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RESUMO

A mucopolissacaridose tipo | (MPS 1) é uma doenca de depdsito lisossomal
causada por deficiéncia na enzima o-L-iduronidase (IDUA). O acUmulo progressivo de
glicosaminoglicanos (GAGS) nos mais variados tecidos resulta em diversas manifestagcdes
clinicas, incluindo doencas cardiovasculares. Sdo observados o espessamento de valvula e a
dilatacdo da aorta e do coracdo. A elastina, que é uma proteina estrutural da matriz
extracelular, foi descrita fragmentada em aortas de MPS 1, associada ao aumento da expressao
de cisteino catepsinas no tecido. Este trabalho teve como objetivo analisar se as catepsinas
estdo superexpressas também no tecido cardiaco de modelos MPS I. Os coraces de 4
camundongos normais e 4 MPS | foram utilizados. Os ensaios de catepsinas foram
desenvolvidos utilizando método fluorimétrico, fazendo-se uso de substratos e inibidores
especificos. Os resultados mostraram um aumento de 10x na atividade de catepsinas no grupo
MPS | comparado ao grupo normal. Dentre as catepsinas testadas (B, K e S), a catepsina B
teve significativamente a maior atividade, a catepsina S teve atividade moderada e a K parece
ndo ter envolvimento, pois ndo apresentou valores significativos. A atividade de caspase-3 foi
analisada para verificar quaisquer processos apoptoticos no tecido, embora ndo tenham sido
observadas diferencas significativas de atividade entre os grupos. Adicionalmente, foi
constatado numero aumentado de macrofagos CD68+ no tecido cardiaco dos animais MPS .
Estes dados sugerem que as catepsinas, especialmente a catepsina B, podem estar envolvidas

na patogénese da miocardiopatia dilatada observada na MPS 1.

Palavras-chave: Mucopolissacaridose, miocardiopatia dilatada, catepsinas.






INTRODUCAO

1. Mucopolissacaridoses

As mucopolissacaridoses (MPS) sdo um grupo de doencas de deposito lisossomal
causadas pela deficiéncia de enzimas que degradam os glicosaminoglicanos (GAG,
antigamente conhecidos por mucopolissacarideos). O acimulo de GAGs no lisossomo pode
acarretar em diversas disfuncdes, tanto a nivel celular quanto tecidual. Atualmente, séo
conhecidas 11 enzimas relacionadas que, quando alteradas, podem ocasionar 7 tipos de MPS,

sendo a MPS tipo | a mais conhecida (Neufeld and Muenzer, 2001).
1.1. MPS |

A MPS | é uma doenca autossémica recessiva rara de carater cronico, progressivo
e multissistémico, causada por muta¢des no gene que codifica a proteina a-L-lduronidase
(IDUA). Essa proteina ¢ uma glicosidase cuja funcdo ¢ hidrolisar residuos acidos o-L-
idurdnicos dos GAGs dermatan e heparan sulfato. Em caso de deficiéncia na enzima, esses
GAGs acumulam-se nos tecidos gerando diversas manifestacdes clinicas, variando de acordo

com a severidade da doenca (Neufeld and Muenzer, 2001).

A MPS | possui uma divisdo classica com relacdo ao fenétipo dos pacientes. Na
forma grave da doenca, também conhecida como Sindrome de Hurler, as manifestagdes
surgem normalmente no primeiro ano de vida e a expectativa é de, em média, 10 anos, sendo
a causa de morte geralmente complicacbes cardiorrespiratdrias. Os pacientes manifestam
retardo mental acentuado, deformidades esqueléticas caracteristicas (como cranio aumentado

e disostose multiplex), rigidez de articulacGes, opacificacdo da cdrnea, perda de audigdo e



hepatoesplenomegalia. Também apresentam miocardiopatia, espessamento das valvulas

cardiacas e dilatacdo progressiva dos ventriculos (Neufeld and Muenzer, 2001)

A forma atenuada da MPS |, ou Sindrome de Scheie, tem melhor prognostico. O
paciente manifesta os sintomas na infancia, mas consegue chegar a vida adulta e ndo ha
comprometimento neurolégico. Os afetados podem apresentar deformidades no esqueleto,
anormalidades cardiacas e envolvimento ocular, com opacificagdo da cérnea, glaucoma e
degeneracgéo da retina. Adicionalmente, os pacientes podem ter apneia do sono, causada por
obstrucdo das vias aéreas, e podem necessitar de traqueostomia. A expectativa de vida é de
algumas decadas, com relatos de pacientes que viveram até os 70 anos (Neufeld and Muenzer,

2001).

Por fim, uma terceira forma de MPS | também é descrita, a Sindrome de Hurler-
Scheie. Nesse caso, 0s pacientes apresentam um fendtipo intermediario entre as Sindromes de
Hurler e de Scheie, com manifestacBes clinicas relativamente graves, porém com leve ou
nenhum comprometimento mental. O surgimento dos sintomas é observado normalmente
entre os 3 e 8 anos de idade e a sobrevivéncia a vida adulta € comum (Neufeld and Muenzer,

2001).

A incidéncia de MPS | pode variar muito entre paises, sendo de 1:26.206
nascimentos na Irlanda, 1:75.000 em Portugal e 1:145.000 na Alemanha (Baehner et al., 2005;
Fuller et al., 2006; Murphy et al., 2009). A incidéncia exata de MPS | no Brasil ainda é
desconhecida, mas a Rede MPS Brasil ja registra 1065 diagndsticos de MPS entre 2004 e

2013, sendo que 19.4% destes sdo de MPS I.

O diagnostico de MPS | se inicia com a observacdo dos sinais clinicos
caracteristicos, acompanhado de testes de concentracdo de GAGs na urina. O diagndstico

definitivo, porém, ¢ feito pela dosagem da atividade enzimatica da a-L-lduronidase em



plasma ou em leucocitos e fibroblastos cultivados. Adicionalmente, pode-se fazer anélise
genotipica dos pacientes em busca de mutacGes no gene IDUA que possam alterar a estrutura
da proteina (Giugliani et al., 2010). A genotipagem do paciente pode fornecer informacGes
sobre o fendtipo da doenca e ainda pode ser utilizado no aconselhamento genético das

familias.

Num primeiro momento, o tratamento da MPS | era feito somente com medidas
de suporte baseadas nos sintomas apresentados pelos pacientes, como cirurgias,
traqueostomia, fisioterapia e administracdo de analgésicos e antibidticos (Valayannopoulos
and Wijburg, 2011a). Atualmente existe, alem do tratamento de suporte, a terapia de
reposicdo enzimética (TRE) e/ou transplante de células-tronco hematopoiéticas (TCTH). A
escolha entre elas depende do fenétipo e da idade do paciente no momento do diagndstico,
isso porque a doenca progride rapidamente nos pacientes com fenoétipos mais graves,

comprometendo irreversivelmente alguns 6rgdos (Valayannopoulos and Wijburg, 2011a).

Em casos de pacientes menores de 2 anos e com o fenotipo mais grave da doenca
(Sindrome de Hurler), indica-se o TCTH, por apresentar  principalmente maiores
possibilidades de preservar a funcéo cognitiva. 1sso ocorre porque as células transplantadas se
distribuem pelo corpo e diferenciam-se em outros tipos celulares nos mais diversos tecidos,
incluindo microglia, preservando o sistema nervoso central (Aldenhoven et al., 2008; Prasad
and Kurtzberg, 2010). A grande vantagem da TCTH é fornecer uma fonte endégena continua
de IDUA funcional, o que melhora significativamente a qualidade de vida do paciente, que
passa de uma expectativa de vida de 6 anos - quando ndo tratado — a décadas, quando tratados
com TCTH. Manifestagdes como hepatoesplenomegalia, obstrucdo de vias aéreas e problemas
de audicdo melhoram consideravelmente depois do transplante, apesar dos sintomas
cardiovasculares ndo apresentarem melhora téo significativa e, inclusive, se agravarem com o

aumento da sobrevida dos pacientes (Aldenhoven et al., 2008).
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Outra abordagem terapéutica para MPS | € a terapia de reposi¢do enzimatica. A
TRE consiste em administragfes intravenosas de IDUA recombinante, a laronidase. As
administragcdes podem ser semanais ou quinzenais, embora administracbes menos frequentes
exijam doses maiores, 0 que pode gerar mais efeitos adversos (Giugliani et al., 2009). Desde
que foi aprovada, em 2003, muitos ensaios clinicos mostraram que essa terapia traz muitos
beneficios aos pacientes e melhora muito a qualidade de vida destes. Ainda que a laronidase
ndo atravesse a barreira hematoencefalica e, portanto, ndo atue no sistema nervoso central, as
manifestacdes viscerais sao significativamente reduzidas. Pacientes que fazem uso da TRE
tem excrecdo urindria de GAGs reduzidas (apesar de ndo normalizadas), diminui¢cdo no
tamanho do figado e do baco e maior movimentacdo das articulagdes (Sifuentes et al., 2007).
Assim como o TCTH, a TRE ndo tem muita influéncia na reversdo das manifestacGes
cardiovasculares, especialmente nas valvulas cardiacas (Sifuentes et al., 2007;

Valayannopoulos and Wijburg, 2011a)

Né&o diferente da TCTH, a TRE possui algumas desvantagens que podem impedir
a adesdo de pacientes ao tratamento: as administracfes tém alto custo, s&o realizadas
comumente em ambiente hospitalar e as infusGes podem levar até 4h, dependendo da dose.
Adicionalmente, mais da metade dos pacientes sofre algum tipo de reacdo relacionada a
infusdo (dores de cabeca, febre) e mais de 90% desenvolve anticorpos contra a enzima

(Brooks et al., 2003; Valayannopoulos and Wijburg, 2011a).

1.2. ManifestacGes cardiacas da MPS |

Dentro do amplo espectro de manifestac@es clinicas da MPS 1, as anormalidades
cardiacas descritas sdo diversas e normalmente constituem a causa de morte dos pacientes.

Problemas nas valvulas cardiacas (como espessamento e estenose) sdo 0s mais descritos,
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afetando 60-80% dos pacientes com MPS (Fesslova et al., 2009; Pastores et al., 2007). O
espessamento das valvulas é mais frequente do que a estenose, assim como o lado esquerdo
do coracdo parece estar mais suscetivel as alteracbes do que o lado direito (Braunlin et al.,
2011). Estas alteracGes podem levar a sobrecarga no volume do &trio e/ou ventriculo
esquerdos, resultando em dilatacdo ventricular, hipertrofia e disfuncdo sistélica/diastélica

(Braunlin et al., 2011).

Os pacientes também apresentam estreitamento ou oclusdo das artérias
coronarianas (Braunlin et al., 2011), dilatacdo da aorta (Braunlin et al., 2011) e espessamento

da carétida (Wang et al., 2011).

As manifestagcbes no sistema cardiovascular sdo de dificil tratamento e
normalmente diminuem drasticamente a sobrevida do paciente. As terapias disponiveis
atualmente tém pouco efeito sobre essas alteracdes (Baldo et al., 2013; Braunlin et al., 2006;
Sifuentes et al., 2007; Wraith et al., 2007), fazendo-se necessaria a procura por novas

abordagens terapéuticas que possam, de fato, atuar nesse sistema.

1.3. Mecanismos responsaveis pelas alteracGes cardiacas

Os mecanismos patoldgicos da MPS | ndo se limitam apenas ao acumulo de
GAGs nos tecidos que levam ao espessamento de estruturas, mas também as alteracdes
secundarias provocadas por esse acumulo inicial. Estas podem ser alteragdes na sinalizacao
celular, alteracbes no metabolismo do caélcio, ativacdo do sistema imune, bloqueio na
autofagia, acumulo de metabdlitos secundérios, alteracdo no metabolismo geral e

superexpressao de proteases (Baldo, 2012).
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Sabe-se que algumas proteases, como as catepsinas e metaloproteinases (MMPS)
estdo elevadas em diversos 6rgdos nas MPS. O mecanismo pelo qual ocorre 0 aumento na
expressdo destas ainda ndo foi totalmente elucidado, mas uma das hipéteses envolve a ligacao
dos GAGs néo degradados aos receptores tipo Toll 4, ativando uma cascata de sinalizacéo
pré-inflamatéria e resultando, por fim, em aumento de macréfagos, que sdo secretores de
proteases (Simonaro et al., 2010). Essas proteases superexpressas podem estar envolvidas na
degradacdo de proteinas da matriz extracelular, como colageno e elastina, o que resultaria em

alteracdes a nivel tecidual.

Com relacdo as alteracdes presentes nos vasos, em estudos conduzidos em modelo
murino de MPS |, verificou-se prejuizo da elasticidade da aorta ascendente (Nemes et al.,
2008) e fragmentacdo da elastina na mesma regido (Ma et al., 2008). Em cultura de
fibroblastos de pacientes com Hurler, foi observada uma diminui¢do da proteina ligadora de
elastina (EBP), o que diminui a associacdo da elastina em fibras elésticas e poderia ajudar a

explicar a patogénese da doenga no tecido (Hinek and Wilson, 2000).

2. Catepsinas

As catepsinas (Cts) sdo enzimas sintetizadas como pré-pro-catepsinas e ativadas
no lisossomo. Incluem-se as catepsinas D, E (aspartil-proteases), A, G (serina
carboxipeptidase) e B, C, F, H, L, K, O, S, V, W, X (cisteino-proteases). Todas sdo
importantes proteases lisossomicas com funcdes que vdo além da protedlise. A Cts K, por
exemplo, esta envolvida na remodelacdo 6ssea (Saftig et al., 1998), enquanto que a Cts S tem
participacdo na apresentacdo de antigenos mediados por MHC classe Il (Shi et al., 1999). A
Cts B, por sua vez, participa em processos como angiogénese (Premzl et al., 2006) e regressao

da glandula mamaria apds a lactagdo (Kreuzaler et al., 2011).
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Catepsinas também estdo descritas no processo de morte celular mediada por
lisossomo (Kreuzaler et al., 2011), em que o fator de transcri¢do Stat3 regula a superexpressao
de catepsinas B e L que, por sua vez, sdo liberadas ao citosol e atuam como potentes
proteases. Esse mecanismo de morte celular é, em si, independente do programa cléassico de
apoptose que envolve a cascata de caspases e demais proteases (Lockshin and Zakeri, 2004).
Entretanto, a liberacdo de catepsinas no citosol pode ativar proteinas pré-apoptéticas, como as
caspases, 0 que desencadearia, somente entdo, no processo apoptético (Boya and Kroemer,
2008).

Além da atuacdo em processos fisiologicos, as catepsinas também podem
participar da patogénese de doencas quando sua expressdo esta desregulada. Sabe-se, por
exemplo, que as catepsinas K e S estdo superexpressas na aterosclerose (Lutgens et al., 2007),
artrite reumatoide (Schurigt et al., 2008) e cancer (Mohamed and Sloane, 2006). A CtsS
também esté relacionada com o processo de calcificacdo das valvulas mitral e adrtica em
pacientes com doenca renal cronica (Aikawa et al., 2009) e na progressédo de estenose aortica
(Helske et al., 2006).

A CtsB também ja foi descrita atuando em diversos mecanismos patoldgicos, nos
mais variados tecidos. Um estudo usando células epiteliais de pacientes com fibrose cistica
mostrou que a CtsB pode ser responsavel pela ativacdo de canais de s6dio nas vias aéreas, 0
que contribuiria com a progressao da doenca (Da Tan et al., 2014). Estudos também sugerem
que a CtsB possa mediar a resposta TH-1 a infeccbes, via regulacdo da expressao de
interleucina-12, uma citocina indutora de TH-1 (Gonzalez-Leal et al., 2014). Adicionalmente,
a CtsB foi relatada em superexpressdo (tanto a nivel de proteina quanto a nivel de MRNA) em
casos de miocardiopatia dilatada (Ge et al., 2006).

Em vista da diversidade de respostas que a expressao alterada de catepsinas pode

gerar, alguns estudos usando inibidores de catepsinas como terapia estdo em andamento. O
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inibidor de catepsina K, por exemplo, ja esta em fase clinica de testes contra a osteoporose

(Zerbini and McClung, 2013).

2.1. Catepsinas nas MPS

A observacgédo da relacdo entre catepsinas e doencas cardiovasculares (Li et al.,
2012; Lutgens et al., 2007) levanta a hip6tese de que elas poderiam estar envolvidas na
patogénese das manifestacBes cardiovasculares observadas nas MPS. Nos ultimos anos,
estudos mostraram que as catepsinas B, K e S (que sdo as catepsinas ativas em pH neutro)
estdo superexpressas na aorta de camundongos e cachorros MPS | e VII (Baldo et al., 2011;
Ma et al., 2008) e nas vélvulas cardiacas de cachorros com MPS VII (Bigg et al., 2013), em
especial a CtsB, que apresentou niveis proteicos e de mRNA significativamente muito
aumentados. Por possuir atividade elastolitica em pH neutro e pela sua abundante expressdo
nos tecidos com alteracbes patoldgicas, sugeriu-se que o aumento de CtsB possa estar
relacionado as quebras na estrutura da elastina encontradas na aorta desses animais, 0 que
poderia estar gerando a dilatacdo da aorta observada nos pacientes e nos modelos de MPS

(Baldo et al., 2011).

Pelo exposto, nos parece que a avaliagdo da expressdao e identificacdo de
catepsinas no coracdo de animais com MPS | pode vir a elucidar parte do mecanismo pela
qual essa patologia se manifesta nesse tecido e, caso esta hipdtese se confirme, pode ajudar na

busca por novas terapias.
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OBJETIVOS

Objetivo Geral

O objetivo do presente trabalho foi verificar a atividade de catepsinas no coragao
de camundongos normais e MPS | e, em caso de atividade aumentada, identificar quais sao as

catepsinas responsaveis pelo aumento observado.

Objetivos especificos

- Medir a atividade de catepsinas no cora¢do de animais normais e MPS | aos 8

meses de idade.

- Utilizar inibidores e substratos especificos para identificar qual/quais catepsinas

sdo responsaveis pela atividade observada nos animais com MPS 1.

- Verificar se alteracdes na atividade de catepsina podem levar a morte celular por

apoptose no tecido cardiaco, atraves da medida de atividade de caspase-3.

- Avaliar a presenca de macréfagos no tecido cardiaco das amostras MPS | e

normais.
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Trabalho experimental na forma de artigo cientifico:

Increased cathepsin B activity in cardiac tissue of MPS | mice

Edina Poletto, Esteban Gonzalez, Guilherme Baldo

Trabalho em preparacdo a ser submetido ao periodico:

Cardiovascular Pathology



Abstract

Mucopolysaccharidosis type | (MPS 1) is a lysosomal storage disease caused by o-
L-iduronidase (IDUA) deficiency. Progressive accumulation of glycosaminoglycan (GAGS)
in various tissues leads to many clinical features, including cardiovascular disorders. Valve
thickening and heart and aorta dilatation are frequently reported. Elastin, a structural
extracellular matrix protein, was described fragmented in MPS | aortas, associated with
increased expression of cysteine cathepsins (Cts). This work aimed to evaluate if cathepsins
are overexpressed in MPS | hearts. Hearts from 4 normal and 4 MPS | mice at 8 months of
age were used. Cathepsins assays were performed using fluorimetric method, with specific
inhibitors and substrates. Results showed a 10-fold increase in cathepsins activity in MPS |
mice compared to normal. Among the cathepsins tested (CtsB, CtsK and CtsS), CtsB was
identified as the enzyme with highest activity. Since cathepsins are potential mediators of cell
death, caspase-3 activity was tested in order to evaluate any apoptotic process in the tissue,
but no significant difference was observed. In addition, immunohistochemistry for CD68+
cells were performed and showed increased number of macrophages in the MPS 1 tissue than
in normal. These data suggests that cathepsins, especially CtsB, may be involved in the

pathogenesis of dilated cardiomyopathy seen in MPS I.

Keywords: mucopolysaccharidosis, cathepsin, dilated cardiomyopathy.
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1. Introduction

Mucopolysaccharidosis type | (MPS 1) is an autosomal recessive disease caused
by deficiency of lysosomal enzyme a-L-iduronidase (IDUA), involved in the breakdown of
glycosaminoglycans (GAGSs). Deficiency of IDUA leads to progressive accumulation of
dermatan and heparan sulphate in many organs and tissues, resulting in multisystemic chronic

manifestations that vary according to the mutations involved (Giugliani et al., 2010).

MPS | has been classified into three different syndromes depending on the
phenotype: Hurler, Scheie and Hurler-Scheie. The first is the severe form with life expectancy
limited to childhood. Clinical manifestations are mainly mental retardation, skeletal
deformities, limited joint mobility, hepatosplenomegaly, corneal clouding, sleep apnea,
hearing loss and cardiorespiratory problems. Milder forms of the disease (Scheie and Hurler-
Scheie) have the same characteristics, except for the cognitive impairment (Munoz-Rojas et

al., 2011).

Besides GAGs accumulation itself, the disease progression is also due to complex
secondary consequences of GAG deposition and these may lead to irreversible multi organ
damage. Therefore, early management is required to prevent further impairments. Currently
available treatments for MPS | are enzyme replacement therapy (ERT) and hematopoietic
stem cells transplant (HSCT) (Valayannopoulos and Wijburg, 2011b). Both act on most
clinical manifestations and improve patients' health and life expectancy, though none of them
have significant results in cardiovascular involvement (Baldo et al., 2013; Braunlin et al.,

2006; Sifuentes et al., 2007; Wraith et al., 2007)

Cardiovascular disease develops in at least 60% of patients and is normally the

cause of death in MPS | (Braunlin et al., 2011). Manifestations include valve thickening with
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associated dysfunction (regurgitation and/or stenosis) and calcium deposits, left ventricular
dilatation, coronary artery narrowing and/or occlusion (Braunlin et al., 2011), dilatation of the
ascending aorta, reduced aortic elasticity (Nemes et al., 2008) and increased carotid thickness

(Wang et al., 2011).

Culture of MPS | fibroblasts have displayed reduced elastin-binding protein
(EBP) expression and consequent decrease in elastin fiber assembly (Hinek and Wilson,
2000). Studies using the murine model of MPS | (Ohmi et al., 2003) showed heart and aortic
dilatation at ages 6 and 10 months, thickened aortic wall and valve regurgitation (Jordan et al.,
2005). Breaks in elastin structure, associated with increased matrix metalloproteinases

(MMPs) and cathepsins (Ma et al., 2008), were also reported.

Cathepsins are a group of proteases related to extracellular matrix (ECM)
remodelling and degradation (Fonovic and Turk, 2014), synthetized mainly by macrophages
(Reddy et al., 1995). These lysosomal enzymes are described to be directly involved in
lysosomal-mediated cell death (Kreuzaler et al., 2011) and in activation of pro-apoptotic
enzymes, such as caspases (Boya and Kroemer, 2008). In addition, it has been indicated that
cathepsins, especially the ones active in neutral pH, play an important role in cardiovascular
diseases (Li et al., 2012; Lutgens et al., 2007) and may be responsible for heart dilation, since
cathepsin B was found to be overexpressed in the myocardium of patients with dilated

cardiomyopathy (Ge et al., 2006).

Once dilated aortas of MPS VII mice have increased cathepsin B expression
(Baldo et al., 2011) and the same was observed in valves of MPS V11 dogs (Bigg et al., 2013),
we hypothesized that heart dilatation observed in MPS | patients may be due to

overexpression of cathepsins, especially cathepsin B, which in turn would affect the elastin
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and collagen degradation pathway, resulting in alterations in the ECM and damage to the

tissue.

2. Material and Methods

2.1. Animals

This study was conducted following the institutional guidelines for the care and
use of animals and was approved by the institution’s ethics review board. Normal (ldua +/+)
and MPS | (knockout for gene IDUA, ldua -/-) mice were used for experiments. The animals
were  genotyped at 21 days of age using primers Forward 5’-
GAGACTTGGAATGAACCAGAC-3¢, ReverseA 5’- ATAGGGGTATCCTTGAACTC-3’
and ReverseB 5’-GTTCTTCTGAGGGGATCGG-3’. At 8 months of age, the hearts were

removed and stored at -80°C.

2.2. Cathepsin activity assays

Heart samples from 4 normal and 4 MPS | mice were homogenized in acetate
buffer at pH 5.5 and content of protein measured using Lowry protein assay.

Cathepsins activity were measured using fluorimetric method as previously
described (Baldo et al., 2011), in which samples were incubated at 37°C with 10uM cathepsin
general substrate benzyloxycarbonyl-L-phenylalanyl-Larginine-7-amido-4-methylcoumarin
(Z-Phe-Arg-AMC from Enzo Life Sciences, USA) and pH 7.5 acetate buffer. Kinetic readings

were made with excitation at 355nm and emission at 460nm. Activity was then calculated by
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comparison with AMC standards (7-amino-4-methylcoumarin from Enzo Life Sciences,
USA).

In order to identify which cathepsins were increased in the tissue, some MPS |
samples were incubated with either inhibitor of cathepsin B (Ca-074-Me), K ([1,3-Bis (N-
carbobenzoyloxy-I-leucyl)]Jamino acetone) or S (Z-FL-COCHO) from Calbiochem, at final
concentrations 10nM, 100nM and 1000nM. A control sample with no inhibitor was also used
as activity standard. Reaction and reading conditions were the same as previously mentioned.

Activity of cathepsin B was determined using the specific cathepsin B substrate Z-
Arg-Arg-AMC (Enzo Life Sciences, USA) and its specific inhibitor, mentioned above, at
same concentrations. Reaction was also conducted at 37°C, in pH 7.5 acetate buffer and using

same wavelengths as for the others assays.

2.3. Caspase-3 activity assay

Caspase-3 activity was assessed incubating 5uL of protein extract with 25uM of
the substrate AC-DEVD-AMC (Enzo Life Sciences, Farmingdale, NY) in buffer (10mM
HEPES at pH 7.5, 50mM NaCl and 8mM dithiothreitol). This substrate is specific mainly for
caspase-3, but may also be cleaved by caspases -1, -4, -7 and -8. A positive control (Caspase-
3 Assay Kit, Sigma Aldrich, St. Louis, USA) was used in the reaction. Samples were kept at
37°C for 5h and fluorescence was measured with excitation and emission at 355nm and

460nm, respectively. Results were calculated using AMC standards.
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2.4. Histological analysis

Slides were prepared using heart specimens from four MPS | and four normal
mice, fixed in formaldehyde solution and embedded in paraffin wax. Tissue slices were
stained with haematoxylin. CD68+ cells were observed by immunohistochemistry using
antibody (anti-CD68 antibody from Abcam, Cambridge, UK) in a 1:800 dilution with
overnight incubation at 4°C. Secondary antibody conjugated to peroxidase (antibody

multispecies, from DAKO, USA), was used in 1:1000 dilution and incubated for 1h.

2.5. Statistical analysis

All statistical analysis was performed using SigmaPlot v11.0 (Systat Software,

Inc.). Student t-test for unpaired samples or repeated measures ANOVA were used depending

on the subject of analysis, with p< 0.05 being considered statistically significant.

3. Results

3.1. Activity of cathepsins in cardiac tissue

Cathepsins activity assay showed an increase of 10-fold in MPS | samples

compared to normal (mean of 440.2 nmol/h/mg in MPS | vs 43.0 nmol/h/mg in normal,

p<0.01), evidencing the overexpression of these proteases in MPS | hearts (Fig 1).
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3.2. Identification of cathepsins

The identification of increased cathepsins is shown in figure 2. Samples incubated
with CtsB inhibitor showed significant decrease (p<0.01) in CtsB activity. Inhibitor
concentrations of 10nM, 100nM and 1000nM resulted in CtsB activity of respectively 49%,
4.3% and 0%, relative to samples without the Ca-074-me compound.

Inhibition of CtsK did not have significant difference between different inhibitor
concentrations, remaining with relatively high cathepsin activity in all of them (p>0.05). Cts S
inhibition, on the other hand, was effective only when using the highest concentration of

inhibitor. Activity decreased from 92.6% at 100nM to 23.5% at 1000nM (p<0.01).

3.3. Cathepsin B specific activity

Results of CtsB activity assay using specific substrate and inhibitor showed a 12-
fold increase in MPS 1 hearts (Fig 3), and a significant decrease (p<0.01) in CtsB activity to
38.2% with 10nM of inhibitor and to 0% with 100nM and 1000nM, relative to samples with

no inhibitor (Fig 4).

3.4. Cell death assay

In order to evaluate cell death, caspase-3 activity assay was performed since this
enzyme is related to the apoptosis pathway. Activity for both groups were very low and did

not present statistically significance (1.75 pmol/h/mg in normal vs 5.59 pmol/h/mg in MPS 1)

(Fig 5).
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3.5. CD68+ immunohistochemistry

Immunohistochemistry showed increased CD68+ macrophages in cardiac tissue

from MPS | mice compared to normal (Fig 6).

4. Discussion

Cardiovascular disease is an important characteristic of MPS 1, since it has a
prevalence of more than 60% among patients and it is the major cause of death (Braunlin et
al., 2011). Although current available therapies (ERT and HSCT) act in various tissues and
improve patient’s health and life expectancy, they are not as effective in the cardiovascular
system (Baldo et al., 2013; Braunlin et al., 2006). Therefore, in order to develop new therapies
that could better assist MPS | patients, studies to understand the mechanisms of pathogenesis

are required.

Initially, cathepsins activity was analysed in heart samples from normal and MPS
I mice using a general substrate for cathepsins (Z-Phe-Arg-AMC). Results showed a
significant 10-fold increase in cathepsins activity in MPS | group compared to normal. This
suggests that cathepsins, known for their proteolytic action on ECM proteins, may be
involved in the heart dilatation observed in MPS I. Increase in cathepsins was previously
observed in hearts of patients with other cardiovascular disorders (Ge et al., 2006; Li et al.,
2012; Lutgens et al., 2007) and also in dilated aortas of MPS | and MPS VII mice (Baldo et

al., 2011; Ma et al., 2008).
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MPS | heart samples were incubated with either CtsB, K or S inhibitors in order to
evaluate which cathepsins were increased. These cathepsins were chosen due to their activity
in neutral pH (Baldo et al., 2011; Jordans et al., 2009), which is the pH found in ECM. The
cathepsins activity when using CtsB inhibitor decreased considerably at all inhibitor
concentrations used, with complete lack of activity at 1000nM. This observation strongly
suggests that the high cathepsin activity observed in MPS | heart is mainly due to CtsB, since
all cathepsin activity in the tissue was blocked with CtsB inhibitor. When using CtsK
inhibitor, on the other hand, no significant variation on cathepsins activity was observed. This
is probably due to low levels of cathepsin K in this tissue. Finally, the use of CtsS inhibitor
was only effective at the highest concentration used (1000nM), in which was observed a
significant decrease in cathepsins activity. This reduced inhibition effectiveness is probably
due to the lower specificity presented by the inhibitor, which inhibits cathepsin S at
concentrations lower than 10nM, but can also inhibit CtsB at higher concentrations (Baldo et
al., 2011), and therefore these results reflect low levels of CtsS in the sample. All these data

converges to the hypothesis of CtsB being the main cathepsin found in dilated MPS | hearts.

In order to confirm this hypothesis, an assay using the specific CtsB substrate Z-
Arg-Arg-AMC and the same CtsB inhibitor was performed. Results showed high CtsB
activity without inhibitor and a vertiginously drop (up to 60%) of activity at 10nM of

inhibitor. With higher inhibitor concentration, the activity of CtsB was not detectable.

All these results showed high activity of CtsB in dilated hearts of MPS | mice.
This could indicate participation of CtsB in the pathogenic dilatation process, through
breakdown of extracellular matrix structural proteins as elastin, described in other structures
and disorders (Baldo et al., 2011; Ge et al., 2006) or collagen, since CtsB has collagenase

activity (Dufour et al., 1996).
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Additionally, cathepsins are described to be involved in lysosomal-mediated cell
death (Lockshin and Zakeri, 2004), thus its high activity could contribute for increased cell
death. Activity of caspase-3, which is a marker for apoptosis, was then measured. Results
showed no statistically significant difference between groups. This result indicates that if
CtsB is causing cell death in the cardiac tissue, this is not occurring through apoptotic
pathways (Boya and Kroemer, 2008). We cannot completely rule out the hypothesis of
increased cell death in MPS | hearts, since cathepsins can mediate this process independently
of caspases activation (Kreuzaler et al., 2011). Same result was also found in MPS | neurons,
in which CtsB activity was significantly increased but had no apparent influence in neuron
death (Baldo et al, unpublished). Additional studies are required to further analyse

morphology and cell death in MPS | cardiac tissues.

Since it had been described that macrophages are the major producers of
cathepsins (Reddy et al., 1995) and this production is regulated by pro-inflammatory
mediators (Liu et al., 2006; Rodgers et al., 2006), immunohistochemistry in cardiac tissue for
CD68+ cells was performed. Results showed increased CD68+ macrophages number in MPS
| specimens, compared to normal. Therefore, high cathepsin B levels found in MPS | hearts
are probably due to macrophages, which in turn is due to the inflammatory process caused by
GAG deposition (Simonaro et al., 2010). GAGs are already known to have pro-inflammatory
action related to the cytokines pathway in other tissues, and the presence of carbonyl groups
on proteins in the heart can activate autoimmune response and trigger inflammatory processes

in the tissue (Campos and Monaga, 2012).

According to these results, our hypothesis for heart dilatation in MPS 1 initiates
with GAGs deposition in the tissue, which induces inflammatory response and increase
macrophages number. Then, macrophages produce high levels of proteases and cathepsins,

mainly CtsB, which in turn are responsible for elastin and collagen degradation. Finally,
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degradation of these structural proteins leads to ECM remodelling, affecting the whole tissue

and causing the heart dilatation characteristic of the disease (Fig 7).

Perspectives are testing CtsB inhibitor as a treatment for cardiac manifestations in
MPS I mice, since this approach has been shown efficient in other pathological conditions
through reduction of inflammation and of elastin degradation (Feng et al., 2013; Samokhin et

al., 2010).

5. Conclusions

These data altogether present evidence of CtsB involvement in the pathogenesis
of dilated cardiomyopathy seen in MPS 1, since its activity and the content of macrophages
were both significantly increased. Therefore, CtsB may be a potential therapeutic target to
help the treatment of cardiovascular symptoms.

Studies like this are of major importance for the understanding of mechanisms of
cardiovascular impairments progression. Since these manifestations are still the main cause of
death among patients, it highlights the need of new therapy approaches to better assist MPS |

patients.
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Cathepsin activity in MPS | heart
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Figure 1. Total cathepsin activity in heart tissue of MPS | and normal mice. Hearts
from 8-month MPS | and normal mice (n=4/group) were homogenized in pH 5.5 buffer. Five
microliters of the protein extract was used for cathepsins assay. Fluorimetric readings of
cathepsins activity were meaured incubating samples with general substrate Z-Phe-Arg-AMC
and pH 7.5 acetate buffer at 37°C. MPS | mice presented 10-fold increase in cathepsin

activity compared to normal samples. **p<0.01, Student’s t-test.
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Z-Phe-Arg-AMC inhibitors assay in MPS | heart

140

120

100

80

*%

60

40 *%

% of initial cathepsin activity

20
*% K%

OnM 10nM 100nM 1000nM OnM 10nM 100nM 1000nM OnM 10nM 100nM 1000nM

CtsB Inhibitor CtsK Inhibitor CtsS Inhibitor

Figure 2. Identification of increased cathepsins in protein extract samples of MPS |
mice hearts using general cathepsin substrate Z-Phe-Arg-AMC and inhibitors. Blue:
Cathepsin activity was significantly reduced with all CtsB inhibitor concentrations, relatively
to the control sample with no inhibitor. Grey: use of specific CtsK inhibitor have not
decreased total cathepsin activity significantly compared to the OnM inhibitor sample control,
even at the highest inhibitor concentration. Green: Significant decrease in cathepsins activity
occurred only with 1000nM of CtsS inhibitor (23% of uninhibited activity at 1000nM). **p

<0.01, ANOVA with Tukey post-hoc analysis.
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Z-Arg-Arg-AMC Cathepsin B assay
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Figure 3: CtsB activity in hearts from 8-month old mice. Specific CtsB substrate Z-Arg-

Arg-AMC was used in the assay. CtsB activity at neutral pH in MPS | mice was 12-fold

normal levels. **p<0.01, Student’s t-test.
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Z-Arg-Arg-AMC Inhibitor CtsB assay
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Figure 4. CtsB activity in hearts of MPS I mice. Specific CtsB substrate Z-Arg-Arg-
AMC and specific CtsB inhibitor Ca-074-Me were used in the assay. Significant inhibition of
CtsB was observed at the lowest inhibitor concentration (p <0.01), in which the activity
decreased from 100% with no inhibitor to 41% at 10nM. At higher concentrations, as 100nM

and 1000nM, no activity was detectable. **p <0.01, ANOVA with Tukey post-hoc analysis.
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Figure 5. Caspase-3 activity in hearts of MPS | mice. Protein extracts were incubated

with pH 7.5 HEPES buffer and AC-DEVD-AMC substrate at 37°C for 4h. Results showed no

significant difference between the two groups (1.75 pmol/h/mg in normal vs 5.59 pmol/h/mg in

MPS I).
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Normal

Figure 6. CD68+ immunohistochemistry of cardiac tissue from 8 month old MPS |
and normal mice. Representative histological sections from cardiac tissue stained with
haematoxylin and CD68+ antibody, which is a marker for macrophages. CD68+ cells are

displayed in dark brown.
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Figure 7. Hypothesis for heart dilation pathogenesis observed in MPS I.
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CONSIDERACOES FINAIS E PERSPECTIVAS

Os resultados obtidos neste trabalho permitem concluir que:

- Os camundongos com MPS | aos 8 meses de idade possuem atividade de
catepsinas no tecido cardiaco cerca de 10 vezes superiores a atividade observada nos animais
normais.

- O aumento na atividade observado na MPS | é majoritariamente devido a
atividade de catepsina B, com pouca ou nenhuma contribuicao das catepsinas K e S.

- A atividade aumentada de catepsina B no tecido cardiaco ndo foi capaz de ativar
apoptose via caspase-3.

- A alta atividade de catepsina B observada nas amostras MPS | pode ser devido
ao aumento do numero de macrofagos no tecido, que € descrito como um dos tipos celulares

com alta capacidade de secrecdo de catepsinas e demais proteases.

Estes resultados em conjunto sugerem um envolvimento das catepsinas na doenca
cardiaca de animais com MPS |, em especial a CtsB. Para comprovar a hip6tese de que a CtsB
possa ser responsavel pela dilatacdo cardiaca na MPS I, estudos futuros buscardo avaliar 0 uso
de inibidores de CtsB, sendo necessario analisar dose e regime ideais, além de avaliar os

efeitos deste a longo prazo.
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