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RESUMO

Introducdo: A doenca falciforme (DF) € uma condi¢do inflamatéria associada a
crises vaso-oclusivas e hemolise intravascular. Os polimorfismos nos genes
SERPINAL1 e mieloperoxidase (MPO) -463G>A estdo associados a complicacbes
vasculares na DF. Pacientes com DF sao tratadas com hidroxiureia (HU), que
aumenta os niveis de hemoglobina fetal (HbF) e diminui a contagem de leucdcitos.
Os receptores do tipo Toll (TLR) desempenham papel importante na manutencéo do
estado inflamatorio observado nestes pacientes e o inflamassoma associado a
proteina 3 do receptor tipo NOD (NLRP3) poderia contribuir para essa inflamacao,
uma vez que o conteudo eritride atua como sinais de perigo (eDAMPS) para ativar
esta via. Objetivos: O objetivo geral desse trabalho foi avaliar a possivel
interferéncia de polimorfismos nos genes da MPO e SERPINA1 em pacientes com
DF na resposta ao tratamento com HU e investigar se esse tratamento pode
interferir na expressao génica de TLR e NOD induzida por hemécias dos pacientes
com anemia falciforme (AF). Os objetivos especificos foram avaliar a associacao
entre esses polimorfismos e aspectos clinicos e laboratoriais em resposta ao
tratamento com HU; a expressdo de TLR2, TLR4, TLR5 e TLR9 em células
mononucleares do sangue periférico (PBMC) de pacientes com AF e o papel que os
eritrécitos desempenham na inducdo da expressao dos TLR, e o efeito in vitro da
HU; investigar a expressdo de NLRP3, caspase-1, interleucina (IL)-18 e IL-18 em
PBMC de pacientes com AF e o papel que os eritrocitos exercem na expressao
dessas moléculas, além do efeito in vitro da HU. Métodos: Foram analisadas
amostras de sangue de 356 pacientes com DF e 100 voluntarios saudaveis.
Sessenta e nove pacientes foram rastreados para o polimorfismo -463G>A MPO e
129 para SERPINA1 por métodos baseados em PCR e enzimas de restricdo. PBMC
e hemacias de pacientes com AF (SS-RBC) e voluntarios saudaveis (AA-RBC)
foram obtidos. PBMCs foram estimulados com SS- ou AA-RBC na presenca de HU.
Expressdes génicas de TLRs e NOD foram avaliadas por gPCR. As producdes de
leucotrieno-B4 (LTBy,), IL-1B e proteina ligadora (BP) de IL-18 foram determinadas
por ELISA, e a producdo de nitrito foi medida pela reacdo de Griess. Resultados:
Entre os pacientes com DF em uso de HU, aqueles com o polimorfismo para MPO
apresentaram niveis aumentados de ferritina e de HbF, ao passo que estes
parametros nao estiveram alterados em pacientes tratados e sem o polimorfismo.
Em contraste, pacientes com DF com polimorfismo SERPINA1l apresentaram
aumento dos niveis de ferritina e diminuicdo dos niveis de alfa-1 antitripsina (AAT).
O tratamento com HU coincidiu com niveis elevados de ferritina em ambos o0s
grupos, ao passo que os niveis de AAT foram reduzidos apenas no grupo mutante.
Os pacientes tratados com HU sem polimorfismo SERPINAL apresentaram reducao
na contagem de leucocitos e nos niveis de AAT. TLR2, TLR4 e TLR5 estiveram
altamente expressos em PBMC de pacientes com AF, em comparagcdo com
voluntarios saudaveis, enquanto a expressao de TLR9 foi similar em ambos os
grupos. Além disso, hemacias intactas de pacientes com AF ou submetidas a lise
(SS-RBC), mas nédo dos voluntarios sadios (AA-RBC), induziram a expressao de
TLR9, e tanto as AA- quanto SS-RBC lisadas induziram a expressao de TLR2, TLR4



e TLR5. Curiosamente, o tratamento com HU aumentou a expresséo de TLR2 e ndo
interferiu na expressao de outros TLRs. Embora SS-RBC induza producédo de LTB4
e de nitrito, a HU ndo impede secrecdo de LTB4, mas reduz a producdo de nitrito.
NLRP3 e IL-1B sdo altamente expressos em PBMC de pacientes com AF quando
em comparacdo com voluntarios saudaveis. Adicionalmente, mostramos que SS-
RBC intactas ou submetidas a lise, mas ndo AA-RBC, induziram a expressao de
caspase-1 e IL-18, e AA-RBC lisadas induziram a expressao de NLRP3 e IL-1B3. Os
SS-RBCs integros, mas ndo AA-RBCs, induziram a producéo de IL-13. O tratamento
com HU néo interferiu na expressao de proteinas do inflamassoma associado ao
NLRP-3, ao passo que induziu a produgcdo de IL-18BP. Concluséo: Estes
resultados em conjunto indicam que as alteragcbes genéticas, tais como
polimorfismos em genes de MPO e SERPINAL, interferem na resposta ao
tratamento com HU. Também ficou evidente que hemacias, especialmente SS-RBC,
agem como eDAMPs, estimulando a expressao de TLR e NOD, contribuindo para a
inflamacédo. O uso de HU nédo impede a inflamacédo dependente de TLR e da
plataforma do inflamassoma associada ao NLRP3. Estes conhecimentos podem
levar ao desenvolvimento de novas estratégias terapéuticas que atuem em vias
diferentes daquelas observadas para HU.

Palavras-chave: Anemia falciforme; hidroxiureia; polimorfismo de mieloperoxidase;
gene SERPINAL; inflamagéao via Toll; inflamassoma
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ABSTRACT

Introduction: Sickle cell disease (SCD) is an inflammatory condition associated with
vaso-occlusive and painful episodes intravascular hemolysis. SERPINA1 and
myeloperoxidase (MPO)-463G>A gene polymorphisms are associated with vascular
complications in sickle cell disease (SCD). SCD patients are treated with
Hydroxyurea (HU), which increases levels of fetal hemoglobin (HbF) and decreases
leukocytes. Toll-like receptors (TLR) play important role in the maintenance of the
inflammatory status observed in these patients and the nod-like receptor protein 3
(NLRP3)-inflammasome platform could contribute this inflammation, since erythroid
contents acts as danger signals (eDAMPs) for activating this pathway. Objectives:
The aim of this study was to evaluate the possible influence of MPO and SERPINA1
genes polymorphisms in SCD patients in response to HU treatment and investigate
whether this treatment can interfere with gene expression of TLR and NOD-induced
red cells of patients with sickle cell anemia (SCA). The specific objectives were to
evaluate the association between these polymorphisms and clinical and laboratory
aspects in response to HU treatment; to evaluate the expression of TLR2, TLRA4,
TLR5 and TLR9 in peripheral blood mononuclear cells (PBMC) of SCA patients and
the role that erythrocytes plays in the expression of these TLRs, and in vitro effect of
Hydroxyurea; to investigate the expression of NLRP3, Caspase-1, interleukin (IL)-1
and IL-18 in PBMC of SCA patients and the role that erythrocytes plays in the
expression of these molecules, and in vitro effect of Hydroxyurea. Methods: Blood
samples from 356 SCD patients and 100 healthy volunteers were analyzed. Sixty-
nine patients were screened for -463G>A MPO and 129 for SERPINA1
polymorphisms by RT-PCR-based methods. PBMC and red blood cells of SCA
patients (SS-RBC) and healthy volunteers (AA-RBC) were obtained. PBMC were
challenged with SS- or AA-RBC in presence of hydroxyurea (HU). TLRs and NODs
gene expressions were performed by gPCR. Leukotriene-B4 (LTB,), IL-1 and IL-18
bind protein (BP) production were performed by Elisa. Nitrite production was
measured by Griess reaction. Results: In the general SCD patients, independent of
gene polymorphisms, HU-treated individuals exhibit increased levels of serum ferritin
and HbF and reduction of leukocytes count. The MPO polymorphism was associated
with reduction in platelet and leukocytes counts. Under HU treatment, patients with
MPO polymorphism showed increased levels of ferritin and HbF, whereas these
parameters were not changed after treatment of patients without polymorphism. In
contrast, SCD patients with SERPINAL polymorphism presented increased levels of
ferritin and decreased levels of Alpha-1 antitrypsin (AAT). HU treatment significantly
increased ferritin levels in both groups, whereas AAT were reduced only in the
mutant group. HU-treated patients without SERPINAL1 polymorphism exhibit
reduction in total leukocytes count and AAT levels. TLR2, TLR4 and TLR5 are highly
expressed in PBMC of SCA patients, comparing to healthy volunteers, whereas
TLR9 expression was similar in both groups. Additionally, intact or lysed SS-RBC, but
not AA-RBC, induces TLR9 expression, and lysed, both AA- and SS-RBC, induces
expression of TLR2, TLR4 and TLRS5. Interestingly, HU treatment increases
expression of TLR2 and does not interfere with expression of other TLRs. Moreover,



although SS-RBC induces LTB,4 and Nitrite, production, HU does not prevent LTB4
but reduces nitrite production. NLRP3 and IL-13 are highly expressed in PBMC of
SCA patients when compared to healthy volunteers. In addition, we showed that
intact or lysed SS-RBC, but not AA-RBC, induces Caspase-1 and IL-18 expression,
and lysed AA-RBC induces expression of NLRP3 and IL-1B. Moreover, Intact SS-
RBC, but not AA-RBC, induces production of IL-13. Treatment with hydroxyurea (HU)
showed no interference with the expression of NLRP-3-inflammasome proteins,
whereas induced production of IL-18BP. Conclusion: These results together point
out that genetic change, such as mutations in MPO and SERPINAL genes, interfere
with the response to HU treatment. In addition, there are more evidence that RBCs,
especially SS-RBCs, act as eDAMPs, stimulating TLR and NOD expression and
contributing to inflammation. This study highlighted that HU does not prevent TLR-
and NLRP3-inflammasome-dependent inflammation. This knowledge could lead to
the development of new therapeutic strategies, which act in different ways from those
given by hydroxyurea.

Keywords: Sickle cell anemia; hydroxyurea; myeloperoxidase gene polymorphism;
SERPINAL gene polymorphism; toll-dependent inflammation; inflammasome
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1 INTRODUCAO

A doenca falciforme (DF) € uma desordem genética caracterizada pela
presenca da hemoglobina S (HbS) e quadro inflamatério persistente. A HbS decorre
de uma mutacdo de ponto no sexto cédon do gene beta (HBB) da globina
(GAG>GTG), com substituicdo do &cido glutdmico por valina, na cadeia
polipeptidica beta. A DF é uma doenca hereditaria monogénica, cuja homozigose
para o alelo beta S (B°) (HbSS) é denominada anemia falciforme (AF), a forma mais
grave da doenca. Entretanto, outros genétipos descritos para a DF sdo decorrentes
da combinacdo da HbS com outras Hb variantes ou com alteracbes de sintese da
globina ou talassemia. A HbS polimeriza em condi¢cdes de hipdxia, modificando a
forma dos eritrocitos, no fenbmeno conhecido como falcizacdo, que contribui para a
ocorréncia de hemdlise precoce e infartos teciduais. O individuo heterozigoto para o
alelo B°, ou portador do genédtipo HbAS, é assintomatico (WEATHERALL e
PROVAN, 2000; STEINBERG, 2008; TAYLOR et al., 2008).

As crises vaso-oclusivas sdo as causas mais frequentes de hospitalizacéo e
Obito nos individuos com DF. A hemdlise e a liberagcdo de moléculas associadas ao
catabolismo da Hb tais como heme, Hb livre e ferro, criam um ambiente proé-
oxidante, contribuindo para a producdo de espécies reativas de oxigénio (ROS) e
nitrogénio (RNS), com ativacao de leucécitos, plaquetas, eritrécitos, reticuldcitos e
células endoteliais vasculares, levando a reducdo na biodisponibilidade do 6xido
nitrico (NO), caracteristica primaria da disfuncdo endotelial. O aumento na
expressdo de moléculas de adesdo nos eritrécitos falcizados e nos reticuldcitos
(principalmente CD36, CD71 e anexina V), bem como em leucdcitos, plaguetas
(CD61 e CD62) e endotélio vascular, favorece os fenébmenos vaso-oclusivos,
propiciando a ocorréncia de crises de dor, que envolvem articulagbes, abdome ou
orgédos diversos. O paciente com DF possui susceptibilidade exacerbada a infeccdes
em decorréncia da asplenia funcional, além do risco aumentado para alteracdes
neuroldgicas, 6sseas, pulmonares e renais, entre outras (EBERHARDT et al., 2003;
COVAS et al., 2004; MORRIS et al., 2008; STEINBERG, 2008).

Em circunstancias normais, a oxido nitrico sintase (NOS) produz niveis basais
de NO, que sdo importantes na manutencdo da homeostase vascular. Entretanto,
este equilibrio é alterado durante a hemdlise intravascular ocorrida na DF,

principalmente devido ao aumento de arginase e consumo de arginina, com
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repercussdo na biodisponibilidade de NO. As hemécias falcizadas ou ndo e os
reticulécitos, bem como os seus produtos de lise, induzem a disfuncdo vascular
cronica e aumentam 0s niveis sistémicos de citocinas inflamatérias, mobilizando
células mononucleares — as principais células da resposta imune inata- propiciando
sua adesdo ao endotélio vascular e contribuindo para os episddios vaso-oclusivos
(SWITZER et al., 2006; CONRAN et al., 2007; WOOD, HSU e GLADWIN, 2008;
ZENNADI et al., 2008).

Os produtos do metabolismo do NO, tais como nitrito e nitrato, encontram-se
aumentados no ambiente inflamatério vascular presente na DF, implicando na
reducdo da quantidade de NO bioativo. Isso contribui para a disfuncdo vascular e
propagacdo da resposta inflamatoria em uma reacdo de ativacdo em cascata de
hemacias, plaguetas, células endoteliais e leucocitos. Estes Ultimos estéo
representados principalmente por mondcitos e linfocitos, além de células imaturas,
como as células linfoides (ILCs) e linfécitos natural killer (NKT), que participam
ativamente da amplificacdo da resposta inflamatéria na DF (ZENNADI et al., 2008;
NATHAN et al., 2012).

Nesse contexto, a ativacdo continua das células do sistema imune inato,
principalmente mondcitos e linfécitos, contribui para o aumento da secrecdo de
citocinas proinflamatorias, como interleucina (IL)-1p e IL-18; ativacdo de enzimas
pré-oxidantes e inflamatorias, tal como a mieloperoxidase (MPO); além da reducéo
da atividade de enzimas anti-inflamatérias, como a alfa-1 antitripsina (AAT),
reforcando seu papel na manutencdo do quadro inflamatério na doenca (CAJADO et
al., 2011; CERQUEIRA et al., 2011; PITANGA et al., 2013).

A MPO é uma NO oxidase produzida, principalmente, por mondcitos e
neutréfilos ativados. Modula a resposta inflamatéria vascular e contribui para a
reducado da biodisponibilidade do NO bioativo (EISERICH et al., 2002; GALIJASEVIC
et al., 2006), e disfuncdo do endotélio vascular (ZHANG et al., 2013). Esta enzima e
seus produtos de ativacdo estdo aumentados em condi¢des inflamatdrias, como em
pacientes com DF, principalmente durante os episddios de crise vaso-oclusiva ou
quadros infecciosos, sugerindo que esta enzima pode contribuir diretamente para a
resposta vascular e na protecao contra infecgdes (EISERICH et al., 2002; COSTA et
al., 2005; REES, WILLIAMS e GLADWIN, 2010).

A enzima AAT é sintetizada predominantemente em hepatdcitos e secretada no

plasma, apresenta seus niveis sericos aumentados durante o processo inflamatorio
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ou lesdo tecidual e esta associada a inibicAo de proteases, especialmente a
elastase, uma enzima proteolitica produzida por leucdcitos e relacionada a
patogénese da DF (RUDNICK e PERLMUTTER, 2005).

A resposta imune inata € a primeira linha de defesa contra patdgenos, além de
ser o principal responsavel por manter a funcdo homeostatica dos tecidos, como
durante o reparo tecidual apos lesdo estéril. As células do sistema imune inato
devem ser capazes de diferenciar o proprio do nao-préprio, o que inclui diferenciar
microrganismos benéficos da microbiota normal de outros patogénicos (RICCIARDI-
CASTAGNOLI e GRANUCCI, 2002).

O sistema imune inato, além de reconhecer padrdes moleculares associados a
patébgenos (PAMPs, pathogen-associated molecular patterns), reconhece padrbes
moleculares associados ao perigo (DAMPs, damage-associated molecular pattern
molecules), os quais sdo proteinas citosélicas ou nucleares liberadas em diversas
situagdes de “perigo”, como no caso do estresse celular constante observado em
células endoteliais de pacientes com AF. A ativacdo do sistema imune inato, tanto a
partir da presenca de patdgenos, como de origem nao-infecciosa, é responsavel por
iniciar e manter a resposta inflamatéria enquanto houver contato com o agente
desencadeador (VANCE, ISBERG e PORTNOY, 2009; CERQUEIRA et al., 2011).
Os PAMPs e DAMPs séao reconhecidos por diversas células da linha de defesa
inicial que expressam receptores de reconhecimento padrdo (PRRs), como
monaocitos, macrofagos, células dendriticas, neutréfilos e células epiteliais. Os
receptores do tipo Toll (TLRs) sdo PRRs presentes majoritariamente na superficie da
célula (mas alguns tipos, como o TLR9, podem ser encontrados em endossomos),
0os quais reconhecem DAMPs e PAMPs associados a patdgenos intra ou
extracelular. Os receptores do tipo NOD (NLRs) auxiliam a resposta imune inata por
meio do reconhecimento de PAMPs e DAMPs (VANCE, ISBERG e PORTNOY,
2009; SCHRODER e TSCHOPP, 2010; LATZ, XIAO e STUTZ, 2013).

O paciente com DF apresenta quadro inflamatério persistente, diretamente
relacionado as complicacbes clinicas mais graves dessa doenca, que vao desde
acidente vascular cerebral (AVC) a hipertensdo pulmonar e alteracbes
cardiovasculares (GLADWIN et al., 2004; SCHNOG et al., 2004; WOOD, HEBBEL e
GRANGER, 2004; KATO et al., 2009). Embora esse quadro inflamatério contribua
decisivamente para o numero de hospitalizacfes e Obitos nesses pacientes, até o

presente momento, 0 Unico agente farmacoldgico mundialmente liberado para o
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tratamento de pacientes graves com DF € o antineoplasico hidroxiureia (HU). Este
farmaco estad diretamente associado a melhora clinica do paciente, pois induz
aumento nos niveis de Hb fetal (HbF), contribuindo para a reducéo na incidéncia de
eventos vaso-oclusivos; esta associado a reducdo na contagem de leucdcitos e
expressdo de moléculas de adesdo (PLATT, 2008). Entretanto, pouco se sabe a
respeito da resposta ao tratamento com HU e sua acédo nas vias da inflamacgéao
dependentes dos receptores tipo Toll e NOD, ou se a resposta ao tratamento sofre
interferéncia na presenca de polimorfismos genéticos em moléculas associadas a
inflamac&o, como os descritos nos genes MPO e SERPINA1l, uma vez que 0s
pacientes respondem de maneira diferenciada a HU (GREEN e BARRAL, 2011,
BARBOSA et al., 2014)

Dessa forma, na tentativa de melhor compreender os mecanismos associados
a agentes que possam estar contribuindo para o quadro inflamatério recorrente dos
pacientes com DF, torna-se essencial investigar a associagdo dos polimorfismos em
genes responsaveis pela sintese de MPO e AAT nestes pacientes bem como suas
associacbes com marcadores hematoldgicos e bioquimicos, e avaliar se estas
alteracdes genéticas afetam a resposta ao tratamento com HU. Além disso, é de
fundamental importancia a compreenséo dos mecanismos envolvidos na ativacao da
imunidade inata nesses pacientes, mediada por TLR e NOD, bem como a possivel
interferéncia na expressao destes receptores durante o tratamento com HU, uma vez
gue estes sao relacionados as duas principais vias da inflamacdo Portanto, a
compreensao do papel desses polimorfismos e receptores da resposta imune inata
frente a hemacias falcizadas, ou produtos da hemolise, na presenca ou ndao de HU,
contribuird com informacfes relevantes que podem melhorar o tratamento dos
pacientes com DF, uma condicdo patolégica grave que acomete cerca de 7% da
populacdo mundial WEATHERALL e CLEGG, 2001).
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2 REVISAO DE LITERATURA

2.1 Doenca Falciforme: Consideracdes Gerais e Epidemiologia

O termo doenca falciforme (DF) é usado para denominar um grupo de
alteracdes genéticas com significancia clinica, que apresentam a Hb S no seu perfil
de hemoglobinas. Incluem-se ao grupo das DFs, as duplas heterozigoses,
correspondendo as associacfes da Hb S com outras variantes, tais como as Hb C e
Hb D, as interagdes com talassemias (Hb S/B° talassemia, Hb S/B* talassemia, Hb
S/a talassemia) e a anemia falciforme (AF)(BRASIL, 2001; STEINBERG e
RODGERS, 2001; REES, WILLIAMS e GLADWIN, 2010).

Sequéncias Lcac || 6TG |[ Gac |[ TGA |[ GGA || cTC || cTC |

de DNA [6TG |[ cac |[ c1G |[ AcT ][ ccT ][ GAG |[ GAG |
Cadeira 8 da Hb A (normal)

Seq u é ne ias - HISTIDINA LEUCINA TREONINA PROLINA Ac. Ac.

de aminoacidos P GLUTAMICO GLUTAMICO

Sequéncias | cac ][ 16 |[ GAc ][ TGA ][ GGA ][ Ak || cTc |

de DNA [e1G ][ cac || cTG || AcT ][ ccT || &tk || cAG |

— Cadeira daHb S
Sequéncias
de aminoacidos - HISTIDINA LEUCINA TREONINA PROLINA ! Ac.
GLUTAMICO

MUTANTE

Figura 1. A mutacdo de ponto e a origem da hemoglobina S.

A HbS é decorrente da substituicdo do aminoacido adenina por timina (GAG > GTG), resultando na
da valina em substituicdo ao &cido glutdmico, na posicdo 6 da cadeia da globina beta da
hemoglobina. Figura adaptada (FRENETTE e ATWEH, 2007).

7

A Hb S é decorrente da mutacdo de ponto com substituicio da base
nucleotidica adenina por timina (GAG - GTG), localizada no sexto codon do gene
beta (HBB) da globina, codificando &cido glutdmico por valina na cadeia
polipeptidica beta (Figura 1). A mutacdo em uma das globinas beta caracteriza o
individuo como heterozigoto para a HbS (HbAS), que ndo apresenta manifestacbes
clinicas da doenca. A mutacdo nas duas globinas beta implica na forma mais grave

da DF, a anemia falciforme, caracterizada pela homozigose do alelo beta S (B°), com
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producdo de HbSS (EMBURY, 1986; BRASIL, 2001; STEINBERG, 2008; ODIEVRE
et al., 2011).

Em condicGes de hipodxia, ocorre a polimerizacdo da HbS com formacédo de
estruturas filamentosas ou poliméricas que se depositam no interior dos eritrocitos,
modificando a sua forma biconcava para o formato alongado, semelhante ao de
foice ou meia lua. A falcizacdo dos eritrocitos reduz a sua sobrevida, tornando-os
rigidos, favorecendo o seu catabolismo rapido, com ocorréncia de hemdlise
acentuada e episodios de infartos teciduais (WEATHERALL e PROVAN, 2000;
BRASIL, 2001; TAYLOR et al., 2008). A AF também apresenta complicagdes clinicas
heterogéneas, tais como crises de sequestro esplénico; acidente vascular cerebral
(AVC); complicacbes renais; priapismo; alteracées pulmonares, como a sindrome
toracica aguda (STA) e a hipertensdo pulmonar; crises recorrentes de dor e
fendmenos de vaso-oclusdo (SCHNOG et al., 2004; GLADWIN e KATO, 2005;
TAYLOR et al., 2008).

A DF esta presente em cerca de 7% da populacdo mundial, com prevaléncia
elevada nos paises da Africa, América do Sul, América Central, Arabia Saudita e
india (WEATHERALL e CLEGG, 2001). Esta é a doenca hematolégica de origem
genética mais prevalente nos Estados Unidos, acometendo cerca de 70.000
pessoas, incluindo uma média de 01 nascido vivo com a anemia falciforme para
cada 3500 afro-descentes recém-nascidos anualmente (HASSELL, 2010). Conforme
dados da Organizacdo Mundial de Saude (OMS), estima-se que nascam cerca de
270 mil criancas com a DF, por ano, na Africa (BRASIL, 2009). A distribuicio
mundial do alelo B° esté representada na Figura 2.

A DF é a doenca hereditaria monogénica mais comum no Brasil, com mais de
dois milhdes de portadores do alelo B° (gene da HbS). Estima-se o nascimento de
700 a 1.000 casos novos anuais de pacientes com DF, sendo que nasce uma
crianca com AF para cada mil recém-nascidos vivos (GONCALVES et al., 2003;
CANCADO e JESUS, 2007).

A distribuicdo da doenca ocorre de forma heterogénea, com prevaléncia
elevada nos estados que possuem concentragdo maior de afrodescendentes,
ocorrendo também em brancos (BRASIL, 2001). Estima-se que 4% da populacdo
brasileira seja heterozigota HbAS, sendo que essa propor¢cdo aumenta em até 12%
entre os afrodescendentes. Alvares-Filho e colaboradores (1995), ao estudarem

67.667 amostras de sangue de individuos provenientes de 48 cidades brasileiras,
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descreveram a frequéncia de 2,2% para os individuos HbAS (ALVARES FILHO et
al., 1995).

Atualmente, com base nos dados provenientes da triagem neonatal realizada
pela Associacdo de Pais e Amigos dos Excepcionais (APAE) — BA sabe-se que a
incidéncia e prevaléncia, na Bahia, da DF, & uma das maiores do Brasil, acometendo
um a cada 645 nascidos-vivos (SILVA et al., 2006). As regides Norte e Nordeste
apresentam as frequéncias mais elevadas dos heterozigotos HbAS, correspondendo
a 6% e 10%, respectivamente, enquanto as demais regides brasileiras ndo chegam
a somar 5% (CANCADO e JESUS, 2007).
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Figura 2. Distribui¢cado global do alelo 8 s, Figura adaptada (REES e GIBSON, 2012).

A gravidade da DF aponta para uma contribuicdo elevada no numero de obitos
de jovens no Brasil, sendo que cerca de 80% das mortes ocorrem nos individuos
com AF antes dos 30 anos e, aproximadamente, 40% acometem menores de nove
anos. Esses numeros de idade baixa no obito refletem a dificuldade no diagnéstico
precoce e no acesso as medidas de prevencao as infecgdes, e a falta de orientacdo
entre os familiares sobre como proceder aos primeiros sinais de complicagfes
(LOUREIRO e ROZENFELD, 2005).
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2.2 Manifestag6es Clinicas e Fisiopatologia

Na HbS, a troca do acido glutdmico, aminoacido hidrofilico, pela valina, que é
hidrofobica, favorece, durante as fases de desoxigenacédo, interacdes hidrofobicas,
entre moléculas vizinhas, culminando em estruturas poliméricas, as quais deformam
a hemacia. Em condi¢Bes de hipdxia, acidez e desidratacao celular, a polimerizagédo
da Hb leva a deformacdo da estrutura da hemacia pelo fendmeno denominado
falcizacdo. Esse fendbmeno € reversivel durante a oxigenacdo, enquanto as
hemécias ndo sofrerem lesdes em sua membrana. Entretanto, falcizacdes
repetitivas, podem levar a alteracdes definitivas na membrana eritrocitéria, tornado o
seu formato irreversivelmente falcizado (BRASIL, 2001; STEINBERG, 2008).

A cinética de falcizacdo depende do grau de desoxigenacdo, concentracéo
intracelular de HbS e presenca ou auséncia de HbF. Os pacientes que possuem
concentrages elevadas de HbF tém seus sintomas clinicos reduzidos devido &
inibicdo desse fendmeno. Os eritrécitos falcizados possuem rigidez aumentada e
vida-média reduzida, o que contribui para a instalacdo de um quadro de anemia
hemolitica grave, com destruicao tanto extravascular quanto intravascular, levando a
reducdo da vida do eritrécito e 0 agravamento da anemia (BRASIL, 2001; SILVA,
GONCALVES e MARTINS, 2004).

Os pacientes com AF possuem numerosas complicacfes que podem afetar
guase todos os oOrgdos e sistemas, com morbidade expressiva, reducdo da
capacidade de trabalho e da expectativa de vida. A interagdo dinamica entre 0s
eritrécitos do paciente com AF e o endotélio vascular contribui para os episédios de
vaso-oclusdo e isquemia, estresse vascular, expressdo aumentada de citocinas
inflamatorias e moléculas de adesdo. Além disso, a hemdlise cronica, presente nos
quadros mais graves da AF, contribuem para a hipercoagulabilidade e vasculopatia,
entre outros (FRANCIS e HAYWOOD, 1992; TURHAN et al., 2002; WOOD, HEBBEL
e GRANGER, 2004; RAPHAEL, 2005; MORRIS, 2008).

A oclusdo da microcirculacdo pelos eritrocitos falcizados leva a isquemia
tecidual e danos em tecidos, sendo a causa responsavel pelas complicacdes clinicas
presentes na doenca (SCHNOG et al., 2004). O fenbmeno vaso-oclusivo presente
na AF envolve a obstrugcdo de microvasos, lesao tecidual, com inflamacgéo local
(STUART e NAGEL, 2004). Tanto as hemacias quanto reticuldcitos dos pacientes

com AF expressam em sua superficie moléculas de adesdo, como a integrina af3;
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(FRENETTE e ATWEH, 2007; ALSHAIBAN et al.,, 2015). A ativacdo e adesao
leucocitaria nos microvasos é também um fator de risco para o processo de vaso-
oclusdo, pois implica na ativacdo do ambiente em cascata, com liberacdo de
citocinas e radicais livres (TURHAN et al., 2002). A Figura 3 resume alguns eventos

envolvidos no processo de vaso-ocluséo presente na DF.

Hemacia
falcizada

Molécula de
adesao

Figura 3. Eventos fisiopatoldgicos presentes no desenvolvimento das crises vaso-oclusivas na
doenca falciforme.

O processo de vaso-oclusdo parece envolver varias etapas, incluindo a adeséo de reticulécitos ao
endotélio, reducao do fluxo sanguineo, expressdo de moléculas de adeséo e propagacao da hemécia
falcizada. Adaptado de (SEGEL, HALTERMAN e LICHTMAN, 2010).

2.3 Hemolise e Oxido Nitrico

A hemodlise intravascular € o principal fator responséavel pela fisiopatologia da
DF. Essa lise nas hemacias (RBCs, red blood cells) promove liberagdo de
hemoglobina (Hb) livre no plasma, apresentando efeitos inflamatérios e oxidantes
que contribuem para a disfuncéo endotelial. Outros produtos da hemdlise, incluindo
heme, ROS e de RNS sao liberados na corrente sanguinea, levando ao aumento de
estresse oxidativo e decréscimo dos niveis de NO. Esse contexto oxidativo e

inflamatoério contribui para a ativagdo de hemacias, leucocitos, plaquetas e células
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endoteliais, as quais, por sua vez, mantém o ciclo inflamatério, com mais producéo
de ROS e citocinas proinflamatérias (VILAS-BOAS et al., 2010; DUTRA et al., 2014).

A lise das hemacias também libera arginase, uma enzima que tem como
substrato o aminoacido L-arginina, essencial para a producdo do NO, levando a
reducdo do mesmo e a vasoconstricdo. A biodisponibilidade dessa molécula esti
significativamente relacionada a vaso-oclusdo. Sua principal funcdo é regular a
vasodilatacdo e manter o tbnus vascular, atuando no controle da expressédo das
moléculas de adesdo nas células endoteliais e ativacdo leucocitaria. A Hb liberada
durante a hemdlise é capaz de converter o NO em seu metabdlito inativo reduzindo
sua biodisponibilidade no plasma. Consequentemente, os pacientes com AF passam
a ter resisténcia a dilatacdo do vaso e aumento da adeséo das células no endotélio
(REITER et al., 2002; ZAGO e PINTO, 2007; BELANGER et al., 2015). A hemdlise e

suas consequéncias sobre o metabolismo do NO estéo representadas na Figura 4.
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Figura 4. Representacdo das moléculas envolvidas na hemolise intravascular e bioatividade do
NO na anemia falciforme.

O processo de hemodlise inicia um ataque global a via da arginina-NO. A hemoglobina livre e a
formacdo de radicais livres rapidamente reagem e destroem o NO. A liberacdo de arginase pelo
eritrocito diminui os niveis de arginina, principal substrato para a formagdo do NO, diminuindo ainda
mais a sintese de NO levando as alteracdes vasculares e ao processo de vaso-oclusdo. Figura
adaptada (STEINBERG, 2008).
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O NO, principal responsavel pela manutencdo do ténus vascular, é formado a
partir da L-arginina e do oxigénio molecular em uma reacédo catalisada pela enzima
NOS (ROMERO et al.,, 2002). O NO é constitutivamente sintetizado e liberado
principalmente pelas células endoteliais vasculares e fisiologicamente inibe diversos
componentes do processo aterogénico, como vasoconstriccdo, agregacao
plaquetaria, proliferacdo do musculo liso vascular e adesdo de leucdcitos ao
endotélio (FORGIONE, LEOPOLD e LOSCALZO, 2000).

A diminuicao da biodisponibilidade do NO durante a hemdlise contribui para o
desequilibrio vascular, uma condigéo presente na disfuncdo endotelial (DE). Essa
condicao leva ao aumento da expressao de moléculas como a molécula de adeséo
intercelular 1 (ICAM-1), proteina de adesdo celular vascular 1 (VCAM-1) e
endotelina-1, aumento da ativacdo plaquetaria e dano na reperfusdo isquémica
(ROTHER et al., 2005; WOOD, HSU e GLADWIN, 2008; VILAS-BOAS et al., 2010).

A reducdo do NO pelos produtos gerados no processo inflamatério causa
também danos endoteliais via ativacao transcricional de moléculas vasoconstritoras,
como a endotelina-1 (ROTHER et al., 2005).Esta molécula possui caracteristicas
contrarias a do NO, uma vez que apresenta a mais potente atividade vasoconstritora
descrita em humanos, sendo que em pacientes com AF, seus niveis séricos estao
elevados durante as crises vaso-oclusivas (GRAIDO-GONZALEZ et al., 1998;
ERGUL et al., 2004).

Os pacientes com AF em estado estavel apresentam concentracfes
reduzidas de NO (BELHASSEN et al., 2001; VILAS-BOAS et al.,, 2010). Essa
reducdo, quando associada ao estado inflamatério crénico (KATO et al., 2009)
aumenta, provavelmente, a ativacao de fatores de coagulacdo, em especial o fator
tecidual (FT) (SOLOVEY et al., 2010), além de modular outras moléculas como a
fosfatidilserina (FS), pelos eritrécitos, e receptor de proteina C reativa (RPCR) (GU
et al., 2000; SETTY, KULKARNI e STUART, 2002).

Portanto, o NO desempenha papel fundamental na patogénese da AF, pois,
nesta condigdo, suas propriedades vasodilatadora e antitrombogénica encontram-se
comprometidas, e a vasoconstriccdo aliada a adeséao de células circulantes podem

levar a oclusdo de microvasos.
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2.4 Terapia Farmacolégica na Doenca Falciforme: Hidroxiureia

Os pacientes com DF em crise vaso-oclusiva necessitam de uma terapia
farmacoldgica a fim de aliviar as manifestacdes clinicas. Até o presente momento, o
anico tratamento farmacolégico utilizado nestes pacientes é a hidroxiureia (HU). A
terapia com HU foi aprovada, em 1998, para o uso em pacientes com DF
sintomética, pela United States Food Drug Administration (FDA), e em 2010, pelo
Ministério da Saude (BRASIL, 2010).

Inimeros estudos tém reportado a eficacia da HU em pessoas com DF por
conduzir a melhora clinica e hematolégica pela reducao da incidéncia de episodios
vaso-oclusivos. A HU é uma droga antineoplasica, citotoxica, mas que apresenta
varios efeitos benéficos em pacientes com DF, tais como: aumento da producéo de
HbF, aumento da hidratacdo do glébulo vermelho, aumento na concentracéo de Hb,
aumento na producdo de NO e diminuicdo da expressao de moléculas de adeséo
(BRASIL, 2010; STROUSE e HEENEY, 2012; CUNNINGHAM-MYRIE et al., 2015).

Como mecanismo de acdo efetivo para a DF, a HU atua inibindo a
ribonucleotideo redutase, uma enzima que catalisa a conversdo redutiva de
ribonucleotideos em desoxirribonucleotideos, sendo esta a etapa limitante da
velocidade de sintese de DNA (OSTERMAN GOLKAR et al., 2013; GUAN et al.,
2015). Embora tenha efeito citotoxico, € esta propriedade que a torna importante e
singular no tratamento de pacientes com AF. Sua toxicidade esta associada a
supressao de precursores eritrdides com ciclagem mais rapida, favorece a maior
duracdo de precursores mais primitivos (Células F) e de ciclagem mais lenta,
quiescentes e contendo HbF, forma predominante no feto e como prescinde das
cadeias (B globina, ndo tem sua estrutura afetada pela mutacdo nos genes das
mesmas (MORRIS et al., 2003; STEINBERG et al., 2010).

Outro beneficio do tratamento com HU é seu papel de “doador de NO”. O
metabolismo desse farmaco resulta na producdo de NO, o qual compensa a redugéo
do mesmo no processo de hemolise crénica. O NO ativa o sistema efetor guanilato
ciclase que, por sua vez, leva ao aumento dos niveis intracelulares de monofosfato
ciclico de guanosina (GMPc), o qual interage com fatores de transcricdo estimulando
diretamente a producédo de células F e contribuindo para o aumento da Hb fetal nas

hemécias. Esse aumento de HbF contribui, portanto, para a diminuicdo percentual
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da HbS, e reducdo da hemdlise crénica (GLADWIN et al., 2002; NAHAVANDI et al.,
2002; COKIC et al., 2008).

2.5 Polimorfismos nos Genes da Mieloperoxidase e da Alfa-1 Antitripsina

A mieloperoxidase (MPO) é uma proteina relacionada a inflamacao e protecao
contra infec¢des, abundante em neutréfilos e monécitos. Em niveis elevados, a MPO
contribui significativamente para a amplificacdo da resposta inflamatoria vascular,
condicao constante em pacientes com DF. A enzima catalisa a formagao de ROS e
RNS, que apresentam capacidade oxidante elevada e podem comprometer a
integridade do endotélio vascular (ABU-SOUD e HAZEN, 2000). A MPO modula a
resposta inflamatéria vascular, sendo que seus niveis elevados sdo preditores da
disfuncdo endotelial e contribuem para a reducdo da biodisponibilidade do NO, ja
que esta enzima é uma NO oxidase (EISERICH et al., 2002; GALIJASEVIC et al.,
2006; ZHANG et al., 2013) Uma vez que a MPO e os produtos derivados de sua
atividade enzimatica estdo aumentados nos sitios inflamatérios (EISERICH et al.,
2002), pacientes com DF, principalmente durante os episédios de crise (REES,
WILLIAMS e GLADWIN, 2010) ou infec¢do (COSTA et al., 2005), apresentam niveis
séricos elevados de MPO (VILLAESCUSA et al., 1999), sugerindo que esta enzima
pode contribuir diretamente para a resposta vascular.

Além do papel modulador no processo inflamatoério, crescentes evidéncias
demonstram o papel da MPO como agente da resposta frente a patdégenos.
Infeccdes tais como pneumonia, meningite, infeccbes urinarias e septicemia
constituem uma causa comum de hospitalizacdo em pacientes com DF,
principalmente, em pacientes com AF (COSTA et al.,, 2005), condicfes estas
relacionadas ao aumento da contagem de leucécitos (MTATIRO et al., 2015) e dos
niveis séricos de MPO. Sabe-se que a MPO, Unica enzima humana capaz de gerar
hipoclorito (HOCI) em meio contendo cloreto e peréxido de hidrogénio (H.0,), é
liberada logo apoés ativacéo celular, exercendo papel essencial nos mecanismos de
defesa do sistema imune (KLEBANOFF, 1970; HANSSON, OLSSON e NAUSEEF,
2006; SHAEIB et al., 2015).

Sabe-se que a gravidade da DF varia bastante entre os individuos e esta
variabilidade fenotipica costuma estar relacionada a altera¢des genotipicas. Sendo a

MPO uma enzima altamente polimorfica, o polimorfismo localizado na regiao



29

promotora (-463G>A, troca de G por A) do gene MPO tem sido relacionado a
reducdo na transcricdo génica dessa enzima (PIEDRAFITA et al., 1996; CASCORSBI
et al., 2000).

Como pacientes com DF apresentam quadro inflamat6rio cronico,
especialmente durante os episédios de hemdlise, crises vaso-oclusivas e sindrome
toracica aguda (STA) (AMER et al., 2006; STEINBERG, 2008), e este polimorfismo é
caracterizado pela reducdo da transcricdo génica de MPO (COSTA et al., 2005;
REYNOLDS et al., 2006), esta mutacdo poderia estar associada as manifestacoes
clinicas da doenca. A presenca desse polimorfismo em pacientes com DF esti
associada a ocorréncia de infec¢bes bacterianas, especialmente em individuos com
AF (COSTA et al., 2005; BARBOSA et al., 2014), e a deficiéncia de MPO tem sido
associada ao aumento da ocorréncia de processos inflamatorios (CASCORBI et al.,
2000).

A distribuicdo desse polimorfismo mostra que cerca de 2-10% da populacdo
geral apresentam o alelo polimérfico em homozigose (AA), cerca de 30-40% sé&o
heterozigotos (GA) e 60-70% sdo homozigotos para o alelo selvagem (GG) (DALLY
et al., 2002; FEYLER et al., 2002; ZHONG et al., 2009). Individuos com o alelo A
(GA ou AA) apresentam expressdo reduzida de MPO em até trés vezes quando
comparados ao grupo com genotipo selvagem. O gendtipo AA corresponde a forma
mais grave do polimorfismo, implicando em niveis séricos diminuidos e atividade
reduzida da MPO (REYNOLDS et al., 2006).

Outra proteina relacionada a inflamacao e que também exibe polimorfismo
genético € a alfa-1 antitripsina (AAT). Esta glicoproteina de fase aguda € altamente
polimérfica e sua sintese é controlada pelo gene SERPINAL, localizado no locus do
inibidor de protease (Pi), no cromossomo 14g32.1, em resposta a diversas citocinas,
tais como IL-1, fator de necrose tumoral a (TNF a) e, principalmente, IL-6
(RICHARDS, GAULDIE e BAUMANN, 1991; LOMAS e MAHADEVA, 2002;
CHAPPELL et al., 2006). ApGs sua sintese, predominantemente em hepatdcitos, a
AAT é secretada no plasma, espalhando-se por todo o corpo. Os niveis séricos da
AAT aumentam durante o processo inflamatorio ou lesdo tecidual e estédo
relacionados com a inibicdo de proteases, especialmente a elastase, uma protease
de serina produzida por neutrdfilos, que tem a capacidade de hidrolisar as fibras de
elastina no pulméo e relacionada a patogénese da DF (RUDNICK e PERLMUTTER,
2005; GRUBER, NADIR e HAAS, 2010). Os niveis plasmaticos de elastase estado
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elevados em individuos com DF assintomaticos em relacdo a controles sadios, e
esses niveis aumentam significativamente em pacientes em crise vaso-oclusiva
(LARD et al., 1999). Além da inibicdo de proteases, estudos tém mostrado que a
AAT modula a funcédo de células do sistema imune, tais como neutréfilos (BERGIN et
al., 2010), mondcitos (JANCIAUSKIENE, NITA e STEVENS, 2007) e linfécitos (LU et
al., 2006), e contribui para a supressao da sintese de citocinas proinflamatorias
(POTT et al., 2009).

O gene codificante para AAT, SERPINAL, é altamente polimorfico com mais de
125 polimorfismos de nucleotideo Unico (single nucleotide polymorphism, SNP). As
formas variantes de AAT sao classificadas como inibidor de protease “Pi” (Protease
inhibitor). As formas variantes “normais” de AAT apresentam niveis séricos normais
(20-50 uM) e atividade de inibicdo de protease funcional, representadas pelo alelo
selvagem M. Entretanto, as variantes para “deficiéncia” (ou seja, redugédo da
concentracdo sérica da AAT ou presenca de gendtipo alterado) estdo associadas
com concentracdes séricas dessa proteina menores do que os valores encontrados
em individuos com variantes normais, representadas principalmente pelos alelos S e
Z, sendo este Ultimo associado a forma mais grave de deficiéncia de AAT
(GOOPTU, DICKENS e LOMAS, 2014).

A homozigose para o alelo Pi*Z tem cerca de 10-15% dos niveis normais de
AAT, sendo esta condicdo um fator de risco para o desenvolvimento de
complicacBes pulmonares, como enfisema, e, sistemicamente, para infeccao.
Individuos heterozigotos para esse alelo (Pi*MZ) produzem cerca de 50 % dos niveis
normais de AAT, produzidos pelos individuos sem o alelo mutante, ou seja,
homozigotos para o alelo selvagem (Pi*MM) (STOCKLEY, 2014). O alelo Pi*S é
mais frequente que o alelo Pi*Z. Em contraste ao alelo Z, os niveis de AAT, em
individuos homozigotos para o alelo Pi*SS, séo reduzidos cerca de 60% em relacao
aos individuos com o genétipo Pi*MM, sendo que essa variante ndo esta relacionada
a inibicdo da elastase neutrofilica. Em individuos heterozigotos Pi*MS, os niveis de
AAT correspondem cerca de 75% da concentracdo sérica dos individuos normais.
Entretanto, a combinagdo dessa variante com o alelo Z (Pi*SZ) reduz
significativamente 0s niveis circulantes dessa proteina, alcancando uma
concentracdo sérica de apenas 35% da encontrada em individuos P1*MM. A
presenca desse gendtipo (Pi*SZ) aumenta o risco de doengas, incluindo a doenca
pulmonar e cirrose hepatica (TURINO et al., 1996; STOCKLEY e TURNER, 2014).
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2.6 Resposta Imune Inata

2.6.1 Receptores do Tipo Toll (TLRS)

Os receptores do tipo Toll (TLR) sdo uma familia de proteinas conservadas
evolutivamente para reconhecerem alguns DAMPs (IMAI et al., 2008; LEFEBVRE et
al., 2011) e PAMPs associados a virus, bactérias, parasitas ou fungos (KUMAR et
al., 2014; SMITH et al., 2014; TOMLINSON et al., 2014; WAGENER et al., 2014).
Estes receptores sdo amplamente distribuidos nas células do sistema imune inato,
sendo importantes ndo apenas na ativagao da resposta inata, como principalmente
na iniciacdo e estabelecimento da resposta imune adaptativa (MEDZHITOV,
PRESTON-HURLBURT e JANEWAY, 1997).

Foram descritos, em humanos, 10 TLRs (TLR1 ao TLR10), cada um dos quais
apresenta certa especificidade para determinado PAMP ou DAMP (Figura 5). O
TLR10 era o unico TLR encontrado em humanos que, até recentemente, nao
possuia ligantes conhecidos (CHUANG e ULEVITCH, 2001). Apesar do ligante do
TLR10 ainda n&o ser conhecido, um estudo demonstrou forte associacao deste TLR
na defesa contra infecdo bacteriana na mucosa intestinal (REGAN et al., 2013).

sSRNA viral e LPS e residuos celulares
compostos do hospedeiro (HSP,
sintéticos anti- fibrinogénio, ac.
Lipoproteina Lipoproteina Flagelina . . CpGDNA hialurénico, HMGB1,
Triacilada Diacilada bacteriana bacteriano  heme e outros)
l & / dsRNA viral
— MD-2 [
— »
TLR1 TLR5 EHTLR7 HTLR9 TLR4 TLR3

LLLLLLLTTTT

TLR2

Figura 5. Toll-like receptors (TLR) e seus ligantes (PAMPs e DAMPs). Adaptado de (TAKEDA e
AKIRA, 2004).
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Dentre os receptores do tipo Toll mais bem estudados e descritos, o TLR2,
TLR4, TLR5 e TLR9 apresentam caracteristicas importantes na inducdo de resposta
inflamatoria do hospedeiro. O TLR2 é importante para a resposta contra bactérias
Gram-positivas, ja que reconhecem peptidoglicanos da sua parede celular.
Entretanto, como o TLR2 forma heterodimeros, outros PAMPs também tém sido
associados com ativacédo deste receptor (TAKEUCHI et al., 1999; OZINSKY et al.,
2000). Além de participar da defesa contra patdégenos, o TLR2 é capaz ainda de
responder contra DAMPs endogenos, num processo de inflamacdo estéril. Os
principais DAMPs agonistas de TLR2 sdo a beta-2-Glicoproteina | e os beta-
amiléides (ALARD et al., 2010; LIU et al., 2012; VAN BERGENHENEGOUWEN et
al., 2013). Quando o TLR2 esta formando heterodimero com o TLR4, este complexo
pode ser ativado por hemoglobina (WANG et al., 2014).

O TLR4 é um receptor que reconhece um dos PAMPs mais bem descritos, o
lipopolissacarideo (LPS), além de reconhecer residuos celulares enddgenos que
atuam como DAMPs apos lesdo celular. Os principais DAMPs agonistas de TLR4
sdo HMGB1 (Proteina do Grupo 1 de Mobilidade Alta), HSP (Proteina de Choque
Térmico), B-defensina, acido hialurénico, grupo heme, dentre outros (IMAI et al.,
2008; LEFEBVRE et al., 2011; BELCHER et al., 2014; GUPTA, 2014; CAI et al.,
2015; NAIR et al., 2015).

A ativacdo do TLR5 ocorre principalmente por infeccdo por patégenos
flagelados, como Salmonella spp. (TAKEDA e AKIRA, 2004). Este é um receptor que
reconhece apenas PAMP (flagelina), ndo havendo nenhum DAMP ainda descrito
capaz de ativa-lo. Entretanto, apesar do principal agonista do TLR5 ser a flagelina,
alguns estudos demonstraram associacdo entre a expressdo deste receptor,
polimorfismos e gravidade e prognéstico de diferentes tipos de tumor de mucosa e
outras doencas inflamatérias cronicas, sugerindo que o TLR5 pode ser um
biomarcador de prognéstico destas condi¢des (KIM et al., 2008; PIMENTEL-NUNES
etal., 2011; WANG et al., 2012; KAUPPILA et al., 2013; SHERIDAN et al., 2013).

O TLR9 é um receptor que reconhece DNA de cadeia simples associado a
motivos CpG néo metilados, o qual é raro em DNA eucariotico e abundante em DNA
bacteriano (BAUER, 2013). Entretanto, alguns autores sugerem que o TLR9 seja
capaz de reconhecer DNA proprio, tanto mitocondrial quanto nuclear, estando
associado a imunopatogénese de doencas inflamatorias, como o lUpus eritematoso
sistémico (LEADBETTER et al., 2002; BARRAT et al., 2005; ZHANG et al., 2010).
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A excecdo do TLR3, todos os outros TLRs sinalizam sua ativa¢éo por meio da
proteina adaptadora MyD88. O recrutamento desta molécula induz a ativacdo de
uma familia de quinases (IRAK) e do fator 6 associado ao receptor do fator de
necrose tumoral (TRAF6), as quais levam a liberacdo e translocagédo do NF-«B para
0 nucleo da célula e, consequente, aumento da expressdo génica de citocinas
proinflamatdrias (LIEW et al., 2005). Estas moléculas proinflamatérias participam da
defesa do hospedeiro contra patdégenos invasores, mas podem ainda estar
envolvidas na patogénese de doencas autoimunes e inflamatodrias crénicas como
diabetes (KAYSEROVA et al., 2014), lapus eritematoso sistémico (LYN-COOK et al.,
2014), asma (SHIKHAGAIE et al., 2014) e DF (GHOSH et al., 2013; BELCHER et al.,
2014).

Na AF, as células endoteliais, leucocitos e plaquetas estdo constantemente
expostos a acdo do heme e Hb provenientes da hemdlise intravascular,
frequentemente observada nestes casos, 0 que leva a um estado de inflamacéo
sistémica e fendbmenos pro-trombéticos (BELCHER et al., 2003; WOOD, HEBBEL e
GRANGER, 2004). O heme é capaz de ativar diretamente a sinalizacdo via TLR4 em
células endoteliais, levando a ativacdo do NF-kB. Esta via induz liberacdo dos
constituintes dos corpos de Weibel-Palade (WPB), p-selectina e fator de von
Willebrand (VWF), para o endotélio vascular, ocasionando fenébmenos de vaso-
oclusdo em modelo experimental de DF (FIGUEIREDO et al., 2007; BELCHER et al.,
2014).

Por outro lado, a Hb liberada durante a hemolise intravascular, além de
interagir diretamente com TLR4, pode ainda associar-se a certos PAMPs ou DAMPs,
sendo importantes na ativagdo do sistema imune inato. Analise in silico demonstrou
que a molécula de Hb é capaz, por exemplo, de interagir com LPS, resultando em
possivel alteracdo conformacional e conversao para meta-hemoglobina (BAHL et al.,
2011).

Além da heme e da Hb serem importantes na ativacdo da reposta imune inata,
tem sido demonstrado que hemacias integras também participam do processo
inflamatorio observado na AF. As células endoteliais ativadas por heméacias integras
produzem HMGB1, um DAMP agonista de TLR4 altamente expresso na DF,
induzindo inflamagdo e necroptose (morte celular programada por necrose) de
células endoteliais (GUPTA, 2014; QING et al., 2014; XU et al., 2014).
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Alguns estudos tém demonstrado que a incubacao de Hb com ligantes de TLRs
e PAMPs estimula, de forma sinérgica, a producao das citocinas proinflamatorias IL-
1B, IL-6, IL-8 e TNF por macréfagos (BODET, CHANDAD e GRENIER, 2007; LIN et
al., 2010). Estes dados em conjunto, associados a presenca de DAMPs durante a
hemdlise intravascular e ao estado inflamatério observado na AF, sugerem que
outras vias de ativacao do sistema imune inato estejam participando deste processo,

como os receptores do tipo NOD e o inflamassoma.

2.6.2 Receptores do Tipo NOD (NLRS) e o Inflamassoma

Os receptores do tipo NOD (NLRs) representam uma superfamilia dos
receptores de reconhecimento padrdo (PRR) que foram descritos inicialmente ha
cerca de 15 anos (BERTIN et al., 1999; INOHARA et al., 1999). H& um total de 22
genes humanos relacionados com os NLRs, os quais sdo agrupados em cinco
subfamilias (NLRA, NLRB, NLRC, NLRP e NLRX) a depender do seu dominio efetor
N-terminal, compreendendo, normalmente, um dominio efetor pirina (PYD) ou de
recrutamento e ativacdo de caspase (CARD). Todas as NLRs contém ainda um
dominio central para oligomerizacdo e ligacdo de nucleotideo (NACHT), e um
dominio de repeticao rico em leucina (LRR) na sua porcao C-terminal (TING et al.,
2008; YERETSSIAN, 2012).

O NLRA possui um dominio N-terminal de transativacdo acida, chamado de
CIITA, atuando como regulador transcricional da apresentacdo de antigenos via
MHC classe Il. O NLRB (NAIP) apresenta um dominio de repeticdo de inibicdo de
apoptose de baculovirus, estando associado a defesa do hospedeiro e sobrevida
celular. A subfamilia NLRC apresenta cinco membros (NLRC 1 a 5), sendo o NLRC1
(NOD1) e NLRC2 (NOD2) os mais bem descritos. Estes receptores reconhecem
peptidoglicanos presentes na parede celular de bactérias, sendo fundamentais para
manutencdo da homeostasia tecidual e defesa contra agentes bacterianos. O
NLRX1, unico membro descrito da familia dos NLRX, possui na regido N-terminal
uma sequéncia-alvo que permite seu trafego pela membrana mitocondrial
(NICKERSON et al., 2001; DIEZ et al., 2003; WRIGHT et al., 2003; LIGHTFIELD et
al., 2008; PHILPOTT et al., 2014).

A subfamilia dos NLRPs (também conhecidos como NALPs) possui 14

membros descritos (NRLP 1 a 14), todos com um dominio PYD N-terminal. Uma das
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principais funcbes destes receptores é a formacdo de uma plataforma proteica
inflamatoria apds sua oligomerizagdo, chamada de “inflamassoma”, a qual controla a
producado de citocinas proinflamatérias como a IL-1 beta e a IL-18. Apesar de varias
plataformas de inflamassoma ja terem sido descritas, o inflamassoma associado ao
NLRP3 (ou NALP3) é o mais comumente estudado (MARTINON, BURNS e
TSCHOPP, 2002; SCHRODER e TSCHOPP, 2010; LATZ, XIAO e STUTZ, 2013).

Classicamente o inflamassoma consiste de NLRP (NLRP3 é mais comum), da
protease inflamatdria caspase-1 e da proteina associada a apoptose (ASC)
(MARTINON, BURNS e TSCHOPP, 2002). O NLRP3 ¢é expresso em uma variedade
de tipos celulares, incluindo neutréfilos, células dendriticas, células epiteliais,
monaocitos e linfocitos T. Diversos PAMPs de virus, bactérias e fungos foram
descritos como sendo ativadores do NLRP3, além de alguns DAMPs, como ATP e
glicose, dentre outros (Revisado por SCHRODER e TSCHOPP, 2010). Apds sua
ativacdo, o NLRP3 recruta ASC e pro-caspase-1, as quais sao necessarias para a
sintese das citocinas proinflamatérias IL-18 e IL-18 e, consequente, morte das
células infamatdrias, num processo dependente de caspase-1 chamado de piroptose
(AGOSTINI et al.,, 2004; MARTINON et al., 2006; BERGSBAKEN, FINK e
COOKSON, 2009).

A formacao do inflamassoma é um processo de duas etapas. Como o nivel
basal de NLRP3 é insuficiente para iniciar a formacdo do inflamassoma, é
necessario que haja a participacdo de NF-xB proveniente da via do TLR, sendo este
o primeiro sinal para ativacdo do inflamassoma. Apesar de este ser o caminho
comumente percorrido para ativacdo do inflamassoma, existem ainda algumas
evidéncias cientificas de ativacdo desta plataforma proteica independente de TLR,
em resposta, por exemplo, ao estimulo por LPS, citocinas ou ROS. Adicionalmente,
a presenca de ROS parece ser fundamental para o estabelecimento do
inflamassoma (BAUERNFEIND et al., 2009; BAUERNFEIND et al., 2011; ZHOU et
al., 2011; GHONIME et al., 2014). O segundo sinal para ativagao do inflamassoma &
a propria oligomerizagdo do NLRP3, a qual leva a formagcédo de capase-1 ativa e,
consequente, conversao de pro-IL-1B e pro-IL18 em suas formas ativas que sao
secretadas no ambiente extracelular (Figura 6) (MARIATHASAN e MONACK, 2007).
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Figura 6. Ativacdo do inflamassoma do NLRP3.

(1) Estimulacdo de NLRP3 por agonistas (PAMPs e/ou DAMPSs); (2) recrutamento de pro-caspase-1 e
ASC, possibilitando oligomerizacdo do NLRP3 e formacdo do inflamassoma; (3) processo auto
catalitico gerando caspase-1 ativa; (4) clivagem dos precursores pro-IL-18 e pro-IL18 nas suas
formas ativas (DOS SANTOS, KUTUZOV e RIDGE, 2012).

As interleucinas IL-1B e IL-18 pertencem a superfamilia da interleucina-1, a
qgual ainda compreende a citocinas mais recentes IL-33, IL-36 e IL-37. Estas estédo
relacionadas entre si pela sua origem, estrutura do receptor ou via de transducéo do
sinal (DINARELLO, 2009; DINARELLO et al., 2010). A IL-18 é uma citocina nao
expressa constitutivamente, mas induzida pela estimulacdo de sinais inflamatdrios.
Esta citocina existe no citoplasma celular na sua forma inativa, pro-IL-1p,
apresentando atividade apenas apos sua conversdao mediada pela caspase-1, sendo
um dos principais indutores de inflamacdo e febre (DINARELLO, 2013; JESUS e
GOLDBACH-MANSKY, 2014). A citocina IL-18, entretanto, é expressa
constitutivamente em alguns tipos de células, como em PBMC (PUREN, FANTUZZI
e DINARELLO, 1999), e est4 evolvida tanto na resposta imune inata quanto na
adaptativa, sendo originalmente referida como IGIF (fator indutor de IFN-y) devido a
sua capacidade de estimular producdo de IFN-y principalmente por células Th. O

aumento na expressao e nos niveis circulantes de IL-1B e IL-18 tem sido associado
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a diversas condi¢cbes clinicas que cursam com processo inflamatorio, como
infec¢des, esclerose multipla, cancer, doenca de Alzheimer, artrite e AF (GUMA et
al., 2010; CERQUEIRA et al., 2011; KITAZAWA et al., 2011; RAMIREZ-RAMIREZ et
al., 2013; KETELUT-CARNEIRO et al., 2015; TAS et al., 2015; VICARI et al., 2015).
A AF é caracterizada por um estado inflamatério intenso associado a
expressdo aumentada de moléculas de adeséo nas células edoteliais, consequéncia
da constante lesdo destas células, além de hemodlise, e concentracfes plasmaticas
elevadas de citocinas e outros mediadores inflamatérios (HEBBEL, 1997; PLATT,
2000). Na AF tem sido demonstrada, inclusive em populacéo brasileira, a associacao
entre polimorfismos de IL-13 e complicagdes decorrentes da doenca, como AVC
(ASARE et al., 2010; VICARI et al., 2015). Adicionalmente, nosso grupo demonstrou
gue niveis plasmaticos de IL-18 estédo correlacionados com marcadores de hemolise
e disfuncdo endotelial (CERQUEIRA et al.,, 2011). Desta forma, o tratamento
farmacolégico do individuo com AF deve almejar, além da elevacao dos niveis de
HbF, a reducdo do processo inflamatdrio cronico observado nestes pacientes,
interferindo na expresséo de moléculas associadas as principais vias da inflamacéo,

como o Toll e o NOD.
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3 JUSTIFICATIVA

As complicacdes clinicas presentes na DF, principalmente na AF, estédo
diretamente relacionadas a hemolise, a disfuncdo do endotélio vascular, a
amplificacdo da resposta vaso-oclusiva, que estdo sempre relacionadas a
morbimortalidade elevada desses pacientes, e ao estado ativado dos leucdcitos
circulantes (GILL et al., 1995; SCHNOG et al., 2004).

Sabe-se, ainda, que o0s mecanismos fisiopatolégicos que induzem a
variabilidade clinica apresentada por esses pacientes ainda ndo estédo
completamente elucidados, sendo que a identificacdo de moléculas envolvidas em
complicacBes vasculares, principalmente nos quadros de oclusdo vascular, pode
contribuir para o desenvolvimento de estratégias terapéuticas voltadas para o
tratamento farmacolégico mais direcionado a estas moléculas.

Até o presente momento, o Unico tratamento farmacoldgico aprovado
mundialmente para o uso nesses pacientes é a hidroxiureia, um farmaco que atua
na melhora clinica desses pacientes por induzir aumento na producdo de HbF.
Entretanto, ndo se sabe se esse farmaco poderia interferir diretamente nas vias
inflamatérias ou influenciar na producdo de moléculas associadas a inflamacao
naqueles pacientes com DF que apresentam polimorfismo em genes relacionados
ao processo inflamatério.

N&do h& davidas de que a gravidade da doenca, principalmente no que diz
respeito a AF, é bastante divergente entre os pacientes. Uma das causas dessa
diversidade clinica poderia ser a presenca de alteracdes genéticas, tais como
polimorfismos nos genes da mieloperoxidase (-463G>A) e SERPINA1, afetando,
respectivamente, a mieloperoxidase e alfa-1 antitripsina - moléculas coadjuvantes do
processo inflamatério apresentado pelos pacientes com DF.

Além disso, esses pacientes apresentam um quadro inflamatério persistente,
0 que poderia ser explicado pela constante ativacao das vias dos receptores tipo Toll
e NOD, as duas principais vias da inflamagé&o. Varios trabalhos tém demonstrado
gue esses receptores sdo importantes no reconhecimento DAMPs derivados da
resposta inflamatoria levando a um ciclo de ativacdo constante da resposta imune
inata. Porém, pouco se sabe a respeito da interacdo entre DAMPs decorrentes do
quadro inflamatério dos pacientes com AF e os componentes formadores do

inflamassoma ou relacionados a via do Toll.
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Visto que a presenca de polimorfismos em genes relacionados a inflamacgéo,
tais como MPO e SERPINAL, pode resultar em estados clinicos diversos nos
pacientes com DF, e que as vias de sinalizacdo mediadas por Toll e NOD podem ser
criticas na ativacdo e manutencdo da resposta inflamatdria nesses pacientes, 0s
estudos sobre a participacdo desses componentes da inflamagéo nas manifestacoes
clinicas dos pacientes aliados a investigacdo sobre o possivel efeito da HU nessas
vias inflamatérias podem auxiliar no desenvolvimento de estratégias terapéuticas
novas direcionadas a esses componentes, além de reforcar a participacdo destes

como preditores de subfendtipos clinicos especificos nestes pacientes.
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4 HIPOTESES

Hipotese 1
Polimorfismos nos genes MPO-463G>A e SERPINAL interferem na resposta ao

tratamento com hidroxiureia em pacientes com doenca falciforme

Hipotese 2
Hidroxiureia ndo reduz diretamente a expressao génica in vitro de receptores do tipo

Toll em pacientes com anemia falciforme.

Hipotese 3
Hidroxiureia ndo reduz diretamente a expressdo génica in vitro de moléculas

associadas ao inflamassoma via NLRP3.
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5 OBJETIVOS

5.1 Objetivo Geral

Avaliar a associacdo dos polimorfismos nos genes da MPO -463G>A e da
SERPINAL na resposta de pacientes com DF ao tratamento com hidroxiureia e o
efeito da adicdo de hemacias falcizadas na expresséao génica de receptores tipo Toll
ou componentes do inflamassoma em células mononucleares, tratadas ou ndo com

hidroxiureia.

5.2 Objetivos Especificos

1) Avaliar parametros hematoldgicos e bioquimicos e sua associagcdo com
polimorfismos nos genes MPO -463G>A e SERPINAL1 em pacientes com doenca

falciforme tratados com HU;

2) Determinar a expresséo de genes relacionados aos receptores do tipo Toll em
células mononucleares (PBMC) de pacientes com anemia falciforme e de voluntarios

sadios;

3) Avaliar o efeito da adicdo de hemacias falcizadas na expressdo de genes
relacionados aos receptores do tipo Toll em cultura de PBMC de voluntarios sadios,
tratada ou ndo com hidroxiureia (HU);

4) Avaliar moléculas inflamatérias (LTB, e nitrito) em sobrenadante de cultura de
células mononucleares incubadas com hemécias falcizadas, lisadas ou integras,

tratadas ou ndo com HU;

5) Determinar a expressdo de genes relacionados a componentes do
inflamassoma NLRP3 em PBMC de pacientes com anemia falciforme e de

voluntarios sadios;
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6) Avaliar o efeito da adicdo de hemacias falcizadas na expressdo de genes
relacionados a componentes do inflamassoma NLRP3 em cultura de PBMC de

voluntarios sadios, tratada ou ndo com HU;

7) Avaliar proteinas relacionadas a ativacdo do inflamassoma (IL-1B e proteina
ligadora de IL-18 [IL-18BP]) em sobrenadante de cultura de PBMC incubada com

hemacias falcizadas tratada ou nao com HU.
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6 MANUSCRITOS

6.1 Manuscrito 1

Titulo: Sickle cell disease pharmacogenomics: implications on SERPINA1 and MPO

-463G>A gene polymorphisms and Hydroxyurea response.

Autores: Pitanga, T.N.; Carvalho, M.O.S.; Souza, A.L.C.S.; Santiago, R.P.; Oliveira,
R. R.; Lopes, V.M.; Oliveira, R.R.; Gongalves, M.S.

Situacao: A ser submetido

Objetivo: (referente ao objetivo 1 da tese):
1. Avaliar parametros hematoldgicos e bioquimicos e sua associacdo com
polimorfismos nos genes MPO -463G>A e SERPINA1 em pacientes com doenca

falciforme tratados com HU.

Principais resultados: Pacientes com DF que exibem polimorfismo para os genes
da SERPINA1 ou MPO (-463G>A) mostram alteracbes em marcadores
hematolégicos e bioquimicos na resposta ao tratamento com HU, ndo sendo

observadas na auséncia desses polimorfismos.
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ABSTRACT

Background and Objective: SERPINA1 and myeloperoxidase (MPO)-463G>A gene
polymorphisms are associated with vascular complications in sickle cell disease
(SCD). SCD patients are treated with Hydroxyurea (HU), which increases levels of
fetal hemoglobin (HbF) and decreases leukocytes. We evaluated the association
between these polymorphisms and clinical and laboratory aspects in response to HU
treatment. Methods: Blood samples from 356 SCD patients and 100 healthy
volunteers were analyzed. Sixty-nine patients were screened for -463G>A MPO and
129 for SERPINA1 polymorphisms by RT-PCR-based methods. Laboratory tests
were performed, and epidemiological and clinical data were collected. Results: In the
general SCD patients, independent of gene polymorphisms, HU-treated individuals
exhibit increased levels of serum ferritin and HbF and reduction of leukocytes count.
The MPO polymorphism was associated with reduction in platelet and leukocytes
counts. Under HU treatment, patients with MPO polymorphism showed increased
levels of ferritin and HbF, whereas these parameters were not changed after
treatment of patients without polymorphism. In contrast, SCD patients with
SERPINAL polymorphism presented increased levels of ferritin and decreased levels
of Alpha-1 antitrypsin (AAT). HU treatment significantly increased ferritin levels in
both groups, whereas AAT were reduced only in the mutant group. HU-treated
patients without SERPINAL polymorphism exhibit reduction in total leukocytes count
and AAT levels. Conclusion: These results together point out that genetic change,
such as mutations in MPO and SERPINAL genes, interfere with the response to HU
treatment, and highlight the concern to better understand the influence of these
polymorphisms in order to provide a more efficient therapy.

Keywords: Sickle Cell Disease; hydroxyurea; myeloperoxidase; SERPINAL1 gene;
alpha-1 antitrypsin.
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INTRODUCTION

Sickle cell disease (SCD) is a general term used to determine a group of
genetic disorders characterized by the predominance of hemoglobin S (HbS), such
as sickle cell anemia (SCA), the double heterozygous association of HbS and HbC
(HbSC) and interactions with thalassemia. The beta S (8°) allele is characterized by a
single mutation (GAG > GTG) that occurs in the sixth codon of the beta globin gene
(HBB), which valine replace glutamic acid in the sixth amino acid of the beta (B)
globin chain of the hemoglobin (Hb) molecule (STEINBERG, 2008; PITANGA et al.,
2013). Clinically, SCD patients could be in a steady state, with no acute clinical
manifestations, or in crisis, showing systemic inflammation related with vaso-
occlusive phenomena and painful episodes, as well as susceptibility to infections
(WEATHERALL, PROVAN, 2000; TAYLOR et al., 2008). This widely variability in the
disease severity is usually associated with genotypic changes.

Myeloperoxidase (MPO) is an enzyme found in lysosomes of neutrophils and
monocytes and its deficiency is associated with susceptibility to chronic inflammatory
processes (COSTA et al., 2005; PROKOPOWICZ et al., 2012). The key feature of
this enzyme is its ability to use hydrogen peroxide (H,O,) and halides to generating
their respective hypohalous acids (PROKOPOWICZ et al., 2012; PITANGA et al.,
2014). A gene polymorphism in MPO promoter region (-463G>A) reduces MPO
transcription and is associated with higher susceptibility to infection in SCD patients
(COSTA et al., 2005; THUN et al., 2013; BARBOSA et al., 2014). Approximately 10%
of the general population have the mutant allele A, of which about 35% are
heterozygous (GA) and 65% are homozygous for the wild-type allele (GG) (DALLY et

al., 2002; FEYLER et al., 2002; ZHONG et al., 2009). Individuals with the allele (GA
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or AA) have MPO expression reduced almost three times when compared to the wild
group. AA genotype corresponds to the most severe form of the polymorphism,
resulting in lower serum levels and lower MPO activity (REYNOLDS et al., 2006).

Another protein associated with inflammation, which also exhibit genetic
polymorphism, is the alpha-1-antitrypsin (AAT), which is secreted predominantly by
hepatocytes and its levels are increased during inflammation or tissue injury. The
AAT synthesis is controlled by the SERPINAL gene in the locus of protease inhibitor
(Pi) on chromosome 14g32.1 in response to several cytokines such as interleukin-1
(IL-1), tumor necrosis factor a (TNF-a) and, especially, interleukin-6 (IL-6)
(RICHARDS, GAULDIE, BAUMANN, 1991; LARD et al., 1999; LOMAS, MAHADEVA,
2002; RUDNICK, PERLMUTTER, 2005; CHAPPELL et al., 2006).

SERPINAL is highly polymorphic with over 125 SNPs (single nucleotide
polymorphisms) and its variants are classified as “Pi” (proteases inhibitor). The
presence of mutation is associated with reduction of AAT serum levels. The Z allele
interferes in both activity and concentration of AAT, which is associated with more
severity of the genetic alteration when compared to the wild type (allele M). On the
other hand, the S allele affects levels of AAT, but has no implications on the enzyme
activity. (TURINO et al., 1996; GOOPTU, DICKENS, LOMAS, 2014; STOCKLEY,
TURNER, 2014). SERPINA1 and MPO -463G>A gene polymorphisms could have a
negative effect on inflammatory diseases, such as SCD, both in clinical and
laboratory aspects and in the specific treatment of the disease.

Therapeutic alternatives that could be used for the treatment of SCD are bone
marrow transplantation and hydroxyurea (HU) therapy. However, only the treatment
with HU was approved by the Brazilian Ministry of Health since 2010 (BRASIL, 2010).

The HU is an antineoplastic drug acting as an inhibitor of ribonucleotide reductase
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enzyme, which leads to several beneficial effects, such as improvement in levels of
fetal hemoglobin (HbF) and in the hydration of red blood cell (RBCs). Such molecular
improvements are associated with reduction of vaso-occlusive crisis and painful
events (DE MONTALEMBERT et al., 2006; PLATT, 2008).

The HU therapy has benefic effects when evaluating the entire population
affected with SCD. However, is not clear if this treatment exhibits improvements in
laboratory and clinical aspects in SCD patients with genetic polymorphisms. In this
study we evaluated clinical, hematological and biochemical markers of SCD patients
with SERPINAL1 and MPO -463G>A gene polymorphisms, as well as the effect of HU

therapy in these patients.

MATERIAL AND METHODS

Study Subjects

A total of 355 SCD patients and 100 healthy volunteers were studied in this
work. After obtaining approval from the Research Ethics Committee of the Oswaldo
Cruz Foundation, we enrolled the patients from Fundacdo de Hematologia e
Hemoterapia da Bahia (HEMOBA) and healthy volunteers (individuals without
hematological disorder or inflammatory conditions) from of Pharmacy College of
Universidade Federal da Bahia (UFBA). We performed a cross-sectional study
composed of 235 SCA, 115 HbSC and 05 Hb°B° patients in steady-state, which were
characterized by an absence of blood transfusion in a period of four month prior to
blood sample. In addition, patients included in this study did not show any infection,

hospitalization or vaso-occlusive event. The average age for the patients group and
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the healthy volunteers group was 14.0 £ 9.0 years (mean * standard deviation) and
was 8.0 £ 3.0 years respectively. Since there was statistical difference between the
mean ages of patients and healthy volunteers, all analyzes were adjusted for age by
linear regression. Sixty-nine patients were screened for the -463G>A
myeloperoxidase gene polymorphism and 129 patients for the AAT gene
polymorphism (SERPINAL). The average age of the patients and volunteers was 14
+ 9 and 8 = 3. The study was in accordance with Declaration of Helsink of 1975 as
revised in 2000, and all subjects (or their responsible) signed the informed consent

form.
Blood collection

Laboratory technicians collected a blood sample from each individual, using
EDTA anticoagulant. Samples were refrigerated at 4°C for a maximum of six hours
before the hemoglobin profile investigation.
Hemoglobin analysis

Hematologic values were analyzed using an electronic counter ABX Pentra.
The hemoglobin profile was confirmed by liquid chromatography high performance

(HPLC), automated equipment (BioRad Variant®, California, USA).

Biochemical analyses
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Serum concentrations of biochemical and hematological markers were
determined using automated equipment A25 (Biosystems S.A, Costa Brava,
Barcelona); Access 2 and IMMAGE (Beckman Coulter, Inc., Fullerton, California,

USA).

MPO -463G>A and SERPINA1 gene polymorphisms

The genomic DNA was extracted from peripheral blood of all studied patients,
using the Flexigene DNA Kit (QIAGEN Inc., Valencia, CA, USA) in according to the
manufacturer's recommendations and quantified by a spectrophotometer
(NanoDrop® ND-1000, NanoDrop Technologies, Inc., Wilmington, NC, USA).
SERPINAL gene variants were investigated by a duplex polymerase chain reaction
(RT-PCR), using a combination of specific primers for the detection of the variant
alleles PI*M, PI*S, and PI*Z in a single reaction, followed by digestion of RFLP-PCR
products by Tagql restriction enzyme (LUCOTTE, SESBOUE, 1999). The polymorphic
site at position -463G>A of the MPO gene was investigated by RFLP-PCR, followed
by digestion of RFLP-PCR products by Acil restriction enzyme (LONDON, LEHMAN,

TAYLOR, 1997).

Hardy-Weinberg equilibrium

We tested MPO polymorphism for Hardy-Weinberg Equilibrium (HWE) by on
line program (http://www.oege.org/software/hardy-weinberg.html) (RODRIGUEZ,
GAUNT, DAY, 2009). The locus is in HWE in the population when the relationship

between allele frequencies and genotype proportions follows the equation
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p?+2pg+g°=1, where “p” and “q” are the frequencies for major and minor allele.

SERPINAL polymorphism has multiple alleles, which do not allow HWE calculation.

Statistical analysis

Differences between the means values of groups were compared using an
unpaired t-test for data distributed normally and a Mann-Whitney test with Dunn for
non-normal. The Kruskal-Wallis test or Anova with Turkey were used to compare
means among two or more groups, as measured by interval variables. Genotypes
distributions were also tested for HWE by the Chi-square (x2) test, where values of
p>0.05 were considered in HWE. Data analyses were performed using Prism 5.03
(GraphPad Software, San Diego, CA, USA) and STATA SE 10 software (StataCorp,
Texas, USA). Values to p<0.05 were considered a difference significant. All analyzes
were adjusted for age by linear regression, because the difference between the

mean ages of patients and healthy volunteers was statistical.

RESULTS

Distribution frequencies of MPO -463G>A and SERPINAL1 gene polymorphisms

in sickle cell disease patients

MPO -463G>A and SERPINAL1 gene polymorphisms frequencies of the 198
patients and the 100 healthy volunteers were analyzed (Table 1). Sixty-nine patients
and 100 healthy volunteers were screened for the -463G>A myeloperoxidase gene

polymorphism. Among the patients and healthy volunteers, 43.5% and 53%
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respectively had the wild genotype (GG). The heterozygote genotype (GA) was
present in 44.9% of patient group and 41.0% of control group. The AA genotype was
observed in the 11.6% of healthy individuals and 6% of patients. MPO -463G>A
polymorphisms was in Hardy-Weinberg equilibrium both the patients (p=0.998) and
the healthy volunteers (p=0.599) groups. For the SERPINAL gene polymorphism was
studied 129 SCD patients and 100 healthy individuals. Of these, 91.4% and 92%
respectively, had the wild genotype (MM). The SS genotype was observed only in
1.6% of patients with SCD, which was not observed in healthy volunteers group. The
MS genotype was present in 7% in the patient group and 6% in the control group.
Among the groups, the MZ genotype was observed only in the healthy individuals

(2%).

Treatment with hydroxyurea is associated with hematological and biochemical

markers changes

Serum ferritin (522.4 + 830.1) and fetal hemoglobin (9.3 £ 6.7) levels in HU-
treated patients were higher than those observed in untreated individuals (272.5 £
361.4 p=0.002, and 7.1 = 6.6, p=0.006, respectively). However, the leukocyte count
in the group not treated with HU (11651 + 12588) was higher than that observed in
the group of patients treated (9446 + 12136, p=0.014). Treatment with HU did not

affect the other analyzed variables (Table 2).

MPO -463G>A and SERPINA1l gene polymorphisms are related with

hematological markers changes
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Platelet (361.1 + 137.1), lymphocytes (3999 + 2036) and leukocytes (10736 *
3735) counts were significantly reduced in patients with MPO gene polymorphism
(Figures 1d, 1e and 1f) when compared to the values found in the group of patients
without the polymorphism (462.4 £ 172.8, p = 0.018; 5038 + 1888, p= 0.009; 13294 +
3718, p=0.003). The presence of polymorphisms did not affect the other variables
analyzed in patients. Polymorphism did not affect other evaluated variables (Figures
la, 1b, 1c, 1g). SCD patients that exhibit SERPINA1 gene polymorphism are
associated with serum ferritin and AAT change. It was found increased ferritin serum
levels in patients with mutant genotype (359.8 + 154.8) compared with wild group
(242.5 + 230.2, p=0.0093) (Figure 2a). However, the presence of the polymorphism
is associated with reduction of AAT serum levels (149.4 £ 16.0) when compared to
the wild group (172.1 + 38.1, p=0.016) (Figure 2g). There was no statistical difference
dependent on the polymorphism among the other variables in the group of patients

(Figures 2b, 2c, 2d, 2e, 2f).

MPO -463G>A and SERPINA1l gene polymorphisms interferes with the

response to treatment with hydroxyurea

Patients with mutant genotype for MPO treated with HU have increased ferritin
serum levels (371.1 £ 176.8) when compared to untreated mutant group (179.1 *
167.0, p=0.007) (Figure 3a). In the mutant group, HU treatment increases the HbF
serum levels (8.1 + 4.1) in relation to the untreated group (5.3 + 4.7, p=0.042) (Figure
3C). There was no statistical difference in the ferritin and HbF serum levels in the wild
group treated or not with HU (Figures 3a and 3c), suggesting that treatment effect on

these variables only in the presence of the polymorphism. Treatment with HU did not
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affect the other analyzed variables in mutants or wild groups (Figures 3b, 3d, 3e, 3f
and 3g). In patients assessed for SERPINAL1 gene polymorphism, the HU treatment
significantly increased ferritin serum levels in patients, both the mutant group (505.4
+ 148.8) as the wild group (256.4 + 160.7) compared respectively, in polymorphism
(265.0 + 85.7, p=0.047) and wild (220.0 £ 231.4, p=0.029) groups untreated (Figure
4a). Serum levels of HbF significantly increased in the group without the mutation
treated with HU (9.4 = 4.7) when compared to the untreated group (6.4 + 4.9,
p=0.003) (Figure 4b). Treatment did not affect this variable in the mutant group.
Lymphocyte counts increased in the group of patients with polymorphism treated with
HU (7417 = 2479) compared to the untreated group (4079 +1183, p=0.016) (Figure
4d). The treatment did not affect the group without the mutation. However, the
leucocyte count was not affected by treatment in the mutant group. In patients
without polymorphism, the number of leukocytes reduced in the group treated with
HU (10384 + 4060) in relation to the untreated group (12391 + 3611, p=0.028)
(Figure 4F). Patients with the polymorphism and treated with HU exhibit AAT serum
levels reduced (136.7 + 4.5) when compared to the untreated group (154.7 + 17.4,

p=0.039). Treatment with HU did not interfere with other variables (Figure 4c and 4e).

No significant association between MPO -463G>A gene polymorphisms and

clinical conditions of SCD patients.

The analysis between wild and mutant genotype for MPO and SERPINAL are
shown in Table 3 and Table 4 respectively. No significant association was observed
between gene polymorphisms and clinical status of the patient, independent of

adjusting for the confounding factors age, gender and HU in the multivariate analysis.
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DISCUSSION

In the present study, we observed a prevalence of 56% and 9% of MPO -
463G>A and SERPINAL1 gene polymorphisms respectively, within SCD patients.
Although MPO or SERPINA1 polymorphisms did not affected HbF levels, the
treatment with HU showed better results for this parameter in patients with mutant
allele to MPO or in wild group (GG) for SERPINAL.

The MPO polymorphism was in Hardy-Weinberg Equilibrium (HWE) in both
SCD patients and healthy volunteers in this study. Besides that, there are studies
showing lower frequency of MPO mutant genotype (GA and AA) in other
inflammatory pathologies such as cystic fibrosis and end-stage renal disease, in spite
of both studies has worked with populations in HWE (PECOITS-FILHO et al., 2003;
REYNOLDS et al., 2006). This point out that the genotype frequency depends on the
population studied as well as the population selection strategy used.

During crisis, SCD patients present severe clinical manifestations with systemic
inflammation associated to vaso-occlusive phenomena and susceptibility to infections
(WEATHERALL, PROVAN, 2000; TAYLOR et al., 2008). Since in wild type
individuals MPO and AAT are associated with homeostasis maintenance, especially
in host defense and inflammation, it is expected that the presence of polymorphism
aggravate the clinical condition, as observed in other studies with other inflammatory
diseases, such as gastric cancer, vasculitis, and systemic lupus erythematosus
(REYNOLDS, STEGEMAN, TERVAERT, 2002; BOUALI et al., 2007; JIANG et al.,
2012). However, we found no association between polymorphisms of MPO and

SERPINAL and evaluated clinical manifestations in SCD patients. This observation
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could also be explained by the reduced number of subjects carrying these
polymorphisms and the low frequency of each evaluated clinical markers.

Regarding hematological and biochemical parameters it is well documented that
platelets count, leucocytes count, (HbF, ferritin, and Hb are altered in SCD patients
(STEINBERG, 2005; CARVALHO-NETO, LAND, FLEURY, 2011). However, this is
the first documentation of the influence of MPO and SERPINA1 gene polymorphisms
in these laboratory parameters in this population. In all analyzes, these
polymorphisms did not affect laboratory parameters of healthy volunteer, however,
interfered in some markers of SCD patients.

The presence of mutant allele for MPO showed lower platelets, total leukocyte
and lymphocyte counts than wide type group. It is observed that SCD patients’
platelet express more adhesion molecules, which could contribute to vaso-oclusive
phenomena and endothelial activation (BROWNE et al., 1996; PROENCA-
FERREIRA et al., 2010; PROENCA-FERREIRA et al., 2014). In addition to platelets,
leukocytes and other cells express high levels of adhesion molecules also
contributing to vaso-occlusion in SCD (OKPALA, 2006). Therefore, considering the
parameters “platelets”, “lymphocytes” and “total leukocyte”, MPO polymorphism could
act as a protector factor for vaso-occlusive crisis, besides it was not showed here.
These parameters, however, did not differ between wide type and mutant groups for
SERPINAL polymorphism.

In contrast to MPO polymorphism analyses, SERPINAL polymorphism showed
increased levels of ferritin, and, as expected, lower levels of AAT in the mutant group
of SCD patients. Ferritin is inflammation biomarker and its levels are increased in
vaso-oclusive crisis and infection (AL-SAQLADI, BIN-GADEEM, BRABIN, 2012).

Therefore, this polymorphism could represent disease severity, especially because it
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is associated with low levels of AAT, an anti-inflammatory enzyme (GOOPTU,
DICKENS, LOMAS, 2014; STOCKLEY, TURNER, 2014). This highlights the need for
looking more closely patients with these polymorphisms concerning specific
treatment.

HU therapy has benefic effects in SCD patients, since it is a ribonucleotide
reductase inhibitor, which increases levels of HbF, improves red cell rheology and
reduces red cell adhesion (KUMKHAEK et al., 2008; PLATT, 2008). In this study, we
showed that patients treated with HU, in general and independent of MPO or
SERPINAL polymorphisms, had higher HbF levels. This data suggests that presence
of polymorphism is not able to affect the drug activity regarding HbF improvement.

On the order hand, MPO polymorphism affected the response to treatment in
regard to ferritin level, showing increased levels in those patients with mutation under
treatment. Additionally, in the absence of mutation, HU did not interfere in the level of
this inflammatory marker.

In this study, we showed evidence, for the first time, that polymorphism in two
genes influence levels of hematological and biochemical markers, as well as in the
response to HU treatment. Our results suggest that treatment of SCD patients should
take into account other genetic disorders, such as polymorphisms, and should
consider alternative therapy for specific situations. Since there is no safety alternative
therapy for SCD, the major contribution of this study is to call attention for clinicians
to monitor laboratorial parameters of SCD patients under HU treatment whom is
known to have any other genetic disorder. We also suggest the development of new
therapies to improve HbF levels through different pathway from what is used by HU

and that do not affect other markers associated with inflammation.
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FIGURE LEGENDS

Figure 1

Ferritin (a), Hemoglobin (b) Fetal Hemoglobin (c), Platelet (d), Lymphocytes (e), Total
Leukocytes (f) and Alpha-1 antitrypsin (g) levels in Sickle Cell Disease (SCD; n=69)
patients and Healthy Volunteers (n=100), according to the presence of -463G>A

myeloperoxidase gene polymorphism. Wt, Wild Type; Mut, Mutant.

Figure 2

Ferritin (a), Hemoglobin (b) Fetal Hemoglobin (c), Platelet (d), Lymphocytes (e), Total
Leukocytes (f) and Alpha-1 antitrypsin (g) levels in Sickle Cell Disease (SCD; n=129)
patients and Healthy Volunteers (n=100), according to the presence of SERPINA1

gene polymorphism. Wt, Wild Type; Mut, Mutant.

Figure 3

Ferritin (a), Hemoglobin (b) Fetal Hemoglobin (c), Platelet (d), Lymphocytes (e), Total
Leukocytes (f) and Alpha-1 antitrypsin (g) levels in Sickle Cell Disease (SCD; n=69)
patients, according to the presence of -463G>A myeloperoxidase gene

polymorphism and hydroxyurea treatment. Wt, Wild Type; Mut, Mutant.

Figure 4

Ferritin (a), Hemoglobin (b) Fetal Hemoglobin (c), Platelet (d), Lymphocytes (e), Total
Leukocytes (f) and Alpha-1 antitrypsin (g) levels in Sickle Cell Disease (SCD; n=129)
patients, according to the presence of SERPINAl and gene polymorphism and

hydroxyurea treatment. Wt, Wild Type; Mut, Mutant.
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Table 1 Frequencies of MPO -463G>A and SERPINA1 gene polymorphisms in SCD patients
group compared with the healthy volunteers.

Genotype frequency n (% value*
Genotype SCD - : Hezlth(y \Zolunteers £
VPO GG 30 (43.5) 53 (53.0)
_463G5A GA 31 (44.9) 41 (41.0)
AA 8(11.6) 6 (6.0)
Total 69 100 0,304
MM 118 (91.4) 92 (92.0)
MZ - 2(2.0)
SERPINA1 MS 9(7.0) 6 (6.0)
SS 2(1.6) -
Zz - -
Total 129 100 --

The genotypic and allelic distributions in patients and healthy volunteers of MPO -463G>A gene
polymorphisms was in HWE (p=0.998 and p=0.599, respectively SERPINAT polymorphism has multiple
alleles which prevents the calculation of HWE. SCD, sickle cell disease; HWE, Hardy-Weinberg
equilibrium; * Chi-square (x2) test.
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Table 2 Steady state hematological and biochemical markers values of the SCD patients
treated or untreated with HU.

HU-Untreated HU-Treated lue*

(Mean * SD) (n=288) (Mean + SD) (n=54) pvalue
Ferritin (ng/mL) 2725+ 3614 5224 + 830.1 0.002
Alpha-1 antitrypsin (mg/dL) 158.1 £42.3 158.4 + 36.3 0.953
Hemoglobin (g/dL) 9419 91£1.6 0.478
Fetal Hemoglobin (%) 7.1+6.6 93+6.7 0.006
Platelets (x"lUgf"m L) 4071 £ 1545 387.5+161.9 0.496
Lymphocytes (x10%/mL) 4313 1992 4329 + 2353 0.565
Leukocyte (x1OHImL) 11651 £ 12588 9446 + 12136 0.014

SCD, sickle cell disease; HU, hydroxyurea; SD, standard deviation;
*Mann-VWhitney test; values to p<0.05 were considered a difference significant



Table 3 Univariate and multivariate analysis of the association between MPO -463G=>A gene
polymorphism and clinical manifestations in SCD patients.
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Wide Type Mutant Univariate analysis Multivariate
(GG) (GA or AA) OR (95% CI:?S analysis .
n=30 [n(%)]  n=39 [n(%)] ° OR (95% Cl)
Pneumonia 16 (55.2) 22 (57.9) 112 (0.42-2.96)  0.824 0.88 (0.36-4.98)  0.821
Fever 2 (14.3) 10 (45.4) 5.00(09027.81) 0086 454 (067-3065)  0.121
Splenomegaly 14 (46.7) 18 (46.2) 098 (0.38-254) 0966 0.87 (0.31-244)  0.786
Splenic
. 5 (16.7) 5(12.8) 074 (0.192.82) 0654 0.40 (0.08-201)  0.265
sequestration
Stroke 2(6.7) 3(7.7) 117 (0.18-7.47)  0.871 059 (0.08458) 0616
Painful crisis 28 (93.3) 38 (97.4) 2.71(0.2331.44) 0424 0.36 (0.01-941)  0.538
gr?;g‘occ'us“‘e 28 (93.3) 38 (97.4) 2.71(0.23-31.44) 0.424 0.36 (0.01-9.41) 0538
Infection 14 (46.7) 28 (71.8) 274 (0.997.57)  0.051 251(0.85740)  0.096
Acute chest 1(3.3) 2(5.1) 157(0.14-18.15) 0719  0.84(0.05-1529)  0.908
syndrome
Transfusion 17 (56.7) 25 (64.1) 137 (0.52-.362)  0.531 0.96(0.32-283)  0.937

*Multivariate analysis adjusted by age, gender and Hydroxyurea therapy; OR, Odds Ratio.



Table 4 Univariate and multivariate analysis of the association between SERPINA1 gene

polymeorphism and clinical manifestations in SCD patients.
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Wide Type Mutante (MZ, Univariate Multivariate
(MM) n=118 MS, SZ or §8) analysis analysis p*
[n (%)] n=11 [n(%])] OR (95% CI) OR (95% CI)

Pneumonia 66 (57.9) 5(50.0) 0.73 (0.20-2.65) 0.630 0.79 (0.21-2.93) 0724
Fever 21 (35.0) 1(20.0) 0.46 (0.05-4.43) 0.505 0.43(0.04-474) 0.494
Splenomegaly 49 (42.8) 3(30.0) 0.58 (0.14-2.35) 0.442 0.65(0.16-2.74) 0.559
Splenic 14 (12.4) 2 (20.0) 1.77 (0.34-9.18) 0.498 240 (0.39-14.83) 0.345
sequestration
Stroke 8(7.0) 1(10.0) 1.49 (0.17-13.24) 0723 1.32(0.14-12.40) 0.806
Painful crisis 109 (94.8) 10 (100) - - - -
Vaso-occlusive
crisis 109 (94.8) 10 (100) - - - -
Infection 76 (66.1) 4 (40.0) 0.34 (0.09-1.28) 0.112 0.32 (0.08-1.29) 0.109
Acute chest
syndrome 10(8.7) 0(0) ) ) - )
Transfusion 79 (68.7) 5(50.0) 0.46 (0.12-1.67) 0.236 043 (0.11-1.71) 0.230

*Multivariate analysis adjusted by age, gender and hydroxyurea; OR, Odds Ratio.
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6.2 Manuscrito 2

Titulo: Sickle Red Cells as Danger Signals for Toll-Like Receptors Gene Expression:

Is Hydroxyurea Beneficial?

Autores: Pitanga, T.N.; Oliveira, R.R; Zanette, D.L.; Guarda, C.C.; Santiago, R.P;
Santana, S.S; Lopes, M.V.; Lima, J.B.; Carvalho, G.Q.; Carvalho, M.O.S.; Maffili,
V.V.; Alcantara, L.C.J.; Borges, V.M.; Goncalves, M.S.

Situacgéo: A ser submetido

Objetivos: (referentes aos objetivos 2 a 4 da tese)

1. Determinar a expressao de genes relacionados aos receptores do tipo Toll células
mononucleares (PBMC) de pacientes com anemia falciforme e de voluntarios
sadios;

2. Avaliar o efeito da adicdo de hemacias falcizadas na expressdo de genes
relacionados aos receptores do tipo Toll em cultura de PBMC de voluntérios
sadios, tratada ou ndo com hidroxiureia;

3. Avaliar moléculas inflamatérias (LTB4 e nitrito) em sobrenadante de cultura de
células mononucleares incubadas com hemacias falcizadas, lisadas ou integras,

tratadas ou ndo com hidroxiureia.

Principais resultados: Células mononucleares (PBMC) de pacientes com AF
apresentam expressao aumentada de receptores tipo Toll (TLR) 2, TLR4 e TLR5 e
hemacias AF induzem expressao génica de TLR9 em PBMC de voluntarios sadios e
aumentam secrecao de leucotrieno B4. O tratamento com hidroxiureia aumenta a
expressdo de TLR2 e reduz producgdo de nitrito em PBMC de voluntarios sadios

tratados com hemacias AF.
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Summary

Sickle Cell Anemia (SCA) is an inflammatory condition associated with vaso-
occlusive episodes and intravascular hemolysis. We evaluated expression of TLR2,
TLR4, TLR5 and TLR9 in peripheral blood mononuclear cells (PBMC) of SCA
patients, and the role that erythrocytes play in the expression of these TLRs in the
presence of Hydroxyurea (HU). PBMC of healthy donors were challenged with red
blood cells of SCA patients (SS-RBC) or healthy volunteers (AA-RBC) in presence of
HU. We demonstrated that TLR2, TLR4 and TLR5 are highly expressed in PBMC of
SCA patients, whereas TLR9 expression was similar to control group. Additionally,
intact or lysed SS-RBC, but not AA-RBC, induces TLR9 expression, and lysed, both
AA- and SS-RBC, induces expression of TLR2, TLR4 and TLR5. Interestingly, HU
treatment increases expression of TLR2 and does not affect expression of other
TLRs. Moreover, although SS-RBC induces LTB4 and nitrite production, HU does not
prevent LTB4 but inhibits nitrite production. These data reinforce that RBCs,
especially SS-RBCs, act as danger signals, stimulating TLR expression and
contributing to inflammation. This study highlighted that HU does not prevent TLR-
dependent inflammation, pointing out the need to develop new drugs that act with

different mechanisms of action of those observed for HU.

Keywords: Sickle cell disease, Hydroxyurea, Toll-like receptors, Leukotriene B4,
Nitric oxide.
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Introduction

Sickle Cell Anemia (SCA) is a genetic disorder characterized by the presence
of homozygous hemoglobin S (HbS). Clinically, SCA patients could be in a steady
state, with no clinical manifestations, or in crisis, showing systemic inflammation
coinciding with vaso-occlusive phenomena and painful episodes, as well as
susceptibility to infections and intravascular hemolysis (PLATT, 2000;
WEATHERALL, PROVAN, 2000; TAYLOR et al., 2008; CONNES et al., 2014). This
disease has been characterized as a chronic inflammatory state, coinciding with
abnormal activation and elevated number of peripheral blood mononuclear cells
(PBMCs), endothelial dysfunction and an increased level of multiple inflammatory
mediators (ZENNADI et al., 2008; VILAS-BOAS et al., 2010; CERQUEIRA et al.,
2011; PITANGA et al., 2013).

Endothelial cells, leukocytes and platelets are constantly exposed to toxic
products of sickle red cell, specially the heme group, released during intravascular
hemolysis, which are frequently observed in SCA patients, and leads to systemic
inflammation and pro-thrombotic phenomena (BELCHER et al., 2003; WOOD,
HEBBEL, GRANGER, 2004). This condition is associated with increased levels of
nitric oxide (NO) metabolites and leukotriene (LT) B4 even in steady state, which is
worsened during vaso-occlusion episodes (IBE et al., 1994; SETTY, STUART, 2002,
GLADWIN, KATO, 2005). Free heme reacts with NO, an important molecule involved
in vascular tone and the maintenance of vascular homeostasis, to form its
metabolites (nitrite and nitrate), thereby reducing its bioavailability. Moreover, heme
induces LT production, an inflammatory mediator derived from arachidonic acid
metabolism, which induces leucocytes migration and activation (GRACA-SOUZA et
al., 2002; EBERHARDT et al., 2003; MONTEIRO et al., 2011; RAAT et al., 2013).

It has been proposed that sickle red blood cells (SS-RBC) could act as an
inflammation inducer agent, stimulating production of LT and thromboxane A2,
resulting in both hemolysis and vaso-occlusive episodes. SS-RBC exhibit abnormal
adhesion to extracellular matrix proteins, such as thrombospondin, which increases
pain episodes in SCA patients (STEINBERG, BRUGNARA, 2003; TELEN, 2005;
CHAAR et al., 2010; OPENE et al., 2014). Since the presence of sickle red cell is a

typical feature in sickle cell disease (SCD) patients, more investigation is necessary
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in order to identify its role in the amplification and maintenance of inflammatory
Immune response within these conditions.

The immune response, particularly the innate immune response through
innate receptors, such as NOD-like (NLR) and Toll-like receptors (TLR), plays
important role in the initiation and maintenance of the inflammatory process observed
in SCA patients. Since TLRs are a family of evolutionary conserved proteins that
recognize pathogen- (PAMPs) and danger- (DAMPSs) associated molecular patterns,
it is expected that TLR plays a critical role in SCA patients (BAHL et al., 2011,
BELCHER et al., 2014; GUPTA, 2014; XU et al., 2014; VICARI et al., 2015).

In humans, ten TLRs (TLR1 to TLR10) were reported, each of which has
certain specificity for a particular PAMP or DAMP. Several studies have shown
association between expression of these receptors and inflammatory conditions. In
SCD, for instance, TLR4 expression is 100 fold higher in patients compared to
healthy controls, and the mortality and inflammatory condition is directly associated
with high intracellular iron (VAN BEERS et al., 2015). TLR4 is a receptor that
recognizes one of the most well-known PAMP, the lipopolysaccharide (LPS).
However, TLR4 and other TLRs were recently shown to recognize cellular residues
and other endogenous molecules, acting as signals for tissue injury. Heat shock
protein (HSP), high-mobility group protein B1 (HMGB1), oxidized low-density
lipoprotein (oxLDL) and heme are DAMPs considered as TLR4 agonists (IMAI et al.,
2008; LEFEBVRE et al., 2011; BELCHER et al., 2014; GUPTA, 2014; YANG et al.,
2014).

Although TLR4 is the best well characterized TLR in SCD, other TLRs may
play a role in the immunopathogenesis of the disease, contributing to its severity and
therapeutic failure. In Brazil, hydroxyurea (HU) is the drug approved for treatment of
SCA patients. HU is a cytotoxic agent that inhibits ribonucleotide reductase enzyme
and leads to improvement in levels of fetal hemoglobin (HbF), in the hydration of
RBC and reduces SS-RBCs-endothelial interaction (PLATT, 2008; STEINBERG et
al., 2010; SHETH, LICURSI, BHATIA, 2013). Such effects are associated with
improvement of clinical status of the patient and reduction of inflammatory markers
(DE MONTALEMBERT et al., 2006; PLATT, 2008). However, it is not known whether
HU interferes with TLR signaling pathways.

The role that inflammatory receptors, such as TLRs play in the

immunopathogenesis of SCA, as well as the contribution of RBC from SCA patients
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to the induction of inflammation and the ability of HU to revert this scenario, are still
not clear. In this study, we evaluated the expression of TLR2, TLR4, TLR5 and TLR9
in PBMC of SCA patients. Moreover, we tested the role that RBC obtained from SCA
patients play in the expression of these TLRs in PMBC from healthy donors, as well

as the in vitro effect of hydroxyurea in the expression of these inflammatory markers.

Material and methods

Study subjects

A cross sectional study was performed to include 12 sickle cell anemia (SCA)
patients (age 9.1 = 4.7 years), recruited at the Hematology and Hemotherapy
Foundation of the State of Bahia (HEMOBA). All patients were in steady-state,
characterized by absence of blood transfusion in a period of four months prior to
blood draw. In addition, patients included in this study did not show any infection,
hospitalization or vaso-occlusive event, and were not under antibiotics,
corticosteroids or hydroxyurea treatments, but all patients were under treatment with
folic acid. The control group consisted of nine healthy volunteers (age 12.4 + 5.6
years) recruited at the Pharmacy College (FacFAR) of Federal University of Bahia of
Bahia (UFBA). This group was characterized by absence of hematological disorders
or inflammatory conditions. This study was approved by the Research Ethics
Committee of the Oswaldo Cruz Foundation, and was developed in accordance with
the Declaration of Helsinki of 1975 as revised in 2000. All subjects (or their parents/

legal guardians) agreed to participate after reading the terms in the informed consent.

Blood samples and preparation of red blood cells

Venous blood was collected from patients and controls using the anticoagulant
ethylene-diamine-tetraacetic-acid (EDTA) in order to determine hemoglobin profile,
and to obtain red blood cells (RBC) and peripheral blood mononuclear cells (PBMC).
Additionally, all PBMCs used for cell culture (PBMC culture) experiments were
obtained from fresh leukocytes concentrates (buffy coat) of healthy blood donors of
HEMOBA. The buffy-coat samples were serological tested and negative for HIV,
Human T lymphotropic virus type 1 (HTLV), hepatitis B (HBV), hepatitis C (HCV),

syphilis and Chagas disease.
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In order to obtain RBC, each blood sample was centrifuged at 270 g for 10 min
to discard the platelet-rich plasma (PRP). Leukocytes and PRP were removed by
aspiration, and RBC were washed 3 times in sterile PBS (pH 7.3). RBC concentrate
were assessed for leukocyte and platelet contamination by staining with trypan blue
and then analyzed by using a phase contrast microscope (Olympus CK2, Center
Valley, PA, USA). For the experiments with lysed erythrocytes, 500uL of RBC
concentrate was kept at -70°C for 3 hours and subsequently thawed to obtain lysed
RBC (BENSOUDA, LAATIRIS, 2006). The purity of erythrocyte lysis (> 90%) was
evaluated by microscopic examination of cells stained with trypan blue.

Hematological and biochemical analysis performed

Hematological and biochemical parameters from patients and controls included
in this studied was analyzed. RBC, platelets, leucocyte, reticulocyte, hemoglobin,
fetal hemoglobin, hematocrit, ferritin and C-reactive protein of the SCA patients and
controls are shown in Table 1. The mean age between patients and healthy
volunteers was similar.

Hematologic values and RBC indices were determined by using the electronic
counter ABX Pentra and morphological analysis of red blood cells was performed by
microscopic examination of blood smears stained with Wright. The hemoglobin profile
was confirmed by high-performance liquid chromatography (HPLC) in automated
equipment (Variant | - Bio-rad). Reticulocyte counts were determined using supravital
staining. Biochemical analyzes were determined by automated method and included
the C-reactive protein. These analyses were performed using A25 equipment (AS
Biosystems, Barcelona, Spain) at the Laboratory of Biochemistry, Faculty of

Pharmacy, Federal University of Bahia.

Peripheral blood mononuclear cells separation

Mononuclear cells were obtained from peripheral blood of healthy volunteers
and SCA patients and buffy coat bags of healthy blood donors. Initially, whole blood
was centrifuged at 270 g for 10 min to discard the platelet-rich plasma. The leukocyte
concentrate was diluted in 0.9% saline solution buffered with phosphate (PBS) and
centrifuged on Ficoll-Hypaque (GE Healthcare Bio-Sciences Corp. Piscataway, NJ,
USA) 500 g for 30 minutes at 25°C. The mononuclear cells ring was then centrifuged

at 500 g for 10 minutes. Pellet was collected and resuspended in RPMI-1640 medium
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(Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS) (Sigma-
Aldrich, Piscataway, USA) and with 100 U/ml penicillin and 100 pg/ml streptomycin
(Grand Island, NY, USA).

PBMC from buffy coat bags were counted, distributed in 24-well plate (Costar,
Corning, NY, USA) at a concentration of 3x10° mononuclear cells/mL and cultured
with 3% lysed or intact RBC for 24h at 37°C and 5% CO, cultivated with or without
100 puM hydroxyurea (HU) (Sigma-Aldrich, Saint Louis, MO, USA) (STEINBERG et
al., 2010).

Expression of mRNA for TLR2, TLR4, TLR5 and TLR9

Total mRNA extraction from PBMC was performed using Trizol Reagent
(Invitrogen, Life Technologies, CA, USA) according to the manufacturer's instructions
and measured by NanoDrop™ Lite Spectrophotometer (Thermo Fisher Scientific,
Wilmington, USA). Reverse transcription was performed with 400 ng of total RNA
using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems TM,
Foster City, CA) according to the manufacturer's instructions. The conditions used
were 25°C for 10 minutes, 37°C for 120 minutes and 85°C for 5 minutes.

Gene expression analysis was performed by quantitative real-time PCR
(gPCR) on an ABI 7500 FAST Real-Time PCR equipment (Applied BiosystemsTM,
Foster City, CA) for TLR2, TLR4, TLR5, TLR9, GAPDH and B-ACTIN genes with
Power SYBR® Green, according to the manufacturer’s instructions. The standard
gPCR conditions were as follows: 10 min at 95°C, followed 40 cycles at 95°C for 15
sec, 60°C for 60 sec. Primers used for gPCR reactions are shown in Table 2. After
amplification and dissociation curve runs, the values of threshold cycle (Ct) were
obtained by using the Operational Programme 7500™ System (Applied Biosystems,
USA). The intra-assay precision was calculated using the equation E=(-1/slope) to
confirm precision and reproducibility of gPCR. The expression levels were
normalized based on the geometric mean of GAPDH and B-ACTIN (endogenous
controls). Relative expression folds were calculated based on 27-ddCt method
(PFAFFL, 2001).

Quantification of leukotriene-B4 and nitrite production in culture supernatants
PBMC from buffy coat bags was cultured with 3% of lysed or intact RBC for
24h at 37°C and 5% CO,, in the presence or absence of 100 uM hydroxyurea.
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Supernatants were collected and used for the detection of leukotriene-B4 (LTB4) by
EIA in accordance with the manufacturer's instructions (Cayman Chemical Company,
MI, USA). NO production was assessed in culture supernatants by determining nitrite
accumulation, using the Griess method (DING, NATHAN, STUEHR, 1988).

Statistical analysis

Average values of quantitative variables between groups were compared using
the Student's t test for unpaired data with normal distribution and the Mann-Whitney
test for non-normally distributed data. Kruskal-Wallis test was used for comparison
tests between two or more groups, non-parametric quantitative variables. Values of
p<0.05 were considered a significant difference. All data were analyzed using Prism
5.1 software (GraphPad, San Diego, USA).

Results

TLR2, TLR4 and TLR5 are highly expressed in PBMC of SCA patients

SCA is an inflammatory condition in which the innate immune response may
play an important role, both in initiating and maintaining the pathological response.
For this reason, we first examined whether the expression of TLR2, TLR4, TLR5 and
TLRY9, assessed by gPCR, differed between peripheral blood mononuclear cells
obtained from SCA patients (SS-PBMC) and healthy controls (AA-PBMC).

Expression of TLR2, TLR4 and TLR5 was significantly higher in SS-PBMC
(0.46 = 0.17; 47.50 + 21.46 and 0.88 + 0.23) when compared to AA-PBMC (0.20 £
0.07; 20.60 = 1.75 and 0.37 = 0.09, respectively, p < 0.05). Interestingly, gene
expression of each of these TLRs was approximately 2.3 times higher in SS-PBMC
than AA-PBMC. On the other hand, TLR9 was equally expressed in both SS-PBMC
and AA-PBMC (Fig 1).

SS-RBC induces TLR9 expression

Assuming that TLRs are highly expressed in cells of SCA patients, we next
tested whether red blood cells from these patients (SS-RBC) are able to induce
expression of TLR2, TLR4, TLR5 or TLR9 in AA-PBMC. For this purpose, we isolated
AA-PBMC from buffy coat obtained from regular blood donators and incubated these

cells in the presence of intact or lysed SS-RBC or RBC from healthy controls (AA-
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RBC). Since intact SS-RBC are morphologically distinct from AA-RBC, and
intracellular content of RBC are able to induce inflammatory response mediated by
innate receptors (POTOKA, GLADWIN, 2015), we hypothesized that both intact and
lysed SS-RBC could promote TLRs expression in AA-PBMC.

Intact AA-RBC or SS-RBC were not able to induce expression of TLR2 (Fig 2A),
TLR4 (Fig 2C) or TLR5 (Fig 2D), when compared to basal expression of these
receptors observed in unstimulated AA-PBMC. On the other hand, lysed AA-RBC
and SS-RBC were both good inductors of TLR2, TLR4 and TLR5 expression (Figs
2B, 2D and 2F). This data suggests that intracellular content of RBC, regardless of
being from SS or AA individuals, has similar stimulatory effects on the expression of
these TLRs, which are not observed when stimulating AA-PBMC with intact RBCs

Nevertheless, it was noteworthy that both intact and lysed SS-RBC, but not AA-
RBC, were able to increase TLR9 expression, almost four times, when compared to
unstimulated AA-PBMC (p < 0.05; Fig 2G and 2H). Therefore, SS-RBC is a good
inductor of TLR9 expression, an effect that is not observed for AA-RBC. Moreover,
this peculiarity is probably mediated by a danger signal that is present in RBC

surface or actively released in the medium, as well as by intracytoplasmic molecules.

HU treatment increases expression of TLR2

Hydroxyurea (HU) is an antineoplastic drug used for treatment of SCA patients
and its main expected beneficial effect is improvement in HbF levels. However, it is
not clear if HU interferes with the inflammatory condition of these patients. In order to
answer this question we incubated AA-PBMC with intact or lysed SS-RBC, treated or
not with HU. AA-PBMC incubated with intact SS-RBC and treated with HU showed
higher TLR2 gene expression (1.03 = 0.20) than untreated AA-PBMC stimulated with
intact SS-RBC (0.78 £ 0.33; p < 0.05; Fig 3A). This effect, however, was not
observed when AA-PBMC was incubated with lysed SS-RBC. Lysed SS-RBC induce
TLR2 expression, but treatment with HU does not down modulate TLR2 expression
(Fig 3B).

Expression of TLR4 and TLR5 were not affected by HU treatment, in both intact
and lysed SS-RBC situations (Figs 3C, 3D, 3E and 3F). However, although HU
showed no significant modulation of TLR9 expression when AA-PBMC was
incubated with intact SS-RBC (Fig 3G), a different scenario was observed for the
expression of TLR9 in AA-PBMC cultured with lysed SS-RBC (Fig 3H). Despite lysed
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SS-RBC were able to induce TLR9 expression, treatment with HU reduced
expression of this receptor in AA-PBMC to similar levels to those seen in
unstimulated AA-PBMC.

HU does not prevent RBC-induced LTB4 but reduces nitrite production

SCA patients present increased NO metabolites and LTB4 concentrations (IBE
et al., 1994; SETTY, STUART, 2002; GLADWIN, KATO, 2005). Since LTB4 is a lipid
involved in inflammation, we tested whether AA- or SS-RBC were able to induce its
production, and if HU was able to reverse this condition. As shown in Fig 4A, intact
SS-RBC induced higher production of LTB4 when compared to AA-RBC (p<0.05).
However, when lysed SS-RBC were used, concentration of LTB4 was significantly
reduced when compared to AA-PBMC incubated with lysed AA-RBC (Fig 4B).
Interestingly, levels of LTB4 did not differ between cultures stimulated with intact or
lysed AA-RBC, whereas under SS-RBC incubation, production of LTB4 was higher
when PBMC were stimulated with intact than lysed RBC (Figs 4A and 4B). This effect
was not reversed by adding 100 uM of hydroxyurea, both in intact and lysed SS-RBC
conditions.

We also evaluated the concentration of nitrite, NO metabolism product, in the
supernatants of the PBMC cultured with RBC. Differently from what was observed for
LTB4, intact SS-RBC induced significantly higher production of nitrite compared to
AA-RBC (p<0.05; Fig 5A). However, when lysed RBCs were used, nitrite production
was equally high on both AA-RBC or SS-RBC conditions (Fig 5B). Moreover, it was
noteworthy that HU treatment was able to decrease nitrite production when AA-
PBMC was stimulated with intact or lysed SS-RBC, compared to HU-untreated
cultures (Figs 5C and 5D).

Discussion

Innate immune system acts as a first line of defense against pathogens, by
recognizing pathogen-associated molecular patterns (PAMPs), but also senses
damage associated molecular patterns (DAMPSs) from sterile tissue injury. Upon its
activation by innate receptors such as Toll like receptors (TLRs), the inflammatory

response is initiated and maintained, for as long as the triggering agent is present.
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The inflammation in sickle cell anemia is proposed to be dependent on TLR signaling
since erythrocyte or its contents released during hemolysis could be recognized as
DAMPs (VANCE, ISBERG, PORTNOQY, 2009; CERQUEIRA et al., 2011; GUPTA,
2014; CHEN et al., 2015). In this study we demonstrated that TLRs expression is
activated in sickle cell anemia (SCA) and in AA-PBMC cultured with red blood cells
(RBCs).

Mononuclear cells (PBMC) of SCA patients (SS-PBMC) have high expression
of TLR2, TLR4 and TLR5. TLR2 is important for the response against Gram-positive
bacteria as well as for nonpathogenic inflammation by identifying different DAMPs.
This receptor can form heterodimers with TLR4, which are able to recognize
hemoglobin (TAKEUCHI et al., 1999; VAN BERGENHENEGOUWEN et al., 2013;
WANG et al., 2014). Although LPS is a well described PAMP for TRL4, there are
other agonists even in sterile conditions, such as high mobility group box 1 (HMGB1),
heat shock protein (HSP) and heme (LIEW et al., 2005; BELCHER et al., 2014;
GUPTA, 2014). Similarly, despite TLR5 is important for defense against pathogens,
there are evidences that this receptor is a severity and prognostic biomarker for some
inflammatory conditions (PIMENTEL-NUNES et al., 2011; WANG et al.,, 2012;
KAUPPILA et al., 2013; SHERIDAN et al., 2013). Therefore, the expression of these
receptors in SS-PBMC patients could be due to continuous exposure to intracellular
content of erythrocytes released during intravascular hemolysis or due to exposure to
sickle red blood cells (SS-RBCs).

To test this hypothesis, we performed an experiment where PBMC from healthy
donors was cultured with lysed or intact SS-RBCs. Interestingly, although expression
of TLR9 was similar between SS-PBMC and PBMC from healthy volunteers (AA-
PBMC) both intact and lysed SS-RBCs were able to upregulate TLR9 expression in
cultured AA-PBMC. This was not observed with TLR2, TLR4 and TLR5 gene
expression when using intact RBCs. TLR9 is a receptor that binds to CpG-DNA,
which is frequent in bacteria and rare in eukaryotic cells (BAUER, 2013). In addition,
although some authors suggest that hemozoin, a heme dimer, acts as TLR9 agonist
(COBAN et al., 2010; KALANTARI et al., 2014), in an experimental model of TLR9™,
it was demonstrated that heme-induced inflammation is not dependent on this
receptor (FIGUEIREDO et al., 2007). Therefore, the upregulation of TLR9 expression
observed in our study was probably not due to the presence of heme. This

hypothesis is supported by the observation that expression of TLR9 was also
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increased when adding intact SS-RBCs, situation where there are no free heme in
the medium.

It is well known that SCA patients have increased reticulocyte counts,
cytoplasmic inclusion bodies such as the DNA-rich Howell-Jolly bodies and high
levels of fetal hemoglobin (HbF) (STEINBERG, 2005; HARROD et al., 2007,
ROGERS et al.,, 2011). Moreover, the 5y-globin promoter of HbF presents a high
local concentration of CpG residues, which are absent in (B-like globin gene
promoters (SAUNTHARARAJAH, LAVELLE, DESIMONE, 2004; LESSARD et al.,
2015). Thus, since CpG-DNA is a TLR9 agonist, and considering that the expression
of this receptor was increased when using intact or lysed SS-RBCs, but not when
adding AA-RBC, it is plausible that CpG-DNA released from SS-RBCs could be
inducing TLR9 expression probably by a positive paracrine feedback mechanism.

Intracytoplasmic content of AA-RBCs or SS-RBCs was able to induce TLR2,
TLR4 and TLR5 expression, suggesting that there are no significant differences in
their composition. However, it is noteworthy that intravascular hemolysis does not
occur physiologically in healthy volunteers, whereas a great proportion of SCA
patients exhibit this condition (TAYLOR et al., 2008; VILAS-BOAS et al., 2010).
Hence, the inflammation observed in SCA patients could be a consequence of
constant exposure to RBCs’ intracytoplasmic content, such as heme (BELCHER et
al., 2014), during intravascular hemolysis, leading to the upregulation of toll-like
receptors’ expression. Additionally, intravascular hemolysis induces release of
HMGB1, a nuclear protein involved in regulation of transcription, which, similar to
heme, acts as a DAMP and activates TLR4 (XU et al., 2014). In this study we
showed that, in addition to TLR4, the expression of TLR2, TLR5 and TLR9 contribute
to the inflammatory condition, and could aggravate patient’s condition.

Pharmacological control of SCA patients clinical status is achieved mainly by
hydroxyurea (HU), an antineoplastic drug that increases HbF levels and reduces SS-
RBCs-endothelial interaction (PLATT, 2008; STEINBERG et al., 2010). In this study,
we showed that intact SS-RBCs are not able to induce TLR2 expression; however,
treatment with HU significantly increased expression of this receptor. TLR2 is
associated with NF-xB activation through the MyD88-dependent pathway, stimulates
the production of proinflammatory cytokines such as interleukin (IL)-12 and tumor
necrosis factor (TNF) (LIEW et al., 2005). Moreover, we demonstrated that HU does
not decrease the expression of TLR2, TLR4, TLR5 or TLR9, suggesting that this
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treatment, in addition to increasing TLR2 expression, is not able to reduce TLR-
mediated inflammation observed in SCA patients.

Leukotrienes (LT) are an important mediators of inflammation, and LTB4
promotes leukocyte migration and adhesion to the vascular endothelium (SETTY,
KULKARNI, STUART, 2002). Our observation that SS-RBC increase LTB4
production in AA-PBMC compared to AA-RBC is corroborated by the reported of LT
production are augmented in PBMC cultured with intact SS-RBC (OPENE et al.,
2014). We demonstrated here that intact SS-RBCs induced twice more the
production of LTB4 than AA-RBCs, whereas lysed SS-RBC induced three times less
this inflammatory mediator, and treatment with HU does not interfere in this
parameter. Since LTB4 is associated with SCA immunopathogenesis (SETTY,
STUART, 2002; KNIGHT-PERRY et al., 2009), our data suggest that, as observed
for TLRs, HU treatment does not reverse the inflammatory scenario.

Another mediator associated with inflammatory condition is NO, which acts
inducing vasodilation, inhibiting platelet activation, and thus controlling inflammation.
During hemolysis, RBC products deplete NO to form its metabolites, such as nitrite,
reducing NO bioavailability, which may promote vaso-occlusion episodes (GLADWIN
et al., 2003; KATO, GLADWIN, STEINBERG, 2007; ELIAS et al., 2012). In our study,
we showed that SS-RBCs/AA-PBMC system induced higher levels of nitrite when
compared to AA-RBC/AA-PBMC cultures. However, HU treatment was able to
reduce nitrite production, presumably because HU is a NO donator, improving its
bioavailability (GLADWIN et al., 2002; BURKITT, RAAFAT, 2006). Once NO is
associated with vascular homeostasis, and that the reduction of nitrite levels
implicates in higher concentration of bioactive NO (REITER, GLADWIN, 2003), our
data suggest a beneficial effect of HU treatment in regard to this parameter,
corroborating with other studies (GLADWIN et al., 2002).

SCA is an inflammatory and complex condition considered a public health
problem and associated with increased morbidity and mortality. Despite its global
relevance, mechanisms that contribute to disease severity are poorly understood. In
an attempt to contribute to the field, our data reinforce the hypothesis that red blood
cells, especially sickle RBCs, act as DAMPs, stimulating TLR expression and
contributing to inflammation. Furthermore, although HU treatment improves several

parameters in SCA patients, we highlighted here that HU does not prevent TLR-
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dependent inflammation, pointing out the need to develop new drugs that act with
different mechanisms of action of those observed for HU.
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FIGURE LEGENDS

Figure 1

Toll-like receptor (TLR) 2 (A), TLR4 (B), TLR5 (C) and TLR9 (D) mRNA expression in
peripheral blood mononuclear cells (PBMC) of healthy volunteers (AA-PBMC; n = 9)
and sickle cell anemia (SCA) patients (SS-PBMC; n = 12). Asterisk marker above
each bar represents significant statistic difference between SS-PBMC and AA-PBMC
groups (*p<0.05).

Figure 2

Toll-like receptor (TLR) 2 (A and B), TLR4 (C and D), TLR5 (E and F) and TLR9 (G
and H) mRNA expression in peripheral blood mononuclear cells (PBMC) of healthy
volunteers challenged with intact (first column) or lysed (second column) red blood
cells of healthy volunteers (AA-RBC; n = 9) or sickle cell anemia patients (SS-RBC; n
= 12). Asterisk marker above each bar represents significant statistic difference
between this and the negative control bar (PBMC). Asterisk marker above horizontal
lines represents significant statistic difference between designated groups (*p<0.05;
**p<0.01).

Figure 3

Toll-like receptor (TLR) 2 (A and B), TLR4 (C and D), TLR5 (E and F) and TLR9 (G
and H) mRNA expression in peripheral blood mononuclear cells (PBMC) of healthy
volunteers challenged with intact (first column) or lysed (second column) red blood
cells of sickle cell anemia patients (SS-RBC; n = 12), in the presence or absence of
hydroxyurea (HU). Asterisk marker above each bar represents significant statistic
difference between this and the negative control bar (PBMC). Asterisk marker above
horizontal lines represents significant statistic difference between designated groups
(*p<0.05; **p<0.01).

Figure 4

Levels of leukotriene B4 (LTB4) in culture supernatant of peripheral blood
mononuclear cells of healthy volunteers (PBMC) incubated with intact (first column)
or lysed (second column) red blood cells of healthy volunteers (AA-RBC; n = 9) or

sickle cell anemia patients (SS-RBC; n = 12), in the presence or absence of
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hydroxyurea (HU). Asterisk marker above each bar represents significant statistic
difference between this and the negative control bar (PBMC). Asterisk marker above
horizontal lines represents significant statistic difference between designated groups
(*p<0.05; **p<0.01).

Figure 5

Levels of Nitrite in culture supernatant of peripheral blood mononuclear cells of
healthy volunteers (PBMC) incubated with intact (first column) or lysed (second
column) red blood cells of healthy volunteers (AA-RBC; n = 9) or sickle cell anemia
patients (SS-RBC; n = 12), in the presence or absence of hydroxyurea (HU). Asterisk
marker above each bar represents significant statistic difference between this and the
negative control bar (PBMC). Asterisk marker above horizontal lines represents
significant statistic difference between designated groups (*p<0.05; **p<0.01,;
***n<0.001).
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Figure 2
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Figure 4
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Figure 5
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Table 1 Steady state hematological and biochemical markers values of the SCA patients and

healthy volunteers groups.

SCA patients Healthy volunteers
p value*
(n=12) (mean = SD) (n=9) (mean * SD)
Age (years) 9.08 £ 4.72 12.44 + 5.60 0.1864
RBC (x10°mL) 2.99 + 0.36 478 +£0.41 <0.0001
Platelets (x10°/mL) 441.00 £ 118.10 307.1+49.85 0.0056
Leukocyte (x10%/mL) 15178 + 4474 6767.00 + 1716.00 0.0002
Reticulocyte (%) 7.25+2.05 0.76 £ 0.17 0.0004
Hemoglobin (g/dL) 8.68 £ 1.03 13.23 £1.27 0.0004
Fetal Hemoglobin (%) 7.73+£6.26 0.48 £ 0.42 0.0007
Hematocrit (%) 25.34 + 3.53 39.43 £ 3.18 0.0004
Ferritin (ng/mL) 246.30 + 213.80 36.63 + 18.53 0.0016
C-reactive protein (mg/L) 5.173 £ 0.67 1.58+1.16 0.0163

SCA, sickle cell anemia; SD, standard deviation; RBC, red blood cells
* Mann-Whitney test; values to p<0.05 were considered a significant difference



Table 2 Primer sequences used for gPCR.

Gene Primer (5’ 2> 3’)
TLR-2 Fw: TTG TGA CCG CAA TGG TAT CTG
Rev: GCC CTG AGG GAATGG AGT TT
TLR-4 Fw: GGC CAT TGC TGC CAA CAT
Rev: CAACAATCACCTTTCGGCTTTT
TLR-5 Fw: TGT ATG CAC TGT CAC TCT GAC TCT GT
Rev: AGC CCC GGAACTTTGTGACT
TLR-9 Fw: AAC CTC CCC AAG AGC CTA CAG
Rev: CAG CAC TTA AAG AAG GCC AGG TA
GAPDH Fw: CAC ATG GCC TCC AAG GAG TAA
Rev: TGA GGG TCT CTC TCT TCC TCT TGT
B-ACTINA Fw: CCT GGC ACC CAG CAC AAT

Rev: GCC GAT CCA CAC GGA GTACT

TLR, Toll like receptor; Fw, Forward sequence; Rev, Reverse sequence
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6.3 Manuscrito 3

Titulo: NLRP3-inflammasome platform contributes to the inflammatory status in

sickle cell anemia regardless hydroxyurea treatment

Autores: Pitanga, T.N.; Oliveira, R. R; Zanette, D.L.; Guarda, C.C.; Santiago, R.P;
Santana, S.S; Lopes, M.V.; Lima, J.B.; Carvalho, G.Q.; Maffili, V.V.; Alcantara,
L.C.J.; Borges, V.M.; Goncalves, M.S.

Situacao: A ser submetido

Objetivos: (referentes aos objetivos 5 a 7 da tese):

1. Determinar a expresséo de genes relacionados a componentes do inflamassoma
NLRP3 em PBMC de pacientes com anemia falciforme e de voluntarios sadios;

2. Avaliar o efeito da adicdo de heméacias falcizadas na expressdo de genes
relacionados a componentes do inflamassoma NLRP3 em cultura de PBMC de
voluntarios sadios, tratada ou ndo com hidroxiureia;

3. Avaliar proteinas relacionadas a ativacdo do inflamassoma (IL-1B e proteina
ligadora de IL-18 [IL-18BP]) em sobrenadante de cultura de PBMC incubada com

hemacias falcizadas tratada ou ndo com hidroxiureia.

Principais resultados: células mononucleares de pacientes com AF mostram
expressdo elevada de NLRP3 e IL-18; hemacias de pacientes AF induzem
expressdo génica de caspase-l1 e IL-18, e aumentam a secrecdo de IL-1B; o
tratamento com HU ndo afeta a expressdo de moléculas relacionadas ao
inflamassoma e induz aumento da secrec¢éo de IL-18BP (proteina ligadora de IL-18).
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Abstract

Sickle Cell Anemia (SCA) is a genetic disorder characterized by systemic
inflammation coinciding with vaso-occlusive phenomena, painful episodes and
intravascular hemolysis. The nod-like receptor protein 3 (NLRP3)-inflammasome
platform could contribute this inflammation, since erythroid contents act as danger
signals (eDAMPS) activating this pathway. Our objective was to evaluate expression
of NLRP3, Caspase-1, interleukin (IL)-1B and IL-18 in peripheral blood mononuclear
cells (PBMC) of SCA patients and the role that erythrocytes play in the expression of
these molecules, and in vitro effect of Hydroxyurea. PBMC and red blood cells of
SCA patients (SS-RBC) and healthy volunteers (AA-RBC) were obtained. PBMC
were challenged with SS- or AA-RBC in the presence of hydroxyurea (HU).
Inflammasome-related gene expressions were assessed by gPCR. IL-1B and IL-18
binding protein (BP) production were measured in culture supernatants. We found
that NLRP3 and IL-18 were highly expressed in PBMC of SCA patients when
compared to healthy volunteers. In addition, we showed that intact or lysed SS-RBC,
but not AA-RBC, induces Caspase-1 and IL-18 expression, while lysed AA-RBC
induces expression of NLRP3 and IL-1B3. Moreover, Intact SS-RBC, but not AA-RBC,
induces production of IL-1B. Treatment with hydroxyurea (HU) showed no
interference with the expression of NLRP-3-inflammasome proteins, whereas
induced production of IL-18BP. Our data suggest that NLRP3-inflammasome
platform contributes to the inflammatory status observed in SCA patients and that HU
treatment does not interfere in the inflammatory pathway. This knowledge could lead
to the development of new therapeutic strategies, which act in different ways from

those given by hydroxyurea.

Keywords: Sickle cell disease; hydroxyurea; NOD-like receptors; NLRP3-

inflammasome; eDAMP.
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Introduction

Sickle Cell Anemia (SCA) is a hereditary disease characterized by the
production of abnormal red cells, presence of homozygous hemoglobin S (HbSS)
and dysfunction on oxygen transportation. Although some patients present no
symptoms, SCA is an inflammatory condition associated with vaso-occlusive and
painful episodes, increased susceptibility to infections and intravascular hemolysis
(PLATT, 2000; WEATHERALL, PROVAN, 2000; TAYLOR et al., 2008; NEBOR et al.,
2011).

Hemoglobin and heme group released during intravascular hemolysis activate
endothelial cells, leukocytes and platelets, leading to systematic inflammation and
contributing to pro-thrombotic and vaso-occlusive phenomena observed in SCA
patients (BELCHER et al., 2003; WOOD, HEBBEL, GRANGER, 2004). The
maintenance of the inflammatory condition is mediated by the immune system,
especially the innate immune system, which is able to recognize danger-associated
molecular patters (DAMPs) by NOD-like receptors (NLRs) (CERQUEIRA et al., 2011;
VICARI et al., 2015).

Cellular residues and other endogenous molecules, released during
intravascular hemolysis, are able to act as signals for tissue injury, and are
recognized by NLRs. High-Mobility Group Protein B1 (HMGB1), and heme are the
major DAMPs considered as NLR agonists (DUTRA et al., 2014; GLADWIN, OFORI-
ACQUAH, 2014; GUPTA, 2014; XU et al., 2014).

Nod-like receptors are grouped into five subfamilies (NLRA, NLRB, NLRC,
NLRP and NLRX) depending on the composition of their N-terminal domain. Under
activation, the central domain of these receptors oligomerizes resulting in an
inflammatory multi-protein platform, named the inflammasome. Although several
inflammasome platforms have been proposed, the NLRP3-associated inflammasome
is the most widely studied (TING et al., 2008; SCHRODER, TSCHOPP, 2010;
YERETSSIAN, 2012; LATZ, XIAO, STUTZ, 2013).

Classically, inflammasome consists of NLRP (usually NLRP3, NOD-like
receptor family, pyrin domain containing 3), inflammatory protease Caspase-1 and
the Apoptosis-Associated Speck-Like Protein Containing Card (ASC). Following
activation, NLRP3 recruits ASC and pro-caspase-1 in a process that requires

participation of NF-kB, as a first-step of NLRP3 activation, and NLRP3
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oligomerization itself as a second-step of activation, in order to convert pro-caspase-
1 into its active form. Then, active caspase-1 converts the inflammatory cytokines IL-
18 and IL-18 into active forms, contributing to pathology severity (MARTINON,
BURNS, TSCHOPP, 2002; AGOSTINI et al., 2004; MARIATHASAN, MONACK,
2007; BAUERNFEIND et al., 2009; BAUERNFEIND et al., 2011; ZHOU et al., 2011,
GHONIME et al., 2014).

IL-18 and IL-18 are pro-inflammatory cytokines engaged with the innate
immune response in both infection and aseptic inflammation. Levels of these
cytokines have been associated with different clinical inflammatory conditions, such
as multiple sclerosis, cancer, Alzheimer's disease, arthritis and sickle cell anemia
(GUMA et al., 2010; CERQUEIRA et al., 2011; KITAZAWA et al., 2011; RAMIREZ-
RAMIREZ et al., 2013; KETELUT-CARNEIRO et al., 2015; TAS et al., 2015; VICARI
et al., 2015). Levels or polymorphisms of IL-13 and IL-18 have been correlated with
clinical complications, such as cerebrovascular accident, intravascular hemolysis and
endothelial dysfunction, contributing to the disease severity and to the therapeutic
failure (ASARE et al., 2010; CERQUEIRA et al., 2011; VICARI et al., 2015).

Therapy with hydroxyurea seems to be the best treatment available for SCA
patients. HU exhibits a cytotoxic effect by inhibiting ribonucleotide reductase enzyme
contributing for its main pharmacologic mechanism — increasing levels of HbF (DE
MONTALEMBERT et al., 2006; PLATT, 2008; LEBENSBURGER et al., 2010).

In this study, we evaluated the expression of NLRP3, Caspase-1, interleukin
(IL)-18 and IL-18 and production of IL-18 and IL-18 bind protein (IL-18BP) in
peripheral blood mononuclear cells (PBMC) of SCA patients. In addition, we
investigated the participation of RBCs obtained from SCA patients (SS-RBCSs) in
modulating the expression of these genes and production of cytokines in PBMC from
healthy donors (AA-PBMCs), as well as the in vitro effect of hydroxyurea in the

expression of these inflammatory markers.

Methods

SCA patients and healthy volunteers

Patients were recruited from Hematology and Hemotherapy Foundation of the

State of Bahia (HEMOBA) and healthy volunteers (individuals without hematological
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disorder or inflammatory conditions) from Pharmacy College (FacFAR) of Federal
University of Bahia. A cross-sectional study performed comprising 10 sickle cell
anemia (SCA) patients in steady-state (age 10.3 = 4.6 years) and 7 healthy
volunteers (age 14.5 £ 5.2 years). No patient required blood transfusion in a period of
four months prior to blood draw, or presented any infection, hospitalization or vaso-
occlusive event. Although all patients were being treated with folic acid, none was
using antibiotics, corticosteroids or hydroxyurea. Demographic, hematological and
biochemical parameters of both groups are showed in Table 1. Although subjects
from both groups has similar age, all biochemical and hematological parameters,
except for levels of alpha-1 antitrypsin and alanine aminotransferase, were worse in
the SCA group. This study was approved by the Research Ethics Committee of the
Oswaldo Cruz Foundation, and was developed in accordance with the Declaration of
Helsinki of 1975 as revised in 2008. All subjects or their legal guardians agreed to
collect the biological sample after reading the terms in the informed consent.

Blood collection and isolation of human mononuclear and red blood cells

Venous blood was collected from patients and controls in order to determine
hemoglobin profile by high-performance liquid chromatography, and to obtain red
blood cells (RBC) for cell culture experiments and peripheral blood mononuclear cells
(PBMC) for gene expression analysis. Additionally, PBMCs used for cell culture
(PBMC culture) experiments were obtained from fresh leukocytes concentrates (buffy
coat) of healthy donors from HEMOBA by using the gradient Ficoll-Hypaque (GE
Healthcare Bio-Sciences Corp. Piscataway, NJ, USA). RBC were isolated by
centrifugation from peripheral blood of SCA patients (SS-RBC) and controls (AA-
RBC). Lysed erythrocytes was obtained by maintaining RBC concentrate at -70°C for
3 hours and subsequently thawed (purity >90%).(BENSOUDA, LAATIRIS, 2006)

PBMC from buffy coat bags were counted, distributed in 24-well plate (Costar,
Corning, NY, USA) at a concentration of 3x10° mononuclear cells/mL and cultured
with 3% of lysed or intact RBC for 24h at 37°C and 5% CO,, in the presence or
absence of 100 pM hydroxyurea (HU) (Sigma-Aldrich, Saint Louis, MO, USA)
(STEINBERG et al., 2010).
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IL-1B8 e IL-18 bind protein (IL-18BP) production by PBMC culture

IL-18 and IL-18BP production was assessed using IL-1B8 and IL-18BP (R&D
Systems, Minneapolis, USA) ELISA kits, according to the manufacturer's instructions.
In vitro IL-1B production was analyzed in supernatants harvested from the PBMC,

exposed to intact or lysed erythrocytes from AF patients for 24h.

Quantification of gene expressions

Extraction of mRNA from PBMC of SCA patients and PBMC cultures was
performed by using Trizol reagent (Invitrogen, Life Technologies, CA, USA)
according to the manufacturer's instructions. The RNA obtained was measured by
spectrophotometer NanoDrop™ Lite Spectrophotometer (Thermo Fisher Scientific,
Wilmington, USA). Reverse transcription was performed using the High Capacity
cDNA Reverse Transcription Kit (Applied BiosystemsTM, Foster City, CA) according
to the manufacturer's instructions. NLRP3, IL-1B e IL-18, Caspase-1, GAPDH and B-
ACTIN gene expression analysis by qPCR was performed on an ABI 7500 FAST
Real-Time PCR equipment (Applied BiosystemsTM, Foster City, CA). The
amplification reactions were performed with Power SYBR® Green, according to
manufacturer’s instructions. Primers used for gPCR reactions are shown in Table 2.
After amplification and dissociation curve runs, the values of threshold cycle (Ct)
were obtained with the aid of the Operational Programme 7500™ System (Applied
Biosystems, USA). Expression levels were normalized based on the geometric mean
of GAPDH and B-ACTIN, endogenous controls. Relative expression folds were
calculated based on 27-ddCt method.(PFAFFL, 2001)

Statistical analysis

Comparison of quantitative variables between groups was performed by
unpaired Student's t test for normal distribution data and by the Mann-Whitney test
for non-normally distributed data. The non-parametric ANOVA Kruskal-Wallis was
used for comparison between three or more groups. Values of p<0.05 were
considered as significant different. All data were analyzed using Prism 5.1 software
(GraphPad, San Diego, USA).
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Results

PBMC of SCA patients highly express NLRP3 and IL-1B genes

SCA is a genetic disorder in which an intense inflammatory response is
observed, associated with intravascular hemolysis and activation of leukocytes,
endothelial cells and platelets. We hypothesized that red cells from SCA patients, as
well as their intracytoplasmic contents, act as danger signals for the activation of
NLRP3 inflammasome. In attempt to test this hypothesis, we first evaluated the
expression of NLRP3, Caspase-1, IL-13 and IL-18 in peripheral blood mononuclear
cells obtained from SCA patients (SS-PBMC) and healthy controls (AA-PBMC).

Expression of NLRP3 and IL-1B was significantly higher in SS-PBMC (2.30 *
1.02 and 2.84 £+ 1.08) as compared to AA-PBMC (0.75 = 0.13 and 1.24 + 0.38,
respectively, p < 0.05). On the other hand, mRNA expression of Caspase-1 and IL-18
did not differ between PBMC from healthy volunteers and SCA patients (Figure 1).

SS-RBC induces Caspase-1 and IL-18 expression

Since it has been shown that SS-PBMC expresses mediators associated with
NLRP3 inflammasome, we decided to investigate whether red blood cells of SCA
patients act as DAMPs for the activation of NLRP3 inflammasome. For this purpose,
we isolated AA-PBMC from regular blood donors and incubated these cells in the
presence of intact or lysed SS-RBC or RBC from healthy controls (AA-RBC). Since
intact SS-RBC are morphologically distinct from AA-RBC, and intracellular contents
of RBC are able to induce inflammatory response mediated by innate receptors
(POTOKA, GLADWIN, 2015), we hypothesized that both intact and lysed SS-RBC
could promote the expression of molecules involved in NLRP3 inflammasome
activation in AA-PBMC.

We demonstrated here that intact AA-RBC were not able to induce expression
of NLRP3, Caspase-1, IL-1 or IL-18, when compared to basal expression of these
receptors observed in unstimulated AA-PBMC (Figures 2 A, C, E, G). In contrast,
intact SS-RBC induced higher expression of NLRP3, Caspase-1, IL-18 and IL-18
than unstimulated PBMC did. Lysed AA-RBC induced higher expression of NLRP3
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and IL-B, whereas SS-RBC induced higher expression of NLRP3, Caspase-1 and IL-
18, when compared to unstimulated cell cultures.

Interestingly, intact SS-RBC induced higher expression of Caspase-1 when
compared to AA-RBC (Figure 2C). Moreover, Caspase-1 and IL-18 were more
expressed in PBMC challenged with lysed SS-RBC (3.54 + 2.01 and 2.41 + 1.25)
when compared to lysed AA-RBC (0.08 + 0.02 and 0.26 £ 0.06, respectively, p<0.05,
Figure 2 D, H). These data suggest that intact and lysed SS-RBC are good inductors

of Caspase-1 or IL-18 expression, which was not observed for AA-RBC.

HU treatment does not affect expression of NLRP3 inflammasome-related

molecules

Hydroxyurea (HU) is a cytotoxic drug used for treatment of SCA patients and its
main expected beneficial effect is the improvement in HbF levels. However, it is not
clear whether HU acts controlling the inflammatory condition in these patients. We
sought to investigate this issue by incubating AA-PBMC with intact or lysed SS-RBC,
in the presence or absence of HU.

Expression of NLRP3, Caspase-1, IL-18 and IL-18 were not affected by HU
treatment, in both intact and lysed SS-RBC conditions (Figure 3). Thus, besides HU
has a positive effect on HbF production, our data suggested that this drug is not able

to interfere positively in the control of the inflammatory condition.

Intact SS-RBC, but not AA-RBC, induces production of IL-1B

In addition to assessing gene expression, we also evaluated protein production,
especially IL-18 and IL-18 binding protein (IL-18BP). IL-1B is secreted upon
activation of NLRP3-inflammasome, whereas IL-18BP is a protein that binds to
soluble IL-18, preventing the binding of IL-18 to its receptor,(DINARELLO et al.,
2013) Therefore, production of IL-18BP might be understood as a compensatory
mechanism to regulate 1L-18 activity, a cytokine that is also produced after NLRP3
inflammasome activation.

It was observed that both intact and lysed SS-RBC and AA-RBC induced
production of IL-1B and IL-18BP (Figure 4). However, levels of IL-1B in response to

intact AA-RBC were similar to those was observed for unstimulated cultures, and
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intact SS-RBC was able to induce production of higher levels of IL-1B, when
compared to intact AA-RBC stimulated cultures (Figure 4A). This data reinforces the
hypothesis that SS-RBC, as opposed to AA-RBC, activates an inflammatory

response mediated by receptors from the innate immune system.

HU induces production of IL-18BP but does not affect IL-18 production

HU showed no effect in down-regulating IL-13 production induced by intact or
lysed SS-RBC on AA-PBMC (Figures 5 A-B). However, HU up-regulated IL-18BP
production induced by lysed SS-RBC, when comparing with untreated cells (Figure
5D), suggesting that HU might play an important role controlling the inflammatory

effects of IL-18, which could be beneficial for the treatment of SCA patients.

Discussion

In this study, we showed that NLRP3-inflammasome is an important innate
immune platform for the recognition of DAMPs derived from sickle red cell or its
contents. Sickle cell anemia (SCA) patients exhibited high expression of NLRP3 and
IL-18 in mononuclear cells (PBMC) and SS-RBC induced Caspase-1 and IL-18
expression and production of IL-13. Hydroxyurea treatment did not affect expression
of NLRP3 inflammasome-related molecules, but induced production of IL-18BP.

The most common inflammasome is associated with NLRP3, caspase-1 and
ASC. Several dangers signals has been well documented as NLRP3-inflammasome
agonists, such as extracellular ATP, glucose, hyaluronan, alum and asbestos
(SCHRODER, TSCHOPP, 2010). More recently, some authors have demonstrated
red cells or its contents as DAMPs for NLRP3 inflammasome activation, and
proposed erythroid DAMPs (eDAMPS) as a new terminology for these signals of red
cells injury.(GLADWIN, OFORI-ACQUAH, 2014; POTOKA, GLADWIN, 2015)
Following NLRP3 activation, caspase-1 becomes active and, consequently, converts
pro-IL-1B and pro-IL-18 in their active forms which are secreted in the extracellular
milieu (MARIATHASAN, MONACK, 2007).

In this study, we did not find any differences in the expressions of caspase-1
and IL-18 between AA-PBMC and SS-PBMC; however, NLRP3 and IL-13 were more
expressed in SS-PBMC. It was documented that many of the same stimuli induce
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expression of both pro-IL-1B8 and NLRP3, and that IL-18 and caspase-1 are
constitutively expressed in many cells (GUARDA et al., 2011; DINARELLO et al.,
2013) corroborating our results.

Since hematological parameters, such as RBCs count, hemoglobin levels and
frequency of reticulocytes were substantially different in the SCA group when
compared to healthy volunteers, we tested the effect to RBC in the activation of the
NLRP3 inflammatory pathway. Interestingly, intact SS-RBCs were potent eDAMPSs,
as they induced expression of all NLRP3-inflammsome related molecules evaluated
here. Moreover, lysed SS-RBCs increased caspase-1 and IL-18 expression whereas
lysed AA-RBCs induced higher expression of NLRP3 and IL-13. These results
suggest that erythrocyte composition differs between AA- and SS-RBCs regarding
inflammasome pathway activation. Despite the observed contribution of lysed AA-
RBCs to IL-18 and NLRP3 expression, it is important to point out that intravascular
hemolysis does not occur physiologically in healthy volunteers, whereas a great
proportion of SCA patients exhibit this condition (TAYLOR et al., 2008; VILAS-BOAS
et al., 2010). Hence, the inflammation observed in SCA patients could be a
consequence of constant exposure to eDAMPs (intact or lysed RBCs), such as heme
(DUTRA et al., 2014), during intravascular hemolysis, which leads to upregulation of
NOD-like receptors expression, suggesting that these molecules could be therapeutic
targets for SCA.

Hydroxyurea is an important agent used to treat SCA patients that acts
increasing HbF levels and reducing SS-RBCs-endothelial interaction (PLATT, 2008;
STEINBERG et al., 2010). In this study, we demonstrated that HU does not interfere
in the expression of NLRP3, caspase-1, IL-1B and IL-18, suggesting that HU
mechanism of action is not associated with NLRP3-inflammasome pathway, thus is
not able to act controlling inflammasome-dependent inflammatory conditions
observed in SCA patients.

In addition to gene expression, we also evaluated production of IL-138 and IL-18
binding protein (IL-18BP). IL-18BP is a protein that binds to IL-18 preventing the
attachment with its receptor, contributing to decrease the inflammatory response
(CARBOTTI et al., 2013; DINARELLO et al., 2013). We showed here that both intact
and lysed SS-RBCs induced IL-1f production, whereas, only lysed AA-RBCs

demonstrated this property. On the other hand, IL-18BP was induced in all



109

conditions, suggesting that its production is not associated with specific eDAMP from
SS-RBCs.

Although plasma levels of IL-18BP are significantly increased in inflammatory
conditions (DINARELLO et al., 2003), in our in vitro model we found higher gene
expression of IL-18 in SS-RBCs-stimulated PBMC, and found no difference in the
concentration of IL-18BP in supernatant of PBMC-stimulated with AA- or SS-RBCs.
Upon HU treatment, although we did not observe any interference in IL-18
expression, this drug was able to increase the levels of its inhibitor (IL-18BP) in our
model of in vitro hemolysis, what was not observed when using intact RBCs.
Therefore, during intravascular hemolysis, HU might have beneficial effects in the
inflammatory control by reducing IL-18 attachment in IL-18 receptor.

Our data reinforce that NLRP3-inflammasome platform, an important and well-
known inflammatory pathway, could be contributing to the clinical inflammatory status
observed in SCA patients. This knowledge could lead to the development of new
therapeutic strategies targeting, preferentially, sickle cell eDAMPs or NLRP3-

inflammasome-associated molecules.
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Figure Legends

Figure 1

Nod-like receptor protein 3 (NLRP3; A), Caspase-1 (B), Interleukin (IL) 1B (C) and IL-
18 (D) mRNA expression in peripheral blood mononuclear cells (PBMC) of healthy
volunteers (AA-PBMC; n = 7) and sickle cell anemia (SCA) patients (SS-PBMC; n =
10). Asterisk marker above each bar represents significant statistic difference
between SS-PBMC and AA-PBMC groups (*p<0.05).

Figure 2

Nod-like receptor protein 3 (NLRP3; A and B), Caspase-1 (C and D), Interleukin (IL)
18 (E and F) and IL-18 (G and H) mRNA expression in peripheral blood mononuclear
cells (PBMC) of healthy volunteers challenged with intact (first column) or lysed
(second column) red blood cells of healthy volunteers (AA-RBC; n = 7) or sickle cell
anemia patients (SS-RBC; n = 10). Asterisk marker above each bar represents
significant statistic difference between this and the negative control bar (PBMC).
Asterisk marker above horizontal lines represents significant statistic difference
between designated groups (*p<0.05; **p<0.01).

Figure 3

Nod-like receptor protein 3 (NLRP3; A and B), Caspase-1 (C and D), Interleukin (IL)
18 (E and F) and IL-18 (G and H) mRNA expression in peripheral blood mononuclear
cells (PBMC) of healthy volunteers challenged with intact (first column) or lysed
(second column) red blood cells of sickle cell anemia patients (SS-RBC; n = 10), in
the presence or absence of hydroxyurea (HU). Asterisk marker above each bar
represents significant statistic difference between this and the negative control bar
(PBMC). Asterisk marker above horizontal lines represents significant statistic

difference between designated groups (*p<0.05; **p<0.01).

Figure 4

Levels of Interleukin (IL) 1B (A and B) and IL-18 (C and D) in culture supernatant of
peripheral blood mononuclear cells of healthy volunteers (PBMC) incubated with
intact (first column) or lysed (second column) red blood cells of healthy volunteers
(AA-RBC; n = 7) or sickle cell anemia patients (SS-RBC; n = 10). Asterisk marker
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above each bar represents significant statistic difference between this and the
negative control bar (PBMC). Asterisk marker above horizontal lines represents

significant statistic difference between designated groups (*p<0.05).

Figure 5

Levels of Interleukin (IL) 1B (A and B) and IL-18 (C and D) in culture supernatant of
peripheral blood mononuclear cells of healthy volunteers (PBMC) incubated with
intact (first column) or lysed (second column) red blood cells of sickle cell anemia
patients (SS-RBC; n = 10), in the presence or absence of hydroxyurea (HU). Asterisk
marker above each bar represents significant statistic difference between this and the
negative control bar (PBMC). Asterisk marker above horizontal lines represents

significant statistic difference between designated groups (*p<0.05).
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Table 1 Steady state hematological and biochemical markers values of the SCA patients and

healthy volunteers groups.

SCA patients Healthy volunteers
(n=10) (mean + SD) (n=7) (mean £ SD) p value
Age (year) 10.33 £ 4.56 14.50 + 5.167 0.1904
RBC (x10%/mL) 3.12+0.34 4.85+0.46 0.0022
Platelets (x10%/mL) 432.00 £ 135.50 290.30 + 43.73 0.0325
Leukocyte (x10°/mL) 17033.00 £ 3695.00 7183.00 + 1854.00 0.0022
Reticulocyte (%) 8100.00 + 1.99 0.77 £0.20 0.0050
Hemoglobin (g/dL) 9.12 + 0.96 13.40+£1.46 0.0048
Fetal Hemoglobin (%) 9.75 1+ 6.86 0.25+0.08 0.0043
Hematocrit (%) 26.72 + 3.35 39.78 + 3.56 0.0022
Ferritin (ng/mL) 271.70 £ 235.3 38.16 + 31.67 0.0173
Alpha-1 antitrypsin (mg/dL) 183.00 + 22.83 169.50 + 43.96 0.7483
Lactate dehydrogenase (U/L) 1474.00 £+ 368.30 308.6 + 86.92 0.0043
Aspartate aminotransferase (U/L) 53.00 +18.73 23.40 £ 9.76 0.0174
Alanine aminotransferase (U/L) 20.67 £ 7.42 16.80 £ 5.59 0.5219
C-reactive protein (mg/L) 5.23+0.94 1.81+1.45 0.0393

SCA, sickle cell anemia; SD, standard deviation; RBC, red blood cells
*Mann-Whitney test; values to p<0.05 were considered a significant difference
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Table 2. Primer sequences used for gPCR

Gene Primer (5'—3’)
Fw. AAA AAA TCT CAC TGC TTC GGA CAT
CASPASE-1 | pev: TCT GGG CGG TGT GCA AA
L1 Fw: AGC TAC GAA TCT CCG ACC AC
Rev: CGT TAT CCC ATG TGT CGA AGA A
18 Fw: ATC GCT TCC TCT CGC AAC A
Rev: TCT ACT GGT TCA GCA GCC ATC TT
LRP3 Fw: TGC CCC GAC CCA AAC C
Rev: GAA GCC GTC CAT GAG GAA GA
CAPDH Fw: CAC ATG GCC TCC AAG GAG TAA
Rev: TGA GGG TCT CTC TCT TCC TCT TGT
Fw: CCT GGC ACC CAG CAC AAT
B-ACTINA | pev: GCC GAT CCA CAC GGA GTA CT

Fw, Forward sequence; Rev, Reverse sequence.



124

7 DISCUSSAO

A DF é uma desordem hemolitica, caracterizada por um processo inflamatoério
cronico. A forma mais grave da DF, a AF, apresenta perfil clinico heterogéneo, com
ocorréncia de crises vaso-oclusivas, AVC, hipertenséo pulmonar e STA, entre outras
alteracdes (VILAS-BOAS et al.,, 2012; PITANGA et al., 2013). As complicacoes
clinicas associadas ao numero de internacbes e Obitos desses pacientes
demonstram a necessidade de se investigar moléculas associadas a fisiopatologia
da doenca bem como alvos terapéuticos.

Nesse sentido, dois polimorfismos genéticos vém sendo investigados como
marcadores prognosticos da DF, e destacam-se quanto a importancia na inflamacao:
SERPINA1 e mieloperoxidase (MPO, -463G>A). O gene da SERPINAl é
responsavel pelo controle da sintese da AAT, um inibidor de protease produzido,
predominantemente, em hepatdcitos, a qual atua controlando negativamente
citocinas inflamatorias, tais como IL-1, IL-6 e fator de necrose tumoral (TNF), e
inibindo elastase neutrofilica (RICHARDS, GAULDIE e BAUMANN, 1991; LOMAS e
MAHADEVA, 2002; CHAPPELL et al., 2006). Outra proteina altamente polimorfica é
a MPO, que é uma enzima produzida por mondcitos e neutrdfilos, que atua,
principalmente, no estresse oxidativo vascular e protecdo do organismo contra
bactérias (PITANGA et al., 2014). A presenca de polimorfismos nestes dois genes
estd relacionada a complicacbes vasculares e aumento da susceptibilidade a
infecgao nesses pacientes (COSTA et al., 2005; BARBOSA et al., 2014; CARVALHO
et al., 2014; STOCKLEY e TURNER, 2014).

No manuscrito |, observamos a prevaléncia de 56% e 9% do polimorfismo nos
genes de MPO e SERPINAL, respectivamente, nos pacientes com DF. Embora os
polimorfismos nao tenham afetado as concentracbes de hemoglobina fetal (HbF), o
tratamento com hidroxiureia (HU) mostrou melhor resultado para este parametro em
pacientes com o polimorfismo para MPO ou naqueles sem a mutagdo para
SERPINAL.

Durante a crise, pacientes com DF apresentam manifestacdes clinicas graves,
com inflamacgé&o sistémica associada a fendmenos vaso-oclusivos e susceptibilidade
aumentada a infecgcbes (WEATHERALL e PROVAN, 2000; TAYLOR et al., 2008).
Individuos com gendtipo selvagem (sem o polimorfismo) para MPO e SERPINAL

estdo associados com a manutencdo da homeostasia, principalmente na defesa
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contra patdgenos e durante a inflamacdo. Nesse sentido, a presenca do
polimorfismo pode agravar a condi¢do clinica do paciente, como observado em
estudos com outras doencas inflamatdrias como cancer gastrico e lUpus eritematoso
sistétmico (REYNOLDS, STEGEMAN e TERVAERT, 2002; BOUALI et al., 2007;
JIANG et al., 2012). Entretanto, ndo encontramos associacao entre os polimorfismos
da MPO e SERPINA1 com as manifestacdes clinicas avaliadas, provavelmente pelo
namero reduzido de individuos que carregam estes polimorfismos aliado a baixa
frequéncia de cada marcador clinico avaliado no grupo estudado.

Esta bem documentado que contagens de plaguetas e leucdcitos e
concentracbes de hemoglobina (Hb), HbF e ferritina encontram-se alteradas em
pacientes com DF (STEINBERG, 2005; CARVALHO-NETO, LAND e FLEURY,
2011). Entretanto, este é o primeiro trabalho que demonstra a influéncia dos
polimorfismos de MPO e SERPINAL1 em parametros laboratoriais em pacientes com
DF. A presenca do polimorfismo ndo afetou os parametros laboratoriais dos
voluntarios sadios, entretanto, interferiu em alguns marcadores dos pacientes com
DF.

A presenca do alelo esteve associada a contagem baixa de plaquetas e ao
namero elevado de leucdcitos e linfocitos quando comparados ao grupo selvagem.
Plaquetas e leucécitos de pacientes com DF expressam mais moléculas de adeséo,
contribuindo para a ocorréncia de crises vaso-oclusivas e ativacdo endotelial
(BROWNE et al.,, 1996; OKPALA, 2006; PROENCA-FERREIRA et al.,, 2010;
PROENCA-FERREIRA et al., 2014). Portanto, considerando plaquetas, linfocitos e
leucdcitos totais, a presenca do polimorfismo no gene MPO poderia atuar como fator
protetor para eventos vaso-oclusivos, embora ndo tenhamos mostrado no presente
trabalho. Esses parametros, entretanto, ndo diferiram entre os grupos selvagem e
mutante para a SERPINAL.

Em contraste com as analises encontradas para o polimorfismo no gene MPO,
a mutacao no gene da SERPINA1 mostrou contribuir para o aumento nos niveis de
ferritina e, como esperado, reducédo nos niveis de AAT no grupo de pacientes com
DF e com alelos mutantes. A ferritina € um biomarcador da inflamacéo e seus niveis
estdo aumentados durante as crises dolorosas e infeccdo (AL-SAQLADI, BIN-
GADEEM e BRABIN, 2012). Sendo assim, este polimorfismo poderia representar
gravidade da doencga, especialmente por estar associado a niveis reduzidos de AAT,
uma enzima que atua reduzindo a inflamacdo (GOOPTU, DICKENS e LOMAS,
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2014; STOCKLEY e TURNER, 2014). Isso destaca a necessidade de se buscar
tratamentos mais especificos e individualizados para pacientes com DF que
apresentem esses polimorfismos.

A terapia com HU, o Unico medicamento aprovado pelo FDA norte americanos,
tem mostrado efeitos benéficos nos pacientes com DF. Seu principal mecanismo de
acao concentra-se, basicamente, em sua capacidade de inibir a enzima
ribonucleotideo redutase, levando a proliferacdo eritréide anormal. Sob essa
condicdo, ocorre 0 aumento da producéo de células F, as quais estimulam a sintese
de HbF e inibem a sintese de novas moléculas de HbS (FRANCO et al., 2006;
STROUSE e HEENEY, 2012). Além disso, a HU melhora o fluxo das hemécias e
reduz sua adesdo as células vizinhas, reduzindo o risco de crises vaso-oclusivas
(KUMKHAEK et al., 2008; PLATT, 2008).

Neste estudo, mostramos que pacientes tratados com HU apresentam niveis
elevados de HbF, independentemente de ter ou ndo o polimorfismo para SERPINAL
ou MPO. Este dado sugere que a presenca do polimorfismo ndo é capaz de afetar a
atividade do farmaco, observada na populacao geral, no que diz respeito a melhora
dos niveis da HbF. Por outro lado, a presenca do polimorfismo da MPO afeta na
resposta ao tratamento. Pacientes com esta mutacdo e tratado com HU
apresentaram niveis mais elevados de ferritina do que os individuos nas mesmas
condicBes, mas sem a mutacdo. Neste Ultimo, a auséncia da mutacdo implicou em
niveis reduzidos desse marcador inflamatério. Este dado sugere que o tratamento
com HU em pacientes com DF e com polimorfismo para MPO pode piorar o quadro
inflamatério, pois a ferritina € um marcador da inflamacgéo.

Além da busca por novos biomarcadores prognésticos da doenca, discutidos
no trabalho anterior, o sistema imune também vem sendo motivo de muitos estudos
(VILAS-BOAS et al., 2012; PITANGA et al.,, 2013) na busca por uma maior
compreensao sobre as vias relacionadas a manutencao da resposta inflamatéria em
pacientes com AF e, consequentemente, por novos alvos terapéuticos. O sistema
imune inato atua como primeira linha de defesa contra patégenos, por reconhecer
PAMPs e DAMPs derivados da lesao tecidual estéril. Apds sua ativacao via TLR, a
resposta inflamatdria é iniciada e mantida enquanto o agente causador estiver
presente. Nesse sentido, alguns estudos sugerem que a inflamacéo na AF pode ser

dependente da via do TLR, uma vez que hemédcias, ou produtos de hemdlise,
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poderiam estar sendo reconhecidos como DAMPs (VANCE, ISBERG e PORTNOY,
2009; CERQUEIRA et al., 2011; GUPTA, 2014; CHEN et al., 2015).

No manuscrito Il, demonstramos que a expressdo de TLRs é ativada em
pacientes com AF e que hemacias e HU sdo capazes de induzir expressdo destes
receptores. N6s mostramos que células mononucleares (PBMC) de pacientes com
AF (SS-PBMC) apresentam expressdo aumentada de TLR2, TRLR4 e TLR5. O
receptor Toll tipo 2 € o mais importante na resposta contra bactérias Gram positivas
assim como na inflamacdo ndo patogénica, pela interacio com DAMPs. Este
receptor pode formar um heterodimero com TLR4 o qual é capaz de reconhecer Hb
livre (TAKEUCHI et al., 1999; VAN BERGENHENEGOUWEN et al., 2013; WANG et
al., 2014). Embora o lipopolissacarideo (LPS) seja o PAMP mais bem descrito, ha
outros agonistas em condicfes estéreis, tais como proteina Box 1 do grupo de alta
mobilidade (HMGB1, high mobility group box 1), proteina de choque térmico (HSP) e
heme (LIEW et al., 2005; BELCHER et al., 2014; GUPTA, 2014).

De maneira semelhante, embora o TLR5 seja importante contra patégenos, ha
evidéncias que a expressao aumentada deste receptor esta associada a condi¢cdes
inflamatérias, podendo ser um biomarcador de prognéstico ou de gravidade da
doenca (PIMENTEL-NUNES et al., 2011; WANG et al., 2012; KAUPPILA et al., 2013;
SHERIDAN et al., 2013). Desta forma, a expressao destes receptores em PBMC de
pacientes com AF poderia estar associado a exposi¢cdo continua do conteudo
eritrocitario liberado durante a hemdlise intravascular ou pela exposicdo a propria
hemacia falcizada.

A fim de testar esta hipétese, realizamos o experimento em que PBMC de
individuos sadios foi cultivado com hemacias de pacientes com AF (SS-RBCs)
integras ou lisadas. Surpreendentemente, embora a expressdo do TLR9 tenha sido
similar entre PBMC de pacientes e voluntarios, as SS-RBCs, integras ou lisadas,
foram capazes de aumentar a expressao desse receptor em cultura de PBMC de
voluntario. As SS-RBCs intactas n&o induziram, em cultura de PBMC, expressao nos
demais receptores (TLR2, TLR4 e TLR5).

O TLR9 € um receptor citoplasmatico que se liga ao CpG-DNA (citosina e
guanina separadas por apenas um fosfato), o qual é frequente em bactérias e raro
em células eucariotas (BAUER, 2013). Além disso, alguns autores sugerem que a
hemozoina, um dimero de heme, atua como agonista de TLR9 (COBAN et al., 2010;
KALANTARI et al., 2014). Em um modelo experimental de TLR9™, foi demonstrado
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que a inflamagcdo induzida por heme ndo é dependente desse receptor
(FIGUEIREDO et al.,, 2007). Sendo assim, o aumento da expressdo de TLR9,
observado neste estudo, foi decorrente de um estimulo diferente do heme. Esta
hipétese é baseada na observacdo de que a expressdo de TLR9 foi também
aumentada apoés a adicdo de SS-RBCs integras, situacdo em que ndo ha heme livre
no meio.

E bem conhecido que pacientes com AF apresentam aumento na contagem de
reticulocitos, de inclusdes citoplasmaticas ricas em DNA chamadas corpusculos de
Howell-Jolly, e concentracdes elevadas de HbF (STEINBERG, 2005; HARROD et
al., 2007; ROGERS et al., 2011). Além disso, a regidao promotora da globina 5’y da
HbF apresenta concentracao elevada de residuos de CpG-DNA, o qual esta ausente
nos genes promotores da globina B (SAUNTHARARAJAH, LAVELLE e DESIMONE,
2004; LESSARD et al., 2015).

Desta forma, como CpG-DNA é um agonista TRL9 e, considerando que a
expressao deste receptor em cultura de PBMC foi aumentada na presenca de SS-
RBC, integras ou lisadas, e ausente no sistema incubado com AA-RBCs, sugere-se
gue CpG-DNA liberado de SS-RBCs induz expressao de TLR9, provavelmente por
um mecanismo paracrino de retroalimentacao positiva.

O conteudo citoplasmatico de AA-RBCs ou SS-RBCs foi capaz de induzir a
expressdo de TLR2, TLR4 e TLR5, sugerindo que ndo ha diferenca significativa em
sua composicao no que tange esses receptores. Entretanto, a hemolise intravascular
ocorre em propor¢cao diminuida em individuos sadios, ao passo que a grande
proporcdo desses pacientes exibe esta condicdo (TAYLOR et al., 2008; VILAS-
BOAS et al., 2010). Portanto, a inflamacgéo observada em pacientes com AF poderia
ser consequéncia da exposi¢do constante do conteldo intraeritrocitario, tais como
heme (BELCHER et al.,, 2014), durante a hemdlise intravascular, a qual leva ao
aumento da expressao de TLRs. Adicionalmente, hemdlise intravascular induz
liberacdo de HMGB1, uma proteina nuclear envolvida na regulacao da transcricéo, a
qual também atua como DAMP, ativando TLR4 (XU et al., 2014). Neste estudo,
mostramos que, em adi¢do ao TLR4, a expressao do TLR2, TLR5 e TLR9 contribui
para a condicdo inflamatdria, significando piora na condicéo clinica do paciente.

Nesse estudo, mostramos que SS-RBCs néo foi capaz de induzir a expressao
de TLR2; entretanto, o tratamento com HU levou ao aumento significativo desse

receptor. O TLR2 estd associado a ativacdo do NF-xB por meio de uma via
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dependente de MyD88, o qual leva a producdo de citocinas proinflamatérias tais
como IL-12 e TNF (LIEW et al., 2005). Além disso, demostramos que HU nao
reduziu a expressdo de TLR4, TLR5 e TLR9, sugerindo que este tratamento, aliado
ao que foi encontrado com o TLR2, ndo é capaz de reduzir a inflamagcdo em
pacientes com AF mediada pelo TLR.

Outras moléculas inflamatorias envolvidas na patogénese da AF sdo LTB4 e
metabdlitos de NO, tal como nitrito. Demostramos que SS-RBCs integras induzem
producdo de LTB4 duas vezes mais do que AA-RBCs, ao passo que SS-RBCs
lisadas reduziu este mediador. O tratamento com HU néo interferiu neste parametro.
Como o LTB4 é um eicosanoide associado com a imunopatogénese de doencas
inflamatorias tais como AF (SETTY e STUART, 2002; KNIGHT-PERRY et al., 2009),
nossos dados sugerem que, assim como observado para TLR, o tratamento com HU
nao reverte o cendrio inflamatorio.

Por outro lado, somando a habilidade de SS-RBCs induzirem producao de
nitrito na cultura de PBMC, o tratamento com HU foi capaz de reduzir essa
producdo. Alguns trabalhos vém mostrando que a HU € um doador de NO (BURKITT
e RAAFAT, 2006; VANKAYALA, HARGIS e WOODCOCK, 2012), contribuindo para
aumentar as concentragdes de NO bioativo. Além disso, sabe-se que a redugdo dos
niveis de nitrito implica em maior concentracdo de NO bioativo (REITER e
GLADWIN, 2003). Portanto, nossos dados sugerem um efeito benéfico do
tratamento com HU no que se refere a disponibilidade de NO bioativo, corroborando
com outros achados (GLADWIN et al., 2002), uma vez que, em concentracdes
fisiologicas, o NO esta associado a vasodilatacdo necessaria a homeostasia
vascular, inibicdo plaquetaria e reducao da inflamacéo.

Outro componente-chave da inflamacdo € o inflamassoma, uma plataforma
molecular que tem como componentes principais os receptores do tipo NOD (NLRs).
O mais bem estudado complexo multiproteico do sistema imune inato € o
inflamassoma associado a NLRP3, caspase-1 e ASC. Varios “sinais de perigo” tém
sido bem documentados por atuar como agonistas do NLRP3-inflamassoma, tais
como ATP extracelular, glicose, acido hialurdnico, asbesto e lipoproteina de baixa
densidade (LDL) oxidada (SCHRODER e TSCHOPP, 2010; LIU et al., 2014). Mais
recentemente, alguns autores tém demonstrado hemécias, ou seu conteudo
citoplasmatico como DAMPs para a ativacdo do NLRP3-inflamassoma, propondo
uma nova terminologia, eDAMPs (GLADWIN e OFORI-ACQUAH, 2014; POTOKA e
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GLADWIN, 2015). Ap6s a ativagcdo do NLRP3, a caspase-1 torna-se ativa,
convertendo pro-IL-13 e pro-IL-18 em suas formas ativas, as quais sdo secretadas
no ambiente extracelular, amplificando a resposta inflamatéria (MARIATHASAN e
MONACK, 2007).

No terceiro manuscrito, mostramos que NLRP3-inflamassoma € uma
plataforma importante da imunidade inata para o reconhecimento de DAMPs
derivados de hemécias de pacientes com AF (SS-RBCs) ou do seu conteudo
citoplasmatico. O PBMC de pacientes com AF exibem expressao elevada de NLRP3
e IL-1B. Além disso, os SS-RBCs induziram a expressdo de caspase-1 e IL-18 e
aumentaram a secrec¢do de IL-1B. O tratamento com HU néo afetou na expressao de
moléculas relacionadas ao NLRP3-inflamassoma, mas aumentou a producdo do
inibidor de IL-18, IL-18BP (bind protein).

Nesse estudo, ndo encontramos diferenca na expressao de caspase-1 e IL-18
entre PBMC de voluntérios e de pacientes com AF. Entretanto, PBMC de pacientes
com AF expressaram significativamente NLRP3 e IL-1[3. Alguns trabalhos mostraram
gue muitos estimulos induzem expressao de pro-IL-18 e NLRP3, e que IL-18 e
caspase-1 sdo constitutivamente expressos em muitas células (GUARDA et al.,
2011; DINARELLO et al., 2013), corroborando com nossos achados.

Interessantemente, as SS-RBCs integras foram potentes eDAMPs, pois
induziram expressdo de todas as moléculas relacionadas ao NLRP3-inflamassoma
avaliadas nesse estudo. Além disso, as SS-RBCs lisadas aumentaram a expressao
de caspase-1 e IL-18 ao passo que as AA-RBCs lisadas induziram expressao maior
de NLRP3 e IL-1B. Estes resultados demonstram que a composi¢do da hemacia do
paciente com AF é diferente da do voluntario sadio, no que se refere a eDAMPs
agonistas da via do NLRP3- inflamassoma. Portanto, a inflamacéo observada em
pacientes com AF poderia ser consequéncia da exposi¢cdo constante a eDAMPs
(RBCs integras ou lisadas), tais como Hb ou heme (DUTRA et al., 2014), durante a
hemolise intravascular, levando ao aumento da expressdo de receptores do tipo
NOD. A expressdao dessas moléculas amplificadoras da resposta inflamatoéria
poderia vir a ser alvo terapéutico para pacientes com AF.

Neste estudo, demonstramos que o tratamento com HU néo interfere na
expressdo de NLRP3, caspase-1, IL-1B e IL-18, sugerindo que o mecanismo de
acdo da HU néo esta associado com NLRP3-inflamassoma. Portanto, a HU néo é

capaz de controlar a inflamacgéo dependente desse sistema.
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Além da expressdo génica de moléculas do Inflamassoma, também avaliamos
a producdo de IL-18 e IL-18BP. A proteina IL-18BP liga-se ao IL-18 prevenindo
interacdo com o0 seu receptor, contribuindo, dessa forma, para a reducdo da
inflamacédo (CARBOTTI et al., 2013; DINARELLO et al., 2013). Demonstramos que
ambas SS-RBCs, integras e lisadas, induziram expressédo de IL-1B, ao passo que
somente as AA-RBCs lisadas demonstraram essa mesma propriedade. Por outro
lado, a producéo de IL-18BP foi induzida em todas as condicfes, sugerindo que sua
producdo ndo esta associada a algum eDAMP especifico de SS-RBCs. Alguns
trabalhos tém mostrado que os niveis plasmaticos de IL-18BP encontram-se
significantemente elevado em condi¢des inflamatorias (DINARELLO et al., 2003;
NOVICK et al., 2010). Em nosso modelo in vitro, encontramos expressdo génica
aumentada de IL-18 em cultura de PBMC estimulada com SS-RBCs. Entretanto, ndo
encontramos diferenca na concentracdo de IL-18BP em sobrenadante de PBMC
estimulado com AA ou SS-RBCs. Na presenca de HU, embora ndo tenha sido
observada diferenca na expressédo de IL-18, esta droga foi capaz de aumentar os
niveis de IL-18BP em nosso modelo de hemdlise in vitro, o que nao foi observado
usando SS-RBCs integras. Portanto, durante a hemdlise intravascular, a HU pode
ter efeito benéfico no controle da inflamacg&o por reduzir a interacdo entre IL-18 e

Seu receptor.
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8 CONCLUSAO

Neste estudo, mostramos, pela primeira vez, evidéncias de que polimorfismos
no gene da MPO e da SERPINALl influenciam nos niveis de marcadores
hematologicos e bioquimicos, assim como na resposta ao tratamento com
hidroxiureia. Nossos resultados sugerem que o tratamento farmacologico de
pacientes com DF deve levar em consideracéo as alteracdes genéticas, tais como a
presenca de polimorfismos génicos, e considerar a possibilidade de falhas frente a
terapia com HU a algumas situacdes especificas voltadas para estas condigdes.
Como nao ha nenhuma alternativa terapéutica segura para DF, a maior contribuicéo
deste estudo é chamar a atencdo dos médicos para a necessidade de
monitoramento de parametros laboratoriais, tais como niveis séricos de ferritina e
AAT além da contagem de leucdcitos, nos pacientes em tratamento com HU.

Outro achado importante desse trabalho € que os resultados obtidos reforcam
a hipotese de que RBCs, especialmente, SS-RBCs, e seus produtos de hemolise,
podem atuar como eDAMPs. Portanto, nossos dados demonstram que o TLR e
NLRP3-inflamassoma podem estar contribuindo para manutencdo da resposta
inflamatdria presente nos pacientes com AF. Esse conhecimento pode levar ao
desenvolvimento de novas estratégias terapéuticas, as quais atuariam em diferentes
caminhos daqueles utilizados pela HU, direcionando eDAMPs como alvos

terapéuticos.
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ABSTRACT

Sickle cell apemia (5CA) iz a genetically inberited
hemolytic dizorder characterized by chromic inflam-
ways that contribote fo disease pathogenesiz, but the
mechanizms involved are mot well understosd SCA I
assoCiated with a proinflammatory state, and am en-
hamced inflammatory response ocoor: during vasoe-
occlwsive crisis. The immume system thms plays an
important role in this inflammatory condition, with
several cell types sedrefing pro-inflammatory oyto-
limes that comtribute to the coowTence of Common
cyclical events in SCA patients, such as hemolysis,
vascuolar occlusion and inflammation. Stwdies of these
cytolane: and chemoldnes in SCA patients have clari-
fied the mechanizme that onderbie this disease amd
hizhlishied the meed for a betfer umderstandime of
cytoldne participation in SCA pathophysiclegy.

KEeywords: Sickle Cell Anenia; Cytokines; Chemokine:;
Inflammation; Inflammasome

1. INTRODUCTION

Sickle cell anentia (SCA) is an inherited disordes cha-
racterized by homoryzosis for the mntation that canses
hemoglobin 5 (HbS) prodoction This point nmtation
(GAG = GIG) ooours in the siah codon of the beta globin
zene (HBE) and causes valine to replace ghasmic acid m
the sixth aminge acid of the beta (f) zlobin chain of the
hemoelobin molarule. SCA patients have 3 heterogeneo:
climical cutceme charscterized by paimfil vaso-occinsive

OPEM ACCESS

chest syndrome (ACS) and chromic orgsn injuries. 4 3
resli of this mutaton, deoxyzensted bemozlobin maole-
cules mmderzo @ polymerizaton process that is comsid-
ered the primsry event leading to the pathopenesiz of
SCA

Sickled red blood cells, as well as leukocytes, platslets
and the vascular sndothelimn, are elements that obsmct
vessels and mgzer vaso-occhisive crises. The hemolysis
that ooomrs I 5CA can be both exravasoular and inirs-
vasoular Inravasoular bemolysic aonms when red blood
cells (FEC:) mipnme and release free hemoglobin o
the plasnia. Free bemoglobin has inflanmiatory and omi-
dani effects that lead o endotheliom dysfimcton Crher
hemotysis products, nchdine heme meactve oeygen
spacies (FUOS) and rescove mimogen species, are also
releszed mio the bloodstream where they canse incres-
sed omidative swess and decreased plasma levels of the
vaspdilator nimic cedde (MO0 [2]. Indessed BUOG and
ENS lewels and decreased MO levels conimiinge to the
actvaion of BBCs, lenkocytes, platelsts and endothelisl
calls, This sctivaton leads to incressed production of
promflanmatory and snfi-inflamstony oytokines, which
gives SCA the charactenistics of & chronic inflamnstory
dizeaze [1,3] (Figore 1).

Severzl cymkines, such a: nferlenkin-]l beta (IL-15
and nmor necresis factor-alphs (THF-a), are associated
with the sctivation of lenkocyies, partoularly monocytes
and pewrophils, i SCA. Several other oyfolkines are also
imvolved in the chromic inflammatory siate that is present
in SCA The scovation of cells and the melease of cyio-
kimes strmlate the WF-xB transoipton factor patheray,
which regulates the prodwcion of mierlenkin-d (IL-4),
imterlenkin-§ (IL-4) and mferlenkm-8 (IL-8). IL-5 and
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ABSTEACT

Sickde cell disease (SCID) is a genetic disorder charac-
terized by a chronic inflasmmatory process, and new
biomarkers have been smdied as promizing molecules
for onderstandins the inflammation i its pathophy-
sitlogy. The hemolysis and the release of molecules
associated to the hemoglobin (Hb) catabolism, such as
free Hb, iron, and beme, generate an oxidant envi-
ronment with produoction of reactive oxvgen and ni-
trogen speces. The Dnmone system plays a very im-
portant role in the inflammation, with cells secreting
pro-imflammatory cytoldne: and chemolines. There
is also a mifric oxide (NO) resistance state, with an
impaired NO bioactvity, leading to a vascular dys-
fonction; asctivation of platelet, lenkocytes, eryvthro-
cytes, and endothelial cells, with expression of adhe
sinn molecale: and its Ezands, and several receptors,
that altogether participate at inflammatory process.
Durngnﬂmhun,ﬂﬂenumtremuiduﬂnm
cells (THls) expressing foll like receptors (TLE), but
the role of DCs and TLE im SCI pathoseneds is un-
clear. Also, there are molecule: contributing for en-
hamce the endothelinom dysfuncton, swch as bomo-
cysteine that has been associated with vascolar com-
plications in the pathology of other diseases amd it
may contribute to the vascular complications pre-
sented by SCD patients. Circulating microparticnles
(MEPs) levels are amzmented in several diseases amd
have been described in SCD, where cells membrame
compounds are associated to cell’s thrombotic and
coagulation state, such as diszwe factor amd phos-
phatidylserine (P5), which may contribute to endo-
thelial dysfonction. The lmowledge of all these bio-
markers may contribute to new therapentic approach
discover, improving SCI) patient Life quality.

" erespondig ather.

OFEN ACCESS

Kevwords: Sickle Cell Disesse; Inflanmaton:
Crridative Sress; Cells Activation

L. INTRODUCTION

Sickle cell diseaze (3CIN) is a genetc disorder, and the
sickle cell snens (HbSS) s the mone severs genahipe.
The disease 1= characterized by the presence of the bhe-
mozlebin 5 (HbS), where valine replace ghotamdc acid
[ B ae the hets globin chain that has a sinsle
pomi muEaten (GAG —GTE) at the sixih codon of the
f-globin (HEE) gene [1].

Sickle cell disegse climical omcome vary widely from
mmild to severs and hes been associated with nmld-orzan
damame and sk of eardy moctality [1], with soute and
chromic clinical menifestations, inchading vaso-pochsive
episedes (VOE), painful cmisis, dsswe ischenniaTepsr-
fosion impury, bemelyzis, mmopaired blood flow as 3 result
of intravesonlar sickling in capillary and vessels, nflam-
maton processes and high susceptbility to mfechon,
encephalic vasoular sccident (EVA), dactylifis, leg ulce-
rafion, pulmonsry hypertension aoabe chest syndrome
and praptzm [1.2].

Morsover, the disesse pathozenssis conmprehends a
complex network of mechanisms, imvolving the vaso-
occhisive phenomenon and Hssue ischemia, with surface
and ligsmds molecules sctvation from smessed retoulo-
cyies, sickled erythrocytes, lenkocytes, platelets and en-
diothelial cells [1-3]; there is also an increase of oeodative
sress, secomdary to the hemolysis episodes and heme
cytotoxicity, eleciron donation ffom the iron stom when
vet nside the protoporphyrin T nng, with the genetation
via Femton resction of reactive oxygen and nirogen spe-
cies (FarS; BINS), that has a very smong pro-oeddant ca-
pacity. Alsp, there is an mioesse of mitmc owde (O
scavenser moleoules, 3 vasodilator that play importsn:
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APENDICE B: Termo de consentimento livre e esclarecido para pacientes e

controles que participaram do manuscrito 1

Vocé esta sendo convidado a consentir com a participacéo do

menor , em pesquisas

realizadas no Centro de Pesquisas Gongalo Moniz — FIOCRUZ - BA, cujo titulo esta especificado a

seguir, uma vez que oficialmente é o seu representante legal.

“MOLECULAS ASSOCIADAS A ATIVACAO ENDOTELIAL, INTERACOES CELULA-CELULA E
CELULAS ENDOTELIO: CONTRIBUICOES NOS EVENTOS VASO-OCLUSIVOS DA ANEMIA
FALCIFORME”.

A doenga falciforme é uma doenga genética muito comum na populacdo de Salvador, sendo que o
individuo doente apresenta crise de dor, decorrente da oclusdo das veias pelas células vermelhas
que possuem o formato de foice, podendo também possuir infec¢éo e outros tipos alteragdes clinicas,

como alteracéo nos olhos, rins, coracéo, pulméao e cérebro.

Nessa pesquisa estudaremos a doenca falciforme, alteracdo que muda a forma das células
vermelhas que ficam rigidas, facilitando a obstru¢@o de veias e juntamente com as células brancas
participam das crises de dor e podem contribuir para a ocorréncia de derrame, problemas no coragéo,
nos olhos, nervos e pulmdes. O sangue retirado sera destinado ao estudo do DNA, RNA das células e
de algumas substancias que ajudam na ligacdo das células as veias, além do estudo de fatores que
contribuem para os fendmenos de vaso-oclusdo. Os resultados obtidos nesta pesquisa poderdo

posteriormente servir para estudos futuros de medicamentos novos para a doenca.

A sua participagdo é totalmente voluntria e a sua permissdo para participar do estudo pode ser
retirada a qualquer momento, ndo resultando em puni¢ées.

O objetivo deste trabalho é investigar aspectos epidemioldgicos, clinicos e laboratoriais da populagéo
atendida na fundagdo HEMOBA.

Os registros da participacdo do menor no estudo serdo mantidos confidencialmente, sendo do
conhecimento apenas da equipe participante do projeto e do médico que o acompanha. As amostras
coletadas serao identificadas por cédigo, bem como os dados individuais dos exames e testes, que
serdo do conhecimento somente dos pesquisadores envolvidos na pesquisa. Desta forma, a sua
identidade sera mantida em segredo e nenhum outro grupo terd acesso as informagfes coletadas,
tais como seguradoras, empregadores ou superiores, de acordo com a resolu¢cao CNS 340/2004, item
V.1l.e.

A permissdo para que 0 menor participe deste estudo ndo implicara na retirada de sangue adicional,

de modo que sera utilizada uma quantidade remanescente da mesma amostra coletada para a
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realizacdo dos exames solicitados pelo médico. Também queremos que vocé concorde que as
amostras colhidas sejam armazenadas e possam ser utilizadas em estudos futuros, desde que estes
estudos adicionais sejam analisados por um Comité de Etica em Pesquisa em Seres Humanos e
sigam o0s aspectos éticos determinados nas resolucdes 466/2012 e 347/05 do Conselho Nacional de

Saude.

Comunicamos que o sangue sera colhido do braco e podera acarretar em riscos e desconfortos,
como sangramento e dor. Entretanto, a coleta de sangue sera realizada por pessoal habilitado e
especializado, visando diminuir esses riscos. A realizacéo de coletas adicionais dependera do médico
e estara relacionada, simplesmente, ao acompanhamento clinico e avaliacéo periddica do menor.

A participagdo do menor no estudo ndo trara beneficios, mas possibilitard a obtencdo de dados que

poderdo ser utilizados futuramente no acompanhamento de individuos que apresentam alguma

doenca conhecida e na implantag&o de politicas de saude.

Assinatura do responsavel

Data [/ [

Nome do responsavel (letra de forma)
RG:

Endereco

Nome Testemunha 1
RG:

Nome Testemunha 2
RG:

Por favor, entre em contato com uma das pessoas abaixo caso VvOocé necessite de maiores

esclarecimentos:

Dra. Marilda de Souza Gongalves - Coordenadora do projeto - Laboratério de Pesquisa em Anemias
da Faculdade de Farméacia/UFBA e Laboratério de Hematologia, Genética e Biologia Computacional
(LHGB)/Centro de Pesquisas Goncalo Moniz (CPqGM) — Fiocruz-Bahia. Fone (71) 3176-2226.

Magda Oliveira Seixas — Responsavel pelo desenvolvimento do projeto — LHGB/CPqGM.
Fone (71) 3176-2226.
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APENDICE C: Termo de consentimento livre e esclarecido para pacientes e
controles que participaram dos manuscritos 2 e 3

Vocé esta sendo convidado a consentir a participacéo do

menor na pesquisa

vinculada ao projeto intitulado “Microparticulas circulantes na anemia falciforme: disfuncdo de células
endoteliais vasculares e fendmenos tromboéticos” que sera realizada no Centro de Pesquisas Gongalo
Moniz — FIOCRUZ - BA.

Esta pesquisa é importante, uma vez que podera fornecer informacdes sobre a anemia falciforme,
principalmente a respeito de fatores que possam influenciar nos fendbmenos relacionados a oclusao
de vasos sanguineos que sao frequentes nesta doenca. Cumpre ressaltar que a descoberta de
mecanismos envolvidos no fenbmeno de obstrucdo das veias e artérias pode contribuir para a
melhoria do acompanhamento médico do paciente, podendo fornecer dados que podem servir como

base para a descoberta de tratamentos novos.

A participacao é totalmente voluntaria e pode ser retirada a qualquer momento, nédo resultando em

punicdes.

Os registros da participagdo do menor no estudo serdo mantidos confidencialmente, sendo do
conhecimento apenas da equipe participante do projeto e do médico que o acompanha. As amostras
coletadas serdo identificadas por codigo, bem como os dados individuais dos exames e testes, que
serdo do conhecimento somente dos pesquisadores envolvidos na pesquisa. Desta forma, a sua
identidade serd mantida em segredo e nenhum outro grupo tera acesso as informacdes coletadas,
tais como seguradoras, empregadores ou superiores, de acordo com a resolugdo CNS 340/2004, item
V.l.e.

A permissdo para que o menor participe do estudo implicar4d na permissao para 0 acesso ao seu
prontuario e para a retirada de 15 mL de sangue para que possamos fazer as analises bioquimicas,
hematolégicas e moleculares e obter algumas células circulantes. Também queremos que vocé
concorde que as amostras colhidas sejam armazenadas e possam ser utilizadas em estudos futuros,
desde que estes estudos adicionais sejam analisados por um Comité de Etica em Pesquisa em Seres
Humanos e sigam os aspectos éticos determinados nas resolugdes 196/96, 347/05 e 441/11 do

Conselho Nacional de Saude.

Comunicamos que o sangue serd colhido do braco, o que podera acarretar em riscos pequenos e
desconfortos minimos, com possibilidade de sangramento e dor. Entretanto, a coleta de sangue sera
realizada por pessoal habilitado e especializado, visando diminuir eventuais riscos. A realiza¢éo de
coletas adicionais dependerd do seu médico e estard relacionada, simplesmente, ao

acompanhamento clinico e avaliagbes médicas periddicas. A participagdo no estudo nao trara
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beneficios imediatos aos pacientes, mas possibilitara a obtencéo de dados que poderéo ser utilizados
futuramente no acompanhamento de individuos com anemia falciforme, podendo servir como base

para a descoberta de tratamentos novos, bem como para a implantacdo de politicas de saude.

ASSINATURA DO RESPONSAVEL: Digital

NOME:

ENDERECO:

Aceito participar do estudo

DATA: / /

Nome Testemunha 1

RG:

Nome Testemunha 1

RG:

Por favor, entre em contato com uma das pessoas abaixo caso vocé necessite de maiores

esclarecimentos:
Dra. Marilda de Souza Gongalves - Coordenadora do projeto - Laboratdrio de Pesquisa em Anemias
da Faculdade de Farmécia/UFBA e Laboratério de Hematologia, Genética e Biologia Computacional

(LHGB) do CPqGM — FIOCRUZ - Fone (71) 3176-2256

Thassila Nogueira Pitanga - Laboratdrio de Hematologia, Genética e Biologia Computacional (LHGB)
do CPqGM/FIOCRUZ - Fone (71) 3176-2256

Comité de Etica e Pesquisa (CEP) - CPqGM/FIOCRUZ — Fone: 3176-2285
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APENDICE D: Questionéario epidemioldgico para pacientes e controles

Nome: (NOME} Sigla: {sig} Telefone: ( )
Enderego:
Registro. {(REG) N° Pront. HEMOBA' (PRON) DatadeNasc. ___ /1
Idade: {1} Género: (GENER} ( ) Masculino (0] ( ) Feminino [1]
01. Idade do 1* diagnosticode Doenga () <6m0) () 6m-4anos[1] ( ) 5-9anos(2]
Falcforme: (1D) ( ) 10- 14anos (3] ( ) 15-17anos (4] () >17anos ()
02. Eletroforesede Hb EHB) () AAD] () SS[ () sc2 () SB+3] () SBys)
() SO
03. Haplotipo {HAPL} () Seno) () Cam ( ) Benf2) ( ) Cam3 ( ) Sau-Ara 4]
() Atbip[s] () el () m () e
04. Talassemia {TAL) ( ) Negativoio) ( ) Hetero3.7[1) ( ) Homo 372
( ) Hetero4.23) ( ) Homo 4204
Mieloperoxidase (MPO} () GG () AGn () AAZ
Alelo mutante Mieloperoxidase ? (MuTMPO} () NAO (o] () SM
Alfa 1 antitripsina {A1ATP) ( ) MM () MZ[1) () MS(2}
() Sy () SS4) () 2215
05. Ja esteve internado? {INTER} ( ) NAO[ () SIM 1)
Se SIM, quantas vezes? (QINTER} () 110 () 25m ( ) 610¢2 () Mou+{
Qual especialidade? (ESPEC} ( ) Cardiologia (0] () Oftalmologia [1) () Neurologia [2)
() Infectologia [3] () Pneumologia (4] ( ) Cirurgia [5)
() Angiologia [6] () Nefrologia [7) () Clinica da Dor (8]
( ) Outras [9)
06. Jateve pneumonia? {(PNEU) ( ) NAO[O) () SmMpm
Se SIM, quantas vezes? (QPNEU) () 10 () 2-31) () 4612 () 7ou+(3)
Se SIM, teve febre? (FEBRE} ( ) NAO{ () SMpy
Anormalidade no RX? {ARX} ( ) NAO[[) () SIM[1]
Quando intermado, usou medicagio? (MPNEU} () NAO0 () SIM[
Quais? {DESCMPNEL)
07. Teve ou tem esplenomegalia? (ESPLE) () NAO[) () SIM[
Em que periodo? {PERICESPLE} () <6m[0]( )6m-tano[1)( )2-3a[2]( )4-Sa(3]( )>Bay)
Teve crise de seqUestro esplénico? (SEQESPLE) ( ) NAO[0) () SiM
08. Faz uso profilatico de Penicilina? (PrROP} ()  NAO[0] () SiMp
Se SIM, qual? {QPEN} ( ) Penicilina V oral [0] ( ) Peniciina benzatina [1]
Se Sim, ha quanto tempo? {QTPEN} ( ) até1ano|o] ( ) +detanoa3anosl]
( ) +3anosabanos(2 ( ) +5anosa7anos[3)
()

+ de 7 anos [4]
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Ja teve AVC? [ave) {1 NADD { ) SIM[

Se SIM, quantas vezes? [QAVC)

Se SIM, seqielas do AVC? [SEQAVC) { ) NADIO () SIMp)

Ja fez ressondncia magnatica? [RESSOMAG) () NAD[D] {1 SIM[1]

Alguma alteracfio? (ALTRESSOMAG) () NAD(0] { ) Ssm[)

Ja fez Doppler Transcran@ano? {dic) { ) NADI[O) () SIM[1)

Se, SIM, qual resultado? {dicres} { ) Mommal [0] { ) Alterado [1]

Esplectomizado? (ESPLECTO} { ) NAODID] () SIM[1]

Esplenectomia; (TIPOESPLECTO} { ) Total [0] { ) Parcial[1]

Apresenta asma? [ASMA} ( ) NAO[] ) smM[]

Se SIM, quantas crises nos ditimos 06 mesas? [QASMA) () 0o ) 1-3 () 472 { ) Bou+3]
Faz uso regular de nebulizagio?{NEBL) { ) [ NAD { ) SIM[1)

Tem crises de dor? (CRISDOR} { ) mNAD () SM

Se SIM, quantas cnses nos Gltimos 06 meses? () Om () %3 () 4T () Bous
{QCRISDOR}

Quando foi a ditima crise? (ULTCRISDOR) { ) =1més (o () 1-3m {1 dmou+z)
Usa medicacio para a dor? (MDOR) () MADMD { ) SIM[)
Prescrita por um médico? (PRESMDOR} () NAD[m () SIMp
Assistido por especialista em dor? (ESPECDOR) () NADID { ) SIM[M

Faz tratamento com hidroxiuréia? (HYDREIA) { ) NADI { ) SIM[1]

Faz uso regular de medicamentos? (MEDIC} ( )} NAOp () SiMpy

Se SIM, qual? {DESCMEDIC)

Com que freqiéncia? (FREQMEDIC) { ) Didrioe ( )Dias altemadosit] () Semanali2)
{ )YQuinzenali3) { ) Mensal (41{ ) Bimestralis) ()} Semestral [5]

Vaso-Ocusio: (VO} () NAO[ () SiMp1 Quantas vezes? {QVO)
Fez uso de alguma medicacBo? (MVO} { ) NADO { 1 SIM[1)
Retinopatia: (RETIN) () NAD[) {1 SIM
Faz consultas penddicas com oftalmo? {COMSOFTAL)Y { ) NAD [ { ) SIM[1)]
InfeccBes: {INFEC) () MAD () s
Quais? [DESCINFEC) { ) Rnite ) { ) Snusite 1) [ ) Ofite [2]
{ ) Faringite (3] { ) Amigdalite (4] () Vias adreas sup, [5]
() MU { ) Bronguite [7] () ITR
{ ) Outros 3]
Fez uso de alguma medicagfio? (MINFEC) () NAO@ () SIMp
Priapismo: {PRIAP} { ) NADM { ) SIM[] { ) MADSE APLICA [g)
N* de vezes: [QPRIAP) [ ) Aedq { ) 05001 { ) 100u+2
Fez uso de alguma medicacio? (MPRIAP) { ) NAD () SIM[
Ulcera maleclar: (ULCMALED} () NAD O { ) sSIM[ Cuanias vezes? [QULCMALED)
Idade da primeira Glcera: {IDULC) { ) Aedanos[0) { ) 5-9[) () 10-17 7
() =17y
Sindrome toraxica aguda: [SDTOR) { ) MADMW () SMm
Cuantas vezes? ([QSOTOR) () A2 {1 03050 { ) 0Bou+2
Alteragtes Gsseas: [ALTOSSEA} {1 NADo () SiMm

Cuais? [DESCALTOSSEA}
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Insuficiéncia Renal Aguda: (INSRENAG} ( ) NAO[) () SiMpy
Quantas vezes? (QINSRENAG} () Ae2(0 () 0305 () 06ou+2)
Insuficiéncia Renal Cronica: {INSRENCRO} ( ) NAO[ () SIM
Idade diagndstico: {IDINSRENCRO} ( ) Até5anos (0] () 06-11[1) () 120u+2
Alteragdes cardiacas: (INSCARD} () NAO() () SIM[)
Qual alteracéo? (QUALALTCA)
Idade diagndstico: {IDINSCARD} ( ) Até5anos(0] () 06-11[1) () 12ou+[2)
Fez eletrocardiograma? (ELETRO} ( ) NAO[[O) () SMpm
Fez ecocardiograma? {ECOCARD) ( ) NAO[o () SIM[1)
SeqUestro hepatico: {SEQHEP) () NAO(o) ( ) SIM[1] Quantas vezes? (QSEQHEP)
Insuficiéncia respiratonia: (INSRESP) () NAO[o) ( ) SIM[1] Quantas vezes? (QINSRESP)
Distirbio do sono? {DISTSONO) () NAO[O) () Smm
Litiase biliar: {LITIBILI) () NAO[o] () SIM[1) Quantas vezes? {QLITIBILI) R
Cirurgia: {CIRURG} ( ) NAO[0} () SIM[1
Quais? (QUALCIRURG}
Se SIM, fez uso de profilaxia antibitica? {[PROFANTIB} ( ) NAO[[] () SIM[1)
Completou o calendario vacinal? {CALVAC) ( ) NAO[0] () SmM[
Fez uso das seguintes vacinas? (USOVAC) ( ) 7valente (0] ( ) 23valente (1)
( ) Meningo (2} ( ) Haemophilus (3]

Fez uso de hemoderivados? (HEMODER) ( ) NAO[[ () SIM[
Se SIM, quantas vezes? {QHEMODER])
Possui outra patologia? {PATOLOG) ( ) NAO[0] () SIM 1]
Quais? (DESCPATOLOG) () Hipertenséo (0] ( ) Diabetes (1) ( ) Obesidade (2]

( ) Febre Reumatica(s] ( ) Hipertenséiopulmonar(d) ( ) D.de Chagas (5]

() Osteoporose (6] ( ) Trombose Venosa ( ) Nefrolitiase [8]

Profunda [7)

Outros (9]



