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RESUMO

Os canais de calcio voltagem-dependentes (CCVD) desempenham um papel importante
nas doencas neuroinflamatorias, como na esclerose mdltipla (EM). Foram investigados os
efeitos do tratamento com o peptideo recombinante, CTK 01512-2, um bloqueador dos CCVD
do tipo N/TRPAL - responsaveis pelo influxo de calcio, no modelo animal de encefalomielite
autoimune experimental (EAE) em camundongos. Os efeitos dessa molécula foram comparados
aos exibidos pela ziconotida — um bloqueador seletivo dos CCVD do tipo N, usado clinicamente
para dor cronica. As a¢es do CTK 01512-2 também foram comparadas aquelas exercidas pelo
fingolimode — um farmaco utilizado por via oral para o tratamento da EM. A administracao
intratecal (i.t.) de CTK 01512-2 preveniu marcadamente a hiperalgesia, perda de peso corporal,
esplenomegalia, escores clinicos e neurologicos relacionados a EAE, comprometimento na
coordenacgdo motora e memoria espacial, com eficacia comparavel a observada para ziconotida
e fingolimode. Essa molécula mostrou um perfil favoravel nas mudancas neuroinflamatorias
induzidas por EAE, incluindo infiltrado inflamatdrio, desmielinizacdo, aumento de citocinas
pré-inflamatorias, ativacdo glial e no metabolismo da glicose no cérebro e medula espinhal. A
recuperacdo da memoria espacial, reducdo dos niveis séricos de leptina, além do aumento dos
niveis centrais e periféricos da citocina anti-inflamatéria, 1L-10, foram modulados apenas pelo
CTK 01512-2, quando administrado pela via i.t. A administracdo sistémica (i.v.) de CTK
01512-2 também reduziu os sinais e sintomas evocados por EAE, de forma semelhante ao
fingolimode, administrado por via oral. A ziconotida ndo teve efeito significativo quando
administrada pela via i.v. Coletivamente, esses resultados indicam que o CTK 01512-2
melhorou significativamente a resposta neuroinflamatéria no modelo de animal de EM em
camundongos, com eficacia superior quando comparado com a ziconotida, apontando essa

molécula como um adjuvante promissor no tratamento da EM.

Palavras-chave: Esclerose multipla. Neuroinflamacgdo. CTK 01512-2. Sinalizagdo de calcio.

Ziconotida. Fingolimode.



ABSTRACT

Voltage-gated calcium channels (VGCC) play a critical role in neuroinflammatory
diseases, such as multiple sclerosis (MS). We investigated the effects of the recombinant
peptide CTK 01512-2, an inhibitor of N-type VGCC/TRPA1-mediated calcium influx, in the
mouse model of experimental autoimmune encephalomyelitis (EAE). The effects of this
molecule were compared to those displayed by ziconotide - a selective N-type VGCC blocker
clinically used for chronic pain, and fingolimod - an orally active drug employed for MS
treatment. The intrathecal (i.t.) administration of CTK 01512-2 markedly prevented
hyperalgesia, body weight loss, splenomegaly, MS-like clinical and neurological scores,
impaired motor coordination and spatial memory, with an efficacy comparable to that observed
for ziconotide and fingolimod. This molecule displayed a favourable profile on EAE-induced
neuroinflammatory changes, including inflammatory infiltrate, demyelination, increased pro-
inflammatory cytokines, glial activation and glucose hypermetabolism in brain and spinal cord.
The recovery of spatial memory, besides a reduction of serum leptin levels, allied to central and
peripheral elevation of the anti-inflammatory cytokine IL-10, were solely modulated by CTK
01512-2, dosed intrathecally. The systemic i.v. administration of CTK 01512-2 also reduced
the EAE-elicited MS-like symptoms and signals, similarly to that seen in animals that received
fingolimod orally. Ziconotide lacked any significant effect when dosed by i.v. route.
Collectively, these results indicate that CTK 01512-2 greatly improved the neuroinflammatory
responses in a mouse model of MS, with a higher efficacy when compared to ziconotide,

pointing out this molecule as a promising adjuvant for MS management.

Keywords: Multiple sclerosis. Neuroinflammation. CTK 01512-2. Calcium signalling.

Ziconotide. Fingolimod.
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CAPITULO |

1 FUNDAMENTAGAO TEORICA
1.1 Esclerose multipla

A esclerose mdltipla (EM) é uma doenca inflamatéria cronica, autoimune e
desmielinizante, que acomete o sistema nervoso central (SNC), encéfalo e medula espinhal,
causando incapacidade fisica e mental quase irreversiveis (Hemmer et al., 2017). As primeiras
descricdes clinicas e patoldgicas da EM foram realizadas no inicio do século 19 por Robert
Carswell (1793-1857), Jean Cruveilhier (1791-1874), Friedrich von Frerichs (1819-1885) e
Carl von Rokitansky (1804-1878) (Ransohoff, 2012). O médico neurologista Jean-Martin
Charcot (1825-1893) foi o primeiro a reconhecer a EM como uma doenca distinta, na segunda
metade do século 19. Devido as suas observacbes, Charcot denominou a doenga como:
esclerose em placas. Os trés sinais da EM conhecidos atualmente como triade de Charcot sdo:
nistagmo (movimentos involuntarios dos olhos), tremor intencional e, fala telegréafica
(Compston, 1988). Esses sintomas nao sdo exclusivos da EM. Além disso, Charcot descreveu
que seus pacientes “tinham um nitido enfraquecimento de memoria” e “formacdo lenta de
concepgoes” (Joshi et al., 2014). Por outro lado, diarios pessoais e obras historicas indicam as
descricdes da doenca por pelo menos 50, e talvez 500 anos antes (resumidamente em http://ms-
society.ie/pages/historical-overview/).

A EM é a causa mais comum do uso de cadeira de rodas entre 18-64 anos, e a terceira
causa mais comum de paralisia (ap06s acidente vascular encefalico e lesdo medular), em todas
as faixas etarias (Giovannoni et al.,, 2016). A doenga, portanto, possui um potencial
incapacitante e afeta, negativamente, a qualidade vida dos portadores e seus familiares.

A patologia é caracterizada pela producdo de autoanticorpos contra 0s componentes da
bainha de mielina dos axénios neuronais. Diferente das doencas neurodegenerativas, a EM
afeta, preferencialmente, individuos adultos jovens (20 a 40 anos), sendo 3-4 vezes mais
frequente em mulheres e em individuos de cor branca (Ransohoff et al., 2015; Olsson et al.,
2017). Possui um grande impacto socioecondmico, justamente por atingir pessoas jovens,
podendo levar a incapacidade neuroldgica precoce. Um estudo recente publicado em 2016,
mostrou que o custo médio por ano de um paciente brasileiro portador de EM é de
aproximadamente R$ 57.000, levando em consideracdo custos diretos: consultas médicas,
hospitalizagOes, tratamentos medicamentosos, fisioterapia, fonoterapia, cadeira de rodas,

adaptacdes no lar onde vive, entre outros. Dentre os custos indiretos destacam-se a perda da
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produtividade no trabalho devido a licenca pela doenca e invalidez, bem como, a aposentadoria
precoce (da Silva et al., 2016).

Nos Estados Unidos e no Canada, estima-se que uma pessoa com EM (EDSS > 6; escala
expandida do estado de incapacidade; 0 = funcdo neuroldgica normal, 6 = necessidade de
auxilio para caminhar) pode custar ao governo cerca de US$ 21.000/ano (O'Connell et al.,
2014). Na Europa, os valores por paciente podem atingir € 37.000 para EDSS 4-6 (Karampampa
et al., 2012). Esse custo anual por pessoa é maior do que para outras doencas crénicas, como
asma, doenca pulmonar obstrutiva crénica e diabetes. Ademais, o custo anual para a sociedade

europeia foi estimado em € 15,5 bilhdes (Giovannoni et al., 2016).

1.2 Epidemiologia, fatores de risco e fisiopatologia da EM

Globalmente, segundo o Gltimo levantamento realizado pela Federacéo Internacional de
Esclerose Multipla (MSIF), 6rgdo que congrega 44 organizaces ao redor do mundo (124
paises; 79% da populacdo mundial), h4 uma estimativa de aproximadamente 2,5 milhdes de
pessoas portadoras da doenca, com taxa de crescimento de 10% nos ultimos cinco anos (MSIF,
2013a). A distribuicdo geografica da EM é bastante diversificada (Figura 1). As populacdes
dos paises situados ao norte da Europa e ao norte da América sdo consideradas de alto risco,
com uma prevaléncia de 100-200 casos/100 mil habitantes (hab). O indice é ainda maior em
paises como: Canadd, 291 casos/100 mil hab; San Marino, 250 casos/100 mil hab e Dinamarca
227 casos/100 mil hab. Areas de médio risco: 60-99 casos/100 mil hab, incluem o sul da Europa
e 0 norte da Oceania, enquanto México e Japao sdo considerados como areas de baixo risco (5-
20/100 mil hab). Na Ameérica Latina, a prevaléncia é maior nos paises que receberam mais
imigrantes europeus: Argentina, 25,6 casos/100 mil hab e Uruguai, 21 casos/100 mil hab.
Agueles que mantiveram maior relevancia nativa na composicao demografica apresentam taxas
pequenas: Bolivia, 1,5 casos/100 mil hab; Peru, 3,8 casos/100 mil hab e Equador, 5,05
casos/100 mil hab (MSIF, 2013b; Howard et al., 2016).

No Brasil, segundo dados de 2014, do Ministério da Saude e da Associacdo Brasileira
de Esclerose Multipla, estima-se que aproximadamente 30-35 mil pessoas sdo afetadas pela
doenca. A descendéncia europeia ajuda a entender por que os indices mais elevados no Brasil
estdo no Sudeste (17-18 casos/100 mil hab) e, sobretudo, no Sul (26 casos/100 mil hab) (Figura
2), que recebeu grande fluxo imigratério de italianos e alemées no século 19 (Machado, 2012;
Vasconcelos et al., 2016). A maior prevaléncia nacional ja registrada é a do municipio de Santa
Maria (RS): 27,2 casos/100 mil hab. Entretanto, como a medi¢do municipal é feita em poucas

cidades, a metodologia varia de acordo com o levantamento (da Gama Pereira et al., 2015).
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PREVALENCIA POR PAIS (2013)

Pessoas com EM ;;or
100.000 habitantes

B -0
[ s0,01-100
B 20.01-60
B 50120
[] os

\:] Dados nao fornecidos

Figura 1. A prevaléncia global de EM. Extraido de: Federagdo Internacional de Esclerose Mdltipla (nimero de
licenga para uso da imagem: 4174930004551; Copyright Clearance Center) (MSIF, 2013a).

DISTRIBUICAO DA DOENCA NO BRASIL

Estimativa em 2016 (casos por 100 mil habitantes)

15

4.5 Média nacional
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17 -18
Santa Maria*
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* Cldade com malor pravaléncla 26
ne pals
Fonte: ComIté Brasllelro de Tratamento @ Peaquiza em Escleroze Mdltipla

Figura 2. A prevaléncia nacional de EM por regido. Extraido de: Comité Brasileiro de Tratamento e Pesquisa
em Esclerose Mdltipla (autorizagdo para uso da imagem: Dr. Jefferson Becker; Presidente Executivo do Comité
Brasileiro de Tratamento e Pesquisa em Esclerose Multipla; 24/08/17) (BCTRIMS, 2016).

A EM é uma doenca complexa e a etiologia ainda permanece desconhecida. Além de
variantes genéticas, estilo de vida e fatores ambientais podem contribuir significativamente para
0 risco da doenca, ou seja, a EM é multifatorial. Cabe salientar que a combinacé&o de dois ou
mais fatores (genético e ambiental) parece ser essencial para o desenvolvimento da patologia.
Dentre os fatores ambientais e estilo de vida com maior nivel de evidéncia estdo: a exposi¢éo

ao tabaco, infecéo pelo virus Epstein-Barr (EBV), obesidade na adolescéncia, falta de exposicédo
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a luz solar e baixos niveis de vitamina D. Estes podem ser os principais gatilhos para deflagrar
a doenca, contribuindo, também, para o progndstico desfavoravel (Tabela 1) (Jorg et al., 2016;
Olsson et al., 2017).

Um outro exemplo é o gradiente latitudinal, isto €, ha um aumento gradual da incidéncia
e prevaléncia de EM em paises mais afastados da linha do Equador. Isso poderia estar
relacionado a baixa producdo de vitamina D, com consequente alteracdo da atividade
imunoldgica (Hedstrom et al., 2016). Em um estudo pioneiro, Munger et al. (2006)
demonstraram que o aumento dos niveis de vitamina D, em particular, antes dos 20 anos de
idade, est4 relacionado com menor risco de EM em fases mais avancgadas da vida. Estudos sobre
a suplementacdo com vitamina D e a exposi¢ao ao sol tém corroborado com o importante papel
da vitamina D em reduzir o risco de EM (Munger et al., 2006; Cortese et al., 2015).
Recentemente, niveis elevados de vitamina D foram correlacionados com a diminui¢édo do dano
axonal, através da quantificacdo dos neurofilamentos de cadeia leve no liquido
cefalorraquidiano (LCR), de pessoas com EM (Sandberg et al., 2016).

Factor OR HLAgene Combined OR Effect Immune  Level of

interaction (nongenetic during system evidence
factor + HLA allele) adolescence implied

Smoking =L6{Yes 14 No Yes et

EBV infection ~36 Yes ~15 Yes Yes s

(seropositivity)

Vitamin D level <50nM ~14 No NA Probably Yes e

Adolescent obesity ~2 Yes ~15 Yes Yes +4+

(BMI >27 at age 20 years)

CMV infection 0.7 No NA Unknown Yes ++

(seropositivity)

Night work ~1.7 No NA Yes Yes ++

Low sun exposure ~2  No NA Probably Yes ++

Infectious mononucleosis ~2 Yes 7 Yes Yes ++

Passive smoking ~13 Yes 6 No Yes -

Organic solvent exposure ~1.5 Unknown Unknown Unknown Unknown +

Oral tobacco/nicotine 05 No NA Unknown Yes +

Alcohol ~0.6 No NA Unknown Yes +

Coffee ~0.7 No NA Unknown Yes +

Tabela 1. Fatores ambientais e estilo de vida associado ao risco de desenvolver EM. Extraido de: Interactions
between genetic, lifestyle and environmental risk factors for multiple sclerosis (nimero de licenca para uso da
imagem: 4174930004551; Copyright Clearance Center) (Olsson et al., 2017). BMI, indice de massa corporal;
CMV, citomegalovirus; EBV, virus Epstein-Barr; HLA, antigeno leucocitario humano; MS, esclerose maltipla;
NA, ndo aplicavel; OR, Odds ratio = razdo de possibilidades.

Nos ultimos 7 anos, estudos consistentes evidenciaram o papel da obesidade no risco de
EM. Estudos de coorte associaram obesidade durante a adolescéncia com risco futuro de
desenvolver EM em mulheres (Munger et al., 2009). A associacao foi mais forte para indice de
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massa corporal > 27 (sobrepeso: 25-30). Outrossim, a obesidade esta associada ao aumento do
risco de EM pediétrica (Langer-Gould et al., 2013). Os mecanismos celulares e moleculares
que conectam a obesidade com a patogénese da EM estdo distantes de serem esclarecidos.
Todavia, existem pelo menos trés propostas de vias de sinalizacdo: (i) a obesidade é
caracterizada por uma inflamacéo de baixo grau, em que niveis elevados de mediadores pro-
inflamatorios sdo produzidos no tecido adiposo. De fato, foi descrito, na obesidade, a promogéo
de respostas imunes favoraveis as células T helper tipo 1 (Th1) que, por sua vez, secretam
citocinas pro-inflamatdrias, incluindo interferon-y (IFN-y) e fator de necrose tumoral (TNF),
acarretando na diminuigdo da funcdo das células T reguladoras (Tregs); (ii) a obesidade esta
associada a niveis aumentados de leptina, um mediador envolvido na inflamacgdo e; (iii) a
obesidade também leva a diminuicdo da biodisponibilidade de vitamina D, que promove
processos pro-inflamatérios (Wortsman et al., 2000; Lumeng et al., 2007; Matarese et al., 2010;
Procaccini et al., 2015). Cabe destacar que as vias de sinalizagcdo citadas acima ndo sao
mutuamente excludentes e podem se sobrepor.

Uma extensa literatura apoia a hipétese de que a infec¢do por EBV aumenta o risco de
EM. Contudo, como ha muitos outros fatores ligados a EM, é dificil estabelecer uma relacéo
causal entre EBV e a doenca. As evidéncias circunstanciais sdo convincentes, de acordo com
uma metanalise (Handel et al., 2010), as pessoas que tiveram mononucleose infecciosa nédo-
silenciosa possuem um risco duas vezes maior de desenvolver EM. Corroborando com a
associacdo entre EBV e a doenca, individuos com EM possuem niveis maiores de anticorpos
contra o antigeno nuclear de EBV (EBNA1) e um fragmento especifico do mesmo
(aminoacidos 385-420) (Sundstrom et al., 2009; Sundqvist et al., 2012). Dentre as explicacdes
propostas para as infec¢bes induzirem EM estdo: (i) mimetismo molecular e (ii) ativacéo
bystander. Na primeira situacdo, o microrganismo contém antigenos que atuam em reacao
cruzada com autoantigenos - assim, respostas imunoldgicas ao microrganismo resultam em
reacOes contra 0s proprios tecidos. Na segunda, a infeccdo viral sobre um tecido-alvo causa a
destruicdo do tecido e liberacdo de autoantigenos sequestrados. Desta forma, linfocitos
especificos para estes autoantigenos sdo recrutados para a area lesada. Os autoantigenos
sequestrados sdo aqueles que, por alguma razdo, ndo foram apresentados aos linfécitos imaturos
no timo e na medula 0ssea e, portanto, ndo sdo reconhecidos como proprios pelos linfocitos
maduros nos tecidos periféricos (Tejada-Simon et al., 2003).

O tabagismo tem uma relagdo dose-resposta sobre o risco de desenvolver EM.
(Hedstrom et al., 2009). Niveis elevados de cotinina, o principal produto da biotransformacéo

da nicotina, foram identificados no soro ou plasma (> 10 ng/ml) de pacientes, antes de
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desenvolverem EM (Salzer et al., 2013). Adicionalmente, a exposicdo passiva a fumaca do
cigarro foi associada a um maior risco de EM, sugerindo, sobretudo, que mesmo em pequenas
proporcoes de irritagdo pulmonar, a fumaca também € nociva. Com isso, se a associacao entre
fumar e o risco a EM é causada por irritacdo pulmonar inespecifica, pode-se considerar fatores
como a poluicédo do ar, como um gatilho da inflamac&o do SNC (Hedstrom et al., 2011). Outro
estudo recente mostrou que a incidéncia de EM em mulheres tabagistas, com consumo acima
de 15 cigarros/dia, € 1,8 vezes maior do que em mulheres ndo fumantes (Goodin, 2016). Logo,
0s estudos evidenciam que o tabaco pode tanto estar relacionado com o risco de desenvolver
EM, quanto no mau prognostico.

Sabe-se que a EM tem caracteristicas autoimunes, podendo ser decorrente da interagdo
de um ou mais fatores ambientais em individuos com predisposicdo genética. Dessa forma, a
doenca é muitas vezes classificada como poligénica, isto €, diversos genes influenciam na
susceptibilidade a doenca. Os genes do complexo principal de histocompatibilidade (MHC) de
classe | e Il sdo modificadores relevantes do risco a EM: as variantes dos genes de classe Il
codificam produtos que apresentam antigenos para linfocitos T CD4*, e os de classe | para
linfécitos T CD8". Na EM, particularmente, a variante de classe I, HLA-DRB1*15:01, tem
uma grande associacdo com o aumento do risco a EM (Odds ratio = OR ~3), enquanto que a
variante de classe I, HLA-A*02, é relacionada com a protecéo da doenca (OR ~0,6). A auséncia
de HLA-A*02 e a presenca de DRB1*15:01 possui uma combinacéo de OR ~5 (International
Multiple Sclerosis Genetics et al., 2013; Moutsianas et al., 2015). O HLA-DR15 parece
representar a regido mais consistentemente ligada a doenga, com um risco genético de 10-60%
(Barcellos et al., 2003; Sospedra et al., 2016). A influéncia genética é também sugerida pelo
fato de que a taxa de concordancia da doenca em gémeos monozigoticos é cinco vezes maior
do que em gémeos dizig6ticos (Sospedra et al., 2005).

A imunopatologia da EM ainda ndo esta totalmente elucidada. Entretanto, pode ser
dividida nas seguintes fases principais, segundo a teoria mais aceita: (i) auto-reatividade
periférica de linfocitos: inicia com uma reagdo imune celular mediada por linfdcitos T que, por
sua vez, sdo ativados no sangue periférico e nos ganglios linfaticos. Os componentes proteicos
da mielina sdo considerados autoantigenos (ex: MBP, proteina basica da mielina; MOG,
glicoproteina de oligodendrécitos da mielina) responsaveis pela resposta autoimune observada
na doenga; (ii) ruptura da barreira hematoencefalica e infiltrag&o de células imunes: logo apos
ativacdo, os linfocitos T adquirem a capacidade de se expandir clonalmente, produzir diferentes
citocinas e aumentar a expressao de selectinas, integrinas (VLA-4 e LFA-1) e outras moléculas

de adesdo (VCAM-1 e ICAM-1) em sua superficie, para alcangar o parénquima cerebral; (iii)
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inflamacdo, desmielinizacdo e degeneracdo neuroaxonal: apds a migragdo para o SNC, células
T CD8", células T CD4" diferenciadas (Thl e Thl7), células B e células imunes inatas
promovem um ambiente inflamatorio e, consequentemente, levam a lesdo axonal, ou seja,
levam a perda da bainha de mielina, com consequente prejuizo da sinalizacdo neuronal (Figura
3) (Dendrou et al., 2015; Korn et al., 2017). Além disso, foi aventado um importante papel para
a interacdo entre linfdcitos B e T no desenvolvimento da fisiopatologia da EM, sobretudo, na
funcdo de apresentacdo de antigenos entre as células, o que foi recentemente debatido no
congresso mundial de EM, em Paris (ECTRIMS, 2017).
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Figura 3. Desregulagdo imunoldgica periférica na EM. Durante o estabelecimento da tolerancia central no timo,
a maioria das células T auto-reativas sdo deletadas. No entanto, na EM o processo é defeituoso e algumas células
T auto-reativas sdo liberadas para a periferia. Em condic¢Ges imunoldgicas saudaveis, os mecanismos de tolerancia
periférica mantém as células sob controle. Se a tolerancia for quebrada - através da diminuicdo da fungdo das
células Tregs e/ou aumento da resisténcia dos mecanismos supressores das células B e T efetoras - as células B
(auto-reativas ao SNC) e as células T podem ser ativadas na periferia para se tornarem células efetoras agressivas.
Uma vez ativadas, células T CD8*, células T CD4* diferenciadas (Th1 e Th17), linfécitos B e células imunes inatas
podem infiltrar no SNC, desencadeando um processo inflamatorio e levando ao dano tecidual. MHC, complexo
de histocompatibilidade; BCR, receptor de células B; TCR, receptor de células T. Extraido de: Immunopathology
of Multiple Sclerosis (nimero de licenga para uso da imagem: 4174930467882; Copyright Clearance Center)
(Dendrou et al., 2015).

As células Th podem secretar diferentes citocinas e mediadores pro-inflamatérios, como
prostaglandinas, radicais livres e 0xido nitrico, promovendo estresse oxidativo no axonio
neuronal. Dependendo das citocinas presentes, os linfocitos T podem assumir quatro fenotipos:

Th1, Th2, Th17 ou Tregs. Principalmente, Thl e Th17 podem induzir dano a bainha da mielina
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e promover desmielinizacdo mediada pela acdo celular, além de ativar macrofagos, astrocitos e
microglia em les@es ativas. Também pode haver destrui¢do de oligodendrdécitos, estas células,
por sua vez, sdo responsaveis pela producdo de mielina (Stromnes et al., 2008; Dendrou et al.,
2015; Ransohoff et al., 2015; Saab et al., 2016).

Outra explicacdo plausivel para a auto-reatividade de células T e B na EM seria por
meio das fungdes defeituosas das células Tregs como, por exemplo, as células Tregs CD4"
expressando Forkhead box P3 (FOXP3) e células Tregs tipo 1 (Tr1) que produzem interleucina
(IL)-10 (Venken et al., 2008a). A desregulacdo da interacdo entre célula efetora/reguladora
ocorre na EM resultando no surgimento de células imunes adaptativas auto-reativas que sdo
capazes de infiltrar e promover danos no SNC (Figura 3) (Dendrou et al., 2015). Estudos tém
relatado uma diminuicao da frequéncia e/ou capacidade supressiva de células Tregs, bem como,
uma frequéncia alterada de subconjuntos especificos de células Tregs (como células CD39%),
na periferia de pacientes com EM, em comparacdo com grupos controles (Fletcher et al., 2009).
Tais defeitos foram atribuidos a frequéncia reduzida de células Tregs naive circulantes de
origem timica (identificadas como CD45RA*CD31"), juntamente com a expansao ineficaz de

populacdo de células Tregs de memoria (Venken et al., 2008b).

1.3 Sintomas, formas clinicas, diagnostico e tratamento da EM

As manifestac@es clinicas da EM séo atribuidas ao aparecimento de lesdes na substancia
branca do SNC, visualizadas em exames de ressonancia magnética por imagem (MRI)
(Goverman, 2009). Atualmente, também se sabe que a doenca acomete a substancia cinzenta
(Calabrese et al., 2015). Devido a destruicdo da bainha de mielina, ocorre mais comumente o
comprometimento do tronco cerebral, cerebelo, nervo dptico, ventriculo lateral, corpo caloso,
medula espinhal cervical, com danos aos ax6nios e presenca de cicatrizes gliais, juntamente
com a presenca de infiltrados inflamatorios (Goverman, 2009; Becher et al., 2017).
Normalmente o dano ao SNC é detectado pela primeira vez quando o sintoma clinico aparece.
Os sintomas podem assumir a forma de ataque (também conhecido como recaida, crise, surto)
guando a lesdo se desenvolve em um local que desestabiliza, significativamente, a funcéo
nervosa, embora a maioria das lesdes (~90%) ndo leve diretamente a recidiva. Ocasionalmente,
as lesOes sdo detectadas antes do aparecimento dos sintomas clinicos, em escaneamento
cerebral, que é conduzido para outra finalidade (por exemplo, dores de cabeca) (Okuda et al.,
2009).

Os sintomas experimentados por uma pessoa com EM podem variar de acordo com a

localizagdo das lesbes no SNC. Dentre o0s sintomas clinicos mais comuns estéo:
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comprometimento da visao devido a inflamag&o do nervo dptico (neurite Optica), fraqueza dos
membros (fadiga), déficits de coordenagdo motora, desequilibrio, tremores, distdrbios
cognitivos (memdria) e sensitivos (formigamento), perda da libido, assim como, frequéncia na
miccao (Figura 4) (Ghasemi et al., 2017; Vidal-Jordana et al., 2017). Adicionalmente, cerca
de 15 a 40% dos pacientes com EM apresentam dor persistente (Harrison et al., 2015). Essa dor
tem sido descrita como uma alteracdo neuropética central (incluindo disestesia das
extremidades e neuralgia trigeminal), caracterizada por dores nas costas, espasmos tonicos

dolorosos e cefaleia (O'Connor et al., 2008).
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Figura 4. Os sintomas e comorbidades da EM. Extraido de: Brain health: time matters in multiple sclerosis
(nimero de licenga para uso da imagem: 4174931348308; Copyright Clearance Center) (Giovannoni et al., 2016).

A seqguir, sdo apresentados os depoimentos pessoais de alguns pacientes, a fim de prover
uma melhor definicdo dos sinais e sintomas da EM, com os seus diferentes padrbes de

expresséo:
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Relato em primeira pessoa (Mayo Clinic, 2010).
“A coordenagdo motora fina da minha méo esquerda foi afetada. Algumas vezes minha fala ficou
arrastada, e a rigidez das minhas pernas me fazia caminhar com extrema dificuldade e cansacgo. Eu passei de uma

pessoa muito saudavel e fisicamente ativa para ser uma pessoa deficiente. Minha vida mudou por inteiro”.
Relato em primeira pessoa (Borreani et al., 2014).

“Eu sempre preciso de ajuda. Isso realmente me mata. Eu parei de sair porque tenho medo de fazer Xixi
nas calgas. Eu sempre estou com medo da incontinéncia repentina e de criar um mal cheiro”.

Relato em primeira pessoa (Folha de Sdo Paulo. Reportagem de: 03/08/17).

“Hoje, enfrento dor, fadiga e dificuldade de locomogdo, mas as pessoas s6 enxergam uma mulher bem
forte e corada fazendo choror6. Na fila preferencial do supermercado, sofri agressfes verbais: uma senhora disse

que eu estava me aproveitando e que minha unica deficiéncia era a falta de educacdo”.

As pessoas com lesBes cerebrais com auséncia de sintomas clinicos sdo classificadas
com sindrome radioldgica isolada (RIS). Cerca de um terco das pessoas com RIS vao
experimentar, pelo menos, uma crise dentro de 5 anos. Um ataque inicial é conhecido como
sindrome clinicamente isolada (CIS). Muitas pessoas (aproximadamente 30-70%) com CIS
desenvolverdo EM, mesmo que nao possam inicialmente preencher os critérios diagnosticos

completos da doenca (Figura 5) (Okuda et al., 2014).

1996 2013
MS clinical description MS disease modifiers
Subtypes Phenotypes
~ With full recovery Not active*
from relapses Clinically -
: isolated
syndrome = -
(CIS) A?tlve
Relapsing-remitting
disease
(RRMS)
Not active*
///‘
v A
With sequelae/ Relapsi_ng-remitting
residual deficit disease
after incomplete (RRMS) N .
recovery Active

Figura 5. Descricao do curso clinico da EM para forma recidivante (1996 vs 2013). Extraido de: Defining the
clinical course of multiple sclerosis: the 2013 revisions (nimero de licenca para uso da imagem: 4174932335607
Copyright Clearance Center) (Lublin et al., 2014).

A doenca pode se manifestar com diferentes formas clinicas, sendo classificada como:
recorrente-remitente (RR), secundaria progressiva (SP) e priméria progressiva (PP) (Figura 5
e 6). EM-RR ¢ caracterizada pela manifestacdo de sintomas neuroldgicos com recuperagédo
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plena ou com déficits residuais. Aproximadamente 85-90% dos pacientes manifestam essa
forma. Ao longo de 10 anos do inicio da doenca, cerca de 80% dos pacientes com EM-RR
passam a apresentar a forma progressiva, ou seja, a fase que se convencionou chamar de EM-
SP. Esta forma é considerada mais grave, pois ocorre deterioracdo continua das funcgdes
neuroldgicas, independentemente dos episddios agudos de piora (surtos). Na forma PP,
observa-se uma progressao desde o inicio da doenca, com periodos de agravamento e sem
remissdes. A maioria dos pacientes sdo refratarios ao tratamento convencional e, por isso, ha
maior comprometimento da qualidade vida. A EM-PP ¢é a forma que mais se distingue das
demais, sendo responsavel por 10-15% dos casos de EM. Seu diagndstico é mais dificil, j& que
ndo apresenta critérios classicos de disseminacdo de lesbes (Lublin et al., 2014; Farjam et al.,
2015; Brownlee et al., 2017).
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MS clinical description MS disease modifiers
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Figura 6. Descricao do curso clinico da EM para forma progressiva (1996 vs 2013). Extraido de: Defining the
clinical course of multiple sclerosis: the 2013 revisions (ndmero de licenca para uso da imagem: 4174932335607;
Copyright Clearance Center) (Lublin et al., 2014).

Historicamente, o diagnostico da EM sempre foi complexo, uma vez que as lesdes no
SNC eram observadas apenas por autdpsia. Os primeiros critérios de diagnostico para EM
(Schumacher e Poser) foram publicados em 1965 e 1983, respectivamente (Schumacher et al.,

1965; Poser et al., 1983) e, portanto, basearam-se em eventos diretamente observacionais: um
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diagnéstico clinico definitivo de EM exigia, pelo menos, duas recidivas clinicas agudas. O
critério de Poser também incorporou evidéncias de medicOes elétricas da atividade cerebral,
quando certos nervos eram estimulados (“potencial evocado") e puncdo lombar para ajudar no
diagnostico clinico (Poser et al., 1983).

Com o advento da MRI, tornou-se possivel classificar os padrdes de lesdo no SNC que
sdo sugestivos de EM. Quando a compreensdo da MRI melhorou, os critérios diagnésticos de
McDonald foram introduzidos em 2001 e aprimorados em 2005 e 2010 (McDonald et al., 2001;
Polman et al., 2005; Polman et al., 2011). Esses critérios permitem que o diagnéstico de EM
possa ser feito em uma pessoa que teve apenas uma recaida, devido a incorporagdo das
evidéncias pelo exame de MRI. Ressalta-se que a certeza diagnéstica pode ser aumentada
guando as lesdes sdo observadas em locais tipicos e quando podem ser mostradas ao longo de
um periodo de tempo (Montalban et al., 2010). Como resultado da incorporacdo da MRI nos
critérios diagnosticos, as pessoas com EM tiveram sua condicdo patolégica mais rapidamente
identificada, de forma mais sensivel e consistente. O numero de pessoas cuidadosamente
diagnosticadas com EM dentro de 1 ano (desde a primeira recaida), mais do que triplicou,
guando usados os critérios de McDonald em comparacao aos critérios de Poser. Além disso, 0
diagndstico pode ser estabelecido a partir das primeiras imagens de MRI, em cerca de uma a
cada cinco pessoas que sofrem uma Unica recaida, empregando os critérios de McDonald de
2010 (Tabela 2) (Runia et al., 2013).

Os critérios de McDonald sdo amplamente aceitos e utilizados para estabelecer o
diagnostico de EM. Dos 105 paises participantes de uma pesquisa global em 2013, 92%
relataram usar alguma das versdes dos critérios de McDonald. A evidéncia mundial trazida
pelos Estados Unidos mostra que o tempo médio desde o inicio dos sintomas até o diagnéstico
caiu de 7,2 anos em 1980-1984, para 0,63 anos em 2000-2004 (MSIF, 2013a). No mesmo
periodo de tempo, a proporcdo de pessoas com deficiéncia moderada ou grave (em oposicao a
incapacidade leve) em sua visita inicial a um profissional da saude, caiu de mais de 50%, para
cerca de 25% (Marrie et al., 2005). O diagndstico precoce significa tratamento precoce. Dessa
forma, pode-se melhorar o prognoéstico a longo prazo para pessoas com EM, e reduzir danos
subsequentes ao SNC. Também é possivel evitar novas recaidas clinicas desnecessarias ou
progressao da incapacidade.

Os atrasos no diagnostico da EM devem ser minimizados, pois estes podem resultar em
progressao irreversivel da deficiéncia. Com isso, listam-se algumas recomendac6es: (i) orientar
0 publico em geral para tomar medidas rapidas se forem desenvolvidos os primeiros sintomas

de EM, visitando um profissional de satde; (ii) orientar os medicos de aten¢do bésica sobre a
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importancia de encaminhar prontamente as pessoas com suspeita de EM para um neurologista;
(iii) melhorar o acesso aos cuidados especializados para EM e; (iv) adotar os ultimos critérios

de diagnostico aceitos (Giovannoni et al., 2016).

Clinical Presentation Additional Data Needed for MS Diagnosis

>2 attacks®; objective clinical None®

evidence of >2 lesions or objective

clinical evidence of 1 lesion with

reasonable historical

S b

evidence of a prior artack

>2 attacks”; objective clinical Dissemination in space, demonstrated by:

evidence of 1 lesion >1 T2 lesion in at least 2 of 4 MS-typical regions of the CNS

. . 2 2 i St 5 d

(periventricular, juxtacortical, infratentorial, or spinal cord)®; or
Await a further clinical attack® implicating a different CNS site

1 atrack™; objective clinical Dissemination in time, demonstrated by:

evidence of >2 lesions Simultaneous presence of asymptomatc gadolinium-enhancing
and nonenhancing lesions at any dme; or
A new T2 and/or gadolinium-enhancing lesion(s) on follow-up
MR, irrespective of its timing with reference to a baseline scan; or
Await a second clinical attack®

1 attack™; objective clinical Dissemination in space and time, demonstrated by:
evidence of 1 lesion For DIS:
(clinically isolated syndrome) >1 T2 lesion in at least 2 of 4 MS-typical regions of the CNS

(periventricular, juxtacortical, infratentorial, or spinal cord)?; or
Await a second clinical atrack® implicating a different CNS site; and
For DIT:
Simultaneous presence of asymptomatic gadolinium-enhancing
and nonenhancing lesions at any time; or
A new T2 and/or gadolinium-enhancing lesion(s) on follow-up MRI,
irrespective of its timing with reference to a baseline scan; or
Await a second clinical atrack®
Insidious neurological progression 1 year of disease progression (retrospectively or prospectively
suggestive of MS (PPMS) determined) plus 2 of 3 of the following criteria®:
1. Evidence for DIS in the brain based on >1 T2 lesions in the
MS-characteristic (periventricular, juxtacortical, or infratentorial) regions
2. Evidence for DIS in the spinal cord based on >2 T2
lesions in the cord
3. Positve CSF (isoclectric focusing evidence of oligoclonal bands
and/or elevated IgG index)

Tabela 2. Os critérios de McDonald para diagnostico da EM. MS, esclerose multipla; CNS, sistema nervoso
central; MRI, ressonancia magnética por imagem; DIS, disseminacéo no espaco; DIT; disseminagdo no tempo;
PPMS, esclerose multipla priméria progressiva; CSF, liquido cefalorraquidiano, 1gG, imunoglobulina G. Extraido
de: Diagnostic Criteria for Multiple Sclerosis: 2010 Revisions to the McDonald Criteria (nimero de licenga para
uso da imagem: 4174940344615; Copyright Clearance Center) (Polman et al., 2011).

Em referéncia a determinacdo dos déficits funcionais, a escala da avaliacdo funcional
de uso mais difundido é a EDSS (Expanded Disability Status Scale of Kurtzke) (Kurtzke, 1983)
(Figura 7), que avalia principalmente a capacidade de deambulacdo, entre outros parametros.
A escala apresenta graduacdo variando de 0 a 10: alteragdes neurologicas funcionais, incluindo
as dos sistemas piramidal, cerebelar, tronco cerebral, cognitivo e sensorial sdo graduadas, bem
como, as fungdes vesical, intestinal e visual. A funcdo de cada um desses sistemas recebe
graduacdo de 0 a 6. Uma graduacéo global de zero indica exame neurolégico normal. Pacientes

com escores de 1,0 a 3,0 tém incapacidade moderada, significando déficit discreto a moderado



25

do sistema funcional. Os pacientes com escores de 3,5 a 5,5 tém boa capacidade de deambular
sem apoio, necessitam alguma assisténcia, apresentando limitacGes progressivas quando
precisam percorrer grandes distancias. Exemplificando, o escore 4,0 refere-se a incapacidade
de deambulacao acima de 500 metros; o escore 5,5 a mais de 100 metros. O paciente com escore
6,0 precisa de apoio com bengala, muleta ou outros suportes. Escores de 6,5 a 7,0 correspondem
a pacientes que nao deambulam, ficando restritos a cadeira de rodas. No entanto, conseguem se
transferir da cadeira para a cama, com ou sem auxilio. Os pacientes restritos ao leito, que ndo
conseguem se transferir da ou, para a cadeira de rodas, sao graduados com escore 8,0. O
paciente com escore 8,5 e 9,0 fica restrito ao leito e, n&o consegue se comunicar ou se alimentar.
A morte causada por EM corresponde ao escore 10 (Cohen et al., 2012).

A avaliacdo do LCR, através da pesquisa de bandas oligoclonais, € outro exame para
auxiliar o diagndstico da doenca. Importante salientar que ndo consiste em um exame de indicio
exclusivo, pois outras patologias como neurossifilis e encefalopatias virais, causadas por HIV,
também podem apresentar bandas oligoclonais (Matas et al., 2013).
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Figura 7. Escala expandida do estado de incapacidade de Kurtzke. Extraido de: http://www.msunites.com
(autorizacdo para uso da imagem: ©Multiple Sclerosis News Network). Data de acesso: 23/08/17.

Atualmente, ndo existe cura para EM, sendo que o tratamento empregado promove
apenas atenuacdo dos sintomas e estabilizacdo ou retardamento da progressédo da doenca. O
tratamento recomendado para 0s surtos, que consistem em novos sintomas neurolégicos focais,
com duracdo maior que 24 horas e precedendo um periodo de estabilidade clinica de no minimo
30 dias, é realizado pela administracdo de glicocorticoides em altas doses. Usualmente,
prescreve-se 500 a 1000 mg ao dia de metilprednisolona, por 3 a 7 dias (Goodin, 2014). Esse
esquema pode ser seguido ou ndo pela administracdo de corticoides orais, em doses
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decrescentes, por 21 dias. Todavia, ndo ha evidéncias conclusivas sobre 0 uso correto uso dessas
doses decrescentes (Goodin, 2014).

A EM-RR requer a utilizacdo de imunomoduladores. Estes, por sua vez, sdo farmacos
que regulam a resposta imunologica sem interferir na producéo e na destruicdo dos linfdcitos.
Os IFNs séo sintetizados por organismos vivos: IFN-B 1b, extraido de E. coli e, IFN-B 1a, obtido
de ovério de hamsters ou de fibroblastos humanos. S&o utilizados para o tratamento de varias
patologias, como hepatites e neoplasias. Seu mecanismo de acéo esta relacionado a diminuicéao
da resposta inflamatdria do tipo Thl e Thl7, que estd aumentada em pacientes com EM.
Importante destacar que o IFN-B 1b foi o primeiro farmaco capaz de demonstrar efeitos
benéficos na evolugdo clinica de pacientes com EM-RR, mostrando reducéo na frequéncia e
intensidade dos surtos e diminuicdo das lesdes na imagem por MRI (Reder et al., 2014). O
acetato de glatiramer € um polipeptideo composto principalmente por acido glutamico, lisina,
alanina e tirosina, possuindo uma composicdo semelhante a MBP. O mecanismo
imunomodulatério ndo esté totalmente esclarecido e, sobretudo, é complexo, principalmente,
por regular as respostas imunes inata e adaptativa. Suas aces envolvem a alteracdo de funcédo
das células Tregs, induzindo a mudanca do fenétipo Thl para Th2, ou seja, um perfil de
citocinas anti-inflamatérias, bem como, uma armadilha para a resposta autoimune, ja que se
assemelha aos componentes da bainha de mielina. Modula, também, as celulas apresentadoras
de antigenos (APC) e as células B (Anderson et al., 2015). O estudo pioneiro com acetato de
glatirdmer comparou o uso de 20 mg do farmaco com placebo, em pacientes com EM-RR, e
teve como desfecho primario a reducdo da frequéncia de recidivas. Apds dois anos de estudo,
a taxa de recidivas e o tempo para a primeira recidiva foi menor em pacientes que fizeram uso
do farmaco, assim como, houve diminuicdo do nimero de lesbes com captacdo de gadolinio
(Comi et al., 2009).

Os medicamentos imunomoduladores apresentam uma eficacia relativamente limitada,
em particular, nos pacientes com formas clinicas mais agressivas e/ou progressivas. Nesse
cenario, algumas terapias imunossupressoras mostraram eficacia em grupos seletos de pacientes
tendo, em contrapartida, uso restrito em vista de seus perfis de risco e efeitos adversos (Cohen
et al., 2010b; Dolati et al., 2017). Ademais, para que ocorra 0 processo de remielinizagéo
axonal, sdo necessarios baixos niveis de inflamacéo, justamente para que haja recrutamento de
fatores de crescimento para o neurdnio. Isso poderia explicar, em parte, 0 insucesso da terapia
imunossupressora. (Bramow et al., 2010). Dentre os exemplos de imunossupressores estao:
metotrexato, ciclofosfamida, azatioprina, mitoxantrona e fingolimode. Esse Ultimo foi o

primeiro farmaco, de uso por via oral, para EM-RR, aprovado em 2010 pelo Food and Drug
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Administration (FDA). O fingolimode é um modulador dos receptores de esfingosina 1-fosfato
(S1PR). O seu mecanismo de acdo principal decorre da retencdo de determinados subgrupos de
linfdcitos nos linfonodos. As células CCR7 positivas, como os linfécitos naive, sdo impedidos
de sair dos linfonodos e, por conseguinte, ndo migram para 0 SNC, reduzindo, assim, a resposta
autoimune. Apds dois ensaios clinicos de fase 111, o farmaco foi aprovado em varios paises, na
dose de 0,5 mg, via oral, uma vez ao dia (Cohen et al., 2010a; Kappos et al., 2010). No Brasil,
possivelmente, até novembro de 2017, deve chegar ao Sistema Unico de Satde outro farmaco
administrado por via oral, para o tratamento da forma clinica EM-RR, a teriflunomida. Todavia,
0 custo mensal para o governo brasileiro devera ser de R$ 6.000 a R$ 7.500 por paciente
(Anvisa, 2017).

Os anticorpos monoclonais (AcMs) sdo outra importante opcdo terapéutica para o
tratamento da EM. Estes também possuem efeitos imunomoduladores limitados,
principalmente, devido a producdo de anticorpos neutralizantes, além do custo altissimo. Os
principais AcMs aprovados pelo FDA para uso na EM séo: alentuzumabe (anti-CD52),
daclizumabe (anti-CD56), ocrelizumabe (anti-CD20) e natalizumabe. Dentre estes, o
natalizumabe, AcM do tipo humanizado, € o Unico aprovado para o tratamento da EM-SP
(Shirani et al., 2016). O natalizumabe é um antagonista de integrina o4, expressa na superficie
de leucdcitos. A integrina a4 possui um papel essencial na migracdo leucocitaria, atraves da
barreira hematoencefalica para o0 SNC, sendo esta uma etapa importante no desenvolvimento
de lesdes inflamatdrias na EM. Estudos demonstraram que este AcM reduz a taxa de surtos e a
taxa de progressao da incapacidade neurolégica (mensurado pelo EDSS). Na MRI do encéfalo,
observa-se a diminuicdo de lesdes captantes de gadolinio (Goodin et al., 2008). O ocrelizumabe
foi aprovado pelo FDA, neste ano, no primeiro semestre de 2017 com indicacédo para as formas
EM-RR e EM-PP (Mullard, 2017).

Nos ultimos anos, o repertério de terapias modificadoras da doenca (DMTS) para EM
ampliou acentuadamente, oferecendo solucdes mais eficientes e mais adequadas para 0s
pacientes. No entanto, o risco de infec¢do associado a esses farmacos tem ganhado importancia
ao planejar tratamentos e monitorar pacientes. Os dados atuais sugerem que o risco de
desenvolver infeccbes pode aumentar com a duracdo do tratamento da EM. A experiéncia com
natalizumabe (principalmente), fumarato de dimetila e fingolimode indicam num maior risco
de desenvolver leucoencefalopatia multifocal progressiva, uma infeccdo causada pela
reativacdo do virus latente JC devido a profundas imunossupressoes, e que geralmente é fatal,
além de outras doencas infecciosas oportunistas (Winkelmann et al., 2016). Adicionalmente,

pacientes relatam que o comprometimento da mobilidade € um dos piores aspectos da EM, e
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quase metade dos individuos, quando tratados com DTMs, ndo tém melhora desse sintoma
(Berger, 2011; Kang et al., 2016).

Segundo a portaria n° 391, de 5 de maio de 2015 do Ministério da Saude o IFN-B ¢é o
farmaco de referéncia para o tratamento da EM. Em casos de pacientes com EM-RR refratarios
a IFN-B, preconiza-se trocar por acetato de glatiramer, porque hd uma grande taxa de producgao
de anticorpos neutralizantes que reduzem a eficicia dos IFNs. A recomendagdo do uso de
natalizumabe deve ocorrer somente apos ter sido tentado o uso de IFNs e acetato de glatiramer.
Por ultimo, devido, sobretudo, aos potenciais efeitos adversos cardiovasculares relacionados a
primeira dose de fingolimode, recomenda-se 0 Uso apenas em casos incapacitantes apds o uso
de IFN-B e de acetato de glatiramer, sem contraindicacdo ao uso de fingolimode e com
contraindicacdo ao uso de natalizumabe (Ministério da Saude: Protocolo Clinico e Diretrizes
Terapéuticas da Esclerose Mdltipla, 2015). Em contrapartida, essa linearidade do protocolo de
tratamento da EM e extremamente discutida entre os neurologistas.

Em casos extremos de EM pode ser realizado o transplante autélogo de células-tronco
hematopoiéticas. O procedimento é conduzido em ambito hospitalar, havendo risco de

infeccdes graves e hemorragia, além do custo extremamente elevado (Sormani et al., 2017).

1.4 Modelo animal de encefalomielite autoimune experimental

A encefalomielite autoimune experimental (EAE) foi descoberta ha cerca de 90 anos,
durante os esforcos para esclarecer a origem do "acidente neuroparalitico™, uma complicacdo
temida e comum durante a vacinacao contra o virus da raiva. O in6culo da vacina foi preparado
em tecidos que continham elementos neurais, e a patologia tecidual de casos fatais ndo se
assemelhava com a infecdo por raiva. Portanto, uma questdo simples levantada pelos médicos
foi se 0 virus era necessario para o desenvolvimento desse “acidente”. A questdo foi esclarecida
através da injecdo do homogenato tecidual, semelhante ao usado para vacina da raiva, em
primatas ndo humanos, levando a descricdo da encefalite aguda experimental produzida pela
imunizagédo (Croxford et al., 2011).

Na atualidade, o modelo animal mais estudado e conhecido como padrdo ouro para
estudo da EM é a EAE. A EAE em camundongos foi induzida pela primeira vez ha mais de 60
anos por imunizacdo atraves de homogenatos de medula espinhal (Olitsky et al., 1949).
Extensas pesquisas levaram a descoberta de diversos peptideos encefalitogénicos (componentes
da bainha de mielina), que desencadeiam sintomas classicos da EM (Rangachari et al., 2013).
A EAE também se tornou um modelo muito bem caracterizado para doengas autoimunes 6rgéo-

especifico. De fato, diversos estudos foram publicados mostrando a validacdo do modelo in
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vivo. Os exemplos incluem a descoberta de ROR-y (RORC) como um fator de transcri¢do chave
para o desenvolvimento de células Th17 (lvanov et al., 2006); a identificacdo do receptor de
hidrocarbonetos de arila como componente essencial no desenvolvimento das respostas Tregs
e Thl7 (Veldhoen et al., 2008); e a funcdo da IL-12 e IL-23 na susceptibilidade a
desmielinizagdo autoimune (Cua et al., 2003).

Os camundongos continuam sendo a espécie animal mais comumente utilizada, em
parte, devido a ampla disponibilidade de camundongos transgénicos e knockout para estudos
de sinalizacdo celular e molecular da doenca (Robinson et al., 2014). Em camundongos SJL, a
EAE pode ser induzida por imunizagdo com homogenatos do SNC: PLP, MBP, epitopos
encefalitogénicos de PLP (PLP139-151, PLP178-191), MOGg2-106, OU MBPgs-104 em uma emulséo
com adjuvante completo de Freund (CFA), que por sua vez, possui atividade imunogénica. A
doenca segue um curso clinico previsivel, caracterizado por um periodo prodrémico (intervalo
de tempo entre os primeiros sintomas) de 10-15 dias, seguido de paralisia ascendente,
comecando na cauda e membros posteriores, progredindo para 0s membros anteriores, com
perda de peso (Constantinescu et al., 2011). Nos camundongos SJL, a doenca é caracterizada
por um curso remitente-recorrente de paralisia, permitindo estudos de estratégias
imunomoduladoras em situacdo de doenca autoimune recidivante (Robinson et al., 2014).

O MOGsss5 € um agente encefalitogénico potente em camundongos C57BL/6.
Representa 0 modelo mais refinado para analise do processo imunopatogénico, bem como, do
curso cronico da EM. Além disso, um estudo recente in vitro e in vivo mostrou que o antigeno
MOGas.s5 possui maior auto-reatividade aos linfdcitos T, quando comparado com os epitopos
PLP139-151, PLP178-191 0U MBPgs.104 (Traka et al., 2016).

Por outro lado, existe a EAE passiva ou adoptive—transfer EAE, que pode ser induzida
em camundongos através da transferéncia de células T CD4* mielina-especifico, estas por sua
vez, geradas pela imunizacgdo ativa de camundongos doadores (Stromnes et al., 2006). Esse tipo
de EAE foi fundamental para estabelecer o papel das células T reativas a mielina na patogénese
da doenca. A EAE passiva permitiu aos pesquisadores se concentrar em variaveis associadas a
"fase efetora” da doenca e "ignorar" a fase de inducdo. As células T encefalitogénicas também
podem ser manipuladas in vitro para caracterizar o papel de citocinas especificas e outros
agentes biologicos, antes da transferéncia das células T, para os camundongos receptores. Essas
células podem ser marcadas com o objetivo de verificar a localizagéo, sobrevivéncia e interacdo
com outros tipos celulares, no camundongo receptor (Constantinescu et al., 2011).

Nos pacientes ndo se sabe ao certo como se inicia e quais sdo os antigenos-alvo da

doenca. Células T CD4*, T CD8", células B e anticorpos, células natural killer (NK),
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macrofagos, moléculas do complemento, citocinas e quimiocinas participam na patogénese
(Sospedra et al., 2005). O conjunto de evidéncias mais estudado envolve a participacdo das
células T CD4". Essas estdo presentes no infiltrado inflamatério do SNC e no LCR, sendo que
a EAE pode ser induzida em camundongos através da injecdo de células T CD4" reativas a
MOG, MBP e PLP (Dutra et al., 2013; Rangachari et al., 2013).

A pesquisa translacional refere-se ao desenvolvimento ou translacdo de novos
conhecimentos e descobertas no laboratorio, em produtos que serdo aplicados aos pacientes.
Desta forma, em diversos casos, 0 novo conhecimento obtido com o modelo de EAE foi
traduzido com sucesso em tratamentos efetivos para pacientes com EM, como por exemplo:
fingolimode, IFN-B, assim como o natalizumabe (Lopez-Diego et al., 2008). Cabe ponderar
que ainda existe uma lacuna, significativa, entre o sistema imune de camundongos e dos
humanos. Com isso houve insucessos terapéuticos na translacdo: ustekinumab (anti-IL-
12/1L.23) e terapias bioldgicas com alvo em células B (t Hart et al., 2014).

Em suma, os modelos animais séo particularmente relevantes para obter informacdes

sobre a seguranca, eficacia, farmacocinética e/ou farmacodinamica do farmaco-candidato.

1.5 Phoneutria nigriventer e canais de calcio voltagem-dependentes

Os venenos de aranhas, caramujos, cobras, vespas e escorpifes sdo uma rica fonte para
o desenvolvimento de farmacos, ja que contém peptideos que modulam receptores e canais
ibnicos (Lewis et al., 2003; Kularatne et al., 2014). Em especial, as aranhas sdo um grupo antigo
e bem-sucedido de animais invertebrados, amplamente, distribuido em todo o mundo. Possuem
lugar marcante nos mitos populares e no folclore, devido a seus habitos secretos, aspecto fisico
e comportamento predatério. Embora exista uma imensa diversidade (cerca de 40.000 espécies
descritas e, provavelmente, mais de 100.000 ndo descritas), poucas espécies sao relevantes para
a salde humana (Isbister et al., 2011). Segundo a Organizacdo Mundial da Saude, os géneros
clinicamente importantes de aranhas sdo Phoneutria, Latrodectus, Loxosceles
(Araneomorphae) e Atrax (Mygalomorphoe). No Brasil, as aranhas perigosas pertencem aos
géneros Phoneutria, Loxosceles e Latrodectus, compreendendo cerca de 20 espécies. Dentro
do género Phoneutria, as espécies de maior relevancia clinica sdo: Phoneutria fera, Phoneutria
reidyi, Phoneutria keyserlingi e Phoneutria nigriventer (Farsky et al., 2005).

O género Phoneutria pertence a familia da Ctenidae, presente na América do Sul e Costa
Rica. No entanto, a maioria dos relatos de acidentes clinicamente relevantes sdo no Brasil
(Bucaretchi et al., 2000; Bucaretchi et al., 2008). Em particular, a espécie P. nigriventer é

conhecida popularmente como aranha armadeira, pela posicado que toma ao se sentir ameacada.
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Possui héabitos noturnos e permanece refugiada durante o dia. No periodo de acasalamento, esta
espécie pode atingir o intradomicilio, quando 0os machos se tornam mais ativos a procura das
fémeas, acentuando-se os riscos de acidentes. A aranha P. nigriventer ndo constroi teia e seu
sucesso como predadora pode ser explicado pela poténcia das diversas toxinas presentes em seu
veneno (Gomez et al., 2002). Os sintomas de envenenamento em animais e seres humanos apds
acidentes com a armadeira incluem dor intensa e irradiada, salivacdo, perturbagdes visuais,
sudorese, priapismo, arritmias cardiacas, taquicardia, convulsdes tonicas e paralisia espastica,
podendo evoluir para a morte. Alguns destes sintomas sdo causados por acdes centrais e
periféricas, como consequéncia da liberacdo macica de neurotransmissores em terminagoes
nervosas autondémicas e motoras (Lucas, 1988; Farsky et al., 2005; Raposo et al., 2016).

Os peptideos produzidos pela glandula da aranha P. nigriventer tém sido
extensivamente investigados, sendo descritos 17 peptideos ativos que atuam principalmente no
funcionamento de canais de sddio, célcio, potéssio, assim como em receptores do sistema
nervoso (Grishin, 1999; Gomez et al., 2002). Além disso, os peptideos tém peso molecular que
varia de 3,5 a 9 kDa (Gomez et al., 2002).

Os primeiros estudos com os peptideos revelaram um potente efeito neurotdxico, uma
das principais caracteristicas do veneno da P. nigriventer. O efeito foi atribuido a uma acéo
sobre os canais de sddio voltagem-dependentes, através da inducdo de potenciais de acao
repetidos, em terminagdes nervosas e membranas de fibras musculares (Fontana et al., 1985).
N&o obstante, foram encontradas outras atividades farmacoldgicas distintas relacionadas ao
veneno e, consequentemente, aos canais idnicos. Particularmente, isso foi possivel devido ao
fraciomento do veneno total (Diniz et al., 1990). Com isso, alguns estudos conseguiram
demonstrar que fragbes do veneno, quando administradas por via intracerebroventricular,
produziram paralisia flacida. Portanto, um segundo efeito farmacoldgico do veneno foi
estabelecido, ou seja, uma atividade bloqueadora dos canais de célcio voltagem-dependentes
(CCVD) (Gomez et al., 1995; Prado et al., 1996; Leao et al., 2000).

Os CCVD sdo uma familia de canais ibnicos classificados por propriedades
farmacoldgicas e eletrofisioldgicas. O primeiro complexo de CCVD foi estudado no musculo
esquelético, onde esta presente em grande abundancia nos tubulos transversais. Apds a
purificacdo do complexo, verificou-se que contém cinco componentes: al (~170 kDa), a2
(~150 kDa), B (~52 kDa), 6 (~17-25 kDa) e y (~32 kDa ) (Takahashi et al., 1987). E podem ser
divididos em canais de baixo limiar de ativacgao (subtipo T) e de alto limiar (subtipos L, N, P/Q
e R) (Tabela 3 e Figura 8) (Zamponi, 2016). Além disso, a contribui¢éo dos diferentes CCVD
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para processos nociceptivos e inflamatorios ganharam consideravel interesse nos ultimos anos
(Stokes et al., 2016; Zamponi, 2016).

De fato, sua atividade modulatéria nas respostas nociceptivas em areas como a medula
espinhal, ganglios da raiz dorsal e do tronco cerebral, indicam o papel essencial destes CCVD
no processamento de informacdes nociceptivas para o sistema nervoso central (Heinke et al.,
2004; Murakami et al., 2004). Ademais, os CCVD parecem estar implicados na sensibilizacdo
da dor central que ocorre em nervos lesionados e durante os estados inflamatérios (Matthews
et al., 2001; Matthews et al., 2007). Em modelos animais de lesdo nervosa foi visto que o
bloqueio dos CCVD do subtipo N e P/Q reduziu os sinais comportamentais de nocicepg¢édo de
origem neuropética (Matthews et al., 2001). Os CCVD do subtipo N estdo presentes no terminal
pré-sinaptico de neurénios nociceptivos no corno dorsal da medula espinhal, regulando dessa
forma, a liberacdo de neurotransmissores pro-nociceptivos como glutamato e substancia P.
(Wen et al., 2005). Adicionalmente, 0 aumento da concentracdo de célcio intracelular faz com
que haja a translocacdo do fator nuclear de células T ativadas para o ndcleo e, com isso, a
inicializacdo da transcrigdo, resultando na secrecdo de citocinas e na proliferacdo de células T
(Bradding et al., 2009).

VoI TAGE-ACTIVATED FamiLy SusuniT CHANNEL
CHARACTERISTICS Designation  DesigNaTION  DESIGNATION

High-voltage activated  Ca,l Ca, 1.1 wls L
channels Ca,1.2 alC L
Ca, 1.3 alD L

Ca, 1.4 alF ?

Ca,2 Ca, 2.1 alh P/Q

Ca22alB N

Ca23alk R

Low-voltage activated  Ca3 Ca3.1alG T
channels Ca,3.2alH T
Ca3.3 all T

Tabela 3. Classificacdo dos canais de célcio voltagem-dependentes pela subunidade a1. Extraido de: Calcium
Channels As Therapeutic Targets in Neuropathic Pain (ndmero de licenga para uso da imagem: 4175491117587;
Copyright Clearance Center) (Yaksh, 2006).

Logo apos a caracterizagdo farmacoldgica inicial do veneno da P. nigriventer, foram
descritas as primeiras fragdes do veneno: Phoneutriatoxina-1 (PhTx1) e Phoneutriatoxina-2
(PhTx2) (Tabela 4), as quais causavam contracdo do ileo de cobaias (Rezende Junior et al.,
1991). Posteriormente, outra fracdo proteica foi isolada e estudada, a Phoneutriatoxina-3
(PhTx3). Essa fracdo, quando injetada em roedores, induziu paralisia flacida (Rezende Junior
et al., 1991) que ocorreu, provavelmente, devido a sua acdo inibitoria sobre a liberacdo de
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neurotransmissores (Gomez et al., 1995; Prado et al., 1996). A partir da fragdo PhTx3, seis
diferentes isoformas foram purificadas (Tx3-1 a Tx3-6) (Cordeiro Mdo et al., 1993) e, pelo
menos trés delas (Tx3-3, Tx3-4 e Tx3-6) bloqueiam o influxo de célcio induzido por
despolarizacdo com altas concentracdes de KCI, nas terminagdes nervosas (Prado et al., 1996;
Guatimosim et al., 1997; Miranda et al., 1998).

HVA LVA

| M'I'H i “1"

N ‘|,|!'|||i 1"\
lhl "lll A

Figura 8. Topologia transmembrana e composi¢do das subunidades dos canais de calcio voltagem-
dependentes. HVA, alto limiar de ativacdo; LVA, baixo limiar de ativacdo. Extraido de: Neuronal Voltage-Gated
Calcium Channels: Structure, Function, and Dysfunction (nimero de licenga para uso da imagem:
4175490161441; Copyright Clearance Center) (Simms et al., 2014).

Em 2006, a isoforma Tx3-6 (Tabela 4) que foi patenteada e entdo denominada Phalp,
apresentou-se efetiva em bloquear, preferencialmente, os CCVD do subtipo N (Vieira et al.,
2005). Mais recente, a forma nativa da Phalp foi produzida através da técnica de DNA
recombinante pela empresa Giotto Biotech (Florenca, Italia), sendo renomeada como CTK
01512-2 (55 aminoacidos, 6 ligacdes dissulfeto). Ademais, pesquisas demonstraram que a
Phalp ¢é tdo potente quanto a m-conotoxina MVIIA, quanto ao efeito antinociceptivo,
apresentando indice terapéutico maior do que a ®-conotoxina MVIIA, em experimentos pré-
clinicos (Souza et al., 2008; de Souza et al., 2011). Cabe ressaltar que a versao sintética do
peptideo ®-conotoxina MVIIA, extraida do caramujo Conus magus, é a ziconotida, um
medicamento aprovado (Nome comercial: Prialt; Azur Pharma International, Filadélfia, EUA)

para o tratamento da dor em pacientes que necessitam de analgesia intratecal e séo refratarios a
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terapia opioide. Este agente analgésico se mostrou eficaz no tratamento de dor severa e cronica
por bloguear os CCVD do subtipo N da medula espinhal (McGwern 2007).

Toxin MW (Da} | Signal pm]}ept:de \.'Iarure: C-terminal | Reference
peptide | toxin | Extra residues |
Tal-l 551,27 17 17 53 | Kalapothakis et al., | 9982
Cordeiro et al., 1992

Tx2-1 ACCESSION NCBIF20423: MEVAILILSILVLAVAS / ETIEEYRDDFAVEELER /
ATCAGODKPCKETCI CGERGECVCALSYEGKYRCICROGNFLIAWHRLASCE / K
Pal-iA | 607933 | 17 | 44 T ? [ Kalapathokis etal, 19932 |
Pn2-1A ACCESSION NCBIOT6158: MEVAVIILSILYLAAAS/
ESIEEY REDFSRPNAMERSANDWIPTAPSAVERSADFAVEELER f
ATC M_.QUKL'{“KFT( DCCGERGECVCAL wa.m RCICRQGY YV WIAWYKLASCK /K

25 | spes™ | - . I B [ Condeiro etal, 1902
Tx2-5 ACCESSION NCBIF20424 ATCAGQDD rcw'rc_n:tm kf:rrvr‘crbﬁf'mﬁhn_ma-rtcl.m-.a KK
Pal-5A | 511255 | 17 | 17 [ 4P | | Kalaporhakis et al., 1998
PniSA ACCESSION MCBI 076105 MEYAILFLSILVLAVAS | ESIEESRODEAVEELGR (
ATCAGODOTCKVTCDCCGERGECYCGGPCICROGNELIAW Y KLASCKK
Tal 6 529771 17 17 a8 | . Matavel et al., 2002
Coedeiroeral, 1992 |

Tu2=0 ACCESSION NCBI P29425: MEVAILFLSTLYLAYAS {ESIEESRDDEAVEELGR ¢
_ _ ATC&GQ FCKETCDCCGE R(‘rf‘\rf{'ﬂ—PCiCRQFYF\V[ﬁW'\"KLJ'\“f KK

Tal-o l 14210 ] . i | - | Condeira el al., 1992
Txz-0 ACCESSION NCB| F29426: SFCIPFRPCKSDENCCKEFECK TTGIVELCRW

[ Ta3a P 1l 16 | a0 [ | Kushmerick et al., 1999
| | Cordeiro et al., 1993
Tx3-1 ACCESSION NCB1 0762000 MWFKIQVLYLAITLITLGIOQA § EFNSSPNNPLIVEEDR /
AECAAVYERUCGRGYRRCCEERPCKCNIYMDNCTCKKFISE / LFGFGK ]
Ted2 | 354084 | 21| 16 T il [ Kalanothakis et al, 1398k
e Tai-2 ACCESSION NCBI 076200 MWLEIQVFLLAITLITLGIQA / EFNESPNNPLIEEEAR /
ACAGLYKKCGKGASPCCEDRPOKCDLAMGNCICK | KKFIEFFGGGK

Tx3-3 | 6300.00° | - | | | - ]— Cardeire et al., 1993
Tui-3 .‘“.'; ESSI0ON NCB] PEL 789 GCANAYKSCNGPHTCCWGY NG Y RKACICSGRMWE™

Tri-4 [ 8449, fiU | - ] - | - | - | Cordeiro et al,, 1993

FtJ-d-_f'}_L_'{ ESS10N WOBLPETT0: SCINYGDECDGEEDOC Q‘. DDA FC S“S\"IF'i.r'erKn{ R ]_
Tx3-5 | 0636 | - | - | - [ ] Cordeiro ctal., 1993
1

Tu3-5 ACCESSION NCBI PRITO GCIGRNMNESCK rnRHl‘l"CW‘PmC‘iCWN}\ rGQF‘] SOV

Tul-6 | 604439 - | - | ] Cordeiro eLal, 1993

Tai-n ACCESSION NCE] FBLT07 ACIFRGE TO G BCCGE r)'».Q( iTe Nmmrlf KCSCAHANKYFONRKEERCRRKA
CP3a | sy |2l 16 4 7 | Kalapothakis et al., 1998b
FriA ACCESSION NCBIPS1793. MW LKIQVFVLALALITLGIQA | EPNSGPNNPLIQEEAR )
ACADVYKECWYPEEPCCKDRACOCTLGMTCKCKATLGDLFGRR
Txl | Be69.17 | 18] 15 [ 7 z [ Diniz el al., 1553
Txl ACCESSION NCBI A47 |30 MR LLGIFLY ASFAFYLSF / GEEMIEGENFLEDOR |
AELTSCFRVGHECDGDASNCNCCGDDV YCGOGWGRWRCKCK VATIOSY AYGICKDEVNCPNRHL WP AR VO KKPUREN
/G
Trd(6-1) | 525055 ‘ ia ‘ 1% 5| . I Penalorte et al,, 2000
| _ Figueiredo et al, 1995
Txd(6-1) ACCESSION NCBI 2108421; MXVAIVELSLLVLAFA { SESIEENREEFPYEESAR ¢
CODINAACKEDC DOCGY TTACDE Y WSKSCKCREAAIVIY TAPEKELTC
Frda | 518443 ‘ 16 [ 18 | 47 i B —I Penaforie el al,, 2000
Fipueiredn et al,, 2001

|
PrdA: MEVAIVFLSLIVLAFA / SESIEENREEFPVEESAR Y
CADNNGACKSDCDCCGDSVTCOCY 'rwqrwt KO RESNFIIGMATRKKFC -
FrdB 562505 | 16 | & N | Penaforte et al., 2000
{ PndB: MEVAIVELSLLVLAFA | SESIEENREEFPVEESAR T
| CGDINAPCOSDODCCGY SVTCDE Y WSSSCHORESLFPLGMALRKAFCONK]

3 = p m B T . . . P—

Tabela 4. Peptideos isolados do veneno da aranha Phoneutria nigriventer. Extraido de: Phoneutria nigriventer
Venom: A Cocktail of Toxins that Affect lon Channels (nimero de licenca para uso da imagem: 4180331481623,;
Copyright Clearance Center) (Gomez et al., 2002).

Em 2014, Rosa e colaboradores mostraram que uma unica injecdo intratecal (i.t.) de
Phalp (30 ou 100 pmoles/sitio) reduziu a nocicep¢do neuropatica, entre 1 e 6 horas apos a
administracdo do peptideo, sem mostrar efeitos adversos detectaveis. Da mesma forma, a
infusdo continua de Phalp (60 pmoles/ul/h durante 7 dias) também foi capaz de reverter a
nocicepcao induzida pela leséo do nervo ciatico, de 1 a 7 dias, e ndo causou efeitos adversos

comportamentais ou alteracGes histopatoldgicas no SNC (Rosa et al., 2014). Adicionalmente
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aos efeitos antinociceptivos na dor neuropética, Rigo e colaboradores mostraram, um ano antes,
que o peptideo Phalp (10-100 pmoles/sitio, i.t.) produziu resposta antinocicpetiva semelhante
a m-conotoxina MVIIA, em modelo animal animal de cancer induzido pela inoculagédo de
células de melanoma B16-F10, em camundongos C57BL/6, sem produzir efeitos colaterais
graves (Rigo et al., 2013).

Um estudo de 2017 revelou que a toxina Phalf potencializou em 15 vezes a acdo
antinociceptiva do bloqueador seletivo de receptores de potencial transitério vaniloide 1
(TRPV1), SB366791, no modelo de dor aguda induzida por capsaicina (Palhares et al., 2017).
Em contrapartida, também foi observado que a toxina Phalp e a forma recombinante, CTK
01512-2, inibiram seletivamente o influxo de célcio e as correntes elétricas evocadas pelo
agonista de TRP anquirina 1 (TRPAL), isotiocianato de alila, em células HEK293 que
expressavam o TRPAL humano, em fibroblastos fetais humanos (IMR90) e, em neurénios do
ganglio da raiz dorsal. O peptideo PhalP ndo afetou as variagcBes de calcio induzidas por
agonistas seletivos de TRPV1 (capsaicina) ou TRPV4 (GSK 1016790A), em diversos tipos
celulares (Tonello et al., 2017).

O nosso grupo de pesquisa demonstrou que o bloqueio do CCVD do subtipo N, através
da toxina nativa Phalf, preveniu a nocicepgao, a inflamagao e as alteragdes funcionais vesicais
associadas ao modelo de cistite hemorragica induzida por ciclofosfamida, em camundongos
(Silva et al., 2015). Outros dois trabalhos do grupo destacaram a relevancia terapéutica do
peptideo Phalp, para controlar o prurido refratario (Maciel et al., 2014), assim como, na
atenuacdo de parametros histopatoldgicos e inflamatérios associados ao modelo de
glioblastoma multiforme em camundongos (Nicoletti et al., 2017).

O calcio tem sido implicado como um importante mensageiro em doencas inflamatorias
autoimunes do SNC, através da ativacdo de diversos tipos celulares, como células T, que
necessitam da sinalizacdo de célcio para sua ativacdo (Quintana et al., 2011; Stokes et al.,
2016). Nas células da glia, niveis elevados de célcio intracelular podem induzir excitotoxicidade
e aumento da liberacdo de quimiocinas. O mesmo pode ser observado para oligodendrdcitos,
gue em condicdes autoimunes podem mediar a desmielinizacdo (Smith et al., 2000; Li et al.,
2014). Igualmente, um nimero crescente de trabalhos tem estudado a atividade do célcio a nivel
de SNC, devido a sua importancia na regulacdo da neuroplasticidade e da apoptose (Balog et
al., 2016). Modelos animais de EM tém demonstrado fortes evidéncias acerca do papel que 0s
canais de célcio desempenham na neurodegeneragdo, principalmente, devido ao aumento da

sinalizacdo do célcio nos neurdnios e a participacdo fundamental na ativacdo de proteases, como
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a calpaina, bem como, na disfungdo da membrana mitocondrial (Figura 9) (Fairless et al.,
2014).

Soma Axolemma
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Figura 9. Representacéo das vias de entrada do calcio em condigdes fisioldgicas e inflamatdrias. O aumento
intracelular de calcio em condi¢des inflamatdrias, no corpo do neurénio (b) e no axdnio (d), conduzem & morte
neuronal (e). NMDA-R, receptor N-metil-D-aspartato; Kainate-R, receptor cainato; AMPA, alfa-amino-3-hidroxi-
metil-5-4-isoxazolpropidnico; ASIC, canal idnico sensivel a &cido; NCX, trocador sédio-célcio; Nav1.6, canais de
sodio do subtipo 1.6; N-type VDCC, canais de célcio voltagem-dependentes do subtipo N; PMCA, ATPase de
membrana plasmética. Extraido de: Dysfunction of neuronal calcium signalling in neuroinflammation and
neurodegeneration (nimero de licenca para uso da imagem: 4185950054305; Copyright Clearance Center)
(Fairless et al., 2014).

Nesse contexto, a investigacdo dos mecanismos anti-inflamatérios e antinociceptivos
desempenhados pelo peptideo CTK 01512-2 na EM, se torna bastante interessante,
principalmente por suas habilidades em afetar os sistemas fisiologicos, em particular, aqueles
relacionados a modulacao de célcio, com consequente desfecho na inflamacéo.
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2 JUSTIFICATIVA

Nos ultimos anos, varios estudos tém sido realizados para identificar peptideos ativos
naturais de venenos de diferentes espécies que podem ser usados em uma variedade de
aplicacbes médicas, em especial, nas doencas neurodegenerativas, bem como, em doengas
relacionadas a dor e a inflamac&o. Essa busca deve-se a seletividade desses peptideos por varios
subtipos de canais i6nicos. Além de possiveis alvos terapéuticos, 0os peptideos podem ser
empregados como ferramentas farmacologicas sendo usados para modular ou autorregular
canais ionicos e receptores acoplados a proteina G, permitindo avaliar a sua relevancia na
patofisiologia de diferentes doencas (Zamponi, 2016; Prashanth et al., 2017).

O interesse na caracterizacdo bioquimica e farmacologica de toxinas como, por
exemplo, da aranha P. nigriventer, tem aumentado nas Gltimas décadas. A relevancia desses
peptideos estd relacionado a sua capacidade de bloquear os canais de célcio voltagem-
dependentes (CCVD), bem como os receptores de potencial transitério anquirina 1 (Gomez et
al., 2002; Palhares et al., 2017; Tonello et al., 2017). O célcio tem sido implicado em doencas
inflamatdrias do sistema nervoso central, através da ativacdo de diversos tipos celulares como,
por exemplo, os linfécitos T e consequentemente modulando a liberagdo de citocinas pro-
inflamatorias (Hendy et al., 2016; Phan et al., 2017). Sendo esses canais a principal via de
entrada do célcio para os neurbnios, tem-se investigado os peptideos derivados da P.
nigriventer, por sua habilidade em afetar um grande nimero de sistemas fisioldgicos, em
particular, aqueles relacionados aos processos dolorosos e inflamatdrios (Silva et al., 2015).

Como demonstrado em estudos prévios do nosso grupo de pesquisa, o peptideo Phalf
apresenta atividades antinociceptivas e anti-inflamatorias em diferentes paradigmas
experimentais em roedores. Considerando que esses sinais e sintomas sdo componentes que
contribuem para a gravidade dos quadros de EM, assim como, o humero limitado de adjuvantes
terapéuticos para forma progressiva da doenca, torna-se de grande relevancia a realizacdo de
estudos para identificar os possiveis efeitos farmacologicos desempenhados pelo peptideo da
aranha P. nigriventer na sua versao recombinante, CTK 01512-2, na EM.

Desta forma, os resultados do presente estudo podem ser fundamentais para identificar
novas alternativas e adjuvantes para o tratamento da EM, bem como, para determinar a
relevancia do CCVD para esta doenca, contribuindo para o avango cientifico nas areas de

Neurofarmacologia e Toxinologia.
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3 OBJETIVOS

3.1 Objetivo geral

Avaliar os efeitos de CTK 01512-2, uma versdo recombinante do peptideo Phalp,

obtido do veneno da aranha Phoneutria nigriventer em parametros comportamentais,

bioquimicos, histologicos, imunoldgicos e imaginolégicos, no modelo de encefalomielite

autoimune experimental (EAE) em camundongos, comparando as a¢des deste peptideo aquelas

produzidas pelo farmaco derivado do caramujo Conus magus, a ziconotida ou, pelo

medicamento utilizado no tratamento da esclerose maltipla, fingolimode, neste modelo animal.

3.2 Objetivos especificos

Vi.

Avaliar os efeitos da administracdo intratecal de CTK 01512-2 ou da ziconotida, assim
como, da administracdo sistémica do farmaco fingolimode, sobre a hipersensibilidade
mecénica e térmica, no modelo de EAE induzido pelo peptideo MOGazsss em
camundongos;

Verificar os efeitos da administracéo epidural do peptideo recombinante, CTK 01512-2,
ou da ziconotida, bem como do medicamento fingolimode, por via oral, sobre a
incapacidade e coordenacdo motora, no modelo animal de esclerose multipla induzido
por MOGgs.ss;

Analisar os efeitos da administracdo intratecal de CTK 01512-2 ou da ziconotida, assim
como do farmaco fingolimode, por via oral, sobre o déficit cognitivo, 7 ou 11 dias apds a
indugéo de EAE em camundongos;

Avaliar os efeitos da administracdo epidural do peptideo recombinante CTK 01512-2 ou
da ziconotida, bem como, do medicamento de uso oral, o fingolimode, sobre o escore
clinico e a severidade neurolégica, no modelo de EAE evocado por MOGss.s5 em
camundongos;

Avaliar os efeitos da administracdo intratecal de CTK 01512-2 ou da ziconotida, assim
como do fingolimode, por via oral, sobre a producdo de citocinas (TNF, IL-1p, IL-17, IL-
23, IFN-y, IL-10, CCL3 e leptina) na medula espinhal, no encéfalo, no bago e/ou no soro,
25 dias apos a inducdo de EAE em camundongos;

Analisar os efeitos da aplicacdo intratecal de CTK 01512-2, da ziconotida ou do
fingolimode, por via oral, sobre o infiltrado inflamatorio leucocitario (HE) e no dano
axonal (luxol), na medula espinhal e encéfalo, 25 dias apés a aplicagdo de MOGas.s5 em

camundongos.
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viii.
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Verificar os efeitos da injecdo intratecal de CTK 01512-2, da ziconotida ou do
fingolimode por via oral, sobre a ativagdo astrocitos (GFAP) e microglia (Iba-1), na
medula espinhal e encéfalo, 25 dias ap6s a indugdo do modelo animal de esclerose
multipla (EM).

Avaliar os efeitos do peptideo recombinante CTK 01512-2, da ziconotida ou do
fingolimode, sobre a atividade cerebral através da técnica de microPET nos dias 7, 14 e
23, apos a inducdo de EAE pelo peptideo MOGss.s5 em camundongos.

Analisar os efeitos da administracéo sistémica de CTK 01512-2 ou da ziconotida, assim
como do fingolimode, sobre os pardmetros comportamentais de nocicep¢do, memoria,
atividade locomotora, coordenagdo motora, escore clinico, peso corporal e do bago, no
modelo animal de EM induzido pelo peptideo MOGg3s.ss.
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CAPITULO II

MANUSCRITO DO TRABALHO EXPERIMENTAL
Os resultados do presente estudo foram submetidos a revista Molecular Neurobiology,
fator de impacto 6.190 (JCR: 2017). Revista indexada-Qualis A1 (ISSN: 0893-7648).
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Introduction

Calcium is a potent endogenous regulator of cell signalling, and its role in neurological
and psychiatric diseases has been extensively reviewed [1-3]. Voltage-gated calcium channels
(VGCCs) are key players of calcium entry into neurons, and they are classified as high voltage-
activated (N-, L-, P-, Q- and R-types) or low voltage-activated (T-type) channels [4,5]. Nine of
ten VGCCs isoforms are expressed in the nervous system, in cell bodies of neurons, dendritic
and axon regions, pre-synaptic nerve terminals, and primary afferent nerves in the spinal dorsal
horn. Dysfunctional calcium channels have been implicated in several diseases, such as ataxia,
migraine, pain, Parkinson’s disease and epilepsy [3,6,7]. In addition, many groups have
reported that VGCCs might play a critical role in chronic neuroinflammation [8-10].

Multiple sclerosis (MS) is a chronic inflammatory, demyelinating and autoimmune
disease that affects the central nervous system (brain and spinal cord) [11]. According to the
Multiple Sclerosis International Federation, approximately 2.5-million people are affected by
MS, and there is currently no cure for this disease [12]. Classically, MS has been regarded as
the result of peripheral immune system activation (lymphocytes, macrophages, antigen-
presenting cells) with consequent destruction of protective myelin sheaths that surround nerve
fibres, due to oligodendrocyte loss, cytokine release, microglia activation and chronic oxidative
injury [13,14]. The most common clinical symptoms are fatigue, vision impairment, motor
incoordination, sensory disturbances, pain, cognitive deficits, as well as urinary frequency
[12,15]. In the progressive form, MS has a substantial economic impact, mainly by
compromising young adults, with neurological disability associated with incapacity to work
and early retirement [16,17]. Experimental autoimmune encephalomyelitis (EAE) is a classical
model to study MS in rodents [18]. EAE model has been translated successfully into effective
treatments for MS patients, such as fingolimod, interferon-p, as well as some monoclonal
antibodies [19]. Of note, Tokuhara and colleagues showed that EAE induction in mice lacking
the a1 subunit of N-type VGCC resulted in a mild form of the disease [20]. Furthermore, it
has recently been shown that nimodipine, a selective L-type VGCC blocker, induced microglial
apoptosis by decreasing the levels of nitric oxide (NO), inducible NO synthase (iNOS) and
reactive oxygen species (ROS) in a mouse EAE model, besides displaying apoptotic effects in
cultured microglial cell lineages [21].

Peptide toxins isolated from animal venoms either inhibit or activate a large number of
targets such as acetylcholine receptors, coagulant/anticoagulant besides voltage-gated sodium
and calcium channels [22,23]. CTK 01512-2 is a recombinant version of the peptide Phalp,
derived from the Brazilian armed spider Phoneutria nigriventer [24,25]. Several studies
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reported that Phalp toxin exhibits marked antinociceptive effects in pre-clinical pain models,
through the inhibition of N-type VGCCs [26-28]. In addition, our group demonstrated that
spinal blockage of N-type VGCC by Phalp attenuated nociceptive and inflammatory events
associated with haemorrhagic cystitis, including bladder oxidative stress, neutrophil migration
and cytokine production [29]. Recently, Tonello and colleagues reported that CTK 01512-2
inhibited the calcium influx induced by allyl isothiocyanate, a TRP ankyrin 1 (TRPAL) agonist,
as assessed in hnTRPA1-HEK?293 cells, IMR9O0 fibroblasts or dorsal root ganglion neurons [24].
CTK 01512-2 also caused a significant reduction of tumor development in an orthotopic mouse
glioblastoma model [30]. The N-type VGCC blocker ziconotide, obtained from the cone snail
Conus magus and commercially known as Prialt®, was approved by the FDA in 2004 and it is
used for the management of chronic intractable pain [31]. This reinforces the notion that VGCC
inhibitors might be clinically useful, with a satisfactory safety profile.

Considering the limited number of therapeutic options to control signs, symptoms, and
progression of MS and the potential relevance of calcium channels for neuroinflammation, the
present study sought to characterize the effects of CTK 01512-2 on behavioural, biochemical,
histological, immunological and imaging parameters in the mouse model of EAE. Actions of
CTK 01512-2 were compared to those produced by ziconotide or, by the drug used in clinics
for MS, fingolimod, in this animal model. Herein, we provide novel evidence, indicating that
CTK 01512-2, possibly by blocking calcium influx, displays beneficial effects in the mouse
model of EAE.
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Materials and methods
Experimental animals and ethical statement

All animal experimental procedures complied with the National Institutes of Health
Animal Care Guidelines (NIH publications n° 80-23), and were approved by the Animal Ethics
Committee of the Pontifical Catholic University of Rio Grande do Sul (PUCRS, Porto Alegre,
Brazil) (protocol number 14/00424). Female C57BL/6 mice (18-22 g, 6-8 weeks old, total
number: 197 animals) were obtained from the Center of Experimental Biological Models
(CeMBE/PUCRS). The animals were housed in a room with controlled temperature (22 + 1 °C)
and humidity (50-70%) under a 12:12 h light-dark cycle (lights on 07:00 AM). Food and water
were provided ad libitum. The animals were randomly distributed among the experimental
groups, and all the behavioural assessments were conducted without knowledge of the
treatments to reduce the experimental bias. The number of animals and the intensity of noxious
stimuli used were the minimum necessary to demonstrate consistent effects. The description of
the data for this study is in agreement with the “Checklist for reporting and reviewing studies

of experimental animal models of multiple sclerosis and related disorders” [32].

Study design - EAE induction, clinical scoring and animal care

EAE was induced on day 0 by a subcutaneous immunization into the flanks with 200 pg
of myelin oligodendrocytes glycoprotein (MOGss.ss) peptide, dissolved in phosphate-buffered
saline (PBS) and emulsified with an equal volume of complete Freund’s adjuvant (CFA)
supplemented with 500 pg of Mycobacterium tuberculosis extract H37Ra (total volume: 200
pL per animal). This procedure was repeated after 7 days to increase the incidence of EAE, as
previously described [33]. Additionally, the animals were also injected intraperitoneally (i.p.)
on days 0 and 2 post-immunization with 300 ng of Pertussis toxin to increase the permeability
of the blood-brain barrier. Non-immunized (naive) and EAE animals were used as negative and
positive control groups, respectively. Mice were monitored daily and were weighted every 5
days (as parameters of health), for up to 25 days. To assess the neurological impairment, a
clinical EAE scoring system was used according to the following scale: score 0, no disease;
score 1, loss of tail tone; score 2, hindlimb paresis; score 3, hindlimb paralysis; score 4,
tetraplegia; and score 5, moribund and or death [34]. Clinical signs were measured 7 days post-
immunization, every 2 days, over a total period of 25 days. The mice that did not develop the
disease were excluded from the study. A humane end-point was adopted when: (i) weight loss

exceeded 20% of the mouse initial weight; (ii) if a mouse reached a clinical score of 5; (iii) if a
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mouse was unable to right itself, or (iv) if the animal exhibited a total loss of ability to access

food and water for 24 h.

Pharmacological treatment protocols

The animals were treated intrathecally (i.t.) according to the technique described by
Hylden and Wilcox [35], with minor modifications. The animals were slightly anesthetized with
sevoflurane, and a needle connected to a 10-pL microsyringe was introduced through the skin.
Subsequently, 5 uL. of PBS containing the recombinant peptide CTK 01512-2 (25, 50 or 100
pmoles/site) or ziconotide (25, 50 or 100 pmoles/site) were injected between the L5 and L6
vertebral spaces. Fingolimod, which is a sphingosine-1-phosphate receptor modulator, was
administered by the oral route (p.o.), once a day, for 19 days (days 7-25), beginning to count at
the time of the first MOGss.s5 injection (day 0). CTK 01512-2 and ziconotide were administered
on the 4™, 10", 15", 20" and 24" days after EAE induction by MOGss.ss. The control animals
received the same volume of PBS i.t. or p.o. For the systemic treatment, mice were also slightly
anesthetized with sevoflurane, and CTK 01512-2 (0.2 mg/kg) or ziconotide (0.2 mg/kg) were
injected by retro-orbital route, every three days, after 7 days of the first MOGas.s5 application
(71, 10", 131 16, 19™, 22" and 25"days). The protocols of treatment for all the tested drugs
(doses, route of administration and time of injection) were chosen in accordance with previous
publications [36,29,37,38].

Mechanical hypersensitivity

To assess the mechanical hypernociceptive response, mice were placed individually in
clear Plexiglas boxes (9 x 7 x 11 cm) on elevated wire-mesh platforms to allow access to the
ventral surface of the right hind paw [33]. The animals were acclimatized for 1 h before
behavioural testing, and mechanical hypersensitivity was evaluated at several time-points (2"-
14" day). The withdrawal response frequency (in percentage) was measured following 10
applications (with a duration of 3 s each, and interval of 15 s among each) of von Frey hairs
(VFHSs, North Coast, Gilroy, USA). Stimuli were delivered from below to the plantar surface
of the right hind paw. The 0.4 g VFH produces a mean withdrawal frequency of about 15%,
which is considered an adequate value for the measurement of mechanical hyperalgesia [39].
In order to determine the basal mechanical thresholds, all the groups were evaluated before
disease induction. The incidence of mechanical hyperalgesia was ~75% in the positive control

group (vehicle).
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Thermal nociception

The hot-plate test was used to measure the thermal response latencies according to the
method described by Tsagareli [40], with some modifications. In these experiments, the hot-
plate apparatus (Ugo Basile, Verese, Italy) was maintained at 50 + 1 °C. The animals were
placed into a glass cylinder 20-cm in diameter on the heated surface, and the time between
placement and jumping or licking the paws was recorded as the index of response latency. A
30-s cut-off was adopted as the maximal time of reaction to avoid tissue damage. All the animals
were evaluated before disease induction to determine the basal thermal threshold. Thermal
nociception was assessed at several time points until day 15, since after this day the clinical
signs of EAE, such as motor incoordination, were visible. Thermal hypersensitivity evoked by
EAE model was reproducible throughout the different experimental sets, with the latency

ranging between 10 and 15 seconds for the positive control group (vehicle).

Spatial memory test

The spatial memory was evaluated at day seven or day eleven (acute phase) after the
first MOGas.s5 administration, using the object location test. The apparatus used in the study
was an acrylic open-field arena (46 x 46 x 36 cm), placed in a sound-isolated room, under a
weak red light (8 £ 2 lux). On day 7 or day 11, the mice were individually placed in the center
of the arena for 5 min, where they were allowed to explore two identical copies of plastic
rectangles (4 x 2 x 2 cm; named training phase). Both types of objects could be either white or
black, and they were placed 7 cm away from the walls of the apparatus. The arena was cleaned
with 30% alcohol after each animal was tested. Ninety minutes after the training phase, mice
were returned to the arena for the testing phase, when they were allowed to explore one copy
of the object at the same location and one copy of the object at a novel location. The time spent
by the animals exploring (when mice sniffed, whisked or looked at the objects from no more
than 1 cm away) the objects at new (novel) and at old (familiar) locations was recorded over 5
min. All locations of the objects were counterbalanced among the groups. To analyze the
cognitive performance, a location index was calculated as previously described by Dutra et al.,
2013 [41]: (Tnovel x 100)/(Tnovel + Tfamiliar), where Tnovel is the time spent exploring the
displaced object and Tfamiliar is the time spent exploring the non-displaced object. The test is
based on the spontaneous preference of mice, previously exposed to two identical objects, for
the novel location, and has been used for the assessment of hippocampal-dependent memories
[41,42].



48

Rotarod activity

The ability of mice to maintain balance and motor coordination was evaluated through
the rotarod apparatus (Insight, Ribeirdo Preto, Brazil). The apparatus consists of a rod (3-cm in
diameter) with 5 flanges at intervals, allowing for up to 4 mice to be tested simultaneously.
Mice were placed in the rotarod at a constant speed of 16 rpm until 60 s. The latency to fall was
automatically recorded in seconds. All the animals were given a habituation training session on
the apparatus (inter-trial interval of 3 min to minimize the effect of fatigue), prior to EAE
induction, and consisted of three consecutive trials, in which the animals became familiar with
the task. After disease induction, the mice were tested every two days, until 25 post-

immunization.

Activity monitor - open field

To evaluate the spontaneous locomotor activity, an automatic open field system
consisting of an acrylic box (46 x 46 x 36 cm) with infrared sensors (Activity monitor, Insight,
Ribeirdo Preto, Brazil) was used. Mice were habituated in the behavioural testing room for at
least 30 min. During the tests, the animals were placed in the automatic open field apparatus
for 6 min, with 1 min for habituation and exploration of the arena, and 5 min of locomotor
evaluation. The apparatus was cleaned at each behavioural test performed with alcohol 30°, as
recommended by the manufacturers. The activities detected were ambulatory movement,
distance travelled (mm) and speed (mm/s). The movements are monitored on the x, y and z-

axes, which represent height, width and depth, respectively.

Neurological state

An eight-point neurological severity score (NSS) was used to measure the general
neurological state of mice, according to the scale described by Dutra et al. [41], with minor
modifications. This score mimics the Expanded Disability Status Scale (EDSS) that is used in
MS patients. Each animal was evaluated for the following parameters: presence of paresis;
inability to walk straight; impairment of seeking behaviour; absence of a perceptible startle
reflex; inability to exit from a 30-cm-diameter circle; and inability to walk on 3-, 2-, and 1-cm-
wide beams. If the mouse demonstrated incapacity in one of these parameters quoted above, a
value of one was inferred for each trait. The total sum of the values was used as an indicative

of neurological impairment. NSS was analysed 23 days after the first MOGgs.s5s administration.
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Analysis of cytokines production and splenomegaly

Levels of TNF, IL-1pB, IL-17, IL-23, IL-10, IFN-y, CCL3 and leptin were evaluated in
serum, spleen, spinal cord and brain, except leptin that was evaluated only in serum. After 25
or 15 (leptin) days of disease induction, the mice were euthanized and the structures were
collected and frozen (-80 °C) for further analysis. Posteriorly, the tissues were homogenized
according to the methodology described previously by Fernandes et al. [43]. Cytokine levels
were measured by sandwich enzyme-linked immunosorbent assays (ELISA) using dual-set
ELISA Kits, according to the manufacturer’s instructions (R&D Systems; Minneapolis, USA).
The results were expressed in picograms per hundred milligrams of tissue or per hundred
millilitres of serum. As an additional index of the inflammatory process, the wet weight of each
spleen (splenomegaly) was registered and expressed as grams per twenty-five grams of animal

body weight.

Histological analysis

After the euthanasia (25 days post-EAE induction), the brains and the lumbar spinal
cords (L1-L6) were fixed in 10% buffered formalin solution for 24 h. After this period, the
samples were embedded in paraffin after dehydration. The histological analysis of
inflammation and demyelination was performed using haematoxylin-eosin (HE) and luxol fast
blue (LFB) staining, respectively. Procedures were performed in 4-pum brain and spinal cord
slices. Each HE-stained section was scored for inflammation from 0 to 4: O, indicated normal,
1, indicated cells infiltrating the meninges; 2, indicated one to four small focal perivascular
infiltrates; 3, indicated five or more small infiltrates and/or one or more large infiltrates
invading the parenchyma, and 4, indicated extensive cell infiltration involving > 20% of the
white matter. [44]. Demyelination of the brain and spinal cord was scored as described by
Rynda et al., (2010) with O indicating normal, 1 indicating one small focal area of
demyelination, 2 indicating two or three areas, 3 indicating one to two large areas of
demyelination, and 4 indicating extensive demyelination involving > 20% of the white matter.

[45].

Immunohistochemistry assay
The expression of glial fibrillary acidic protein (GFAP) and ionized calcium-binding
adapter molecule 1 (Ibal), which are biochemical markers of astrocyte and microglia activation,

respectively, was measured by immunohistochemistry. The brain and the lumbar spinal cord
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(L1-L6) were rapidly excised (at day 25 post-immunization), and immediately fixed in 10%
formalin solution for 24 h. The immunopositivity for GFAP or Ibal was assessed on paraffin
tissue sections (4 um) by using the monoclonal rabbit anti-GFAP (1:250; Merck Millipore,
Darmstadt, Germany) and monoclonal mouse anti-Ibal/AlIF1 (1:300; Cayman Chemicals,
Michigan, USA), according to the method previously described [46]. High-temperature antigen
retrieval was performed by immersing the slides in water bath at 98 to 100 °C in Tris/EDTA
buffer, pH 9.0 (anti-GFAP) and 10 mM trisodium citrate buffer, pH 6.0 (anti-lbal), for 40 min.
The peroxidase was blocked by incubating the sections with 5% perhidrol for 30 min. The
nonspecific protein binding was blocked with 5% milk serum solution for 30 min. After
overnight incubation at 4 °C with primary antibodies, the slides were washed with PBS and
incubated with the secondary antibody HRP conjugate (Invitrogen, Carlsbad, USA), ready to
use, for 20 min at room temperature. The immune complexes were visualized with 0.5% 3,3’-
diaminobenzidine tetrahydrochloride (DAB; Dako Cytomation, Glostrup, Denmark) plus
0.03% H-0O> in PBS. The reaction was stopped by thorough washing with water, and the slides
were counterstained with haematoxylin. Images to assess glial activation were examined with
a Zeiss Axiolmager M2 light microscope (Carl Zeiss, Gottingen, Germany). For each section,
2 to 5 images were taken, in order to include most areas of the brain and lumbar spinal cord.
The images were captured in 100 or x200 magnification. The number of GFAP-positive
astrocytes and Ibal-positive microglia cells/region was quantified in the following anatomical
areas of the lumbar spinal cord: right dorsal horn, left dorsal horn, right ventral horn, left ventral
horn and central canal. The analyzed brain areas were: cerebral cortex, cerebral nuclei, brain

stem (midbrain, hindbrain) thalamus, hypothalamus and cerebellum.

MicroPET imaging

In order to assess neuroinflammation in the mouse EAE model, the technique of [*®F]-
FDG microPET imaging was used, as referenced by Radu et al., 2007 [47]. The animals were
randomly divided into five experimental groups: PBS, EAE + vehicle, EAE + CTK 01512-2
(50 pmoles/site, i.t.), EAE + ziconotide (50 pmoles/site, i.t.) and EAE + fingolimod (0.3 mg/kg,
p.o.). Initially, the animals were individually anesthetized using a mixture of isoflurane and
medical oxygen (3—-4% induction and 2-3% maintenance dose) and [*®F]-FDG was injected
(250 pCi) through the tail vein. After recovery from anesthesia, the mice remained isolated and
conscious for 40 min. Mice were placed in a headfirst prone position, and scanned with the
Triumph™ microPET (LabPET-4, TriFoil Imaging, Northridge, CA, USA), under isoflurane

inhalation. Throughout these procedures, the animals were kept on a pad heated at 36 °C. For
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30 min, each animal was scanned with the brain region positioned in the center of the microPET
field-of-view (FOV). At the end of the acquisition, mice were returned to their cages until
complete recovery, and kept under heating to prevent hypothermia. The animals were scanned
on days 7, 14 and 23 after the first MOGass.s5 application, totalizing 180 microPET scans. All
data were reconstructed using the maximum likelihood estimation method (MLEM-3D)
algorithm with 20 iterations. Each reconstructed microPET image was spatially normalized into
a [*®F]-FDG template using brain normalization in PMOD (version 3.5) and the Fusion Toolbox
(PMOD Technologies, Zurich, Switzerland). A MRI mouse brain template was used to overlay
the normalized images, previously registered to the microPET image database. The glucose
metabolism was expressed as standardized uptake values (SUVs) for several brain regions [48].

Data analysis

Results are presented as the mean + standard error mean of 6 to 21 animals per group,
depending on the experimental protocol, as specified in each figure. The percentages of
inhibition were calculated for every experiment, and in some cases, the area under curve (AUC)
was used for this purpose. Statistical comparisons of the data were performed by using one- or
two-way analysis of variance (ANOVA), depending on the experimental protocol, followed by
Newman-Keuls or Bonferroni’s post-test. P-values < 0.05 were considered significant. All tests
and the construction of graphs were performed using the GraphPad Prism® software version
5.01 (San Diego, USA).

Materials

The following drugs and reagents were used: MOGssss  peptide
(MEVGWYRSPFSRVVHLYRNGK) was purchased from EZBiolab (Carmel, USA).
Mycobacterium tuberculosis extract H37RA was obtained from Difco Laboratories (Detroit,
USA). Complete Freund’s adjuvant oil and Pertussis toxin were purchased from Sigma-
Aldrich® (St. Louis, USA). Giotto Biotech S.r.I. (Sesto Fiorentino, Italy) synthesized the
recombinant peptide CTK 01512-2. Ziconotide was purchased from Latoxan (Valence, France).
CTK 01512-2 and ziconotide were diluted in PBS and fingolimod was solubilized in distilled
water. [*®F]-FDG was produced by an on-site cyclotron (PET Trace 16 MeV; GE Medical
System) and automated synthesis system (Fastlab GE).
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Results
Mechanical and thermal hyperalgesia are attenuated by CTK 01512-2 and ziconotide in
the mouse model of EAE

As it can be seen in Figure 1A and 1B, during the EAE induction phase (days 0-7), there
was a significant and long-lasting increase in the response frequency after von Frey filaments
application (0.4 g; which represents an innocuous stimulus), in the right hind paw of the mice,
indicating the occurrence of mechanical hypersensivity. This process started on day 2, and
remained elevated for up to 14 days after the first MOGas.s5s administration (Figure 1A). The
treatment with CTK 01512-2 or ziconotide (25, 50 and 100 pmoles/site), by i.t. route,
significantly reduced the mechanical hypersensitivity in animals with EAE, until the 14" day,
with inhibitions of: 24 + 3%, 47 + 11% and 56 + 5%; and 20 + 3%, 46 + 4% and 25 + 6%,
respectively, according to the calculated AUC (Figure 1B). Of note, CTK 01512-2 produced a
characteristic dose-response effect. Conversely, ziconotide showed a U-shaped curve profile.
In addition, it was possible to observe that the antinociceptive effect of the recombinant peptide
CTK 01512-2 was maintained until the 8" day, even with the treatment onset 4 days before. In
contrast, the analgesic effect of ziconotide was diminished (Figure 1A). To assess the effect of
fingolimod (the drug used in clinics for MS) in mechanical hypernociceptive response, mice
were treated from day 7 to day 25, once a day, p.o. Fingolimod (0.3 mg/kg) treatment showed
similar results to that obtained with the dose of 25 pmoles of both peptides (19 + 6% of
inhibition) (Figure 1B).

A separate group of mice was intrathecally treated with CTK 01512-2 or ziconotide to
assess the effects on EAE-related thermal hyperalgesia. A reduction in the paw withdrawal
latency to heat stimulus was observed at 3 days after MOGas.s5 immunization, as an indicative
of thermal hypersensitivity. This effect remained stable until day 15 (Figure 1C). When the
animals received CTK 01512-2 (50 and 100 pmoles/site, i.t.) or ziconotide (50 pmoles/site, i.t.,
p =0.0927; 100 pmoles/site, i.t., p < 0.05), the thermal hyperalgesia was reduced in comparison
to the positive control group (vehicle). The percentages of inhibition were 37 £ 6%, 66 + 3%
and 35 * 10%, respectively (Figure 1D). A comparison of CTK 01512-2 and ziconotide (100
pmoles/site, i.t.) effects revealed that CTK 01512-2 showed a superior antinociceptive activity
(66 + 3% versus 34 + 10%). The treatment with fingolimod showed a tendency to reduce the

thermal nociception (p = 0.0845; Figure 1D).
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Intrathecal administration of CTK 01512-2 improves the cognitive deficits related to EAE

Cognitive impairment can affect up to three-quarters of patients with secondary
progressive MS [49]. Therefore, we investigated whether CTK 01512-2 might improve learning
and memory impairment during the EAE. Firstly, the short-term spatial memory of mice was
evaluated through the object location test. Seven days after EAE induction, the performance in
the object location test was significantly impaired, with no difference in the time spent
exploring displaced and non-displaced objects (Figure 2B). However, mice treated with CTK
01512-2 (50 and 100 pmoles/site, i.t., day 4) explored the object replaced in a novel location
for a longer time, in relation to the non-displaced object, indicating an increase in the location
index when compared to the EAE non-treated control group (vehicle) (Figure 2B). The results
were similar to the negative control group (naive). The percentages of increase of the location
index, in comparison to vehicle group were 84 + 18% and 60 = 8%, respectively. The i.t.
application of ziconotide (at all the tested doses) failed to alter the cognitive deficits associated
to EAE, as it was also observed for fingolimod. As expected, the results depicted in Figure 2A

did not show any difference in the time of exploration of the objects (training phase).

The recombinant toxin CTK 015012-2 promotes an improvement of motor coordination
from 14 days after MOGss-ss-induced EAE

Herein, mice treated with CTK 01512-2 (50 pmoles/site, i.t., days 4, 10, 15, 20 and 24)
or fingolimod (0.3 mg/kg, once daily from day 7) demonstrated a longer permanence time in
the rotarod apparatus, when compared to the EAE control group (vehicle). The percentages of
increase were 20 + 4% and 15 + 3%, respectively (Figure 2D). It is worth mentioning that CTK
01512-2 was able to retard the progression of motor alterations in the EAE model, until the 20™
day, a sign of great importance in MS. The results observed for CTK 01512-2 were similar to
those obtained with the drug used in humans, fingolimod. Alternatively, the N-type VGCC
blocker ziconotide failed to improve the locomotor activity of the animals in the three tested
doses, when administered on days 4, 10, 15, 20 and 24 after first MOGzssss injection.
Additionally, our results suggest that animals develop persistent mechanical and thermal
hyperalgesia before motor neurological dysfunctions, corroborating previous data by Fairless
et al., (2014) and Dutra et al., (2013) [8,33].
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CTK 01512-2 modulates the progression of disease, clinical symptoms, body weight loss
and neurological severity elicited by EAE in mice

As previously reported by Alberti et al., (2016) [50], mice exhibited the clinical
symptoms of EAE from day 13-14 after the beginning of the induction protocol, reaching a
maximal clinical score on day 17-18 (Figure 3A, Supplementary videos 1 and 2). In our study,
the positive control group (vehicle) did not gain weight during 25 days, with an approximate
body weight loss of 1.5 g at day 15 (Supplementary Figure 2A and 2D). In addition, the levels
of leptin (an essential hormone that governs satiety/hunger [51], and affects proliferation and
cytokine production in naive and memory T cells [52]) were quantified in serum, 15 days post-
EAE induction. MOGas.s5s administration was associated with a marked increase of leptin levels,
compared to the negative control group (naive) (Figure 3D). Of high interest, the treatment with
CTK 01512-2 (50 pmoles/site, i.t.), caused a remarkable and significant inhibition of leptin
contents (38 = 15%; Figure 3D). This effect was not observed in ziconotide and fingolimod
groups. In this experimental time-point, there was a significant increase in the severity of
disease.

CTK 01512-2 (25-100 pmoles/site) or ziconotide (25-100 pmoles/site) were
administered i.t. on days 4, 10, 15, 20 and 24 after the first MOGss.s5 injection to test the
therapeutic effect on EAE. Interestingly, the treatment with 50 and 100 pmoles of CTK 01512-
2 prevented the occurrence of symptoms implicated in the progression of EAE, when compared
to the vehicle group. Both doses delayed the onset of symptoms and reduced the clinical
manifestations of EAE, as it can be seen by calculating the AUC, with inhibitions of 48 + 6%
and 37 + 5%, respectively (Figure 3B). The same protocol of treatment prevented the body
weight loss at the 5%, 10", 15" 20" and 25" days, when compared to the vehicle group
(Supplementary Figure 2A-F). Nevertheless, ziconotide administration (25-100 pmoles/site,
i.t.) did not significantly diminish the clinical score or the body weight reduction induced by
EAE. The oral daily administration of fingolimod (0.3 mg/kg, from day 7 to day 25) reduced
the clinical symptoms associated with the EAE model (55 £ 10%) and delayed the disease
progression (Figure 3A and 3B). The animals treated with fingolimod did not display any body
weight loss throughout all the evaluation period (Supplementary Figure 2A-F).

Next, mice were evaluated according to the 8-point scale for neurological severity. As
illustrated in the Figure 3C, the administration of MOGas.s5 was associated with an increased
neurological severity score, as compared to the negative control group (naive), and assessed 23
days after EAE induction. Noteworthy, CTK 01512-2 (50 and 100 pmoles/site, i.t., days 4, 10,
15 and 20) prevented EAE-elicited neurological impairment. The inhibition percentages were



55

33 = 4% and 31 + 8%, respectively (Figure 3C). The reference drug fingolimod also reduced
the neurological severity score (44 + 8%). In contrast, ziconotide did not change the neurologic
severity score, when administered at the doses of 25, 50 and 100 pmoles/site, by the i.t. route,
on days 4, 10, 15 and 20 after the first MOGgs.s5 injection.

Inhibition of pro-inflammatory cytokines and chemokine production by CTK 01512-2 in
the central nervous system, as well as at the systemic level in the animal model of MS

Based on the obtained results, especially regarding the prevention of neurological
deficits and clinical signs, the dose of 50 pmoles/site of CTK 01512-2 was selected for the
biochemical, histological, immunohistochemical and imaging experiments, to further
characterize its anti-inflammatory and immunomodulatory effects in the EAE model.

The immunization with MOGs3s.s5 caused a pronounced increment in the levels of the
pro-inflammatory cytokines, namely TNF, IL-1f, IFN-y, IL-17 and IL-23 in the brain, spinal
cord and spleen (except for IL-23), and the chemokine CCL3 in the spinal cord, 25 days after
EAE induction (Figure 4 and 5 and Supplementary Figure 3 and 4). Interestingly, the treatment
with CTK 01512-2 (50 pmoles/site, i.t., days 4, 10, 15, 20 and 24) significantly reduced the
levels of TNF, IL-1p, IFN-y, IL-17 and 1L-23. The values were close to those observed in the
negative control group (naive), according to the evaluation of the spleen, brain and spinal cord,
except for IL-1p in the spleen, and IL-23 in brain and spleen. The percentages of inhibition
were 83 + 8%, 60 + 8% and 84 £ 9% for TNF; 70 + 4% and 69 + 8% for IL-1B; 76 + 11%, 46
+18% and 76 + 11% for IFN-y; 74 + 12%, 76 + 8% and 75 + 8% for IL-17; 67 + 2% for IL-23,
respectively. In addition, CTK 01512-2 abolished the elevation of CCL3 levels in the spinal
cord (Figure 5F). The animals treated with ziconotide (50 pmoles/site, i.t., on days 4, 10, 15, 20
and 24) had reduced levels of IL-1p and IL-23 in the CNS, as well as IL-17 production in the
spleen, 25 days after MOGs3s.ss-elicited EAE.

The treatment with fingolimod, at a dose of 0.3 mg/kg, orally, once a day, from day 7
to day 25, reduced the levels of TNF (spleen and spinal cord), IL-1p (spinal cord), IFN-y (spleen
and brain), IL-17 (spleen and spinal cord) and CCL3 (spinal cord), in the EAE model. This
effect occurred in a significant manner, with inhibition percentages of 85 = 5% and 35 + 14%
for TNF; 40 = 21% and 46 + 4% for IL-1B; 81 = 4% and 60 = 9% for IFN- y; 60 £ 9% and 60
+ 12% for IL-17; 86 £ 6% for CCL3, respectively (Figure 4 and 5; Supplementary Figure 3 and
4).

As depicted in the Figure 5H, EAE induction caused splenomegaly in the positive

control group (vehicle), as well as in the ziconotide group (at dose of 50 pmoles/site), compared
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to the naive group, as assessed by determination of spleen weight, at 25 days post-MOGg3s.s5
application. The spleen weight was sensitive to fingolimod treatment (0.3 mg/kg), dosed once
a day, by oral route, from day 7 to day 25. The recombinant peptide CTK 01512-2 (50
pmoles/site) significantly reduced EAE-elicited splenomegaly, reaching values close to those

of the naive group.

Intrathecal administration of CTK 01512-2 increases the production of the anti-
inflammatory cytokine 1L-10 in the animal model of EAE

In the present study, IL-10 levels were analysed in serum, spleen, brain and spinal cord,
25 days post-EAE induction. In the Supplementary Figure 3G and Figure 4G, it is possible to
observe that there was a reduction in spleen and brain 1L-10 levels, when compared to the
negative control group (naive). The pharmacological treatment with CTK 01512-2 (50
pmoles/site, i.t., on days 4, 10, 15, 20 and 24) increased IL-10 production in the spleen, brain
and spinal cord in relation to the negative control group (vehicle) (Supplementary 3G, Figure
4G and 5G, respectively). This effect occurred in a significant manner, with a raise percentage
of 108 + 28%, in the spinal cord, when compared to the naive group (Figure 5G). The same was
observed in the spleen and spinal cord after fingolimod injection (0.3 mg/kg, p.o., 1x daily,
starting at day 7). In contrast, ziconotide administration, at the same dose as CTK 01512-2, was
not able to alter IL-10 levels in the EAE model.

CTK 01512-2 diminished inflammatory infiltrate and demyelination in EAE mice
Inflammatory infiltration and demyelination were evaluated by HE and LFB staining,
respectively. Histopathologic evaluation showed that MOGs3s.s5 induced a marked increase of
inflammatory and demyelination scores in the lumbar spinal cord (2.0 £ 0.5 and 2.4 £ 0.4;
Figure 6A-B and Figure 7A-B) and brain (2.2 + 0.5 and 2.5 £ 0.4; Figure Supplementary 5A-B
and 7E-F), respectively, in EAE mice. Notably, the inflammatory infiltration and demyelination
was diminished by CTK 01512-2 administration, at the dose of 50 pmoles/site (0.6 + 0.2, and
0.8 £ 0.3), when compared with the positive control group (vehicle), whereas ziconotide and
fingolimod failed to significantly alter this parameter in the lumbar spinal cord tissue. A similar
response can be observed for brain tissue (Figure 7E-F), except for fingolimod treatment, which
reduced the demyelination score (1.0 £ 0.4; Figure 7F). Together, these data indicate that
MOGss.ss-induced neuroinflammation might be mediated by inflammatory infiltrate and

demyelination, which in turn could be partially reduced with CTK 01512-2 treatment.
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CTK 01512-2 prevents glial activation triggered by MOGgss-55

It has been demonstrated that MS and EAE model triggers glial activation (microglia,
astrocyte) in the central nervous system, an effect that leads to the maintenance of the
neuroinflammatory process, and consequently the disease progression [53,54]. Here, we
assessed whether these effects could be inhibited by the recombinant peptide CTK 01512-2 and
ziconotide (50 pmoles/site, i.t., 4™, 10", 15" 20" and 24" days post-MOGssss). The
subcutaneous injection of MOGas.s5 caused a significant increase in the levels of the astrocytic
activation marker GFAP, and the microglial marker Iba-1, in the lumbar cord (Figure 6C and
7C) and in brain (Supplementary figure 5C and Figure 7G). CTK 01512-2 significantly
prevented the increased activation of glial cells in the mouse lumbar cord (reduction of 65 +
6% for GFAP, Figure 6C and 7C) and brain (tendency for GFAP, p = 0.0938, 25 + 9% for Iba-
1; Figure 7G-H and Supplementary 5C-D). The same was observed for ziconotide and
fingolimod (0.3 mg/kg, p.o., once a day, starting day 7 post-MOGas.ss) in the lumbar cord for
GFAP (Figure 7C), or in the brain for Iba-1, except for ziconotide (Figure 7H). These results

suggest that MOGss.ss-induced neuroinflammation partly relies on calcium signalling.

Effects of CTK 01512-2 on the neuroinflammatory responses induced by MOGss-s5

As demonstrated in the Figure 8B-G and Supplementary figure 6, there was no
difference in glucose metabolism among the experimental groups, on days 7 and 14 after
MOGss.s5 application, in the following brain structures: striatum, cortex, thalamus, amygdala,
cerebellum, superior colliculi, inferior colliculi, midbrain, and cingulate cortex. However, on
the 23" day, there was a marked increase in the [*®F]-FDG metabolism in all the analysed
structures, suggesting the occurrence of neuroinflammation. For other studied regions,
however, increased [ F]-FDG uptake was also evident on day 7 (hippocampus; Figure 8E), and
on day 14 (hypothalamus and the brain stem; Supplementary figure 6B and Figure 8F).
Interestingly, the treatment with CTK 01512-2 (50 pmoles/site, i.t., days 4, 10, 15, and 20)
significantly reduced the neuroinflammatory process in all the evaluated brain regions, except
for the hippocampus, 23 days after the first MOGass.ss injection. The same results were observed
for the reference drug fingolimod (0.3 mg/kg, p.o., once a day, from day 7), except for the
striatum and the cingulate cortex. Ziconotide, at a dose of 50 pmoles/site, was able to attenuate
the [*®F]-FDG uptake in the superior colliculi and the cingulate cortex in the EAE model
(Supplementary Figure 6C and 6F). Together, these results suggest that calcium-mediated
neuroinflammation contributes to the increased glucose consumption induced by MOGas.ss in

the brain.
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CTK 01512-2 through the systemic administration decreases the symptoms evoked by
MOGss-s5 in EAE mice

Thinking translationally in a potential treatment with greater adherence by MS patients,
we decided to administer the peptide CTK 01512-2 through the intravenous route (i.v.) in the
EAE-affected mice. As shown in Figure 9 and Supplementary figure 7-8, MOGss.s5 induced a
marked increase in mechanical and thermal nociception, clinical score, spleen wet weight, with
a reduction of the spatial memory, motor coordination, locomotor activity and body weight in
the EAE model. Notably, CTK 01512-2, when applied by the systemic route, at the dose of 0.2
mg/kg, every 3 days, starting on day 7 post-MOGss.ss injection, reduced all behavioural and
non-behavioural parameters mentioned above, showing a similar efficacy when compared to
the i.t. application. Interestingly, these effects were not observed in mice treated with ziconotide
at the same dose and therapeutic scheme, except for the distance travelled in the open field
arena. Fingolimod demonstrated similar results to those presented at the beginning of the study.
These results suggest that mice systemically treated with CTK 01512-2 have a significant
reduction of the symptoms observed in the animal model of MS. The percentages of inhibition

for this experimental set are provided in the Supplementary Table 1.
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Discussion

Several cellular and molecular mechanisms contribute to the neuroinflammatory
process in MS. CNS calcium dysregulation has been implicated in reduced neuronal viability,
with the activation of glial (especially microglia and astrocytes) and T cells. In turn, massive
cytokine production is triggered, and the consequent oligodendrocyte death leads to
demyelination and oxidative stress, hence promoting neuroinflammation and
neurodegeneration [55,8,56]. In this study, we show for the first time that the recombinant
peptide CTK 01512-2 is capable of modulating several of these events. The treatment with CTK
01512-2 attenuated the MS-like clinical symptoms in the mouse model of MOGgas.s5-evoked
EAE, which was mirrored by histopathological, biochemical and neuroimaging evaluation. This
study further confirms the relevance of VGCC in MS, pointing out CTK 01512-2 as a potential
therapeutic alternative for neuroinflammatory diseases.

Chronic pain affects the majority of MS patients, with a significant interference in the
life quality of the affected individuals [12]. It was previously shown that MOGss.ss injection in
mice leads to significant alterations in nociception signalling [57,33]. Notably, we
demonstrated that both N-type VGCC blockers, ziconotide and CTK 01512-2, were able to
reduce the mechanical and thermal allodynia in the EAE model. Of note, CTK 01512-2
produced a characteristic dose-response effect, displaying a long-lasting action when compared
to ziconotide, at the three tested doses. Indeed, a previous study from our group showed that
treatment with the native form of CTK 01512-2 (Pha1p) prevented trypsin-induced scratching
behaviour for up to 12 h, whereas ziconotide application displayed anti-pruritus effects with a
maximal duration of 4 h [37]. Moreover, the analgesic effects of Phalp or CTK 01512-2 had
already been demonstrated in several animal models of pain, including the acute pain induced
by capsaicin [58], haemorrhagic cystitis [29], visceral nociception [28], and cancer pain [59].
VGCC play an important role in pain development through the release of excitatory
neurotransmitters glutamate, neuropeptides (substance P and calcitonin gene-related peptide),
calcium-dependent enzyme activation (mitogen-activated protein kinase) and modulation of
nociceptor gene expression [60]. This study provides novel evidence showing the analgesic
activity of CTK 01512-2 and ziconotide in the neuroinflammatory-related nociception in the
EAE model.

Inflammatory infiltrate and demyelination are common findings in the brain and spinal
cord of MS patients, being associated with motor impairment, cognitive deficits and
neurological disability [61,62]. In the present study, we demonstrated that EAE-affected mice

developed the symptoms mentioned above after MOGss.s5 application, as indicated by the
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rotarod test, the spatial memory paradigm, in addition to the clinical and neurological severity
scores. Importantly, these parameters were accompanied by an increase in inflammatory
infiltrate and axonal damage (demyelination) in the CNS parenchyma. The treatment with CTK
01512-2 prevented neuroinflammation and axonal loss, promoting an improvement of motor
coordination, cognition and clinical course of MOGas.ss-evoked EAE. These results were not
observed with ziconotide treatment. Therefore, CTK 01512-2 might have another
pharmacological target, in addition to the N-type VGCC. Corroborating with this notion, a
recent study conducted by Palhares and colleagues showed that Phalf peptide potentiated in
15-fold the antinociceptive action of the TRP vanilloid 1 blocker SB366791, in a model of acute
pain induced by capsaicin [58]. Moreover, Phalf and CTK 01512-2 selectively inhibited
calcium responses and currents induced by the TRPAL agonist, allyl isothiocyanate, in dorsal
root ganglion neurons, human fetal lung fibroblasts (IMR90) or HEK293 cells expressing the
human TRPA1 [24]. It is tempting to suggest that beneficial effects of CTK 01512-2 in the EAE
model are related to the inhibition of calcium influx, likely via N-type VGCC and TRPA1
modulation. Accordingly, Schampel et al. demonstrated that calcium signalling inhibition by
nimodipine, a selective L-type VGCC blocker, also promoted favourable effects in a mouse
model of MS [21].

It is well recognized that some MS patients might lose weight during disease
progression, although the mechanisms underlying this response are not completely understood
[63]. Herein, we observed that 15 days after the first MOGss.s5 administration, mice had a
significant body weight loss. Thereby, we investigated whether the serum levels of leptin (a
mediator of long-term regulation of energy balance that suppresses food intake) were altered.
We showed that MOGass.s5 administration significantly increased the production of leptin in
serum of vehicle-treated mice. Curiously, the animals treated with CTK 01512-2 had a
reduction in leptin levels, and consequently they did not lose weight over the EAE model
course. This was not observed in animals treated with ziconotide, or even with the clinically
used drug fingolimod. Interestingly, the risk of MS and its severity has been correlated to gene
polymorphisms of leptin and leptin receptor, besides altered leptin levels [64]. Added to that,
leptin affects in vitro proliferation and cytokine production in naive and memory T cells [65],
which might partly explain the onset of the neuroinflammatory process and the motor-related
severity in EAE mice, at 14-15 days after MOGss.ss injection. Nevertheless, this study provides
compelling evidence that the recombinant peptide CTK 01512-2 is able to modulate the leptin

secretion in the mouse model of MS.
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In chronic inflammatory diseases, such as MS, leukocytes that invade the CNS are a
major source of inflammatory mediators, including cytokines. EAE is the prototypical animal
model for neuroinflammation initiated by tissue-invading leukocytes as seen in MS [66].
Herein, we have documented a significant increase in the levels of several pro-inflammatory
cytokines, such as TNF, IL-1pB, IFN-y, IL-17, IL-23 and CCL3 in brain and spinal cord of
MOGss.ss-treated mice. In a secondary lymphoid organ as spleen, cytokine production was
similar to that observed in the CNS, except for IL-23 and CCL3, suggesting that the
inflammatory process at the peripheral level is maintained for up to 25 days after MOGss.s5
injection, what might be an important source of autoreactive T lymphocytes in this model. In
contrast, no changes were observed in the serum. Importantly, the treatment with the
recombinant peptide CTK 01512-2, given by i.t. route, reduced all the pro-inflammatory
cytokines mentioned above in brain and spinal cord after 25 days of EAE induction. Conversely,
ziconotide treatment was not effective in reducing the majority of these inflammatory
mediators. Fingolimod partially reduced these parameters. In addition to the decrease of pro-
inflammatory cytokines in CNS, mice treated with CTK 01512-2 displayed an increased
production of the anti-inflammatory cytokine IL-10. Previously, we have shown that Phalp,
the native form of CTK 01512-2, led to an increase of IL-10 production in the mouse model of
haemorrhagic cystitis elicited by cyclophosphamide [29]. Importantly, IL-10 serum levels
showed a negative correlation with the EDSS score and IL-10 seems to be effective in mouse
models of virus-induced demyelination [67,68].

In MS patients, the destruction of myelin sheath and/or oligodendrocytes in the CNS is
associated with microglia activation [69]. Additionally, astrogliosis is one of MS pathological
hallmarks [54]. Herein, we showed that treatment of mice with MOGas.s5 led to a significant
increase of microglia and astrocyte activation, as indicated by a raise of GFAP and Iba-1
immunoreactivity in the CNS, after 25 days. Moreover, we showed that treatment with either
ziconotide or CTK 01512-2 reduced GFAP immunostaining in the spinal cord of MOGz3s.55-
treated animals, suggesting that N-type VGCC activates astrocytic cells, thus contributing to
the neuroinflammatory process induced by MOGssss in the present experimental paradigm.
Regarding the Ibal-positive microglia, this process does not appear to depend exclusively on
the N-type VGCC activation, since CTK 01212-5-treated animals showed a marked and
significant inhibition of Iba-1 immunopositivity in the brain, while ziconotide treatment failed
to alter this parameter. Again, it is tempting to propose the relevance of TRPA1-related calcium
influx in the effects of CTK 01512-2 against neuroinflammation. Altogether, the present

findings suggest that CTK 01512-2 acts by decreasing the presence of glial cells (astrocytes and
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microglia) in the CNS, promoting neuroprotective effects, mainly related to protection towards
axonal damage, in EAE-affected mice. Indeed, the L-type VGCC blocker nimodipine was able
to induce microglia-specific apoptosis in EAE model evoked by PLP-MBP [21], corroborating
our data on the relevance of calcium signalling in experimental MS.

CNS inflammatory lesions in the EAE model might be visualized in vivo using [‘®F]-
FDG microPET-based imaging, in a non-invasive manner [70]. To further investigate the
neuroinflammatory process along the EAE model, we performed a longitudinal evaluation of
[®F]-FDG brain uptake on days 7, 14 and 23, after the first MOGgs.ss administration. As
expected, there was no significant difference in [*®F]-FDG uptake among the experimental
groups at day zero (before EAE induction). Histopathological changes, demyelination, cytokine
production and glial activation induced by MOGgss.s5 were associated with increased [*8F]-FDG
uptake, as evaluated in twelve brain structures at 23 days, thus supporting the presence of
neuroinflammatory lesions in the EAE model used herein. Conversely, on days 7 and 14, no
difference was visualized in the analysed brain regions, except for hippocampus, brain stem
and hypothalamus. Indeed, comparable results showing EAE-related neuroinflammation, by
employing microPET imaging, were observed in the spinal cord of rats and mice [70,47]. In
addition, our data showed that treatment with CTK 01512-2 significantly attenuated the glucose
hypermetabolism in all brain regions, except for hippocampus, 23 days after MOGsas.s5
injection. A similar efficacy was observed for the positive control drug for MS treatment,
fingolimod. This study provides compelling evidence indicating the effectiveness of the
recombinant peptide CTK 01512-2, given by i.t. route, in the neuroinflammatory processes
related to MS.

Next, we examined to what extent CTK 01512-2 might prevent MS-related pathological
changes when administered systemically. We showed that i.v. treatment with CTK 01512-2
markedly prevented the parameters of nociception, impaired locomotion and movement,
cognition, clinical scores, besides body and spleen weight, in the mouse model of EAE.
Conversely, the i.v. administration of ziconotide showed inhibitory effects only on the
nociceptive behavior elicited by EAE induction. A recent study conducted by Thell and cols.
demonstrated that the nature-derived cyclic peptide kalata B1, when given orally, prevented
disease progression in the EAE model. This oral activity was possible due to the presence of
cysteine residues in the compound, which in turn confers intrinsic stability to resist to chemical,
enzymatic, and thermal degradation [34]. It is important to report that the CTK 01512-2
recombinant peptide has 12 cysteine residues in its structure, in a total of 55 amino acids, which

might partially explain the stability and beneficial effects of this compound, when dosed by i.v.
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route in the EAE model. Additionally, the i.v. route increases the attractiveness of this molecule
as a promising alternative for the treatment of MS.

Altogether, our present results revealed that spinal administration of the calcium channel
blocker CTK 01512-2 consistently inhibited the symptoms evoked by MOGss.s5 in mice,
probably by reducing the inflammatory infiltrate, demyelination, leptin levels, the production
of pro-inflammatory cytokines, astrocytic and microglial activation, brain glucose
hypermetabolism, associated with an increase of the anti-inflammatory cytokine I1L-10 (Figure
10). These beneficial effects of CTK 01512-2 were superior to the drug used in clinics for MS,
fingolimod, in important parameters, such as nociception, spatial memory, IL-10 production,
leptin secretion, inflammatory score and spinal cord demyelination. Moreover, splenomegaly
and EAE symptoms were attenuated by the systemic administration CTK 01512-2, with a
higher efficacy in most evaluated parameters, when compared to fingolimod. Thus, we suggest
that in a near future CTK 01512-2 might well be used in combination with current MS therapies,
as an innovative strategy for relapsing-remitting and progressive MS form. Finally, these results
confirm and extend the idea that calcium influx is an important event in MOGass.s5 induced

EAE, and seems to be crucial to neuronal and axonal damage, a remarkable event in MS.
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Fig. 1 Antinociceptive effects of CTK 01512-2, ziconotide and fingolimod in the multiple
sclerosis model induced by MOGss.s5 in mice. Effects of treatment with CTK 01512-2, the
recombinant form of the peptide Phalp derived from the spider Phoneutria nigriventer,
ziconotide (Zico) from the cone snail Conus magus (25, 50 or 100 pmoles/site, dosed at days 4,
10, 15, 20 and 24 post-MOGss.ss5), by intrathecal (i.t.) route, or fingolimod (0.3 mg/kg, dosed
once a day, beginning 7 days after the first MOGass.s5 injection), by oral route (p.o.), on the
mechanical (A and B) and thermal (C and D) hypernociception in the model of MOG3s.ss5-
evoked experimental autoimmune encephalomyelitis (EAE) in C57BL/6 mice. Fingolimod was
used as a positive control drug for multiple sclerosis treatment. Mechanical (von Frey filaments)
and thermal (hot-plate test) hypersensitivity were assessed before (B = baseline) and at the 2"-
14" and 3"-15™ days after onset of first MOGss.ss administration, respectively. Differences in
the mechanical and thermal nociception were determined by one-way analysis of variance,
followed by Newman-Keuls or Bonferroni post-hoc test. Each column represents the mean and
the vertical lines show the standard error mean. The experimental N of each group is provided
in the graphs A and C. ##p < 0.001 significantly different from naive values. *p < 0.05, **p <
0.01 and ***p < 0.001 significantly different from vehicle values. ®p < 0.05 significantly
different from ziconotide (100 pmoles/site) values. MOG = myelin oligodendrocyte

glycoprotein.
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Fig. 2 Effects of treatment with CTK 01512-2, ziconotide (Zico) (25, 50 or 100 pmoles/site,
dosed at days 4, 10, 15, 20 and 24 post-MOGss.ss), by intrathecal (i.t.) route, or fingolimod (0.3
mg/kg, dosed once a day, beginning 7 days after the first MOGas.ss injection), by oral route
(p.0.), on the spatial memory test (A and B) and motor coordination (C and D) in the model of
MOGss.ss-induced experimental autoimmune encephalomyelitis (EAE) in C57BL/6 mice.
Fingolimod was used as a positive control drug for multiple sclerosis treatment. Spatial memory
(object location test) and motor coordination (rotarod) were assessed before (training phase; B
= baseline) and at the 7! and 2"-24"™ days after onset of first MOGss.ss application, respectively.
Differences in the object location and rotatod test were determined by one-way analysis of
variance, followed by Newman-Keuls or Bonferroni post-hoc test. Each point represents the
mean and the vertical lines show the standard error mean. The experimental N of each group is
provided in the graphs (A-C). *#p < 0.001 significantly different from naive values. **p < 0.01
and ***p < 0.001 significantly different from vehicle values. ¥**p < 0.001 significantly different

from ziconotide values. MOG = myelin oligodendrocyte glycoprotein
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Fig. 3 Effects of treatment with CTK 01512-2, ziconotide (Zico) (25, 50 or 100 pmoles/site,
dosed at days 4, 10, 15, 20 and 24 post-MOGss.ss), by intrathecal (i.t.) route, or fingolimod (0.3
mg/kg, dosed once a day, beginning 7 days after the first MOGas.ss injection), by oral route
(p.0.), on the clinical score (A and B), neurological severity (C) and leptin levels (D) in the
model of MOGsas.ss-induced experimental autoimmune encephalomyelitis (EAE) in C57BL/6
mice. Fingolimod was used as a positive control drug for multiple sclerosis treatment. Clinical
score, neurological severity and leptin levels were evaluated from day 7 to 25, at day 23, or at
day 15, respectively, after the first MOGss.ss injection. Differences in the clinical and
neurological scores and leptin levels were determined by one-way analysis of variance,
followed by Newman-Keuls or Bonferroni post-hoc test. Each point represents the mean and
the vertical lines show the standard error mean. The experimental N of each group is provided
in the graphs (A, C and D). ~To show the EAE model reproducibility, we showed ten clinical
scores of vehicle-treated mice at onset of chronic phase (day 17). *p < 0.05 and *#p < 0.001
significantly different from naive values. *p < 0.05, **p < 0.01 and ***p < 0.001 significantly
different from vehicle values. ®p < 0.05 and *%p < 0.001 significantly different from ziconotide

values. MOG = myelin oligodendrocyte glycoprotein.
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Fig. 4 Cytokine formation was measured in brain tissues at 25" day after subcutaneous
administration of MOGss.s5. Effects of treatment with CTK 01512-2 (CTK), ziconotide (Zico)
(50 pmoles/site, dosed at days 4, 10, 15, 20 and 24 post-MOGss.ss), by intrathecal (i.t.) route,
or fingolimod (Fingo, 0.3 mg/kg, dosed once a day, beginning 7 days after the first MOGa3s.s5
injection), by oral route (p.o0.), on generation of TNF (A), IL-1p (B), IFN-y (C), IL-17 (D), IL-
23 (E), CCL3 (F) and IL-10 (G) in the model of MOGs3s.s5-evoked experimental autoimmune
encephalomyelitis in C57BL/6 mice. Fingolimod was used as a positive control drug for
multiple sclerosis treatment. Differences in the cytokine production was determined by one-
way analysis of variance, followed by Newman-Keuls post-hoc test. Each point represents the
mean and the vertical lines show the standard error mean. The experimental N of each group is
provided in the graphs (A-G). *p < 0.05, *#p < 0.01 and **p < 0.001 significantly different from
naive values. *p < 0.05 and ***p < 0.001 significantly different from vehicle values. $p < 0.05,
$p < 0.01 and **%p < 0.001 significantly different from ziconotide values. CCL3 = chemokine
(C-C motif) ligand 3; CFA = complete Freund’s adjuvant; IFN-y = interferon-gamma; IL =
interleukin; MOG = myelin oligodendrocyte glycoprotein; PBS = phosphate-buffered saline;

PTX = Pertussis toxin; TNF = tumor necrosis factor; VVeh = vehicle.
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Fig. 5 MOGss.s5 peptide-induced an increase production of pro-inflammatory cytokines in
spinal cord in experimental autoimmune encephalomyelitis (EAE) mice. Effects of treatment
with CTK 01512-2 (CTK), ziconotide (Zico) (50 pmoles/site, dosed at days 4, 10, 15, 20 and
24 days post-MOGss.ss), by intrathecal (i.t.) route, or fingolimod (Fingo, 0.3 mg/kg, dosed once
a day, starting 7 days after the first MOGas.s5 injection), by oral route (p.o.), on production of
TNF (A), IL-1B (B), IEN-y (C), IL-17 (D), IL-23 (E), CCL3 (F), IL-10 (G) and spleen wet
weight (H) in the model of MOGzss.s5-evoked EAE in C57BL/6 mice. Fingolimod was used as
a positive control drug for multiple sclerosis treatment. Differences in the cytokine formation
was determined by one-way analysis of variance, followed by Newman-Keuls post-hoc test.
Each point represents the mean and the vertical lines show the standard error mean. The
experimental N of each group is provided in the graphs (A-H). *p < 0.05, #p < 0.01 and **p <
0.001 significantly different from naive values. *p < 0.05, **p < 0.01 and ***p < 0.001
significantly different from vehicle values. ®p < 0.05 and **p < 0.01 and significantly different
from ziconotide values. CCL3 = chemokine (C-C motif) ligand 3; CFA = complete Freund’s
adjuvant; IFN-y = interferon-gamma; IL = interleukin; MOG = myelin oligodendrocyte
glycoprotein; PBS = phosphate-buffered saline; PTX = Pertussis toxin; TNF = tumor necrosis

factor; Veh = vehicle.
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Fig. 6 Effects of treatment with CTK 01512-2, ziconotide (Zico) (50 pmoles/site, dosed at days
4,10, 15, 20 and 24 days post-MOGas.ss), by intrathecal (i.t.) route, or fingolimod (0.3 mg/kg,
dosed once a day, beginning 7 days after the first MOGss.s5 injection), by oral route (p.o.), on
the following parameters: haematoxylin-eosin (HE, inflammation) staining (A), luxol fast blue
(LFB, demyelination) staining (B), immunohistochemical for glial fibrillary acidic protein
(GFAP, astrocytic marker) (C) and ionized-binding adapter molecule-1 (lba-1, microgila
marker) (D) in the model of MOGas.s5-evoked experimental autoimmune encephalomyelitis
(EAE) in C57BL/6 mice. Fingolimod was used as a positive control drug for multiple sclerosis
treatment. Dotted rectangles in the representative images demonstrate the accumulation of
inflammatory infiltrate and red arrows indicate the immunopositivity in lumbar cord (right

ventral horn). The images were captured in x200 magnification. Scale bar = 50 um.
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Fig. 7 CTK 01512-2 modulates MOGss-ss-induced inflammatory infiltration, demyelination,
astrocytic and microglial activation in the mouse brain and lumbar cord after 25 days. Effects
of treatment with CTK 01512-2, ziconotide (Zico) (50 pmoles/site, dosed at days 4, 10, 15, 20
and 24 days post-MOGsas.ss), by intrathecal (i.t.) route, or fingolimod (0.3 mg/kg, dosed once a
day, beginning 7 days after the first MOGas.ss5 injection), by oral route (p.o.), on inflammation
score (A, E), demyelination score (B, F), immunohistochemical for glial fibrillary acidic protein
(GFAP)-positive astrocytes (C, G) and ionized-binding adapter molecule-1(Ibal)-positive
microglia (D, H) in lumbar spinal cord and brain, respectively, in the model of MOG3s.s5-
evoked experimental autoimmune encephalomyelitis (EAE) in C57BL/6 mice. Fingolimod was
used as a positive control drug for multiple sclerosis treatment. Differences in the inflammatory
score, demyelination score, immunostaining for GFAP and Iba-1 were determined by one-way
analysis of variance, followed by Newman-Keuls or Bonferroni post-hoc test. Each point
represents the mean and the vertical lines show the standard error mean. The experimental N of
each group is provided in the graphs (A-H). *p < 0.05, #p < 0.01 and **p < 0.001 significantly
different from naive values. *p < 0.05, **p < 0.01 and ***p < 0.001 significantly different from

vehicle values.
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Fig. 8 Intrathecal CTK 01512-2 reduces the [®F]-FDG hypermetabolism associated with
MOGss.ss-induced experimental autoimmune encephalomyelitis (EAE) in mice. Schematic
representation shows the experimental design for the in vivo imaging studies (A) of EAE evoked
by MOGas.ss in female C57BL/6 mice. Effects of treatment with CTK 01512-2, ziconotide
(Zico) (50 pmoles/site, dosed at days 4, 10, 15, 20 and 24 days post-MOGss.ss), by intrathecal
(i.t.) route, or fingolimod (0.3 mg/kg, dosed once a day, beginning 7 days after the first MOGas.
55 injection), by oral route (p.o), on brain structures: cortex (B), striatum (C), amygdala (D),
hippocampus (E), brain stem (F) and cerebellum (G), in the model of MOG3s.s5-evoked EAE
in C57BL/6 mice. Fingolimod was used as a positive control drug for multiple sclerosis
treatment. Representative images of coronal (H1), sagittal (H2) and transverse (H3) planes in
EAE-affected mice treated with CTK 01512-2, ziconotide or fingolimod 23 days post-MOGz3s-
s5. Differences in the standardazied uptake value (SUV) was determined by two-way analysis
of variance. Each column represents the mean and the vertical lines show the standard error
mean. The experimental N of each group is provided in the graphs (B-G). #p < 0.05, #p < 0.01
and ##p < 0.001 significantly different from naive values. *p < 0.05, **p < 0.01 and ***p <
0.001 significantly different from vehicle values. ®p < 0.05 significantly different from

ziconotide values.
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Fig. 9 Systemic treatment with CTK 01512-2 reduces the symptoms caused by experimental
autoimmune encephalomyelitis (EAE) model in mice. Representative scheme (A) shows the
EAE induction during 25 days as well as the respective days of endogenous treatment with
vehicle, CTK 01512-2, ziconotide and fingolimod. Effects of treatment with CTK 01512-2
(CTK), ziconotide (Zico) (0,2 mg/kg, every 3 days, starting on day 7, after the first MOGas.ss5
injection), given by intravenous (i.v.) route, or fingolimod (Fingo, 0.3 mg/kg, dosed once a day,
beginning 7 days post-MOGssss application), by oral route (p.o.), on the mechanical
hypersensitivity (B), spatial memory test (C), motor coordination (D) and clinical score (E) in
the model of EAE-affected mice. Fingolimod was used as a positive control drug for multiple
sclerosis treatment. Differences in the behavioural tests were determined by one-way analysis
of variance, followed by Newman-Keuls post-hoc test. Each point represents the mean and the
vertical lines show the standard error mean. The experimental N of each group is described in
the graphs (A-D). ~To show the EAE model reproducibility, we showed six clinical scores of
vehicle-treated mice at onset of chronic phase (day 17). #p < 0.01 and *#p < 0.001 significantly
different from naive values. *p < 0.05 and ***p < 0.001 significantly different from vehicle
values. ¥%p < 0.001 significantly different from ziconotide values. B = baseline withdrawal
threshold; CFA = complete Freund’s adjuvant; MOG = myelin oligodendrocyte glycoprotein;
PBS = phosphate-buffered saline; PTX = Pertussis toxin; Veh = vehicle.
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Fig. 10 Schematic representation of the neuroinflammatory responses in MOGgs.ss-induced
experimental autoimmune encephalomyelitis (EAE) in mice, and the effects of spinal or
systemic treatment with recombinant peptide CTK 01512-2, ziconotide or fingolimod (orally).
(1) Subcutaneous (s.c.) injection of MOGgs.ss/CFA plus Pertussis toxin/PBS (intraperitoneally,
I.p.) induces peripheral autoreactive T cells in lymphoid organs. After, blood-brain barrier
disruption is necessary to (2) immune cell infiltration into the central nervous system (CNS), in
which autoreactive T cells acquire the ability to expand clonally. (3) The white blood cell
migration stimulates the production of pro-inflammatory cytokines, such as TNF, IL-1p, IFN-
v, IL-17, IL-23 and CCL3. (4) Consequently, these inflammatory mediators increase glial
activation (gliosis), including astrocyte and microglia cells. Together, the inflammatory
microenvironment promotes (3) axonal damage, leading to CNS demyelination. Oppositely, the
blockage of N-type VGCC and/or TRPA1 (?) by CTK 01512-2 diminishes the (5) inflammatory
infiltrate, demyelination, leptin levels, the production of pro-inflammatory cytokines, astrocytic
and microglial activation, brain glucose hypermetabolism, associated with an increase of the
(6) anti-inflammatory cytokine IL-10. CTK 01512-2 effects were mirrored by a reduction of
EAE-elicited MS-like symptoms and signals in female C57BL/6 mice. Treatment with the
selective N-type VGCC blocker ziconotide failed to attenuate the neuroinflammatory processes.
Fingolimod, an antagonist of sphingosine 1-phosphate receptor (S1RP), which inhibits T cell
egress, reduced partially these signals and symptoms related to EAE. CCL3 = chemokine (C-C
motif) ligand 3; CFA = complete Freund’s adjuvant; IFN = interferon; IL = interleukin; MOG
= myelin oligodendrocyte glycoprotein, TNF = tumor necrosis factor; TRPA1 = transient

receptor potential ankyrin 1; VGCC = voltage-gated calcium channel.
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Supplementary fig. 1 Experimental design phase 1 (A) and phase 2 (B) for the experimental
autoimmune encephalomyelitis (EAE) evoked by MOGssss in female C57BL/6 mice.
Representative scheme (A and B) shows the EAE induction during 25 days as well as the
respective days of treatment with vehicle, CTK 01512-2, ziconotide and fingolimod. In
experimental design phase 1 shows the behavioural studies performed as von Frey hairs, hot-
plate test, clinical score, neurological severity score and body weight during EAE model. In
phase 2, the behavioural tests evaluated were object location test, clinical score, neurological

severity score, rotarod and body weight.
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Supplementary fig. 2 Body weight (gain/loss) was assessed during 25 days after subcutaneous
administration of MOGss.ss. Effects of treatment with CTK 01512-2, ziconotide (Zico) (25, 50
or 100 pmoles/site, dosed at days 4, 10, 15, 20 and 24 post-MOGss.ss), by intrathecal (i.t.) route,
or fingolimod (0.3 mg/kg, dosed once a day, beginning 7 days after the first MOGazs.ss
injection), by oral route (p.0.), on body weight (gain/loss) (A) at day 5 (B), day 10 (C), day 15
(D), day 20 (E) and day 25 (F) in the model of MOGass.s5-evoked experimental autoimmune
encephalomyelitis (EAE) in C57BL/6 mice. Fingolimod was used as a positive control drug for
multiple sclerosis treatment. Differences in the gain and weight loss was determined by one-
way analysis of variance, followed by Newman-Keuls post-hoc test. Each column represents
the mean and the vertical lines show the standard error mean. The experimental N of each group
is provided in the graph A. #p < 0.05, #p < 0.01 and ##p < 0.001 significantly different from

naive values. **p < 0.01 and ***p < 0.001. MOG = myelin oligodendrocyte glycoprotein.
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Supplementary fig. 3 Cytokine production was measured by ELISA in spleen on day 25, after
MOGss.s5 elicited multiple sclerosis in mice. Effects of treatment with CTK 01512-2,
ziconotide (Zico) (50 pmoles/site, dosed at days 4, 10, 15, 20 and 24 days post-MOGas.ss), by
intrathecal (i.t.) route, or fingolimod (0.3 mg/kg, dosed once a day, beginning 7 days after the
first MOG35-55 injection), by oral route (p.0), on production of TNF (A), IL-1B (B), IFN-y (C),
IL-17 (D), IL-23 (E), CCL3 (F) and IL-10 (G) in the model of MOG3s.55-evoked experimental
autoimmune encephalomyelitis (EAE) in C57BL/6 mice. Fingolimod was used as a positive
control drug for multiple sclerosis treatment. Differences in the cytokine formation was
determined by one-way analysis of variance, followed by Newman-Keuls post-hoc test. Each
column represents the mean and the vertical lines show the standard error mean. The
experimental N of each group is provided in the graphs (A-G). *p < 0.05, #p < 0.01 and **p <
0.001 significantly different from naive values. *p < 0.05, **p < 0.01 and ***p < 0.001
significantly different from vehicle values. ®p < 0.05 and **p < 0.01 and significantly different
from ziconotide values. CCL3 = chemokine (C-C motif) ligand 3; CFA = complete Freund’s
adjuvant; IFN-y = interferon-gamma; IL = interleukin; MOG = myelin oligodendrocyte
glycoprotein; PBS = phosphate-buffered saline; PTX = Pertussis toxin; TNF = tumor necrosis

factor; Veh = vehicle.
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Supplementary fig. 4 Cytokine activity was evaluated 25 days after subcutaneous application
of MOGss.s5 in serum. Effects of treatment with CTK 01512-2, ziconotide (Zico) (50
pmoles/site, dosed at days 4, 10, 15, 20 and 24 days post-MOGss.s5), by intrathecal (i.t.) route,
or fingolimod (0.3 mg/kg, dosed once a day, beginning 7 days after the first MOGa3s.s5
injection), by oral route (p.o), on production of TNF (A), IL-1B (B), IFN-y (C), IL-17 (D), IL-
23 (E), CCL3 (F) and IL-10 (G) in the model of MOGs3s.s5-evoked experimental autoimmune
encephalomyelitis (EAE) in C57BL/6 mice. Fingolimod was used as a positive control drug for
multiple sclerosis treatment. Differences in the cytokine production was determined by one-
way analysis of variance, followed by Newman-Keuls post-hoc test. Each column represents
the mean and the vertical lines show the standard error mean. The experimental N of each group
is provided in the graphs (A-G). #p < 0.05 significantly different from naive values. **p < 0.01
significantly different from vehicle values. CCL3 = chemokine (C-C motif) ligand 3; CFA =
complete Freund’s adjuvant; IFN-y = interferon-gamma; IL = interleukin; MOG = myelin
oligodendrocyte glycoprotein; PBS = phosphate-buffered saline; PTX = Pertussis toxin; TNF

= tumor necrosis factor; Veh = vehicle.
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Supplementary fig. 5 Effects of treatment with CTK 01512-2, ziconotide (Zico) (50
pmoles/site, dosed at days 4, 10, 15, 20 and 24 days post-MOGssss), by intrathecal (i.t.) route,
or fingolimod (0.3 mg/kg, dosed once a day, beginning 7 days after the first MOGa3s.s5
injection), by oral route (p.0), on the representative images of haematoxylin-eosin (HE,
inflammation) staining (A), luxol fast blue (LFB, demyelination) staining (B),
immunohistochemical for glial fibrillary acidic protein (GFAP, astrocytic marker) (C) and
ionized-binding adapter molecule 1 (Ibal, microglia marker) (D) in the model of MOGas.s5-
evoked EAE in C57BL/6 mice. Fingolimod was used as a positive control drug for multiple
sclerosis treatment. Dotted rectangles demonstrate the accumulation of inflammatory infiltrate
and red arrows indicate the immunopositivity in brain (cerebral cortex). The images were

captured in X100 magnification. Scale bar = 50 um.
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Supplementary fig. 6 Effects of treatment with CTK 01512-2, ziconotide (Zico) (50
pmoles/site, dosed at days 4, 10, 15, 20 and 24 days post-MOGssss), by intrathecal (i.t.) route,
or fingolimod (0.3 mg/kg, dosed once a day, beginning 7 days after the first MOGa3s.s5
injection), by oral route (p.0), on [*®F]-FDG metabolism of the following brain regions:
thalamus (A), hypothalamus (B), superior colliculi (C), inferior colliculi (D), midbrain (E) and
cingulate cortex in the model of MOGgss5-evoked experimental autoimmune encephalomyelitis
(EAE) in C57BL/6 mice. Fingolimod was used as a positive control drug for multiple sclerosis
treatment. Differences in the standardized uptake value (SUV) was determined by two-way
analysis of variance. Each column represents the mean and the vertical lines show the standard
error mean. The experimental N of each group is provided in the graphs (A-F). #p < 0.05, #p <
0.01 and *#p < 0.001 significantly different from naive values. *p < 0.05, **p < 0.01 and ***p
< 0.001 significantly different from vehicle values. *p < 0.05 significantly different from

ziconotide values.
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Supplementary fig. 7 Recombinant peptide CTK 01512-2 treatment prevents MOGs3s.ss-
evoked activity loss in mice. Effects of treatment with CTK 01512-2 (CTK), ziconotide (Zico)
(0,2 mg/kg, every 3 days, starting on day 7, after the first MOGa3s.s5 injection), by intravenous
(i.v.) route, or fingolimod (Fingo, 0.3 mg/kg, once a day, beginning 7 days post-MOGas.s5
application) by oral route (p.o.), on the ambulatory movement (A), travelled distance (B) and
speed (C) in the model of experimental autoimmune encephalomyelitis (EAE)-affected mice.
Representative images of the mouse movements (D) through the arena, 23 days after MOGas.s5
application according to the respective treatments. Fingolimod was used as a positive control
drug for multiple sclerosis treatment. Differences in the behavioural tests were determined by
one-way analysis of variance, followed by Newman-Keuls post-hoc test. Each point represents
the mean and the vertical lines show the standard error mean. The experimental N of each group
is described in the graphs (A-C). *p < 0.05 and #p < 0.01 significantly different from naive
values. *p < 0.05 significantly different from vehicle values. B = baseline; CFA = complete
Freund’s adjuvant; MOG = myelin oligodendrocyte glycoprotein; PBS = phosphate-buffered

saline; PTX = Pertussis toxin; Veh = vehicle.
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Supplementary fig. 8 Effects of treatment with CTK 01512-2 (CTK), ziconotide (Zico) (0,2
mg/kg, every 3 days, starting on day 7, after first MOGs3s.s5 injection), given by intravenous
(i.v.) route, or fingolimod (Fingo, 0.3 mg/kg, once a day, beginning 7 days post-MOGas.s5
application) given by oral route (p.0.), on the thermal nociception (A), body weight (gain/loss)
(B) and spleen wet weight (C) in the model of MOGss.ss-caused experimental autoimmune
encephalomyelitis (EAE) in C57BL/6 mice. Fingolimod was used as a positive control drug for
multiple sclerosis treatment. Differences in the hot-plate test, body and spleen weight were
determined by one-way analysis of variance, followed by Newman-Keuls or Bonferroni post-
hoc test. Each point represents the mean and the vertical lines show the standard error mean.
The experimental N of each group is described in the graphs (A-C). #p < 0.01 and *#p < 0.001
significantly different from naive values. **p < 0.01 and ***p < 0.001 significantly different
from vehicle values. **p < 0.01 and %*p < 0.001 significantly different from ziconotide values.
B = baseline; CFA = complete Freund’s adjuvant; MOG = myelin oligodendrocyte
glycoprotein; PBS = phosphate-buffered saline; PTX = Pertussis toxin; Veh = vehicle.
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administration of CTK 01512-28 on several

EAE Naive +Veh + CTK 01512-2 +Zico +Fingo
model (0.2 mg/kqg) (0.2 mg/kg) | (0.3 mg/kg)
Mean + SEM
Von Frey | 48.33+5.27 | 131.66 86.66 + 4.94 132.50 + 96.66 + 7.60
hair 5.11 SSS 5.28 %S
(AUC) HH HHE
Hot-plate | 49.80+2.37 | 29.28 + 40.33+1.61 29.16 +2.05 | 36.42+0.90
(AU C) 1.22 *xx [ $5$ HiH ** [ $$
Hitt
Rotarod 172.00 + 107.16 + | 146.50 + 12.68 116.58 + 134.66 +
(AUC) 5.01 17.34 - 12.60 14.46
#i#
Clinical 0.33+0.21 18.00 + 11.75+0.52 18.08 +1.43 | 12.08 £0.70
score 1.12 *xx [ $$$ i x| $$$
(AUC) i
Ambulatory | 398.16 + 223.35+ | 355.33 +20.00 223.00 £ 287.41 £
movement 18.09 20.94 * 50.53 21.94
(AUC) # p = 0.0605
Distance 2542 £1.52 13.24 + 21.95+1.48 1764 +2.38 | 18.36 £ 1.46
(AUC) 1.49 - * *
#i
Speed 85.52+450 | 51.65% 74.04 + 4,96 61.99+8.96 | 63.15+4.39
(AUC) 3.88 * p =0.0785
##
Spatial 71.66+3.40 | 27.66+ 43.50 £ 3.99 27.33+249 | 27.16 +5.19
memory 4.83 L i #
test i
Spleen wet | 0.056£0.03 | 0.142 + 0.105+0.01 0.154+£0.01 | 0.127 +£0.01
weight 0.01 1558
Hit

$The effects of CTK 01512-2 (dosed i.v.) were compared to those displayed by ziconotide (i.v.)

or fingolimod (p.o.).

#1 < 0.01 and #*p < 0.001 significantly different from naive values.

*p <0.05, **p < 0.01 and ***p < 0.001 significantly different from vehicle values.

$%%p < 0.001 significantly different from ziconotide values.

AUC = area under curve.
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CAPITULO Il

CONSIDERACOES FINAIS

No mundo, a EM afeta aproximadamente 2,5 milhGes de pessoas. Em nimeros absolutos
é uma prevaléncia global pequena. Todavia, terapias para EM tém sido um dos segmentos do
mercado biofarmacéutico mais promissores, com mais de cinco novos medicamentos aprovados
desde 2010; isto é, ha um grande investimento na pesquisa basica e clinica para o
desenvolvimento de farmacos para o tratamento da doenca. Mercadologicamente falando, as
terapias para EM cresceram a uma taxa de 12% ao ano, de 2011 a 2016.

Até o presente momento, existem trés importantes areas de inovagdo para o tratamento
da EM: novos imunomoduladores, agentes moduladores do receptor de esfingosina 1-fosfato
(S1PR) e neurorestauradores. Os novos imunomoduladores buscam uma eficécia e seguranca
superior aos farmacos de geracGes anteriores, e 0 mecanismo de acdo continua sendo a inibico
de componentes autoimunes da EM, diminuindo os danos a bainha de mielina dos neurdnios.
Os moduladores de S1PR estdo envolvidos na atenuacdo da proliferacdo celular, angiogénese e
migracdo de células imunes. O fingolimode, agente utilizado neste estudo como controle
positivo, foi o primeiro modulador S1PR aprovado para o tratamento da EM de por via oral,
em 2010, nos EUA. Considerando o ano de 2016, o valor em vendas para esse farmaco foi de
aproximadamente US$ 3 bilhdes em todo o mundo. Entretanto, o seu uso é limitado devido aos
riscos cardiacos, causando bradicardia e desenvolvimento da sindrome do QT longo. Vérios
outros moduladores de S1PR estdo sendo estudados para entrar no mercado, incluindo
ozanimode, ponesimode e sinponimode. Todos ainda se encontram em estudos de fase I11. Por
ultimo, a neurorestauracdo, que representa uma abordagem nova, vai além da modulacdo da
inflamacéo, tendo o objetivo de restaurar a incapacidade neuroldgica. Um exemplo recente € o
opicinumabe, um anticorpo monoclonal contra a proteina LINGO1, que tem como efeito
promover a remielinizacdo. Entretanto, resultados de ensaios clinicos de fase Ilb mostraram
ineficacia do farmaco candidato em desfechos primarios como: melhora da incapacidade
neuroldgica, sintomas neurofisicos e cogni¢do. Metaforicamente observando, as cartas foram
langadas na mesa, e 0 jogador que as utilizar com maestria ird derrotar a banca (EM).

E improvavel que uma doenga tdo complexa como a EM possa ser interrompida visando
um unico alvo farmacologico, de modo que, o tratamento da forma progressiva, provavelmente,
exija uma combinacédo de terapias, somado aos cuidados ndo-medicamentosos. A evidéncia de
que isso ¢ viavel vem de doencas cardiovasculares, isto €, onde hé aplicagdo da “polifarmécia”,

dietas nutricionais e exercicio fisico. O tratamento combinado personalizado talvez seja um
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futuro proximo, e exigird uma grande revisdo das abordagens para o desenvolvimento de
medicamentos e ensaios clinicos, incluindo novas maneiras de medir o risco-beneficio por
paciente. Ademais, deve-se buscar biomarcadores e desenvolver algoritmos que possam
classificar os pacientes de acordo com seu risco de progressao da doenca, permitindo que as
decisdes de tratamento sejam baseadas em alteracdes subclinicas e respostas ao tratamento.
Nos altimos 10 anos de pesquisa basica e clinica em EM, consolidou-se uma histdria de
grande avanco terapéutico para neurologia. No entanto, ficaram extensas lacunas a serem
preenchidas. O presente trabalho elucidou importantes questdes de sinalizacéo celular, trazendo
novas evidéncias sobre a relevancia do calcio na EM, bem como, apresentando novas
perspectivas de tratamento. Para a proxima década, um dos grandes desafios do tratamento da
EM sera entregar medicamentos especificos para forma progressiva da doenca, ampliando o
uso desses farmacos em distdrbios cerebrais cronicos associados as patologias

neuroinflamatérias.
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CAPITULO IV

PERSPECTIVAS
Avaliar os efeitos de diferentes doses de CTK 01512-2 (0,6 e 1,8 mg/kg), por via
endovenosa, assim como, a combinacdo de CTK 01512-2 + fingolimode (via oral),
sobre os sinais e sintomas relacionados a EAE, apo6s a injecdo de MOGss.s5 em
camundongos;
Analisar o efeito sistémico de CTK 01512-2, sobre expressdo dos canais de calcio
voltagem-dependentes do tipo N, receptores de potencial transitorio anquirina 1 na
medula espinhal e encéfalo, através da técnica de Western Blot, 25 dias ap6s a inducéo
de EAE em camundongos;
Realizar a quantificacdo de célcio intracelular em tipos celulares como: neurdnio,
oligodendrdcito e astrdcito sob o tratamento com CTK 01512-2, através da técnica de
Patch-Clamp;
Avaliar os efeitos de CTK 01512-2 e CTK 01512-2 + fingolimode sobre linfocitos T,
oligodendrdcitos e axdnios mielinizados, no cérebro e medula espinhal, através da
técnica de imunofluorescéncia, no modelo de EAE por meio da aplicacdo de MOGas.s5
em camundongos;
Avaliar a toxicidade cronica do tratamento sistémico de CTK 01512-2 e CTK 01512-2
+ fingolimode, sobre parametros hepaticos, cardiacos e metabdlicos, no modelo animal
de EM induzido pelo peptideo MOGss.ss;
Verificar a proliferacdo de linfocitos T do sistema nervoso central (ex vivo) e a producao
citocinas pré-inflamatorias (TNF, IL-1p, IL-6, IL-17, IFN-y) apds a incubagdo de CTK
01512-2 e CTK 01512-2 + fingolimode.
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- PRO-REITORIA DE PESQUISA, INOVAGAO € DESENVOLVIMENTO
PUCRS COMISSAD DE ETICA NO USD DE ANINAS
Oficio 86/2014 - CEUA Porto Alegre, 14 de novembro de 2014.

Prezado Sr(a). Pesquisador(a),

A Comissao de Ftica no Uso de Animais da PUCRS apreciou e aprovou seu
Protocolo de Pesquisa, registro CEUA 14/00424, intitulado “Caracterizacdo dos
efeitos da isoforma Pha1f do veneno da aranha Phoneutria nigriventer no
modelo de encefalomielite autoimune experimental”.

Sua investigagio, respeitando com detalhe as descrigdes contidas no projeto e
formularios avaliados pela CEUA, esta autorizada a partir da presente data.

Informamos que & necessaric © encaminhamento de relatério final quando
finalizar esta investigagao. Adicionalmente, ressaltamos que conforme previsto na Lei
no. 11794, de 08 de outubro de 2008 (Lei Arouca), que regulamenta os
procedimentos para o uso cientifico de animais, & fungdo da CEUA zelar pelo
cumprimento dos procedimentos informados, realizando inspecoes penddicas nos
iocais de pesquisa.
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\ N° de Animais ~ Espécie 1 ‘Duragao do Projeto !

i- 324 Mus musculus | 11/2014 — 11/2018 |

I E : e |
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Prof Dr. Jo4o Batista Blessmann Weber
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