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RESUMO

As doengas cardiovasculares apresentam-se como sindromes clinicas que possuem causas
relevantes como diabetes, hipertensdo, obesidade, aterosclerose. O desenvolvimento de
terapias medicamentosas e intervengdes cirtrgicas proporcionaram uma maior
sobrevivéncia e qualidade de vida para os pacientes. A intervencdo coronariana
percutdnea com implante de stent, regular ou farmacologico, ¢ um procedimento
consagrado para restabelecimento do fluxo sanguineo po6s processo isquémico.
Entretanto, a reestenose, um fendmeno recorrente em alguns pacientes que realizam
angioplastia, ainda apresenta fisiopatologia desconhecida. Esse estudo objetivou
investigar o perfil genético de placas ateromatosas de pacientes que desenvolveram
reestenose pos-implante de stent, verificando, posteriormente, se o silenciamento de
genes especificos para estrutura e funcao das células musculares lisas vasculares poderia
bloquear o processo proliferativo destas sem prejudicar o restabelecimento das células
endoteliais. Como resultado do perfil genético foram identificados dois genes, SMMHC
(myosin, heavy chain) e CNN (calponin), que apresentam expressdo aumentada nos
pacientes que desenvolveram reestenose. Seguiu-se o estudo “in vitro” de farmacos
antiproliferativos e silenciadores génicos especificos para células musculares lisas (Sh
RNA SMMHC e Sh RNA CNN) na viabilidade de células endoteliais e musculares lisas
de artéria corondria humana. As analises demonstraram que os silenciadores génicos
especificos para células musculares lisas apresentaram um efeito inibitério sobre a
proliferagdo de células musculares lisas de artéria corondria humana, sem interferir na

proliferagdo de células endoteliais.

Descritores: Stent; Reestenose; Expressao génica; Aterectomia direcionada



1. INTRODUCAO

Doengas cronicas cardiovasculares, pulmonares, cancer e diabetes sdo as
maiores causas de invalidez e morte na atualidade, fato que promove um impacto
tanto econdmico quanto social (1). As doengas cardiovasculares (DCVs) sdo a
principal causa de morte no Brasil e, apesar de uma tendéncia a estabilizagdo dos
numeros de dbitos ocasionados por DCVs, essas continuam apresentando uma
incidéncia elevada. Outro fator importante sdo as complicacdes que podem levar a
desfechos mais severos, como o Infarto Agudo do Miocérdio e o Acidente Vascular
Cerebral, normalmente associados a fatores de risco como obesidade, tabagismo,
inatividade fisica, diabetes, hipertensao e aterosclerose (2).

A evolugdo da aterosclerose e o desenvolvimento da Doenga Arterial Coronariana
(DAC) estao relacionados com o processo de disfun¢ao endotelial, gerada pelo
aumento da producao de espécies reativas de oxigénio e ativacdo de um processo
inflamatorio ciclico, levando a um estado de estresse oxidativo celular e redugao da
biodisponibilidade de 6xido nitrico para endotélio (3, 4). O espessamento continuo da
placa aterosclerdtica promove a redugdo gradativa do didmetro do vaso e consequente
obstru¢do do fluxo sanguineo, causando um processo isquémico (5).

A intervencdo corondria percutanea (ICP) ¢ um procedimento estabelecido para o
tratamento de pacientes com DAC, apresentando um significativo indice de sucesso
no restabelecimento da homeostase vascular (6). Contudo, cerca de 15 a 30% dos
pacientes, principalmente de alguns grupos especiais como os diabéticos, por
exemplo, apresentam um quadro de obstru¢do luminal pds introducao do stent,
denominado reestenose, fato que reduz a qualidade de vida do paciente e aumenta o
risco de mortalidade (7, 8).

A reestenose ¢ uma reacao vascular a introducdo de um stent no local de
desenvolvimento de uma placa ateromatosa que estaria obstruindo o fluxo sanguineo
e gerando um processo isquémico (9). Apds a ICP, normalmente nos primeiros seis
meses, inicia um processo de proliferacdo de células musculares lisas criando um
novo tecido adjacente a tinica intima do vaso, clinicamente denominada hiperplasia
neointimal (10). Dessa limitacdo promovida pela reestenose, surgiram stents
farmacoldgicos com propriedades antiproliferativas (11), como a rapamicina e o
paclitaxel, de acdo direta sobre a progressdo do ciclo celular, que impediriam a

proliferagdo desordenada das células constituintes do vaso. O uso de farmacos
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antiproliferativos na confec¢ao de stents farmacologicos apresenta-se como uma
alternativa terapéutica consagrada na pratica médica, no entanto esses procedimentos
apresentaram ao longo do tempo algumas limitagdes, como falha na endotelizag¢ao do
stent e aumento do tempo de uso de antiagregantes plaquetarios (12, 13). Dessa forma,
a busca de novas perspectivas de tratamento, que considerem a proliferacao de células
musculares lisas como a base do desenvolvimento da reestenose, devem ser
investigadas (14).

Um estudo realizado pelo nosso grupo de pesquisa sugere que cada placa
ateromatosa pode apresentar diferentes niveis de predisposi¢do ao desenvolvimento
de hiperplasia neointimal, que variariam de acordo com o aumento da expressao de
genes relacionados com proliferacdo de células musculares lisas (15). Nesse estudo,
identificamos que a inibi¢ao seletiva de genes relacionados com a proliferagao de
c¢lulas musculares lisas pode ser uma nova alternativa para diagndstico e tratamento
da reestenose. Assim, poderiamos obter um agente direto e especifico no bloqueio da
hiperplasia neointimal, que permitisse a proliferacdo fisiologica e controlada do
endotélio intra-stent € aumentasse a probabilidade de sucesso nos procedimentos de

intervengdo coronaria percutanea.
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2. REVISAO DE LITERATURA

2.1 ATEROSCLEROSE

Doengas cronicas nao transmissiveis (DCNT), como a cardiopatia isquémica, o
acidente vascular cerebral, as doencgas pulmonares obstrutivas (DPOC) sdao as maiores
causas de invalidez e morte na atualidade, fato que promove um impacto social e
econdmico em diferentes paises (16). A estimativa, apresentada pela Organizagdo
Mundial de Saude (OMS), ¢ de que, entre os anos de 2000 a 2012, ocorreram
aproximadamente 17,5 milhdes de Obitos relacionados a doenga arterial coronariana
(DAC) e ao acidente vascular cerebral (AVC), representando, assim, 31% das causas de
morte no mundo (17). No Brasil, podem ser observados que os maiores indices de
obesidade tém ocorréncia coincidente com as regides de maior desenvolvimento
econdmico do pais, como Sdo Paulo (41%), Rio de Janeiro (46%) e Porto Alegre (43%)
que apresentam esses valores quanto ao percentual de excesso de peso (18, 19). Dessa
forma, alteracdes metabolicas geradas pelo potencial inflamatério da obesidade associa-
se a fatores de risco como, dislipidemias, hipertensdo, diabetes, sedentarismo, tabagismo,
alcoolismo, para promover o desenvolvimento de aterosclerose e doengas
cardiovasculares (20).

A aterosclerose, caracterizada como uma doenca inflamatéria cronica promove o
desenvolvimento de desfechos severos como infarto cerebral e do miocardio (21, 22),
apresentando como principais fatores de risco para a formacao desse quadro a obesidade,
a hipertensao, a diabetes e a inatividade fisica. (1, 23). Estudos revelam que a obesidade
representa um estado cronico, de inflamag¢do e nutrigdo excessiva associado com a
infiltracdo do tecido adiposo por células inflamatérias. Assim, células imunologicas,
como macréfagos do tecido adiposo, devem contribuir significativamente para a
inflamacao na obesidade e também com relacdao a ocorréncia do processo de resisténcia
ainsulina (4, 24, 25). Processos de inflamacao cronica e casos de desregulagdo metabolica
que estdo associados a doencas como diabetes, doencas cardiovasculares levam a
permanente sinalizacdo de vias que respondem a esse estresse patoldgico nos diferentes
tecidos que constituem a parede vascular (26, 27).

O endotélio vascular exerce um importante papel na regulacdo do tonus vascular
e na manutencdo da homeostasia cardiovascular (28). O desenvolvimento da Doenga

Arterial Coronariana (DAC) e a evolugdo da ateroesclerose estdo relacionados com o
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processo de disfungao endotelial, gerada pelo aumento da producao de espécies reativas
de oxigénio e ativacdo do NFkB (Nuclear Factor kappa B), levando a um estado de
estresse oxidativo celular e reducao da biodisponibilidade de 6xido nitrico para endotélio
(3, 29). Associado ao quadro de formacao do ateroma existe uma resposta inflamatoria
cronica promovida por células imunoldgicas, como monocitos e linfocitos (28, 30).

Os monocitos/macrofagos sao células de destaque no sistema imunologico, pois
participam da resposta inata, realizando fagocitose e liberando espécies reativas de
oxigénio em uma a¢do microbicida (31, 32). Um importante marcador da fun¢do imune
dos macrofagos ¢ a producdo de 6xido nitrico (NO), que ¢ dependente da expressao da
enzima 6xido nitrico sintase indutivel (iNOS) via ativacdo do NF-kB em resposta a
variacoes do estado redox e estimulacao por citocinas como IFN- y (Interferon gamma),
TNF - o ( Tumor Necrosis Factor alfa), IL - 1B ( Interleucina 1 beta) (33, 34). Essas
citocinas induzem, nas cé¢lulas endoteliais, 0 aumento da expressdo de receptores para
moléculas de adesdo da matriz extracelular, como ICAM-1 (Intracellular Cell Adesion
Molecule-1) e VCAM-1 (Vascular Cell Adesion Molecule-1) (35), que promovem a
fixagdo e rolamento de células imunoldgicas na superficie endotelial . Os mondcitos sdo
células aderentes ao endotélio, que podem penetrar na camada intima, diferenciam-se em
macréfagos capazes de expressar receptores scavenger, como CD36 (cluster of
differenciation 36), que permitem intensa fagocitose de particulas de LDL, tornando-se,
assim, uma foam cell (36). Os macrofagos sao células capazes de acumular colesterol e
ésteres de colesterol em um ciclo de hidrélise e reesterificacdo para uso metabolico e de
sintese de membrana. No entanto, a foam cell fagocita LDL, provocando sua oxidagado e
consequentemente ampliando a lesdo inflamatoria tecidual (4, 37).

As particulas de LDL circulantes sdo permeéveis ao endotélio, acumulando-se,
assim, na tinica intima onde podem ser oxidadas por radicais livres. Esse processo gera
a formagao de particulas de LDL oxidadas (LDL ox), moléculas com estrutura quimica
diferente da LDL nativa, que sdo responsaveis pela expressao de moléculas de adesao na
superficie endotelial. No interior da parede vascular, os macréfagos ndo reconhecem as
particulas de LDL ox como proprias do organismo e as fagocita, iniciando o processo de
formacdo de um tipo celular com perfil altamente inflamatorio, a foam cell. Esta é capaz
de produzir mediadores inflamatorios que promovem o recrutamento de células
inflamatorias para o local, a maior expressdo de moléculas de adesdo endoteliais e

disfuncdo de células musculares lisas (Figura 1) (38).
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Artenal lumen
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Figura 1. Efeitos das particulas de LDL na parede vascular (Rocha & Libby, 2009)

Em um quadro de formacao da placa ateroesclerdtica existe uma associagao entre
células endoteliais, musculares lisas e macréfagos ativados, com uma intensa fagocitose
e oxidacao de lipoproteinas de baixa densidade, com recrutamento de células imunes e
producdo de citocinas que levam a um processo inflamatorio cronico.(30, 32)

Citocinas como o TNF- a a IL-6 sdo componentes pro-inflamatorios produzidos
pelos macréfagos que se apresentam envolvidos no desenvolvimento de doencas
vasculares. O estresse mecanico pode iniciar uma cascata de sinaliza¢do levando as
células endoteliais a um ciclo de estresse. O endotélio quando tratado com inibidores do
NFxB, resulta em uma inibicao da IL-6 em 50%, sugerindo que a modulacdo deste evento
contribui para a patogénese da aterosclerose (39-42). O TNF-a ¢ um agente de fase aguda
da inflamac¢ao que também contribui para o mecanismo de resisténcia a insulina por inibir
a atividade do receptor de tirosina quinase e por produzir uma diminui¢cdo da regulagao
de genes do transportador de glicose (GLUT) (43). Assim, doencas como dislipidemias,
aterosclerose e diabetes estdo relacionadas com ao desenvolvimento de um processo
inflamatério crénico, com intensa produgdo de citocinas pré- inflamatorias.

A aterosclerose ¢ uma doenga inflamatoria cronica da parede arterial, iniciada
normalmente por uma lesdo vascular que gera perda da integridade endotelial e danos

oxidativos, principalmente em grandes bifurcagdes arteriais como aorta, cardtidas e
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coronarias (44). Essas lesdes caracterizam-se por espessamentos assimétricos focais da
tunica intima, a camada mais interna do vaso, e s3o mantidas pela interacdo entre as LDL
oxidadas plaquetas, macrofagos ativados como células espumosas (“foam cells”),
linfécitos T ativados e constituintes celulares normais da parede arterial (45).

A progressao da placa de aterosclerose ocorre a partir de uma série de alteragdes
vasculares que incluem perturbagdo do fluxo sanguineo, aumento da permeabilidade
vascular, recrutamento de células imunologicas e producdo de mediadores inflamatorios,
proliferagdo de células musculares lisas e acaimulo de colesterol. (46). O espessamento
continuo da placa aterosclerdtica promove a reducao gradativa do didmetro do vaso e
consequente obstrucdo do fluxo sanguineo, em um processo denominado isquemia. A
reducdo do fluxo sanguineo promove uma diminuicao da disponibilidade de oxigénio e
nutrientes, redu¢ao da fosforilacdo oxidativa e da producao de ATP, fato que leva a
faléncia do metabolismo energético com lesdo irreversivel celular. (5).

Conforme a Figura 2, no processo de desenvolvimento da aterotrombose, os
macrofagos foam cells e linfocitos, ambos com polarizacdo inflamatoria, apresentam um
papel central no desenvolvimento da placa aterosclerdtica e do core necrotico (NC). O
estresse de cisalhamento, com consequente ruptura da placa, desencadeia um processo
que envolve a ativagdo plaquetdria e expressdo de moléculas de adesdo endoteliais,
resultando na formagdo de trombos potencialmente oclusivos. A agregagdo plaquetdria
associada ao recrutamento de cé¢lulas inflamatorias, como mondcitos e neutrofilos, gera a
producdo de citocinas e mediadores inflamatorios, estabelecendo a quimiotaxia de mais
leucdcitos para o local. O quadro de cardiopatia isquémica, causado por obstru¢dao da
artéria corondria, contribui para o acimulo células inflamatérias, com posterior
substituicdo do tecido lesado por tecido fibroso, resultando em uma reducao da
capacidade funcional do miocardio. A disfun¢do cardiaca desenvolvida promove um
importante desequilibrio hemodinamico que frequentemente sobrecarrega outros 0rgaos,

como por exemplo, os rins, causando flha de funcionalidade no mesmo (47).
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Figura 2: Sindrome Coronariana Aguda
Legenda: E (endotélio), P (plaquetas), Ma (macrofagos), Mo (mondcitos), N (neutréfilos), NC (core
necrotico), MF (miofibroblastos) (Adaptado de Thomas et al., 2017).

2.2 DOENCA ARTERIAL CORONARIANA

A doenga arterial coronariana normalmente resulta da formacdo de uma placa
ateromatosa na superficie interna da parede de vasos que irrigam o coragado (48, 49). O
crescimento positivo dessa placa em direcao a luz do vaso estabelece-se gradualmente,
promovendo uma reducdo continua do aporte de oxigénio e nutrientes para o tecido
muscular cardiaco. Caso o fluxo sanguineo cesse inteiramente, ocorrera um infarto agudo
do miocardio, que pode significar uma grave lesdao tecidual com risco de
comprometimento da sobrevida do paciente (50, 51).

A doenca arterial coronariana pode apresentar diferentes manifestacdes nos
pacientes, desde silenciosa (assintomadtica), ao sintoma classico de dor no peito,
denominada angina pectoris (52). Essa consiste em um quadro de isquemia, porém sem
necrose, caracterizada por uma dor subesternal, cuja duracdo e a gravidade nao sao
suficientes para causar necrose no musculo cardiaco (53, 54).

A formagdo de placa ateromatosa vulneravel ou instavel, na regido intimal da
parede da artéria corondria, frequentemente estd relacionada ao desenvolvimento de uma

capa fibrosa mais fina, que favorece a ocorréncia de estresse de cisalhamento (shear
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stress) e consequente desnudamento do endotélio, proporcionando ativagao plaquetaria e
potencial formagdo de trombos (55, 56). Assim, estudos recentes destacam que uma
alimentagdo balanceada e atividade fisica regular contribuiriam para a estabilizagdo da
placa aterosclerotica, evidenciando um efeito redutor sobre o colesterol total, LDL e
triglicerideos, ¢ o aumento do HDL-c, desenvolvendo, assim, uma capa fibrosa mais
espessa que protege o vaso da ruptura (57-59).

Uma placa ateromatosa vulneravel caracteriza-se um core lipidico superior a 40%
do volume da mesma e um elevado acimulo de células inflamatorias, como macrofagos,
mastdcitos e linfocitos T (60, 61). Essa formagao na tinica intima apresenta uma camada
reduzida de células musculares lisas vasculares, no entanto o estresse de cisalhamento
nesse quadro favorece a redu¢do da biodisponibilidade de NO e a indu¢ao de hiperplasia
neointimal que pode favorecer o desenvolvimento de reestenose. O aumento do estresse
de cisalhamento induz a formacao de uma placa aterosclerdtica vulneravel através da
geracdo de novos vasos sanguineos na tlnica intima. Esse quadro se desenvolve pelo
aumento da expressdo do fator de crescimento endotelial vascular (VEGF) e do 6xido
nitrico endotelial (NO), que estimulam a proliferacdo de células endoteliais, porém
induzem apoptose nas células musculares lisas vasculares, resultando em uma parede
vascular mais fina e repleta de novos microvasos (Figura 3) (56). A ruptura da placa é,
normalmente, a principal causa de eventos coronarianos agudos, sendo que as placas
vulnerdveis apresentam o maior risco de ruptura, seguidas de trombose e rapida

progressao da estenose (62).
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Figura 3. Formagdo de uma placa aterosclerdtica vulneravel
Legenda: VEGF (fator de crescimento endotelial vascular); NO (6xido nitrico); SMC (células

musculares lisas); RBC (globulos vermelhos); EC (células endoteliais) (Wang, 2016).

Numerosas estratégias vém sendo desenvolvidas para controle dos sintomas e
restabelecimento do fluxo sanguineo pos- isquemia como, por exemplo, a intervencao
coronariana percutanea (ICP), um método menos invasivo no qual sdo utilizados baldes
ou mesmo o implante de malhas metélicas (stents) (63-65). A ICP ¢ um procedimento
estabelecido para o tratamento de pacientes com angina pectoris, apresentando um
significativo indice de sucesso no restabelecimento da homeostase vascular (6).

Os dispositivos desenvolvidos para tratamento da doenga arterial coronariana
como os stents do tipo metalico (bare metal) foram os primeiros a ser utilizados. Embora
tenham apresentado inicialmente sucesso nos pacientes com DAC, ao longo dos anos
demonstraram o desenvolvimento de complicacdes como efeito desse tratamento, pois
aproximadamente 30% dos pacientes apresentam um quadro de obstru¢do luminal pos-
introducao do stent, denominado reestenose (7, 10, 66, 67). A presenga de fatores de risco
como idade avancada, hipertensdo, diabetes mellitus, tabagismo, proteina C reativa
elevada, lesoes calcificadas e difusas, parecem contribuir para a ocorréncia de um novo
quadro de isquemia pos-revascularizacdo. O aprimoramento continuo no

desenvolvimento de novas técnicas intervencionistas, assim como, o desenvolvimento de
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diversos dispositivos, com uma extensa variedade de materiais e firmacos associados, a
reestenose intra stent ainda ocorre em 10 a 20% dos implantes de stents farmacologicos

(drug eluting stents, DES) (68-71).

2.3 BASES MOLECULARES DA HIPERPLASIA NEOINTIMAL
A reestenose ¢ uma reagdo vascular a introdu¢do de um stent no local de

desenvolvimento de uma placa ateromatosa que estaria obstruindo o fluxo sanguineo e
gerando um processo isquémico (9). Apos a ICP, normalmente nos primeiros seis meses,
inicia um processo de proliferagdo de células musculares lisas criando um novo tecido
adjacente a tunica intima do vaso, clinicamente denominada hiperplasia neointimal (10).

As células musculares lisas vasculares sdo responsaveis pela manutencao da
estrutura e tonus da parede vascular, mantendo a homeostasia de pressdo vascular e
perfusdo tecidual (72). Essas células apresentam-se com dois fenotipos distintos, o
primeiro, ativo predominantemente durante a fase de desenvolvimento embriondrio, ¢
representado por células musculares lisas vasculares com alto potencial proliferativo,
caracterizadas como indiferenciadas (73); o segundo, que constitui a parede vascular
funcional pds-nascimento, apresenta células musculares lisas em fase final de
diferenciagdo, ou seja, células consideradas quiescentes. Nestas proteinas estruturais e
funcionais de células musculares lisas, como, a- actina de musculo liso (smooth muscle
actin — a, SMaA), miosina de cadeia pesada de musculo liso (smooth muscle myosin
heavy chain, SMMHC), calponina e SM22a (smooth muscle protein o) apresentam uma
menor expressdo génica, reduzindo-se, consequentemente, a capacidade proliferativa das
mesmas. Nesse mecanismo sugere-se a participacdo de micro RNAs como miR-221,
miR-145/143 e miocardina que aumentariam a expressao desses genes de musculatura
lisa vascular (74-76).

As células musculares lisas maduras (quiescentes) apresentam-se sensiveis as
mudancas no ambiente intravascular, um fendmeno denominado de troca da modulagao
fenotipica. Esse quadro pode permitir uma alteracao das propriedades morfologicas e
funcionais dessas células, ativando um processo divisional semelhante ao das células
musculares lisas embriondrias (77, 78). A possivel plasticidade desenvolvida pelas células
quiescentes pode ser resultante de um estado de estresse oxidativo e inflamagao cronicos
promovidos pela placa ateromatosa, com liberagao de mediadores inflamatorios e fatores
de crescimento que podem induzir a migracdo, proliferacdo e acumulo de células

musculares lisas maduras na area neointimal (79).
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O tecido endotelial vascular exerce um importante papel na regulagao do tonus
vascular e na manutencdo da homeostasia cardiovascular (28). A célula endotelial
também ¢ fundamental no controle da trombolise, remodelacdo vascular e na resposta
inflamatoéria pela ativacao do sistema imunologico (80).

A liberacdo do NO, pelas células endoteliais, se d4 pela entrada de calcio no
espago intracelular, causando a abertura de canais de célcio ndo seletivos, que sdo
ativados principalmente por mediadores quimicos como a acetilcolina, bradicinina e
insulina, que causam a ligagao da calmodulina & 6xido nitrico sintase endotelial (eNOS),
promovendo a quebra da ligagdo da enzima com uma proteina inibitoria chamada
caveolina. Dessa forma, a eNOS torna-se avida por produzir NO a partir do aminoacido
L-arginina (81). Além do NO, intimeros fatores hiperpolarizantes derivados do endotélio
(EDHFs), além da abertura de jungdes comunicantes, podem causar a hiperpolarizacdao
das células musculares lisas adjacentes (82). A hiperpolarizagdao da célula muscular lisa
vascular, seja por acdo do NO ou por outro EDHF, ativa a guanilil ciclase soltivel (SoGC),
aumentando a formacao de guanosina monofosfato ciclico (GMPc), a partir de guanosina
monofosfato (GMP), resultando em redugao das concentragdes de célcio citoplasmatico
e consequente relaxamento da célula muscular lisa (83-85).

E importante ressaltar que a disfungo endotelial, particularmente a diminuicio da
capacidade vasodilatadora, tem sido relacionada a patogénese da doenga vascular
aterosclerotica e eventos cardiovasculares agudos (56, 86, 87). A vasodilatagao
dependente do endotélio ndo estd prejudicada somente em casos clinicamente
diagnosticaveis de angiopatias, mas também em situacdes de fatores de risco vasculares
convencionais (88), a reducdo da vasodilatacio dependente do endotélio ¢ uma
caracteristica comum de diversos fatores de risco da aterosclerose, incluindo diabetes

(89), hipertensao (90), dislipidemia (86) e envelhecimento (91).
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A Akt (Proteina quinase B) ¢ uma proteina envolvida diretamente com o controle
do ciclo celular através de vias de proliferagdo, apoptose e migragao celular, regulando a
ativacdo ou inibicao de fatores como NFkB, Caspase - 9 e mTOR. A via da Akt ¢ ativada
pela PI3K (Phosphatidylinositide 3-kinase), perfazendo uma via importante de
sobrevivéncia celular denominada PI3K/Akt/ mTOR, sendo assim, responsavel pelo
estimulo proliferativo para as células musculares lisas na reestenose. A Akt além de
regular a mTOR e p70 quinase, tem acdo direta sobre as CDKs inibitorias p21 e p27 e
indireta sobre a ciclina D1 e o p53 (92-94).

Os mecanismos moleculares envolvidos na proliferacdo de células musculares
lisas sdo alvos importantes na busca por estratégias terap€uticas antiproliferativas. Assim,
trés vias inter-relacionadas poderiam induzir fatores de transcrigdo nucleares para
estimulacdo da proliferagdo dessas células. A primeira seria através da ligacdo de fatores
de crescimento aos receptores de tirosina quinase (TK), gerando uma sequéncia de
fosforilagdes envolvendo a cascada RAS/RAF (serine/threonine-specific protein kinases,
MAPKK (mitogen-activated protein kinase kinase kinase) e MAPK (mitogen-activated
protein kinase kinase). A segunda via iniciaria pela ativagao hormonal que resultaria no
aumento do AMP (monofosfato de adenosina) intracelular e ativagdo da proteina quinase
A (PKA). Na terceira via ocorre a ativagdo da proteina quinase C (PKC) que estimula a
mTOR (Mamallian target of rapamycin), importante proteina na ativagao de genes

envolvidos no processo de duplicagdo de DNA e divisao celular (Figura 4) (95).

Transcription
FaCtori

. Gene Activity

Figura 4. Mecanismos moleculares na proliferagao de células musculares lisas (Curcio, 2011).
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2.4 STENTS COM TERAPIA FARMACOLOGICA
Diante dessa limitacdo promovida pela reestenose intra-stent, surgiram

dispositivos farmacologicos com propriedades antiproliferativas (11), como a rapamicina
e o paclitaxel, de acdo direta sobre a progressao do ciclo celular, que impediriam a
proliferagdao desordenada das células constituintes do vaso. Essa classe de stents, embora
apresente um custo monetario mais elevado, demonstrou beneficios em longo prazo com
uma potencial reducdo de complicacdes relacionadas a ICP, principalmente em pacientes
com alto risco de morte devido a reintervencao (66, 96). Stents farmacoldgicos com
liberacdo de sirolimus, paclitaxel, dexametasona e zotarolimus demonstraram efetiva
reducdo nos eventos cardiovasculares como repetidas revascularizagdes, infarto agudo do
miocardio, trombose ¢ dbito (65, 97-100).

O desenvolvimento de hiperplasia neointimal, com consequente geracdo de um
quadro de reestenose intra-stent, permitiu o surgimento dispositivos farmacoldgicos com
propriedades antiproliferativas (11), como a rapamicina e o paclitaxel. Estes farmacos
apresentam acdo direta sobre a progressdo do ciclo celular, impedindo, assim, a
proliferacdo desordenada das células constituintes do vaso. Na interfase, momento do
ciclo celular no qual ndo hd mitose, a célula apresenta trés fases distintas G1, S e G2, cuja
mudanca de atividade ocorre devido a proteinas denominadas ciclinas quinases
dependentes (Cdks, cyclin-dependent kinases). Essas proteinas regulam as transi¢cdes
necessarias nos diferentes estdgios do ciclo celular, principalmente em dois pontos
considerados irreversiveis, a fase S, na qual ha duplicacdo do DNA, e a fase M, na qual
ocorre a divisdo citoplasmatica em duas células filhas (101, 102).

A rapamicina, principio ativo do farmaco sirolimus, possui uma capacidade
potencial de prevenir a reestenose (7) por ligar-se ao receptor intracelular FK506 binding-
protein e consequentemente inibir a via mTOR (103). A rota da mTOR bloqueia a
interfase celular, impedindo a progressao do ciclo de G1 para S, assim, sem a sintese de
DNA a célula ndo se torna apta a realizar mitose (95, 104).

O paclitaxel ¢ um antiproliferativo que age através de um mecanismo diferente da
rapamicina, porém também gera o bloqueio do ciclo celular, impedindo que a célula passe
da fase G2 da interfase para o inicio da mitose (105). Esse farmaco tem agdo sobre a
formagao dos microtibulos, que sdo elementos fundamentais para a formagao do fuso
mitotico e orienta¢do dos cromossomos durante o processo de divisdo celular (67).

O ciclo celular possui dois pontos criticos de checagem, denominados

checkpoints, nos quais existe uma decisdo celular sobre a viabilidade da progressao do
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ciclo, o primeiro, na transi¢ao da fase de G1 para S e, o segundo, na transi¢ao da fase G2
para M (106). Os pontos citados sdo considerados de maior vulnerabilidade para a
continuidade do ciclo celular, pois caso a célula apresente mutagdes, translocacdes ou
delecdes génicas existe um mecanismo apoptdtico que impede a progressao divisional de
uma cé€lula funcionalmente alterada (107). A apoptose, morte celular programada,
normalmente ocorre através de uma via intrinseca de liberacdo do citocromo ¢, um
componente presente nas cristas mitocondriais, que ¢ liberado para o citosol e promove a
ativacdo da cascata das caspases (108). Esta induz a fragmentacao nuclear e exposi¢ao na
membrana plasmatica de fatores de reconhecimento para fagocitos, consequentemente
gerando um corpo apoptotico passivel de endocitose pelas células imunologicas.

O uso de farmacos antiproliferativos na confeccdo de stents farmacologicos
apresenta-se como uma alternativa terapéutica consagrada na pratica médica, no entanto
esses procedimentos apresentaram ao longo do tempo algumas limita¢des, como falha na
endotelizacdo do stent € aumento do tempo de uso de antiagregantes plaquetarios (12).

O desenvolvimento de novos dispositivos farmacoldgicos permitiu uma
importante reducdo nos casos de reestenose. Stents eluidos com glicocorticoides
(dexamethasone —eluting vascular stents) apresentam uma ac¢do anti-inflamatoria e
antiproliferativa nas células musculares lisas vasculares. Stents de segunda geragdo,
como, por exemplo, XIENCE V (everolimus-eluting stent) , apresentaram, em modelos
animais e ensaios clinicos em humanos, uma reducdo na hiperplasia neointimal, do
quadro inflamatério e da formacdao de granulomas, quando comparados a stents de
primeira gera¢dao, como o TAXUS (paclitaxel-eluting stents) e o CYPHER (sirolimus-
eluting stents) (65, 100, 109, 110).

O uso de farmacos antiproliferativos na confec¢ao de stents farmacoldgicos
apresenta-se como uma alternativa terapéutica consagrada na pratica médica, no entanto
esses procedimentos apresentaram ao longo do tempo algumas limitagdes, como falha na

endotelizacdo do stent e aumento do tempo de uso de antiagregantes plaquetarios (12).

2.5 TERAPIA GENICA

A implantagdo de stemts farmacoldgicos, principalmente com antiproliferativos,
reduziu significativamente a ocorréncia hiperplasia neointimal em pacientes com risco de
desenvolvimento de reestenose. No entanto, os efeitos antiproliferativos desses farmacos

apresentam agdo concomitante sobre as células endoteliais, resultando em retardo do
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restabelecimento do endotelial. Dessa forma, protocolos inovadores baseados em alvos
génicos como inibi¢do da expressdo de genes, reparo com células tronco, ou mesmo a
entrega local de genes podem representar importantes técnicas no tratamento da
reestenose (111, 112).

O endotélio apresenta um papel importante na produgdo de NO, uma molécula
responsavel por diferentes fungdes como inibigdo da adesdo e agregacdo plaquetaria,
inibi¢do da quimiotaxia de leucocitos, inibigdo da proliferacdo de células musculares
lisas, vasodilatacdo e re-endotelizagdo. Por apresentar-se fundamental para o
restabelecimento vascular, dispositivos de liberacao de NO se tornaram alvos terapéuticos
para aplicacdo clinica em paciente com reestenose. Devido ao curto tempo de meia vida
do NO in vivo (2 a 5 segundos), a alternativa para entrega deste poderia ser através da
terapia gé€nica (113, 114). Brito et. al. (2010) testaram a eficacia de um dispositivo nao
viral para administracao do gene da eNOS (oxido nitrico sintase endotelial) para recobrir
stents em modelo de reestenose na artéria iliaca de coelhos. Apos 14 dias do implante os
animais que haviam recebido o vetor ndo viral apresentaram redug@o da proliferacao das
células musculares lisas ¢ a promog¢ao da re-endotelizacdo quando comparados aos
animais controle (115).

Em modelos suinos (mini pig) houve a implantagdo de stents recobertos com VEGF
e paclitaxel. Conforme demonstrado na figura 5, o stent metéalico (bare metal) foi pré -
tratado para gerar nanoporos, pois estes favoreceriam a estabilidade da superficie do
dispositivo ao recobri-lo com plasmideo, contendo o gene VEGF, e com paclitaxel. O
modelo demonstrou uma re-endotelizagdo completa e uma significativa supressdo de
reestenose intra stent, quando comparado ao DES, no periodo de um més ap6s o implante.
Dessa forma, a liberagao de VEGF promoveria a recuperacao do endotélio e o paclitaxel

bloquearia a proliferacao das células musculares lisas vasculares (116).
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Figura 5. Diagrama esquematico do stent recoberto com VEGF e Paclitaxel (Wang, 2016).

O papel do VEGF foi testado com o uso da rapamicina, que tem como alvo a via
da mTOR, resultando na supressdo do crescimento de células do endotélio vascular.
Nesse processo, a mTOR bloqueia a AP-1 (activator protein-1), uma proteina que ativa
a transcri¢ao de VEGF, consequentemente, inibindo a expressao de VEGF que poderia
permitir a reconstituicdo do endotélio. A terapia com rapamicina, combinada com uso de
silenciadores génicos para AP-1, elucidou que o uso desse farmaco promove uma redugao
da proliferacdo de células musculares lisas, com menor expressao da mTOR e maior
expressao de VEGF, permitindo o restabelecimento das células endoteliais da aorta de

ratos (117).
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Li e colaboradores (2016) sugeriram que o receptor de secretagogo do hormonio
do crescimento (GHSR) poderia ser um regulador importante no processo de
desenvolvimento de hiperplasia intimal, quando em resposta ao dano vascular causado
pelo implante stent. Assim, em modelo de camundongos, o estudo demonstrou que a
deficiéncia de GHSR atenua a formacao de neointima, reduzindo a progressao do quadro
de reestenose apos injuria vascular. Acredita-se, entdo, que o efeito inibitorio sobre
GHSR, bloquearia a proliferagdo de células musculares lisas através da supressdo da
cascata de fosforilagao da Akt e da ERK1/2. Essas vias apresentam um importante papel
regulatério para ativacdo da mTOR, sendo essa o alvo terapéutico da rapamicina (118).
Nanoparticulas com silenciadores génicos para Aktl estdo sendo testadas como alvos
terapéuticos nos modelos de reestenose em coelhos com implante de stent na artéria iliaca,
resultando na supressao da ag¢ao pro-proliferativa da Aktl em células musculares lisas
vasculares, impedindo a reestenose intra stent. Esse estudo sugere que esse tipo de
dispositivo poderia ser um eficiente substituto dos sfents farmacologicos por nao
apresentar os efeitos adversos observados nos mesmos (92).

A modulagdo fenotipica das células musculares lisas, promovendo o estimulo a
proliferagdo celular apresenta diversos estudos que confirmam a via Akt 1 e mTOR como
principais envolvidas na ativagdo de fatores de transcricdo que induziriam o processo de
hiperplasia (8, 92, 117, 118). No entanto, Cidad e colaboradores (2014) verificaram, que
a expressao de Kv1.3 e Kv1.5, canais de potassio voltagem dependente responsaveis pela
contragdo e proliferagdo de células musculares lisas, apresentaria uma via tardia de
ativacao modulada por fatores de crescimento. Esse estudo sugere, portanto, a existéncia
de outras vias responsdveis pelo desenvolvimento da hiperplasia neointimal,
independentes da mTOR, gerando um quadro de resisténcia ao efeito antiproliferativo da
rapamicina (119).

A terapia génica como tratamento da reestenose apresenta-se como uma nova
alternativa, no entanto, a maioria dos estudos esta em fase pré-clinica, pois precisam
elucidar questdes importantes como a selecao do vetor para entrega do gene, que possa
garantir uma transfec¢ao eficiente para as células alvo. De acordo com a Tabela 1, pode-
se verificar principalmente o adenovirus como principal tipo de vetor, pois, apesar de
vetores ndo virais serem mais seguros em termos de risco biologico, estes ndo apresentam
uma transfec¢do tdo eficiente quanto os virais, resultando em um efeito terapéutico a
curto prazo por induzir uma importante degradacao celular (14). Alguns estudos clinicos

em humanos como o REGENT I (120) e a terapia génica com VEGF (121), com entrega
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de genes como iNOS (6xido nitrico sintase indutivel) e VEGFA respectivamente,
apresentam resultados bastante promissores, no entanto, ainda ndo sdo capazes de
esclarecer se ha uma redugdo relevante na ocorréncia de eventos cardiovasculares mais

graves .

Tabela 1. Estudos pré-clinicos recentes baseados em terapia génica para reestenose

Vetor Gene/SiRNA Funcio ]‘,hd?l? Ref
preé- clinico
Controle de canais de Modelo de artéria
; SERCA2a célcio, vias de sinalizagdo mamaria esquerda (122)
Adenovirus ;
de células musculares lisas humana (ex- vivo)
Adenovirus NF-Y Fator de transcrigao Artéria femoral (ratos) (123)
Peptideo . .
. Inibidor d to d . .
Adenovirus natriurético n1’1 or o Cresc1men.o © Artéria carotida (ratos) (124)
. células musculares lisas
atrial
: EPCl1 Regulador da
Pl deo/ . ; . .
. asmi e(f diferenciagd@o de células Artéria carotida (ratos) (125)
Lipofectamina .
musculares lisas
Adenovirus p53 Gene suppressor tumoral Artéria carotida (ratos) (126)
E Tt tol
Adenovirus TIMP-3 Inibidor de MMP FIXETTo alologo (127)

(suinos)

Legenda: SERCA2a (sarco/endoplasmatic reticulum Ca *>* ATPase); NF-Y (nuclear factor Y); EPC1
(Enhancer Polycomb 1); TIMP-3 (tissue inhibitor of metalloproteinases-3.); MMP (matrix
metalloproteinases)

Fonte: Adaptado de Forte e colaboradores (2014).

Mesmo com diferentes técnicas e dispositivos sendo criados, a efetividade
encontrada em modelos animais (ratos, camundongos, porcos, coelhos) nao se reproduz
em ensaios clinicos. Nos modelos pré-clinicos, utiliza-se um cateter baldo que induz um
espessamento neointimal, mas obtém-se como resultado minima inflamag¢ao e formagao
de trombos. Os modelos suinos sdo considerados os mais confiaveis para estudo da
reestenose, especialmente para avaliagdo de DES (128-130). Contudo, existe outra
limitagdo importante, os testes sdo realizados em um intervalo de curta duracdo (28 dias
em porcos, 14 dias em ratos), resultando na impossibilidade da avaliagdo das técnicas e

dispositivos a longo prazo, apenas realizando a extrapolacao para humanos (131).
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Os estudos com terapia gé€nica apresentaram inumeras vantagens em modelos
animais, no entanto, os beneficios ainda ndo foram efetivamente comprovados em
humanos. Existem muitos fatores a serem determinados para uma maior eficiéncia dessa
pratica terap€utica, principalmente na escolha da aplicagdo de stents, tipos de carreadores

génicos, duragdo do efeito e o método de entrega do gene a parede vascular.
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3. JUSTIFICATIVA E OBJETIVOS

A intervencdo coronariana percutanea € o tratamento recomendado para pacientes
com cardiopatia isquémica e aterosclerose, no entanto, esse procedimento pode resultar em
uma complicacdo, a reestenose. No desenvolvimento desse quadro, estdo envolvidas
células inflamatorias, citocinas, formagao de trombos, fatores de crescimento e mudangas
fenotipicas nas células musculares lisas. O resultado desse processo ¢ a proliferacdo e
migracao de células musculares lisas, deposicao de peptideoglicano e matriz extracelular,
levando a uma hiperplasia neointimal e remodelamento vascular (14, 110, 112).

O desenvolvimento de reestenose vascular ocorre em aproximadamente 30 a 50%
dos pacientes que realizam procedimentos de revascularizacdo. Assim, representa um
importante fator limitante para o sucesso do implante de stent, apresentam-se necessaria a
criacdo de dispositivos inovadores € novas terapias a serem administradas aos pacientes.
Os tratamentos atuais, que visam o implante 6timo do dispositivo, podem ser por imagem
como IVUS (ultrassom intravascular) e OCT (tomografia de coeréncia 6tima), ou stents
biodegradaveis, com polimeros bioabsorviveis, com novos farmacos antiproliferativos,
com terapia génica (100, 103, 110).

Nesse estudo visamos investigar se a placa aterosclerotica dos pacientes que
desenvolveram reestenose intra-stent apresenta genes preditores que estimulam a
hiperplasia neointimal. Assim, ap0s a identifica¢do de genes chave constituintes das placas
ateromatosas, verificamos se a inibicdo seletiva destes, in vitro, poderia apresentar-se
como um agente direto e especifico no bloqueio da proliferacdo e migracao das células
musculares lisas, mas que concomitantemente permitiria a proliferacdo fisiologica e
controlada do endotélio. O controle do crescimento das células musculares lisas e a
preservacao do endotélio poderiam, portanto, aumentar a probabilidade de sucesso nos
procedimentos de intervengdo coronaria percutdnea, sendo uma nova alternativa para
diagnostico e tratamento da reestenose.

Dessa forma, o objetivo geral desse estudo foi investigar o perfil genético de placas
ateromatosas de pacientes que desenvolveram reestenose poOs-implante de stent,
verificando, posteriormente, se o silenciamento de genes especificos para estrutura e
funcdo das células musculares lisas vasculares poderia bloquear o processo proliferativo

destas sem prejudicar o restabelecimento das células endoteliais.
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ABSTRACT

In-stent restenosis (ISR) is a poorly understood phenomenon that remains a challenge
even in the drug eluting stent era. There is limited data about its genetic basis and
practically null evaluating the link between de novo lesions and ISR. This study sought
to identify overexpressed genes in human de novo coronary plaques in relation to ISR
that may work as novel therapeutic targets. Forty de novo coronary atheromatous plaques
were retrieved from patients with symptomatic obstructive coronary artery disease
through directional atherectomy prior to bare-metal stent implantation. RNA profiling
analysis of more than 22,000 genes was successfully performed in 28 of 40 samples using
the Affymetrix GeneChip microarray system. All patients underwent intravascular
ultrasound assessment at six-month follow-up for stent volumetric analysis. The
correlation between gene expression of de novo coronary atheromatous plaque and in-
stent neointimal volume was evaluated. Several overexpressed genes related to oxidative
stress and inflammation (MAOA, » = 0.83, p = 0.000; MFAP4, » = 0.77, p = 0.0001;
AOC3, r=0,65, p=0.0018), cell proliferation (FLNA A, r=0.76, p=0.0001; AVEN, r
=0,63, p=0.0031; MAP4, » = 0,60, p = 0.0049), and structure and function of smooth
muscle cell (CNNI1, » = 0,78, p = 0.000; MYH11, » = 0,67, p = 0.0012) were identified
having correlation with in-stent neointimal volume. De novo coronary lesions present
several overexpressed genes associated to future in-stent neointimal proliferation

emerging as novel therapeutic targets.

Keywords: gene expression, stent, restenosis, intravascular ultrasound, directional

atherectomy

1. INTRODUCTION

Devices developed for coronary artery disease (CAD) treatment, as bare metal
stents (BMS), were the first to be used and, although initially well succeeded in patients
with CAD, they were shown to be primarily responsible for serious complications over
the years. The main adverse effect of this treatment is the luminal obstruction after stent
implant. This process is called restenosis and it is presented in about 30% [1-4]. Risk
factors as advanced age, hypertension, diabetes, tabagism, high C reactive protein levels,

calcified lesions, seem to contribute to the occurrence of a new post-revascularization
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ischemia event. Even the continuous improvement in the development of new
interventional techniques, as well as the development of several devices with an extensive
variety of materials and associated drugs, intra stent restenosis still occurs in 10 to 20%
of patients (drug eluting stents, DES) [5-9].

Restenosis is one of the main complications after percutaneous coronary
intervention (PCI). It is characterized by smooth muscle cell proliferation and migration
to vascular intimal region. [2, 10, 11]. This condition is developed as result of the injury
generated by angioplasty procedure, which induces a cascade of events such as
endothelial denudation, release of growth factors and inflammatory mediators, which can
modulate the vascular smooth muscle cell phenotype, thus stimulating neointimal
hyperplasia [12-16].

Initially, inflammatory response plays a key role in the restenosis process. A
wealth of cell molecular adhesion, inflammatory cytokines, and many others mediate a
wide range of immune and inflammatory responses and have been found to be involved
in the development of restenosis and atherosclerosis [17-20].

Neointimal proliferation stands as the main mechanism for coronary restenosis
after stent implantation. [14] Even after the introduction of drug-eluting stents (DES),
restenosis is not abated. [10, 21] In brief, neointimal proliferation constitutes a healing
process attributed to vessel trauma due to stent implantation, in which medial smooth
muscle cells migrate from the media to the intima, proliferate and produce abundant
extracellular matrix. [14, 22] Several angiographic and intravascular ultrasound (IVUS)
studies have indicated that baseline plaque characteristics are predictors of restenosis. [9,
23, 24] In contrast, studies designed to identify genetic predictors of restenosis only
evaluated neointimal tissue. [13, 25].

Here we aimed to verify genetic predictors of neointimal hyperplasia in
atherosclerotic plaque of patients who developed restenosis. This study sought to
establish a relationship between genetic expressions at human de novo plaques and the

degree of neointimal formation following bare-metal stent implantation.

2. METHODS
2.1 Study Population
Forty patients with symptomatic de novo coronary artery disease who underwent
coronary stenting with adjunctive directional atherectomy were included in the study.

Patients were excluded if they required treatment for: (a) saphenous vein lesions, (b) ostial
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right coronary artery lesions, (c) in-stent restenotic lesions, or (d) if they had a history of
cardiac transplant, dilated or restrictive cardiomyopathy. The study was conducted
following its approval by the ethics committee of Hospital de Clinicas de Porto Alegre
(n° 02374) and all patients gave written informed consent.
2.2 Procedure

IVUS was performed just before percutaneous coronary intervention to achieve
plaque and vessel data to help in the decision making of the stent size. Next, directional
atherectomy was performed with the Flexicut directional atherectomy device (Guidant
Corp., Temecula, USA) through an 8Fr guiding catheter as previously described. [25]
This atherectomy catheter has a 6Fr shaft and an urging balloon available in 3 different
diameters (2.5, 3.0, and 3.5 mm) that was inflated to low pressure (about 0.5 atm) to allow
proper apposition of the cutting window against the atheromatous plaque. Once it is
activated, the cutter rotates at a speed of 2,000 rpm and should be slowly advanced to the
distal end of the window to suck the excised material into the nosecone located at the
distal portion of the catheter. In 40 study patients, adequate number of samples was
retrieved. After atherectomy, all lesions received bare-metal stents according to standard
techniques followed by IVUS to confirm satisfactory stent expansion and apposition.
When necessary, stent post dilation followed by IVUS control was performed.

2.3 Quantitative Measurements

Quantitative coronary angiography and IVUS imaging were performed after bolus
infusion of intracoronary nitrates during the index procedure and at follow-up
assessments. IVUS images were acquired with a motorized pullback at a constant speed
of 0.5 mm/s. Quantitative angiographic analysis was performed by independent
investigators at Hospital de Clinicas de Porto Alegre (Porto Alegre, Brazil) and
volumetric IVUS analyses was performed by independent core laboratory at UH
Hospitals (Cleveland, USA). In-stent restenosis was defined as > 50% diameter stenosis
(DS) at follow-up within the stent. Minimal lumen diameter and percent DS were
measured for each segment. In-stent late lumen loss was calculated as postprocedural
minimal lumen diameter minus follow-up minimal lumen diameter. Intimal hyperplasia
volume (IH) was calculated as stent volume minus luminal volume. Percent intimal
hyperplasia (PIH) was defined as intimal hyperplasia volume divided by stent volume.
The PIH was chosen for the gene correlation because it is the most representative
parameter of neointima formation and allows equalizing the different diameters and

lengths of the stents analyzed.
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2.4 Genetic analysis and gene expression profiling

Atherectomy specimens were placed in RNA Stat 60, stored in liquid nitrogen and
sent to Millennium Pharmaceuticals (Cambridge, USA) for gene profiling analysis of
more than 22,000 genes. RNA was isolated from atherectomy lesion samples by
homogenization with a PowerGen model 125 homogenizer (Thermo Fisher Scientific,
Waltham, USA), followed by extraction with 0.2 volume chloroform, precipitation with
0.5 volume isopropanol, wash in 75% ethanol, and suspension in RNase-free water. RNA
concentration was measured by use of the NanoDrop spectrophotometer (Thermo Fisher
Scientific). RNA quality and purity were assessed with the use of the RNA 6000 pico or
nano assay (Agilent 2100 Bioanalyzer; Agilent Technologies, Santa Clara, USA).

Samples were labeled for gene expression profiling using the Affymetrix
GeneChip microarray system (Affymetrix, Santa Clara, USA). A standard T7-based
amplification protocol (Affymetrix) was used to convert RNA to biotinylated cRNA.
Fragmented, biotin-labeled cRNA was hybridized to Affymetrix GeneChip Human
Genome U133A arrays according to standard Affymetrix protocol. Operators, chip lots,
and scanners (GeneArray 3000, Affymetrix) were controlled throughout. Quality controls
of arrays that used GeneChip Operating Software included scaling factor and percentage
of genes present. Arrays with a scaling factor difference of less than 3 and more than 20%

genes present were analyzed further. (Figure 1).
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Figure 1. Genetic analysis and gene expression profiling
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2.5 Statistical analysis
Continuous variables are expressed as mean + SD. Pearson’s correlation was used
to evaluate the relationship between gene expression and the amount of neointimal
hyperplasia expressed as PIH, as well as the relationship between stent length and PIH,
and between stent diameter and PIH. A sample size of 29 atheromatous plaques was
calculated to be necessary for 4o (r) > 0.5, statistical power of 80%, and alpha error (p)
< 0.05 (two-tails), while a sample size of 19 atheromatous plaques was required for r >
0.6, statistical power of 80%, and p < 0.05 (two-tails). The T Student test was used to
evaluate the association between diabetes and PIH.
3. RESULTS
From 40 patients who underwent single bare-metal stenting with adjunctive
directional atherectomy, 28 had adequate tissue sampling for RNA analysis. Baseline and
procedural characteristics of these patients are summarized in table 1. Mean age was 60.2
+ 11.4 and diabetes proportion 35.7%. Mean IH and PIH at follow-up were 52.8 + 28.2
mm? and 29.9 + 18.7%, respectively (Table 2).
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Table 1. Baseline and Procedural Characteristics (n=28)

Age, year = SD

Men

Diabetes mellitus
Hypertension
Hyperlipidemia

Smoking

Acute Coronary Syndrome
Vessel

Left anterior descending
Left circumflex

Right

Preinterventional angiographic findings

Reference segment diameter
Lesion length. mm

Percentage diameter stenosis

Minimum luminal diameter. mm
Postinterventional angiographic findings

In-stent minimal lumen diameter. mm

In-stent diameter stenosis
Procedure details
Stent length. mm

Stent/artery ratio

602+ 11.41
24 (85.71)
10 (35.71)
18 (64.28)
17 (60.71)
15 (53.57)

22 (78.57)

18 (64.28)
4(14.28)

6(21.42)

3.49+0.22
16.28 £4.82
76.23 +10.09

0.83+0.36

3.33+0.29

6.00 +4.43

20.15 +4.63

1.01 + 0.02

Values are mean = SD and n (%).
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Table 2. Angiographic and IVUS assessment at follow-up (n=28)

Absolute late loss, mm 1,07 £ 0,75
Late loss index 0,43 +0,24
Stent Volume, mm? 197,98 £ 56,31
Lumen Volume, mm?® 145,29 + 51,84
Intimal hyperplasia volume, mm? 52,84 £ 28,16
Percent Intimal hyperplasia volume, % 29,91 + 18,74

Values are mean + SD

The degree of neointimal proliferation did not vary between patients with and
without diabetes (PIH: diabetics 29.5% versus 30.7%, p=0.89). There was not significant
correlation between PIH and stent length (r= -0.26, p=0.26) or stent diameter (r= 0.14,
p=0.56).

As shown in table 3, several genes involved in atherosclerosis cascade (6 genes),
cell proliferation (9 genes) and smooth muscle cell structure and function (8 genes)
showed a positive correlation with PIH, while the protector gene TRAF family member-

associated NFkB activator had an inverse relationship with PIH (r=-0.57, p = 0.0074).
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Table 3. Correlation between Genes in atheromatous plaques and Percentage of Intimal

Hyperplasia.
Genebank ) Correlation
Gene Symbol acess (ID) Function with % IH D
Atherosclerosis Cascade
Monoamine oxidase A MAOA 4128 Oxidative stress 0.83 0.0000
Microfibrillar- MFAP4 Cell adhesion 0.77 0.0001
associated protein 4 4239
Tumor necrosis factor
receptor superfamily, TNFRSF11B 4982 TNF-receptor 0.65 0.0018
11b
Amine oxidase, copper AOC3 Oxidative stress 0.65 0.0018
containing 3 543808 ) ’
Mature T-cell T cell
proliferation 1 MTCPINB 100272147 . . 0.63 0.0028
R proliferation
neighbor
Adhesion regulating ADRMI 3383 Cell adhesion 0.50 0.0244
molecule 1
Cell Proliferation
Filamin A, alpha FLNA 2316 Cell migration 0.76 0.0001
Apoptosis, caspase AVEN 57099 Inhibitor of 0.63 0.0031
activation inhibitor apoptosis
Mlcrotubulejassocmted MAP4 4134 erotujbule 0.60 0.0049
protein 4 protein
Cyelin D1 CCNDI 595 Cell cycle 0.59 0.0061
regulator
TNFAIPS interacting TNIP2 7128 Inhibit NF-kB 0.56 0.0100
protein 2
th t- ifi
Grow arzes spectiic GAS6 2621 Cell proliferation 0.56 0.0097
Modulator of apoptosis MOAPI 6688 Cell cy.cle 0.55 0.0122
1 regulation
Microtubul
Tubulin, beta 2A TUBB2A 7280 icrotubule 0.52 0.0256
protein
. Control of cell
Palladin, cytoskeletal PALLD 23022 shape, adhesion 0.51 0.0231
associated protein .
and contraction
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Smooth Muscle Cell
Iponin 1 i
Calponin 1, basic, CNNI 1264 | Structural protein 0.78 0.0000
smooth muscle
Myosin, h hai
yosin, fieavy chain MYHI1 4629 | Structural protein 0.67 0.0012
11, smooth muscle
Leiomodin 1 LMOD1 25802 Structural protein 0.61 0.0046
Myosin, light chain 9.
yosin, TIgAt chain MYL9 10398 | Structural protein 0.54 0.0148
regulatory
Tropomyosin 1 alpha TPM1 7168 Contractile 0.53 0.0152
Myosin light chain MYLK 4638 Cell contraction 0.53 0.0157
kinase
Smoothelin SMTN 6525 Structural protein 0.51 0.0258
Caldesmon 1 CALD1 800 Regulation 0.50 0.0232

Accordingly, the present study found a relationship between neointimal growth
and upregulation of cell adhesion molecules such as adhesion regulating molecule 1
(ICAM) and microfibrillar-associated protein 4 (r = 0.78), which is found in the
extracellular matrix that constitutes one of the key components of neointima hyperplasia.

The intracellular oxidative stress status is involved in the release of inflammatory
cytokines (TNF-a, IL-f e INF-y) and, consequently, for the amplification of the
inflammatory response. In our findings, there was a direct association between neointima
growth and the expression of genes related to intracellular oxidative stress, such as
oxidase monoamine (r = 0.83) and oxidase amine. In addition, we observed an
overexpression of genes related to the inflammatory process, such as TNF receptor
superfamily and mature T-cell proliferation 1 neighbor that induce INF-y production,
according to IH.

After an initial inflammatory phase, growth factors are released from platelets,
leukocytes and smooth muscle cells, which stimulate migration and proliferation of
smooth muscle cells from the media to the neointima [26]. In the present study, the
expression of several cell cycle regulator genes involved in Gi/S (cyclin D1; modulator
of apoptosis 1; caspase-dependent mediator of nuclear apoptosis; growth arrest-specific

6; filamin A; TNFAIP3 interacting protein 2, paladin, cytosketal associated protein) and
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G2/M transitions (microtubule-associated protein 4; tubulin, beta 2) correlated with the
magnitude of the neointima formation.

An increased expression of several genes related to the structure and the function
of smooth muscle cells, which constitutes the cellular basis of restenosis, such as myosin,
heavy chain 11, calponin 1, leiomodin 1, myosin, light chain 9, tropomyosin 1, myosin
light chain kinase, caldesmon 1 e smoothelin, was a rather unexpected finding. The high
expression of cell cycle proliferation genes and vascular smooth muscle genes strongly
suggests that there is a genetic predisposition to smooth muscle proliferation in plaques

that will develop restenosis.

4. DISCUSSION

The development of restenosis represents a significant limitation to coronary
stenting. Although, the introduction of drug-eluting stents (DES) has substantially
reduced restenosis rates, it still occurs at low rates (7-8%), particularly in high risk cases
(i.e. long lesions, small vessels, patients with diabetes mellitus or chronic renal
insufficiency).[10, 21] For these reasons and others, such as DES thrombosis rates and
need for prolonged dual antiplatelet therapy, there is continued interest for a better
understanding of restenosis biology. After mechanical arterial injury, a series of events
lead to smooth muscle proliferation and abundant synthesis of extracellular matrix, key
components of neointima thickening.[14] The present study findings indicate that human
de novo plaques capable of mounting an enhanced neointimal response after bare-metal
stenting possess an augmented expression of several genes involved in (1) the restenosis
inflammatory cascade, (2) cellular differentiation and proliferation, and (3) production of
structural and functional proteins of smooth muscle cells. Consequently, our results
suggest that atherosclerotic plaques hold an inherent predisposition to cell
hyperproliferation and neointima formation that predates stent implantation.

Sirolimus is an immunosuppressant drug used to prevent rejection after organ
transplantation that binds the cytosolic protein FK-binding protein 12 (FKBP12). The
sirolimus-FKBP12 complex inhibits the mammalian target of rapamycin (mTOR)
pathway and, consequently, interrupts the cell cycle at the Gi/S transition in vascular
smooth muscle cells.[27, 28] Therefore, sirolimus and its analogs inhibit, through mTOR
pathway, several cell cycle intermediates (cyclin D1; modulator of apoptosis 1; caspase-

dependent mediator of nuclear apoptosis; growth arrest-specific 6; filamin A; TNFAIP3
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interacting protein 2, paladin, cytosketal associated protein) that were correlated with
neointimal proliferation. Sirolimus also inhibits other cell cycle regulators such as the
NF«xB/Bcl-xI pathway that induces cell proliferation.' In our study, an inhibitor of NFkB
activation via TNF-a gene named TRAF family member-associated NFxB activator was
found, which presented negative correlation (r = - 0.57) with neointimal proliferation.

Paclitaxel, another effective drug against restenosis, binds specifically to the -
tubulin subunit of microtubules, stabilizing the structure and compromising the
microtubules dynamics, which causes mitosis arrest in Go/M phase. '®!7 Consistent with
paclitaxel effect, the present study found correlation between in-stent neointimal
proliferation and upregulation of three genes associated with the production of tubulin,
microtubules formation and cytoskeletal remodeling — tubulin 8 2A, microtubule-
associated protein 4, and filamin Aa, respectively.

Several specific smooth muscle cell promoters involved in smooth muscle
structure and function were increasingly expressed according to neointimal response. For
that reason, targeting these genes may constitute a novel therapeutic strategy to prevent
restenosis. Based on our findings, genetic therapy raises as a novel paradigm for future
DES that may exert direct inhibition of smooth muscle cell proliferation by targeting
specific smooth muscle cell regulators and/or structural proteins. Data from animal and
human studies indicate that either sirolimus- (and its analogs) or paclitaxel-eluting stents
can lead to delayed arterial healing characterized by incomplete reendothelization and
fibrin persistence at the stented site.'®! Therefore, novel generation of DES based on
genetic therapy driven to smooth muscle cells shall reduce neointimal formation while
allowing more physiological endothelial cell proliferation and, consequently, early
endothelial reendothelialization.

Isoforms are several forms of mRNA with distinct nucleotide sequence formed by
alternative splicing, capable of producing the same protein. Multiple mRNA and proteins
isoforms are produced by each gene. ' In our results, the microarray analysis identified
two mRNA isoforms of myosin, heavy chain 11 that support the role of increased
production of proteins related to the structural development of smooth muscle cells. We
also found two isoforms of mature T cell proliferation 1 neighbor gene, two isoforms of
growth arrest-specific 6, and four isoforms of gene microtubule-associated protein 4
related to inflammatory response, cell proliferation and microtubules production in G2/M

phase of the cell cycle, respectively. The identification of mRNA isoforms in specific
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overexpressed genes points towards a non-random finding and further strengthens our
results.

Through the years, a number of clinical baseline and procedural predictors of
restenosis have been identified. Several studies have examined circulating genetic
markers/predictors of ISR, demonstrating allelic variations associated with the restenotic
response. On the other hand, human pathological data with regard to restenosis are limited
and controversial. Previous attempts focused mainly on tissue characterization of human
in-stent neointima. Gene expression profiling with RNA microarray technology is
becoming a popular tool to monitor the expression level of thousands of genes
simultaneously and has been applied extensively in cardiovascular research to detect
patterns of gene expression indicative of underlying disease states. Previously, few
studies have used this technique to evaluate the genetic expression of human de novo
plaques and in-stent neointima. In one study, 10 neointima specimens retrieved by an
atherectomy device were compared to 4 coronary atherosclerotic plaques and 7
gastrointestinal artery plaques. [25] The authors reported a distinct genetic profile in the
neointima compared to the control plaques. In another study, Ashley et al. compared de
novo and restenotic samples through histology and gene expression with a dual-dye
22,000 oligonucleotide microarray. [13] By histology, greater cellularity and fewer
inflammatory infiltrates and lipid pools were found in the restenosis group compared to
de novo atherosclerosis. Gene ontology analysis demonstrated the prominence of cell
proliferation programs in ISR and inflammation/immune programs in de novo
atherosclerosis. By network analysis, which combines semantic mining of the published
literature with the expression signature of restenosis, two gene expression modules were
revealed as candidates for selective inhibition of restenotic disease (i.e. procollagen type
1 a2 gene and the ADAMI17/tumor necrosis factor-converting enzyme gene). [13] Our
study further extends these analysis, demonstrating a relationship between the genetic
profile of coronary de novo plaques and the amount of neointimal formation. To our
knowledge, the present study is the first to report this relationship.

Prior studies have demonstrated that baseline clinical characteristics like diabetes
mellitus as well as angiographic characteristics such as lesion length, lesion type (i.e.
restenotic lesions, chronically occluded or at vein grafts) and vessel size predispose to
restenosis. [21, 29-31] In addition, procedural-related variables have also been
implicated. For instance, the longer the stented length [29], the number of stents used and

the postprocedural minimal lumen diameter are also associated with increased restenosis
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rates [32]. In our study, there was no association between diabetes, stent length or stent
diameter values and IH. Thus, patients” specific clinical and anatomical characteristics
are unlikely confounders and further multivariate statistical analysis does not seem
necessary in the present study.

During routine clinical practice, restenosis occurrence may vary even at the same
patient or same coronary artery. Thus, restenosis appears to be more plaque-prone
dependent than patient or artery dependent. Some plaque related factors like a large
plaque burden, the presence of soft plaque or evidence of positive remodeling have all
been linked with restenosis. [9, 24] In agreement with these observations, our findings
further support the concept of a local predisposition for the development of restenosis in
addition to the presence of smooth muscle cells promoters as key players of restenosis

process.
Limitations of the Study

In the present study, some limitations should be considered. First, as we analyzed
a large number of genes, many genes that bear no relationship with the biology of
restenosis were screened and found to have a random positive or negative relationship
with neointimal formation. Such random correlation may also be explained by the non-
uniform neointimal proliferation inside the stent as seen on focal restenosis, which bias
the TH volume results. Secondly, RNA extraction and testing of each atherosclerotic
plaque, which also constituted a strong point of methodology, led to the analysis of
insufficient quantities of RNA in 12 out of the 40 tissue samples causing their exclusion.
This probably was due to the presence of large amounts of lipid and the small number of
cells in the atheromatous plaques. Finally, the amount of tissue retrieved did not allow
for further validation of study results by direct proteins measurement through Western-
Blot test.

The above-mentioned technical limitations regarding tissue sampling and genetic
testing do not compromise the present study, because complete elucidation of all
physiopathological mechanisms of restenosis was out of its scope. However, the study
exploratory design allowed to point out new features for better understanding of the

complex processes involved in restenosis as well as new genetic therapeutic targets.
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5. CONCLUSION

De novo coronary lesions present several overexpressed genes involved in
oxidative stress, inflammation, cell proliferation, and structure and function of smooth
muscle cell associated to future in-stent neointimal proliferation emerging as novel

therapeutic targets.
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ABSTRACT

The implantation of drug-eluting stents (DES) substantially reduced the occurrence of in-
stent restenosis, however neointimal hyperplasia still occurs in approximately 5 to 15%
of percutaneous coronary intervention cases. Usually, this condition is developed by
patients with more complex lesions and occurs in approximately five months after
implantation of bare metal stent and 12 months after the DES. This study aimed to
compare the in vitro effect of specific gene silencers for smooth muscle cells and
antiproliferative drugs on the viability of human coronary artery endothelial and smooth
muscle cells. Primary cultures of human coronary artery endothelial and smooth muscle
cells were cultivated in a fetal bovine serum enriched medium for the addition of
antiproliferative drugs Rapamycin (100 pg/mL), Paclitaxel (100 pg/mL) and both
combined, and the gene silencers Sh RNA SMMHC and Sh RNA CNN. Cell viability
was determined by MTT (4,5-dimethylthiazol- 2-yl]-2,5 diphenyltetrazolium bromide)
and the effectiveness of gene silencing was determined by ELISA (pg/mL). Continuous
variables were presented in mean and standard deviation, and the comparison between
groups performed using one-way ANOVA. The proliferation of smooth muscle cells was
also reduced under the effect of Rapamycin (21.3 £ 9.2%; p<0.001), Paclitaxel (14.5 +
3.8; p<0.001) and both combined (Rapamycin — Paclitaxel, 25.2% + 4.4; p<0.001), when
compared to control. Gene silencers Sh RNA SMMHC and Sh RNA CNN showed
inhibitory effect only on smooth muscle cell lineage (9.8 £ 2.7% and 25.3 + 4.4%,
respectively; p<0.001). Antiproliferative drugs isolated reduced the proliferation of
endothelial cells (Rapamycin 16.8 + 3.2% and Paclitaxel 13.5 £ 3.0%; p<0.001). The
same effect was found when Rapamycin and Paclitaxel were combined (18.4% + 1.9;
p<0.001). The in vitro analyzes demonstrated that gene silencers specific for smooth
muscle cells have selective inhibitory effect on the proliferation of human coronary artery
smooth muscle cells, without interfering in the proliferation of endothelial cells.

Keywords: Silencing genes; neointimal hyperplasia; endothelialization; restenosis.
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1. INTRODUCTION

The advent of bare metal stents (BMS) changed completely the clinical results of
the Interventional Cardiology. Although it initially presented good results in the treatment
of coronary artery disease (CAD), over the years 15-30% of treated patients develop
luminal re-narrowing after stent deployment, which is called in-stent restenosis (ISR) [1-
4]. Risk factors such as advanced age, hypertension, diabetes mellitus, smoking, elevated
C-reactive protein, and calcified and diffuse vascular lesions seem to contribute to the
occurrence of a new post-revascularization ischemia due to ISR or neo-atherosclerosis
[5-8].

The emergence of drug-eluting stents (DES), which are devices coated with
pharmacological agents such as rapamycin (or analogs) and paclitaxel, allowed a direct
therapeutic action on the progression of the cell cycle, thus preventing a disordered
proliferation of human coronary artery smooth muscle cells (HSMCs) [9]. Rapamycin
and its analogs has a potential ability to prevent restenosis by binding to the cellular
receptor FKBP12, therefore inhibiting the mammalian target of rapamycin (mTOR)
pathway [10]. The mTOR pathway blocks cellular interphase, preventing the progression
of the cell cycle from gap 1 (G1) to synthesis (S), and without DNA synthesis the cell is
not able to perform mitosis [11, 12]. Paclitaxel is another antiproliferative agent that acts
through a mechanism different from rapamycin, but also causes cell cycle blockade,
preventing the progression from gap 2 (G2) to mitosis [13]. This drug acts on the
formation of microtubules, which are key elements for the formation of the mitotic
spindle and the orientation of chromosomes during the process of cell division [4].

The use of antiproliferative drugs in the manufacture of DES is a therapeutic
alternative well established in the current medical practice, besides the remaining
restenosis rates of 10-20% [5-8]. However, it has presented some specific limitations,
since the antiproliferative drugs promote non selective inhibitory effect on HSMCs, that
is they also inhibit endothelial cells proliferation which leads to incomplete stent
endothelialization and increased time of use of antiplatelet agents [14].

The endothelium plays an important role in the regulation of vascular tone and in
the maintenance of cardiovascular homeostasis, which are determinant for the control of
thrombolysis, for vascular remodeling and in the inflammatory response by the activation
of the immune system [15, 16]. The lack of a protective mechanism in the vascular wall

enables the development of neointimal hyperplasia, as the antiproliferative effect of these
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drugs results in delayed endothelial healing [9]. Thus, innovative protocols based on gene
targets such as inhibition of gene expression, stem cell repair, or even local delivery of
genes may represent important techniques for the prevention and treatment of ISR [17,
18].

In a previous study conducted by our group, we observed that the atheromatous
plaque of a patient who developed a de novo lesion showed a greater expression of genes
related to smooth muscle cell structural and functional protein synthesis. The myosin
heavy chain (SMMHC) and calponin (CNN) genes demonstrated a positive correlation
(0.68 and 0.78, respectively) with the percentage of neointimal hyperplasia measured by
intravascular ultrasound (IVUS) six months after BMS implantation. Such findings
indicate that these genes are potentially activated in the atheromatous plaque prior to stent
implantation, which suggests that they may be considered predictors of the development
of ISR [19].

The SMMHC protein belongs to the family of motor molecules that interact with
actin filaments in the process of muscle contraction. This class of proteins is quite variable
and includes a domain with adenylpyrophosphatase (ATPase) and actin-binding
subdomains [20]. The CNN protein participates in the process of smooth muscle
contractility through modulation of the calcium-calmodulin complex and functions as a
regulator of the actin cytoskeleton [21].

Genetic therapy is a new alternative for the prevention and treatment of ISR, being
most studies reported in the literature still in the pre-clinical phase [22-26]. However,
there is no study regarding the Sh RNA SMMHC and Sh RNA CNN silencing genes and
restenosis. Thus, the objective of the present study was to compare the in vitro effect of
smooth muscle cell-specific genes silencers (Sh RNA SMMHC and Sh RNA CNN) with
antiproliferative drugs on the viability of human coronary artery endothelial and smooth
muscle cells.

2. METHODS
Cell culture

Primary cultures of human coronary artery endothelial cells (HECs) and human
coronary artery smooth muscle cells (HSMCs) were purchased from Invitrogen, Calsbad,
CA, USA. Cells were obtained at passage 2 and cultured in endothelial cell growth
medium (Gibco, Medium 200) or smooth muscle cell growth medium (Gibco, Medium

231), supplemented with 10% fetal bovine serum (FBS, Invitrogen, Calsbad, CA, USA),
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streptomysin (100 pg/mL) and penicillin (100 U/mL) at 37°C in a humidified incubator
(5% CO2). The cells used in this study were from passages 5-6.
Lentiviral particles transduction

HSMCs were placed in 12-well plate 24 hours prior to viral infection. Gene
silencers Sh RNA SMMHC (gene ID: 4629) and Sh RNA CNN (gene ID: 1264) (Santa
Cruz Biotechnology, USA) were added to a medium with serum and antibiotics, and cells
were incubated overnight. On the day of infection, cells were approximately 50%
confluent. They were transfected using the protocol for Sh RNA lentiviral particles
transduction, according to the manufacturer’s instructions. Several colonies were picked
and expanded for the quantitative determination of SMMHC and CNN concentrations in
cell cultures.
In vitro assay

Primary cultures of HECs and HSMCs and a co-culture were separately seeded in
6-well plates at a density of 3x10° cells per well in 2 mL of grown medium. After 24
hours, the culture medium was replaced with 500 mL of fresh medium. The cultures were
divided into six groups (n = 3 each): control (no drugs or gene silencers), rapamycin (100
ng/mL, Invitrogen, Calsbad, CA, USA), paclitaxel (100 pg/mL, Invitrogen, Calsbad, CA,
USA), combination of antiproliferative drugs (rapamycin + paclitaxel), Sh RNA CNN
and Sh RNA SMMHC. They were incubated for 24 hours.
Cell viability and proliferation assay

Cell proliferation was determined by a modified 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay (Vybrant®, Eugene, OR, USA). Prior to
treatments with rapamycin, paclitaxel and gene silencers, HECs and HSMCs were plated
at 30-40% confluence on a 96-well plate and incubated overnight with 100 mL of
Dulbecco's modified Eagle's medium (DMEM) containing 10% FBS. MTT solution (10
mL; 12 mM) in phenol red-free medium was added to each well and incubated at 37°C
for 4 hours, followed by addition of 100 mL of hydrogen chloride (HCI) solution. After
incubation of the plate at 37°C for 4 hours, absorbance was measured at 570 nm (Bio-
Rad, USA). All proliferation assays were performed in triplicate.
Quantitative determination of SMMHC and CNN concentrations in cell cultures

HSMC lysates were quantified using a capture assay (enzyme-linked
immunosorbent assay, ELISA) for SMMHC and CNN (Cusabio Biotech, USA) in all
groups. The assays were performed according to manufacturers’ instructions. Optical

density (absorbance) was measured using a spectrophotometer (Anthos Zenyth 200,
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Biochorm. Harvard Bioscience Company, USA) at 25°C. Data were expressed as
picograms of protein per millilitre (pg/mL), and the detection range was 25-1600 pg/mL.
Statistical analysis

Data were expressed as mean + standard deviation except where noted. The
treatments with rapamycin, paclitaxel and gene silencers were compared by one-way
analysis of variance (one-way ANOV A) with post hoc analysis for multiple comparisons;
p < 0.05 was considered significant. All statistics were calculated with SPSS, version

22.0.

3. RESULTS

The cell proliferation assay was evaluated considering the percentage of the
control group (100%) and performing the relative calculation of the other groups. Figure
1 shows a co-culture of HECs and HSMCs. There was no difference between Sh RNA
SMMHC (92.6 + 9.4%) and controls (p = 0.702). The antiproliferative drugs groups did
not show a statistically significant difference between them (rapamycin: 15.7 + 2.8%;
paclitaxel: 11.4 + 3.4%; rapamycin + paclitaxel: 12.9 + 1.3%; p = 0.999), but they had a
significant inhibitory effect on both cell lines when compared with control, Sh RNA CNN
and Sh RNA SMMHC (p < 0.0001 for all comparisons). Sh RNA CNN (62.9 + 8.3%)
also showed an inhibitory effect when compared with control (p < 0.0001) and Sh RNA
SMMHC (p = 0.0009), but a higher significant proliferative percentage was observed

when it was compared with the antiproliferative drugs (p < 0.0001 for all comparisons).



60

120 -
O Control

c,d

— } B Rapamycin

@ Paclitaxel

8
Q
o

Rapamycin + Paclitaxel

0O Sh RNA CNN

@ Sh RNA SMMHC

Proliferation (%)
3

&

Figure 1. Human Endothelial and Smooth Muscle Cells proliferation. Values are presented as
mean and standard deviation. (a) Comparisons between the Control sample and Rapamycin,
Paclitaxel, Rapamycin/Paclitaxel, Sh RNA CNN (p<0.0001); (b) comparisons between Sh RNA
CNN sample and Rapamycin, Paclitaxel, Rapamycin/Paclitaxel (p<0.0001); (¢) comparisons
between Sh RNA SMMHC sample and Rapamycin, Paclitaxel, Rapamycin/Paclitaxel
(p<0.0001); (d) comparisons between Sh RNA SMMHC sample and Sh RNA CNN (p=0.0009).

As shown in Figure 2, Sh RNA SMMHC (9.8 +2.7%) and Sh RNA CNN (25.3 +
4.4%) had an important inhibitory effect on the proliferation of HSMC when compared
with controls (p < 0.0001 for both comparisons). There was no difference between gene
silencers and antiproliferative drugs, alone or in combination, in terms of HSMC

proliferation.
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Figure 2. Human Vascular Smooth Muscle Cells proliferation. Values are presented as mean and
standard deviation. (a) Comparisons between the Control sample and all other groups, they were

considered different when p<0.0001.

The percentage of proliferation of HECs is shown in Figure 3. Samples treated
with antiproliferative drugs showed lower values of endothelial cell proliferation
(rapamycin: 16.8 = 3.2%; paclitaxel: 13.5 + 3.0%; rapamycin + paclitaxel: 18.5 + 1.9%;
p < 0.0001) than controls and gene silencer groups. Sh RNA SMMHC was an effective
blocker of smooth muscle cell proliferation, but did not affect the proliferation rate of
endothelial cells (93.9 + 9.6%; p = 0.604). On the other hand, Sh RNA CNN (78.1 +
4.1%) presented a small but statistically significant inhibitory effect in comparison with
control (p< 0.05), no significant difference in comparison with Sh RNA SMMHC (p =
0.590), and a much lesser inhibitory effect on HEC proliferation in comparison with the

antiproliferative drugs (p<0.0001).
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Figure 3. Human Endothelial Cells proliferation. Values are presented as mean and standard
deviation. (a) Comparisons between the Control sample and Rapamycin, Paclitaxel,
Rapamycin/Paclitaxel, they were considered different when p<0.0001; (b) comparisons between
Sh RNA CNN sample and Rapamycin, Paclitaxel, Rapamycin/Paclitaxel (p<0.0001); (c)
comparisons between Control sample and Sh RNA CNN (p<0.05); (d) comparisons between Sh
RNA SMMHC and Rapamycin, Paclitaxel, Rapamycin/Paclitaxel (p<<0.0001).

Figure 4 shows CNN concentration in a smooth muscle cell culture. The control
group presented higher values than the other groups (1386.1 + 70.1 pg/mL; p < 0.0001
for all comparisons). This result demonstrates that without the interference of
antiproliferative drugs or gene silencers, there is a higher expression of CNN protein in
the HSMC culture. The combination of antiproliferative drugs (27.8 + 6.3 pg/mL) and Sh
RNA CNN (4.9 £ 1.7 pg/mL) showed lower levels of CNN protein concentration when
compared with paclitaxel alone (140.1 £ 16.3; p < 0.05).
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Figure 4. Human Smooth Muscle Cells CNN protein concentration. Values are presented as mean
and standard deviation. (a) Comparisons between the Control sample and all other groups, they
were considered different when p < 0.0001. (b) comparisons between Paclitaxel and

Rapamycin/Paclitaxel (p = 0.006) and Sh RNA CNN (p=0.001).

In the analysis of SMMHC concentration (Figure 5) in the HSMC culture, a
higher concentration of this protein in controls (1240.5 + 79.7 pg/mL) than in the other
groups was observed. The antiproliferative drugs and gene silencers led to a reduction in
SMMHC levels (p < 0.0001), being the treatment with Sh RNA SMMHC resulted in
almost undetectable protein levels (3.7 = 1.7 pg/mL).
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Figure 5. Human Smooth Muscle Cells SMMHC protein concentration. Values are presented as
mean and standard deviation. (a) Comparisons between the Control sample and all other groups,
they were considered different when p<0.0001; (b) comparisons between Rapamycin and
Rapamycin/paclitaxel (p=0.02), Sh RNA SMMHC (p=0.0005); (c) comparisons between
Paclitaxel and Rapamycin/paclitaxel (p=0.002), Sh RNA SMMHC (p<0.0001), Sh RNA CNN
(p=0.001); comparisons between Sh RNA SMMHC and Sh RNA CNN (p=0.04).

4. DISCUSSION

The development of different medical devices, such as BMS, DES and DES with
biodegradable polymers, allowed myocardial revascularization and increased patient
survival [27]. DES decreased significantly ISR but long studies demonstrated incomplete
endothelialization due to inappropriate inhibition of endothelial cells proliferation,
concomitant with inhibition of smooth muscle cells, a scenario that favors in-stent
thrombosis and requires prolonged drug antiplatelet pharmacological therapy (DAPT)
[28-31]. Thus, we aimed to evaluate the effect of gene silencers specific to smooth muscle
cells on the proliferation of endothelial and smooth muscle cells in comparison with the
antiproliferative drugs widely used in the DES.

In the present study, the antiproliferative drugs rapamycin and paclitaxel as well
as their combination demonstrated an inhibitory effect on HSMC, but also had the same

effect on HEC, both in isolated culture and in co-culture with the two cell lineages. These
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two antiproliferative drugs have distinct pathway mechanisms as well as act in different
phases of the cell cycle, but both have direct action on the progression of the cell mitosis,
thus preventing the disordered proliferation of human coronary artery smooth muscle
cells.

In the isolated culture of HSMC, the inhibitory effect of the gene silencers Sh
RNA SMMHC and Sh RNA CNN was similar to the antiproliferative drugs. However,
unlike rapamycin and paclitaxel, Sh RNA SMMHC did not inhibit HEC proliferation,
demonstrating proliferation rates not different from those found in the control group.
Although Sh RNA CNN inhibitory effect on HEC proliferation was similar to the Sh
RNA SMMHC, it was small but statistically different when compared to the control
group. It is worth noting that CNN is not exclusive of smooth muscle tissue, since it has
been previously detected in other tissues, including the endothelial tissue [32]. Thus, the
results of the present study show a potentially inhibitory effect of the gene silencers on
the proliferation of smooth muscle cells, without compromising significantly endothelial
cell viability.

In the analysis of CNN and SMMHC concentrations in smooth muscle cells, we
found that these proteins were not expressed when there was proliferative blockade
caused by the cell antiproliferative drugs or the gene silencers. The phenotypic
modulation of smooth muscle cells, which induces the onset of cell proliferation by
hyperplasia, has been directly associated with the activation of specific transcription
factors by the Akt and mTOR pathways in several studies [33-36]. However, Cidad et al.
(2014) observed that the expression of Kv1.3 and Kvl.5, voltage-dependent potassium
channels responsible for contraction and proliferation of smooth muscle cells, would
present a late pathway of activation modulated by growth factors. This study, therefore,
suggests the existence of other pathways responsible for the development of neointimal
hyperplasia, regardless of mTOR, generating resistance to the antiproliferative effect of
rapamycin [37]. Thus, this finding can be an important cell cycle alternative pathway that
explains DES failure due to restenosis.

HSMCs present two different phenotypes: the first one, predominantly active
during the embryonic development, is represented by cells with high proliferative
potential and characterized as undifferentiated [38] and presenting high expression of
SMMHC and CNN genes; the second one, which is the functional postnatal vascular wall,
is represented by cells in late-phase of differentiation, or quiescent cells. In the latter,

structural and functional proteins such as smooth muscle myosin heavy chain (SMMHC)
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and CNN have a lower gene expression, which reduces their proliferative capacity. In the
present study, smooth muscle cells with proliferative potential, observed in the control
group (Figure 2), showed high SMMHC and CNN concentrations, demonstrating that a
reactivation of these genes could have occurred for the formation of constitutive muscle
proteins in these cells. The dedifferentiation process of smooth muscle cells is suggested
as the main pathway in intimal thickening, thus, after vascular damage, cells would
proliferate and migrate to the neointima, showing immature cellular characteristics [39-
41]. Thus, our data suggest that gene therapy is a potential tool in the development of new
devices for the prevention and treatment of ISR.

The literature reports that the greater expression of the SMMHC and CNN genes
is used as a HSMC marker, frequently associated with the non-proliferative phenotype
[42]. However, mature HSMCs with a quiescent phenotype are sensitive to changes in
the intravascular environment, a phenomenon representing the phenotypic modulation.
This scenario may allow changes in the morphological and functional properties of these
cells, activating a divisional process similar to that of the embryonic smooth muscle cells
[42, 43]. The possible plasticity developed by the quiescent cells may be a result of the
state of oxidative stress and chronic inflammation caused by the atheromatous plaque,
with the release of inflammatory mediators and growth factors that may induce the
migration, proliferation and accumulation of mature smooth muscle cells in the
neointimal area [44].

Regardless of the gene silencer, the fact that there is no proliferative activity of
HSMC:s is sufficient for both CNN and SMMHC to have low protein concentration.
Protein synthesis in these cases seems to be triggered by an activating stimulus of
transcription factors related to the production of proteins essential for the formation of
new HSMCs. Accordingly, to our results, the selective blockade of either SMMHC or
CNN inhibits the other one gene expression and, consequently, the formation of the final
protein structure.

Therefore, a DES that elutes gene silencers such as Sh RNA SMMHC and Sh
RNA CNN, could be a novel therapeutic strategy capable of providing an effective
solution for ISR with concomitant early endothelialization. The results of our in vitro
study show that Sh RNA SMMHC and Sh RNA CNN inhibited significantly HSMC
proliferation without promoting an antiproliferative effect on the endothelial cells, thus
having a selective effect on HSMC not observed with rapamycin and paclitaxel.

Additionally, the risk for ISR establishment is reduced if a functional endothelium
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appears much earlier, being so a probable stronger inhibition on HSMC proliferation
might be observed in a future clinical study. Thus, the local delivery of Sh RNA SMMHC
or Sh RNA CNN through a DES may be an important strategy in the reduction of the
current rates of both in-stent thrombosis and restenosis.

5. CONCLUSION

The smooth muscle cell-specific genes silencers Sh RNA SMMHC and Sh RNA CNN
have selective inhibitory effect on the proliferation of human coronary artery smooth

muscle cells, without interfering in the proliferation of endothelial cells.
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7. CONSIDERACOES FINAIS

O presente trabalho teve como objetivo geral investigar o perfil genético de placas
ateromatosas de pacientes que desenvolveram reestenose poOs-implante de stent,
verificando, posteriormente, se o silenciamento de genes especificos para estrutura e
funcdo das células musculares lisas vasculares poderia bloquear o processo proliferativo
destas sem prejudicar o restabelecimento das células endoteliais.

O artigo intitulado “GENE EXPRESSION PATTERN OF DE NOVO
CORONARY ATHEROMATOUS PLAQUE IS CORRELATED WITH IN-STENT
NEOINTIMAL VOLUME IN PATIENTS WITH RESTENOSIS” demonstrou que as
placas ateromatosas de pacientes que irdo desenvolver reestenose apresentam genes que
predispdem ao desenvolvimento da hiperplasia neointimal. Os resultados indicaram que
houve correlagdo positiva entre o percentual de hiperplasia neointimal ¢ uma maior
expressao de genes relacionados com a cascata aterosclerdtica, proliferagdo celular e
proteinas estruturais e funcionais de células musculares lisas. Esse estudo, portanto,
permitiu avaliar que genes especificos de células musculares lisas, como o SMMHC
(myosin heavy chain) e o CNN (calponin), apresentam-se como elementos chave no
desenvolvimento do processo proliferativo que envolve o quadro de reestenose.

A literatura e a pratica clinica na preveng¢ado e tratamento da reestenose baseia-se,
atualmente, no desenvolvimento de diferentes dispositivos que permitam a
revascularizacao local apds um evento isquémico, com o minimo de risco de proliferacao
neointimal. Assim, os stents com drogas antiproliferativas, como rapamicina (e analogos)
e paclitaxel, sdo utilizados como elementos terapéuticos usuais. No entanto, os
dispositivos farmacologicos sdo eficientes em impedir a proliferacdo de células
musculares lisas, assim como de células endoteliais. Esse efeito pode ser responsavel por
retardar a reendotelizagdo local, fato que prejudica o reparo tecidual e estimula a
proliferacdo de células musculares lisas.

Ao considerar o embasamento desenvolvido o estudo acima, a placa ateromatosa
do individuo parece apresentar preditores génicos que poderiam iniciar a estimulagdo
proliferativa das células musculares lisas apos o implante de stent. Dessa forma,
identificamos genes especificos estruturais de células musculares lisas para realizar o
silenciamento génico e verificar a efetividade desse bloqueio em um estudo in vitro com

células musculares lisas de artéria coronaria humana.
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No artigo “EFFECT OF SMOOTH MUSCLE CELLS GENE SILENCERS ON
THE VIABILITY OF HUMAN CORONARY ARTERY ENDOTHELIAL AND
SMOOTH MUSCLE CELLS” foi testado o efeito de silenciadores génicos, Sh RNA
SMMHC e Sh RNA CNN, em cé¢lulas musculares lisas e endoteliais de artéria coronaria
humana. Os resultados demonstraram que os silenciadores génicos especificos para
células musculares lisas foram capazes de impedir a prolifera¢do destas, sem interferir na
viabilidade das células endoteliais. Os farmacos antiproliferativos testados, rapamicina,
paclitaxel ou a combinagdo ambos, apresentaram atividade inibitoria sobre ambas as
linhagens celulares.

Nesse estudo observamos, portanto, o efeito seletivo de silenciadores génicos
especificos para células musculares lisas, que ndo apresentam influéncia sobre a
viabilidade de células endoteliais. Assim, os silenciadores gé€nicos testados poderiam
inibir o desenvolvimento da hiperplasia neointimal, contribuindo para um eficaz

restabelecimento endotelial e favorecendo a manutencao da homeostasia vascular.



