coating was carried out in 5% CO, atmosphere at 37°C dur-
ing 1 hour. Two thousand cells were added and left to grow
for 3,6, 0r 9 days. When the cultures were stopped, viable cells
(defined by Trypan blue exclusion) were counted using a
Neubauer chamber. This experiment was repeated three
times, with triplicates in each experiment.

In two independent experiments, designed to evaluate
the number of cycling cells, we added 10 or 20 uM BrdU
solution for 1 hr before stopping a given culture. Cells were
then fixed and subjected to immunocytochemistry, using the
anti-BrdU monoclonal antibody revealed by a peroxidase
conjugated goat-antimouse [gG. The number of BrdU™ (cy-
cling) cells was determined by counting under the optical
microscope. Cells were counted in at least 10 microscopic
fields per group.

To assess cell viability on laminin substratum, human
myoblasts were serum-starved overnight, detached with tryp-
sin, washed, and kept in F-10 containing medium with or
without 1% BSA for 1 hr. Ten million cells were ressuspended
in serum-free medium and allowed to adhere on the pre-
coated dishes. Four and 24 hours later, the cells were har-
vested and stained by trypan blue. The proportions of viable
and nonviable cells were determined by trypan blue exclusion
and by flow cytometry analysis using propidium iodide stain-
ing. Samples were acquired using a FACScalibur (Becton
Dickinson) and analyzed with the CELLQuest software.
Three independent experiments of this kind were done, each
one in triplicates for each experimental group.
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Cell Migration Assay

Myoblast migratory activity was assessed using 8-pm
pore size transwell plates (Corning Costar, Cambridge, MA).
In this assay, membranes were coated on both sides with dis-
tinct concentrations of laminin-111, laminin-211, or BSA
(from 0.1 to 10 pg/ml) for 1 h at 37°C, followed by 1 h of
blocking with BSA 1%. Myoblasts (107) were then added to
the upper chamber in 100 ul of BSA 0.5%/Roswell Park Me-
morial Institute (RPMI) medium, and 600 pl BSA 0.5%/
RPMI were put in the lower chamber. After 4 hr of incuba-
tion, the cells in the upper chamber were gently removed
using a rubber policeman, and those that crossed the insert or
were at the lower side were removed by trypsinization and
counted under the microscope. At least five experiments of
this kind were performed for each laminin isoform.

Statistics

All quantitative data are presented as the mean*standard
error, and the significance of differences between groups were
determined using the analysis of variance (ANOVA) test. Differ-
ences were considered significant when P values were =0.05.

RESULTS

Muscle Irradiation Favors the Long-Term
Survival of Engrafted Human Myoblasts

To examine the effect of host muscle irradiation on the
fate of transplanted human myoblasts, we performed immu-
nohistochemical analyses in sectioned muscles from recipient
mice. The total number of human nuclei labeled by lamin
A/C, a component of nuclear envelope, was counted 4 weeks
after myoblast transplantation. The number of transplanted
cells was significantly higher in irradiated-host muscle, as
compared to the cryodamaged non irradiated recipient’s tis-
sue (Fig. 1A and B).

When irradiation plus cryodamage treatments were ap-
plied, the total number of donor cells was even higher, as
compared to each treatment alone. The group treated by ir-
radiation alone revealed a 12-fold increase in the number of
human cells, whereas muscles in the irradiation plus cryo-
damage group contained around 30-fold more human cells
than in muscles subjected only to cryodamage (Fig. 1A).

To confirm that the transplanted mononucleated hu-
man cells were still myogenic, we evaluated the expression of
desmin after cell injection into irradiated muscles. Although
the antibody applied was not specific for human cells, by dou-
ble immunostaining we observed that at 4 weeks posttrans-
plantation, the majority of the mononucleated human lamin
A/C positive cells also expressed desmin, thus confirming
their myogenic lineage (Fig. 1C and D).

As expected, when myoblasts were injected into nonir-
radiated and noncryolesioned muscles, none or very few en-
grafted cells were found. Even when detected, these few donor
cells were restricted to a small area, compatible with the in-
jection site.

Muscle Irradiation Favors Proliferation of
Human Myoblasts

We then evaluated whether human myoblasts retained
their ability to proliferate after transplantation into the recipi-
ent’s irradiated muscle. At 24 hours and 3 days posttransplan-
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Local irradiation plus cryodamage enhances the number of human myoblasts within the immuneodeficient

mouse recipient. A total of 500,000 human myeoblasts were implanted into the tibialis anterior muscle of Rag /yc /C5 mice,
previously submitted to one of the followed regimens: cryodamage alone (Cryo), local muscle irradiation alone (I), or local
muscle irradiation plus cryodamage (I+Crye). Four weeks later, immuneoflucrescence labeling was performed on serial
cross sections. Bars illustrate the number of lamin A/C and spectrin positive cells within host muscles. Differential analysis
of the total number of (A) human myogenic cells (human monuclear cells plus myofibres) and (B) monucleated donor cells
in host muscle. The numbers presented in these bars are from one single section that presented the highest number of
human cells. Note that irradiated muscles contain more positive cells than the cryodamaged muscle. Values are expressed
as means*+SEM, n=4-6 muscles per group. Statistical differences were ascertained by ANOVA. **P=0.008. Double-stain-
ing for (C)} human lamin A/C and (D) desmin in the irradiated plus cryodamaged Rag /yc /C5 muscle 4 weeks after
human myoblast transplantation. The insertin (D) depicts the two cells indicated by the arrow in (C) by the overlay picture,

which includes the nuclear blue staining and the laminin A/C (green) in desmin positive cells (red). Bar=62.5 pm.

tation, large numbers of engrafted human cells had uptaken
BrdU. At these time points, the number of proliferating
cells in the irradiated and cryolesion nonirradiated groups
were very similar (Fig. 2A and B), depicting BrDU™ donor-
derived myoblasts in an irradiated plus cryolesioned recipient’s
muscle.

Considering these findings and to determine if the in-
creased number of mononucleated donor cells (Fig. 1B) seen
in irradiated muscles 4 weeks after transplantation was due to
a continued proliferation of these cells, we examined the ex-
pression of the nuclear protein Ki-67, which is only detected
in proliferating cells. We observed that, in the case of the
irradiated group, 9.7% of donors cells were Kio7-positive,
whereas in those recipients submitted to the crvodamage plus
irradiation, a total of 26% of the cells remained as cycling
donor cells (Fig. 2C-F).

The fact that Ki-67" donor cells were detected, even 4
weeks after injection, suggests that the endogenous mecha-
nisms controlling myoblast proliferation remain functional
for a long time within the irradiated muscles.
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It should be noted that in nonirradiated and noncry-
olesioned muscles of the few engrafted human cells observed,
none were proliferating, as defined by Ki-67 " immunostaining,

Does Local Irradiation Favor Donor Cell
Maturation Into Muscle Fibers?

We further investigated whether or not irradiation would
also favor the differentiation of donor cells into mature myo-
fibers. Surprisingly, in the irradiated muscles, the majority of
injected myoblasts remained as mononucleated cells and were
not incorporated into muscle fibers (Fig. 1A). Nevertheless, pre-
treatment with irradiation alone as well as irradiation plus
cryodamage did result in the generation of significantly
higher numbers of mature fibers, as compared to cryodamage
alone (Fig. 3A).

In vivo differentiation and maturation of the engrafted
cells was evaluated by slow myosin heavy chain expression
(MyHC). Four weeks after transplantation, MyHC™ donor-
derived cells were detected in transverse sections from different
zones of the irradiated muscle, with no quantitative differ-
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FIGURE 2. Persistence of cycling
human donor cells within the irradi-
ated host muscle. (A) Even at 72 hr
postmyoblast delivery, a large num-
ber of donor cells were still cycling as
revealed by BrdU labeling (herein re-
vealed by anti-BrdU monoclonal anti-
body plus percoxidase as the second
antibody). In this niche, large numbers
of cells are cycling. Bar=28.4 pm. Ar-
rows indicate BrdU ", whereas asteriscs
show cross sections of the recipient's
muscle fibers. (B) The white rectangle
from (A), in which we can easily see
the nuclei labeled and the round pro-
file typical of the injected myoblasts.
Bar=28.4 pm. (C-F) immunofluores-
cence of cryosections, double stained
for human lamin A/C and Ki-67 in
Rag /ye /C5 muscles from hrradi-
ated (C, D) and irradiated plus cryo-
damaged muscles (E, F) 4 weeks after
human myeblast transplantation. The
arrowheads indicate donor-derived
cycling cells double-stained by lamin
(green) and Ki-67 (red). Bar=28.4 pm.

ences being apparentamong the groups analyzed (Fig. 3B and
C). This is interesting because the TA in the mouse does not
express slow MyHC and therefore the slow myosin heavy
chain expression is driven by the incorporated human nuclei.

Taken together, these results indicate that the in vivo
differentiation process was similar in the three groups, suggest-
ing that transplanted human myoblasts retained the regulatory
mechanisms to undergo terminal muscle differentiation
within the irradiated muscular tissue.

Irradiation Alters the Recipient’s Laminin-
Containing Network: Correlation With Donor
Cell Distribution

Since laminin is known to improve myoblast prolifer-
ation in vitro (19, 26, 27), we evaluated putative changes in
the laminin-containing network of the recipient’s muscle af-
ter the irradiation procedure, Recipient muscle mass was not
uniform because the irradiated muscles were more atrophic
than the muscle submitted to cryodamage alone. This de-
crease in muscle mass was accompanied by an irradiation-
induced disorganization of the laminin distribution 4 weeks
postdonor cell injection, with higher amounts of this mole-
cule being observed in irradiated versus crvodamaged groups
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(Fig. 3D and E). Similar profiles to those found in irradiated
muscles alone were seen in muscles pretreated with irradia-
tion plus cryodamage. It should be noted that, not only was
the total laminin content significantly higher in cryolesioned
plus irradiated muscle versus nonirradiated cryolesioned tis-
sue (as ascertained by automated counting of pixels/u” of
muscle tissue), but also the laminin layers between adjacent
cells were thicker (Fig. 3F).

Interestingly, such an increase in the laminin content
was a rather early event and could be detected at 3 days after
irradiation, the time at which human myoblasts were in-
jected. This indicates that an enriched laminin-containing
microenvironment was already available for the implanted
cells. In this respect, when evaluating the localization of the
recently injected human myoblasts within the irradiated re-
cipient’s tissue (24 hr after cell injection), we found that
there is a preferential distribution of donor cells in laminin-
enriched regions (Fig. 3F and G).

In addition, although we did not perform morphomet-
ric analysis, it was clear that the surface of the muscle tissue
containing donor cells was larger in irradiated as compared
with cryodamage treated muscles, indicating that injected cells
exhibit an enhanced migratory ability when placed within the
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FIGURE 3. Preferential incorporation of human cells within irradiated muscle: correlation with laminin content. Human
myoblast transfer was performed and host muscles from Rag /yc /C5 mice were examined 4 weeks later. A differential
analysis was made by comparing the total number of positive nuclei labeled by lamin A/C with those incorperated into
muscle fibers (lamin A/C plus spectrin positive cells). (A) The frequency of human fibers was significantly higher in
irradiated muscles compared to the cryodamage group (cryo). Serial sections stained for lamin-A/C, spectrin (B), as well as
slow MyHC (green) and laminin (red) antibodies (C), demonstrates the differential pattern of donor fibers in irradiated plus
cryodamaged muscles, Bar=125 pm. *P<0.08. (D and E) Immunofluorescence staining using a laminin pelyclonal antibody,
which revealed a differential pattern of laminin expression in the transplanted muscle area according to the treatment used,
with an increase inlaminin deposition in muscles fromirradiated plus cryodamage (E) as compared to cryodamage control
(D). This increase in laminin deposition is accompanied by a disorganization of tissue architecture in irradiated mice.
Bar=90 pm. (F) The enhancement of laminin, quantified by computer-based analysis, was significantly higher in the
irradiated plus cryodamage (I+Cryo) group as compared to the cryodamage control (Cryo). Data were expressed in
pixels/pm® and values were expressed as means+SEM, n=3 muscles per group with at least 10 microscopic fields analyzed.
Statistical differences were ascertained by ANOVA. (F) This panel also reveals that the thickness of laminin-containing fibrils
located between adjacent cells were statistically bigger in the [+Cryo group, as seen by the mean thickness expressed in
micrometers. *P<0.05. (G) Injected mycblasts (seen in green by lamin A/C immunostaining) are preferentially located in
laminin-enriched areas (red) in a representative cross section from irradiated plus cryodamaged muscle. Bar=45 pm.
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FIGURE 4. Distribution of human myogenic precursors
within the irradiated recipient muscle. A total of 500,000
human myoblasts were implanted into the tibialis anterior
muscle of Rag /ye /C5 mice, previously submitted to one
of the followed regimens: irradiated (A) or irradiated plus
cryodamage (B). Four weeks later, immunofluorescence la-
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irradiated muscle microenvironment (Fig. 4A and B). As
mentioned above, in those nonirradiated noncryolesioned
muscles the rare donor-derived cells were restricted to a small
area, compatible with the injection site (Fig. 4C).

Laminin-111 Enhances Human Myoblast
Proliferation, Survival, and Migration

Considering that irradiation resulted in an enhanced
proliferation of the human myoblasts in vivo, together with a
change in the local laminin content and the presence of donor
cells within laminin-enriched areas, we studied laminin-
driven biological responses in vitro, using the same myoblast
cell batch used for the in vivo experiments, In one set of experi-
ments, we evaluated cell grnwlh on laminin-coated substrate.
We found that proliferation was progressively enhanced
when the cells were cultured on 10 pg/ml laminin compared
to the control with BSA, applied as an unrelated protein. On
day 6 posttreatment, the number of laminin-treated cells was
]1igher than BSA (7.13X10° versus 6.03X10°), representing
an increase of almost 20% in the total cell number, a differ-
ence that was statistically significant (P=0.024). Interest-
ingly, the use of laminin alone yielded proliferation values
similar to those seen when the cells were grown in complete
serum-containing medium.

In a second set of experiments, we studied whether the
enhancement of cell engraftment in irradiated muscle could
also be associated to the capacity of laminin to rescue cells
from apoptosis. For this, we tested the survival capacity of
human myoblasts after being placed in conditions of starva-
tion. As ascertained by the trypan blue exclusion test, as well
as by cytofluorometry using propidium iodide, we found that
laminin-111 was able to protect myoblasts from the cell death
triggered by starvation (Fig. 5), whereas at the same concen-
tration laminin-211 was less effective.

In addition to the upregulation of cell proliferation and
survival, we examined if laminin was able to alter the migra-
tion of human myoblasts. When cells were allowed to migrate
through a laminin-containing insert in transwell chambers,
the number of migrating cells was significantly higher, as
compared to BSA. Under the experimental conditions used
here, laminin-111 exhibited a dose-dependent haptotatic ef-
fect on human myoblast migration (Fig. 6A). Laminin-211
was again less effective than laminin-111 in promoting myo-
blast migration (Fig. 6B).

DISCUSSION

During skeletal muscle regeneration, multiple sig-
nals derived from degenerated fibers regulate the activa-
tion of myogenic cell precursors. As regards to myoblast
transplantation therapy, it is conceivable that in vivo mi-
gration and differentiation of grafted cells are guided by a
complex interaction betweeen injected cells and the recip-
ient’s tissue microenvironment.

beling using antibodies against human anti-lamin A/C and
human antispectrin was performed on serial cross sections.
(C) One muscle of a nonirradiated, noncryolesioned muscle,
in which very few donor cells were found. After searching
for donor cells throughout the muscle, we noticed that the
few cells detected were restricted to this site. Bar=130 pum.
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three independent experiments.

To study the in vivo mechanisms that can potentiate
the engraftment of muscle cell precursors, we analyzed hu-
man myoblast transplantation in locally irradiated immuno-
deficient Rag2™ /yc /C5™ mice. The combined application of
irradiation and cryodamage to the host muscle induced an
enhancement of human myoblast engraftment accompanied
by a statistically significant increase in the deposition of lami-
nin, as ascertained by the number of pixels per micrometer
squared. Moreover, the thickness of laminin fibrils between
adjacent cells was enhanced in treated animals. Conjointly,
these quantitative data strongly point to a correlation be-
tween laminin enrichment and the presence of myoblasts.

It has been previously demonstrated that ECM compo-
nents have a strong effect upon skeletal muscle development
(12, 28=31). In particular, the presence of laminin is essential
for normal myogenesis by direct interactions mediated via
plasma membrane receptors (13, 19, 32, 33).

Considering the function of laminin during myogen-
esis and cell migration, it is evident that this molecule could
also play an important role in the successful engraftment of
myoblasts within regenerating skeletal muscle.

Copyright @ Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

39

PI*

In the present study, using the model of local host mus-
cle irradiation, we detected a high percentage of donor cell
engraftment. This was accompanied by a significant increase
in the deposition of laminin, particularly in the vicinity of
engrafted cells, suggesting that laminin within the recipient’s
microenvironment favors the engraftment of human myo-
blasts. We also found that significant numbers of the en-
grafted cells maintained their proliferative capacity for a long
period of time in vivo, which was further confirmed by our in
vitro experiments, One could argue that these donor-derived
long-lasting proliferating cells are a mixture of myoblasts and
other cell types, such as fibroblasts. Although we cannot for-
mally discard this possibility, it should be noted that the ma-
jority of the proliferating cells were round-shaped and never
exhibited the typical fibroblastic profile. Moreover, our data
are in keeping with previous reports showing a direct corre-
lation between the laminin concentration and the biological
effects observed in myoblasts, such as cell proliferation and
survival (21, 34-36).

During the process of skeletal muscle regeneration, two
mutually exclusive events occur: precursor cell proliferation
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FIGURE 6. Enhancement on myoblast migration in-
duced by laminin. (A) Nonspecific myoblast migration,
seen when BSA (white columns) was applied in the tran-
swells, was very similar at all points analyzed. In contrast,
laminin-driven migration of myoblasts (black columns) is sig-
nificantly enhanced according to the concentration applied.
(B) Comparative analysis of human myoblast migration when
the same dose (10 ug) of laminin-111 or laminin-211 was ap-
plied to the transwell chambers. Note that laminin-111 had a
much greater effect on cell migration than laminin-211. Re-
sults are expressed as the mean of the total number of migrat-
ing cells in three independent experiments (mean=*SEM).
*P<20.05.

and myogenic differentiation. This process is driven by a
finely tuned gene program that causes the withdrawal of myo-
blasts from the cell cycle, leading to terminal differentiation
(37). We have shown that irradiation not only enhanced the
total number of engrafted cells, but also resulted in the for-
mation of a large number of mature muscle fibers as demon-
strated by slow MyHC expression. Conceptually, these data
tell us that the laminin-enriched microenvironment remains
permissive to a “complete” program of muscle cell regenera-
tion. This notion is supported by previous data showing that
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the laminins are involved in both expansion and differentia-
tion of myogenic cell precursors (17-22, 34-36).

Another important point that could be associated with
the local enhancement of laminin is the increased migratory
capacity of donor-derived grafted myoblasts. Our in vivo ob-
servations indicated that human myoblasts are much more
dispersed in the recipient’s muscle that had been irradiated
(or irradiated plus cryodamaged) compared to the nonirra-
diated groups.

Laminins are known to play a well-defined role in the
migration process of different cell types (38—40), with the
effect upon muscle progenitors being detected very early dur-
ing skeletal muscle morphogenesis (13, 41). In this respect,
the differences observed in irradiated versus nonirradiated
muscles seem to be consistent with the in vitro experiments.

According to our results, laminin-111 is better than
laminin-211 in inducing myoblast migration, with the migra-
tory capacity of these cells being increased as a function of the
dose of laminin-111 applied. These differences reinforce the
notion that, although these isoforms share many properties,
they may be involved in distinct pathways during muscle re-
generation (19, 34). Moreover, our results are in keeping with
the findings showing that transgenically introduced laminin-e1
chain partially prevents muscular dystrophy in mice deficient
for laminin-a2 chain (42, 43).

Overall, our data highlight the important role of laminin
on human myogenic precursors. Even though the experimen-
tal model used here cannot be envisioned as a therapeutic
alternative, our results clearly indicate that in irradiated mus-
cles 4 weeks after cell transplantation, factors controlling cell
cycle and differentiation continue to be produced, placing
this procedure as a valuable tool to evaluate and define the
molecular interactions implicated in muscle regeneration
during myoblast transplantation therapy. Theoretically, the
effectiveness of these factors may be favored by the reduced
competition between donor and host myoblasts in the irradi-
ated muscle (5-9). Nevertheless, part of these etfects may be
driven by the enhancement of laminin production within
host’s muscle, which in turn provides a powerful tool to test
the function of this molecule in vivo. A better understanding
of the mechanisms by which different isoforms of this mole-
cule control myoblast proliferation and migration may pro-
vide new insights on how to improve cell therapy in muscular
diseases.
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HGF ENHANCES EXTRACELLULAR MATRIX-DRIVEN MIGRATION OF
HUMAN MYOBLASTS: INVOLVEMENT OF MATRIX METALLOPROTEASES

Wallace de Mello, Gillian S. Butler-Browne, Vincent Mouly,

Wilson Savino, Suse Dayse Silva-Barbosa

51



Procuramos nesse estudo avaliar o papel de HGF, fator envolvido na migracao
de progenitores durante a miogénese, sobre a migragdao de mioblastos humanos
obtidos a partir de tecido muscular esquelético normal.

Esse manuscrito representa um seguimento ao trabalho anterior, do ponto de
vista de estabelecimento de protocolos visando aumento da eficacia do processo
de transplante. Com esse objetivo avaliamos o efeito de HGF exdégeno, assim
como de proteinas de matriz extracelular (laminina e fibronectina) e
metaloproteases de matriz extracelular, na migragcdo de mioblastos humanos,
células a serem potencialmente escolhidas como precursores a serem utilizados
em protocolos de terapia celular com vistas a correc¢ao de distrofias.

Através de técnicas de biologia celular e molecular verificamos que a molécula
de HGF potencializa a fungdo haptotatica de proteinas de matriz extracelular
sobre precursores miogénicos humanos. Além disso, demonstramos que o tal
efeito potencializador depende da producdo da metaloprotease de matriz MMP-
2, a qual tem sua atividade aumentada em fung¢ao da presenca de HGF.

De acordo com nossos resultados, e dos resultados ja descritos na literatura, a
molécula de HGF seria assim um ativador potencial a ser utilizado

adicionalmente no transplante envolvendo precursores musculares humanos.
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Abstract

Although myogenic precursors have been used to correct muscle injury, this cell
therapy approach still faces critical limitations, including the poor cell survival and
cell spreading in the recipient’s muscle. Previous evidence indicates that HGF
(hepatocyte growth factor) is involved in guiding embryonic myogenic precursors
from somite to muscle developing areas. Herein we determined whether HGF is
able to modulate human myoblast migration on extracellular matrix (ECM)
proteins. We demonstrated that human myoblasts (derived from a normal infant
muscle) express the HGF receptor (c-met), B1-integrins, CD56, and desmin. In
order to check whether HGF modulates migration of human myogenic
precursors, we tested the migratory potential towards this growth factor in vitro, in
the presence or absence of laminin and fibronectin. Although HGF alone did not
enhance myogenic precursor cell migration, when it was combined with laminin
or fibronectin, the resulting migratory response significantly was higher than the
values elicited by a given ECM molecule alone. Next, we searched whether HGF
could be modulating matrix metalloproteases (MMP) production by myogenic
precursors, thus favoring ECM-driven migration. After treating myoblasts with
HGF, we detected an increase in MMP-2 activity, as revealed by zymography.
Conversely, MMP-2 inhibition decreased HGF-associated enhancement of cell
migration triggered by fibronectin or laminin. Taken together, these data unravel
the complexity of the control mechanisms involved in the appropriate migration of
human myogenic cell precursors, simultaneously comprising soluble and

insoluble moieties. This notion should be taken into account for a better design of
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therapeutic strategies for ameliorating the spreading of theses cells following

transplantation.
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INTRODUCTION

Muscular dystrophies are a group of genetic neuromuscular disorders
characterized by progressive muscle weakness, leading in most severe forms to
death. Diverses approaches have been developing in order to recovery deficient
target proteins using gene therapy (Goyenvalle et al, 2004; Fougerousse et al,
2007) and transplantation of normal or modified cells (Vilquin et al, 1999;
Montarras et al, 2005; lkemoto et al, 2007).

Cell transplantation therapy, as a promising strategy to treat muscle
dystrophy, has been intensively investigated in the last few years. However,
attemps to repair muscle damage by transplanting myogenic progenitors still
faces the problem of cell surving and the limited migration of transplanted cells in
recipient’s muscle (Urish et al, 2005). In order to overcome this limitation, the
effect of several growth factors, such as insulin-like growth factors (IGF-I and
IGF-Il), basic fibroblast growth factor (b-FGF), transforming growth factor (TGF-
B), IL-6 and hepatocyte growth factor (HGF) have been tested (Jacquemin, et al
2004; Lafreniere et al, 2004).

Myoblast migration is a multistep event that depends on some types of
interactions. Extracellular matrix (ECM) binding, soluble factors as cytokines,
chemokines and proteolytic enzymes are closely related with successful
migration (Mielenz et al, 2001; Torrente et al, 2003; Yusuf et al, 2006). Soluble
factors produced by different microenvironmental conditions may bind to the
microenvironmental ECM-containing network, performing a gradient that may

attract cells. Moreover, ECM remodeling promoted by proteolytic enzymes may
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realease growth factors sequestred by this network, increasing their
chemoattractant potential by enzymatic cleavage (Matsouka et al, 2006).

It is been demonstrated that HGF is a potent satellite cell activator having
an important mitogenic role in muscle development, promoting in the developing
embryo the recruitment of myogenic precursors from somite to early muscle
areas (Sonnenberg et al, 1993). HGF is able to activate quiescent satellite cells
to enter into the cell cycle (Miller et al, 2000). This factor is secreted as a 92 kDa
biologically inactive single polypeptide chain precursor referred to as pro-HGF,
which binds to ECM through heparin-like glycosaminoglycans (Catlow et al,
2008). Some extracellular proteolytic enzymes, as urokinase plasminogen
activator, trombin, matriptase, may cleave pro-HGF, into a bioactive disulfide-
linked heterodimer consisting of a 60 kDa a-chain and a 32 kDa p-chain
(Nakamura et al, 1989), now able to convey intracellular signaling mediated by c-
met, a transmembrane tyrosine kinase encoded by MET proto-oncogene
(Shimomura et al, 1993; Schuppan et al, 1998; Lee et al, 2000). The role of
matrix metalloproteases (MMPs) in pro-HGF cleavage and activation is not well
studied. Nevertheless, MMP upregulation following HGF treatment has been
reported in differente models (Hanzawa et al, 2000; Wang & Keiser, 2000; Gong
et al, 2003)

Despite the identification of HGF secretion and expression of HGF receptor
in quiescent cultured myogenic satellite cells (Sheehan et al, 2000), it remains
unclear whether HGF-mediated interaction actually plays a role in postnatal

myogenic precursor cells.
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It has been demonstrated in vitro that various chemotactic factors, including
HGF, can modulate the process of myoblast migration across an endothelial
barrier (Corti et al, 2001). Furthermore, a correlation between HGF and invasive
cell growth has been documented during development and regeneration of
different tissues (Bladt et al, 1995) as well as in tumor cells, in which the increase
in invasiveness is accompanied by upregation of B1-integrin avidity for
corresponding ECM ligands (Trusolino et al, 2000). Moreover, it has been
demonstrated that the association between HGF and an ECM-containing network
(matrigel) can improve myogenicity in a system of ectopic skeletal muscle
transplantation (Barbero et al, 2001) Although in this study the graft improvement
was not related to adhesiveness to ECM, it is plausible that optimal interactions
between cells and molecules in the extracellular microenvironment, such as ECM
proteins, chemokines and growth factors, convey a survival message, protecting
cells from apoptosis, which in turn would significantly improve migration capacity.

Herein, we examined the combined effect of HGF upon ECM-driven
migration of human myogenic precursors. Our data show that HGF per se
essentially do not trigger significantly migratory response, but it significanlt
potentiates migration only conjointly thesdriven by fibronectin and laminin. Such
an effect can be abrogated by MMP inhibitors, thus providing evidence that the
enhancement of ECM-driven migratory response provided by HGF is likely
associated to the production of metalloproteinases. Taken together, these data

may be an important tool to design in vivo protocols for cell transplantation.
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MATERIAL AND METHODS
Myoblast preparation and cell culture conditions

Cells were isolated from a biopsy of the quadriceps from a 5-day-old infant
who died from cardiac malformation, with no signs of neuromuscular disease.
The biopsy was performed with consent of the family and in accordance with
French legislation on ethical rules. Microfragments of the muscle tissue were
plated onto Petri dishes and filled in growing medium composed by Ham'’s F-10
medium (InVitrogen/Molecular Probes, Carlsbad, CA) supplemented with
50ug/ml of gentamycine and 20% of fetal calf serum at 37°C in 5% CO;
atmosphere (Edom et al, 1994). Mononucleated cells migrating out of explants
were deattached from the culture dishes after incubation in a solution containing
Trypsin 0.25%/EDTA 0.02 %. Cells were maintained in vitro, being applied
between 28-37 population doublings (Di Donna et al, 2003). The purity of human
myoblasts used here was confirmed monitoring the expression of CD56 (N-CAM,
neural-cell adhesion molecule). Furthermore, the myogenic capacity of these
myoblasts cultures was tested by immunucytochemestry using antibody specific
for desmin, as illustrated in figure 1A-B.

For the experiments aiming to detect c-met expression in myoblasts, we
applied, as positive control for c-met expression, the human hepatoma cell line
HEP-G2 (Lee et al, 1998). These cells were cultured in DMEM medium

supplemented with FCS 10%, at 37°C in 5% CO, atmosphere.
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Antibodies and chemicals

The following fluorochrome-labeled antibodies were used for
cytofluorometry: the anti-CD29/PE-Cy5, anti-CD49d/PE, anti-CD49e/PE, anti-
CD49f/PE and anti-CD56/APC were purchased from Pharmingen/Becton-
Dickinson (San Diego, USA).

For immunocytochemistry, we used purified antibodies comprising the anti-
human desmin mouse monoclonal antibody (DAKO Co., Carpinteria, USA), as
well as the rabbit anti-CD49g (alpha7-integrin) and anti-c-met polyclonal
antibodies (Santa Cruz Biotechnology. Co., Santa Cruz, USA). The anti-desmin
reagent was revealed with biotinylated goat-anti mouse Ig (Sigma Co. Saint
Louis, USA) followed by strapetavidin-peroxidase (Pharmingen). The anti-CD49g
antibody was revealed with a peroxidase-coupled goat anti-rabbit Ig serum. In
both cases, enzyme activity was developed with 3-Amino-9-ethylcarbazole from
Sigma Co. in the presence of H,O, . For detecting c-met, the corresponding
primary antibody was revealed with a mouse anti-rabbit g, coupled to alkaline
phosphatase. In this case, enzyme activity was revealed with the Sigma kit using
NBT (nitro-blue tetrazolium chloride) plus BCIP (5-bromo-4-chloro-3-
indolylphosphate). In all cases primary antibodies and revealing systems were
applied after standartization of appropriate dilutions. For fibrillar actin detection,
we applied phalloidin conjugated to alexa-488 (Molecular Probes)

Bovine serum albumin (BSA), mouse Laminin-111, human plasma
fibronectin and porc tail-derived gelatin were Sigma products. Recombinant

human HGF was obtained from R&D Systems (Mineapolis, MN, USA). The
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MMP-2/-9 Inhibitor Ill was from Calbiochem (San Diego, CA, USA). This
compound is a cyclic decapeptide with specific binding for MMP-2 and MMP-9,
and is able to block migration of human endothelial cells. (Koivunen et al, 1999).

Lastly, 1mM p-aminophenylmercuric acetate (APMA, a Sigma product) was
applied herein as a MMP activator, originally reported by Nagase and co-workers

(1992).

Cytofluorometry and immunocytochemistry

For flow cytometry, 10° cells were blocked with normal mouse serum and
subsequently stained with the target fluorochrome-coupled primary antibodies for
30 min. Cells were washed and fixed with a 1% phormaldehyde. Samples were
acquired in a FACScalibur flow cytometer (Becton-Dickinson), and histograms
were obtained with the free WinMDI 2.8 software.

For immunocytochemistry, cells were fixed on substrates with absolute cold
ethanol and washed with PBS. Slides were blocked with 10% normal sheep
serum for 30 min at room temperature. Primary antibodies were incubated for 2h
in the same conditions, and revealed by using either immunofluorescent or
enzyme-coupled secondary antibodies. For F-actin staining, cells were incubated
on surfaces coated or not with laminin or fibronectin during 1h and fixed with 4%
phormaldehyde during 20min, permeabilized with 0,1% triton X-100 for 5min,
blocked with 5% BSA during 30min and stained with phalloidin alexa488 for
30min. Images were acquired with LSM 540 confocal laser microscope (Carl

Zeiss, Germany).
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Western blotting

Human myoblast extracts were prepared by lysing cells in alkaline lysis
solution (Tris-HCI 40mM, 1%SDS) with 2-heat cycles. Proteins obtained by this
process were quantified with BCA protein kit (Pierce, UK). Samples (40ug) were
resolved on 10% polyacrilamide gel and the proteins were electrotransferred to a
nitrocellulose membrane (Hybond, Amersham, Buckinghamshire, UK). The
membrane was blocked with 5% non-fat milk, 0,1% Tween 20 in PBS for 2h, and
incubate overnight with anti-c-met antibody diluted in blocking solution.
Membranes were washed three times with PBS and incubated with an alkaline
phosphatase-coupled secondary antibody. Bands were visualized using
BCIP/NBT solution kit and scanned images were analyxed with the imageJ

software (NIH, Bethesda, USA).

Cell Migration Assay

Human myoblast migratory activity was assessed using 8-um por size
inserts (Nunc, Roskilde, Denmark). Membrane inserts were coated on the both
sides with 10 ug/mL BSA, Laminin-111, or fibronectin (for 1h at 37°C, followed by
1h of blocking with 0.5% BSA). Myoblasts (10° cells) were plated in the upper
chamber in 100 ul of 0.5% BSA/F10 medium, and 600 ul of 0.5% BSA/F10

containing HGF at different concentrations were plated in the lower chamber.
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After 4h of incubation the cells in the upper chamber were gently removed
using a rubber policeman, and those that crossed the insert or were in the lower
side were detached with trypsinization and counted under the microscope.

In some experiments, to examine the role of metalloproteinase production

on myoblast migration, the MMP-2/-9 Inhibitor Ill was added in both chambers.

Cell Adhesion assay

To assess the role of HGF in adhesive capacity on ECM substrate, 96-well
plates (Nunc) were coated for 1 hour at room temperature with 10ug/ml laminin,
fibronectin or BSA as a control. In this assay 10* myoblasts ressuspended in F-
10 medium containing 10ng/ml of HGF were allowed to adhere on pre-coated
wells. After 1 hour, the wells were washed, fixed with methanol, stained along
20min with toluidine blue 0.05% solution and destained with 1% SDS (Sigma).
The amounts of cells bound to the substrates were detected using a

spectrophotometer under 620nm filter.

Zymography

Detection of matrix metaloprotease (MMP)/collagenase activity was
performed by gelatin zymography assay. In this assay 2x10° human myoblasts
were treated with different concentrations of HGF and analysed 4h later. The
supernatants (10ug) were then collected, mixed with sample buffer in non-
reducing conditions and run in 7.5% polyacrilamide gels co-polymerized with

0,1% gelatin under 40mA until the dye tracker reached the bottom. After
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electrophoresis, gels were washed for 1h in renaturating buffer (2.5% Triton X-
100, Tris-HCI 50mM pH=7,6) at room temperature and subsequently revealed by
incubation in developing buffer (5mM CaCl,, 150mM NaCl, Tris-HCI 50mM
pH=7,6) for at least 16h. Gels were stained with coomassie blue for 1h and
destained with acetic acid-methanol-water. MMPs were identified by comparison
with the molecular weight standards (BioRad, Hercules, CA, USA).
Metalloprotease activity was visualized as clear bands that were inverted using
the photoshop package. Quantification was perfomed by densitometry using the

Imaged software.

Statistical Analysis

All results are presented as the mean + standard error, and the significance
of differences between groups were analysed usind the ANOVA test and
Newman-Keuls post test, using the GraphPad Prism 3.0 sofware. Differences

were considered statistically significant when p<0.05.

RESULTS

Satellite cells form a side myogenic population along muscle fibers that can
be dissociated from the muscle tissue by enzyme digestion. Along this isolation
some fibroblasts may contaminate the preparation and may interfere on myoblast
growth. In order to evaluate whether HGF can elicit a functional response on
human myogenic precursors; we further characterized the CHQ myoblast

preparations. As seen by CD56 staining, a marker presented on myoblasts, our
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culture has almost 100% of purity when checked by flow cytometry. Moreover,
these cells retain their myogenic capacity as seen with desmin staining (Fig.1A-
B). We also examined the expression of c-met by these cells. As show in figure
1C, the expression of c-met in human myoblasts is comparable to that seen on

the hepatoma cell line used herein as a positive control.

HGF does not affect human myoblast adhesion onto extracellular matrix

It was previously demonstrated that interaction between HGF and this
receptor c-met regulate muscle cell migration during embryonic development
(Sonnenberg et al, 1993). Given that cell migration requires the regulation of cell
spreading/motility and the disruption of cell-matrix or cell-cell contact, we tested
the ability of human myoblasts to adhere on substrate of laminin and fibronectin,
in the absence or presence of HGF.

We first showed that our myogenic precursors constitutively express [1-
integrins on their surface, as revealed by positive immunolabeling for CD29 (31-
integrin chain) as well as CD49d, CD49e, CD49f and CD49g (the integrin-a
chains for the fibronectin receptors VLA-4, VLA-5, as well as the laminin
receptors VLA-6 and VLA-7, respectively). These receptors are apparently
functional, since myoblasts are able do adhere onto fibronectin as well as laminin
substrates. (see figure 2A-B), although adhesion onto fibronectin was higher than
that seen when laminin was applied (Fig. 2B). Of note, HGF alone did not yield
any specific adhesion (differente from the values obtained with BSA), and did not

enhance the adhesion degree elicited by laminin or fibronectin (Fig. 2B).
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HGF enhances human myoblast migration driven by extracellular matrix
proteins

To investigate wether human myoblasts were capable to migrate in a HGF-
dependent manner, CHQ cells were placed in the upper chamber of transwells
that contained HGF in the lower chamber or, as in some cases the in vitro
migration experiments were performed using cells previously treated with HGF
(see “material and methods”). No differences in migration rate were observed
between human myoblasts treated by HGF, or when HGF was used as a
chemoattractant factor (data no shown).

Coinsidering our recent data demonstrating that laminin can drive myoblast
migration (Silva-Barbosa et al, 2008), we examined if HGF was capable to alter
migration of human myoblasts triggered by ECM proteins. For that, in vitro
migration assay was carried out by coating both sides of transwell porous
membrane with ECM substrates (see “material and methods”). As expected,
laminin and fibronectin induced myoblast haptotaxis. As compared to the BSA
negative control, myoblast migration towards ECM moieties was clearly higher.
(Fig. 3). In contrast, no effect was detected when the cells were stimulated with

HGF in the absence of ECM.

Nevertheless, when HGF was applied in combination with either laminin-

111 or fibronectin, the resulting migration values were always superior to those
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seen when each stimulus was applied alone. The ECM-associated co-migratory
response to HGF was dose dependent, with a maximal response observed at a
concentration of 10ng/ml (data not show). Since HGF did not affect ECM-
associated adhesion of myoblasts, the differences in magnitude of the migration
in the presence of these proteins was unlikely related to variable degrees of cell

adhesion upon the transwell filters.

HGF induces actin-related cytoesqueletal rearrangement in human
myogenic precursors.

Polimerization of F-actin and the formation of stress fibres are crucial for
cell migration. To determine the role of HGF in promoting polymerization of F-
actin, the relative content of this actin form was assessed by staining using
alexa-488 coupled phalloidin for F-actin (reviewed by Papakonstanti and
Stournaras, 2008). Myoblasts cultured onto laminin-111 and fibronectin-coated
surfaces were exposed to HGF (10 ng/ml) for short period of time (15min).
Reinforcing our previous results, we verified that treatment with HGF per se
(10ng/ml) caused only a slight increase in stress fiber formation compared with
the culture medium alone. In the presence of laminin or fibronectin this effect was
increased, with denser F-actin stress fibers bundles being detected (Fig. 4),
ensuring that HGF promotes structural cytoesqueletal changes that may be

related to the enhancement of ECM-mediated cell migration
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HGF enhances MMP secretion by human myogenic precursor cells:
relationship with the ECM-driven migratory response

Since soluble HGF was able to regulate human myoblast polarization and
ECM-driven migration, it seemed conceivable to hypothesize that HGF could
induce the production of MMP-type enzymes by these cells. To test this
hypothesis human myoblasts were incubated with HGF for 4 hours and the levels
of MMP-2 and MMP-9 secreted in the culture medium were assayed by
zymography. We found that treatment with HGF increased the activated MMP-2
levels, while having no-effect on MMP-9 secretion. That the enhanced band was
actually MMP-2 was further demonstrated by its activation with the MMP
activator, APMA, which generated a further band, with the molecular weight
typical of MMP-2 (data not shown).

In order to ascertain whether HGF-dependent increase in MMP-2 secretion
could interfere with the migration of myogenic cells, we tested the effect of the
selective MMP9/2 inhibitor decapeptide. When myoblasts were led to migrate
through laminin or fibronectin alone, no significant differences in the numbers of
migrating cells were seen, in the absence or in the presence of the MMP2/9
inhibitor, applied at various doses. However, when HGF was added in the culture
medium, the enhanced ECM-driven migration was significantly reduced (p<0.05)
in all concentrations of the inhibitor applied, when compared to those wells

without inhibitor (Fig. 5).
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Taken together, these data point to a multistep process where HGF may
induce MMP release, promoting HGF activation that would enhance cell

migrations by downstream effects.

Discussion

Myoblast migration into transplanted muscle is a key event to be improved
so that to better exploiting myoblast transplant therapy as na alternative for the
treatment for muscular dystrophies. In the present study we attempted to further
define the role of exogenous HGF on myoblast migration.

It is well known that progenitor cell migration is an important step on early
myogenesis, using diverse factors to guide these cells to early premuscle
masses formation. During development, HGF and its receptor, the met tyrosine
kinase, regulate muscle precursor cell migration (Bladt F et al, 1995; Maina et al,
1996). Muscle progenitors migrated toward these areas in response mainly to
activation of c-met/HGF axis where HGF is released in the extracellular milieu,
representing a chemotatic factor to induce the recruitment o c-met/Pax-3
progenitors (Sonnenberg et al, 1993). More recently, it was demonstrated that
HGF is also involved with the migration of murine CD45"-derived bone marrow
cells to the skeletal muscle (Rosu-Miles et al, 2005). In this work we applied
human myoblasts obtained from postnatal muscle. This cell preparation has a
greater proliferative capacity, as compared to adult myoblast populations (Mouly
et al, 2005), and shows a high purity degree, further confirmed by CDS56

immunostaining. lts myogenic potential to differentiate into muscle fibers has
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already been defined in vivo; afer injection into immunodeficient mice these cells
can fuse to the recipient's muscle fibers (Silva-Barbosa et al, 2005, 2008).
Accordingly, desmin expression was strongly detected in these cells after a short
period of culture in differentiation medium, further showing their commitment to
the muscle lineage and thus confirming the validity of this cell preparation as a
model for studies regarding human myogenic precursor cell migration and
differentiation. Importantly, as we defined herein, these cells constitutively
express the HGF receptor, c-met.

We have previously demonstrated that the ECM protein laminin enhances
myoblast migration in vitro, and that in vivo changes of laminin contents are
associated with the engraftment of human myoblasts into the muscle from
immunodeficient mice (Silva-Barbosa et al, 2008). Of note, we demonstrated
herein that these human myogenic precursors express in their membranes high
amounts of integrin-type receptors, not only for lamimin (VLA-6 and VLA-7) but
also for fibronectin (VLA-4 and VLA-5). Accordingly, our in vitro experiments
show that both laminin and fibronectin elicit a significant haptotatic migration
response upon these cells, thus indicating that the oriented movement of human
myoblasts may follow a complex responsiveness pattern to distinct simultaneous
and/or sequential stimuli. In this respect, it would be predictable that growth
factors and matrix metalloproteases would also be involved in such migration.

We first tested the ability of HGF per se, in promoting migration of human
myogenic precursors. Although this growth factor was reported to play a role in

the recruitment of embryonic precursors from somites to sites of early muscle
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tissue morphogenesis (Sonnenberg et al, 1993), we could not see any significant
migratory response of human myoblasts to HGF alone, despite the obvious c-met
expression by these cells.

Nevertheless, when HFG was applied as a co-factor in the induction of
migration mediated by ECM proteins (laminin-111 and fibronectin) there was a
clearcut statistically significant pontentialization of the ECM-driven migration. It
was thus plausible to think of a cross-talk between c-met and B1-integrins. It has
been shown that the response of human skin fibroblasts to epidermal growth
factor (EGF) and the response of human endothelial cells to VEGF (vascular
endothelial growth factor) are potentiated by integrin binding to specific
extracellular matrix molecules (Miyamoto et al, 1996; Soldi et al, 1999).
Furthermore, HGF can enhance human endothelial cell migration by a
mechanism involving association between c-met and integrins with the Ras-
activation pathway (Rahman et al, 2005).

Interestingly however, the HGF effect reported herein was restricted to the
migratory response of human myoblasts, since the adhesion degree of these
cells to laminin or fibronectin was not altered by the presence of this growth
factor. This rather argues against a cross-talk between c-met and B1-integrins in
this particular condition, and indicates that other mechanism(s) might be
involved. In this respect we searched for a putative modulation of matrix
metaloproteases by HGF, and the consequences upon ECM-mediated biological
responses. Actually, previous studies showed that other growth factors are able

to induce migration of engrafted myoblasts, by modulating MMP expression: in
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vitro, the presence of IGF-1 or bFGF significantly enhanced the expression of the
matrix gelatinase MMP-9, but not MMP-2 (Lafreniere et al, 2004). Herein, we
showed that human myoblasts cultured with different doses of HGF increase
MMP-2 gelatinolytic activity, leading to the hypothesis that this effect might be
directly related to improvement of in vitro ECM-driven migration. It should be
noted that, in the absence of HGF, MMP-2 blockade with a specific MMP-2/9
inhibitor did not result in any significant changes on cell migration driven by
laminin or fibronectin. However, when we tested this compound in a system with
HGF plus extracellular matrix, we noticed a partial but significant decrease in the
numbers of migrating cells.

The actual mechanisms through which MMPs modulate myoblast migration
remain to be defined. Substrate proteolisis with consequent exposure of cryptic
adhesion sites might be involved. Nevertheless, it does not appear to be the
case, since in our model the use of MMP inhibitor had no significantly effect on
migration driven by laminin or fibronectin alone. For this same reason, a putative
envolvement of MMPs in B1-integrin ECM receptor modulation can be discarded.
In a second vein, it has been shown that a variety of proteolytic enzymes, as
trombin and matriptases, have been incriminated to be able to convert HGF into
its biological activate form (Shimomura et al, 1993; Schuppan et al, 1998; Lee et
al, 2000). A similar mechanism may exist in human myoblasts: HGF/c-met
ligand/receptor engagement may increase MMP-2 secretion, which in turn will

further favor migration through ECM lattices.
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In conclusion, by using human myogenic precursors we demonstrate for the
first time that, although HGF alone may not improve human myoblast migration, it
does exhibit a co-migratory role when associated to extracellular matrix proteins,
and such a role is likely related to MMP-2 secretion by these cells. Taken
together, these data provide new clues for understanding the complexity of the
control mechanisms involved in the appropriate migration of human myogenic
cell precursors, simultaneously comprising soluble and unsoluble moieties. This
notion should be taken into account for better designing future therapeutic

strategies for ameliorating the spreading of these cells following transplantation
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LEGENDS OF FIGURES

Figure 1. Phenotypic features of the CHQ5 human myoblast preparation.
Culture purity was performed by cytofluorometric detection of CD56, a typical
myoblast marker (Panel A). The myogenic potencial of these cells was
ascertained by desmin expression seen through immunoperoxidase labeling with
anti-desmin monoclonal antibody, as shown in panel B. Insert in this panel
represents isotype-matched IgG control with similar secondary antibody used for
staining of desmin. Panel C depicts the immunodetection of c-met by western
blotting of whole-cell extracts. As positive control for c-met detection, we used
the hepatoma cell line HEP-G2. Data are representative of three independent

experiments.

Figure 2: HGF treatment does not affect human myoblast adhesion to
extracellular matrix. The expression of integrin subunits responsible to the cell
attachment to extracellular matrix was determined in human myoblasts either by
flow cytometry or immunocytochemistry. Panel A depicts the flow cytometry
profiles showing the surface expression of CD29 (B1-integrin chain), CD49d,
CD49e (a-chain integrin of fibronectin receptors VLA4 and VLAS respectivaly),
and CD49f (a-chain integrin of laminin receptor VLAG). VLA-57 expression is
deduced by the immunostaining obtained with th anti-CD49g antibody, seen at
the bottom of this panel. Panel B illustrates that these human myogenic
precursors adhere onto laminin and fibronectin substrates. Nevertheless such an

ECM-dependent adhesion was not enhanced in the presence of HGF.
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BSA: Bovine serum albumin; LN: Laminin; FN: Fibronectin. Bars represent the

mean + standard error. Results correspond to 6 independent experiments.

Figure 3: Effect of HGF treatment on migration of human myoblasts
towards extracellular matrix proteins. One hundred thousand human
myoblasts were allowed to migrate across transwell chambers, whose inserts
were previously coated with 10ug/ml of laminin-111 or fibronectin and HGF (10-
100ng/ml) was used as a chemoattractant factor. Both laminin (Panel A) and
fibronectin (panel B) alone were able to induce specific cell migration when
compared to BSA. The presence of HGF further enhanced the migration driven
by laminin and fibronectin. Each bar represents the mean + SE of three
independent experiments. Statistical analysis was done with ANOVA and

Newman-Keuls post test. **p<0.01.

Figure 4: Effect of HGF on actin polymerization in myoblasts cultured onto
ECM-coated slides. Cells were cultured in the absence (panels A and B) or in
the presence of Laminin-111(C, D) or fibronectin (E, F). Thirty minutes after
adhesion HGF (10ng/mL) was added during 15 minutes (panels B, D, F) and
compared with cultured maintained inmedium F-10 alone (panels A, C, E). Actin
polymerization was visualized by phalloidin alexa488 staining and analysed by
confocal microscopy. ECM proteins alone yielded actin polymetization, and this
was further enhanced in the presence of HGF. Images representative of 3

independent experiments. Scale bars represent 20um.
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Figure 5: Matrix metalloprotease production by human myoblasts:
modulation of HGF-enhanced ECM-driven migration by MMP inhibition. In
the panel A the matrix metalloprotease (MMP) activity was evaluated by gelatin
zymografy. Doses of HGF, 1 to 100ng/mL, were administrated to myoblast
cultures and supernatants havested 4h thereafter, being then submitted to
electrophoresis in gels co-polimerized with gelatin. Pro-MMP-2 (72KDa) induced
gelatin degradation was visualized as clear bands. Ratio between treated and
non-treated cultures was determined by band densitometry using Imaged
software and is shown as the ratio calculated from the untreated culture. In the
graphics shown in panel B we can see that, in the absence HGF, the MMP2/9
inhibitor does not change the migration degree of the myoblasts towards laminin
or fibronectin. However, the MMP-2/MMP9 inhibitor did block the HGF-induced
increment of migration driven by both laminin and fibronectin. Bars represent
means = SE from 3 independent experiments. Statistical analysis was done with

ANOVA and Newman-Keuls post test. *** p<0.001.
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De Mello et al, figure 4
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4 - DISCUssAO

O musculo esquelético de vertebrados adultos €& composto
majoritariamente por fibras musculares diferenciadas, e por uma populagéo
minoritaria de células progenitoras, ainda indiferenciadas, denominadas células
satélites. Num musculo adulto e na auséncia de estimulagao, as células satélites
permanecem em estado de repouso. Entretanto, apds um trauma muscular, tais
células sao ativadas, proliferam e passam a se fusionar, entre si ou com fibras

maduras pré-existentes (Kuang et al, 2008).

O fato de tais células “guardarem” a capacidade de serem incorporadas,
através de sua fusdo ao musculo esquelético em estado de regeneragao, tem
sido explorado no campo da terapia celular. Varios grupos vém-se empenhando
no transplante de mioblastos normais em musculos deficientes em distrofina, a
fim de criar um reservatério normal de mioblastos produtores de distrofina,
capazes de fusionarem com fibras distréficas. Tal estratégia tem sido utilizada
tanto em modelos experimentais, quanto em pacientes com DMD (Partridge et
al, 1989; Skuk et al , 2006).

Embora esses estudos venham demonstrando que o transplante de
mioblastos possa ser utilizado como estratégia para o restabelecimento de
funcbes musculares, o que vemos € que, em pacientes distréficos, ou mesmo
em modelos experimentais, tal restauracdo € apenas transitéria (Karpati et al,
1989; Partridge et al, 1989; Gussoni et al, 1997).

A limitacdo do transplante de mioblastos como terapia corretiva esta
relacionada a rapida morte inicial das células transplantadas, e a baixa
dispersao das células injetadas no hospedeiro - o que limita o processo de
regeneragdo a area de inoculagdo das células sadias transplantadas(Skuk,
1998).
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Em vista desses dados durante a presente tese nos propusemos a avaliar
o papel de moléculas, sabidamente envolvidas em etapas da miogénese, nos

processos de migracao/morte de precursores de fibra muscular esquelética.

Numa primeira etapa avaliamos o papel da molécula de laminina em

modelo ja estabelecido de transplante xenogénico.

A analise de um componente da matriz extracelular tem por base o fato de
que tais moléculas ndo sé dao o suporte estrutural para a adesao e manutengao
da integridade tecidual, mas também porque s&o utilizadas como reservatorios
para varios tipos de mediadores bioldgicos, incluindo enzimas de degradacéo,
fatores de crescimento, mediadores inflamatérios e de diferenciagcao celular,
como citocinas e quimiocinas(Takeuchi et al, 1994; Hutchings et al, 2003;
Parmo-Cabarias et al, 2006).

Dados da literatura sugerem que determinados fatores de crescimento, no
momento de sua associagao a ECM, podem agir como indutores da migragao
celular, enquanto outros agem como sinal de parada de migracao (Franitza et al,
2000). Este tipo de resposta, em particular, implica na expresséo ou ativagao de
varios receptores de ECM, os quais na sua maioria pertencem a familia das
integrinas. Um dos eventos deflagrados apds a ligagdao de uma dada molécula
de ECM a seu receptor correspondente, € uma modificagdo da organizagao
espacial do citoesqueleto, sugerindo que a migracdo sobre um substrato de
ECM implica em uma fungdo coordenada de integrinas e elementos do
citoesqueleto. De fato a analise de tais componentes nos parece importante
principalmente no que se refere a migragdo e diferenciacédo das células que

estdo sendo transplantadas (Langen et al 2001; Horsley et al, 2003).

Células do musculo esquelético expressam varios dos receptores do tipo
integrina para ECM, dentre eles a4p1 e a7p1 (receptores de fibronectina e de
laminina), ambos implicados na miogénese(Cachaco et al, 2005). Nossos dados
mostram que o0s precursores miogénicos utilizados em nosso trabalho
expressam as cadeias CD49d, CD49e, CD49f, CD49g e CD29 (cadeias o4, a5,

a6, a7 e PB1, respectivamente) o que facilitaria a adesdo de tais células a
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substratos contendo proteinas de matriz extracelular, como também
demonstrado(Fig-2 artigo 2). A expressao das cadeias a6 e o7 ja foi descrita
anteriormente em mioblastos murinos MM14 e C2C12, porém no tocante a
expressao da subunidade o6, a densidade dessa cadeia foi relativamente menor

do que nos mioblastos humanos utilizados nesse trabalho (Yao et al, 1996).

Dados anteriores do nosso grupo ja vinham mostrando a eficacia da
utilizacdo desses mesmos precursores na regeneragao de tecido muscular em
camundongos receptores imunodeficientes (Silva-Barbosa et al, 2005). Nesse
trabalho analisamos comparativamente a eficiéncia do transplante de mioblastos
humanos em diferentes modelos imunodeficientes. Utilizando transplante
xenogénico em que 0s mioblastos eram transferidos diretamente no musculo
criolesado vimos que, camundongos Rag2/yc’/C5 apresentavam-se como uma
nova e melhor alternativa para transplantes envolvendo células humanas.
Nestes animais os mioblastos, depois de transplantados, eram capazes de se
fusionar com fibras murinas, formando fibras hibridas, que se diferenciavam em
fibora humana madura. Entretanto, mesmo utilizando esses animais, muitas das

células injetadas permaneciam no sitio de injegcéo (Silva-Barbosa et al, 2005).

Dando continuidade a esse trabalho, ainda dentro do mesmo objetivo,
fomos avaliar a eficiéncia do transplante de mioblastos humanos no musculo

previamente irradiado de camundongos RagZ"'

/yc’/CS". Trabalhos anteriores
mostravam que a irradiacao prévia do tecido muscular receptor levava a morte
de fibras maduras e a ativagdo de progenitores enddgenos neste tecido,
favorecendo assim o estabelecimento das células transferidas. De acordo com
nossos dados, os musculos receptores, depois de irradiados e submetidos ao
processo de criolesdo apresentavam aumento de deposi¢ao de laminina(Fig 3E,
artigo 1). Vimos que nesses animais a eficacia do transplante era muito maior
com uma maior dispersdo de células transplantadas quando comparada aos
grupos controles(Fig 4 artigo 1). Além disso, detectamos acumulo de mioblastos
humanos em sitios de maior deposicdo da molécula de laminina, sugerindo

fortemente que a interagdo entre essa molécula e os precursores poderia
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favorecer ndao s6 o recrutamento, mas também os sinais de sobrevida e

proliferagao(Fig 3G, artigo 1).

De fato, através de ensaios em camaras de migragdo vimos que tais
células eram capazes de migrar sobre substratos contendo tanto a isoforma de
laminina-111 como a laminina-211 (anteriormente denominadas laminina-1 e
laminina-2, respectivamente — Fig 6B artigo 1). Além do efeito sobre a migracéo
celular, vimos que a sobrevida e a proliferagdo de mioblastos humanos eram
aumentadas quando essas células eram cultivadas sobre um substrato de
laminina (fig 5 Artigo 1). Tais dados foram corroborados com a demonstracgéo in
vivo de que parte dos mioblastos transplantados permaneciam em ciclo mesmo

apos 4 semanas de transplante (Fig 2F artigo 1).

Tendo em vista que além das moléculas envolvidas com a formagao da
rede de matriz extracelular, outros fatores podem atuar modulando o processo
de migracao celular pés-transplante, numa etapa posterior passamos entdo a

avaliagao do papel da molécula HGF na migragao de mioblastos humanos.

Diversos fatores vém sendo apontados como indutores ou estimuladores
da migracao in vitro e in vivo de mioblastos, incluindo a citocina IL-4, e os fatores
de crescimento IGF-I, FGF e HGF (Hawke & Garry, 2001; Lafreniere, 2004,
2006). Dentre eles, o HGF é aquele capaz de atuar sobre células satélites

quiescentes, ativando ciclo celular (Volonte, 2005).

Este fator é secretado na forma de um precursor polipeptidico
biologicamente inativo, de peso molecular de 92 kDa (pro-HGF), capaz de se
associar a rede de matriz extracelular através de sua ligacdo a
glicosaminoglicanas do tipo heparina (Comoglio et al, 2001). A protedlise
extracelular deste precursor vai gerar um heterodimero bioativo, constituido de
uma cadeia a de 60 kDa e uma cadeia p de 32 kDa (Miller et al, 2000). A
sinalizagdo intracelular decorre da ligacdo deste fator ao seu receptor
transmembranar do tipo tirosina-quinase, c-met, codificado pelo proto-oncogene
MET (Birchmeier & Gherardi, 1998).
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No que diz respeito ao efeito de HGF sobre o processo migratorio, alguns
resultados mostram uma correlacdo entre o HGF e o crescimento invasivo de
células tumorais. Neste caso em particular, o aumento da capacidade invasiva €
acompanhado por um aumento da avidez de integrinas por seus ligantes de
ECM (Trusolino et al, 2000).

Por outro lado, no que se refere especificamente ao efeito de HGF sobre
células miogénicas, ha muito vem sendo descrito o efeito dessa molécula sobre
o recrutamento de precursores musculares ao longo da miogénese, e, embora
tenham sido detectadas secrecdao de HGF e expressao de seu receptor por
células satélites quiescentes cultivadas in vitro (Tatsumi, 1998), pouco se sabe
sobre o efeito dessa molécula na migracdo de precursores enddgenos no
musculo pos-natal. Foi visto, por exemplo, que o HGF pode modular a migragéo
de mioblastos através de uma barreira endotelial, e que sua associacdo a
matrigel (gel contendo proteinas de matriz extracelular) é capaz de aumentar a
miogenicidade, em um sistema de transplante ectopico de tecido muscular
esquelético (Barbero et al, 2001). Mesmo que neste estudo a sobrevida do
transplante n&o esteja correlacionada a adesividade a ECM, dados vem
sugerindo que a interagdo entre células e moléculas do microambiente
extracelular, incluindo matriz extracelular, quimiocinas e fatores de crescimento,
gera uma mensagem de sobrevivéncia, protegendo tais células da morte por

apoptose (Stupack et al, 2005).

Embora nossos dados tenham mostrado que o tratamento com HGF néo
resulta em aumento da adesédo de mioblastos sobre laminina e fibronectina(Fig
2B, artigo 2, vimos que, apo6s um curto periodo de exposi¢ao, sao detectadas
diferengas na organizagao estrutural de filamentos de actina, proteina importante

na migragao celular( Fig 4 artigo 2).

Por outro lado os ensaios de migragao in vitro mostraram que o HGF per
se nao é capaz de agir como fator quimiotatico sobre a migracédo de mioblastos,
embora aumente a quimiocinese dessas células durante a migragao induzida por

proteinas de matriz extracelular(Fig 3, artigo 2). De fato alguns trabalhos vém
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discutindo o efeito do HGF como quimioatratente na migragéo de diferentes tipos
celulares (Adams et al, 1994; Rahman et al, 2005; Son et al, 2006). Além disso,
dados mais recentes vém mostrando que algumas proteinas de matriz
extracelular poderiam potencializar o efeito de dispersao celular induzido por
HGF (Clark et al, 2004; Rahman et al, 2005, de Rooij et al, 2005). Uma
alternativa nao discutida no presente trabalho seria o de avaliar o efeito de HGF
sobre a ativagao de integrinas, proteinas também expressas por mioblastos, e
que poderiam servir de mediadores de sinais derivados do contato entre essas

células e a matriz extracelular (revisto por Berrier & Yamada, 2007).

Embora n&do tenhamos detectado diferencas no processo de adeséao
dessas células -- etapa que também pode ser mediada por integrinas --, o efeito
de HGF sobre a migragcdo pode estar relacionado a maneira como o préprio
HGF ¢é apresentado a célula, e ainda a avaliagdo de seu efeito. Como
demonstrado em nossos experimentos, de acordo com a molécula de matriz
extracelular aplicada, o resultante de migragcao de precursores miogénicos pode
ser diferente. Os niveis de migragdo dirigida laminina-111 foram mais altos;
entretanto, a razdo obtida entre a migragao utilizando ou ndo HGF como fator
quimiotatico, foi um pouco maior sobre fibronectina(Fig 3, artigo 2). Nesse
sentido alguns trabalhos vém descrevendo aumento do efeito de citocinas e de
fatores de crescimento quando aderidos a proteinas de ECM(Takeuchi et al,
1994; Hutchings et al, 2003). Nesses trabalhos é discutido o aumento da
biodisponibilidade desses fatores quando ligados a um substrato de ECM.
Poderiamos sugerir entdo, que, de acordo com o substrato de ECM utilizado, a

exposicao de sitios ativos do HGF seria diferencial.

Por outro lado, alguns estudos vém demonstrando a ligagao fisica entre c-
met e outros receptores de membrana, muitos dos quais envolvidos com os
processos de adesao e migracgao celular (Trussolino et al, 2001; Orian-Rousseau
et al, 2002; Chung et al, 2004). Em alguns desses trabalhos vem sendo discutido
o aumento da ativacdo de c-met através do aumento da concentracido de HGF

na superficie celular, ou ainda, através da formacdo de complexos entre
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proteinas adesivas e esse ligante, de maneira a também aumentar a ativagao de

seu receptor.

Outros dados na literatura apontam para o envolvimento de fatores de
crescimento na liberacdo de metaloproteases de matriz extracelular (MMPs),
embora pouco se saiba sobre a influéncia do HGF sobre tais enzimas(Allen et al,
2003).

As MMPs sao enzimas intimamente envolvidas com os processos de
migracao celular, modificando componentes de matriz extracelular, clivando
quimiocinas e liberando fatores associados a ECM (Clark et al, 2007). Em
modelo murino de transplante de mioblastos, foi detectado o envolvimento de
MMP-2 na migracdao de células C2C12 (EI Fahime et al, 2000). Nossos
resultados mostram que, embora MMPs sejam constitutivamente expressas, o
tratamento de cultivos de mioblastos humanos com HGF, por um periodo
semelhante ao da migragao in vitro, € capaz de induzir um aumento da secregao
de MMP-2 na forma inativa, mas ndo de MMP-9(Fig 5A artigo 2). Tomados em
conjunto, estes dados sugerem uma possivel correlagdo entre a secregédo de

MMPs e o aumento da migragéo dos mioblastos.

Para nos certificarmos da importdncia das MMPs em nosso sistema,
utilizamos um bloqueador seletivo capaz de inibir a fungdo de MMP-2 e MMP-9.
A partir do uso desse inibidor observamos um bloqueio parcial, mas significativo,
na migragao de mioblastos mediada por ECM + HGF(Fig 5B, artigo 2). Esse
bloqueio é sugestivo de que a interagao do par ligante/receptor entre HGF/c-met,
sinalizaria para secrecao de MMP-2, que por sua vez contribuiria no processo
migratoério induzido por um gradiente de HGF. Neste sentido seria importante a
avaliacdo de vias comuns de sinalizag&do intracelular ativadas durante esse
processo (Wang & Keiser, 2000; Zhou & Wong, 2006).

Por outro lado, embora nao tenhamos avaliado a producdo de HGF
enddgeno pelos proprios progenitores miogénicos, dados da literatura sustentam
a idéia de que essas enzimas poderiam estar envolvidas na conversédo de pro-

HGF em sua forma ativa. O HGF ¢é sintetizado como polipeptideo, numa forma
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inativa, que se liga a ECM em condigbes de remodelamento tecidual (Schuppan
et al, 1998). Sob a agdo de enzimas proteoliticas como a uPA, trombina e
matriptase, essa molécula se torna ativa (Shimomura et al, 1993; Lee et al,
2000). Em fungdo desses dados levantamos a hipdtese segundo a qual as
MMPs também poderiam contribuir para a ativagdo de HGF em nosso modelo.
Além disso, o fato de o inibidor aplicado nao agir sobre a migragdo media por
ECM, mas independente de HGF é um indicio de que exista um balango entre a
producdo de enzima ativa regulando o processo migratério. Ainda dentro deste
contexto existe um estudo mostrando que camundongos deficientes na
producao do inibidor tecidual do tipo 1 de metaloprotease de matriz (TIMP-1)
apresentavam aumento na ativagao de HGF, elevando os niveis de fosfortilagao
de c-met em hepatdcitos, possivelmente pela diminuigdo da inibigdo de alguns
tipos de MMPs (Mohammed et al, 2005).

Por outro lado, o bloqueio apenas parcial da migragao incrementada por
HGF nos mioblastos humanos ¢é indicativo de que outros fatores, além de MMP-

2, estejam envolvidos nesse processo.

Os dados apresentados na presente tese abrem uma discussédo sobre o
papel de proteinas de matriz extracelular (em particular a laminina), do fator de

crescimento de hepatdécitos e de MMP-2, na migragéo de mioblastos humanos.

Nossos resultados mostram que a indugdo da ativagcdo do musculo
receptor leva a um aumento local da expressdo de laminina, molécula adesiva
que regularia os processos de migragao, proliferacdo e morte de mioblastos
injetados. Por outro lado demonstramos aqui que essas mesmas células uma
vez estimuladas pelo HGF aumentam a secrecdo de MMP-2, o que
provavelmente facilitaria sua migracdo sobre substratos de laminina e
fibronectina. Em conjunto esses resultados apontam para o potencial terapéutico
de tais moléculas nos protocolos envolvendo transplante de precursores

miogénicos humanos, com vistas a corre¢ao de distrofias musculares.

Seguindo esses dados, uma alternativa a ser proposta seria a de co-

injecdo de HGF e mioblastos em musculos receptores ativados por crioleséo.
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Somados aos efeitos sobre a migracéo caracterizados nesse trabalho, os efeitos
adicionais da molécula de HGF ja descritos na literatura, tais como: estimulador
da capacidade proliferativa de precursores miogénicos, inibidor da diferenciagao
e apoptose de tais precursores (Wang et al, 2002), além dos efeitos sobre
angiogénese (Matsumoto & Nakamura, 2008), e como molécula
imunossupressora (Kuroiwa et al, 2001; Yamaura et al, 2004; Okunishi et al,
2007), sustentam a hipotese que o HGF possa ser usado como alternativa
adicional, melhorando a eficacia do transplante de mioblastos, ndo apenas pelo
aumento do grau de dispersao de células transplantadas ao longo do musculo

tratado, mas também na manutencao de precursores nesse tecido.
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5 - Conclusodes

Os dados obtidos nesse trabalho permitiram-nos entender melhor o papel de
matriz extracelular ao longo processo de migragao de mioblastos relacionando

com fatores como HGF e metaloprotease, demonstrando que:

- A Modulacédo da expressao de laminina gerada pela irradiagdo mais criolesao
gerou um ambiente propicio para a migragao, proliferagao e sobrevivéncia de

mioblastos transplantados.

- O HGF foi capaz de induzir a migragdo de mioblastos humanos na presenga de

laminina e fibronectina.
- A inducao da secrecao de MMP-2 por HGF em mioblastos humanos facilita o

processo de migragao in vitro possivelmente por um mecanismo de ativagao de
HGF.
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