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RESUMO

Introducéo: Doenga renal cronica acelera o desenvolvimento de ateroscleroses. A
catepsina S é uma potente protease que quebra as fibras de elastina na parede das
artérias e gera peptideos bioativos de elastina, promovendo inflamacédo e
calcificacdo vascular. Objetivo: Verificar os efeitos da inibicdo seletiva da catepsina
S nas ateroscleroses de camundongos deficientes em apolipoproteina E (ApoE-/-)
com doenca renal crénica. Método: A doenca renal crbnica foi induzida por
nefrectomia subtotal (5/6) em camundongos ApoE-/-, alimentados com uma dieta
com alto teor de gorduras e colesterol. Os camundongos hipercolesterolémicos, com
doenca renal cronica receberam essa dieta misturada com 6,6 ou 60 mg / kg do
inibidor seletivo da catepsina S - RO5444101 ou a mesma dieta sem o inibidor
seletivo da catepsina S (controle). Resultados: Camundongos com doenca renal
cronica tinham niveis plasmaticos significativamente mais elevados de osteopontina,
osteocalcina e osteoprotegerina (204%, 148%, e 55%, respectivamente; p<0,05),
qgue foram inibidos pelo RO5444101 (60%, 40%, e 36%, respectivamente; P<0,05).
Imagens moleculares fluorescentes revelaram uma reducéo significativa na atividade
da catepsina em camundongos tratados. O R0O5444101 diminuiu também a
atividade osteogénica. Avaliacdo histolégica na placa aterosclerdtica demonstrou
que o RO5444101 reduziu a imunorreatividade da catepsina S (P<0,05), a
degradacéo da elastina (P=0.01), o tamanho da placa (P=0.01), a acumulacdo de
macréfagos (P<0,01), o fator de diferenciacdo do crescimento-15 (P=0.0001), a
calcificacdo (atividade da fosfatase alcalina), P<0,01; e a osteocalcina, P<0,05).
Além disso, o inibidor da catepsina S ou o sSiRNA significativamente diminuiu a
expressao do fator de diferenciacédo do crescimento-15 e a proteina quimiotactica de
monadcitos-1 numa linha de células de macro6fagos de camundongos e macrofagos
primarios humanos. Conclusdo: A inibicdo seletiva da catepsina S atenua a
progressdo de lesdes ateroscleréticas em camundongos deficientes em
apolipoproteina E com doenca renal cronica.

Palavras-chave: Doenca renal cronica. Catepsina S. Inflamacéo e aterosclerose.



ABSTRACT

Introduction: Chronic kidney disease accelerates the development of
atherosclerosis. Cathepsin S is a potent protease that cleaves elastin in the arteries
wall and generates bioactive elastin peptides, promoting vascular inflammation and
calcification. Objective: To verify the effects of selective inhibition of cathepsin S in
atherosclerosis in apolipoprotein E deficient (ApoE-/-) mice with chronic kidney
disease. Methods: chronic kidney disease was induced by a subtotal (5/6)
nephrectomy in a high-fat high-cholesterol fed ApoE-/- mice. Hypercholesterolemic
mice with CRD received a diet admixed with 6.6 or 60 mg/kg of the selective
cathepsin S inhibitor RO5444101 or a diet without the selective inibidor of the
catepsina S (control). Results: chronic kidney disease mice had significantly higher
plasma levels of osteopontin, osteocalcin, and osteoprotegerin (204%, 148%, and
55%, respectively; P<0.05), which were inhibited by RO5444101 (60%, 40%, and
36%, respectively; P<0.05). Near-infrared fluorescence molecular imaging revealed a
significant reduction in cathepsin activity in treated mice. RO5444101 decreased
osteogenic activity. Histologic assessment in atherosclerotic plaque demonstrated
that RO5444101 reduced immunoreactive cathepsin S (P<0.05), elastin degradation
(P<0.01), plaque size (P<0.01), macrophage accumulation (P<0.01), growth
differentiation factor-15 (P<0.0001), and calcification, alkaline phosphatase activity,
(P<0.01); osteocalcin, (P<0.05). Furthermore, cathepsin S inhibitor or SiRNA
significantly decreased expression of growth differentiation factor-15 and monocyte
chemotactic protein-1 in a murine macrophage cell line and human primary
macrophages. Conclusion: The selective inhibition of cathepsin S attenuates the
progression of atherosclerotic lesions in apolipoprotein E deficient mice with chronic

kidney disease

Keywords: Chronic Kidney Disease. Cathepsin S. Inflammation and Atherosclerosis.
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1 INTRODUCAO

Os rins desempenham importante papel na manutencdo da homeostase
corporal e sua principal funcao é filtrar os residuos do sangue antes de converté-los
em urina. Além de manter o equilibrio hidroeletrolitico, os rins eliminam substancias
toxicas resultantes da digestéo; da atividade muscular, e da exposicéo a substancias
guimicas ou medicamentosas. Outras funcfes também importantes dos rins sédo a
producdo de renina, que regula a pressdo sanguinea, a producdo de eritropoietina,
que estimula a producédo de glébulos vermelhos, e a producdo da forma ativa da
vitamina D, que € essencial para a saude dos 0ssos (SANTORO et al., 2015).

A Doenca Renal Cronica (DRC) é definida como anomalias da estrutura ou
funcdo dos rins, presentes por mais de 3 meses, com implicacdes para a saude. A
DRC é classificada com base na causa, na taxa de filtracdo glomerular (TFG) e nos
valores da taxa de excrecdo da albumina (KDIGO, 2012). Até que o paciente tenha
perdido cerca de 50% do funcionamento dos seus dois rins ele permanece
praticamente sem sintomas (LIU et al., 2008). Porém, se a doenca renal progride, 0s
sinais e sintomas irdo aparecer e, em algum momento, 0 paciente podera precisar
de dialise (O'HARE et al., 2015). Algumas diretrizes recomendam que a dialise deve
ser iniciada quando a TFG cai abaixo do nivel recomendado em pacientes com DRC
assintomaticos. O National Kidney Foundation in the Dialysis Outcomes Quality
Initiative (NKFDOQI) recomenda dialise quando a TFG cai abaixo de 10,5 mL / min /
1,73m2 (NATIONAL KIDNEY FOUNDATION, 1997).

Pacientes em estagios iniciais de DRC, que ndo estdo em dialise, tém risco
de desenvolver doencgas cardiovasculares (DCV) semelhante ao de pacientes com
doenca arterial coronariana estabelecida (FOLEY et al.,1998), enquanto que 0s
pacientes com doenca renal em estagio terminal, tratados por didlise, tém um risco
de desenvolver DCV aproximadamente 30 vezes maior do que a populacdo geral
(DE JAGER, D. J. et al., 2009; SARNAK et al., 2003), e metade desses pacientes
morre de causas cardiovasculares (CAMPEAN et al., 2005; SCHIFFRIN et al., 2007).

Apesar de terem um risco elevado de DCV, os pacientes com DRC tém
experimentado beneficios limitados no tratamento realizado com estatinas
isoladamente (FELLSTROM et al., 2009; BAIGENT et al., 2011), deste modo, h&a
necessidade de investigar os mecanismos responsaveis pela DCV em pacientes

com DRC para o desenvolvimento de novas terapias eficazes.


http://www.ncbi.nlm.nih.gov/pubmed/?term=Santoro%20D%5BAuthor%5D&cauthor=true&cauthor_uid=26000281
http://www.ncbi.nlm.nih.gov/pubmed/?term=O%27Hare%20AM%5BAuthor%5D&cauthor=true&cauthor_uid=25700539
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A inflamacéo arterial € o aspecto-chave da iniciacdo e da progresséo da lesao
aterosclerotica (HANSSON, 2005). A aterosclerose € uma doenca inflamatoria
caracterizada por extensa remodelacdo da arquitetura da matriz extracelular da
parede arterial (LIU et al., 2004), e varios mecanismos moleculares participam na
resposta a lesbes na parede vascular e na formacdo e progressdo da lesao
aterosclerotica (BUSINARO et al., 2012).

A inflamacédo crbnica provavelmente acelera a aterosclerose em pacientes
com DRC (MCLNTYRE et al., 2011) e a combinacéao de inflamacé&o crénica com um
desequilibrio no nivel sérico de fosfato de célcio nesses pacientes agrava esse
processo (NAVARRO-GONZALEZ et al., 2009; CHEN et al., 2010; PAI et al., 2011).
Vérias proteinas relacionadas com a formacédo 6ssea bem como com a regulacdo da
calcificacdo extra 6ssea, como a osteopontina (OPN), a osteocalcina (OTC) e a
osteoprotegerina (OPG), séo sugeridas como marcadores de ateroscleroses e estao
aumentadas em pacientes com DRC (JONO et al., 2006; JANDA et al.,, 2013;
GLUBA-BRZOZKA et al., 2014).

A OPN é uma glicoproteina fosforilada, secretada na matriz extracelular
0ssea, altamente expressa em placas ateroscleroticas e os niveis plasmaticos de
OPN sao elevados em pacientes com doenca das artérias coronarias e nagueles
com estenoses arteriais prévias (RYUICHI et al., 2009). Ja a OTC, que é secretada
apenas por osteoblastos, desempenham um papel na regulacdo da homeostase do
calcio e mineralizacdo 6ssea (LEE et al., 2007). A OPG é também uma glicoproteina
membro da superfamilia do receptor do fator de necrose tumoral (TNF), produzida
por osteoblastos e células endoteliais vasculares e do musculo liso (AOKI et al.,
2013). Niveis elevados de OPG tém sido relacionados com doencas cardiacas
(VENURAJU et al., 2010), em pacientes com DRC em dialise (NASCIMENTO et al.,
2014; PATEINAKIS et al., 2013).

Além disso, pacientes com DRC em hemodidlise tém niveis elevados de
citocinas pro-inflamatérias (LAM et al., 2008), que podem iniciar e perpetuar o circulo
inflamacéao-calcificagdo. Dentre elas, a molécula MIC-1/GDF-15 tem sido identificada
como um novo biomarcador para o desenvolvimento de eventos cardiovasculares e
para o controle de terapia para a doenca aterosclerética (JOHNEN et al., 2012;
GUENANCIA et al., 2015). Porém, a catepsina S (CatS) é o alvo que desempenha o

papel mais critico na inflamacéao e calcificacdo arterial, e sua expressao elevada tem


http://www.ncbi.nlm.nih.gov/pubmed/?term=Liu%20J%5BAuthor%5D&cauthor=true&cauthor_uid=15178558
http://www.ncbi.nlm.nih.gov/pubmed/?term=Janda%20K%5BAuthor%5D&cauthor=true&cauthor_uid=23535831
http://www.ncbi.nlm.nih.gov/pubmed/?term=Guenancia%20C%5BAuthor%5D&cauthor=true&cauthor_uid=26113476
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sido associada a mortalidade de pacientes com DRC em hemodialise (CARLSSON
et al., 2015).

1.1 Catepsina S

A CatS é uma protease lisossébmica responsavel pela remocéo de proteinas
danificadas ou indesejadas. CatS é expressa em células apresentadoras de
antigenos, incluindo macrofagos, linfocitos B, células dendriticas e micréglias, e
também é secretada por macr6fagos e células microgliais, em resposta a
mediadores inflamatdérios, incluindo lipopolissacarideos, citocinas pro-inflamatorias e
neutréfilos (WILKINSON et al., 2015). Enquanto o pH 6timo de outras proteases
lisossbmicas € &cido, e estas, devido as suas instabilidades no pH citoplasmatico,
permanecem dentro das vesiculas lisossomais, a CatS se apresenta cataliticamente
ativa sob a pH neutro (WILKINSON et al., 2015; CAGLIC et al., 2013), e em
contraste, permanece estavel e tem um papel fisiolégico fora do lisossomo. A
atividade da CatS é fortemente regulada pelo seu inibidor endégeno, cistatina C, e
sua nao inibicao fisiolégica pode desempenhar um papel na progressao de diversas
doencas néo apenas de cunho inflamatério (WILKINSON et al., 2015).

A CatS tem um papel fundamental na apresentacdo de antigenos ao regular,
a interacdo do complexo principal de histocompatibilidade de classe Il (MHC Il) com
pequenos fragmentos de peptideos para apresentacdo na superficie de células
apresentadoras de antigénico do sistema imunologico (COSTANTINO et al.,
2009). Deste modo, as estratégias para inibir a CatS e consequentemente prevenir
ou retardar a apresentacdo desses autos antigenos podem ter beneficios
terapéuticos inclusive em desordens imunologicas (CONUS; SIMON, 2010) e
autoimune (RUPANAGUDI et al., 2015).

A CatS tem sido também alvo de pesquisas para desenvolvimentos de
terapias em outras areas como: prurido (TEY; YOSIPOVITCH, 2011), dor
(WILKINSON et al., 2015), cancer (HUANG et al., 2015; VAZQUEZ et al., 2015;
BURDEN et al., 2009), angiogénese (SMALL et al., 2013) e obesidade (TALEB;
CLEMENT, 2007). Pacientes com artrite reumatoide tem niveis plasmaticos de CatS
elevados (RUGE et al., 2014), e os niveis dessa protease tém valor preditivo na
progressao de artrites (BEN-ADERET et al., 2015) e artrite reumatéide (POZGAN et


http://www.ncbi.nlm.nih.gov/pubmed/?term=Huang%20CC%5BAuthor%5D&cauthor=true&cauthor_uid=26029922
http://www.ncbi.nlm.nih.gov/pubmed/?term=Small%20DM%5BAuthor%5D&cauthor=true&cauthor_uid=23629809
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al., 2010). Os niveis de CatS estéo elevados em pacientes com dermatite seborreica
e podera ser um potencial marcador para ajudar a avaliar o efeito de tratamentos
para caspa (VIODE et al., 2014). Interessante também é que a injecéo intraplantar
de CatS causou inflamacéo e hiperalgesia em camundongos que foram atenuadas
com o uso de antagonistas da CatS e do PAR2 (ZHAO et al., 2014).

O silenciamento (siRNA) da CatS mediado por lentivirus induziu
significativamente a apoptose e a quimio sensibilidade de células cancerosas
MHCC97-H. Isto proporciona uma estratégia anticancer atraente e uma nova
possibilidade para o tratamento de carcinoma hepatocelular humano (XUEDI et al.,
2015). Além disso, Basu et al. (2015) mostraram que os niveis de CatS e proteina c
reativa (PCR) observados em mulheres que posteriormente desenvolveram cancer
de mama podem fornecer informacbes de prognéstico em relacdo ao
desenvolvimento do tumor.

A CatS desempenha um papel importante na permeabilidade dos vasos
sanguineos e angiogénese, ao estimular as células endoteliais microvasculares a
secretarem enzimas proteoliticas, facilitando sua penetracdo na membrana basal
vascular (SHI et al., 2003). Evidéncias de estudos em humanos e animais tém
demonstrado niveis elevados de CatS em lesdes ateroscleroticas produzidas por
hipéxia, e que o silenciamento do gene da CatS suprimiu a a¢do angiogénica
induzida por isquemia, diminuindo os niveis de PPAR-y e da ativacdo de sinalizacédo
do VEGF/ERK1/2 em resposta a isquemia (LI et al., 2015). Os niveis de CatS
aumentados no sangue tém sido associados ao aumento do risco de doencas
cardiometabodlicas. Em comparacdo com uma dieta controle habitual, uma dieta
saudavel diminuiu os niveis CatS em individuos saudaveis, possivelmente mediada
por perda de peso ou reducdo da lipoproteina de baixa densidade (LDL) (JOBS et
al., 2014).

Nas doencas cardiovasculares, tais como aterosclerose, aneurismas da aorta
abdominal e infarto do miocardio pés-reparacdo cardiaca, a CatS tem emergido
como um elemento importante na progressao da patogénese (CHEN et al., 2013;
PAN et al.,, 2012). A analise imuno-histoquimica das amostras de pacientes com
aneurisma da aorta abdominal (AAA) revelou regulacdo positiva da CatS, quando
comparado com amostras de controle saudaveis (LOHOEFER et al., 2012). A CatS
secretada na membrana basal dos vasos sanguineos quebra varias proteinas na

matriz extracelular (DE NOOIJER et al., 2009) incluindo laminina, colageno e


http://www.ncbi.nlm.nih.gov/pubmed/?term=Zhao%20P%5BAuthor%5D&cauthor=true&cauthor_uid=25118282
http://www.ncbi.nlm.nih.gov/pubmed/?term=Basu%20S%5BAuthor%5D&cauthor=true&cauthor_uid=26079659
http://www.ncbi.nlm.nih.gov/pubmed/?term=Li%20X%5BAuthor%5D&cauthor=true&cauthor_uid=25668148
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preferencialmente a elastina, que geram peptideos bioativos de elastina
(LOHOEFER et al.,, 2012; SAMOUILLAN et al., 2012; METCALF et al., 2010).
Fragmentos de peptideos derivados da elastina, também conhecidos como
matrikines, podem aumentar a inflamacgao. A elastina estimula a quimiotaxia dos
macréfagos (SIMPSON et al., 2007) e promovem inflamacéo e calcificagdo vascular
(LIU et al., 2004).

Além disso, a CatS se posiciona com as regides de aumento de quebra da
elastina nas placas ateroscleroticas (SAMOKHIN et al., 2010). Em enxertos venosos,
a CatS contribui para a migracdo de macrofagos através da degradacdo da
integridade das fibras elastica facilitando formacéao e hiperplasia da camada intima, o
gue pode proporcionar um alvo terapéutico para a preservacdo da permeabilidade
desses enxertos nas cirurgias de revascularizacao miocardica (SHI et al., 2014).

Foi relatado anteriormente que a deficiéncia e a inibicdo farmacologica da
CatS levam a reducdo da atividade elastolitica, diminuicdo da inflamacdo e
calcificacdo nas artérias dos camundongos hipercolesterolémicos com e sem DRC
experimental, evidenciando, in vivo, a implicagcdo da fungéo elastolitica da CatS -
induzindo calcificacdo nas artérias e na valvula aortica (AIKAWA et al.,, 2009;
SAMOKHIN et al.,, 2010). A CatS tem sido de interesse crescente da industria
quimica farmacéutica, dado o seu papel na modulacdo da apresentacdo de
antigenos através do complexo principal de histocompatibilidade de classe Il (MHC
II), bem como no seu envolvimento em atividades proteoliticas extracelulares. A
inibicdo dessa enzima reduz a degradacdo da cadeia invariante, um acompanhante
fundamental que também bloqueia o peptideo de ligacdo por moléculas MHC I,
diminuindo assim a apresentacdo de antigeno para células CD4 (+) T-cells e
consequentemente diminuindo a inflamacéo. Inibidores de catepsina S sao, portanto,
sugeridos como potencial agente terapéutico para uma variedade de doencas
(RUPANAGUDI et al., 2015; JADHAV et al., 2014).

Os pacientes com DRC possuem um estado inflamatério cronico que podem
contribuir para acelerar a aterosclerose, elevando significativamente o risco de
doenca arterial coronariana, insuficiéncia cardiaca, acidente vascular cerebral e
doenca arterial periférica (AFSAR et al., 2014). Desta forma, acredita-se que um
novo alvo terapéutico, centrado na inflamacao vascular, poderé ajudar a diminuir ou

retardar a progressao de lesbes ateroscleréticas em pacientes com DRC em didlise.


http://www.ncbi.nlm.nih.gov/pubmed/?term=Metcalf%20JA%5BAuthor%5D&cauthor=true&cauthor_uid=20044292
http://www.ncbi.nlm.nih.gov/pubmed/?term=Samokhin%20AO%5BAuthor%5D&cauthor=true&cauthor_uid=20410833
http://www.ncbi.nlm.nih.gov/pubmed/?term=Afsar%20B%5Bauth%5D
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Para buscar mais uma prova que possa esclarecer esse conceito, 0 presente
estudo testou a hipétese de que o tratamento com um inibidor, altamente seletivo, da
CatS atenua a inflamacédo e a formacédo de lesédo aterosclerdtica nas artérias dos

camundongos hipercolesterolémicos com DRC.
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2 OBJETIVO GERAL

Analisar se a inibicdo seletiva da catepsina S (CatS) atenua ateroscleroses
em camundongos deficientes na apolipoproteina E (ApoE-/-) com Doenc¢a Renal
Cronica (DRC).

2.1 Objetivos especificos

e Descrever a estrutura e farmacologia (espécie e seletividade da protease)
do inibidor especifico da CatS, RO544410;

e Descrever os efeitos do inibidor da CatS sobre os niveis plasmaticos dos
marcadores osteogénicos: osteocalcina, osteopontina e osteoprotegerina;

e Descrever os efeitos do inibidor da CatS sobre expressdo e sobre a
atividade da CatS nas artérias dos camundongos ApoE-/- com Doenca
Renal Cronica;

e Descrever os efeitos do inibidor da CatS no tamanho das placas, na
acumulacdo de macréfagos, e na expressdo do marcador inflamatério
(GDF-15) em artérias ateroscleréticas de camundongos ApoE-/- com
Doenca Renal Cronica;

e Identificar o papel do inibidor da CatS sobre a calcificacdo arterial em
camundongos ApoE-/- com Doenca Renal Cronica;

e Descrever os efeitos do inibidor da CatS na expressdo de GDF-15
induzida por interferon gama (IFN-Y) em macréfagos humanos e de

camundongos.
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3 METODO

Trata-se de uma pesquisa basica experimental. Os experimentos com animais
foram aprovados pelo comité permanente de pesquisas animais da Faculdade de
Medicina de Harvard com o protocolo: 04728.

3.1 Protocolo experimental (Animal)

Camundongos machos, (N=60), com 10 semanas de idade, deficientes em
apolipoproteina E, provenientes do laboratério Jackson (Bar Harbor, ME, USA)
foram submetidos a uma dieta com elevado teor de gordura (Teklad TD.88137;
laboratorio Harlan, Indianapolis, IN, USA) por 10 semanas. Com 20 semanas de
vida, os camundongos foram randomizados para continuarem somente com a dieta
(N=15) ou a se submeterem a uma nefrectomia subtotal 5/6 (N=45), para inducéo de
Doencga Renal Crbnica (DRC). Os camundongos com DRC foram, em seguida,
tratados com 6,6 mg/kg (N=15) ou com 60 mg/kg (N=15) do composto RO5444101,
misturado a dieta por mais 10 semanas. Um grupo de animais (N=15) com DRC néo
recebeu o tratamento com o R0O5444101. O R0O5444101 € um potente e seletivo

inibidor da catepsina S desenvolvido pela Hoffmann La Roche, Basel, Suica.

3.2 Células e reagentes

Células mononucleares do sangue periférico humano (PBMCs) foram isoladas
por centrifugacdo em ficoll-hypaque e aderéncia (Sigma Aldrich, St. Louis, MO,
USA). As células foram cultivadas durante 10 dias em meio RPMI 1640 (Invitrogen,
Carlsbad, CA, USA), suplementadas com soro humano a 5% inativado pelo calor. A
seguir, 2 mmol/L de L-glutamina, 100 mg/mL de penicilina, e 100 U/ml de
estreptomicina foram adicionados a essas células mononucleares para se
diferenciarem em macrofagos. Em adicao, células tipo macréfagos de camundongos
(RAW264.7) foram adquiridas no laboratério ATCC (Manassas, VA, USA) e
cultivadas em meio de Eagle modificado por Dulbecco com 10% de soro fetal

bovino.
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3.3 Doenca Renal Crénica (DRC) induzida cirurgicamente

Para inducdo de DRC foi utilizado um modelo experimental ja estabelecido,
no qual é possivel controlar a quantidade de massa renal removida (ORTIZ et al.,
2015; AIKAWA et al., 2009), e foi acrescentado clampeamento vascular e a micro
eletro cauterizacdo como um refinamento da técnica. Com essas medidas nao
houve mortalidade por sangramento, no pds-operatorio imediato. Este modelo inclui
dois passos para criar uremia (LEELAHAVANICHKUL et al., 2010; AIKAWA et al.,
2009; BRO et al., 2003). Primeiro, foi realizada uma nefrectomia 2/3, removendo o
terco superior e o terco inferior do rim esquerdo. Segundo, apés 7 dias de pos-

operatorio, o rim direito foi removido.

3.4 Imagem molecular da atividade da catepsina e da osteogénese

Vinte e quatro horas antes das imagens, os camundongos receberam
injecbes simultaneas de dois agentes de imagem molecular com espectros
totalmente distintos. O ProSense 750 (Perkin Elmer, Waltham, MA, USA) é um
agente fluorescente ativavel das catepsinas, e OsteoSense 680 (Perkin Elmer,
Waltham, MA, USA) é um marcador conjugado de calcio bisfosfonado. As imagens
fluorescentes, “near infrared” (NIR) das artérias carétidas, com os animais vivos,
foram adquiridas usando um microscopio de fluorescéncia (Olympus Corp, em
Toquio, Japdo), com 2 canais; 633nm para excitacdo e 748nm de emissdo, como
descrito anteriormente (AIKAWA et al., 2007).

Para as imagens ex-vivo, os camundongos foram sacrificados e os coracdes
foram perfundidos com solucéo salina para retirar o excesso de sangue. As artérias
aorta abdominal e carétidas foram dissecadas e, em seguida, foram fotografadas
utilizando um sistema de refletancia (NIRF) de imagem (Imagem Station 4000mm;
Eastman Kodak Co., New Haven, CT, USA). As imagens foram processadas e
analisadas com o software ImageJ versdo 1.41 (NIH, Bethesda, MD, USA). As

artérias foram congeladas, e encaminhadas para analises histopatologicas.
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3.5 Quantificacdo dos niveis plasmaticos do composto (RO5444101) e a
acumulacéo de P10 nos bagos

Camundongos selvagens “Wild Type” (WT) - ¢57bl/6, machos, com 8
semanas de vida, provenientes do laboratério Charles River, Sulzfeld, Alemanha,
receberam o composto RO5444101 por via oral (VO), e amostras de sangue foram
coletadas durante sete horarios diferentes em tubos com EDTA pré-esfriados. As
amostras de sangue foram mantidas em gelo e imediatamente centrifugadas a 4°C
para se obter o plasma. A quantificacdo dos niveis do composto no plasma foi
realizada por cromatografia liquida e espectrometria de massa em tandem analise.
O aumento da p10 foi confirmada em bacos, que foram homogeneizados em ensaio
de tampéo de radioimunoprecipitagdo com inibidores de protease. Os lisados foram
sujeitos a eletroforese, e as proteinas foram transferidas para uma membrana de
difluoreto de polivinilideno. A membrana foi incubada com o anticorpo CD74 primario
(BD Pharmingen, Heidelberg, Alemanha) e em seguida com um anticorpo anti-
coelho secundéario. A membrana foi desenvolvida pela analise de western blot (GE

Healthcare, Buckinghamshire, Reino Unido).

3.6 Quantificacado das proteinas no sangue

O sangue recolhido através da veia cava inferior foi centrifugado num
recipiente refrigerado, e o soro foi armazenado a 80°C negativos. Os niveis séricos
dos marcadores osteogénicos, incluindo a proteina éssea gamma-carboxyglutamate
(gla) ou osteocalcina, a secretada fosfoproteina-1 ou osteopontina e a
osteoprotegerina ou membro 11b da superfamilia do receptor do fator de necrose
tumoral, foram medidos pelo método de ensaio “enzyme-linked immunosorbent

assay” (elisa) Millipore, Billerica, MA, USA).

3.7 Avaliacéo histopatoldgica

As amostras de tecidos foram congeladas no composto de ornithine
carbamoyltransferase (OCT) (Sakura Finetek, Torrence, CA, USA) e séries de

secbes de 6 mm foram cortados e corados com hematoxilina e eosina (HE) para
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avaliagdo morfologica geral. A atividade da fosfatase alcalina foi detectada em crio-
cortes (substrato da fosfatase alcalina kit; Vector Laboratérios, Burlingame, CA,
USA). A coloracdo de Van Gieson foi utilizada para avaliar a elastina. Realizou-se a
analise imuno-histoquimica para os macrofagos (mac3 anti-camundongo; BD
Biosciences, San Jose, CA, USA), para a CatS (catepsina S anti-camundongo;
Santa Cruz Biotechnology, Santa Cruz, CA, USA), para osteocalcina (Cabra
anticorpo policlonal anti-camundongo; Serotec, Dusseldorf, Alemanha), e para o
fator de diferenciacdo do crescimento-15 (GDF-15) (coelho anti-GDF-15 anticorpo
policlonal; BIOS Anticorpos, Woburn, MA, USA), utilizando o método da peroxidase
para o complexo avidina-biotina. As imagens foram capturadas e processadas
usando um microscoépio 80i Eclipse (Nikon Instrumentos, Melville, NY, USA). Cortes
seriados ou adjacentes foram utilizados para analises de dados quantitativos.
Imunofluorescéncia dupla foi realizada utilizando anticorpos contra CatS e mac3 ou
actina alfa anti musculo liso (clone 1A4, Sigma-Aldrich). As seccbes foram
contrastadas com 4',6-Diamidino-2-Phenylindole, Dilactate (DAPI) para visualizar os
nacleos, e as imagens foram capturadas utilizando um microscépio confocal Eclipse

(Nikon Instrumentos).

3.8 Transfeccao do siRNA

Células tipo macréfagos de camundongos (RAW264.7) foram transfectadas
com 200 nmol/L de siRNA contra CatS ou controle (SiRNA mexidos néo especificos)
(Dharmacon, Lafayette, CO, USA) utilizando lipofectamina 2000 (Invitrogen) durante
48 horas antes dos experimentos, seguindo os protocolos do fabricante. Por este

método, a eficiéncia do silenciamento foi consistentemente maior que 90%.

3.9 Quantificacdo da expressédo genética por RT-PCR

O RNA total, a partir de macréfagos humanos e de camundongos, foi isolado
utilizando um kit RNeasy (Qiagen GmbH, Hilden, Alemanha) e transcrito de forma
inversa pela transcriptase SuperScript Il (Invitrogen) e iniciadores “primers” de oligo
(dT). A polymerase chain reaction (PCR) quantitativa foi realizada no sistema de
deteccdo de PCR, em tempo real, de cor Unica - MyiQ (Bio-Rad Laboratdrios,
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Hércules, CA, USA). Foram utilizados os seguintes iniciadores “primers” da
Integrated DNA Technologies (Coralville, IA, USA): hGDF-15: para a frente 50 Q8-
GACCCTCAGAGTTGCACTCC-30 e revertendo 50 -GCCTGGTTAGCAGGTCCTC-
30; MGDF-15: para a frente 50 -AGCTGCTACTCCGCGTCAA-30 e revertendo 50 -
GTAAGCGCAGTTCCAGCTG-30; hMCP-1/CCL2: seguindo 50 -
CAGCCAGATGCAATCAATGCC-30 e revertendo 50 -
TGGAATCCTGAACCCACTTCT-30; e mMCP-1/CCL2: seguindo 50 -
AGGTCCCTGTCATGCTTCTG-30 e revertendo 50 -TCTGGACCCATTCCTTCTTG-
30. Os niveis de mMRNA dos diferentes genes testados foram normalizados para
niveis de desidrogenase de gliceraldeido-3-fosfato para amostras humanas e para

0s niveis de beta-actina para amostras de camundongos.

3.10 Experimentos sobre a farmacologia do inibidor da catepsina S e 0 ensaio
P10

A atividade enzimética foi medida por meio da observagdo do aumento da
intensidade de fluorescéncia causada pela clivagem de um substrato peptidico que
contém um fluoréforo de emissdo o qual é apagado no peptideo intacto. O tampéao
de ensaio consistia de 100/L de fosfato de potassio mmol, pH 6,5, 5 mmol/L EDTA-
Na, 0,001% de Triton X-100 (Roche Diagnostics GmbH, Mannheim, Alemanha), e 5
mmol/l de ditiotreitol. As enzimas (todas a 1 nmol/L) foram utilizadas como se segue:
as catepsinas humanas e de camundongos S, K, G, e B foram medidas. O substrato
(20 mmol/L) foi: Z-Val-Val-Arg-AMC, exceto para a catepsina K, que utiliza Z-Leu-
Arg-AMC (Bachem, Bubendorf, Suécia). A excitagdo foi de 360nm, e a emisséo de
465nm. A enzima foi adicionada para as diluicdes da substéncia em placas de micro
titulacdo de 96 pocos, e a reacao foi iniciada com o substrato. A emissdo de
fluorescéncia foi medida ao longo de 20 minutos. A acumulacdo da cadeia invariante
pl0 foi detectada em células B humanas por analise de Western blot. As células B
foram purificadas a partir de PBMCs humanos, com maior purificacdo de células B,
utilizando um kit de purificacdo por afinidade do granulo CD19+ (Miltenyi Biotec
GmbH, Bergisch Gladbach, Alemanha). As células foram estimuladas com
concentracbes crescentes de RO5444101 durante 16 horas e, em seguida, foram

homogeneizadas em tampé&o de ensaio de radioimunoprecipitacdo com inibidores de
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proteases. Os lisados foram submetidos a eletroforese, e as proteinas foram
transferidas para membrana de difluoreto de polivinilideno. A membrana foi incubada
com o anticorpo primario CD74 Pin.1 e anticorpos de cabra anti-camundongo raiz
forte-IlgG peroxidase (Art 32430; Pierce Biotechnology, Rockford, IL, USA). A

membrana foi desenvolvida por analise de western blot (GE Healthcare).

3.11 Anédlise estatistica

Os dados séo apresentados em média e desvio padrao (Média+DP). Andlise
de variancia e teste t de Student foram realizados utilizando o GraphPad Software
Prism versao 5.0 (GraphPad Software Inc., San Diego, CA, USA).
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4 RESULTADOS
Trata-se de resultados publicados em periddico cientifico internacional (The
American Journal of Pathology, Vol. 185, No. 4, April 2015) e que foram transcritos

para esta secdo em idioma portugués, visto que o0 manuscrito foi publicado

originalmente em lingua inglesa.

4.1 Estrutura e farmacologia do inibidor especifico da catepsina S - RO5444101

Este estudo utilizou 0 RO5444101, um inibidor com alta especificidade para a

CatS, mas néo para outras catepsinas (Figura 1A).

Figura 1 - Farmacologia do RO5444101, um inibidor especifico da CatS
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Legenda: (A) estrutura do inibidor seletivo da CatS - RO5444101. (B) células B humanas isoladas a
partir de células mononucleares de sangue periférico foram tratadas com concentracdes crescentes
de RO5444101, seguido por analise de Western blot para quantificar a acumulacdo de pl10. (C)
efeitos do composto inibidor da CatS sobre o acimulo de p10 in vivo. Acumula¢éo significativa do p10
foi observada em 10 mg / kg dose. (D) concentracdo plasmatica do composto RO5444101 em relacédo
a acumulagdo de pl0. A linha verde mostra a elevacdo p10 em funcéo da concentragcdo plasmatica
da droga (exposicéo plasma); A linha vermelha indica a metade da concentragdo maxima de farmaco
no plasma, para atingir elevacdo p10 (CE50); os sinais azuis, as mensuragdes para a curva verde. Os
dados representam as Médias+DP. * P<0,05.
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Este composto inibiu o local ativo da CatS com elevada poténcia (constante
de inibicédo foi de 0,13 nmol / L, utilizando um sistema de clivagem de peptideos in
vitro) e boa seletividade em relacdo as outras catepsinas (B, K, L, C, H, V e X) ou
outras proteases nao cisteinicas, testadas nas concentracdes de até 10 mmol / L
(Tabela 1).

Tabela 1 - Espécie e seletividade da protease do inibidor da CatS (RO5444101)
IC50 values in nM

RO compound Human Mouse | Dog Rabbit Human Human Cat K, Cat L,
CatS CatS |CatS | CatS CatVorlL2 CatC, Cat X, CatH

RO5444101 0.2 0.3 7.9 0.4 2849.0 AllI>25000

Legenda: Efeitos in vitro do RO5444101 em recombinantes da CatS de diferentes espécies e varias
proteinases humanas. O composto apresentou uma elevada poténcia e seletividade em relacéo a
outras catepsinas humanas e também mostrou uma alta poténcia contra a CatS de outros animais.

A atividade celular do composto foi testada em ensaios de antigeno de
apresentacao em células B humanas. A CatS cliva criticamente a cadeia invariante,
uma protecdo da molécula do complexo de maior histocompatibilidade classe II.
Inibicdo da CatS em células apresentadoras de antigeno resultou na acumulacdo de
um intermediario das cadeias invariantes p10, determinada por analise de western
blot (Figura 1B). A média de EC50 do R0O5444101 foi determinado como sendo
189,3 nmol/L (Tabela 2).

Tabela 2 - Valores de EC50 (nmol/L) do inibidor da CatS R0O5444101

RO Compound D1 D2 D3 D4 D5 D6 Médiat+DP

R0O5444101 328.5 1749 | 1789 | 1709 | 164.3 | 118.0 189.3+71.7

Legenda: EC50: Metade da concentragdo méxima do farmaco no plasma, para atingir elevacdo do
p10. D = Donor.

Foram testados os efeitos deste composto em camundongos e observamos
gue 0 mesmo induziu significativamente a acumulagcéo de p10 em extratos de baco,
demonstrando sua eficacia in vivo (Figura 1, C e D). Reduzida clivagem de
invariantes, por sua vez, reduz os niveis de superficie do principal complexo de
histocompatibilidade classe Il e a resposta de citocinas induzida por antigenos em
células PBMCs. A inibicdo da CatS é, por conseguinte, de grande interesse nas

doencas inflamatorias cronicas, uma vez que pode reduzir o dano tecidual e
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amortecer a geracdo de autoimunidade e inflamacdo. No geral, o composto
RO5444101 mostra boa biodisponibilidade e propriedades farmacocinéticas
(pequena molécula) em camundongos e macacos, tornando-se um atraente inibidor
para estudar a funcdo da CatS no contexto das doencas cronicas inflamatorias,

incluindo ateroscleroses.

4.2 Tratamento com um inibidor especifico da catepsina S atenua o aumento
dos niveis plasmaticos dos marcadores osteogénicos em camundongos
APOE-/- com DRC

Os niveis plasmaticos de osteocalcina [ou 0sso gama-carboxyglutamato (Gla)
proteina], osteopontina (ou secretada fosfoproteina-1), e osteoprotegerina (ou
membro 11b do receptor da superfamilia do fator de necrose tumoral) aumentaram

em camundongos com DRC ap0s as nefrectomias 5/6 (Tabela 3).

Tabela 3 - Niveis plasmaticos de osteocalcina, osteopontina e osteoprotegerina em camundongos
ApoE-/- com DRC

Grupos de Animais Osteocalcina Osteopontina Osteoprotegerina
P (ng/mL) (ng/mL) (ng/mL)
ApOE-/- 64.6 + 28.1 1079.4 £300.1 1.8+0.5
ApoE-/- DRC 161.3 +£50.5%t 3275.1 +£1181.0xt 2.8 £0.9+%
ApoE-/- DRC +
6.6 mg/Kg 113.6 £61.6x 1832.7 +1109.0+ 2.240.7%
ApoE-/- DRC +
60 mg/Kg 96.4 £20.11 1294.3 +478.2t 1.840.4%

Legenda: Amostras de sangue foram coletadas em camundongos ApoE-/- no final do periodo de
tratamento com o inibidor especifico da catepsina S - R0O5444101, e os niveis plasmaticos das
citocinas osteogénicas foram medidos pelo método de “enzima-linked immunosorbent assay” (Elisa). *
P<0,05 entre o grupo de dose baixa de tratamento (6,6 mg/kg) e o grupo de DRC. yP<0,05 entre o
grupo de dose elevada de tratamento (60 mg/kg) e o grupo de DRC. DRC = Doenca Renal Crbnica.
ApoE-/- = Deficiente na Apolipoproteina E.

O tratamento, com o inibidor da CatS (RO5444101), nos camundongos com
DRC, atenuou estas elevacfes. Verificou-se um decréscimo, dependente da dose,
nos niveis de osteocalcina (P<0,05, 6 mg / kg, P<0,001, 60 mg / kg), osteopontina
(P<0,05, 6 mg / kg, P<0,01, 60 mg / kg), e osteoprotegerina (P<0,05, 6 mg / Kkg;
P=0.001, 60 mg / kg) no plasma, comparado com os animais com DRC sem

tratamento (Tabela 3). Estes resultados indicam que a dose 60mg/kg do RO5444101
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reduziu, para niveis normais, a elevacdo desses marcadores pro-osteogénicos

associados com a DRC.

4.3 Tratamento com RO5444101 reduz a atividade da catepsina S nas artérias

dos camundongos com DRC

Microscopia de varredura a laser, de alta resolugdo, com varios canais,
visualizou em tempo real, a atividade das catepsinas em geral. O ProSense 750, é
um contraste molecular para imagens “near infrared” (NIR) em tempo real, que é
ativado por catepsinas, incluindo as catepsinas B, L e S. Camundongos com DRC
mostraram sinais proteoliticos aumentados nas artérias carétidas em comparacao
com os animais de controle; um efeito que o tratamento com o inibidor da CatS
limitou (Figura 2A). Além disso, foram utilizadas imagens macroscépicas de
fluorescéncia e refletdncia “ex-vivo” para mapear a atividade da catepsina na aorta e
artérias braqueo-cefalicas. Observou-se uma reducdo significativa nos sinais de
ProSense 750 nos camundongos tratados com a dose de 60 mg/kg do RO5444101
(P<0,01), contra o grupo s6é com DRC (Figura 2, B e C).
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Figura 2 - Efeitos do inibidor da CatS R0O5444101 na expresséao e atividade da catepsina em artérias
de camundongos ApoE-/- com DRC
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Legenda: (A) imagens microscopicas representativas da atividade da catepsina em artérias carétidas
de animais vivos. Banda C: atividade da catepsina em toda a aorta e artérias carétidas usando
imagens ex vivo de fluorescéncia de refletdncia. Nota: Aumento do sinal da atividade da catepsina
nas artérias cardtidas e aorta abdominal de camundongos ApoE-/- com DRC, que diminuiu nos
grupos tratados (setas brancas). Quantificacdo (B) e imagens fluorescentes (proximo do
infravermelho), ex vivo e representativas, de fluorescéncia e refletancia (C). (D e E) Imagens
representativas de coloragdo imuno-histoquimica da CatS no arco aértico. (F e G) quebras de fibras
de elastina (setas amarelas) detectadas pela coloragédo van Gieson (F) e a quantificacdo das quebras
das fibras de elastina (G) na curvatura menor do arco aértico (H e 1); CatS co-localizagdo com
macrofagos (setas brancas) e células musculares lisas em camundongos ApoE-/- com DRC. H,
inserido: Macréfagos aumentados co-expressam catepsina S. L, indica [limen. Os dados representam
Médias+DP. * P<0,05. Ampliacédo do original: 400X.

Analise imuno-histoquimica mostrou que o tratamento com o inibidor da CatS
atenuou a acumulacdo de CatS nas placas aterosclerdticas, induzida pela DRC
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(Figura 2, D e E). Juntos, os resultados das imagens moleculares e analises imuno-
histoquimica sugerem que o tratamento com inibidor da CatS reduziu a atividade
elastolitica e os niveis proteicos da CatS na aorta de camundongos com DRC. A
CatS é a mais potente enzima elastolitica. NO6s, portanto, analisamos a
fragmentacdo da elastina na curvatura menor do arco aortico. Observamos que o
tratamento com alta dose do R0O5444101 (60 mg/kg) reduziu significativamente o
namero de quebras de fibras de elastina, como detectado pela coloracdo de van
Gieson (P=0,01) (Figura 2, F e G). Estes resultados sugeriram que os camundongos
tratados com uma dose elevada do inibidor da CatS tinham quantidades reduzidas
de CatS e poucas quebras das fibras de elastina sugerindo que a inibicdo especifica
da CatS reduz a fragmentacdo da elastina. Analise imuno-histoquimica fluorescente
para a CatS, mac3, e para a alfa actina do musculo liso em placas ateroscleréticas
de camundongos com DRC, identificou os tipos de células responsaveis pela
expressdo da CatS (Figura 2, H e 1). Verificou-se que a CatS se localizou
predominantemente nos macrofagos, mas que alguma expresséao de CatS também
foi observada em células musculares lisas, das camadas mediais, em areas

inflamadas.

4.4 Inibicdo da catepsina S reduz o desenvolvimento de placas
ateroscleroticas, a acumulacdo de macréfagos e a expressdo do marcador

inflamatorio GDF-15 nos camundongos APOE-/- com DRC

Camundongos ApoE-/- com DRC tratados com o inibidor da CatS
(RO5444101) tiveram diminuicdo das placas ateroscleréticas na curvatura menor do
arco da aorta (P=0,01) (Figura 3, A e D). Os experimentos foram desenhados para
permitir que as lesdes ateroscleroticas se desenvolvessem nos camundongos
(ApoE-/-) com dieta com elevado teor de gordura e colesterol durante 10 semanas,

antes da inducao da DRC e tratamento com inibigdo da CatS por mais 10 semanas.
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Figura 3 - Inibidor da CatS RO5444101 diminui o tamanho da placa, a acumulacdo de macréfagos, e
a expressdo do fator de crescimento e diferenciacdo-15 (GDF-15) nas artérias
ateroscleréticas de camundongos ApoE-/- com Doenca Renal Cronica (DRC)
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Mac3

GDF15

D

§"‘Tso go.l go.s

5%50 o 803 T 2 o4

3w 3 402 8 202

:020 20.1 =

g%o go. g 00

-4 ] PN P S0P
5 S S &5 A vﬂ"‘,.‘;. e
e vﬂ&v PR \ﬁ°‘ ds é’\»‘

Legenda: (A e D) quantlflca(;ao do tamanho da placa aterosclerc')tica na curvatura menor do arco
aortico utilizando a coloracdo de hematoxilina e eosina (H&E). (B e E) coloracdo mac3 no arco da
aorta (B) amostra de imagens representativa da acumulagdo de macréfagos; anélise quantitativa de
coloracdo mac3 (E). (C e F) Coloracdo imuno-histoquimica para a citocina pré-inflamatéria GDF-15,
no arco da aorta (C) e a sua quantificacdo (F). Os dados representam MédiastDP. * P<0,05, ***
P<0,001.

Para obter resultados clinicamente relevantes, examinou-se os efeitos da
inibicdo especifica da catepsina S (RO5444101) em placas ateroscleréticas ja
estabelecidas, mas n&o sobre a iniciacdo da aterosclerose. Foi observada
significativa reducao no tamanho da lesdo aterosclerética (Figura 3D) e no acumulo
de macréfagos (Figura 3E) em camundongos ApoE-/- com DRC tratados com uma

dose elevada do inibidor. Mais importante, o tratamento reduziu a carga de ateromas
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em camundongos ApoE-/- com DRC para niveis semelhantes aos camundongos
ApoE-/- sem DRC.

Estes resultados sugerem que este composto pode retardar substancialmente
o desenvolvimento de aterosclerose avancada na DRC. Para explorar os possiveis
mecanismos da reducdo do tamanho da placa, examinamos o acumulo e a ativagédo
dos macréfagos. O tratamento com RO5444101 diminuiu a acumulacdo de
macrofagos, induzida pela DRC, e a ativacdo desses nas camadas arteriais intima e
média, medidas pela colorac¢do para Mac3 (P<0,01 para 6,6 mg/kg, e P<0,001 para
60 mg/kg) (Figura 3, B e E) e GDF-15 (ou citocina inibidora de macréfago-1;
P<0,0001 para 6,6 e 60 mg/kg) (Figura 3, C e F). Estes resultados indicam que a
inibicdo da CatS pode reduzir a carga inflamatéria e deter, e potencialmente até
mesmo reverter a formacdo da lesdo aterosclerdtica no camundongo com DRC.
Para demonstrar a fonte celular da expressdo da CatS, foi realizada coloragao
imunofluorescente dupla da CatS e macrofagos ou de células de muasculo liso. A
coloracdo revelou que a CatS € predominantemente expressa em macrofagos da

camada intima e média arterial (Figura 2 H).

4.5 Inibicdo da catepsina S reduz calcificagdo arterial em camundongos
APOE-/- com DRC

Camundongos ApoE-/- com DRC, tratados com 60 mg/kg de RO5444101 nédo
reduziram significativamente os sinais de calcificagdo nas artérias caroétidas (imagem
NIRF em tempo real) (Figura 4A), aorta e artérias braqueo-cefalicos (ex vivo NIRF
imagem de refletancia) (Figura 4, B e C), como detectado pelo tragador de célcio
OsteoSense 680. No entanto, este tratamento reduziu significativamente a atividade
da fosfatase alcalina (P<0,01) (Figura 4, D e E) e expressdo da osteocalcina
(P<0,05) (Figura 4, F e G) na curvatura menor dos arcos aorticos em comparagao
com O grupo nao tratado. Juntos, estes resultados demonstraram que o0s
camundongos com DRC tém atividades osteogénicas aumentadas, que foram

reduzidas com a inibicdo da CatS.
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Figura 4 - Inibicdo da CatS diminui a atividade osteogénica na aorta e artérias carotidas
ateroscleréticas de camundongos ApoE-/- com Doenca Renal Crénica (DRC)
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Legenda: (A) imagens microscopicas representativas de calcificacdo vascular nas artérias carotidas,
utilizando um marcador sensivel ao célcio (OsteoSense 680) em animais vivos. (B e C) atividade
osteogénica (OsteoSense 680) em toda a aorta e artérias carétidas (ex vivo) usando imagem de
fluorescéncia de reflexdo. Nota-se um aumento de sinal da atividade osteogénica nas artérias
carétida e na aorta abdominal de camundongos ApoE-/- com CRD, que é diminuida nos grupos
tratados (setas). Quantificacdo (B) de imagens (representativas) de fluorescéncia de refletancia (ex
vivo) proximo do infravermelho (C). (D e E) atividade da fosfatase alcalina (ALP) no arco adértico. (F e
G) coloracao imuno-histoquimica para a osteocalcina no arco da aorta (F) e a sua quantificacao (L).
Os dados representam significa Médias+DP. * P<0,05.

4.6 RO5444101 reduz a expressdo de GDF-15 induzida por interferon gama

(IFN-Y) em macro6fagos humanos e de camundongos

Os dados in vivo sugerem que a inibicdo especifica da CatS pelo RO5444101
reduziu a acumulacdo de macréfagos e a expressdao do marcador de ativacdo de
macréfagos-15 (GDF-15), nas artérias de camundongos ApoE-/- com DRC (Figura 3,
B e C). A pergunta seguinte era se uma diminuicdo na expressdo da GDF-15
resultaria na reducdo de macrofagos ou se este processo também envolvia
diminuicdo da ativacdo dos macrofagos. Para testar a hipotese de que a inibicdo da
CatS reduz a expressdao de GDF-15 diminuindo a ativacdo de macroéfagos, foi
realizada cultura de células (experimentos in vitro). Pré tratamento com R05444101

reduziu a expressdo de GDF-15 induzida pelo interferon gama (IFN-Y) em ambos,
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macréfagos primarios humanos e mondcitos derivados do sangue periférico (Figura

5A) e macréfagos de camundongos, células RAW264.7 (Figura 5A).

Figura 5 - Inibicédo especifica da CatS por RO5444101 atenua a expressao do fator de diferenciagao
do crescimento-15 (GDF-15) e da proteina quimiotactica de mondcitos-1 (MCP-1/CCL2)
induzidas por interferon gama (IFN-Y) em macréfagos humanos e de camundongos
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Legenda: Macréfagos humanos primarios diferenciados (M®), cultivados a partir de mondcitos do

sangue periférico e de células semelhantes a de macréfagos de camundongos (RAW?264.7) foram
pré-tratados com o inibidor da CatS R0O5444101 e, em seguida, foram incubadas com IFN-Y.
R0O5444101 ou siRNA contra a CatS reduziram a expressdo de GDF-15 (A) e a MCP-1/CCL2 (B)
induzidas por IFN-Y em ambos os macréfagos humanos e de camundongos. N=4 para todas as
experiéncias. Os dados representam Médias+DP. *P<0,05 entre comparacgdes. Ctrl, controle; hIFN-Y,
humano IFN-Y; mIFN-Y, camundongo IFN-Y.

O efeito do composto RO5444101 pareceu envolver a inibicdo da CatS, como
o silenciamento da enzima (siRNA) também reduziu a inducédo de GDF-15 pelo IFN-
Y (Figura 5A). Da mesma forma, o tratamento com R0O5444101 ou o silenciamento
da CatS reduziram a expressdo das proteinas quimiotaticas dos mondcitos-1/CCL2,

uma quimiocina pré-inflamatoria, induzida pelo o IFN-Y (Figura 5B).
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5 DISCUSSAO

A Doenca renal crénica (DRC) é um problema de saude publica global
(RADHAKRISHNAN et al., 2014; WEINER, 2007; LEVEY et al.,, 2003). A Doenca
Cardiovascular (DCV) € uma comorbidade comum e uma das principais causas de
mortalidade na populacdo DRC (MA et al., 2015; LEVEY et al., 1998; LONDON,;
PARFREY, 1997). Embora a mortalidade relacionada com doencas cardiovasculares
seja relativamente incomum na populagéo jovem, ela é responsavel pela maioria das
mortes em adultos jovens com DRC (FLYNN, 2006). Existem inUmeros fatores de
risco para DCV em pacientes com DRC, incluindo fatores convencionais
(hipertenséo, diabetes, dislipidemia) e ndo convencionais, como estresse oxidativo,
inflamacéo, anemia e distlrbios do metabolismo mineral (MA et al., 2015).

Estudos recentes tém colocado grande énfase na associacdo da rigidez
arterial e DCV na populacdo com DRC que necessita de dialise (SHAH et al., 2015),
e que os niveis de HDL, o bom colesterol, ndo predizem doencas cardiovasculares
na populacdo com DRC (SONMEZ et al., 2015). Mais importante, essa populacdo é
a Unica que nao tem beneficio significativo de intervencdes lipolip€micas padrao
(AGRAWAL et al., 2015), principalmente se estdo em hemodialise. A DRC altera
profundamente o metabolismo e a composicao das particulas de HDL prejudicando
seus efeitos protetores sobre o endotélio vascular, e sobre o controle da inflamacéao
e da oxidac&o. Assim, perturbacdes induzidas por DRC no HDL pode contribuir para
0 excesso de DCV em pacientes com DRC (KON et al., 2013).

Em pacientes com DRC em estdgio avancado, a estatina (sinvastatina)
diminuiu os niveis de LDL e aumentou a sensibilidade da proteina C reativa, porém
nao houve associacdo com a diminuicdo de eventos cardiovasculares como infartos
e derrames cerebrais (SARNAK et al., 2003; FELLSTROM et al., 2009). Portanto,
verifica-se a necessidade de novas terapias que diminuam o risco cardiovascular em
pacientes com DRC. O presente estudo fornece evidéncias de que a inibicao
seletiva e especifica da CatS reduz inflamacdo e calcificacdo arterial em
camundongos com DRC, sugerindo um novo alvo terapéutico para reduzir o risco de
DCV nesta populagéo.

Observamos que a administracdo do inibidor seletivo da CatS (RO5444101),
o qual ndo afeta a atividade proteolitica de outras catepsinas, melhora diversas

caracteristicas-chave da doenca arterial neste modelo animal com DRC e


http://www.ncbi.nlm.nih.gov/pubmed/?term=Ma%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=25991557
http://www.ncbi.nlm.nih.gov/pubmed/?term=Flynn%20JT%5BAuthor%5D&cauthor=true&cauthor_uid=16698298
http://www.ncbi.nlm.nih.gov/pubmed/?term=Sonmez%20A%5BAuthor%5D&cauthor=true&cauthor_uid=25885289
http://www.ncbi.nlm.nih.gov/pubmed/?term=Agrawal%20H%5BAuthor%5D&cauthor=true&cauthor_uid=25981315
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aterosclerose acelerada, incluindo: i) reducédo do tamanho da placa aterosclerotica;
i) reducdo do acumulo e da ativacdo de macréfagos de placas ateroscleréticas,
aferida pela expressédo de mac3 e da molécula pré-inflamatéria GDF-15; iii) reducéo
da atividade da catepsina e do numero de quebras de fibras de elastina nas placas
ateroscleroticas; iv) reducdo da atividade osteogénica e de algumas caracteristicas
da calcificacdo vascular; v) reducdo dos niveis plasmaticos de marcadores
osteogénicos circulantes (Figura 6). Estes resultados mostram que a elastolise
decorrente da atividade da CatS promove inflamacdo e calcificacdo vascular,
apoiando dados anteriores com camundongos com deficiéncia de CatS (AIKAWA et
al., 2009).

Figura 6 - |Inibicio da CatS em placas
aterosclerdticas na Doenc¢a Renal Cronica
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lesion growth Osteocalcin
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Osteoprotegerin
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Legenda: A inibicdo da CatS pode reduzir o
tamanho da leséo através da diminuicdo do fator
de crescimento e diferenciagdo-15 (GDF-15), um
modulador de quimiotaxia de macréfagos. A
inibicho da CatS pode também diminuir os
estimulos osteogénicos, tais como a osteopontina
e osteocalcina, suprimindo a degradacdo da
elastina.

Além disso, os resultados do presente estudo sugerem que a manutencdo da
integridade da elastina por inibicdo seletiva da atividade da CatS reduz inflamacgao
arterial e osteogénese podendo melhorar a saude cardiovascular em pacientes com
DRC. Catepsinas proteases, como € a CatS, tem papéis fundamentais em diversas
doencas cardiovasculares, incluindo formacédo de aneurisma (QIN et al., 2012),
ateroscleroses (SUKHOVA et al., 2003) e calcificagdo vascular (AIKAWA et al.,

2009). A CatS é uma das mais potentes cisteina protease amplamente expressa por
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macrofagos em ateromas. Na membrana basal da parede dos vasos sanguineos, a
CatS atua como uma potente e elastolitica e colagenolitica protease, promovendo
inflamacédo arterial e aterosclerose (AIKAWA et al., 2009; SUKHOVA et al., 2003),
tornando-se assim um alvo promissor para intervencao terapéutica. N6s relatamos
anteriormente que camundongos ApoE geneticamente modificados com auséncia de
CatS, com DRC induzida cirurgicamente, mostraram reducdo significante da
fragmentacao da elastina e calcificacdo nas artérias e valvulas cardiacas (AIKAWA
et al., 2009).

Com o uso desse tipo de droga/substancia, a expressao de outras catepsinas
ou metaloproteinases nao se alterou. Nés, portanto, propomos que a CatS acelera a
calcificacdo cardiovascular através de um mecanismo dependente da elastose. O
presente estudo deu continuidade a uma investigacdo experimental prévia.
Consistentes com as descobertas sobre os camundongos com deficiéncia de CatS,
0s camundongos ApoE-/-, hipercolesterolémicos com DRC, submetidos a inibicao
seletiva da CatS, pela administracdo do novo composto RO5444101, apresentaram
reduzida fragmentacéo da elastina.

Da mesma forma, o composto RO5444101 também proporcionou redugédo na
atividade osteogénica em artérias aterosclerdticas. Por isso, a supressado da
atividade da CatS, através da delecdo genética ou de pequenas intervencdes
moleculares, apresenta resultados semelhantes, dando maior suporte para a inibigao
da CatS na preservacdo da integridade da elastina e calcificagcdo vascular. O
presente estudo também analisou o papel da CatS na aterosclerose em
camundongos com DRC e encontrou que a inibicdo seletiva da CatS reduziu
significativamente o tamanho da placa aterosclerética.

Este efeito provavelmente resultou da reducdo da inflamacéo arterial, como
observado na diminuicdo do acumulo de macrofagos nas placas. Os macréfagos
promovem o inicio e a progressao das lesdes ateroscleroticas, microcalcificacdes,
ruptura da placa, e complicacbes trombdticas agudas (AIKAWA et al.,, 2007;
AIKAWA et al., 2004). Ha relatos que as fragmentacdes das fibras de elastina
promovem inflamacao (AIKAWA et al., 2009). Os fragmentos/peptideos derivados da
elastina exercem efeitos pro-inflamatorios, incluindo a quimioatracdo dos
macréfagos (SIMPSON et al., 2007); a exposicdo a citocinas inflamatorias e a

degradacéo da matriz extracelular, podendo aumentar a degradacao ou liberacdo de
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catepsinas nestas ceélulas, assim o processo inflamatorio na aterogénese esta ligado
firmemente com a protedlise devido as a¢bes das catepsinas (LIU et al., 2004).

Sukhova, et al. (2003) relatou que a eliminacdo genética da CatS reduziu o
tamanho da placa aterosclerética, a acumulacdo de macréfagos, e as citocinas pré
inflamatoérias, em camundongos hipercolesterolémicos com deficiéncia nos
receptores de baixa densidade de lipoproteinas (LDLR). Esse estudo apresenta
achados semelhantes aos observados em camundongos hipercolesterolémicos
deficientes de apolipoproteina com DRC sugerindo que a presenca de DRC,
enquanto acelera a aterosclerose e induz a calcificacdo arterial, ndo impede os
efeitos atero protetores da inibicdo de CatS, tendo a possibilidade de considerar a
CatS como alvo terapéutico em doencas arteriais.

A GDF-15, citoquina inibidora de macrofagos-1 (MIC-1) € um membro da
superfamilia do fator transformador de crescimento beta e recentemente, foi
reconhecido como um novo biomarcador associado com DCV na populacdo. Este
biomarcador somado aos fatores de risco tradicionais (histérico de hipertenséo,
diabetes mellitus, dislipidemia, fumantes) contribuem de forma significativa para a
predicdo de eventos cardiovasculares (ZHANG et al., 2012; ZHU et al., 2015), em
geral e em pacientes com DRC (BREIT et al.,, 2012). Neste experimento, nos
localizamos a proteina GDF-15 nos macréfagos positivos para mac3, e a inibicdo de
CatS reduziu significativamente o acumulo de GDF-15 em lesdes da aorta. Os
estudos de validacdo in vitro usando macréfagos primarios e linhas celulares de
macrofagos imortalizados demonstraram que tanto o inibidor da CatS quanto o
silenciamento do RNA (siRNA) reduziu a expressdao de GDF-15/macréfagos
induzidos por IFN gama, consistente com os dados in vivo. Portanto, GDF-15, um
conhecido indutor de ativagcdo dos macréfagos (BOOTCOV et al.,1997), pode
contribuir para o papel pré inflamatério da CatS. Porque também o GDF-15 prediz
independentemente o risco de mortalidade em pacientes com DRC (BREIT et al.,
2012), possibilitando o vinculo entre o desenvolvimento da lesdo aterosclerdtica e a
DRC. O GDF-15 modula a quimiotaxia de macréfagos num estrito receptor C-C tipo
Il e no receptor tipo ll-dependente do fator transformador de crescimento beta (DE
JAGER, S. C. et al., 2011). Assim, nés examinamos o0s efeitos da inibicdo da CatS
em CCL2, um ligante da quimiocina C-C do receptor de tipo 2, e encontramos que a
inibicdo da CatS reduz a expressao de macréfagos CCL2.
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Portanto, a inibicdo seletiva da CatS pode inibir o recrutamento de
macrofagos nas lesBes ateroscleréticas, reduzir a inflamagdo vascular e o
desenvolvimento de placas. Retroalimentacbes complexas e positivas envolvendo
reguladores multifuncionais, como a CatS, tipicamente aceleram a inflamacdo. E
dificil de distinguir os efeitos diretos do inibidor da CatS das consequéncias
secundarias in vivo. Com relacdo aos efeitos sobre os macréfagos e GDF-15, este
inibidor reduz os niveis do principal complexo de histocompatibilidade de superficie
classe Il e da resposta antigénica induzida das citocinas nas células PBMCs. Além
disso, experimentos com exclusdo do gene e inibicdo farmacoldgica em roedores
demonstraram que a CatS participa em outros tipos de células ou contextos, tais
como reducdo da resposta imune de células T CD4+ e menor mobilidade de células
dendriticas e células B, além de que a CatS € a principal cisteina protease
lisossémica responsavel pela maturacdo da MHC de classe Il (BANIA et al., 20083;
BEERS et al., 2005). Estes mecanismos suportam a CatS como um alvo terapéutico
atraente para doencas imunes, como esclerose mdultipla e artrite reumatoide, e

também para aterosclerose em pacientes com DRC.
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6 CONCLUSAO

A inibicdo seletiva da catepsina S (CatS) atenua a progressao de lesdes
ateroscleroticas em camundongos hipercolesterolémicos com Doencga Renal Crénica
(DRC). O composto RO5444101 inibiu o local ativo da CatS com elevada poténcia e
boa seletividade em relacdo as outras catepsinas, e também diminui 0os niveis
plasmaticos de osteocalcina, osteopontina e osteoprotegerina em camundongos
ApoE-/- com DRC, em comparacao com aqueles sem tratamento.

Os camundongos ApoE-/- com DRC apresentavam aumento do sinal da
atividade da catepsina nas artérias cardtidas e na aorta, e o0 tratamento com o
inibidor da CatS reduziu a atividade elastolitica e os niveis proteicos da CatS nessas
artérias. O inibidor da CatS R0O5444101 também diminui o tamanho das placas, a
acumulacdo de macréfagos, e a expressao do fator de crescimento e diferenciacéo-

15 (GDF-15) nas artérias ateroscleroticas desses animais.
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7 PERSPECTIVAS FUTURAS

As perspectivas para o “alvo terapéutico” catepsina S sdo muito promissoras.
Pequenas e grandes empresas da industria farmacéuticas estdo fazendo testes pré-
clinicos e clinicos com inibidores da catepsina S. No momento, estdo sendo testados
no cancer, no lupus, na artrite reumatoide e na obesidade.

A Roche, detentora da patente do inibidor da catepsina S - RO5444101 e nos
acreditamos que essa droga sera eficiente em “clinical trials” para diminuir a
ateroscleroses em pacientes com DRC em hemodialise e num futuro breve estara no

mercado, para salvar vidas.
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Chronic renal disease (CRD) accelerates the development of atherosclerosis. The potent protease
cathepsin S cleaves elastin and generates bioactive elastin peptides, thus promoting vascular inflam-
mation and calcification. We hypothesized that selective cathepsin S inhibition attenuates atherogenesis
in hypercholesterolemic mice with CRD. CRD was induced by 5/6 nephrectomy in high-fat high-cholesterol
fed apolipoprotein E—deficient mice. CRD mice received a diet admixed with 6.6 or 60 mg/kg of the potent
and selective cathepsin S inhibitor R05444101 or a control diet. CRD mice had significantly higher plasma
levels of osteopontin, osteocalcin, and osteoprotegerin (204%, 148%, and 55%, respectively; P < 0.05),
which were inhibited by R05444101 (60%, 40%, and 36%, respectively; P < 0.05). Near-infrared fluo-
rescence molecular imaging revealed a significant reduction in cathepsin activity in treated mice.
R05444101 decreased osteogenic activity. Histologic assessment in atherosclerotic plaque demonstrated
that R05444101 reduced immunoreactive cathepsin S (P < 0.05), elastin degradation (P = 0.01), plaque
size (P = 0.01), macrophage accumulation (P < 0.01), growth differentiation factor-15 (P = 0.0001),
and calcification (alkaline phosphatase activity, P < 0.01; osteocalcin, P < 0.05). Furthermore, cathepsin
S inhibitor or siRNA significantly decreased expression of growth differentiation factor-15 and monocyte
chemotactic protein-1 in a murine macrophage cell line and human primary macrophages. Systemic
inhibition of cathepsin S attenuates the progression of atherosclerotic lesions in 5/6 nephrectomized
mice, serving as a potential treatment for atherosclerosis in patients with CRD. (Am J Pathol 2015, 185:
1156—1166; http://dx.doi.org/10.1016/j.ajpath.2014.11.026)

Half of all patients with chronic renal disease (CRD) die of
cardiovascular causes.'” Patients with early stages of CRD
who are not undergoing dialysis have cardiovascular disease
(CVD) risk similar to that of patients with established coronary
artery disease,” whereas patients with end-stage renal disease,
treated by dialysis, have an approximately 30 times greater
CVD risk than the general population.’” Despite being at
elevated risk for CVD, patients with CRD have experienced
limited benefits from statin treatment alone.®’ Hence, the need
is emerging to investigate the mechanisms responsible for
CVD in CRD patients to develop effective new therapies.
Arterial inflammation is a key facet of atherosclerotic lesion
initiation and progression.*” Several molecular mechanisms

Copyright © 2015 American Society for Investigative Pathology.
Published by Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.ajpath.2014.11.026

participate in the response to injuries at the vascular wall and
in the formation and progression of atherosclerotic lesions.'”
Chronic inflammation likely accelerates atherosclerosis in
patients with CRD,'" and the combination of chronic inflam-
mation and an imbalance in the calcium phosphate serum level
in these patients exacerbates these processes.'>'* In addition,
CRD patients receiving hemodialysis have elevated levels of
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circulating proinflammatory cytokines,"* which can initiate
and perpetuate the inflammation-calcification loop.

Cathepsin S plays a critical role in vascular inflammation
and calcification. Monocyte-derived macrophages that
mediate vascular inflammation express and secrete the
cysteine protease cathepsin S.'* At the basal membrane of
the blood vessels, secreted cathepsin S cleaves several
extracellular matrix proteins, including laminin, collagen,
and, preferentially, elastin, which generate bioactive
elastin peptides.'®'” Elastin-derived peptides and frag-
ments, also known as matrikines, can incite inflammation.
Elastin peptides stimulate macrophage chemotaxis'® and
promote vascular inflammation and calcification.'® In
addition, cathepsin S co-localizes with regions of increased
elastin breaks in atherosclerotic plaques.’

We previously reported that cathepsin S deficiency leads
to reduced elastolytic activity and decreased vascular
inflammation and calcification in the arteries of hyper-
cholesterolemic mice with experimental CRD, providing
in vivo evidence implicating cathepsin S—induced elas-
tolysis in arterial and aortic valve calcification.?’ To seek a
clinically translatable proof of concept, the present study
tested the hypothesis that treatment with a highly selective
cathepsin S inhibitor attenuates inflammation and athero-
sclerotic lesion formation in the arteries of hypercholes-
terolemic mice with CRD.

Materials and Methods

Animal Protocol

Male 10-week-old Apoe™~ mice (N = 60) from The
Jackson Laboratory (Bar Harbor, ME) were fed a high-fat
high-cholesterol diet (Teklad TD.88137; Harlan Labora-
tories, Indianapolis, IN) for 10 weeks. At 20 weeks of age,
mice were randomized either to continue with the diet (n =
15) or to undergo 5/6 nephrectomy (n = 45). CRD mice
were then treated with 6.6 or 60 mg/kg of RO5444101, a
highly potent and selective cathepsin S inhibitor (Hoffmann-
La Roche, Basel, Switzerland) (n = 15 per group), admixed
with the high-fat high-cholesterol diet for an additional 10
weeks. The Harvard Medical School Standing Committee
on Animals approved all the animal studies.

Cells and Reagents

Human peripheral blood mononuclear cells (PBMCs) were
isolated by centrifugation in Ficoll-Hypaque (Sigma-
Aldrich, St. Louis, MO) and adherence. Cells were cultured
for 10 days in RPMI 1640 medium (Invitrogen, Carlsbad,
CA) supplemented with 5% heat-inactivated human serum,
2 mmol/L L-glutamine, 100 pg/mL penicillin, and 100 U/
mL streptomycin to differentiate into macrophages. Murine
macrophage-like RAW264.7 cells were purchased from
ATCC (Manassas, VA) and grown in Dulbecco’s modified
Eagle’s medium with 10% fetal bovine serum.

The American Journal of Pathology m ajp.amjpathol.org

Surgically Induced CRD

We used an established model to induce chronic renal
failure by controlling the amount of kidney mass removed.”’
This procedure includes two steps to create uremia.”*>
First, we performed 2/3 nephrectomy, removing the top
one-third and bottom one-third of the left kidney. Then,

after 7 days of healing, the right kidney was removed.

Molecular Imaging of Cathepsin Activity and
Osteogenesis

Twenty-four hours before imaging, mice received simulta-
neous i.v. injections of two spectrally distinct molecular
imaging agents: a protease-activatable, pan-cathepsin fluo-
rescent agent (ProSense 750; PerkinElmer, Waltham, MA)
and a bisphosphonate-conjugated calcium tracer (OsteoSense
680; PerkinElmer). Dual-channel (633 nm for excitation and
748 nm for emission) in vivo near-infrared fluorescence
(NIRF) of carotid arteries was acquired using a laser scanning
multicolor fluorescence microscope (Olympus Corp, Tokyo,
Japan), as previously described elsewhere.”*** For ex vivo
NIRF reflectance imaging, we perfused the heart with saline
solution to flush out blood. Aortas and arteries were dissected
and then were imaged using an NIRF reflectance imaging
system (Image Station 4000MM; Eastman Kodak Co., New
Haven, CT). Image stacks were processed and analyzed using
Image] software version 1.41 (NIH, Bethesda, MD). Mice
were then sacrificed for correlative histologic analyses of the
aorta and arteries.

Quantification of Compound Plasma Levels and p10
Accumulation in Spleens

Male 8-week-old wild-type mice (N = 8; Charles River
Laboratories, Sulzfeld, Germany) received RO5444101, and
terminal blood samples were collected at seven different time
points in precooled EDTA-coated tubes. The samples were
kept on ice and immediately centrifuged at 4°C to obtain
plasma. Quantification of compound levels in plasma was
performed by liquid chromatography—tandem mass spec-
trometry analysis. Increased pl10 was confirmed in spleens,
which were homogenized in radioimmunoprecipitation assay
buffer with protease inhibitors. Lysates were electrophoresed,
and proteins were transferred to polyvinylidene difluoride
membrane. Membrane was incubated with CD74 primary
antibody (BD Pharmingen, Heidelberg, Germany) and then
with anti-rabbit secondary antibody. The membrane was
developed by Western blot analysis (GE Healthcare, Buck-
inghamshire, UK).

Quantification of Blood Proteins

Blood was collected via the inferior vena cava and was
spun in a refrigerated centrifuge; serum was stored at
—80°C. Serum levels of osteogenic markers, including
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bone gamma-carboxylglutamate (gla) protein or osteocalcin,
secreted phosphoprotein 1 or osteopontin, and osteoprotegerin
or tumor necrosis factor receptor superfamily, member 11b,
were measured by sandwich enzyme-linked immunosorbent
assay kits (Millipore, Billerica, MA).

Histopathologic Assessment

Tissue samples were frozen in optimum cutting temperature
compound (Sakura Finetek, Torrence, CA), and 6-um serial
sections were cut and stained with hematoxylin and eosin for
general morphologic evaluation. Alkaline phosphatase
activity was detected on cryosections (alkaline phosphatase
substrate kit; Vector Laboratories, Burlingame, CA). Van
Gieson stain was used to assess elastin. Immunohistochem-
ical analysis for macrophages (anti-mouse mac3; BD Bio-
sciences, San Jose, CA), cathepsin S (anti-mouse cathepsin
S; Santa Cruz Biotechnology, Santa Cruz, CA), osteocalcin
(goat anti-mouse polyclonal antibody; Serotech, Dusseldorf,
Germany), and growth differentiation factor-15 (GDF15)
(rabbit anti—Gdf-15 polyclonal antibody; Bioss Antibodies,
Woburn, MA) was performed using the avidin-biotin
peroxidase method. Images were captured and processed
using an Eclipse 80i microscope (Nikon Instruments, Mel-
ville, NY). Serial or adjacent sections were used for analyses
of quantitative data. Double immunofluorescence staining

Table 1

was performed using cathepsin S antibodies and either mac3
or a-smooth muscle actin (clone 1A4; Sigma-Aldrich).
Sections were counterstained with DAPI to visualize
nuclei. Images were processed using an Eclipse confocal
microscope system (Nikon Instruments).

siRNA Transfection

RAW264.7 cells were transfected with 200 nmol/L siRNA
against cathepsin S or control scrambled nontargeting
siRNA (Dharmacon, Lafayette, CO) using Lipofectamine
2000 (Invitrogen) for 48 hours before experiments,
following the manufacturer’s protocols. By this method, the
silencing efficiency was consistently >90%.

Quantification of Gene Expression by Quantitative
RT-PCR

Total RNA from human and murine macrophages was isolated
using an RNeasy kit (Qiagen GmbH, Hilden, Germany) and
was reverse transcribed by SuperScript IT Reverse Transcriptase
(Invitrogen) and oligo (dT) primers. Quantitative PCR was
performed in the MyiQ single-color real-time PCR detection
system (Bio-Rad Laboratories, Hercules, CA). The following
primers from Integrated DNA Technologies (Coralville, IA)
were used: hGDF-15: forward 5'-GACCCTCAGAGTTG-

Species and Protease Selectivity of the Cathepsin S Inhibitor R05444101

50% Inhibitory concentration (nmol/L)

RO compound Human CatS Mouse CatS Dog CatS

Rabbit CatS

Human CatV or L2 Human CatK, CatL, CatC, CatX, CatH

R05444101 0.2 0.3 7.9 0.4

2849.0 All >25,000

In vitro effects of R05444101 on recombinant cathepsin S from different species and various human proteinases. The compound showed high potency and
selectivity over other cathepsins in humans. This compound also shows high potency against cathepsin S in animals.

(at, cathepsin.
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Table 2  ECs, Values of the Cathepsin S Inhibitor R05444101
RO ECso (nmol/L)

compound DI D2 D3 D4 D5 D6 Mean =+ SD
R05444101 328.5 174.9 178.9 170.9 164.3 118.0 189.3 & 71.7

D, donor.

CACTCC-3' and reverse 5'-GCCTGGTTAGCAGGTCCTC-
3'; mGDF-15: forward 5'-AGCTGCTACTCCGCGTCAA-3’
and reverse 5-GTAAGCGCAGTTCCAGCTG-3; hMCP-1/
CCL2: forward 5'-CAGCCAGATGCAATCAATGCC-3 and
reverse 5'-TGGAATCCTGAACCCACTTCT-3'; and mMCP-
1/CCL2: forward 5'-AGGTCCCTGTCATGCTTCTG-3' and
reverse 5'-TCTGGACCCATTCCTTCTTG-3'. The mRNA
levels of the various genes tested were normalized to glycer-
aldehyde-3-phosphate dehydrogenase levels for human sam-
ples and to B-actin levels for murine samples.

Experiments on the Pharmacology of Cathepsin S
Inhibitor and p10 Assay

Enzymatic activity was measured by observing the increase
in fluorescence intensity caused by cleavage of a peptide
substrate containing a fluorophore, the emission of which is
quenched in the intact peptide. The assay buffer consisted of
100 mmol/L potassium phosphate, pH 6.5, 5 mmol/L EDTA-
Na, 0.001% Triton X-100 (Roche Diagnostics GmbH,
Mannheim, Germany), and 5 mmol/L dithiothreitol. The
enzymes (all at 1 nmol/L) used were as follows: human and
mouse cathepsins S, K, L, and B were measured. Substrate
(20 pmol/L): Z-Val-Val-Arg-AMC, except for cathepsin K,
which uses Z-Leu-Arg-AMC (both from Bachem, Buben-
dorf, Sweden). Excitation was 360 nm, and emission was 465
nm. Enzyme was added to the substance dilutions in 96-well
microtiter plates, and the reaction was started with substrate.
Fluorescence emission was measured over 20 minutes.
Invariant chain p10 accumulation was detected in human
B cells by Western blot analysis. B cells were purified from
human PBMCs, with further purification of B cells using a
CD19™" affinity bead purification kit (Miltenyi Biotec GmbH,
Bergisch Gladbach, Germany). Cells were stimulated with
indicated concentrations of RO5444101 for 16 hours and

then were homogenized in radioimmunoprecipitation assay
buffer with protease inhibitors. Lysates were electro-
phoresed, and proteins were transferred to polyvinylidene
difluoride membrane. Membrane was incubated with CD74
primary antibody Pin.l1 and goat anti-mouse IgG—horser-
adish peroxidase (Art. 32430; Pierce Biotechnology, Rock-
ford, IL). The membrane was developed by Western blot
analysis (GE Healthcare).

Statistical Analysis

Data are presented as means = SEM. Analysis of variance
and Student’s r-test were performed using GraphPad
Prism software version 5.0 (GraphPad Software Inc., San
Diego, CA).

Results

Structure and Pharmacology of a Specific Cathepsin S
Inhibitor

This study used RO5444101, an inhibitor with high specificity
to cathepsin S but not other cathepsins (Figure 1A). This
compound inhibits the active site of cathepsin S with high
potency (inhibitory constant was 0.13 nmol/L using an in vitro
peptide cleavage assay) and good selectivity over other
cathepsins (B, K, L, C, H, V, and X) or noncysteine proteases,
tested to concentrations of up to 10 pmol/L (Table 1). The
cellular activity of the compound was tested in assays of an-
tigen presentation in human B cells. Cathepsin S cleaves
critically the invariant chain, a chaperone of the major histo-
compatibility complex class II molecule. Inhibition of
cathepsin S in antigen-presenting cells results in the accumu-
lation of an intermediate of the invariant chain—pl0—as
determined by Western blot analysis (Figure 1B). The mean
ECso of RO5444101 was determined to be 189.3 nmol/L
(Table 2). We also tested the effects of this compound in mice
and observed that it significantly induced p10 accumulation
in spleen extracts, demonstrating its in vivo efficacy
(Figure 1, C and D). Reduced invariant cleavage, in turn,
reduces surface major histocompatibility complex class II
levels and the antigen-induced cytokine response in PBMCs.
Inhibition of cathepsin S is, therefore, of great interest in

Table 3  Treatment with Cathepsin S Inhibitor Decreases Plasma Levels of Osteocalcin, Osteopontin, and Osteoprotegerin in Apoe™/~ Mice

with CRD Compared with Those without Treatment

Mouse group Osteocalcin (ng/mL)

Osteopontin (ng/mL) Osteoprotegerin (ng/mL)

Apoe™/~ 64.6 + 28.1 1079.4 £ 300.1 1.8 4£05
Apoe™/~ CRD 161.3 + 50.5*" 3275.1 + 1181.0*' 2.8 + 0.9*"
Apoe™/~ CRD + 6.6 mg/kg 113.6 + 61.6" 1832.7 + 1109.0* 2.2+ 0.7*
Apoe™/~ CRD + 60 mg/kg 96.4 = 20.1" 1294.3 + 478.21 1.8 + 0.4
Blood samples were collected from Apoe™~ mice at the end of the treatment period, and plasma levels of the genic cytokines were d by

enzyme-linked immunosorbent assay.

*P < 0.05 between the low-dose treatment group (6.6 mg/kg) and the CRD group.
P < 0.05 between the high-dose treatment group (60 mg/kg) and the CRD group.

CRD, chronic renal disease.

The American Journal of Pathology m ajp.amjpathol.org
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A: Representative microscopy images of cathepsin activity in the carotid arteries of live animals. B and C: Cathepsin activity in the entire aorta and carotid arteries using ex
vivo fluorescence reflectance imaging. Note an increased cathepsin activity signal in the carotid arteries and abdominal aorta of Apoe 7/~ mice with CRD, which is
diminished in the treated groups (white arrows). Quantification (B) and representative ex vivo near-infrared fluorescent reflectance images (C). D and E: Representative
immunohistochemical staining images of cathepsin S in the aortic arch. F and G: Elastin fiber breaks (yellow arrows) detected by van Gieson staining (F) and quantified
elastin fiber breaks (G) in the lesser curvature of the aortic arch. H and I: Cathepsin S co-localization with macrophages (white arrows) and smooth muscle cells in Apoe ™~
mice with CRD. H, inset: Enlarged macrophage co-expressing cathepsin S. L indicates lumen. Data represent means + SD. *P < 0.05. Original magnification: x400.

chronic inflammatory diseases because it may reduce tissue
damage and dampen the generation of autoimmunity.
Overall, RO5444101 compound shows good bioavailability
and pharmacokinetic properties in mice and cynomolgus
monkeys, making it an attractive small molecule inhibitor to
study the function of cathepsin S in the context of chronic
inflammatory diseases, including atherosclerosis.

1160

Treatment with a Specific Cathepsin S Inhibitor
Attenuates the Increase in Plasma Levels of
Osteogenic Markers in Apoe ™~ Mice with CRD

Plasma levels of osteocalcin [or bone gamma-carboxyglutamate
(gla) protein], osteopontin (or secreted phosphoprotein 1), and
osteoprotegerin (or tumor necrosis factor receptor superfamily,
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Cathepsin S inhibitor R05444101 decreases plaque size, macrophage accumulation, and growth differentiation factor-15 (GDF15) expression in

the atherosclerotic arteries of Apoe ™~ mice with chronic renal disease (CRD). A and D: Quantification of atherosclerotic plaque size at the lesser curvature of
the aortic arch using hematoxylin and eosin (H&E) staining. B and E: Mac3 staining in the aortic arch (B) shows macrophage accumulation on representative
images; quantitative analysis of Mac3 staining (E). C and F: Immunohistochemical staining for a proinflammatory cytokine, GDF15, in the aortic arch (C) and

its quantification (F). Data represent means =+ SD. *P < 0.05, ***P < 0.001.

member 11b) increased in mice with CRD after 5/6 nephrec-
tomy (Table 3). Treatment of CRD mice with the cathepsin S
inhibitor RO5444101 attenuated these elevations. We observed
dose-dependent decreases in plasma levels of osteocalcin
(P < 0.05, 6 mgkg; P < 0.001, 60 mg/kg), osteopontin
(P < 0.05, 6 mg/kg; P < 0.01, 60 mg/kg), and osteoprotegerin
(P < 0.05, 6 mg/kg; P = 0.001, 60 mg/kg) compared with CRD
alone (Table 3). These results indicate that RO5444101 at 60
mg/kg reduced CRD-associated elevation of these proin-
flammatory and pro-osteogenic markers to normal levels.

RO5444101 Treatment Reduces Arterial Cathepsin
Activity in CRD Mice

Intravital multichannel, high-resolution laser scanning fluo-
rescence microscopy visualized in vivo real-time overall

The American Journal of Pathology m ajp.amjpathol.org

cathepsin activity with ProSense 750, a protease-activatable
NIRF in vivo imaging agent that is activated by cathepsins,
including cathepsins B, L, and S. Mice with CRD showed
enhanced proteolytic signals in the carotid arteries compared
with control animals, an effect that cathepsin S inhibitor
treatment limited (Figure 2A). In addition, we used ex vivo
macroscopic fluorescence reflectance imaging to map
cathepsin activity in the aorta and carotid arteries. We
observed a significant reduction in ProSense 750 signals in
mice treated with RO5444101 (P < 0.01, 60 mg/kg dose
versus CRD group) (Figure 2, B and C). Immunohisto-
chemical analysis showed that cathepsin S inhibitor treatment
attenuated CRD-induced accumulation of cathepsin S in the
atherosclerotic plaques (Figure 2, D and E). Together, the
molecular imaging and immunohistochemical analysis
results suggested that cathepsin S inhibitor treatment reduced
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Figure 4  Cathepsin S inhibition decreases osteogenic activity in the atherosclerotic aorta and carotid arteries of Apoe™ ™ mice with chronic renal
disease (CRD). A: Representative microscopic images of vascular calcification in the carotid arteries using a calcium-sensitive tracer (OsteoSense 680) in
live animals. B and C: Osteogenic activity (OsteoSense 680) in the entire aorta and carotid arteries using ex vivo fluorescence reflectance imaging. Note
an increased osteogenic activity signal in the carotid arteries and abdominal aorta of Apoe™~ mice with CRD, which is diminished in the treated groups
(arrows). Quantification (B) and representative ex vivo near-infrared fluorescent reflectance images (C). D and E: The activity of alkaline phosphatase
(ALP) in the aortic arch. F and G: Immunohistochemical staining for osteocalcin in the aortic arch (F) and its quantification (G). Data represent

means & SD. *P < 0.05.

elastolytic activity and cathepsin S protein levels in the aorta
of CRD mice. Cathepsin S is the most potent elastolytic
enzyme. We, therefore, examined elastin fragmentation in
the lesser curvature of aortic arches. We observed that high-
dose RO5444101 treatment (60 mg/kg) significantly reduced
the number of elastin fiber breaks, as detected by van Gieson
stain (P = 0.01) (Figure 2, F and G). These results suggested
that mice treated with a high dose of cathepsin S inhibitor had
reduced amounts of cathepsin S and limited elastin breaks,
suggesting that the specific inhibition of cathepsin S reduces
elastin fragmentation. Fluorescence immunohistochemical
analysis for cathepsin S, mac3, and a-smooth muscle actin in
plaques from CRD mice identified the cell types responsible
for cathepsin S expression (Figure 2, H and I). We found that
cathepsin S localized predominantly in macrophages but that
some cathepsin S expression was also observed in inflamed
medial smooth muscle cells.

Cathepsin S Inhibition Reduces the Development of
Atherosclerotic Plagues and Expression of the
Inflammatory Marker GDF15 in CRD Mice

Apoe™"~ CRD mice treated with the cathepsin S inhibitor
RO5444101 had decreased plaque burden in the lesser

1162

curvature of the aortic arch (P = 0.01) (Figure 3, A and
D). The experiments were designed to allow the athero-
sclerotic lesions to develop in Apoe™~ mice on a high-fat
high-cholesterol diet for 10 weeks before the induction of
CRD and cathepsin S inhibition for another 10 weeks. To
provide clinically relevant findings, we examined the
effects of the cathepsin S—specific inhibitor RO5444101
on established atherosclerotic plaques but not on the
initiation of atherosclerosis. We clearly observed signifi-
cant reductions in the lesion size (Figure 3D) and
macrophage accumulation (Figure 3E) in Apoe‘/” CRD
mice treated with a high dose of inhibitor. More impor-
tantly, the treatment reduced the atheroma burden of
Apoe™~ CRD mice to levels similar to those of Apoe™~
with no CRD. These results suggest that this compound
can substantially retard the development of advanced
atherosclerosis in CRD. To explore the possible mecha-
nisms of plaque size reduction, we examined macrophage
accumulation and activation. RO5444101 treatment
decreased CRD-induced macrophage accumulation and
activation in intima and media as gauged by immuno-
staining for mac3 (P < 0.01 for 6.6 mg/kg, and P < 0.001
for 60 mg/kg) (Figure 3, B and E) and GDFI5 (or
macrophage inhibitory cytokine-1; P < 0.0001 for 6.6 and
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Figure 5 Cathepsin S (CatS)—specific inhibition by R05444101 attenuates interferon y (IFN-y)—induced expression of growth differentiation factor-15
(GDF15) and monocyte chemotactic protein-1 (MCP-1)/CCL2 in human and mouse macrophages. Cultured human primary macrophages (M®) differentiated
from peripheral blood monocytes and mouse macrophage-like RAW264.7 cells were pretreated with cathepsin S inhibitor R05444101 and then were incubated
with IFN-y. R05444101 or siRNA against cathepsin S reduced IFN-y—induced GDF15 (A) and MCP-1/CCL2 (B) expression in both human and mouse macrophages.
N = 4 for all experiments. Data represent means + SD. *P < 0.05 between comparisons. Ctrl, control; hIFN-y, human IFN-y; mIFN-y, mouse IFN-y.

60 mg/kg) (Figure 3, C and F). These results indicate that
cathepsin S inhibition can reduce the inflammatory burden
and halt and potentially even reverse atherosclerotic
lesion formation in CRD. To demonstrate the cell source
of cathepsin S expression, we performed double immu-
nofluorescence labeling of cathepsin S and macrophages
or smooth muscle cells. Staining showed that cathepsin S
is predominantly expressed in medial and intimal mac-
rophages (Figure 2H).

Cathepsin S Inhibition Reduces Arterial Calcification in
CRD Mice

Apoe™'~ CRD mice treated with 60 mg/kg of RO5444101
did not have significantly reduced osteogenic signals in
the carotid arteries (in vivo NIRF imaging) (Figure 4A),
aorta, and brachiocephalic arteries (ex vivo NIRF reflec-
tance imaging) (Figure 4, B and C) as detected by the
OsteoSense 680 calcium tracer. However, this treatment
significantly lowered alkaline phosphatase activity
(P < 0.01) (Figure 4, D and E) and osteocalcin expression
(P < 0.05) (Figure 4, F and G) in the lesser curvature of
aortic arches compared with the untreated group.
Together, these results demonstrated that mice with CRD

The American Journal of Pathology m ajp.amjpathol.org

have enhanced osteogenic activities, which were reduced
with cathepsin S inhibition.

R05444101 Reduces IFN-y—Induced GDF15 Expression
in Human and Mouse Macrophages

The in vivo data suggested that cathepsin S—specific inhibition
by RO5444101 reduced macrophage accumulation and
expression of GDF15, a marker for macrophage activation, in
the arteries of Apoe_/_ CRD mice (Figure 3, B and C). The
next question was whether a decrease in GDF15 resulted from
reduced macrophages or whether this process also involved
decreased macrophage activation. To test the hypothesis that
cathepsin S inhibition reduces GDFI15 expression by
decreasing macrophage activation, we performed in vitro
cell culture experiments. RO5444101 pretreatment
reduced GDFI15 expression induced by interferon 7y
(IFN-v) in both human primary macrophages derived from
peripheral blood monocytes (Figure 5A) and mouse
macrophage-like RAW264.7 cells (Figure 5A). The
RO5444101 effect seemed to involve cathepsin S inhibi-
tion, as siRNA silencing of the enzyme also reduced
GDF15 induction by IFN-y (Figure 5A). Similarly,
RO5444101 or cathepsin S silencing by siRNA treatments
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Figure 6 Cathepsin S inhibition in atherosclerotic plaques in chronic
renal disease. Inhibition of cathepsin S may reduce lesion size via
decreasing growth differentiation factor-15 (GDF15), a modulator of
macrophage chemotaxis. Cathepsin S inhibition also may decrease osteo-
genic stimuli, such as osteopontin and osteocalcin, by suppressing elastin
degradation. CCR2, C-C chemokine receptor type 2.

reduced IFN-y—induced expression of monocyte chemo-
tactic protein-1/CCL2, a proinflammatory chemokine
(Figure 5B).

Discussion

More than half of all patients with CRD die of cardiovas-
cular causes.'? Despite their global health benefits, statins
exert diminished effects in CRD palients‘s'(’ We, therefore,
need new therapies that alleviate cardiovascular risk in CRD
patients. The present study provides evidence that specific
and selective inhibition of cathepsin S reduces arterial
inflammation and calcification in mice with CRD, sug-
gesting a novel therapeutic target for reducing CVD risk in
this patient population.

We observed that administration of the selective
cathepsin S inhibitor RO5444101, which does not affect
the proteolytic activity of other cathepsins, ameliorates
several key features of arterial pathology in this animal
model of accelerated atherosclerosis in CRD including i)
reduction of atherosclerotic plaque size; ii) reduction of
macrophage accumulation and activation in atherosclerotic
plaques, as gauged by expression of mac3 and the proin-
flammatory molecule GDF15; iii) reduction of cathepsin
activity and the number of elastin fiber breaks in the
atherosclerotic plaques; iv) reduction of osteogenic activ-
ity and some features of vascular calcification; and v)
reduction of plasma levels of circulating osteogenic
markers. The results of RO5444101 action are summarized
in Figure 6. These results show that elastolysis due to
cathepsin S activity promotes vascular inflammation and
calcification, supporting previous data in cathepsin
S—deficient mice.”' In addition, the present study results
suggest that maintenance of elastin integrity by selective
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inhibition of cathepsin S activity reduces arterial inflammation
and osteogenesis and may improve cardiovascular health in
patients with CRD.

Cathepsin cysteine proteases such as cathepsin S play
key roles in several CVDs, including aneurysm forma-
tion,” atherosclerosis,”® and vascular calcification.”’
Cathepsin S is one of the most potent cysteine pro-
teases, abundantly expressed by macrophages in
atheroma. In the basal membrane of the blood vessel
wall, cathepsin S acts as a potent elastolytic and colla-
genolytic protease, promoting arterial inflammation and
atherosclerosis,”'? thus making it a promising target for
therapeutic intervention.

We previously reported that genetically modified
Apoe™'~ mice lacking cathepsin S with surgically induced
CRD showed significantly reduced elastin fragmentation
and calcification in the arteries and aortic valves.”' In this
compound mutant strain, the expression of other cathep-
sins or matrix metalloproteinases did not change. We thus
proposed that cathepsin S accelerates cardiovascular
calcification via an elastolysis-dependent mechanism. The
present study has extended previous work into a more
translational investigation. Consistent with findings on
cathepsin S—deficient mice, selective cathepsin S inhibi-
tion by administration of novel RO5444101 compound
reduced elastin fragmentation in hypercholesterolemic
Apoe™~ mice with CRD. Similarly, RO5444101 also
reduced osteogenic activity in atherosclerotic arteries.
Therefore, suppression of cathepsin S activity through
either genetic or small molecule intervention yields
similar results, lending additional support to a role for
cathepsin S inhibition in the preservation of elastin
integrity and vascular calcification.

The present study also examined the role of cathepsin
S in atherosclerosis in mice with CRD and found that
selective cathepsin S inhibition significantly reduces
atherosclerotic plaque size. This effect likely resulted
from reduced arterial inflammation, as we observed
decreased plaque accumulation of macrophages. Macro-
phages promote the initiation and progression of athero-
sclerotic lesions, microcalcifications, plaque rupture, and
acute thrombotic complications.>*>” We reported previ-
ously that fragmentation of elastin fibers promotes
inflammation.”’ Elastin-derived peptides/fragments exert
proinflammatory effects, including macrophage chemo-
attraction'® relevant to vascular pathophysiology.'®
Sukhova et al*® reported that cathepsin S genetic dele-
tion reduced atherosclerotic plaque size, macrophage
accumulation, and proinflammatory cytokines in hyper-
cholesterolemic low-density lipoprotein receptor—deficient
mice. The present study observed similar findings in
hypercholesterolemic apolipoprotein E—deficient mice
with CRD suggesting that the presence of CRD, while
accelerating atherosclerosis and inducing arterial calcifi-
cation, did not negate the atheroprotective effects of
cathepsin S inhibition.

ajp.amjpathol.org m The American Journal of Pathology
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GDF15/macrophage inhibitory cytokine-1 is a member
of the transforming growth factor B superfamily and
recently was recognized as a novel biomarker associated
with CVD in the general population”® and in patients with
CRD.? Herein, we localized GDF15 protein in mac3-
positive macrophages, and cathepsin S inhibition signifi-
cantly reduced GDF15 accumulation in aortic lesions.
Validation studies in virro using primary macrophages
and immortalized macrophage cell lines demonstrated that
either cathepsin S inhibitor or siRNA reduced IFN-
y—induced macrophage GDF15 expression, consistent
with the in vivo data. Therefore, GDF15, a known inducer
of macrophage activation,’” may contribute to the proin-
flammatory role of cathepsin S. Because GDF15 also
independently predicts mortality risk in patients with
CRD,” it may link atherosclerotic lesion development
and CRD. GDF15 modulates macrophage chemotaxis in a
strict C-C chemokine receptor type 2 and transforming
growth factor B receptor type II—dependent manner.*' We
thus examined the effects of cathepsin S inhibition on
CCL2—a C-C chemokine receptor type 2 ligand—and
found that cathepsin S inhibition reduces macrophage
expression of CCL2. Therefore, selective cathepsin S in-
hibition may inhibit macrophage recruitment in athero-
sclerotic lesions and reduce vascular inflammation and
plaque development.

Complex positive feedback loops involving multifunc-
tional regulators, such as cathepsin S, typically accelerate
inflammation. It is, therefore, difficult to distinguish the
direct effects of cathepsin S inhibition from secondary
consequences in vivo. In addition to effects on macro-
phages and GDFI1S5, this inhibitor reduces the surface
major histocompatibility complex class II levels and the
antigen-induced cytokine response in PBMCs. Moreover,
gene deletion and pharmacological inhibition experiments
in rodents demonstrate that cathepsin S participates in
other cell types or contexts, such as reduced immune
response of CD4" T cells and lower mobility of dendritic
cells and B cells.*”** These mechanisms support cathepsin
S as an attractive therapeutic target for immune diseases
other than atherosclerosis, such as multiple sclerosis and
rheumatoid arthritis.

In conclusion, the significantly elevated risk of cardiovas-
cular morbidity and mortality in patients with CRD persisting
after statin treatment calls for new therapeutic targets for
intervention. Herein, we extend a previous mouse genetics
study that demonstrated the impact of cathepsin S on cardio-
vascular inflammation and calcification by providing clinically
translatable evidence. These findings support selective
cathepsin S inhibition as a novel solution that may halt the
progression of inflamed atherosclerotic lesions and prevent
devastating cardiovascular complications in patients with
CRD. Ongoing efforts that combine delineation of underlying
molecular mechanisms and rigorous assessment of the
cathepsin S inhibitor in patients will provide new insight into
the optimal management of CVD in CRD patients.
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Abstract
Intraoperative fluorescence optical imaging of the biliary ducts has been recently shown to be
an effective and economically viable imaging methodology for the prevention of biliary injury.
While the exploitation of fluorescence imaging during biliary surgeries may still be relatively new,
recent efforts have been made toward the development of novel near-infrared (NIR) optical
imaging contrast agents with the goal to reduce unwanted intraoperative occurrences. The focus
of this chapter is centered on the exploration of novel types of biliary-excreted contrast agents
aimed at improving the current state of fluorescence cholangiography.

Copyright © 2013 S. Karger AG, Basel

Prevention of iatrogenic injuries during biliary surgery, although relatively rare, is of
utmost importance given the potential morbidity and mortality associated with such
incidents [1]. During this procedure, not only is the patient at great risk for biliary
ligatures, leaks or strictures, but these complications can also lead to extended hos-
pitalizations, additional procedures and increased financial cost for healthcare insti-
tutions [2]. Such iatrogenic injuries are thought to be related, in the majority of the
cases, to the misidentification of the biliary anatomy, given the inherent variability
in patient anatomy and the superimposition of inflammatory changes or excess of fat
around the porta hepatis [3]. Despite a controversy in its routine use, intraoperative
X-ray cholangiography has been associated with a reduction in the incidence of ma-
jor bile duct injury [4]. However, interpretations of its results are difficult, mainly
due to the fact that intraoperative X-ray cholangiography provides information from
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Arterial and Aortic Valve Calcification Abolished by
Elastolytic Cathepsin S Deficiency in Chronic Renal Disease

Elena Aikawa, MD, PhD; Masanori Aikawa, MD, PhD; Peter Libby, MD; Jose-Luiz Figueiredo, MD;
Gabriel Rusanescu, PhD; Yoshiko Iwamoto, BS; Daiju Fukuda, MD, PhD; Rainer H. Kohler, PhD;
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Background—Clinical studies have demonstrated that 50% of individuals with chronic renal disease (CRD) die of
cardiovascular causes, including advanced calcific arterial and valvular disease; however, the mechanisms of accelerated
calcification in CRD remain obscure, and no therapies can prevent disease progression. We recently demonstrated in
vivo that inflammation triggers cardiovascular calcification. In vitro evidence also indicates that elastin degradation
products may promote osteogenesis. Here, we used genetically modified mice and molecular imaging to test the
hypothesis in vivo that cathepsin S (catS), a potent elastolytic proteinase, accelerates calcification in atherosclerotic mice

with CRD induced by 5/6 nephrectomy.

Methods and Results—Apolipoprotein-deficient (apoE™'")/catS*'* (n=24) and apoE~'"/catS™~ (n=24) mice were
assigned to CRD and control groups. CRD mice had significantly higher serum phosphate, creatinine, and cystatin C
levels than those without CRD. To visualize catS activity and osteogenesis in vivo, we coadministered catS-activatable
and calcification-targeted molecular imaging agents 10 weeks after nephrectomy. Imaging coregistered increased catS
and osteogenic activities in the CRD apoE ™~ /catS** cohort, whereas CRD apoE™""/catS™"~ mice exhibited less
calcification. Quantitative histology demonstrated greater catS-associated elastin fragmentation and calcification in
CRD apoE~'"/catS™* than CRD apoE™"/catS™~ aortas and aortic valves. Notably, catS deletion did not cause
compensatory increases in RNA levels of other elastolytic cathepsins or matrix metalloproteinases. Elastin peptide and
recombinant catS significantly increased calcification in smooth muscle cells in vitro, a process further amplified in

phosphate-enriched culture medium.

Conclusions—The present study provides direct in vivo evidence that catS-induced elastolysis accelerates arterial and aortic
valve calcification in CRD, providing new insight into the pathophysiology of cardiovascular calcification. (Circulation.

2009;119:1785-1794.)

Key Words: calcification m aortic valve m atherosclerosis m kidney failure, chronic m elastin

Westemized societies face a growing burden of cardio-
vascular calcification, a disease of disordered mineral
metabolism.!-* The interaction of prevalent epidemiological
factors such as age, hypercholesterolemia, and renal insuffi-
ciency accelerates arterial and aortic valve calcification.®
Clinical studies have demonstrated that approximately 50%
of individuals with chronic renal disease (CRD) die of a
cardiovascular cause.®-3 In addition to the classic risk factors
such as age and dyslipidemia, patients with CRD have
hyperphosphatemia, which is considered an independent risk
factor for cardiovascular death.>'© CRD accelerates the de-
velopment of atherosclerosis and excessive calcification in
both the intima and media of atheromatous lesions.'!-'2 Although

they have different causes, intimal and medial calcification both
involve the activation of proinflammatory mechanisms and
smooth muscle cell (SMC) proliferation, which likely share
common calcification pathways.

Clinical Perspective p 1794

Recent studies suggest that arterial and valvular calcifica-
tion occurs through highly regulated molecular processes
characterized by expression of osteogenic proteins and
matrix-degrading proteinases. We have previously implicated
proteolytic enzymes expressed by activated macrophages and
myofibroblast-like cells in atherosclerotic plaque progression
and aortic valve disease.!*!5 During atherogenesis, macro-
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Abstract

Creating new molecules that simultaneously enhance tumor cell killing and permit diagnostic tracking is vital to overcoming
the limitations rendering current therapeutic regimens for terminal cancers ineffective. Accordingly, we investigated the
efficacy of an innovative new multi-functional targeted anti-cancer molecule, SM7L, using models of the lethal brain tumor
Glioblastoma multiforme (GBM). Designed using predictive computer modeling, SM7L incorporates the therapeutic activity
of the promising anti-tumor cytokine MDA-7/IL-24, an enhanced secretory domain, and diagnostic domain for non-invasive
tracking. In vitro assays revealed the diagnostic domain of SM7L produced robust photon emission, while the therapeutic
domain showed marked anti-tumor efficacy and significant modulation of p38MAPK and ERK pathways. In vivo, the unique
multi-functional nature of SM7L allowed simultaneous real-time monitoring of both SM7L delivery and anti-tumor efficacy.
Utilizing engineered stem cells as novel delivery vehicles for SM7L therapy (SC-SM7L), we demonstrate that SC-SM7L
significantly improved pharmacokinetics and attenuated progression of established peripheral and intracranial human GBM
xenografts. Furthermore, SC-SM7L anti-tumor efficacy was augmented in vitro and in vivo by concurrent activation of
caspase-mediated apoptosis induced by adjuvant SC-mediated S-TRAIL delivery. Collectively, these studies define a
promising new approach to treating highly aggressive cancers, including GBM, using the optimized therapeutic molecule
SM7L.
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the blood-brain-barrier make treating aggressive malignancics
particularly challenging [2]. Currently, no cffective treatment has
been identified for the most common primary brain tumor,
Glioblastoma multiforme (GBM), and median survival rates
remain at approximately 1 year [6]. Therefore, new multifunc-
tional molecules offer a huge potential for successfully managing
terminal cancer types that include GBM.

Introduction

Successful management of many terminal cancer types has not
been achieved primarily because many conventional anti-cancer
therapies lack tumor specificity and exhibit poor or inadequate
pharmacokinetics that result in high toxicity to normal tissue,
limited bioavailability, and subsequently ineffective tumor cell

killing. Recently, the development of multifunctional therapeutics
offers unprecedented potential to overcome the limitations of
current anti-cancer therapies [1-5]. These powerful anti-cancer
therapies combine targeting specificity, optimized pharmacokinet-
ics, and diagnostic imaging capacity into a single agent. When
used in combination with effective delivery systems, these
multifunctional molecules have the potential to specifically target
wmors with high levels of localized therapies that can be
monitored in real-time by non-invasive imaging. Although widely
applicable, multifunctional molecules are especially well suited for
treatment of tumors in the brain where additional obstacles such as

@ PLOS ONE | www.plosone.org

To date, the majority of multifunctional agents are synthetic
nanoscale devices or nanoparticles chemically engineered with
tumor targeting and/or imaging components [2,3]. Novel
multifunctional DNA-encoded protein-based molecules offer
unique advantages over these devices, particularly for monitoring
secreted therapeutics delivered through unique cell-based appli-
cations. Despite their promise and wide applicability, few
multifunctional DNA-based molecules exist. Furthermore, the
fusion of multiple domains to create multifunctional DNA-based
molecules decreases the activity of the domains resulting in
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Abstract

Objectives: As computing technology and image analysis techniques have advanced, the practice of histology has grown
from a purely qualitative method to one that is highly quantified. Current image analysis software is imprecise and prone to
wide variation due to common artifacts and histological limitations. In order to minimize the impact of these artifacts, a
more robust method for quantitative image analysis is required.

Methods and Results: Here we present a novel image analysis software, based on the hue saturation value color space, to
be applied to a wide variety of histological stains and tissue types. By using hue, saturation, and value variables instead of
the more common red, green, and blue variables, our software offers some distinct advantages over other commercially
available programs. We tested the program by analyzing several common histological stains, performed on tissue sections
that ranged from 4 um to 10 pm in thickness, using both a red green blue color space and a hue saturation value color
space.

Conclusion: We demonstrated that our new software is a simple method for quantitative analysis of histological sections,
which is highly robust to variations in section thickness, sectioning artifacts, and stain quality, eliminating sample-to-sample
variation.
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Introduction

For over a century, histological analysis of biological samples
has led to greater understanding of biological mechanisms. The
ability of rescarchers to interpret the data present in histological
images has been the limiting factor to the usefulness and power of
histology and histopathology. Histological assessment is often used
as a qualitative method by clinical pathologists and within research
settings, localizing a specific biomarker in the tissue or exploring
tissue morphology and remodeling. Qualitative histological
analyses have contributed importantly to our knowledge of cellular
and tissue anatomy. The well-known Golgi method elucidated the
structure of the nervous system at the turn of the 20th century, and
by combining advanced fluorescent stains with time-lapse
photography, modern resecarchers can track the migration of
individual sub-cellular structures such as mitochondria [1] or
matrix vesicles [2]. Qualitative analyses remain useful for
diagnosing disease; frozen section biopsies are commonly used to

PLOS ONE | www.plosone.org

identify cancers, and analysis of culturcs can help identify bacterial
species. However, as methods of immunohistochemical staining
have advanced, histological diagnoses and research have become
more refined. Instead of merely testing for the presence or absence
of a biomarker, experimental pathologists and histologists began
utilizing semiquantitative techniques [3]. The most common form
of such analysis in histology requires that a rescarcher create a
rubric for assigning a score to cach experimental tissuc sample.
These scores may rely on a histologist’s experience and intuition
and could be imprecise or subjective, and difficult to recreate
exactly [4].

In order to affix frozen tissuc samples to slides, histologists use
cryotomes, specialized devices that can slice frozen samples into
sections only a few microns thick. Cryotomes can be adjusted to
cut sections to a range of thicknesses as necessary. Certain tissues
or histological stains may call for sections as thin as 2 um, while
others may require sections greater than 20 um thick. However,

March 2014 | Volume 9 | Issue 3 | e89627
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SUMMARY

Macrophages frequently infiltrate tumors and can
enhance cancer growth, yet the origins of the macro-
phage response are not well understood. Here we
address molecular mechanisms of macrophage
production in a conditional mouse model of lung
adenocarcinoma. We report that overproduction of
the peptide hormone Angiotensin Il (Angll) in tumor-
bearing mice amplifies self-renewing hematopoietic
stem cells (HSCs) and macrophage progenitors. The
process occurred in the spleen but not the bone
marrow, and was independent of hemodynamic
changes. The effects of Angll required direct
hormone ligation on HSCs, depended on S1P,
signaling, and allowed the extramedullary tissue
to supply new tumor-associated macrophages
throughout cancer progression. Conversely, blocking
Angll production prevented cancer-induced HSC and
macrophage progenitor amplification and thus
restrained the macrophage response at its source.
These findings indicate that Angll acts upstream of
a potent macrophage amplification program and
that tumors can remotely exploit the hormone’s
pathway to stimulate cancer-promoting immunity.

INTRODUCTION

Macrophages are tissue-resident white blood cells that protect
against infection and injury. Some macrophages, however,
inversely affect prognosis by contributing to cancer. Macro-
phages that infiltrate the tumor stroma are often referred to as
tumor-associated macrophages (TAMs). Experimental models
using mice have shown that TAMs can facilitate tumor progres-
sion by promoting inflammation, stimulating angiogenesis,
enhancing tumor cell migration and metastasis, and suppressing
antitumor immunity (De Palma et al., 2007; Mantovani et al.,
2008; Grivennikov et al., 2010; Qian and Pollard, 2010; Hanahan

296 Immunity 38, 296-308, February 21, 2013 ©2018 Elsevier Inc.

and Coussens, 2012). Clinical studies have further reported that
the presence of TAMs correlates with adverse outcome and
shorter survival in various cancer types, including non-small-
cell lung cancer (NSCLC) (Zhang et al., 2011a; Zhang et al.,
2011b), breast cancer (DeNardo et al., 2011), and Hodgkin's
lymphoma (Steidl et al., 2010). TAMs are often the most
abundant host cell population within the tumor stroma, but
because they are short-lived and do not proliferate in situ,
TAMs must be continuously replaced throughout cancer
progression (Sawanobori et al., 2008; Movahedi et al., 2010;
Cortez-Retamozo et al., 2012).

Inflammatory tissue macrophages descend from circulating
monocytes, which are initially produced in bone marrow by
hematopoietic stem cells (HSCs) (van Furth and Cohn, 1968;
Geissmann et al., 2010). These macrophages are distinct from
Myb-independent macrophages that develop in the embryo
before the appearance of HSCs (Schulz et al., 2012). Monocyte
production by HSCs involves the generation of discrete cell
progenitor intermediates, including macrophage and dendritic
cell progenitors (MDPs) (Fogg et al., 2006). These hematopoietic
stem and progenitor cells (HSPCs) can divide, whereas mono-
cytes and macrophages typically do not (van Furth and Cohn,
1968). Thus, the prevailing model of macrophage response
implies that fundamental amplification and differentiation occur
in the bone marrow.

Despite the prevalence of this linear model of macrophage
production, HSPCs constitutively exit the bone marrow
(Goodman and Hodgson, 1962; Wright et al., 2001) and, during
inflammation, support myelopoiesis in extramedullary tissue
(Massberg et al., 2007). The spleen’s red pulp can be a site of
HSPC activity during disease in both humans and mice
(Freedman and Saunders, 1981; Cortez-Retamozo et al., 2012;
Dutta et al.,, 2012). The newly produced cells supplement
a reservoir of splenic monocytes (Swirski et al., 2009), which
are readily mobilized to contribute large numbers of macro-
phages to distant lesions. This process occurs after myocardial
infarction (Leuschner et al., 2012) and during the progression of
atherosclerosis (Robbins et al.,, 2012) and cancer (Cortez-
Retamozo et al., 2012). Although the bone marrow maintains
the monocyte repertoire in steady state, the monocyte produc-
tion can be outsourced during inflammatory diseases.

@ CrossMark
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Bile acid and inflammation activate gastric cardia stem cells in a
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Summary

Esophageal adenocarcinoma (EAC) arises from Barrett esophagus (BE), intestinal-like columnar
metaplasia linked to reflux esophagitis. In a transgenic mouse model of BE, esophageal
overexpression of interleukin-1p phenocopies human pathology with evolution of esophagitis,
Barrett’s-like metaplasia and EAC. Histopathology and gene signatures resembled closely human
BE, with upregulation of TFF2, Bmp4, Cdx2, Notch! and IL-6. The development of BE and EAC
was accelerated by exposure to bile acids and/or nitrosamines, and inhibited by IL-6 deficiency.
Lgr5+ gastric cardia stem cells present in BE were able to lineage trace the early BE lesion. Our
data suggest that BE and EAC arise from gastric progenitors due to a tumor-promoting IL-1p-IL-6
signaling cascade and DIl1-dependent Notch signaling.
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Abstract:

Objectives: This experimental study aimed to evaluate the effects of central catalase inhibition on cardiovascular responses in
rats exposed to sidestream cigarette smoke (SSCS) for 3 weeks.

Methodology: A total of 20 males Wistar rats (320-370g) were implanted with a stainless steel guide cannula into the fourth
cerebral ventricle (4"V). Femoral artery and vein were cannulated for mean arterial pressure (MAP) and heart rate (HR)
measurement and drug infusion, respectively. Rats were exposed to SSCS for three weeks, 180 minutes per day, 5 days/week
[carbon monoxide (CO): 100-300 ppm)]. Baroreflex was tested with one pressor dose of phenylephrine (PHE, 8 pg/kg, bolus)
and one depressor dose of sodium nitroprusside (SNP, 50 pg/kg, bolus). Cardiovascular responses were evaluated before and
15 minutes after 3-amino-1, 2, 4-triazole (ATZ, catalase inhibitor, 0.001g/100uL) injection into the 4"y,

Results: Vehicle treatment into the 4" V did not change cardiovascular responses. Central catalase inhibition increased
tachycardic peak, attenuated bradycardic peak and reduced HR range at 15 minutes, increased MAP at 5, 15 and 30 min and
increased HR at 5 and 15 min. In rats exposed to SSCS, central ATZ increased basal MAP after 5 min and increased HR at 5,
15 and 30 minutes, respectively, and attenuated bradycardic peak at 15 minutes.

Conclusion: This study suggests that brain oxidative stress caused by SSCS influences autonomic regulation of the
cardiovascular system.

Keywords: Baroreflex; Oxidative Stress; Catalase inhibition; Medulla Oblongata; sidestream cigarette smoking.
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Innate Response Activator B Cells
Protect Against Microbial Sepsis
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Recognition and clearance of a bacterial infection are fundamental properties of innate immunity.
Here, we describe an effector B cell population that protects against microbial sepsis. Innate
response activator (IRA) B cells are phenotypically and functionally distinct, develop and diverge
from Bla B cells, depend on pattern-recognition receptors, and produce granulocyte-macrophage
colony-stimulating factor. Specific deletion of IRA B cell activity impairs bacterial clearance, elicits

a cytokine storm, and precipitates septic shock. These observations enrich

innate immunity, position IRA B cells as gatekeepers of bacterial infection, and identify new

treatment avenues for infectious diseases.
epsis is characterized by whole-body in-
flammation in response to overwhelming
infection (/). Over the past 30 years, the

incidence of sepsis has risen, indicating the need  elicits multiple changes

for a better understanding of its complex patho-
physiology (2, 3). The growth factor granulocyte-
macrophage colony-stimulating factor (GM-CSF)

REPORTS

nate receptor. Yet, despite GM-CSF’s multiple
functions and known relationship with innate leu-
kocytes, its in vivo cellular source and role in
sepsis remain uncertain (4).

Profiling GM-CSF expression by flow cytom-
etry led to a surprising observation. Among the
organs, the bone marrow and spleen contained
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Fig. 1. IRA B cells are GM-CSF—producing B cells that increase in number
during inflammation. (A) Quantification of GM-CSF—producing cells retrieved
from tissues in the steady state and in response to four daily intraperitoneal
injections of LPS (means + SEM, n = 3 to 5 mice). *P < 0.05. (B) Iden-
tification of GM-CSF—producing cells in the spleen. Representative plots
show percentage of B cells and their production of GM-CSF retrieved from
spleens during inflammation. Data represent at least 10 independent exper-
iments. (C) Western blot for GM-CSF conducted on sorted cells. One of three
independent experiments is shown. GAPDH, glyceraldehyde-3-phosphate
dehydrogenase. (D) Colocalization of representative GM-CSF—producing
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cells with IgM. (E) Red pulp sections with markers against CD11b (green)
and GM-CSF (red) (left panel) and B220 (green) and GM-CSF (red) (right
panel). Colocalization of green and red cells is shown in yellow. The dashed
white curve indicates the border between white and red pulp. (F) Quan-
tification of GM-CSF* B cells and other cells on histological sections of
the spleen in the red pulp and white pulp in the steady state and after LPS
(means + SEM, n = 3 to 4). *P < 0.05. (G) Splenic GM-CSF expression
detected by RT-PCR and conducted on sorted cells and on unprocessed
spleen tissue taken from WT and B cell knockout (uMT) mice (means + SEM,
n=3to4). *P < 0.05.
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Local proliferation dominates lesional macrophage
accumulation in atherosclerosis

Clinton S Robbins!~*%, Ingo Hilgendorf"?, Georg F Weber!, Igor Theurl!, Yoshiko Iwamoto!,

Jose-Luiz Figueiredo!, Rostic Gorbatov!, Galina K Sukhova®, Louisa M S Gerhardt', David Smyth2,

Caleb CJ Zavitz?, Eric A Shikatani?3, Michael Parsons®, Nico van Rooijen’, Herbert Y Lin!, Mansoor Husain??3,
Peter Libby®, Matthias Nahrendorf!, Ralph Weissleder!-® & Filip K Swirski!

During the inflammatory response that drives atherogenesis,
macrophages accumulate progressively in the expanding
arterial walll:2, The observation that circulating monocytes
give rise to lesional macrophages3-2 has reinforced the
concept that monocyte infiltration dictates macrophage
buildup. Recent work has indicated, however, that
macrophage accumulation does not depend on monocyte
recruitment in some inflammatory contexts!0, We therefore
revisited the mechanism underlying macrophage
accumulation in atherosclerosis. In murine atherosclerotic
lesions, we found that macrophages turn over rapidly,

after 4 weeks. Replenishment of macrophages in these
experimental atheromata depends predominantly on local
macrophage proliferation rather than monocyte influx.

The microenvironment orchestrates macrophage proliferation
through the involvement of scavenger receptor A (SR-A).
Our study reveals macrophage proliferation as a key event

in atherosclerosis and identifies macrophage self-renewal
as a therapeutic target for cardiovascular disease.

Over the last 30 years, macrophages have emerged as protagonists of
atherosclerosis and its complications. Macrophages amass in lesions,
ingest lipids and produce a diverse repertoire of inflammatory media-
tors that exacerbate disease!2. In mice, lesional macrophages arise
predominantly from circulating Ly-6CMgh monocytesS-711-13, These
insights have contributed to the perception that macrophages gradu-
ally accrue in atherosclerotic lesions in which a single infiltrating
monocyte yields one terminally differentiated macrophage. Recent
observations that monocyte kinetics in acute injury are rapid'4, that
tissue macrophages may not depend on monocytes!®!5 and that the
adventitia harbors hematopoietic progenitors'® suggest potential
alternative explanations for how atherosclerosis evolves. The prevail-
ing models, therefore, require re-evaluation.

Do lesional macrophages in atherosclerosis accumulate gradually
or turn over rapidly? To answer this question, we subcutaneously
implanted osmotic pumps containing the thymidine analog BrdU in
4-month-old apolipoprotein E-deficient (Apoe™'~) mice consuming
a high-cholesterol diet (HCD) for 8 weeks. BrdU incorporates into
newly synthesized DNA and thus reports on the cell’s proliferative
history. Nearly all (92% + 1% (mean £ s.e.m.)) of aortic macrophages,
identified as Lin"CD11b*CD11c™/°"F4/80high cells by flow cytom-
etry (Fig. 1a), stained for BrdU after 4 weeks (when the mice were
5 months old) (Fig. 1b,c). Immunofluorescence experiments identi-
fied Mac3*BrdU* macrophages within plaque intima and adventitia
(Fig. 1d-f). This low-level BrdU administration had no intrinsic effect
on macrophage turnover kinetics because the rate of BrdU signal
decay after pump removal closely approximated its rate of incorpora-
tion (Fig. 1c). Despite an increase in lesion size over the BrdU labe-
ling period (Fig. 1g), aortic root macrophage burden did not change
significantly (Fig. 1h), suggesting that at this stage of atherosclerosis,
cell loss processes counterbalance macrophage renewal. These data
identify a previously unrecognized dynamic in the mononuclear
phagocytic response during atherosclerosis and reveal rapid macro-
phage turnover in lesions.

Lesional macrophages could replenish through either continu-
ous recruitment of circulating monocytes or some other process.
We assessed aortic macrophage accumulation in Apoe~/~ HCD-fed
mice depleted of circulating monocytes for 5 d (Fig. 2a). Monocyte
depletion had no effect on BrdU incorporation by aortic macrophages
(Fig. 2b,c), the total number of aortic macrophages (Fig. 2d) or total
lesion area (Supplementary Fig. 1a). To examine the relationship
between blood monocytes and tissue macrophages in more detail,
we joined 4-month-old CD45.1* Apoe~/~ HCD-fed and CD45.2*
Apoe™'~ HCD-fed mice (8 weeks of HCD) for 5 weeks by parabiosis,
a procedure that allows circulating cells to enter partner tissues!”.
This procedure did not alter the frequency of monocytes in the blood
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Abstract

tabulated to facilitate the interpretation of the data.

Background: The aim of this study was evaluate the late-onset repercussions of heart alterations of patients with
systemic lupus erythematosus (SLE) after a 13-year follow up.

Methods: A historical prospective study was carried out involving the analysis of data from the charts of patients
with a confirmed diagnosis of lupus in follow up since 1998. The 13-year evolution was systematically reviewed and

Results: Forty-eight patient charts were analyzed. Mean patient age was 34.5 + 10.8 years at the time of diagnosis
and 41.0+ 103 years at the time of the study (45 women and 3 men). Eight deaths occurred in the follow-up
period (two due to heart problems). Among the alterations found on the complementary exams, 46.2% of cases
demonstrated worsening at reevaluation and four patients required a heart catheterization. In these cases, coronary
angioplasty was performed due to the severity of the obstructions and one case required a further catheterization,
culminating in the need for surgical myocardial revascularization.

Conclusion: The analysis demonstrated progressive heart impairment, with high rates of alterations on
conventional complementary exams, including the need for angioplasty or revascularization surgery in four patients.
These findings indicate the need for rigorous cardiac follow up in patients with systemic lupus erythematosus.

Keywords: Lupus erythematosus systemic, Cardiovascular diseases
(-

Background

Systemic lupus erythematosus (SLE) is an inflammatory
autoimmune syndrome of unknown cause that affects
multiple organs, with a broad spectrum of manifestations
and a clinical status marked by periods of exacerbation
and remission, with a variable course and prognosis. This
immunoregulatory disorder is suggested to be related with
genetic, hormonal and environmental factors, resulting in
chronic inflammation [1]. Antibodies act against a variety
of structures, including double-helix DNA, cytoplasm
antigens and antigens on the surface of cells [2]. Tissue
damage may occur through the formation of immune
complexes in the circulation or the presence of such sites

* Correspondence: mf60204@gmail.com

'Departamento de Cardiologia e Cirurgia Cardiovascular, Faculdade de
Medicina de Sao José do Rio Preto, Av. Brigadeiro Faria Lima, 5416, Sdo José
do Rio Preto, SP 15090-000, Brazil

Full list of author information is available at the end of the article

in antigens attached to the tissues [3], involving different
organs, such as the lungs, heart, kidneys, brain, peripheral
nerves, skin, serous membrane and blood components.
SLE occurs throughout the world, with prevalence rates
ranging from 15 to 50/100,000 inhabitants. This disease
predominantly affects the female gender (9:1) and the first
symptoms commonly emerge between the second and
third decades of life [4].

Although rare as an initial manifestation of the disease,
the heart is affected in more than 50% of cases, with sig-
nificant illness and mortality rates, pericarditis, myocar-
ditis, Libman-Sacks endocarditis, pulmonary arterial
hypertension and coronary disease are considered the
main cardiovascular conditions associated with auto-
immune alterations in SLE. In 1895, William Osler was
the first to consider heart damage as part of this disease.
Libman & Sacks [5] brought the world’s attention to a
form of heart impairment the authors considered to be

2 = © 2013 de Godoy et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
( BloMed Cent{al Commons Attribution License (hitp//creativecommons.org/licenses/oy/2.0), which permits unrestricted use, distribution, and

reproduction in any mediurn, provided the original work is properly cited.
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Original Article

Nanoparticle PET-CT Detects Rejection and
Immunomodulation in Cardiac Allografts

Takuya Ueno, MD, PhD; Partha Dutta, PhD; Edmund Keliher, PhD; Florian Leuschner, MD;
Maulik Majmudar, MD; Brett Marinelli, MS; Yoshiko Iwamoto, BS, MS;
Jose-Luiz Figueiredo, MD; Thomas Christen, MD; Filip K. Swirski, PhD; Peter Libby, MD;
Ralph Weissleder, MD, PhD; Matthias Nahrendorf, MD, PhD

Background—Macrophages predominate among the inflammatory cells in rejecting allografts. These innate immune cells,
in addition to allospecific T cells, can damage cardiomyocytes directly.

Methods and Results—We explored whether sensitive positron emission tomography—computed tomography (PET-CT)
imaging of macrophages-avid nanoparticles detects rejection of heart allografts in mice. In addition, we used the imaging
method to follow the immunomodulatory impact of angiotensin-converting enzyme inhibitor therapy on myeloid cells in
allografts. Dextran nanoparticles were derivatized with the PET isotope copper-64 and imaged 7 days after transplantation.
C57BL/6 recipients of BALB/c allografts displayed robust positron emission tomography signal (standard uptake value
allograft, 2.8+0.3; isograft control, 1.7+0.2; P<0.05). Autoradiography and scintillation counting confirmed the in vivo
findings. We then imaged the effects of angiotensin-converting enzyme inhibitor (5 mg/kg enalapril). Angiotensin-
converting enzyme inhibitor significantly decreased nanoparticle signal (P<0.05). Histology and flow cytometry showed
a reduced number of myeloid cells in the graft, blood, and lymph nodes and diminished antigen presentation (P<0.05
versus untreated allografts). Angiotensin-converting enzyme inhibitor also significantly prolonged allograft survival (12

versus 7 days; P<0.0001).

Conclusions—Nanoparticle macrophage PET-CT detects heart transplant rejection and predicts organ survival by reporting
on myeloid cells. (Circ Cardiovasc Imaging. 2013;6:568-573.)

Key Words: heart transplantation ® imaging ® macrophage ® positron emission tomography/computed tomography

Transplama[ion remains an important option for patients
with advanced stages of heart failure. Detecting paren-
chymal rejection and monitoring immunosuppressive therapy
present an ongoing clinical challenge. The current approach
to surveillance for rejection involves performing serial mul-
tiple endomyocardial biopsies obtained by invasive transve-
nous access. Typically, the right ventricle is biopsied in 3 to
4 locations.' The procedure, which is performed biweekly in
the first months after transplantation, causes complications in
<3% of the cases, including valvular insufficiency, arrhyth-
mia, infection, and bleeding.? Sampling errors can also con-
found biopsy surveillance because the bioptome often misses
areas of myocardial inflammation. Moreover, inflamed myo-
cardium beyond the endocardial surface cannot be detected
with this procedure. There is thus a need for a better, less inva-
sive method for monitoring rejection in transplant recipients.

Clinical Perspective on p 573

Prior research has established lymphocytes as central
orchestrators of tolerance and rejection. Macrophages (M®)
and their circulating monocyte precursors, parts of the innate
immune system, traditionally received attention as mediators
of myocardial damage during rejection. An increasing body of
work in models of inflammatory disease suggests that myeloid
cells play very active roles in immunity. Human biopsy stud-
ies revealed that M® comprise <60% of the inflammatory
cell population in allografts.* Initiating inflammatory cvents
recruit monocytes into the graft where they differentiate into
M®, which then amplify inflammation by release of soluble
factors such as tumor necrosis factor-a, interleukins, myelo-
peroxidase, inducible nitric oxide synthase, and reactive oxy-
gen species. Monocytes and M® are involved in cell killing,
scavenging of debris, and phagocytosis of nonself material and
remodel the extracellular matrix through proteolysis, fibrosis,
and angiogenesis.*® Moreover, monocytes and M® can prime
allospecific T cells by alloantigen presentation.®
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Abstract The lack of relevant pre-clinical animal models
incorporating the clinical scenario of Glioblastoma multi-
forme (GBM) resection and recurrence has contributed
significantly to the inability to successfully treat GBM. A
multi-modality imaging approach that allows real-time
assessment of tumor resection during surgery and non-
invasive detection of post-operative tumor volumes is
urgently needed. In this study, we report the development
and implementation of an optical imaging and magnetic
resonance imaging (MRI) approach to guide GBM resec-
tion during surgery and track tumor recurrence at multiple

Shawn Hingtgen and Jose-Luiz Figueiredo contributed equally to this
work.
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resolutions in mice. Intra-operative fluorescence-guided
surgery allowed real-time monitoring of intracranial
tumor removal and led to greater than 90 % removal of
established intracranial human GBM. The fluorescent
signal clearly delineated tumor margins, residual tumor,
and correlated closely with the clinically utilized fluo-
rescence surgical marker S-aminolevulinic acid/porphyrin.
Post-operative non-invasive optical imaging and MRI
confirmed near-complete tumor removal, which was fur-
ther validated by immunohistochemistry (IHC). Longitu-
dinal non-invasive imaging and IHC showed rapid
recurrence of multi-focal tumors that exhibited a faster
growth rate and altered blood-vessel density compared to
non-resected tumors. Surgical tumor resection signifi-
cantly extended long-term survival, however mice ulti-
mately succumbed to the recurrent GBM. This multi-
modality imaging approach to GBM resection and
recurrence in mice should provide an important platform
for investigating multiple aspects of GBM and ultimately
evaluating novel therapeutics.

Keywords Glioma - Image-Guided resection - In vivo
imaging - Recurrence

Introduction

Glioblastoma multiforme (GBM) is the most common
primary brain cancer in adults [1]. GBM is associated with
extremely high morbidity and mortality due to the highly
aggressive and invasive nature of the tumor. Current
treatments for GBM are not curative, but consist of surgical
tumor resection followed by radiation and/or chemotherapy
[2]. The ultimate goal of the surgical intervention is the

@ Springer
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Selective Factor Xlla Inhibition Attenuates
Silent Brain Ischemia

Application of Molecular Imaging Targeting Coagulation Pathway

John W. Chen, MD, PuD,*} Jose-Luiz Figueiredo, MD,* Gregory R. Wojtkiewicz, MS,*
Cory Siegel, MD,* Yoshiko Iwamoto; BS,* Dong-Eog Kim, MD,$ Marc W. Nolte, PHD,#
Gerhard Dickneite, PHD,# Ralph Weissleder, MD, PHD,* Matthias Nahrendorf, MD, PuD*

Boston, Massachusetts; Goyang, Republic of Korea; and Marburg, Germany

OBJECTIVES The purpose of this study was use molecular imaging targeting coagulation pathway
and inflammation to better understand the pathophysiology of silent brain ischemia (SBI) and monitor
the effects of factor Xlla inhibition.

BACKGROUND SBIcan be observed in patients who undergo invasive vascular procedures. Unlike
acute stroke, the diffuse nature of SBI and its less tangible clinical symptoms make this disease difficult
to diagnose and treat.

METHODS We induced SBl in mice by intra-arterial injection of fluorescently labeled microbeads or
fractionated clot into the carotid artery. After SBI induction, diffusion-weighted magnetic resonance
imaging was performed to confirm the presence of microinfarcts in asymptomatic mice. Molecular
imaging targeting the downstream factor XIll activity (single-photon emission computed tomography/
computed tomography) at 3 h and myeloperoxidase activity (magnetic resonance imaging) on day 3
after SBI induction were performed, without and with the intravenous administration of a recombinant
selective factor Xlla inhibitor derived from the hematophagous insect Triatoma infestans (rHA-Infestin-4).
Statistical comparisons between 2 groups were evaluated by the Student t test or Mann-Whitney U test.

RESULTS In SBl-induced mice, we found abnormal activation of the coagulation cascade (factor XlIl
activity) and increased inflammation (myeloperoxidase activity) close to where emboli lodge in the brain.
rHA-Infestin-4 administration significantly reduced ischemic damage (53% to 85% reduction of infarct
volume, p < 0.05) and pathological coagulation (35% to 39% reduction of factor Xlll activity, p < 0.05)
without increasing hemorrhagic frequency. Myeloperoxidase activity, when normalized to the infarct
volume, did not significantly change with rHA-Infestin-4 treatment, suggesting that this treatment does
not further decrease inflammation other than that resulting from the reduction in infarct volume.

CONCLUSIONS Focal intracerebral clotting and inflammatory activity are part of the pathophys-
iology underlying SBI. Inhibiting factor Xlla with rHA-Infestin-4 may present a safe and effective
treatment to decrease the morbidity of SBIl. (J Am Coll Cardiol Img 2012;5:1127-38) © 2012 by the
American College of Cardiology Foundation
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Abstract

Objectives

Angiopoietin-like protein 2 (ANGPTL2), a recently identified pro-inflammatory cytokine, is
mainly secreted from the adipose tissue. This study aimed to explore the role of ANGPTL2
in adipose tissue inflammation and macrophage activation in a mouse model of diabetes.

Methodology/Principal Findings

Adenovirus mediated lacZ (Ad-LacZ) or human ANGPTL2 (Ad-ANGPTL2) was delivered
via tail vein in diabetic db/db mice. Ad-ANGPTL2 treatment for 2 weeks impaired both glu-
cose tolerance and insulin sensitivity as compared to Ad-LacZ treatment. Ad-ANGPTL2
treatment significantly induced pro-inflammatory gene expression in white adipose tissue.
We also isolated stromal vascular fraction from epididymal fat pad and analyzed adipose tis-
sue macrophage and T lymphocyte populations by flow cytometry. Ad-ANGPTL2 treated
mice had more adipose tissue macrophages (F4/80+CD11b+) and a larger M1 macrophage
subpopulation (F4/80+CD11b+CD11c+). Moreover, Ad-ANGPTL2 treatment increased a
CD8-positive T cell population in adipose tissue, which preceded increased macrophage
accumulation. Consistent with our in vivo results, recombinant human ANGPTL2 protein
treatment increased mRNA levels of pro-inflammatory gene products and production of
TNF-a protein in the human macrophage-like cell line THP-1. Furthermore, Ad-ANGPTL2
treatment induced lipid accumulation and increased fatty acid synthesis, lipid metabolism
related gene expression in mouse liver.
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Characterizing clinically relevant brain metastasis models and assessing the therapeutic efficacy in such models are fundamental for
the development of novel therapies for metastatic brain cancers. In this study, we have developed an in vivo imageable breast-to-
brain metastasis mouse model. Using real time in vivo imaging and subsequent composite fluorescence imaging, we show a
widespread distribution of micro- and macro-metastasis in different stages of metastatic progression. We also show extravasation
of tumour cells and the close association of tumour cells with blood vessels in the brain thus mimicking the multi-foci metastases
observed in the clinics. Next, we explored the ability of engineered adult stem cells to track metastatic deposits in this model and
show that engineered stem cells cither implanted or injected via circulation efficiently home to metastatic tumour deposits in the
brain. Based on the recent findings that metastatic tumour cells adopt unique mechanisms of evading apoptosis to successfully
colonize in the brain, we reasoned that TNF receptor superfamily member 10A/10B apoptosis-inducing ligand (TRAIL) based pro-
apoptotic therapies that induce death receptor signalling within the metastatic tumour cells might be a favourable therapeutic
approach. We engineered stem cells to express a tumour selective, potent and secretable variant of a TRAIL, S-TRAIL, and show
that these cells significantly suppressed metastatic tumour growth and prolonged the survival of mice bearing metastatic breast
tumours. Furthermore, the incorporation of pro-drug converting enzyme, herpes simplex virus thymidine kinase, into therapeutic
S-TRAIL seccreting stem cells allowed their eradication post-tumour treatment. These studies are the first of their kind that provide
insight into targeting brain metastasis with stem-cell mediated delivery of pro-apoptotic ligands and have important clinical
implications.
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Abstract

Despite significant advances in diagnosis and treatment, the prognosis of esophageal adenocar-
cinoma remains poor highlighting the importance of early detection. Although white light (WL)
upper endoscopy can be used for screening of the esophagus, it has limited sensitivity for early
stage disease. Thus, development of new imaging technology to improve the diagnostic capabilities
of upper Gl endoscopy for early detection of esophageal adenocarcinoma is an important unmet
need. The goal of this study was to develop a method for the detection of malignant lesions in the
esophagus using WL upper endoscopy combined with near infrared (NIR) imaging with a protease
activatable probe (Prosense750) selective for cathepsin B (CTSB). An orthotopic murine model
for distal esophageal adenocarcinoma was generated through the implantation of OE-33 and
OE-19 human esophageal adenocarcinoma lines in immunocompromised mice. The mice were
imaged simultaneously for WL and NIR signal using a custom-built dual channel upper Gl endo-
scope. The presence of tumor was confirmed by histology and target to background ratios (TBR)
were compared for both WL and NIR imaging. NIR imaging with ProSense750 significantly im-
proved upon the TBRs of esophageal tumor foci, with a TBR of 3.64+0.14 and 4.50£0.11 for the
OE-33 and OE-19 tumors respectively, compared to 0.88+0.04 and 0.81+0.02 TBR for WL im-
aging. The combination of protease probes with novel imaging devices has the potential to improve
esophageal tumor detection by fluorescently highlighting neoplastic regions.

Key words: Esophageal Adenocarcinoma; Cathepsin B; Prosense750; Near Infrared Imaging.

Introduction

The recent epidemiological shift of esophageal creased incidence of distal esophageal adenocarci-
cancer in western countries from squamous cell car- noma [1]. In recent decades esophageal adenocarci-
cinoma towards adenocarcinoma, which arises from  noma has had the fastest growing incidence rate
prolonged Barrett's esophagus, is reflected in the in-  compared to any other cancer [2]; during the last 40
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Tumor-associated macrophages (TAMs) and tumor-associated neu-
trophils (TANs) can control cancer growth and exist in almost
all solid neoplasms. The cells are known to descend from immature
monocytic and granulocytic cells, respectively, which are produced
in the bone marrow. However, the spleen is also a recently
identified reservoir of monocytes, which can play a significant
role in the inflammatory response that follows acute injury. Here,
we evaluated the role of the splenic reservoir in a genetic mouse
model of lung adenocarcinoma driven by activation of oncogenic
Kras and inactivation of p53. We found that high numbers of TAM
and TAN precursors physically relocated from the spleen to the
tumor stroma, and that recruitment of tumor-promoting spleen-
derived TAMs required signaling of the chemokine receptor CCR2.
Also, removal of the spleen, either before or after tumor initiation,
reduced TAM and TAN responses significantly and delayed tumor
growth. The mechanism by which the spleen was able to maintain
its reservoir capacity throughout tumor progression involved,
in part, local accumulation in the splenic red pulp of typically
rare extr: dullary h t ic stem and progenitor cells,
notably granulocyte and macrophage progenitors, which pro-
duced CD11b* Ly-6C" monocytic and CD11b* Ly-6G" granulocytic
cells locally. Splenic granulocyte and macrophage progenitors and
their descendants were likewise identified in clinical specimens.
The present study sheds light on the origins of TAMs and TANs,
and positions the spleen as an important extramedullary site,
which can continuously supply growing tumors with these cells.

cancer immunity | tumor microenvironment

Macrophagcs and neutrophils participate in defense mech-
anisms that protect the host against injury and infection.
However, extensive animal and clinical studies now indicate that
these cells also infiltrate most solid human cancers. Tumor-as-
sociated macrophages (TAMs) can stimulate tumor growth (1-
4), and their density is associated with adverse outcomes and
shorter survival in several cancer types, including breast cancer,
Hodgkin lymphoma, and lung adenocarcinoma (5-8). Tumor-
associated neutrophils (TANSs) can also promote the progression
of primary tumors; however, blockade of TGF- signaling indu-
ces a population of antitumor TANs (3). Also, neutrophils in
tumor-bearing subjects can act to eliminate disseminated tumor
cells, and thus provide antimetastatic protection (9). Although the
interactions of TAMs and TANs with neoplastic cells are being
unraveled, the origin of TAMs and TANs, and the impact of
cancer on these cells’ precursors in vivo, remains less well explored.

Our understanding of the origins of tissue macrophages and
neutrophils, going back to self-renewing hematopoietic stem
cells (HSCs), is largely based on studies not involving cancer (10—
13). These studies have outlined how HSCs located in special-
ized niches of the bone marrow give rise to progeny that pro-
gressively lose self-renewal capacity and commit to certain lineages.
Granulocyte/macrophage progenitors (GMPs), for example, are

www.pnas.org/cgi/doi/10.1073/pnas. 1113744109

clonogenic bone marrow cells that descend from HSCs and
commit to either neutrophils or monocytes. The latter cells are
released into circulation and can extravasate in distant tissue (1,
14, 15). The extravasation process is typically concurrent with
activation of an irreversible cell differentiation program (5, 13,
16): Circulating monocytes become tissue macrophages (or
dendritic cells), whereas circulating neutrophils become acti-
vated tissue neutrophils. Extending this to the tumor microen-
vironment, recent studies have shown that circulating Ly-6CM
“inflammatory” monocytes accumulate in tumors and renew
nonproliferating TAM populations (15). TAMs and TANs are also
sometimes described as descendants of myeloid-derived suppres-
sor cells (MDSCs). MDSCs in mice are defined as CD11b™ Gr-17
bone marrow-derived immature cells and are composed of (Ly-
6C™) monocytic and (Ly-6G") granulocytic cells. Ly-6C" in-
flammatory monocytes may contribute to monocytic MDSCs as-
sociated with tumors (13). In sum, the prevailing paradigm is that
TAM and TAN populations derive from monocytic and granulo-
cytic progenitors, which are made in the bone marrow.

However, the spleen has recently been shown to constitute a
unique extramedullary reservoir of myeloid cells, specifically
monocytes (17), which can be mobilized in response to distant
acute inflammation and significantly contribute to the host re-
sponse. Here, we thought to study the role of the myeloid res-
ervoir in the context of cancer. We performed our animal studies
in a conditional genetic mouse model of lung adenocarcinoma
(Kras™S=-C12D/% 553 hereafter referred to as KP), which ena-
bles generation of autochthonous tumors from a few somatic
cells via activation of oncogenic Kras and inactivation of p53
(18). Such genctically engineered mice have shown promise in
guiding clinical research because they permit the study of cancers
as they develop de novo and as they evolve within their natural
environments (18, 19). The lesions of the mice recapitulate the
genetic alterations found in the human disease, progress to high-
grade tumors, and are infiltrated by TAMs and TANs.

The findings in the KP model indicate that the spleen mobilizes
immature myeloid cells and that these cells amplify TAM and
TAN responses on recruitment to tumors. Also, HSCs and GMPs
accumulate in large numbers within the splenic red pulp of tumor-
bearing mice. These cells establish niches of proliferation, produce
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The treatment of diseased vasculature remains challenging, in part
because of the difficulty in implanting drug-eluting devices without
subjecting vessels to damaging mechanical forces. Implanting
materials using adhesive forces could overcome this challenge,
but materials have previously not been shown to durably adhere
to intact endothelium under blood flow. Marine mussels secrete
strong underwater adhesives that have been mimicked in syn-
thetic systems. Here we develop a drug-eluting bioadhesive gel
that can be locally and durably glued onto the inside surface of
blood vessels. In a mouse model of atherosclerosis, inflamed
plaques treated with steroid-eluting adhesive gels had reduced
macrophage content and developed protective fibrous caps
covering the plaque core. Tr 1t also | d pl cytokine
levels and biomarkers of inflammation in the plaque. The drug-
eluting devices developed here provide a general strategy for
implanting therapeutics in the vasculature using adhesive forces
and could potentially be used to stabilize rupture-prone plaques.

biomaterials | catechol | delivery | endoluminal paving

iseases of the vasculature are numerous and can be deadly.

Local delivery of drugs is an important challenge in experi-
mental biology and medicine for understanding and controlling
diseases of the vasculature, such as atherosclerosis, ischemia,
inflammation, edema, oxidative stress, thrombosis, hemorrhage,
metabolic and oncological diseases, and others (1). One prominent
example involves the rupture of the endothelium or endothe-
lialized fibrous cap on atherosclerotic plaques, a trigger of heart
attacks and strokes (2). Although many technologies are being
developed to identify plaques at risk of rupturing (3-6), effective
local treatments for these vulnerable plaques do not currently exist
(7, 8). Substantial effort has been devoted to creating devices that
locally deliver therapeutics to diseased vasculature (7, 9-11). The
ideal device would shield the diseased vasculature from the bulk
blood stream and stabilize the diseased tissue without causing
substantial damage to it, but this has not yet been achieved (12, 13).
Drug-eluting stents are an example of devices used for local de-
livery. Drug-eluting materials are incorporated into or onto stiff
expandable struts that apply a strong mechanical force against the
blood vessel wall to remain in place. The stents that are used
clinically are valuable for rapidly widening vessels with large pla-
ques to increase blood flow, but their primary function in the clinic
is not to preventively stabilize and heal plaques that are at risk of
rupture. In fact, stents are known to cause substantial tissue injury
when they are deployed, which over time can lead to impaired
reendothelialization, restenosis, and thrombosis, and these chal-
lenges will need to be overcome if stents are considered as a pre-
ventive therapy for plaque rupture (12-16). Locally depositing
therapeutics in blood vessels via catheters is a promising approach
for local delivery but is limited in some applications by the rapid

21444-21449 | PNAS | December 26,2012 | vol. 109 | no. 52

removal of the agents due to blood flow (7). Endoluminal paving,
another local therapy, is a catheter-based technique that deposits
a thin layer of degradable hydrogels temporarily on the inside of
blood vessels (11, 17-20). This technique has been intensively ex-
plored for almost 20 y, and many methods have been developed,
including interfacial photo-polymerization. Although it reduced
restenosis following balloon angioplasty in animals, it has not been
used to treat inflamed atherosclerotic plaques (17). Endoluminal
paving holds substantial promise for clinical applications, but du-
rable adherence has thus far been limited to vasculature mechan-
ically denuded of its endothelium using balloon angioplasty (20).
The development of a coating that could be directly applied on the
vasculature, remains chronically adhered, induces minimal hyper-
plasia, and stabilizes the diseased area would overcome a major
barrier to local delivery of drugs to inflamed plaques and other
regions of the vasculature.

This paper describes the development of an adhesive hydrogel
capable of durably attaching to the inside of blood vessels and over
atherosclerotic plaques, with spatial resolution on the scale of
millimeters. The adhesion of the gel emerges from catechol moi-
eties in the gel. This gel mimics aspects of the adhesion of marine
mussels, which adhere to a variety of surfaces in the ocean. Mussels
secrete adhesive proteins from their feet that contain 3,4-dihy-
droxy-L-phenylalanine (DOPA), an amino acid—containing cate-
chol (21, 22). This biomimetic chemistry has been used in synthetic
systems and gels for a variety of adhesive applications (23-26). We
hypothesized that by mimicking the mussel’s underwater adhesion,
materials could be designed that adhere to blood vessels under
blood flow. The motivation to test this hypothesis was that the
material and technique would be useful for studying and pro-
moting healing of diseased vasculature in general, and athero-
sclerotic plaques in particular, due to the ability to deliver the
material locally and release therapeutics on a controllable time
scale. Additionally, an appropriate material may promote char-
acteristics of plaque healing by remodeling and strengthening the
fibrous cap on atherosclerotic plaques. A thrombus-induced acute
event such as myocardial infarction or stroke occurs when the
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Aims

Activation of vascular endothelial cells (ECs) contributes importantly to inflammation and atherogenesis. We previ-
ously reported that apolipoprotein Clil (apoClll), found abundantly on circulating triglyceride-rich lipoproteins,
enhances adhesion of human monocytes to ECs in vitro. Statins may exert lipid-independent anti-inflammatory
effects. The present study examined whether statins suppress apoClll-induced EC activation in vitro and in vivo.

Methods and
results

Keywords

Physiologically relevant concentrations of purified human apoClil enhanced attachment of the monocyte-like cell line
THP-1 to human saphenous vein ECs (HSVECs) or human coronary artery ECs (HCAECs) under both static and
laminar shear stress conditions. This process mainly depends on vascular cell adhesion molecule-1 (VCAM-1), as
a blocking VCAM-1 antibody abolished apoClll-induced monocyte adhesion. ApoClll significantly increased
VCAM-1 expression in HSVECs and HCAECs. Pre-treatment with statins suppressed apoClll-induced VCAM-1 ex-
pression and monocyte adhesion, with two lipophilic statins (pitavastatin and atorvastatin) exhibiting inhibitory effects
at lower concentration than those of hydrophilic pravastatin. Nuclear factor kB (NF-kB) mediated apoClll-induced
VCAM-1 expression, as demonstrated via loss-of-function experiments, and pitavastatin treatment suppressed NF-kB
activation. Furthermore, in the aorta of hypercholesterolaemic Ldlr~'~ mice, pitavastatin administration in vivo sup-
pressed VCAM-1 mRNA and protein, induced by apoClll bolus injection. Similarly, in a subcutaneous dorsal air
pouch mouse model of leucocyte recruitment, apoClll injection induced F4/80+ monocyte and macrophage accu-
mulation, whereas pitavastatin administration reduced this effect.

These findings further establish the direct role of apoClll in atherogenesis and suggest that anti-inflammatory effects
of statins could improve vascular disease in the population with elevated plasma apoClil.

Apolipoprotein ClIl o Vascular endothelial cells ® Monocytes « HMG-CoA reductase inhibitors e
Atherosclerosis

Introduction : role in the initiation of arterial inflammation by mediating firm ad-

Atherosclerosis is a chronic inflammatory disease.'? Expression of : intima of the blood vessel wal

hesion, diapedesis, and retention of mononuclear leucocytes to the
1> The recruitment of inflammatory

adhesion molecules, including vascular cell adhesion molecule-1 :  cells into the vascular intima also contributes to the progression
(VCAM-1), by activated endothelial cells (ECs) plays an important :  and instability of atherosclerotic plaques.®®
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Medial and Intimal Calcification in Chronic Kidney Disease:

Stressing the Contributions

Maximillian Rogers, PhD; Claudia Goettsch, PhD; Elena Aikawa, MD, PhD

ardiovascular calcification is a prominent feature of
C chronic inflammatory disorders that associate with
significant morbidity and mortality. Vascular calcification is
highly prevalent in patients with chronic kidney disease (CKD),
a multifactorial disorder. CKD often results from hypertension
and diabetes, and patients with CKD are among the
highest-risk groups for cardiovascular events. Notably, CKD
accelerates the development of atherosclerosis. Our group
and others have demonstrated that CKD causes excessive
vascular inflammation and calcification." CKD is characterized
by increased serum phosphate levels, which is, in turn,
associated with the progression of calcification. But phos-
phate binder therapy reportedly has no effect on vascular
calcification in CKD patients,” suggesting that targeting
phosphate alone cannot improve vessel stiffness. A variety
of other therapies, which have produced mixed results at best,
have been tested to prevent or hinder the progression of
vascular calcification in CKD.® A greater understanding of the
mineralization process itself may therefore lead to new and
effective therapeutics for vascular calcification in CKD.

In vitro and in vivo models of cardiovascular calcification
have helped generate a greater mechanistic understanding
of the vascular calcification process. A common model of
CKD is apolipoprotein E-deficient (ApoE™~) or low-density
lipoprotein receptor-deficient (Idlr™”~) mice subjected to 5/
6 nephrectomy and fed a high-fat, high-cholesterol diet.*
Similar to dysmetabolic CKD patients, both arterial intimal
and medial calcification occurs in these animals. The use of

The opinions expressed in this article are not necessarily those of the editors

or of the American Heart Association.

From the Centers for Interdisciplinary Cardi I (M.R., C.G.,
E.A.) and Excellence in Vascular Biology (E.A.), Division of Cardic I

5/6 nephrectomy in mice with varying diets allows for the
investigation of medial calcification, which represents
patients with renal failure undergoing hemodialysis. Each
model recapitulates the formation of calcification in distinct
vascular layers, which may lead to different clinical out-
comes (Figure).

Clinically, vascular calcification occurs in the vessel intima
or media and often overlaps, particularly in a growing
population of patients with CKD-related atherosclerosis. The
process of intimal calcification associates with atherosclerotic
vascular disease, observed as spotty calcifications of the
atherosclerotic plaques, where small hydroxyapatite mineral
clefs (microcalcifications) seem to associate with cholesterol
crystals observed in early lesions.® These microcalcifications
in the plaque could provoke a rupture of vulnerable plaque.®
Medial calcification occurs primarily in association with CKD
and diabetes, and is independent of hypercholesterolemia.
The sheet-like calcifications of the tunica media can lead to
increased vascular stiffness and reduced compliance of
vessels. The differences between medial and intimal calcifi-
cation stress the importance of choosing appropriate disease
models for mechanistic and therapeutic studies.

Pathogenesis of vascular calcification is complex—beyond
just a simple precipitation of calcium and phosphate, it is
instead an active, cell-regulated process. Several cell types
likely play a role in the vascular calcification process,
including smooth muscle cells (SMCs),” circulating bone
marrow-derived cells,® and macrophages.® Vascular calcifica-
tion mechanistic studies have focused on cellular differenti-
ation, calcium and phosphate homeostasis, loss of inhibition,
apoptosis, the release of calcifying vesicles, and changes in
the extracellular matrix (ECM) among several other cellular
proc 3 (Figure). Osteogenic transition of vascular SMCs
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or stem cells is induced by bone morphogenetic proteins,’
high phosphate levels," inflammation,'""? and oxidative
stress,'® and leads to a unique molecular pattern marked by
osteogenic transcription factors. Emerging evidence also
suggests that alternative mechanisms independent of oste-
ogenic differentiation, including the release of matrix vesicles
by SMCs or macrophages, may contribute to vascular
calcification in CKD.>' Understanding the connections
between these mechanisms and signaling pathways could
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Disease Spectrum:

CKD

Medial Calcification

Atherosclerosis

Intimal Calcification

CKD+ Atherosclerosis

Medial & Intimal Calcification

Plausible Calcification Mechanisms: |

-Ca/P homeostasis
-loss of inhibition -apoptosis
-apoptosis -matrix vesicles

-matrix vesicles
-osteochondrogenic differentiatior|
-matrix remodeling

-matrix remodeling

-osteochondrogenic differentiation

-osteochondrogenic differentiation
-apoptosis

-Ca/P homeostasis

-loss of inhibition

-matrix vesicles §
-matrix remodeling

Commonly Used Mouse Models: |

WT with 5/6 ApoE--or IdIr- with
nephrectomy with high high fat diet or ageing
P diet

ApoE~or IdIr- with 5/6 |
nephrectomy and
high fat diet or high P diet

Figure. Modeling human vascular calcification in mice. Human disease associated intimal and medial vascular calcification diagramed with
plausible mechanisms and commonly used mouse models. ApoE‘/' indicates apolipoprotein E-deficient; Ca, calcium; CKD, chronic kidney
disease; IdIr ™/, low-density lipoprotein receptor-deficient; P, phosphate; WT, wild type.

provide novel mechanistic insight into the calcification
process, and potentially help lead to cardiovascular disease
therapeutics.

In this issue of JAHA, Masuda et al'® build on previous
studies linking tumor necrosis factor « (TNFa) to vascular
calcification, while providing a novel link between inflamma-
tion, endoplasmic reticulum stress, and calcification. Their
study found that administering TNFa to mouse vascular SMCs
dose-dependently induced the protein kinase RNA-like endo-
plasmic reticulum kinase (PERK)—eukaryotic initiation factor
2a (elF2a)-activating transcription factor 4 (ATF4)—C/EBP
homologous protein (CHOP) axis of the endoplasmic reticulum
stress response.

Suggesting that inflammation may regulate vascular calci-
fication through an endoplasmic reticulum stress pathway, the
authors also showed short hairpin RNA-mediated knockdowns
of PERK, ATF4, and CHOP led to significant reductions in both
TNFa-induced calcium deposition and alkaline phosphatase
activity. Supporting their in vitro findings, both phospho-ATF4
and total ATF4, along with CHOP expression levels, increased
significantly in the aortas of 5/6 nephrectomy ApoE /™ mice
on a high-fat, high-cholesterol diet. When treated with
infliximab to block TNFz, or with 2 different chemical
chaperones to reduce endoplasmic reticulum stress, calcified

lesions decreased significantly in these CKD mice. The
infliximab results provide further support for targeting
inflammation as a means of blocking vascular calcification,
which had been previously reported by another group using
Idir—/~ diabetic mice.'®

On a mechanistic level, treatment of these CKD mice with
the chemical chaperones also led to a significant reduction in
the expression of a type Ill sodium-dependent phosphate
transporter, PiT-1, possibly mediated through a reduction of
CHOP expression. This study also demonstrated that control-
ling the expression of PiT-1 through CHOP overexpression
correlated with the amount of inorganic phosphate uptake
in SMCs. Of importance relating to this result, PiT-1 was
shown previously to participate in the vascular calcification
process. '’

The findings of Masuda et al suggest that inflammation at
least partly regulates vascular calcification through activating
an endoplasmic reticulum stress pathway, which in turn may
increase inorganic phosphate uptake, leading to increased
mineralized calcium deposition and osteogenic differentiation.
The growing connection of endoplasmic reticulum stress
to vascular calcification is intriguing, considering that this
stress response process has also been connected to bone
formation. '®
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Besides inflammation, many additional mechanistic factors
have been proposed and likely play a role in vascular
calcification in combination with or independently of the
inflammation driven process. For example, previous studies'®
have demonstrated that some components of the ECM
(elastin, collagen) could be important factors in the regulation
of calcification progression.' Exactly how the ECM compo-
nents and the factors that regulate ECM remodeling, such as
matrix metalloproteases and cathepsins, could lead to medial
calcification is not yet fully understood. Furthermore, addi-
tional unreported factors may also be involved in this
mechanistic pathway. :

A report by Purnomo et al®” in this issue of JAHA examined
the role of ECM in the development of vascular calcification,
by highlighting the role of glycosaminoglycans (GAG). The
study found that exostosin-like glycosyltransferase 2 (EXTL2)
deficiency caused increased heparin sulfate and chondroitin-
sulfate in the aortas of EXTL2-deficienct mice. When CKD was
induced in mice by 5/6 nephrectomy along with a high-phos-
phate diet—a different CKD model than that used by Masuda
et al—elevated calcification was observed in the media layer
of the aorta, which is characterized by increased GAG levels.
The use of 5/6 nephrectomy along with a high-phosphate diet
allowed other aspects of CKD, in addition to vascular
calcification, to be modeled. EXTL2-deficient CKD mice had
also higher systolic blood pressure compared to wild-type
mice, which might be due to increased vascular calcification
accompanied by increased stiffness and decreased compliance
of the arteries.

Importantly, CKD itself increased heparin sulfate and
chondroitinsulfate in wild-type mice, which might accelerate
the progression of vascular calcification. In line with this
evidence, treatment with heparitinase and chondroitinase
prevented calcification in aorta explants. As such, changes in
the sulfation pattern of GAG could conceivably contribute to
the vascular calcification process. Further study is required,
however, to dissect the full influence of specific GAG sulfation
patterns in triggering pathways involved in the development of
vascular calcification.

In the EXTL2-deficient mice, Runx2 and collagen 1A1 were
increased, whereas SMC markers were decreased. Purnomo
et al suggested that under high-phosphate conditions heparin
sulfate and chondroitinsulfate trigger a signaling pathway that
further induces SMC osteogenic transition. Whether similar
results occur in EXTL2-deficient mice under other disease-rel-
evant conditions remains to be determined. For example,
testing this pathway in dyslipidemic conditions, such as those
used by Masuda et al, may help reveal additional information
about the disease process (eg, whether ECM-based calcifica-
tion effects intimal calcification).

Taken together, the results of this study provide novel
insights into the role of GAG in calcification, and further

IZO

suggest that modulation of the ECM might be a therapeutic
target in the prevention of vascular calcification in CKD.

While these two studies depicting the role of two
potentially independent mechanisms of calcification in CKD
help to connect previous findings from other groups, several
questions remain unanswered—notably, how inflammatory
cytokines like TNFo activate endoplasmic reticulum stress,
and whether GAG are increased in the aortas of CKD patients.
Just how these proposed mechanisms will ultimately translate
to the human disease condition remains to be seen. While
mouse models are useful, an important next step to furthering
these results will be to test these working hypotheses in
human cells and tissues.

In summary, the work of Masuda et al and Purnomo et al
adds to several existing working hypotheses on how vascular
calcification occurs, particularly in CKD. Of paramount
importance in interpreting the results of these and other
studies involves understanding the model used and the type
of calcification it reflects. Differences between intimal and
medial calcification may also be reflected in the mechanisms
behind their development. Each animal and cell culture model
has limits; no one model fully encapsulates the human
disease process. Each new study, however, incrementally
adds toward our growing understanding of the process of
vascular calcification.
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Cardiovascular Calcification

— An Inflammatory Disease —
Sophie E. P. New, PhD; Elena Aikawa, MD, PhD

Cardiovascular calcification is an independent risk factor for cardiovascular morbidity and mortality. This disease
of dysregulated metabolism is no longer viewed as a passive degenerative disease, but instead as an active pro-
cess triggered by pro-inflammatory cues. Furthermore, a positive feedback loop of calcification and inflammation
is hypothesized to drive disease progression in arterial calcification. Both calcific aortic valve disease and athero-
sclerotic arterial calcification may possess similar underlying mechanisms. Early histopathological studies first
highlighted the contribution of inflammation to cardiovascular calcification by demonstrating the accumulation of
macrophages and T lymphocytes in ‘early’ lesions within the aortic valves and arteries. A series of in vitro work
followed, which gave a mechanistic insight into the stimulation of smooth muscle cells to undergo osteogenic dif-
ferentiation and mineralization. The emergence of novel technology, in the form of animal models and more
recently molecular imaging, has enabled accelerated progression of this field, by providing strong evidence regard-
ing the concept of this disorder as an inflammatory disease. Although there are still gaps in our knowledge of
the mechanisms behind this disorder, this review discusses the various studies that have helped form the concept

of the inflammation-dependent cardiovascular calcification paradigm. (Circ J 2011; 75: 1305—-1313)

Key Words: Aortic valve; Atherosclerosis; Calcification; Inflammation; Molecular imaging

esternized countries face a growing burden of car-
W diovascular calcification, a disease of dysregu-
lated mineral metabolism that leads to increased
acute cardiovascular events and potentially death. A number
of risk factors are known to accelerate atherosclerosis and
cardiovascular calcification, including increased age, hyper-
cholesterolemia, metabolic syndrome, endstage renal disease
and diabetes mellitus. Cardiovascular calcification results in
the deposition of calcium, principally in the form of hydroxy-
apatite, in the vessel wall and the leaflets of the aortic valve.
Mounting evidence suggests that the process of cardiovascu-
lar calcification involves similar mechanisms to that of bone
development, such as osteoblastic differentiation and biomin-
eralization. This disorder was once regarded as a passive
degenerative disease,' but it is now widely recognized as an
active process associated with inflammation.

Cardiovascular calcification was previously thought of just
as an indicator of increased cardiovascular events; however,
it is now apparent that this disorder also contributes to car-
diovascular risk. Arterial calcification causes a reduction in
the elasticity of the vessel wall and thus reduced compliance,
and in certain situations can lead to fatal myocardial infarc-
tion. In addition, calcification of the aortic valve is a progres-
sive disease that impairs the movement of the aortic valve
leaflets, leading to valve dysfunction, left ventricular remod-
eling and even heart failure. Despite its vast clinical signifi-
cance the mechanisms of ectopic calcification remain unclear

and no therapies are available to prevent disease progres-
sion. The National Heart, Lung and Blood Institute (NHLBI)
Working Group on Calcific Aortic Stenosis has recently
emphasized the critical importance of defining novel calci-
fication mechanisms and the need to develop new animal
models and imaging modalities for detection of subclinical
calcification.?

Conventional diagnostic imaging techniques, including
coronary angiography, computed tomography and transtho-
racic echocardiography, are proficient at visualizing anatomic
changes associated with cardiovascular calcification.® At pres-
ent surgical intervention is the only means to treat this disease;
minimally invasive angioplasty procedures or invasive bypass
surgery are effective ways of treating calcified arteries in the
short term, and surgical aortic valve replacement with a range
of substitutes is the only effective treatment of calcific valve
disease. Various therapeutic agents have been or are being
investigated to target cardiovascular calcification and thus
improve quality of life for patients; these include statins,*”
mineralocorticoid receptor antagonists®’ and bisphospho-
nates;'’ however, as yet they have not proved beneficial in
the clinical setting.'' The emergence of novel technology, in
the form of animal models and more recently molecular
imaging, has enabled accelerated progression of this field, in
particular, providing strong evidence regarding the concept
of cardiovascular calcification as an inflammatory disease.
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Figure 1. Visualizing aortic valve calci-
fication. (A) Magnetic resonance imag-
ing (MRI) can detect early valvular dys-
function in aortic valve disease in vivo;
the regurgitation jet causes the typical
black signal (arrow). (B) Ex vivo MRI.
Endothelial cell activation occurs in the
commissures of diseased aortic valves.
(Upper) Long-axis view demonstrates
the aortic arch and root. Dotted line de-
picts slice position of short-axis view.
(Lower) Color-coded signal intensities
of short-axis view show focused uptake
of VCAM-1 (red) in commissures (ar-
rows). (C) Thickened valve leaflets noted
in hypercholesterolemic apoE-- mice
associated with accumulation of macro-
phages (arrows). H&E. Original magni-
fication x100. (D) Valvular myofibro-
blasts exhibit osteoblastic transition as
detected by Runx2/Cbfa1 (red reaction
product) in the early stage of aortic
valve stenosis. Original magnification
x400. (E) Gross morphology of calcified
aortic valves. (F) Ex vivo fluorescence
microscopy (image stacks) of calcified
aortic valves visualizes the osteogenic
activity (red) and macrophage activity
(green) that overlaps in the areas of
leaflet attachment to the aortic wall in
inflamed valves. VCAM, vascular cell ad-
hesion molecule. (Adapted from Aikawa
E et al'” with permission.)

Calcific Aortic Valve Disease (CAVD)

CAVD is a progressive disorder that ranges from early altera-
tions in leaflet cell biology to advanced calcification char-
acterized by calcific lesions on the aortic surface of the valve
cusp,'? resulting in impaired movement of the aortic valve
leaflets followed by left ventricular outflow obstruction. Our
increasingly aged and dysmetabolic population is experienc-
ing an epidemic of CAVD, which is becoming a growing
concern. However, although CAVD is more common with
age and for decades was thought to be a passive degenerative
process, it is not an inevitable consequence of aging. Indeed,
emerging studies on calcified aortic valves have provided evi-
dence that this disease involves an actively regulated process

Circulation Journal

that bears similarities to endochondral bone formation.'* Fur-
thermore, clinicopathologic studies found that early lesions
contain inflammatory cells,'*!s which has been corroborated
in vivo using an experimental hypercholesterolemic rabbit
model'® and more recently in mouse models of aortic valve
calcification.'”-?* These studies have not only indicated that
the underlying mechanisms of CAVD are similar to that of
atherosclerotic arterial calcification, but have also estab-
lished the concept of inflammation-dependent development
of aortic valve calcification.

Atherogenic factors and/or mechanical stress activate val-
vular endothelial cells, thus causing them to express adhesion
molecules. This was demonstrated in our molecular imaging
study, which simultaneously visualized in vivo key cellular
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Figure 2. Intravital fluorescence
microscopy monitoring of changes
in inflammation and osteogenesis
in mouse carotid arteries. (A) At

phage- and osteoblast-derived
near-infrared signal intensities in-

wild type apoE”

[ Macrophages

Il Osteogenesis

creased over time and decreased
after statin treatment. AU, arbitrary
units. (Adapted from Aikawa E et
als with permission.)

events in early CAVD, including endothelial cell activation,
macrophage accumulation, expression of matrix remodeling
enzymes, and osteogenic activity. In our study, endothelial
VCAM-1 expression was found adjacent to an area in the
aortic valve leaflets'” that is known to encounter the great-
est amount of mechanical stress.?! As observed in multiple
studies the activation of endothelial cells results in the expres-
sion of adhesion molecules and subsequent recruitment of
monocytes and macrophage accumulation in the extracel-
lular matrix (ECM) of the valve.’>'5-17 In addition, a recent
study has demonstrated that mechanical stress may induce
the osteogenic potential of valvular endothelial cells, provid-
ing evidence that the valvular endothelium harbors a reserve
of progenitor cells that can repopulate the leaflet with osteo-

Circulation Journal

genic-like interstitial cells.?? Future studies are needed to show
whether this mechanism, in combination with pro-inflamma-
tory cues, contributes to pathological valve calcification.

A variety of studies have demonstrated that macrophages
and “activated” valvular interstitial cells (also known as myo-
fibroblasts) elaborate excessive levels of proteolytic activity,
in the form of matrix metalloproteases (MMPs) and cysteine
endoproteases, which degrade collagen and elastin in the val-
vular ECM.?*?¢ Kaden et al demonstrated in vitro that pro-
inflammatory cytokines expressed in stenotic aortic valves,
including interleukin (IL)-31, tumor necrosis factor (TNF) «
and RANKL, regulate remodeling of the ECM by stimulat-
ing myofibroblasts to produce MMPs.?72% ECM remodeling
and thickening of the leaflets due to the action of matrix
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Figure 3. Temporal change in inflammation and calcification. Intravital microscopy images demonstrate the progression of
inflammation and calcification in the same mouse carotid artery from 20 weeks (green and red respectively) to 30 weeks (yellow
and blue respectively). (Adapted from Aikawa E et al with permission.)

remodeling enzymes may result in valvular dysfunction and
further alteration of mechanical stresses across the valve leaf-
let.

The valvular interstitial cells possess a certain amount of
plasticity, interchanging between quiescent fibroblast-like
cells and the “activated” myofibroblasts.?’ In addition valvu-
lar interstitial cells are able to become osteoblast-like cells in
vitro,’ differentiating into osteoblastic cells through augmen-
tation of the Runx2/Cbfal and Notchl pathways.!”*-2 The
remodeling of the valve leaflet’s ECM due to proteolytic
activity is hypothesized to result in valvular dysfunction and
an alteration of the mechanical stresses across the valve leaf-
let, which may further induce inflammation and trigger osteo-
blastic differentiation. The end result would be deposition of
calcium primarily in the regions of high mechanical stress and
eventual mobilization of the aortic leaflets due to increased
valve stiffening (Figure 1).

Arterial Calcification

Arterial calcification, which occurs as part of the athero-
sclerotic progress, has been recognized for over 200 years;*
however, it was only at the end of the 20" century that this
field was rediscovered.* For the past decade the emphasis of
studies has been on the active nature of this disorder. An
epidemiological study highlighted the significance of dys-
regulated mineral metabolism in the acceleration of vascular
calcification,’s while spontaneous calcification of arteries and
cartilage in mice lacking matrix Gla protein (MGP) indicated
that ECM calcification is actively inhibited in soft tissues
by MGP.* The mechanism of arterial calcification has been
suggested to follow an endochondral bone formation pro-
cess,” in which the osteoblastic differentiation of vascular
smooth muscle cells (SMCs) is via the Cbfal pathway,* akin
to the bone osteoblastic differentiation and similar to val-

vular interstitial cells as described previously.!” This process
is associated with the expression of a number of transcription
factors associated with osteoblasts and chondrocytes (eg,
Cbfal, Osterix, Sox9)** and mineral-regulating proteins
(eg, MGP, alkaline phosphatase, osteocalcin and osteopon-
tin)*'—** associated with SMCs. Furthermore, a number of
recent studies have contributed to the concept that arterial
calcification is a progressive pro-inflammatory disorder.>#

Monocytes and macrophages have been observed to en-
hance vascular calcification in vitro via both cell—cell inter-
action and the production of soluble factors.* A series of
studies established that inflammatory cytokines such as
IL-13, IL-6, IL-8, insulin-like growth factor-1 and TNFa
induce osteogenic differentiation and mineralization of vas-
cular cells in vitro, suggesting that inflammatory cytokines
initiate or promote cardiovascular calcification by regulating
the differentiation of calcifying vascular cells.*#

Our molecular imaging studies on arterial calcification
not only provided the first in vivo evidence of the role that
inflammation plays in initiating calcification, but also for the
first time demonstrated the dynamic osteogenic changes dur-
ing the progression and regression of atherosclerotic plaques.®
To monitor in vivo osteogenic changes we performed sequen-
tial intravital microscopy on the carotid arteries of untreated
and statin-treated cohort of mice at 20 weeks and 30 weeks
of age (Figure 2). Macrophage numbers were found to
increase in association with osteogenic activity at 30 weeks;
however, both the macrophage burden and osteogenic activ-
ity were prevented by anti-inflammatory statin therapy. In
addition, while observing the disease progression in living
mice, we observed that both inflammation and calcification
progressed quickly from 20 to 30 weeks: the overall volume
of macrophages increased up to 160% while calcification
increased over 25% (Figure 3). This study, along with other
robust evidence, has enabled us to further elaborate on the
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20 week apoE’

from Aikawa E et al® with permission.)

Figure 4. Temporal and spatial association between inflammation and calcification. Intravital microscopy images show in-
flammation (green) and calcification (red) in the same mouse carotid artery at 20 and 30 weeks. Colocalization of macrophage-
and osteoblast-derived near-infrared signals with overlapping pixels (shown in white) depicts rupture-prone regions. (Adapted

30 week apoE”

inflammation-dependent calcification paradigm. This para-
digm can be split into 3 stages: initiation, propagation and
endstage calcification.®**

In the initiation stage, macrophages precede calcification
while releasing pro-osteogenic cytokines. In the propaga-
tion stage, the stimulated vascular SMCs undergo osteogenic
differentiation or release of calcifying matrix vesicles. In
addition, dying cells undergo apoptosis and release apoptotic
bodies. Both the calcifying matrix vesicles and apoptotic
bodies may provide new foci for hydroxyapatite nucleation,
resulting in microcalcifications. During propagation, both
inflammation and microcalcifications develop within close
proximity, overlap at the border regions and can be observed
simultaneously (Figure 4).5 The final stage (ie, endstage cal-
cification) is associated with little to nil inflammation and
advanced tissue mineralization. It is accepted as more diffi-
cult to treat this stage of calcification, and it is classically
reviewed as irreversible. Therefore, it is hypothesized that
utilizing anti-inflammatory therapy, perhaps in the form of
statins, at the earlier stages would prove beneficial in reduc-
ing inflammation and thus halting subsequent osteogenesis.*'¢
To date, clinical trials have not demonstrated the benefit of
statin therapy in halting valve calcification progression;'!
however, this may be due to the late implementation of the
treatment when the calcification had advanced to the later
stages.

Role of Matrix Vesicles and Microcalcifications
in Plaque Rupture
Due to the role that matrix vesicles play in physiological min-
eralization of bone and cartilage,™ it is suggested that they
also play a sizeable role in pathological ectopic calcification;
in fact, matrix vesicles are thought to predominate in aortic
calcification.”! In atherosclerotic calcification, macrophages

Circulation Journal

elaborate pro-osteogenic cytokines that stimulate vascular
SMCs to release calcifying matrix vesicles (30-300nm),
which bud from the plasma membrane of cells. Therefore,
although the precise role that matrix vesicles play in arterial
calcification and the mechanism by which they are released
still require further investigation, it is believed that they serve
as a nidus for mineral nucleation and are thus associated
with the generation of microcalcifications in the propagation
stage of the calcification paradigm.® Furthermore, matrix
vesicles contain inhibitors of mineralization, such as MGP
and fetuin-A, and a reduction in these inhibitors enhances
tissue mineralization.*> Serum fetuin-A expression has been
shown to be downregulated by inflammation,*® suggesting
that inflammation may act in this form of calcification by
downregulating inhibitors of mineralization and thereby en-
hancing mineralization of the vesicles.

The generation of microcalcifications occurs in the pres-
ence of inflammation, and lesions in this early stage of the
calcification paradigm are often described in imaging studies
as “spotty” calcifications.** This stage is therefore associated
with an inflammation-dependent progression of calcifica-
tion, in contrast to advanced calcific plaques. Indeed more
advanced calcification has been suggested as more stable
due to negligible inflammation.’* In vitro studies by Nadra
et al have demonstrated that microcalcifications induce a
pro-inflammatory response in macrophages via mechanisms
involving protein kinase C-a and ERK1/2 MAP kinase.*%7
These in vitro studies were the first to suggest that a positive
feedback loop of calcification and inflammation may drive
progression of arterial calcification, which was corroborated
by our in vivo molecular imaging studies.>* Microcalcifica-
tions located in the thin (<65 #m) fibrous cap overlying the
necrotic core of atherosclerotic plaques are seen as danger-
ous, as they are more likely to cause plaque rupture due to
debonding™ and lead to acute thrombosis and sudden death
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Figure 5. Role of inflammation in
atherosclerotic calcification. Macro-
phages elaborate pro-osteogenic
cytokines that stimulate smooth
muscle cells (SMCs) to under-
go osteogenic differentiation and
matrix vesicle release. Matrix vesi-
cles act as a nidus for calcification
and thus cause the generation of
microcalcifications. The mani-
festation of rupture-prone ‘spotty’
calcification plaques is produced
by the combination of inflamma-
tion and microcalcifications. The
continued inflammation, along with
the advancement of calcification,
may cause rupture of the ‘spotty’
lesions. A positive feedback loop
may drive the progression of arte-
rial calcifications. Endstage result
would be macrocalcifications.

due to fatal myocardial infarction.**%? A summary of macro-
phage-triggered formation of microcalcifications via matrix
vesicle release can be seen in Figure 5.

Role of inflammation in Calcification Associated
With Chronic Renal Disease (CRD) and Diabetes

Clinical studies have demonstrated that 50% of patients with
CRD die from a cardiovascular disease,** and this is in-
creased to 80% for patients with diabetes mellitus®> a major
cause of CRD. The inflammatory cytokine, TNFa, and in-
flammation-induced oxidative stress have been demonstrated
to contribute to arterial calcification associated with diabetes
by promoting pro-calcific Msx2-Wnt signaling cascades.?”-%
In addition, arterial calcification associated with CRD, which
accompanies diabetes, occurs in response to altered calcium
and phosphate metabolism and has been demonstrated to
be the result of an imbalance of inhibitors and inducers of
mineralization.”” Both the intima and media of the arteries
have been observed to calcify in patients with these dis-
orders. Medial calcification has been noted to occur without

the infiltration of macrophages.®'” However, preclinical and
clinical evidence suggests that CRD promotes a pro-inflam-
matory milieu and accelerates the development of atheroscle-
rosis and intimal calcification.”"7

Calcification associated with diabetes and CRD has been
suggested to be initiated via matrix vesicle-nucleated mineral-
ization, as demonstrated in both atherosclerotic calcification
and CAVD.5'73 Elevated extracellular calcium and phosphate
levels induce osteogenic differentiation of vascular SMCs and
release of calcifying matrix vesicles;®' in addition, vesicles
have been observed in the calcifying arteries of uremic
patients.” Calcification mediated by vascular smooth muscle
cell-derived matrix vesicles is regulated by both inhibitors
and promoters of calcification,* so it has been suggested that
cardiovascular calcification associated with CRD and dia-
betes is a protective response to inflammation.5*¢! Further-
more, inflammation may induce elastases, such as cathepsin
S, to degrade elastic fibers, thus producing elastin-derived
peptides that promote the osteogenic differentiation of SMCs
and subsequent calcification.”
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vascular cells towards an osteogenic phenotype, resulting in increased mineralization. In the bone, inflammatory cytokines
may increase the number/activity of bone-resorbing osteoclasts, leading to decreased mineralization. It is also hypothesized

that factors arising from the dissolution of bone may influence cardiovascular calcification.

Role of Inflammation in Cardiovascular Calcification
and Osteoporotic Bone Remodeling

Studies in the 1990s declared an association among osteopo-
rosis, cardiovascular calcification, atherosclerosis and CRD.”®
A reduction in bone mineral density (BMD) was noted with
the progression of cardiovascular disease,”” particularly in
women.”® Demer and Tintut mused in a recent review that this
paradox is a tissue-specific responses to chronic inflamma-
tion.” Our study,* utilizing both 3D micro-CT and optical
molecular imaging, demonstrated that both bone osteogenic
activity and BMD decrease as cardiovascular calcification
develops; indeed, the degree of cardiovascular calcification
directly correlated with the loss of BMD. There are various
schools of thought as to how this paradox occurs: for exam-
ple, some have suggested that osteoporosis causes the release
of osteogenesis- and mineralization-promoting biochemical
factors, which induce the cardiovascular system to calcify.®'-
However, despite the exact mechanism requiring further elu-
cidation, the evidence produced in our molecular imaging
study unequivocally demonstrated that systemic and local
inflammation paradoxically drives both cardiovascular calci-
fication and bone loss (Figure 6).

Conclusion

Over the past decade a multitude of studies have provided
compelling evidence that cardiovascular calcification is an
inflammatory process. Accumulating evidence suggests that
calcific aortic valve disease and arterial calcification have

similar underlying mechanisms, stemming from the infiltra-
tion and accumulation of monocytes/macrophages. The extent
to which inflammation plays a role in arterial calcification
associated with CRD and diabetes still needs to be dis-
covered. Furthermore, the concept of an inflammation-depen-
dent pathway has been established for both of those dis-
orders. In the same manner, although it has been established
that inflammation drives progression of both osteoporosis and
cardiovascular calcification, the underlying mechanism still
needs to be elucidated. Our studies have demonstrated the
benefits of molecular imaging modalities to investigate car-
diovascular calcification. Molecular imaging could be used
to not only elucidate the mechanisms of calcification in vivo,
but also has the potential to be a diagnostic tool and predict
the risk of subclinical calcific lesions. The clinical feasibility
of this modality is becoming clear: agents for use in optical
molecular imaging are being considered for clinical trials®
and technology is being developed to use this modality clini-
cally.® The use of novel technology alongside original in
vitro mechanistic studies will allow us to build on what is
already known about the role that inflammation plays in cal-
cification. Cardiovascular calcification is an ever-increasing
problem, thus the necessity to enhance research into this field
is crucial to yield potential therapeutic targets and therefore
improve the outcome for patients.
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