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RESUMO

A anemia falciforme (AF) esta associada a um estado pré-inflamatorio crénico caracterizado
por elevada contagem de leucdcitos, mortalidade por infeccdes recorrentes graves e
subsequentes complicacdes vaso-oclusivas com adesdo de leucécitos ao endotélio e aumento
dos niveis plasmaticos de citocinas inflamatorias. O sistema imunoldgico tem estreita ligacdo
com a morbidade na anemia falciforme, porém estudos detalhados sobre o envolvimento dos
sistemas imune inato e adaptativo na modulacdo da fisiopatologia da AF sdo necessarios e
relevantes. Nesse estudo foi avaliado o perfil de células inatas e adaptativas, citocinas,
quimiocinas, fatores de crescimento, expressdo de receptores Toll-like e expressédo de
moléculas de adesdo de pacientes com AF e doadores saudaveis com o intuito de predizer
biomarcadores, a relacéo entre eles e sua correlagdo com registros laboratoriais e risco de morte.
A imunofenotipagem de células, receptores Toll-like, moléculas de adesdo e dosagem de
citocinas / quimiocinas / fatores de crescimento foram realizadas a partir de amostras de sangue
periférico de pacientes com AF e doadores saudaveis por citometria de fluxo e técnicas de
luminex, respectivamente. As celulas da imunidade adaptativa, Thl, Th1l7 e citocinas
reguladoras, quimiocinas IL-8, IP-10, MIP-a, MIP-B e RANTES e fatores de crescimento
VEGF, bFGF e GM-CSF foram maiores em pacientes com AF que em doadores saudaveis em
qualquer condicdo laboratorial e clinica. Pacientes com alto risco de morte parecem ter
biomarcadores relevantes. Conclusdo. Na fisiopatologia da AF no estado estacionario ha uma
ampla rede de interacdo de biomarcadores imunoldgicos destacada por linfécitos TCD4*
CD69", citocinas IL-12 e IL-17 inflamatorias e reguladora IL-10, quimiocionas MIP-a, MIP-f3
e IP-10 e fator de crescimento VEGF. A alta expressdo de TLR2 em mondcitos e VLA-4 em
linfocitos TCD8" e altos niveis de MIP-3 e RANTES parece ser relevante em condi¢des de alto
risco de morte. As elevadas condigdes de reticulocitose e alto risco de morte apresentam
correlagBes comuns, parece haver equilibrio pelo perfil Th2. Mesmo assim, s&o necessarios
mais estudos abordando os mesmos biomarcadores nos mesmos pacientes em crise ou outros
biomarcadores, vias de sinalizagdo intracelular, analise da expressdo génica de moléculas
envolvidas em respostas imunes inatas e adaptativas para entender melhor esse complexo
mecanismo fisiopatoldgico da AF.

Palavras-chaves: Anemia falciforme, biomarcadores, perfil imune, reticulocitose, risco de
morte.



ABSTRACT

Sickle cell anemia (SCA) is associated with a chronic pro-inflammatory state characterized by
elevated leukocyte count, mortality from severe recurrent infections, and subsequent vaso-
occlusive complications with leukocyte adhesion to the endothelium and increased plasma
levels of inflammatory cytokines. The immune system has a close connection with morbidity
in sickle cell anemia, but further studies are needed to uncover the involvement of innate and
adaptive immunities in modulating the SCA physiopathology. We performed the frequency of
innate and adaptive immunity cells, cytokines, chemokines and growth factors measurement,
Toll-like receptors and adhesion molecules expression in the blood of SCA patients and healthy
donors to evaluate the different profile of these biomarkers, the relationship among them and
its correlation to laboratory records and death risk. The immunophenotyping of cells, Toll-like
receptors, adhesion molecules and cytokine/chemokine/growth factors measurement were
performed from peripheral blood samples from SCA patients and healthy donors by flow
cytometry and luminex techniques, respectively. The cells of the adaptive immunity, Thl, Th17
and regulatory cytokines, IL-8, IP-10, MIP-a, MIP-f3 and RANTES chemokines and VEGF,
bFGF and GM-CSF growth factors were higher in SCA patients than healthy donors regardless
any laboratorial and clinical condition. Although, high death risk appears to have relevant
biomarkers. In the SCA pathophysiology at steady state there are a broad immunological
biomarker cross-talk highlighted by TCD4*CD69+ lymphocytes, IL-12 and IL-17
inflammatory and IL-10 regulatory cytokines, MIP-a, MIP-3 and IP-10 chemokines and growth
factor VEGF. High expression of TLR2 in monocytes and VLA-4 in TCD8" lymphocytes and
high levels of MIP- and RANTES appears to be relevant in high death risk condition. The
high reticulocytosis and high death risk conditions present commons correlations there seems
to be balance by Th2 profile. However, further studies are needed to establish a selective
biomarker and to better understand this complex pathophysiological mechanism of sickle cell
anemia.

Key words: Sickle cell anemia, biomarkers, immune profile, reticulocytosis, death risk.
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INTRODUCAO

As hemoglobinopatias, ou seja, os disturbios das hemoglobinas humanas constituem um
grupo heterogéneo de doengas geneticamente determinadas. Clinicamente, as mais importantes
sdo aquelas que envolvem os genes das cadeias o ¢ f da globina (DRISS et al., 2009). Entre as
hemoglobinopatias, as doencas falciformes (DFs) sdo as desordens monogénicas mais
prevalentes, responsaveis por alta mortalidade e morbidade com uma sobrevivéncia média
estimada de 45 a 48 anos na sociedade ocidental (BEERS et al., 2014). Aproximadamente 5%
da populacdo mundial carrega traco genético para hemoglobinopatias, como doencas
falciformes e talassemias (MODELL; DARLISON, 2008; MOHANTY, 2014). Estima-se que
a cada ano 300.000 bebés nascem com a forma grave (homozigotos), em nivel mundial,
principalmente na Africa subsaariana, Oriente Médio e India. Os padrdes de migracdo tém
levado a distribuicdo do gene de células falciformes para areas ndo endémicas de malaria, como
areas da Europa e USA. Prevé-se que o nimero de recém-nascidos com anemia falciforme em
nivel mundial vai aumentar de 305.800 em 2010 para 404.200 em 2050, consistindo em um
problema de satde pablica com alta morbidade e mortalidade em varias na¢fes (BEERS et al.,
2014).

No Brasil, em 2016, 1.071 recém-nascidos tinham doenca falciforme (DF) e> 60.000
eram heterozigotos para o alelo BS. Ha cerca de 30.000 individuos com anemia falciforme em
todo o pais (BRAGA et al., 2016; BRASIL, 2014; LERVOLINO et al., 2011) e a prevaléncia
de heterozigotos para HbS nas regides Norte e Nordeste € mais alta, cerca de 6 a 10%, enquanto
nas regides Sul e Sudeste a prevaléncia é menor 2 a 3% (SILVA-PINTO et al., 2013; SILVA,
2015). Essa alta carga global de pacientes com doenca falciforme e seu impacto na saude
coletiva devem estimular o investimento em pesquisas cientificas sobre 0s mecanismos
moleculares e imunologicos da doenca e alternativas terapéuticas (MOHANTY, 2014; SARAF
etal., 2014).

O termo “doenga falciforme” refere-se a um grupo de desordens que resultam de uma
mutacao pontual da troca de adenina pela timina (GAG — GTG) no sexto cédon do gene da -
globina (BS). Esta alteracdo conduz uma substitui¢ao do acido glutamico por valina na sexta
posicdo da cadeia polipeptidica, refletindo em uma forma anormal de hemoglobina (HbS). A
heranca heterozigota da hemoglobina HbS, isto é, associadas a outras hemoglobinas (HbSC,
HbSD, HbSE) ou com mutagdes B-talassémicas que levam a produgdo reduzida da B-globina
normal (DF S/B-talassemia) terdo consequéncias fisiopatologicas caracteristicas (NAGEL,;
FABRY; STEINBERG, 2003). A forma mais comum (>70% das doengas falciformes no
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mundo) e a mais grave, resulta da heran¢a homozigota a qual é usualmente referida como sendo
DF SS ou HbSS ou anemia falciforme (AF) (CHAKRAVORTY; WILLIAMS, 2015a;
RUSANOVA et al., 2011). Cada gendtipo possui sua propria diversidade fenotipica, que esta
suscetivel a ser geneticamente modulada (REES; WILLIAMS; GLADWIN, 2010;
STEINBERG, 2009), no entanto, individuos com anemia falciforme a gravidade das
manifestacdes clinicas e hematoldgicas é extremamente heterogénea, variando de auséncia de
sintomas a mortalidade infantil, podendo estar associada com os niveis de hemoglobina fetal
(HbF) e os diferentes haplotipos de B°-globina (CARVALHO-DOS SANTOS et al., 2012;
RUSANOVA et al., 2011).

A formagéo e polimerizacdo da HbS induz uma série de altera¢Ges nas hemacias, como
o afoicamento dos eritrécitos em condi¢cdes de hipdxia, as quais levardo a varias alteracoes
fisioldgicas, com a resposta inflamatdria tendo um papel central, e diversas apresentacdes
clinicas, tais como anemia hemolitica, adesdo celular ao endotélio, disfungdo endotelial e vaso-
oclusdo com dor intensa, acidente vascular cerebral, sindrome toracica aguda, Ulceras de perna
e faléncia de Orgdos. Essas complicacdes sdo as razBes mais comuns de internacbes
emergenciais de pacientes (DRISS et al., 2009; MEKONTSO DESSAP et al., 2014; SARAF et
al., 2014). Essa variabilidade pode ser explicada por modificadores genéticos, incluindo fatores
que afetam o nivel de HbF e a co-heranca da talassemia-a ou ainda fatores ambientais (como o
ambiente domeéstico, estado socioeconémico, nutrigdo, culturais, epigenético e acesso a
cuidados especializados) e modulagao pelo sistema imune. E muito dificil determinar os fatores
exatos que regulam a gravidade dessas doencas (BELINI JUNIOR et al., 2015; CHIES;
NARDI, 2001; KATO et al., 2018; MUSA et al., 2010).

O sistema imune tem estreita ligagdo com a morbidade na anemia falciforme, mas estudos
adicionais sdo necessarios para revelar o envolvimento de imunidades inata e adaptativa na
modulacéo da fisiopatologia da AF (CHIES; NARDI, 2001; MUSA et al., 2010). Estudos com
pacientes falcémicos da regido norte do Brasil muito provavelmente trardo informacoes
importantes, devido as diferencgas genéticas entre populacdes e a influéncia de diversos fatores
nos mecanismos celulares e moleculares. Estudos limitados conduzidos até agora indicaram
anormalidades no sistema imune adaptativo dos individuos com AF e que podem afetar a
reatividade a vacina nesses individuos (BALANDYA et al., 2017). Investigacbes mais
detalhadas sobre o perfil imunoldgico tanto sistema imune inato quanto adaptativo de pacientes
com AF em estado estacionario trardo informaces valiosas para 0 monitormento clinico desses

individuos.
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Neste contexto, investigamos a frequéncia de células das imunidades inata e adaptativa,
0s niveis de citocinas, quimiocinas e fatores de crescimento, expressao de receptores Toll-like
e de moléculas de adesdo no sangue de pacientes com AF e doadores saudaveis para avaliar 0s
diferentes perfis desses biomarcadores, a relacéo entre eles e sua correlagdo com parametros

laboratoriais e risco de morte.
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1. REVISAO BIBLIOGRAFICA
1.1 Hemoglobina: sintese, estrutura e tipos.

A hemoglobina (Hb) é a principal proteina contida no interior dos eritrdcitos, tendo como
principal funcdo o transporte de oxigénio dos pulmdes para os tecidos, mas também interage
especificamente com 3 outros gases, didxido de carbono, mondxido de carbono e 6xido nitrico,
que tem importantes papéis bioldgicos. Cada eritrocito contém aproximadamente 640 milhGes
moléculas de hemoglobina (MARENGO-ROWE, 2006; SCHECHTER, 2008).

Na espécie humana e em outros vertebrados sao verificadas mudancas nos diferentes tipos
de hemoglobinas como forma de adaptacdo a disponibilidade de oxigénio durante o
desenvolvimento do organismo (NAOUM, 1997a). Durante o desenvolvimento intrauterino, o
oxigénio transportado pela hemoglobina é fornecido pelo sangue materno através da placenta e
com o nascimento passa a ser captado nos pulmdes diretamente do ar atmosférico (OSORIO-
BORGES; ROBINSON, 1993). A sintese dos diferentes tipos de hemoglobinas embriona

rias, fetal e adultas obedece a um rigido controle genético, envolvendo os genes tipo alfa
do cromossomo 16 e os do tipo beta do cromossomo 11, 0s quais Sdo expressos de acordo com
0 desenvolvimento embrionario fetal. As hemoglobinas embrionarias sdo sintetizadas
gradativamente até atingir suas concentragdes maximas especificas, depois se inicia a
diminuigdo de suas sinteses, dando lugar a elaboracdo de Hb Fetal e a seguir das adultas HbA
e HbA, (HIGGS et al., 1989; NAOUM, 1997a)

A sintese das globinas do tipo alfa inclui as globinas zeta e alfa, realizada por um grupo
(cluster) de genes constituido por genes estruturais sendo dois alfas (a1 e a2), que permanecem
em atividade durante toda a vida do individuo, genes zeta (), de atuacdo somente na fase
embrionaria, trés pseudogenes (y{ psi-zeta, yo psi-alfa 2 e you psi-alfa 1), os quais possuem
sequéncias idénticas a um gene de globina, mas contém mutacfes que inibem sua expressdo
tornando-os silenciosos (inativos), ¢ um gene teta (01), cuja funcdo ainda ndo € muito bem
definida (Figura 1) (HIGGS et al., 1989; NAOUM, 1997a; SCHECHTER, 2008). O ritmo
normal de sintese dos genes alfas é muito elevado, uma vez que a globina alfa participa da
composicdo de todas as hemoglobinas (NAOUM, 1997a). A expressao dos genes alfa globina
é regulada por elementos localizados no proprio gene em regides adjacentes a ele, e por uma
sequéncia denominada HS-40, localizada a 40Kb do gene zeta. Esse sitio age como um
elemento enhancer eritroide especifico ao interagir com fatores de transcricdo de genes
intimamente ligados (SCHECHTER, 2008).
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Cluster de Genes Alfa (Cromossomo 16)
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Figura 1: Organizacdo do agrupamento de genes das globinas do tipo alfa e sua regido reguladora.
Fonte: Adaptado de Schechter, 2008.

As globinas do tipo beta, produzidas pela expressdo do cluster de genes beta, sdo
sintetizadas de forma mais heterogénea e abrangente, pois envolve a producdo das globinas
beta, delta, gama e épsilon. Esse agrupamento € constituido por cinco genes estruturais, épsilon
(g), expresso na fase embrionaria; genes gama-alanina (y”) e gama-glicina (y®), caracteristicos
do periodo fetal; genes delta (3) e beta (), os quais sdo atuantes a partir de uma fase do periodo
fetal e se expressam por toda a vida apds 0 nascimento; e um pseudogene psi-beta (yf) (Figura
2) (NAOUM, 1997a; SCHECHTER, 2008). A expressdo dos genes do cluster beta-globina é
regulada pela sua proximidade a um grupo que contém cinco segmentos de DNA denominados
Locus Control Region (LCR) (Figura 2). Essa regido é hipersensivel a clivagem pela nuclease
DNAase | e parece contribuir significativamente para a expressao sequencial 5’-3” dos genes
globina durante o desenvolvimento, além de contribuir para a concentracéo alta de hemoglobina
no eritrécito normal (DEAN, 2006; L1 et al., 2002; ORKIN, 1995; SCHECHTER, 2008).

Cluster de Genes Beta (Cromossomo 11)
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Figura 2: Organizacdo do agrupamento de genes das globinas do tipo beta e sua regido reguladora.
Fonte: Adaptado de Schechter, 2008.

As moléculas de hemoglobina humana constituem uma estrutura quaternaria de proteinas
relacionadas intimamente, formada por pareamento simétrico de um dimero de cadeias
polipeptidicas de globinas em uma unidade estrutural e funcional tetramérica ligadas a 4 grupos
prostético heme (Figura 3) (NAOUM, 1997b; NETO; PITOMBEIRA, 2003; SCHECHTER,
2008).

No periodo embrionério o primeiro tetrdmero hemoglobinico é formado por cadeias zeta

e épsilon ({2¢2), as quais formam a Hb Gower-1, presente nas 4 semanas iniciais do periodo
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embrionario. A partir desse periodo até a 12* semana, as hemoglobinas sdo compostas por pares
de cadeia zeta e gama ({2y2) constituindo o tipo Portland, e quando ocorre a produgdo das
cadeias alfa, estas se combinam com a cadeia épsilon e forma a hemoglobina Gower-2 (oz¢2)
(NAOUM, 1997b; NETO; PITOMBEIRA, 2003). Por grande parte da vida intrauterina
prepondera a producao da Hb fetal (02 v2), cuja producdo tem inicio na quarta semana de
gestacdo devido ao incremento da produgéo das cadeias alfa e gama, com aumento do seu nivel
guantitativo progressivo ao desenvolvimento fetal, porém nos primeiros seis meses de vida, a
producdo da HbF decai (HOFFBRAND; PETTIT; MOSS, 2004; NAOUM, 1997b; NETO;
PITOMBEIRA, 2003).

Sickle cell
mutation

i Heme
(86 Glu—»Val)  PioDins

Sickle cell
mutation

Iron atoms

« globins

Figura 3: Estrutura quaternaria da molécula de hemoglobina.
Fonte: Schechter, 2008 (desenho de Irving M. Geis e ilustracdo
de Alice Y. Chen).

A hemoglobina adulta HbA, composta por dimeros de cadeias alfa e beta (02f2), é
sintetizada a partir da 10% semana e se mantém em concentracdes proximas a 10% até o
nascimento, pois o gene da cadeia beta () globinica ¢ expresso, com pouca intensidade, nas
primeiras seis semanas de vida fetal, mas a partir deste periodo ocorre uma mudanca (switch),
quando a sintese da cadeia y ¢ substituida pela B dando origem a produg¢do da HbA que
permanece nos eritrocitos por toda fase adulta (HOFFBRAND; PETTIT; MOSS, 2004;
NAOUM, 1997b) Por volta da 25% semana de gestacdo inicia-se a producdo das cadeias delta
(0) em concentragdes reduzidas até o nascimento, aumentando lentamente e estabilizando-se
por volta do sexto més de vida em diante. Quando as cadeias 6 ligam-se as cadeias a originam
a HbA: (a282). A distribuicdo proporcional das diferentes hemoglobinas nos eritrécitos apds 0s
seis meses iniciais de vida é: HbA 96-98%, HbA: 2,5-3% e HbF 0-1% (SCHECHTER, 2008).
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1.2 Hemoglobinopatias

As hemoglobinopatias sdo desordens monogeénicas, caracterizadas por anomalias na
estrutura, producdo ou funcéo de cadeias globinicas que levam a baixa producao ou auséncia
de hemoglobina com uma consequente heterogeneidade clinica e fenotipica (COSTA et al.,
2015). As alteracdes (mutacdes) que envolvem as globinas se devem & modificacdo nos genes
responsaveis pelo sequenciamento e estrutura de cada tipo de polipeptideo (Hb variantes), bem
como naqueles destinados a regulacdo quantitativa da sintese de polipeptideos (talassemias)
(NAOUM, 1997b; THOM et al., 2013). Menos frequentemente, ambos fen6tipos podem estar
presentes em um mesmo individuo (concomitante variacdo estrutural e sintese reduzida)
(SONATI; COSTA, 2008). Quando um determinado gene apresenta uma de suas bases
nitrogenadas substituida por outra diferente, isso resulta na troca de um aminoacido e
consequentemente na formacéo de moléculas de hemoglobinas com caracteristicas bioquimicas
alteradas em relacdo as hemoglobinas normais, e por isso sdo chamadas de hemoglobinas
variantes (DHALIWAL; CORNETT; TIERNEY, 2004; URBINATI; MADIGAN; MALIK,
2006).

As hemoglobinopatias apresentam alta morbidade e mortalidade e estdo entre as doencas
monogénicas mais comuns, as quais afetam um namero estimado de 7% da popula¢do mundial,
cerca de 330.000 recém-nascidos a cada ano, com mais de 1000 alelos mutantes diferentes
(MARTINEZ et al., 2014; SONATI; COSTA, 2008; THEIN, 2013; THOM et al., 2013). As
mais significantes sdo a B-Talassemia e as Doencas Falciformes (DF) e de acordo com a OMS
tem sido estimado cerca de 1,5% da populagdo global sejam carreadores de B-Talassemia,
enquanto cerca de 70% das criangas sofrem de DF (COSTA et al., 2015; MARTINEZ et al.,
2014). As talassemias consistem em um conjunto de sindromes motivadas principalmente por
alteracdes de sinteses quantitativas de globinas alfa e beta, causando desequilibrio entre elas
(NAOUM, 1997b; PATRINOS; KOLLIA; PAPADAKIS, 2005).

Na DF ocorre uma mutagdo na sexta posi¢ao da B-globina que levam a substituicdo do
aminoacido acido glutdmico pela valina (Figura 4). Essa mudanga resulta na formagédo de uma
hemoglobina anormal, denominada HbS, a qual polimeriza em estado desoxigenado, induzindo
uma deformacdo nos eritrécitos com a forma caracteristica de foice (COSTA et al., 2015;
NAOUM, 1997b).
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Mutagdo na HbA e formacgdo da HbS

Aminoacidos 5 6 7
Bases nitrogenadasda CCT GAG GAG
globina BA
Aminoacidos da Pro Glu Glu
globina BA
Bases nitrogenadas da ccT GTG GAG
globina BS

Aminoacidos da

globina BS Pro Val Glu

Figura 4: Formag8o da HbS a partir de uma troca da base nitrogenada Adenina
(A) pela Timina (T), levando a produgéo do aminodcido valina no lugar do acido
glutdmico.

Fonte: Adaptado de Naoum, 1997.

A polimerizacdo da HbS ocorre, pois apresenta sua estrutura molecular abalada pela troca
de aminoacidos. Na HbA, o acido glutdmico confere caracteristica polar a hemoglobina,
tornando-a mais solUvel, e previne interacdes intermoleculares e assim auxilia no afastamento
de moléculas desoxigenadas de hemoglobinas. Quando a HbS estd na forma desoxigenada
(baixa tensdo de oxigénio) o aminoacido valina, de caracteristica apolar, é exposto na superficie
da B-globina, o que permite interacdes intermoleculares hidrofobicas com os receptores
fenilalanina e leucina na molécula adjacente de HbS e a formacéo de polimeros compostos por
14 fibras de desoxiemoglobinas, enoveladas entre si, num processo denominado nucleacéo, que
progride com o alongamento e alinhamento de mais fibras, criando uma estrutura
multipolimérica, na forma de um eixo axial no interior da célula (Figura 5) (BUNN, 1997;
NETO; PITOMBEIRA, 2003; SCHECHTER, 2008; SONATI; COSTA, 2008).
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Figura 5: Polimeriza¢do da hemoglobina S.
Fonte: Kato et al., 2018.

A doenca falciforme € considerada uma desordem genética qualitativa e quantitativa, pois
sua patogénese estd relacionada com a presenca da hemoglobina variante HbS, sua
polimerizacdo e consequentemente a falcizacdo dos eritrocitos € altamente dependente da
concentracdo da HbS intra-eritrocitaria (COSTA et al., 2015; THEIN, 2013). O termo doenca
falciforme é um termo genérico usado para determinar um grupo de alteracBes genéticas
caracterizadas pelo predominio de HbS, isto é, os diferentes genotipos que causam a sindrome
clinica caracteristica da doenca que varia de moderado a acentuado. Essas alteragcfes incluem a
anemia falciforme (AF), que é a forma homozigota da HbS (HbSS), as interacfes de sindromes
talassémicas com a HbS (HbS-B*, HbS-p°) e associagdo com outras hemoglobinas variantes
(HbSC, HbS-p*, HbS-B°. HbSE, HbSD, HbSO). Do ponto de vista clinico a AF é a mais
prevalente e com maior gravidade (REES; WILLIAMS; GLADWIN, 2010; SCHECHTER,
2008; SONATI; COSTA, 2008; STEINBERG, 2009; THEIN, 2013).
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1.3 Anemia Falciforme

Os caracteristicos eritrocitos em forma de foice foram primeiramente descritos por James
Herrick em 1910, em um paciente negro de 20 anos de idade nascido em Grenada, Ilhas do
Caribe, portador de um grave quadro anémico acompanhado de ictericia, complicacdes
pulmonares e Ulceras de membros inferiores (HERRICK, 2001; NAOUM, 1997b; REES;
WILLIAMS; GLADWIN, 2010). Apoés o terceiro caso com esse mesmo quadro e alteraces
hematoldgicas ter sido relatado em 1917, cogitou-se a possibilidade dessa doenca ser de origem
hereditéaria pelo fato de ter sido encontrado eritrocitos com idénticas deformacdes no sangue
dos pais do paciente (NAOUM, 1997b). Em 1949, Linus Pauling e colaboradores identificaram
que a base molecular da anemia falciforme era devido uma hemoglobina anormal, a qual
apresentava mobilidade eletroforética diferente da hemoglobina normal devido a mudanca de
carga da globina (NAOUM, 1997b; REES; WILLIAMS; GLADWIN, 2010; SCHECHTER,
2008).

A anemia falciforme originou-se na Asia Menor (atualmente é a parte asiatica da Turquia)
e se propagou pelas Américas pelo trafico massivo de escravos ocorrido entre o século XV e
metade do seculo XIX (MOUSINHO-RIBEIRO; CARDOSO; SOUSA, 2008). No Brasil,
consiste a hemoglobinopatia mais comum, distribuindo-se de modo heterogéneo e é mais
frequente onde a proporcéo de descendentes africanos € maior (regido nordeste e nos estados
de Sdo Paulo, Rio de Janeiro e Minas Gerais). Foi estimado que aproximadamente 2500
criancas nascidas a cada ano apresentam doenca falciforme no Brasil. Cerca de 1 a 6% de
44,66% da populacdo ndo branca no Brasil, apresentam o gene HbS, favorecendo a propagacgéo
da anemia falciforme, a qual passa a ser considerada com um sério problema de salde
(LERVOLINO et al., 2011; MOUSINHO-RIBEIRO; CARDOSO; SOUSA, 2008).
1.3.1 Fisiopatologia e Manifestac6es Clinicas

O evento no nivel molecular da troca de nitrogénio da adenina pela timina (GAG — GTG)
no sexto codon do gene da B-globina (BS) levando a uma substituicdo do acido glutamico por
valina na sexta posicdo da cadeia polipeptidica induz a alteragdes celulares e circulatérias que
levardo ao quadro caracteristico da anemia falciforme (MANFREDINI; CASTRO; WAGNER,
2007; NAOUM, 1997b). Por causa dessa mutacdo, o processo de falcizacdo ocorre, o qual
consiste na polimerizagdo da HbS, considerada como o evento primario da patogénese da
anemia falciforme e seu elemento mais importante é o oxigénio (KATO et al., 2018; STUART;
NAGEL; JEFFERSON, 2004). A HbS sofre uma mudanca conformacional quando
desoxigenada, o que expde a valina que é apolar na superficie molecular da BS-globina, em vez

de &cido glutamico que é polar. Isso permite interagdes hidrofobicas intermoleculares, levando
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a formacdo de polimeros de HbS alongados em fibras helicoidais, que se agrupam para
endurecer e induzir a mudanca na forma caracteristica das hemacias ao formato de uma foice
(BUNN, 1997; GLADWIN; OFORI-ACQUAH, 2014; VINGERT et al., 2014). No entanto,
este processo também é influenciado por CHCM (concentragdo de hemoglobina corpuscular
média), temperatura, pH do sangue e outras hemoglobinas normais e variantes (MOUSINHO-
RIBEIRO; CARDOSO; SOUSA, 2008; SARAF et al, 2014; STUART; NAGEL,;
JEFFERSON, 2004).

A membrana eritrocitaria é fortemente afetada durante a falcizacéo, tornando-se rigida e
ndo deformével (MADIGAN; MALIK, 2006). O processo de desoxigenacao induz o aumento
da hemoglobina S que tem ferro no estado férrico de Fe3*, superando assim a acdo da enzima
meta-Hb-redutase dentro do eritrdcito. Portanto, a formacdo de hemicromos e a precipitacdo de
globina S na forma de corpos de Heinz promovem o desalinhamento da banda-3 da membrana
eritrocitaria. Essas alteracBes também sdo caracterizadas por desequilibrios das proteinas
espectrina-actina, diminuicdo de glicoproteinas, geracdo de radicais livres oxidantes e
orientacdo anormal dos fosfolipidios, causando deformacdes na forma de escavacBGes na
membrana eritrocitaria e uma diminuicdo acentuada na capacidade de deformacao, que levardo
a fendmenos circulatorios, como crises vaso-oclusivas, marca registrada da doenca (BUNN,
1997; NAOUM, 1997b, 2000; ODIEVRE et al., 2011; REES; WILLIAMS; GLADWIN, 2010).

As vias de transporte de ions que mantém a hidratagdo das hemacias também sofrem
mudancas. Os dois sistemas mais importantes sdo o co-transportador de K + / CI- e o canal de
Gardos (canal dependente de K*/ Ca?"). Na AF, o primeiro canal é anormalmente ativado, o
que permite que K* e CI- saiam da célula, seguidos de agua, o que resulta em desidratacao. Isto
leva a um aumento da concentragdo de HbS intracelular que agrava a polimerizagdo. Os
eritrocitos SS tém quantidades aumentadas de Ca?* compartimentalizadas em vesiculas
intracelulares e com concentragdes normais de calcio citosolico no estado estacionario. Quando
a membrana celular é distorcida para a forma falciforme durante a desoxigenagdo, h4d um
aumento transitério de calcio citosélico o suficiente para ativar o canal de Gardos, que € a
bomba de efluxo de K* dependente de Ca?*. A cinética do canal de Gardos ainda é alterada pela
endotelina, prostaglandina E2 e outras quimiocinas, causando mais efluxo de K* e, portanto,
desidratacdo e polimerizacdo da HbS (BUNN, 1997; LEW; BOOKCHIN, 2005; ODIEVRE et
al., 2011).

Repetidos ciclos de falcizagdo, que levam a repetidos processos de hipdxia-reperfusdo
(oxigenacao-desoxigenacao), prejudicam ainda mais as membranas dos eritrocitos, alteram

também a troca ibnica, afetam a permeabilidade celular e, consequentemente, encurtam a vida
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dos eritrocitos, causando hemolise e anemia cronica. Esse processo pode ser reversivel com a
oxigenacao celular, no entanto, com episodios repetidos, o eritrocito se torna irreversivelmente
falcizado (NAOUM, 1997b; SONATI; COSTA, 2008).

O aumento da hemolise intravascular com liberacdo de hemoglobina e seus produtos de
oxidacao pode estimular uma inflamagcé&o estéril via ativacdo de heme-TLR4, 0 que sugere que
produtos de hemdlise de eritrdcitos como o DNA celular e mitocondrial, &cido Urico, adenosina,
HMGB1, LDH e outros citoplasmaticos e nucleares as proteinas podem ser consideradas
padrdes moleculares associados ao perigo (DAMPS) e, quando eliminados das células ap6s
lesdo tecidual, necrose celular e outras lesfes, ativam a imunidade inata e causam inflamacéo
sisttmica na auséncia de infeccdo (GLADWIN; OFORI-ACQUAH, 2014).

A hipdxia e a anemia hemolitica induzem uma resposta aumentada da medula 6ssea e,
portanto, aumentam a eritropoese, refletida pela alta circulacéo de reticulécitos (CROIZAT et
al., 2000; PERELMAN et al., 2003). A atividade excessiva pode causar infarto da medula éssea
nesses pacientes, levando a embolizacdo pela gordura e, portanto, & oclusdo vascular,
especialmente nos pulmdes. Isso pode causar a sindrome toracica aguda, a segunda causa
principal de hospitalizacdo de pacientes com HbSS (CHAKRAVORTY; WILLIAMS, 2015b).
A hemolise intravascular esta associada a fadiga, colelitiase, desenvolvimento de doenca
vascular progressiva e hipercoagulabilidade na anemia falciforme. A hemoglobina liberada gera
espécies reativas de oxigénio, como radicais hidroxila e superdxidos, que eliminam o 6xido
nitrico (NO). O o6xido nitrico, um gas com potente acdo vasodilatadora, propriedades
antiadesivas e antioxidantes entre os vasoconstritores liberados pelo endotélio, regula o ténus
vascular (AGUIAR et al., 2016; ODIEVRE et al., 2011). A arginase eritrocitaria | liberada, que
converte a L-arginina, substrato da enzima sintese de NO, em ornitina e reduz a
biodisponibilidade de NO (ASLAN; CANATAN, 2008). A deplecdo de NO esta associada a
ativacdo patologica de plaquetas e fator tecidual (GLADWIN; KATO, 2008).

Outras caracteristicas importantes da fisiopatologia da anemia falciforme no estado
estaciondrio, supostamente secundarias ao fenémeno de falcizacéo, sdo a leucocitose que ocorre
apesar da auséncia de infeccdo ou inflamacdo aguda e ativacdo de mondcitos, neutrofilos, e
células endoteliais. As razdes para a presenca dessas células ativadas e 0 aumento da adesao ao
endotélio no estado estaciondrio da doenca ainda ndo foram completamente elucidadas
(PERELMAN et al., 2003). O endotélio vascular desempenha um papel critico na oclusao
vascular e no dano tecidual isquémico por varios mecanismos, tais como: homeostase regulacéo
e tonus vascular, adesdo de hemacias e leucdcitos. A ativacdo endotelial é devida ao aumento

da expressdo de moléculas de adesdo como ICAM-1, VCAM-1, P-selectina e E-selectina e
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moléculas pro-coagulantes como fator tecidual, que interagem com moléculas de ades&o
leucocitarias como as integrinas LFA-1, VLA -4 e Mac-1 (BELCHER et al., 2000).

As principais manifestacbes clinicas da AF sdo direcionadas pelos dois principais
processos fisiopatologicos que ocorrem na anemia falciforme: vaso-oclusdo com lesdo de
isquemia-reperfuséo e anemia hemolitica. Estes incluem crises de dor aguda, crises hemoliticas,
Ulceras de membros inferiores, sequestro esplénico, priapismo, necrose asséptica do fémur,
retinopatia, insuficiéncia renal cronica, acidente vascular cerebral, entre outros
(CHAKRAVORTY; WILLIAMS, 2015b; NETO; PITOMBEIRA, 2003; REES; WILLIAMS;
GLADWIN, 2010).

Pacientes com AF durante a sua vida, experimentam ataques subitos de dor em varios
niveis de gravidade. A crise vaso-oclusiva dolorosa é a mais comum e é caracterizada por febre,
leucocitose, derrame articular, fraqueza e suscetibilidade a infec¢des. Os pacientes no estado
entre os episodios de crise sdo chamados de pacientes em estado estacionario (MUSA et al.,
2010). Os fenébmenos vaso-oclusivos ocorrem principalmente em érgdos com circulacdo
sinuosa, onde o fluxo sanguineo ¢ lento e a tensdo e o pH do oxigénio sdo baixos (rim, baco,
medula 6ssea). ou naqueles com suprimento de sangue arterial terminal limitado (olhos, cabeca
do fémur). As hemacias e reticuldcitos falcizados de pacientes com AF sdo mais aderentes as
proteinas do endotélio vascular e da matriz extracelular, devido & expressdao pronunciada de
moléculas de adesdo, como CD36 e VLA-4 (FRENETTE; ATWEH, 2007; SONATI; COSTA,
2008). A adesdo endotelial de leucocitos com formacdo de agregados heterocelulares
(leucécitos e eritrocitos irreversivelmente falcizados) também contribuem para a obstrucéo,
resultando em hipdxia local, aumento na formacdo de polimeros de HbS e propagacdo da
oclusdo da vasculatura adjacente (STUART; NAGEL; JEFFERSON, 2004). Episddios de
oclusdo microvascular e isquemia sdo seguidos de restauracdo fluxo sangliineo que promove
ainda mais dano tecidual mediado pela reperfusdo. Os ciclos de isquemia e reperfusdo causam
estresse oxidativo, com ativacdo de oxidases vasculares e estresse inflamatério com aumento
de citocinas inflamatdrias e leucocitose (REES; WILLIAMS; GLADWIN, 2010).

A anemia falciforme deve ser considerada uma doenca inflamatéria cronica, em que a
gravidade das manifestacdes clinicas seja determinada por um estado pro-inflamatério
amplificado e também por marcadores genéticos (BANDEIRA et al., 2014; CHIES; NARDI,
2001).

1.3.2 Interacdo do Sistema Imune na Fisiopatologia da Anemia Falciforme
A anemia falciforme estd associada com um estado pré-inflamatério cronico,

caracterizado por uma contagem de leucdécitos elevada, mortalidade por graves infeccbes
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recorrentes e subsequentes complicacBes vaso-oclusivas como adesdo de leucocitos ao
endotélio e aumento dos niveis plasmaticos de citocinas inflamatorias como interleucinas I1L-6
e IL-8, os quais contribuem para a patogénese da AF (CHIES; NARDI, 2001; VILAS-BOAS
et al., 2015). Individuos com AF possuem alta susceptibilidade a infec¢des, secundéaria ao
comprometimento da fungéo imune (BALANDYA et al., 2017).

Os eventos isquémicos produzidos por essa oclusdo tanto em macro quanto micros vasos
envolve intricadas interacfes entre hemacias, endotélio e células imunes inatas e adaptativas.
Essas interacdes sdo reguladas por citocinas secretadas por células T, mondcitos ativados assim
como por moléculas de adesdo e consequentemente, a resposta imune estd implicada na
iniciacdo e desenvolvimento das crises da anemia falciforme (BANDEIRA et al., 2014; MUSA
etal., 2010).

A liberacdo de heme e outros padrdes moleculares associados ao perigo (DAMPS) devido
a hemdlise na anemia falciforme ativam o sistema imune inato e esse por sua vez o sistema
imune adaptativo. A ligacdo desses DAMPs nos receptores Toll-like TLR4 e TLR2 induz a
ativacdo do inflamassoma NLRP3 em mondcitos e macréfagos e com isso a liberacdo de altos
niveis das citocinas inflamatorias IL-1p e IL-18 dentre outras por outras vias intracelulares. A
formacéo de um inflamassoma pode ocorrer tanto em resposta a ativadores microbianos quanto
aos sinais inflamatorios estéreis, cujo papel central é o controle da defesa imune inata do
hospedeiro para manutencdo homeostatica tecidual (CONRAN et al., 2007; MENDONCA;
SILVEIRA; CONRAN, 2016). A ativacdo do TLR4 nas plaquetas promove sua adesdo aos
neutrofilos, que, por sua vez, liberam o DNA para formar as armadilhas extracelulares de
neutrofilos (NETS). Leucdcitos circulantes aderem uns aos outros e ao endotélio ativado,
contribuindo e potencialmente até iniciando a vaso-oclusdo (BEERS et al., 2014; GLADWIN;
OFORI-ACQUAMH, 2014; KATO; STEINBERG; GLADWIN, 2017).

Parte da disfuncdo dos sistema imune inato tem demonstrado incluir aumento da
contagem de neutréfilos no sangue periférico (granulocitose), que muitas vezes é responsavel
pela leucocitose na AF. No entanto, os neutrofilos aumentados sdo na sua maioria disfuncionais
devido a quimiotaxia, migracdo e capacidade de matar estarem prejudicadas (ANYAEGBU et
al., 2010; BALANDYA et al., 2017; HUMBERT et al., 1990). Segundo Brousse et al (2014), a
maioria das alteraces imunes inatas da AF ¢ uma manifestacdo da funcdo esplénica reduzida
(hipoesplenismo) (BROUSSE; BUFFET; REES, 2014). Estudos epidemioldgicos sugerem que
os neutrdfilos estdo envolvidos em acentuada variacdo de gravidade da doenca falciforme.
Mondcitos e células INKT possuem um papel chave na vaso-ocluséo; inflamacdo e disfuncéo

pulmonar em pacientes com AF (ZHANG et al., 2016).
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A interacdo de neutrofilos e mondcitos na fisiopatologia da AF sdo mais descritos na
literatura (HAYNES et al., 2019; LARD etal., 1999; LIU etal., 2018; PERELMAN et al., 2003;
WUN et al., 2002). Estudos limitados mostram o envolvimento das outras células inatas, como
subtipos de células dendriticas, células NK e NKT. O heme liberado dos eritrocitos durante a
hemolise limita a expressdo do marcador de maturagdo CD83 nas células dendriticas de
pacientes com AF ndo aloimunizados, por meio da via mediada pelo receptor TLR4 envolvendo
NF-kB, diminuindo as respostas inflamatorias nesses individuos, porém essa via é defeituosa
nos pacientes aloimunizados (GODEFROY et al., 2016). As células NKT medeiam inflamacéo
e disfungédo pulmonar em modelo murino de doenga falciforme por meio da produgéo de IFN-
v e quimiocinas CXCR3. Nesse mesmo modelo foi mostrado que ativagdo de receptor de
adenosina Axa das células iINKT e NK é suficiente para melhorar a funcdo pulmonar basal e
prevenir a exacerbacdo da injdria pulmonar induzida pelo processo de hipoxia-reoxigenagao
(WALLACE etal., 2019)

Estudos limitados realizados até agora indicaram anormalidades no sistema imune
adaptativo em individuos com SCA. Algumas anormalidades como reducdo na proporcao de
células TCD4" e TCD8" circulantes e disfuncdo de células T reguladoras ocorrem
concomitantemente ao aumento da ativagdo imunolégica e podem afetar a reatividade da vacina
em individuos com AF. Contudo, atualmente pouco foi feito para caracterizar o fenétipo, funcao
e contribuicdo dos linfocitos T e B para doencas inflamatdrias crénicas na AF (BALANDYA
etal., 2017).

Chies e Nardi (2001) relatam que pacientes “saudaveis” com DF comparados a individuos
saudaveis controles possuem niveis circulantes equivalentes de citocinas Thl, tais como IL-2 e
IFN-y em ambos sujeitos saudaveis com AF e controles saudaveis, e niveis circulantes mais
altos de citocinas Th2, como IL-4 e IL-10 foram mais frequentemente observados em DF
saudaveis do que em controles saudaveis normais. Como todas as analises foram feitas em
individuos saudaveis, esses dados podem ser interpretado da seguinte forma: pacientes com DF
considerados como "saudaveis" sdo agqueles com um perfil de citocinas Th2, enquanto que em
individuos com DF cujo sistema imunologico € direcionado a padrdo Th1l, ocorrerdo reacdes
inflamatorias levando a sintomas clinicos e caracterizacdo da doenca. Em outras palavras,
individuos propensos a Thl poderiam refletir uma populagdo mais suscetivel a desenvolver
manifestacdes clinicas graves de DF mostrando consequentemente maior morbidade (CHIES;
NARDI, 2001). No entanto, esses achados sdo contraditorios, pois Bandeira e colaboradores

(2014) mostraram o envolvimento das citocinas pro-inflamatdrias TNF-a, IL-6 e IL-17 apenas
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em pacientes com AF no estado estacionério, frente aos diferentes haplétipos (BANDEIRA et
al., 2014).

As plaquetas, caracteristicamente elevadas na anemia falciforme, além de papel crucial
na coagulacdo e homeostase, parecem ter papel fundamental na regulacdo das células imunes,
incluindo neutrdéfilos, mondcitos, linfocitos T e B e células dendriticas (Kl et al., 2017), porém

a contribuicdo dessa modulacéo para o progresso da doenca precisa ser mais investigada.

O sistema imune tem uma relacdo estreita com o equilibrio entre satde e morbidade na
anemia falciforme (CHIES; NARDI, 2001; MUSA et al., 2010). No entanto, as informacdes
sobre esse envolvimento ainda sdo escassas e divergentes quanto ao perfil de resposta que
prevalece nos estados estacionario e crise vaso-oclusiva, quanto a participacao de células inatas
e adaptativas nessa modulacdo, quanto a associacdo desses componentes imunes com 0S
parametros laboratoriais e gravidade clinica da AF. Portanto, sdo necessarios mais estudos sobre
0 envolvimento da imunidade inata e adaptativa no desequilibrio da AF, o que permitira

otimizar o desenvolvimento de vacinas e outros alvos terapéuticos.

1.4 Diagnéstico Laboratorial e Tratamento das Doencas Falciformes

Os objetivos e métodos de diagnostico de doencas falciformes variam de acordo com a
idade da pessoa. Em geral, existem quatro periodos de teste: pré-concepcao, pré-natal, neonatal
e pobs-neonatal. O teste de pré-concepcdo € projetado para identificar pais potenciais
assintomaticos cuja descendéncia oferece risco de DF (KATO et al., 2018). O diagnostico
laboratorial das hemoglobinopatias falciformes para testes de pré-concepcdo sdo métodos
rotineiros basicos baseados na analise da hemoglobina e da sua associacdo com outras fracdes
por meio de técnicas eletroforéticas em pH alcalino (8 a 9) ou em pH &cido (5 a 6,5) em acetato
de celulose ou agarose, hemograma e dosagens de hemoglobina fetal, 0s quais sdo técnicas de
baixo custo e viaveis no mundo todo (ANVISA, 2001; KATO et al., 2018). Apesar de
atualmente alguns laboratorios também utilizarem as técnicas de biologia molecular e
espectrometria de massa (REES; WILLIAMS; GLADWIN, 2010).

A eletroforese em pH alcalino permite analises qualitativas e quantitativas das fracfes. A
existéncia de outras hemoglobinas mutantes, ou seja, associacdes da HbS com outras variantes
de hemoglobina (HbD, HbC, HbS/B%, HbS/B*, HbS/a), o trago falciforme (HbAS) e anemia
falciforme associada a persisténcia hereditaria de hemoglobina fetal (HbS/PHHF), as quais
podem imitar as caracteristicas eletroforéticas da HbS, obriga ao uso de mais um método de
analise, para assegurar que a hemoglobina anormal observada é a HbS. Métodos simples como

teste de falcizacdo e prova de solubilidade, os quais apresentam pouca sensibilidade e
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reprodutibilidade acusando apenas a presenca ou auséncia de HbS, e a eletroforese acida em
agar, podem ser utilizados para esse fim. Essas técnicas conferem um correto diagndstico
genotipico da doenca falciforme, quando aplicado em conjunto com as informac6es de historia
e exame fisico, contagens automatizadas das células sanguineas (Hb, Hct e VCM) e andlise do
esfregaco do sangue periférico com atencdo especial a morfologia eritrocitaria para se chegar a
um resultado seguro (ANVISA, 2001).

O diagnostico pré-natal é geralmente seguro, mas é um procedimento invasivo e
oferecido durante a gravidez precoce para casais que tiveram teste positivo na triagem pré-
concepcdo.Requer amostras de DNA fetal obtidas de vilosidades coribnicas a qual é realizada
com 9 semanas de gestacdo (HOPPE, 2013). Triagem neonatal para DF € realizada no
nascimento antes que 0s sintomas ocorram, usando metodologias de analise da Hb. A
necessidade do teste pos-neonatal para DF é influenciada por varios fatores que afetam o
conhecimento da populacdo em geral se possui ou ndo DF. Esses fatores incluem o sucesso
regional de programas de triagem neonatal, imigracdo de pacientes em risco ndo previamente
testados e acesso a resultados neonatais em pacientes mais velhos. O conhecimento de ser
portador de HbAS é importante na prevencdo de doencas graves complicacfes e para o
planejamento familiar (KATO et al., 2018).

Ainda ndo ha tratamento especifico das doencas falciformes, consistindo apenas de
paliativos para controlar as complicag6es clinicas que acometem os portadores da doenca. Séo
adotadas medidas gerais e preventivas na terapéutica desses pacientes, no sentido de minorar
as consequéncias da anemia cronica, crises de falcizacéo e susceptibilidade as infec¢des. Essas
medidas incluem boa nutricdo; profilaxia, diagnostico e terapéutica precoce de infecgdes;
manutencdo de boa hidratacdo e evitar condi¢cBes climéaticas adversas. Além disso,
acompanhamento ambulatorial 2 a 3 vezes ao ano e educacdo da familia e paciente sobre a
doenca sdo auxiliares na obtencdo de bem-estar social e mental (ANVISA, 2001; BRASIL,
2014).

Em 1998, a hidroxiuréia tornou-se a Unica terapia para doencas falciformes aprovada pela
Food and Drug Administration (FDA) nos Estados Unidos. Primeira descrita como potencial
terapia em 1984, a hidroxiuréia aumenta a producdo de hemoglobina fetal nos eritrocitos
falcizados (FIELD; NATHAN; NOEL, 2014). A terapia com hidroxiuréia pode reduzir
episodios dolorosos, tempo de internagdo e nimero de transfusées e poderia reduzir em 50% a
ocorréncia de novos episédios de sindrome toracia aguda (SILVA-PINTO et al., 2013).
Contudo, a hidroxiuréia € uma droga que inibe a redutase difosfato ribonucleotideo, enzima que

converte ribonucleotideos em desoxirribonucleotideos, 0s quais sdo essenciais para sintese e
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reparo do DNA. Consiste num agente citotoxico e antineoplasico que afeta especificamente a
fase S e interrompe o ciclo celular nas fases S e G2. Apesar de ter reduzido a gravidade das
consequéncias das doencas falciformes, 3 casos de AF desenvolveram leucemia aguda apos 6
e 8 anos de tratamento. Portadores de AF que fizeram terapia com hidroxiuréia apresentam altos
niveis de danos no DNA em relacdo a pessoas saudaveis (FRIEDRISCH et al., 2008).

Embora, a hidroxiuréia tenha sido um grande avanco terapéutico, tratamentos adicionais
sdo certamente necessarios. Até 50% dos pacientes ndo se beneficiara da hidroxiuréia a longo
prazo devido a ma resposta e toxicidade. Com subdose da hidroxiuréia a expectativa de vida
dos pacientes com doencas falciformes permanece em torno dos 50 anos (FIELD; NATHAN;
NOEL, 2014).

Outras abordagens terapéuticas sdo adotadas para aliviar 0s sintomas como a analgesia,
transfusdo sanguinea e uso de antibidticos (PULE; WONKAM, 2014). A dor aguda € a razéo
mais comum para admissdo hospitalar tanto em adultos quanto em criancas. Frequentes
episodios de dor aguda estdo associados com anemia, hematdcrito alto, baixa concentracdo de
hemoglobina fetal, asma, hipoxemia noturna levando a oclusdes intermitentes da
microcirculacdo. O tratamento dessas crises implica em eliminar esses fatores precipitantes,
repouso, hidratacdo adequada e analgesia (aspirina, acetaminofeno, propoxifeno, codeina e até
mesmo morfina em dores graves) (STUART; NAGEL; JEFFERSON, 2004).

As transfusBes sanguineas, especificamente de bolsas de concentrados de hemacias, tém
um papel estabelecido no gerenciamento tanto das complicacdes agudas quanto crénicas nas
doencgas falciformes. Sdo indicadas para corrigir exacerbacdo aguda da anemia devido aos
sequestros esplénico ou hepatico, ou severa vaso-oclusdo; situagdes que para serem revertidas
precisam que ocorra a diminuicdo da percentagem de HbS ou a supressdo da sintese de HbS,
como sindrome toracica aguda, acidente vascular encefalico ou déficit neurologico agudo e
faléncia de multipla de 6rgdos (OSARO; ADIAS, 2011). No entanto, varios efeitos adversos
potenciais, incluindo sobrecarga de ferro, aloimunizacgdo e reac@es transfusionais hemolitica,
limitam esses beneficios da transfusdo sanguinea (KATO et al., 2018).

A sobrecarga de ferro é a mais problematica para aqueles que recebem transfusdes
crénicas e é revertida com a terapia de quelacéo para evitar complicagdes enddcrinas, hepaticas
e cardiacas. A aloimunizacdo continua a ser a principal complicacdo associada a transfusdes de
concentrados de hemacias em pacientes com doenca falciforme e podem estar associadas com
reacOes transfusionais retardadas com ou sem hemolise evidente. Alo e auto anticorpos podem
aumentar a complexidade dos testes de compatibilidade e pode retardar o recebimento do

sangue compativel (CHOU, 2016). Embora Util e eficaz nessas circunstancias, a transfusdo de
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sangue por si s6 ndo é suficiente para tratamento das doencas falciformes e ndo é curativa
(PULE; WONKAM, 2014).

O transplante de células tronco e a terapia génica provavelmente se tornem as técnicas
mais aplicaveis. Porém, o transplante de células tronco hematopoiéticas é recomendado para
criancas a partir de um doador com HLA idéntico e ndo é ainda padréo para adultos com doenca
falciforme (REES; WILLIAMS; GLADWIN, 2010). Quanto a terapia génica, ha um longo
caminho entre os beneficios potenciais e reais para as doencas falciformes. Até 0 momento ndo
ha dados efetivos sobre riscos e beneficios sobre essa pratica para tratamento das doencas
falciformes (OLOWOYEYE; OKWUNDU, 2012).
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2. OBJETIVOS
2.1 Geral:

Descrever o perfil imune fenotipico associado a parametros laboratoriais e gravidade

clinica da anemia falciforme.

2.2 Especificos

e Identificar o perfil fenotipico de células das imunidades inata e adaptativa envolvidas
na resposta inflamatéria da anemia falciforme em estado estacionario;

e Descrever citocinas e quimiocinas inflamatorias e regulatérias e fatores de crescimento
em pacientes com anemia falciforme em estado estacionario;

e Associar o perfil fenotipico celular, citocinas/quimiocinas/fatores de crescimento aos
parametros laboratoriais e a gravidade clinica da anemia falciforme;

e |dentificar biomarcadores celulares e/ou solUveis associados a parametros laboratoriais

e gravidade clinica da anemia falciforme em estado estacionario.
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3. MATERIAL E METODOS
3.1 Tipo de Estudo

Foi realizado um estudo observacional transversal em pacientes diagnosticados com
anemia falciforme (homozigotos, HbSS), para identificar o perfil imune fenotipico funcional

associado a parametros laboratoriais e gravidade clinica da anemia falciforme.
3.2 Populacéo de Estudo
Os dados dessa pesquisa foram obtidos a partir dos seguintes segmentos populacionais:

)] Pacientes com anemia falciforme em estado estacionario que procuraram a
Fundacdo Hospitalar de Hematologia e Hemoterapia do Amazonas-HEMOAM
para atendimento ambulatorial de rotina no periodo de Marco de 2017 a Janeiro

de 2018, localizada na cidade de Manaus, Estado do Amazonas.

1)) Para o grupo controle, denominado grupo de doadores saudaveis, foram

selecionados ao acaso candidatos a doacdo de sangue na Fundagdo HEMOAM.
3.3 Participantes do Estudo

A amostragem foi composta 70 doadores de sangue, de ambos os géneros (18 feminino e
52 masculino), com idade variando de 20 a 61 anos (32 £ 10,6), abordados apds passarem pela
triagem e quando estavam na sala de doagédo e por 30 pacientes com anemia falciforme em
estado estacionrio, de ambos os géneros (20 feminino e10 masculino), com idade variando de
18 a 49 anos (30 + 8.9), coletados por demanda espontanea durante atendimento médico na
fundacdo HEMOAM.

3.4 Critérios de Inclusédo e Exclusao

Os critérios de inclusdo adotados foram: Individuos de ambos os sexos, atendidos no
HEMOAM, com idade igual ou acima de 18 anos, que sejam homozigotos para doenca
falciforme (HbSS) e estejam em estado estacionario. Os critérios utilizados para exclusdo
foram: Mulheres gravidas, indigenas, presenca de outras doengas hematologicas (leucemia e
outras anemias), estejam ou que fizeram recente tratamento para cancer; e doencas
inflamatorias e infecciosas como maléria, dengue, doenca de Chagas, micoses, Zika,

Chikungunya, pneumonia, faringite, amigdalite e bronquite.

3.5 Aspectos Eticos
O projeto intitulado: “Biomarcadores celulares e soliveis associados a pardmetros

laboratoriais e gravidade clinica da anemia falciforme” foi aprovado pelo Comité de Etica em
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Pesquisa da Fundacdo Hospitalar de Hematologia e Hemoterapia do Amazonas (CEP-
HEMOAM) com numero de CAAE 56413316.9.0000.0009 (Anexo I)

3.6 Procedimentos
3.6.1 Coleta de Dados e Amostra Biologica

A coleta de dados e amostra biologica foram realizadas na Fundagdo Hospitalar de
Hematologia e Hemoterapia do Amazonas - HEMOAM, onde os individuos do grupo controle
foram abordados ap6s passarem pela triagem e quando estavam na sala de doagéo e os pacientes
foram abordados quando estavam em atendimento médico na fundacdo. Os mesmos foram
convidados a participar da pesquisa e assinar em seguida o Termo de Consentimento Livre e
Esclarecido (TCLE). No dia da coleta de sangue dos pacientes, foi aplicado um questionario
estruturado, com os seguintes itens: NUmero de identificacdo, nome do candidato, sexo, idade,
local de nascimento e origem; dados sobre a sintomatologia da doenca, tipos de infec¢des, uso
de medicamentos, nimero de transfusdes. Os dados obtidos nos questionarios, no hemograma
e na citometria de fluxo, foram armazenados em planilha de dados tipo Excel, para realizacédo

das analises.

A amostra de sangue periférico foi coletada por pungédo venosa, aproximadamente 12mL,
em tubos contendo EDTA (BD Vacutainer® EDTA K2) e gel separador (BD Vacutainer® gel,
para a realizacdo do Hemograma e Citometria de Fluxo, dosagem de citocinas sericas,

respectivamente.

3.6.2 Testes Hematologicos

Para a avaliacdo hematoldgica foram realizados a contagem global dos leucdcitos totais
e diferencial, das células vermelhas (heméacias), das plaquetas, a determinacéo do hematdcrito,
dosagem de hemoglobina e indices hematimétricos e reticuldcitos por meio do contador
hematol6gico ADVIA 2120i da Siemens.

3.6.3 Imunofenotipagem celular ex vivo por Citometria de Fluxo
As células foram obtidas de uma aliquota de 100uL de sangue periférico coletado em tudo
com EDTA como anticoagulante. Para a caracterizagdo imunofenotipica foi realizada a técnica

de Citometria de Fluxo.

As células foram marcadas com anticorpos monoclonais conjugados a fluorescéncias que
se fixam em epitopos especificos os quais sdo captados pelo Citbmetro de Fluxo para a

caracterizacdo das populagcfes celulares. Neste estudo utilizamos um painel de anticorpos



39
monoclonais marcados, divididos em 17 tubos para a quantificacdo e caracterizagao das
seguintes populacdes celulares:

e Linfocitos TCD4" e TCD8": anti-CD3FITC/CD8PE/CD4PercP/CD69APC;
e Células Tregs: anti-CD4FITC/CD25PercP/FoxyP3 AF647;

e Células B e B1: anti-CD5FITC/CD19PE;

e Células NK e NKT: anti-CD16FITC/CD56PE/CD3PercP/CD69APC;

e Células Dendriticas Classicas e Plamocitoides: anti-CD123FITC/CD11cPE;
e Subtipos de Mondcitos: anti-CD14FITC/CD80PE/CD16PercP/HLA-DR APC;
e TLR2 em Mondcitos e Neutrofilos: anti-CD14+ CD282PE;

¢ T LR4 em Mondcitos e Neutrofilos: anti-CD14FITC/CD284PE;

e TLR9 em Mondcitos e Neutrdfilos: anti-CD14FITC/CD289PE;

e Mac-1 em Linfécitos TCD4*: anti- CD4FITC/CD11bPE/CD3PercP;

e Mac-1 em Linfocitos TCD8": anti-CD8FITC/CD11bPE/CD3PercP;

e VLA-4 em Linfécitos TCD4": anti-CD4FITC/CD49dPE/CD3PercP;

e VVLA-4 em Linfécitos TCD8": anti-CD8FITC/CD49dPE/CD3PercP.

Inicialmente foi realizado um pool com os anticorpos especificos para cada tubo em
volume adequado de PBS-wash (com albumina) de acordo com o nimero de amostras. Para
marcagédo incubou-se 100uL de sangue total nos tubos 1-15 com 10uL dos pools de anticorpos
e 200uL de sangue nos tubos 16 e 17 com 20uL dos pools de anticorpos nos seus respectivos
tubos. Estes foram homogeneizados no vértex e incubados por 30 minutos a temperatura
ambiente e ao abrigo da luz. Apds a marcacdo, foi feito a lise das heméacias com o uso da solucéo
de lise (BD FACS™ Lysing Solution, Cat. N° 349202, Lot.: 24299, BD® Biosciences San Jose,
CA, USA), diluida 10 vezes em &gua destilada. Os tubos foram novamente homogeneizados e
incubados por 10 minutos nas mesmas condicdes. Passado a fase de incubacéo, os tubos foram
centrifugados a 1500rpm por 5 minutos. Em seguida, o sobrenadante foi descartado e
acrescentou-se 2 mL de PBS-wash (8,0g de NaCl, 1,169 de NaoHPOQO4, 0,29 de KH2POa4, 0,29
de KCl e 5,0g de BSA, gsp 1L H0 destilada, pH: 7,2) para lavagem do precipitado formado.

Os tubos foram homogeneizados e centrifugados novamente. Ap6s a centrifugacdo, o
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sobrenadante foi descartado e adicionado 300uL de PBS-wash nos tubos 1-15, e armazenados
em geladeira até 0 momento da leitura.

Aos tubos 9, 16 e 17, foram adicionados 150uL de PBS-P (8,0g de NaCl, 1,169 de
Na;HPO4, 0,29 de KH2POs, 0,2g de KCI, 5,0g de BSA e 5,0g de Saponina, gsp 1L H20
destilada, pH: 7,2) para permeabilizacédo celular, 10uL de anticorpo anti-FoxP3 AF647 (Alexa
Fluor 647, Cat. N° 560015, lote 68982, clone 259D/C7, marca BD® Biosciences, San Diego,
CA, USA) no tubo 17 e 3uL do anticorpo anti-CD289 PE ( Ficoeritrina, lote: E05895-
1630110916 PE, marca Novus) no tubo 9. Os tubos foram homogeneizados novamente e
incubados por 15 minutos a temperatura ambiente e ao abrigo da luz. Em seguida os tubos
foram centrifugados a 1500rpm por 5 minutos. O sobrenadante foi descartado e acrescentou-se
2mL de PBS-wash para lavagem do precipitado formado. Os tubos foram homogeneizados e
centrifugados novamente. Ao término da centrifugacdo, o sobrenadante foi descartado e
adicionou-se 300pL de PBS-wash e armazenados na geladeira até 0 momento da leitura.

A aquisicdo das amostras foi realizada no Citémetro de Fluxo FACSCalibur® (Becton,
Dickinson and Company, San Jose, CA, USA) da Fundacdo HEMOAM. Para a identificacéo
morfométrica e imunofenotipica das células utilizou-se o programa FlowJo (v7.2), com o
auxilio de “gates” para a selecdo das populacdes de interesse em graficos que combinam
caracteristicas morfoldgicas (tamanho e granulosidade) com caracteristicas imunofenotipicas
através das fluorescéncias dos anticorpos monoclonais utilizados para identificar as células
alvos. Os graficos utilizados foram do tipo “pseudocolor” ¢ histograma, pois apresentaram uma
melhor visualizacdo das estratégias de analise.

3.6.4 Dosagem de Citocinas, Quimiocinas e Fatores de Crescimento por Ensaio Luminex.

As citocinas séricas IFN-y, IL-12, IL-1pB, TNF-a, IL-2, IL-7, IL-4, IL-5, IL-13, IL-6, IL-
17 e 10, as quimiocinas IL-8, IP-10, MIP-a, MIP-B, MCP-1 e RANTES e os fatores de
crescimento VEGF, bFGF, PDGF, GM-CSF e G-CSF foram mensuradas com o kit Bio-Plex
Pro Human Cytokine 27-Plex kit (Bio-Rad, Califérnia, EUA) seguindo as instrugdes do
fabricante por meio do ensaio Luminex. A aquisicdo e analise de dados foi realizada utilizando
0 equipamento Luminex 200 System e o software Bioplex Manager, respectivamente, no
Instituto René Rachou/Fiocruz-Minas. Os resultados foram expressos como pg/mL, conforme
avaliado pela curva padrdo usando o parametro de regressdo quinto-logistica. Os limites de
detecgédo foram IFN-y = 25,411 pg/mL; IL-12 = 37,684 pg /mL, IL-1 3 = 8,608 pg /mL, TNF-
o = 64,803 pg /mL, IL-2 = 18,297 pg /mL, IL-7 = 16,593 pg /mL, IL-4 = 4,789 pg /mL, IL-5 =
23,105 pg /mL, IL-13 = 8,090 pg /mL, IL-6 = 37,680 pg /mL, IL-17 = 28,850 pg /mL, IL-10 =
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35,170 pg /mL, IL-8 = 42,150 pg /mL, IP-10 = 31,236 pg /mL, MIP-o. = 960 pg /mL, MIP-B =
11,233 pg /mL, MCP-1 = 24,282 pg /mL, RANTES = 16,533 pg /mL, VEGF = 29,464 pg /mL,
bFGF = 16,046 pg /mL, PDGF = 24,721 pg /mL, GM-CSF = 12,844 pg /mL, G-CSF = 40,049
pg /mL.

3.7 Andlise de Dados e Estatistica Convencional

Todos os dados foram considerados como apresentando distribuicdo ndo paramétrica e,
portanto, as analises comparativas sobre a freqiiéncia de células e niveis de citocinas,
quimiocinas e fatores de crescimento foram comparadas entre os grupos controle (HD) e
pacientes (SCA) pelo teste de Mann Whitney bicaudal. Analises entre 0s subgrupos baixo (low)
e alto (high) foram realizadas utilizando-se a anélise de variancia ANOVA seguida do teste de
Kruskal-Wallis seguido do teste de comparacdo mdaltipla de Dunn. Utilizou-se intervalo de
confianca de 95% e os dados considerados com significancia estatistica foram aqueles com
valor de p <0,05. O software GraphPad Prism versdo 5.0 (San Diego, CA, EUA) foi utilizado

para analise de dados.

A escolha dos subgrupos de anemia falciforme baseou-se na importancia clinica da
hemadlise (reticulocitos), hemostasia e inflamacéo (plaquetas) e complicac@es clinicas inerentes
a fisiopatologia da anemia falciforme. A associagdo de reticulocitose (contagem de reticuldcitos
acima de 96 x 103/mm?) e trombocitose (contagem de plaquetas acima de 400 x 109/mm?3) na
gravidade clinica dessa doenca foi demonstrada em estudos anteriores. As categorizacoes
desses subgrupos foram realizadas pelo software GraphPad Prisma versao 5.0 (San Diego, CA,
EUA), utilizando-se analise descritiva estabelecendo percentil minimo de 25%, mediana e
percentil méximo de 75%. Considerando que todos os pacientes apresentam reticulocitose e
trombocitose, classificamos como baixa (abaixo da mediana) e alta (acima da mediana). A
mediana dos reticuldcitos foi de 400 x 10 /mm?3 e das plaquetas foi de 450 x 10%/mm3. O risco
de morte, conforme calculado pela "Calculadora de Gravidade da Doenga Falciforme”,
disponivel em http://www.bu.edu/sicklecell/downloads/Projects citado por Belini Junior et al.
(2015) (BELINI JUNIOR et al., 2015) para calculo dos escores de gravidade e classificagdo
dos pacientes em categorias por fenotipo (leve, intermediario, grave). No entanto, ndo usamos
a classificacdo usada por Belini Junior et al. (2015), pois a populacdo de pacientes seria
classificada como 4/30 como intermediaria e 26/30 como grave, 0 que impossibilitaria a
segregacado dos pacientes pela analise estatistica robusta. Portanto, o critério do escore mediano
de gravidade (0,670, 67%) foi escolhido para classificar os pacientes como mais e menos

graves, com 15/30 com baixa gravidade (<0,670) e 15/30 com maior gravidade (> 0,670).
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3.8 Analise da Assinatura de Biomarcador

As assinaturas ascendentes de biomarcadores celulares e séricos foram montadas como
relatado anteriormente por Luiza-Silva e colaboradores (LUIZA-SILVA et al., 2011). Este
modelo de anélise permite converter medidas de parametros quantitativos em uma anélise
categorica de células baixas e altas, citocinas / quimiocinas / fatores de crescimento produtores.
Inicialmente, todo o universo de dados de cada tipo de célula, citocina, quimiocina e fator de
crescimento foi utilizado para calcular o valor mediano global utilizado como ponto de corte
para classificar os pacientes com AF e doadores saudaveis em contagens “baixas” ou “altas”.
de um dado biomarcador. Os pontos de corte de 50% foram usados para categorizar cada sujeito
como apresentando niveis “baixos” ou “altos”. As assinaturas ascendentes foram montadas com
sobreposicdes graficas do grupo controle com grupo de pacientes e subgrupos de reticulocitose,
trombocitose ¢ risco de morte “baixo vs. alto”. Dados relevantes (> 50%) foram entdo
destacados por retangulos cinza na parte inferior do gréafico. O software GraphPad Prism 5.0

(San Diego, EUA) foi usado para artes gréaficas.
3.9 Andlise da Rede de Biomarcadores

As redes de biomarcadores foram montadas para avaliar as multiplas associacdes entre as
ceélulas e citocinas/quimiocinas/fatores de crescimento em pacientes e subgrupos com AF. A
associacao entre 0s niveis quantitativos de células, citocinas, quimiocinas e fatores de
crescimento foi realizada pelo coeficiente de correlagcdo de Spearman no software GraphPad
Prism 5.0 (San Diego, EUA) e a significancia estatistica foi considerada apenas se p <0,05.
Depois de realizar a analise de correlacéo entre os biomarcadores, foi criado um banco de dados
no programa Microsoft Excel 2010. Em seguida, as correlages significativas foram compiladas
usando o software de acesso aberto Cytoscape (versédo 3.6.1), conforme relatado anteriormente.
As redes de biomarcadores foram construidas usando um formato circular para cada célula,
citocinas, quimiocinas e fatores de crescimento, incluindo circulos brancos para grupo controle,
circulos pretos para o grupo de pacientes com AF, cinza claro para subgrupos de AF “baixo” e
cinza escuro para subgrupos “alto” montados em layouts circulares. Os indices de correlacédo
(r) foram utilizados para categorizar a forca de correlacdo como negativa (r <0), moderada (0,36
<r < 0,68) e forte (r> 0,68) representada pelas bordas como proposto por Taylor et al
(TAYLOR, 1990).
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4. RESULTADOS E DISCUSSAO

CAPITULO I:

Research Article: Sickle Cell Anemia Patients display an Intricate Cellular and Serum
Biomarker Network Highlighted by TCD4+CD69+ Lymphocytes, IL-17/MIP-B, IL-
12/VEGF and IL-10/1P-10 Axis.
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Abstract

Background. Sickle cell anemia (SCA) is associated with a chronic pro-inflammatory state
characterized by elevated leukocyte count, mortality from severe recurrent infections, and
subsequent vaso-occlusive complications with leukocyte adhesion to the endothelium and
increased plasma levels of inflammatory cytokines. The immune system has a close connection
with morbidity in SCA, but further studies are needed to uncover the involvement of innate and
adaptive immunities in modulating the SCA physiopathology. We performed the frequency of
innate and adaptive immunity cells, cytokines, chemokines and growth factors measurement,
toll-like receptors and adhesion molecules expression in the blood of SCA patients and healthy
donors to evaluate the different profile of these biomarkers, the relationship among them and
its correlation to laboratory records and death risk. Material and Methods. Immunophenotyping
of cells, Toll-like receptors, adhesion molecules were performed from peripheral blood samples
from SCA patients and healthy donors by flow cytometry and cytokine/chemokine/growth
factors measurement by luminex technique performed from serum of same subjects. Results.
Cells of the adaptive immunity, IL-12, IL-17 and IL-10 cytokines, IL-8, IP-10, MIP-1a, MIP-
1B and RANTES chemokines and VEGF, FGF-basic and GM-CSF growth factors were higher
in SCA patients than healthy donors regardless any laboratorial and clinical condition.
Although, high death risk appears to have relevant biomarkers. Conclusion. In the SCA
pathophysiology at steady state there are a broad immunological biomarker crosstalk
highlighted by TCD4+CD69+ lymphocytes, IL-12 and IL-17 inflammatory and IL-10
regulatory cytokines, MIP-1a, MIP-1 and IP-10 chemokines and VEGF growth factor. High
expression of TLR2 in monocytes and VLA-4 in TCD8+ lymphocytes and high levels of MIP-
1B and RANTES appears to be relevant in high death risk condition. The high reticulocytosis
and high death risk conditions present commons correlations there seems to be balance by Th2

profile.
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1Introduction

Sickle cell anemia is the most common hemoglobinopathy (> 70% of sickle cell disease
in the world) and the most severe form resulting from the homozygous inheritance a point
mutation of adenine replaces by thymine (GAG — GTG) in the sixth codon of B-globin gene
(BS), with valine replacing glutamic acid at the sixth position of the polypeptide chain reflecting
in an abnormal form of hemoglobin (HbS) [1-3].

It is estimated that each year 300.000 children are born with severe form (homozygotes)
worldwide, mainly in sub-Saharan Africa, the Middle East and India. Migration patterns led the
distribution of the sickle cell gene to non-endemic areas of malaria, such as areas in Europe and
the USA. In Brazil in 2016, 1.071 newborn babies had sickle cell disease (SCD) and > 60.000
were heterozygous for the p° allele. There are an estimated 30.000 individuals with SCD in the
whole country [4-6] and the prevalence of heterozygotes for HbS in the North and Northeast
regions, is higher, about 6 to 10%, while in the South and Southeast the prevalence is lower, 2
to 3% [7,8].

Sickle cell anemia is associated with a chronic pro-inflammatory state characterized by
elevated leukocyte count, mortality from severe recurrent infections, and subsequent vaso-
occlusive complications such as leukocyte adhesion to the endothelium and increased plasma
levels of inflammatory cytokines [9,10]. Although patients have the same genetic mutation for
HbS, SCA is characterized by a very heterogeneous clinical course, ranging from patients who
have normal life expectancy with relatively few complications such as pulmonary hypertension,
priapism, stroke, leg ulceration, recurrent painful episodes, acute chest syndrome (ACS) and
avascular necrosis of bone [11-13]. This variability can party be explained by genetic
modifiers, including factors that affect HbF level and co-inheritance of a-thalassaemia or yet
environmental factors [9,13-15]. The immune system has a close connection with morbidity in
sickle cell anemia, but further studies are needed to uncover the involvement of innate and

adaptive immunities in modulating the SCA physiopathology [9,14].
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The main events of the SCA physiopathology are hemolysis and vaso-occlusive painful
crises due to the complex phenomenon of HbS polymerization essential for the occurrence of
SCA. This phenomenon alters the typical lipid bilayer and proteins of erythrocytes membrane,
which leads cellular hydration reduce, changes the shape and physical properties of
erythrocytes. All these changes will result in hemolytic anemia, abnormal interactions with
other blood cells, early erythrocyte apoptosis and blockage of blood flow, particularly in small
(and some large) vessels, which leads to repeated hypoxia-reperfusion (oxygenation-
deoxygenation) processes further damage any organ [16,17]. The highly unstable of sickle
erythrocytes reduce lifespan to >75% which induces an increased response of bone marrow and
therefore increased erythropoiesis, reflected by the high circulation of reticulocytes, which
account for ~20% of the red blood cells in individuals with SCA [15,18]. Hemolysis is thought
to occur principally via extravascular phagocytosis by macrophages, but a substantial fraction
occurs intravascular hemolysis [15,19]. The release of erythrocytes content into plasma by
intravascular hemolysis interferes incisively on vasculopathy with involvement of coagulation
and immune system components [15].

Vasoconstriction and vascular remodeling in SCA patients, especially in the lung, are
mainly caused by nitric oxide (NO) depletion. The decrease of NO bioavailability is caused by
Hb (hemoglobin) that scavenges NO, enzyme NO synthase (NOS) inhibition by asymmetric
dimethylarginine (ADMA) and by L-arginine depletion, the substrate of NOS, by arginase 1
enzyme. The NO deficiency promote platelet activation and activation of blood clotting proteins
[15,20].

Heme and other danger-associated molecular pattern (DAMPs) molecules released from
erythrocytes activated the innate immune system. Ligand-bound toll-like receptor 4 (TLR-4)
and TLR-2 activate monocytes and macrophages to release inflammatory cytokines, which
promote an inflammatory state and activation of endothelial cells. TLR-4 activation on platelets

promotes their adhesion to neutrophils, which in turn release DNA to form neutrophil
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extracellular traps (NETSs). Circulating blood cells adhere to each other and to the activated
endothelium, contributing and potentially even initiating vaso-oclusion [21-23].

Limited studies conducted thus far have indicated adaptive abnormalities in individuals
with SCA. Some abnormalities like reduction in the proportion of circulating CD4+ and CD8+
T cells and dysfunction of regulatory T cells occur concurrent with increased immune activation
and may affect vaccine reactivity in individuals with SCA [24-27]. It is possible that
geographical differences in the immune system function may also occur between SCA
population [27].

Considering the divergent information about the complex immune response on the
progression of SCA, in this study we proposed to explore the role of immunological biomarkers
during SCA steady state. So, we performed the frequency of innate and adaptive immunity
cells, cytokines, chemokines and growth factors measurement, Toll-like receptors and adhesion
molecules expression in the blood of SCA patients and healthy donors to evaluate the different
profile of these biomarkers, the relationship among them and its correlation to laboratory

records and death risk.
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2. Subjects, Material and Methods
2.1 Ethics Statement

All protocols and consent forms were approved by the Ethical Committees on Research
from the Fundacdo Hospitalar de Hematologia e Hemoterapia do Amazonas (HEMOAM)
through the protocol CAEE (n0.56413316.9.0000.0009). The subjects involved in the study
signed an informed written consent form in accordance to Resolution 196/96 at the National

Health Board for research involving human subjects prior to participate.
2.2. Study Population

This study included 100 subjects categorized in two subgroups referred as: Sickle  Cell
Anemia Patients (SCA) with 30 subjects at steady state, patients were not in crises and had not
received blood transfusions in the preceding 3 months, and Healthy Donor (HD) with 70
subjects without any apparent disease. A non-probabilistic convenience sampling was
performed to select patients and healthy donors that go to the Fundagdo Hospitalar de
Hematologia e Hemoterapia do Amazonas (HEMOAM, Manaus, Amazonas, Brazil) to
treatment and blood donation, respectively with negative results for serologic screening tests,
including viral hepatitis (A, B and C), HIV, syphilis, Chagas disease and HTLV-1/2. The SCA
patients’ group was composed by both genders’ subjects (20 females and 10 males), age ranging
from 18 to 49 years (30 + 8.9) and homozygous to HbS (HbSS). The HD group was composed
by both genders’ subjects (52 males and 18 females) age ranging from 20 to 61years (32 +
10.6). Pregnant women, indigenous, subjects with other hematological diseases (leukemia and
other anemias), subjects are doing or have been treated for cancer and with inflammatory and
infectious diseases such as malaria, dengue, Chagas Disease, mycoses, Zika, Chikungunya,

pneumonia, pharyngitis, tonsillitis and bronchitis, were not included
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The choice of SCA subgroups was based on the clinical importance of hemolysis
(reticulocytes), hemostasis and inflammation (platelets) and clinical complications inherent to
the physiopathology of sickle cell anemia. The association of reticulocytosis and
thrombocytosis (platelet count above 400 x 10%/mm?3) in the clinical severity of this disease was
shown in previous studies[28]. The categorizations of these subgroups were done by GraphPad
Prisma version 5.0 software (San Diego, CA, USA) using descriptive analysis establishing
minimum 25% percentile, median and maximum 75% percentile. Considering that all patients
present reticulocytosis and thrombocytosis, we classify them as low (below the median) and
high (above the median). The median of reticulocytes was 400 x 108/mm? and of platelets was
450 x 108/mm3. The death risk as calculated by “Sickle Cell Disease Severity Calculator”,

available from http://www.bu.edu/sicklecell/downloads/Projects describe previously for

calculation of severity scores and classification of patients into categories by phenotype (mild,
intermediate, severe) [13]. However, we did not use the rating used by Junior et al. (2015)
because the patient population would be classified as 4/30 as intermediate and 26/30 as severe,
which would make it impossible to segregate patients by robust statistical analysis. Therefore,
the criterion of the median severity score (0.670, 67%) was chosen to classify the patients as
more and less severe, with 15/30 with low severity (<0.670) and 15/30 with high severity (>

0.670).

The clinical and demographical data were acquired by a standardized questionnaire and
the hematological profile was assessed by automated blood count carried out at Fundacéo
Hospitalar de Hematologia e Hemoterapia do Amazonas. The demographic data and
hematological and clinical characteristics of patients and healthy donors are summarized in

table 1.


http://www.bu.edu/sicklecell/downloads/Projects

50
2.3 Immunophenotypic analysis of innate and adaptative components.

The immunophenotypic characterization was performed by Flow Cytometry technique.
The cells were obtained from an aliquot of 100uL from peripheral blood collected with EDTA
and were incubated in the presence fluorescent labeled specifics anti-human cell surface
monoclonal antibodies: Anti-CD3FITC/CD8PE/CD4PercP/ CD69APC to identify CD4+ and
CD8+ T cells; Anti-CD4FITC/CD25PercP/FoxP3 AF647 to identify regulatory T cells; Anti-
CD5FITC/CD19PE to identify B and Bl cells; Anti-
CD16FITC/CD56PE/CD3PercP/CD69APC to identify NK and NKT cells; Anti-
CD123FITC/CD11cPE to identify Classical and Plasmocytoid dendritic cells; Anti-
CD14FITC/CD80PE/CD16PercP/HLA-DRAPC to identify Monocytes Subtypes; Anti-
CD14FITC/CD16PercP/CD282PE TLR2 to identify TLR2 expression in Monocytes and
Neutrophils; Anti-CD14FITC/CD16PercP/CD284PE to identify TLR4 expression of in
Monocytes and Neutrophils; Anti- CD14FITC/CD16PercP/CD289PE to identify TLR9
expression in Monocytes and Neutrophils; Anti-CD4FITC/CD11bPE/ CD3PercP to identify
Mac-1 expression in CD4+ T cells; Anti-CD8FITC/CD11bPE/ CD3PercP to identify Mac-1
expression in CD8+ T cells; Anti-CD4FITC/CD49dPE/ CD3PercP to identify VLA-4
expression in CD4+ T cells and Anti-CD8FITC/ CD49dPE/CD3PercP to identify VLA-4
expression in CD8+ T cells, purchased from BD Bioscience (San Diego, CA, USA), Beckman
Coulter (Brea, California, USA) and Biolegend (San Diego, CA, USA). Following the
incubation, cells were treated with 2 mL of erythrocyte lysing solution for 7,5 min at room
temperature. After two centrifugation steps and one wash step with PBS, non-intracellularly
labeled cells were resuspended in 300 ul PBS and intracellularly labeled cells were incubated
with PBS-saponin, followed by a centrifugation step and resuspension in PBS. Stained cells
were stored at 4°C up to 24 h prior flow cytometric acquisition. A total of 30.000/100.000 events

were acquired for each blood sample to quantify cell types.
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The sample acquisition was performed on the FACSCalibur® Flow Cytometer (Becton,
Dickinson and Company, San Jose, CA, USA) of the Fundacdo HEMOAM. For the
morphometric and immunophenotypic identification of the cells, the FlowJo software (version
7.2) was used, with the design of gates to select the target populations in graphs that combine
morphological characteristics (size and granulosity) with immunophenotypic characteristics

through fluorescence of the monoclonal antibodies used to identify the target cells.
2.4 Cytokines, Chemokines and Growth Factors Analysis

The serum cytokines IL-1f, IL-6, TNF-a, IL-12, IFN-y, IL-2, IL-7, IL-4, IL-5, IL-13, IL-
17 e IL-10, chemokines IL-8, IP-10, MIP-1a, MIP-13, MCP-1 and RANTES and growth
factors VEGF, FGF-basic, PDGF, GM-CSF and G-CSF were measured using Bio-Plex Pro
Human Cytokine 27-Plex kit (Bio-Rad, California, USA) following manufacturer’s instructions
by Luminex assay. Data acquisition and analysis was performed using Luminex 200 System
equipment and Bioplex Manager software, respectively. The results were expressed as pg/mL,
as assessed by the standard curve using the fifth-logistic regression parameter. The limits of
detection were IL-1p = 8.608 pg/mL, IL-6 = 37.680 pg/mL, TNF-o. = 64.803 pg/mL, IL-12 =
37.684 pg/mL, IFN-y = 25.411 pg/mL, IL-2 = 18.297 pg/mL, IL-7 = 16.593 pg/mL, IL-4 =
4.789 pg/mL, IL-5 = 23.105 pg/mL, 1L-13 = 8.090 pg/mL, IL-17 = 28.850 pg/mL, IL-10 =
35.170 pg/mL, IL-8 = 42.150 pg/mL, IP-10 = 31.236 pg/mL, MIP-1a. = 960 pg/mL, MIP-1p =
11.233 pg/mL, MCP-1 = 24.282 pg/mL, RANTES = 16.533 pg/mL, VEGF = 29.464pg/mL,
FGF-basic = 16.046 pg/mL, PDGF = 24.721 pg/mL, GM-CSF = 12.844 pg/mL, G-CSF =
40.049 pg/mL.

2.5 Data Analysis and Conventional Statistics

All data were considered as presenting a non-parametric distribution, and therefore, the
comparative analyzes about the frequency of cells and levels of cytokines, chemokines and

growth factors were compared between HD and SCA groups by Mann Whitney test two-tailed.
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Analyzes between the low and high subgroups were performed using the ANOVA variance
analysis followed by the Kruskal-Wallis test followed by Dunn’s multiple comparison test. A
95% confidence interval was used and the data considered with statistical significance were
those with p value <0.05. The GraphPad Prism software version 5.0 (San Diego, CA, USA)

was used for data analysis.
2.6 Biomarker Signature Analysis

The cellular and serum biomarkers ascendants signatures were assembled as previously
reported by Luiza-Silva and coworkers [29]. This model of analysis allows to convert
continuous measurements into a categorical analysis. Initially, the whole universe of data of
each biomarker were used to calculate the global median value used as the cut-off to classify
each subject as the present values below or above the cut-off edge. Thereafter the ascendant
signatures of cell phenotype features and serum immunological biomarkers were assembled
considering the frequency of subjects with values above the global median cut-off determined
for each biomarker. Overlay of ascendant biomarker signature curves were employed to
identify those biomarkers with frequency of subjects above the 50" percentile, further
highlighted for subsequent Venn diagram analysis to identify those biomarkers commonly or
selectively observed amongst groups. The GraphPad Prism 5.0 software (San Diego, USA) as

used for graph arts.
2.7 Biomarkers Networks Assembling

Biomarker networks were assembled to evaluate the multiple associations among the cells
and cytokines/chemokines/growth factors in the SCA patients and subgroups. The association
between the quantitative levels of cells, cytokines, chemokines and growth factors was
performed by the Spearman correlation coefficient in GraphPad Prism 5.0 software (San Diego,
USA) and statistical significance were considered only if p < 0.05. After performing the

correlation analysis between biomarkers, a database was created on the Microsoft Excel
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program 2010. Then, the significant correlations were compiled using the open access software
Cytoscape (version 3.6.1) as previously reported. The biomarker networks were constructed
using circular nodes for each cells, cytokines, chemokines and growth factors, including white
circles to HD, black circles to SCA, light grey to low subgroups and dark grey to high subgroups
assembled in circular layouts. The correlations indices (r) were used to categorize the
correlation strength as negative (r < 0), moderate (0.36 > r < 0.68) and strong (r > 0.68)

represented by connecting edges as proposed by Taylor et al [30].



54
3. Results

3.1 Major phenotypic features of innate and adaptive immunity in patients with sickle cell

anemia.

The innate immunity cell phenotypes in SCA patients are presented in Figure 1. Low
frequency of neutrophils, classical and plasmocytoid DCs, along with decrease percentage of
NK and NKT cells were observed in SCA as compared to HD (Figure 1a). Conversely,
increased frequency of activated inflammatory monocytes (CD14+CD16+ HLA-DR+), B1
lymphocytes as well as enhanced expression of TLR-9 by neutrophils and monocytes were also
observed in SCA patients (Figure 1a and 1b). Phenotypic features of adaptative immunity cells
are presented in Figure 2. Data analyses demonstrated high frequency of lymphocytes, activated
TCD4+, TCD8+, TCD4+/TCD8+ ratio, B lymphocytes and high expression of Mac-1 in
TCDA4+ cells in SCA patients compared to HD (Figure 2a and 2b). Furthermore, decreased
levels of CD4+ and CD8+ lymphocytes, beside decreased expression of Mac-1 in TCD8+ cells

were also observed in SCA group (Figure 2a and 2b).

3.2 Phenotypic features of innate and adaptive immunity in patients with sickle cell
anemia according to laboratorial and clinical records.

Aiming at further characterizing the profile of innate and adaptive immunity cells in SCA,
the patients were categorized according to their laboratorial and clinical records, including
reticulocyte counts, platelet levels and death risk scores. The results are presented in Figure 3.
The reference values observed in HD are presented as interquartile range (25"-75") for each
cell phenotypes evaluated (Figure 3, gray background). Data analysis demonstrated that high
frequency of activated inflammatory monocytes (CD14+CD16+HLA-DR+) and increased
expression of TLR9 by neutrophil and monocytes are observed in SCA patients regardless the
laboratorial and clinical conditions. Moreover, lower levels of classical and plasmocytoid DCs,

besides NK and NKT cells were also found in SCA patients regardless the presence of
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reticulocytosis, thrombocytosis and high death risk (Figure 3a and 3b). The SCA patients with
high platelet count showed elevated frequency of activated neutrophils and increased
expression of TLR2 by monocytes compared to HD (Figure 3a and 3b). Furthermore, enhanced
expression of TLR2 by monocytes was observed in SCA patients with high death risk score
(Figure 3Db).

The analysis of adaptive immunity cells revealed that despite the low levels CD4+ T-cells
and CD8+ T-cells, SCA patients exhibited high frequency of CD4+CD69+ T-cells,
CD8+CD69+ T-cells and CD19+ B-cells regardless the laboratorial/clinical score (Figure 3c).
In addition, the results demonstrated that Mac-1 expression by CD8+ T-cells was significantly
lower in SCA patients with low reticulocyte counts (Figure 3d). Moreover, increased VLA-4
expression by CD8+ T-cells was found in SCA with high death risk score (Figure 3d).
Remarkably, SCA patients with high death risk presented increased expression of TLR2 by
monocyte and VLA-4 by CD8+ T-cells in comparison with those SCA patients presenting low
death risk (Figure 3b and 3d). Conversely, SCA patients with low reticulocyte counts showed
decreased expression Mac-1 by CD8+ T-cells as compared to patients with high reticulocyte

counts (Figure 3d).

3.3 Serum immunological biomarkers in sickle cell anemia patients.

The profile of serum cytokines, chemokines and growth factors observed in SCA patients
are shown in Figure 4. Data demonstrated that SCA patients displayed an overall increase of
most immunological biomarkers evaluated, include IL-1f, IL-6, IL-12, IFN-y, IL-4, IL-17, IL-
10, IL-8, IP-10, MIP-1a, MIP-1B, RANTES, VEGF, FGF-basic and GM-CSF as compared HD
(Figure 4a, 4b and 4c). Decreased levels of IL-2 and 1L-13 were also observed in SCA patients
(Figure 4a). Unaltered levels of TNF-a, IL-7, IL-5, MCP-1 and G-CSF were found in serum

samples from SCA as compared to HD (Figure 4a, 4b and 4c).
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3.4 Serum immunological biomarkers in patients with sickle cell anemia according to
laboratorial and clinical records.

The serum levels of cytokines, chemokines and growth factors were further evaluated in
SCA patients categorized according to their laboratorial and clinical records and data shown in
Figure 5. The reference values observed in HD are presented as interquartile range (25™-75™)
for each immunological biomarker analyzed (Figure 5, gray background). Increased levels of
IL-1B, IFN-y, IL-12, IL-17, IL-10, IL-8, IP-10, MIP-1a and VEGF, but low levels MIP-1 of
were observed in SCA patients regardless the laboratorial and clinical scores as compared to
HD reference ranges. The high concentrations of IL-6, RANTES and G-CSF were showed in
SCA patients regardless the reticulocyte counts. TNF-a, IL-2 and GM-CSF were increased in
SCA patients with low reticulocyte counts. IL-4, 1L-13, FGF-basic were detected in SCA
patients with high reticulocyte counts as compared to HD reference ranges. High levels of IL-
6 was demonstrated in SCA patients with low platelet counts. Enhanced levels of IL-2, IL-7,
IL-4 and GM-CSF were observed in SCA patients with high platelet counts as compared to HD
reference ranges. Increased levels of IL-6, IL-4, IL-13, MCP-1 and GM-CSF were found in
SCA patients with high death risk as compared to HD reference ranges. Remarkably, SCA
patients with high death risk presented increased levels of IL-10, IP-10, MIP-1a, MIP-1 and
RANTES in comparison with those SCA patients presenting low death risk. Likewise, SCA
patients with high platelet counts presented increased levels of IL-17 and MIP-1a as compared

to those with low platelet counts (Figure 5a, 5b and 5c).

3.5 Signatures of cell phenotypes features and serum immunological biomarkers in
patients with sickle cell anemia according to laboratorial and clinical records.

The signatures of cell phenotype features and serum immunological biomarkers were
assembled as the frequency of subjects with values of cells from innate and adaptative immunity

or serum biomarkers above the global median cut-off, aiming at identifying the attributes that
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characterize the immunological profile of SCA patients and their respective laboratorial and
clinical records. According to this categorical descriptive analysis, it was possible to select the
most relevant biomarkers observed in more than 50% of subjects on each group (Figure 6 —
gray background). Data analysis demonstrated that in general the SCA patients presented higher
number biomarkers above the 50" percentile as compared to HD (Figure 6a). Slight differences
were observed in the number of cellular biomarkers above the 50™ percentile wile comparing
the SCA subgroups (Figure 6b).

Venn diagram analyses further demonstrated that a set of cell phenotypes features were
commonly observed in more than 50% of SCA patients, regardless their laboratorial and clinical
records, including CD14+CD16+MON, CD4+CD69+ and CD8+CD69+ (Figure 6b — black
squares). Furthermore, specific biomarkers were selective identified in the ascendant signatures
of SCA patients with low reticulocyte counts, high platelet counts and high death risk, included
CD8+CD11b+, CD11b+NEU, CD8+CD49d+ and TLR2MON, respectively (Figure 6b).

A clear cytokine storm was observed in SCA patients as compared to HD. Data analysis
demonstrated that SCA patients presented a massive increase in most serum immunological
biomarkers as observed by the frequency of subjects with levels above the 50" percentile as
compared to HD (Figure 6¢). Comparative analysis between SCA subgroups demonstrated that
SCA patients with high death risk display higher number of altered biomarkers as compared to
those with low death risk (Figure 6d). Venn diagram analyses demonstrated that a set of serum
biomarkers were commonly observed in more than 50% of SCA patients, regardless their
laboratorial and clinical records, including IL-8, IP-10, IL-12 and IL-10 (Figure 6d — black
squares). However, no selective biomarkers could be identified for a given SCA subgroup

(Figure 6d).
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3.6 Cell phenotypes and serum biomarker networks in patients with sickle cell anemia
according to laboratorial and clinical records.

Aiming at characterizing the integrative and multiparametric analysis of the immune
response in SCA patients, a correlation analysis between cell phenotypes as well as amongst
serum biomarkers were carried out and the network profiles assembled according to the
negative or positive correlations between pairs of attributes (Figure 7, 8 and 9). Data
demonstrated that SCA patients presented complex and imbricated cell phenotype network rich
in negative connections compared to HD (Figure 7a). In fact, while HD displayed a strong
correlation between innate immunity receptors and Treg cells the SCA patients displayed
positive connections between CD4+CD69+T and CD8+CD69+, TLR4ANEU, TLR4MON,
TLRI9MON along others involving TLR4NEU, TLR2NEU, TLR4MON and TLR2ZMON.

Analysis of serum biomarker networks revealed that a small number of positive edges
were observed for in SCA as compared to HD (Figure 7b). It was noticed that while in HD, IL-
10 have several connections modulating the immune response and make an interesting triad
between IL-10/1L-12/VEGF, in SCA patients IL-10 display a relevant loss of connections
remaining only a strong positive connection with IP-10, not observed in HD. In SCA,
interesting triads are observed IFN-y/IL-12/VEGF, IL-12/IL-17/MIP-1 and IL-1B/IFN-
v/TNF-a, suggesting an intense inflammatory response.

The cellular networks assembled for SCA subgroups according to laboratory and clinical
records are presented in Figure 8. The results demonstrated that SCA patients with high
reticulocyte counts (RET High subgroup) presented a stronger network compared to those with
low reticulocyte counts (RET Low subgroup). On the other hand, SCA patients with high
platelet counts or high death risk presented a significant loss of connection. Interestingly,
patients with high reticulocyte counts and high death risk presented strong connections such as

TLRONEU/B-cell/TLROIMON and CD4+CD69+T/TLR4MON. SCA patients with high death
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risk. The SCA subgroup with low platelet counts has a peculiar network with a relevant increase
of negative connections (Figure 8).

The serum biomarker network assembled for SCA subgroups according to laboratory and
clinical records are presented in Figure 9. Data analysis demonstrated that in general, SCA
patients presented positive connections between the pairs IL-17/MIP-1p, IL-12/ VEGF and IL-
10/1P10, regardless their laboratorial records. It is noticed that although IL-10 make few
connections, the IL-10/1P-10 link is observed in all SCA subgroups. SCA subgroups with high
reticulocyte counts presented stronger connections as compared to those with low reticulocyte
counts. However, SCA subgroups presented strong biomarker connections regardless their
platelet counts or death risk scores (Figure 9). SCA patients with high reticulocyte counts and
high death risk presented a more similar network highlighted by common connections TNF-
o/IL-1B/MIP-1a triad, IFN-y/IL-13, IL-17/ IL-4 and IL-4/IL-2 axes. The SCA patients with
high platelet counts displayed a more peculiar network mediated by several positive
connections (Figure 9).

4. Discussion

The sickle cell anemia is a complex clinical syndrome caused by the presence of HbS and
erythrocyte injury that leads to extra- and intravascular hemolysis, inflammation, endothelial
dysfunction and vasculopathy, accompanied by heterocellular leukocyte-platelet-erythrocyte-
endothelial adhesive events that trigger vaso-occlusive episodes of small and large blood
vessels producing acute organ ischemia, and reperfusion injury [22]. Many studies have
confirmed the association of indirect markers of hemolysis with certain complications of
disease. Belini Junior et al [13] in their study about severity of Brazilian sickle cell disease
patients showed in all patients the relationship of reticulocytes, hemoglobin, leucocytes, LDH,
bilirubin and HbS biomarkers with severity score were statistically significant, that is SDC

severity is associated with these markers. Our SCA patients at steady state presented an intense
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reticulocytosis and when evaluate the immunologic biomarkers in this condition, the relation
between these markers are very similar in the high death risk condition.

The immune abnormalities in SCA can contribute to vaso-oclusive crises, increase
susceptibility to infection and may potentially explain incidences of impaired magnitude or
duration of responses to vaccines. These conditions leads to significant morbidity and/or risk
of death in individuals with SCA [9,13,27,31]. In this study were analyzed cells, receptors,
adhesion molecules, cytokines, chemokines and growth factors of innate and adaptative
immunities from SCA patients aiming to better understand the involvement of the immune
response in the pathophysiology and morbidity of SCA and thus identify immunological
biomarkers that may be related to laboratory conditions and clinical severity of SCA.

Our results explicitly show that patients with SCA at steady state have high frequency of
adaptive immune cells rather than innate immune cells. Although TCD4+ and TCD8+
lymphocytes were significantly decreased in SCA patients compared to the HD group, the
frequency of these activated cells was significantly higher in patients compared to HD group
regardless the low and high laboratory and clinical conditions evaluated. The value of T-cell
subsets in patients with homozygous SCA is variable [32]. Koffi and coworkers (2003) showed
CD8+ T cells significantly increased and no difference between CD4+ T cells in SCA patients
compared to their control group [32]. However, Kaaba and Al-Harbi (1993) and Vingert and
coworkers (2015) also showed lower frequency of TCD4+ and CD8+T cells in SCA patients
compared to HD individuals [25,33]. The reduction in the proportion of circulating CD4+ and
CD8+ cells was show to be more profound in the presence of splenic defects and SCA is
invariably accompanied by hyposplenism [27,32].

The TCD4+/TCD8+ ratio was higher in SCA patients than HD group, indicating that
there is an increased absolute number of TCD4 cells and fewer TCD8 cells in SCA patients
(this means a normal ratio). However, a reversal of the normal ratio, that is a relative increase

in the number of TCD8+ lymphocytes in SCA patients has been shown by Adedeji (1985) [34].
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Even though, these cells were more activated in SCA patients indicating that they are acting on
the immune response [25]. Régo et al [35] and Vingert et al [24] reported in their works an
increase in the regulatory T cells (CD4+CD25+FoxP3+) frequency in SCD patients compared
to the HD group. However, this increase can be related to previous blood transfusion or to the
body’s attempt to minimize inflammation intrinsic to SCA [24,35,36]. Our results show that
Tregs appears to be increased in SCA compared to the HD, but this difference was not
significant.

Mac-1 molecule is a very important to mediate the interaction between RBC and adherent
leucocytes and promotes vaso-occlusion in SDC. It was observed by Chen et al that Mac-1
deficiency significantly prolonged the survival of SCD mice during and after the experimental
procedure [37]. Our results showed that TCD4+CD11b+ may have an effective participation in
the process of endothelium adhesion and occlusive vessel crisis and regardless of
reticulocytosis, thrombocytosis and death risk in contrast to TCD8+ lymphocyte that had low
expression of Mac-1 compared to the HD group.

The VLA-4 molecule (CD49d) is the only integrin maintained on the surface of young
SS erythrocytes and reticulocytes, which are increased in the peripheral blood of SDC patients
and mediate adhesion of these cells to endothelium [38]. Canalli et al [39] demonstrated that
VLA-4 in neutrophils, despite its low expression, participate in the in vitro adhesion of sickle
cell disease neutrophils to endothelial layers under both basal and tumor necrosis factor-a
stimulated conditions. Our results showed no difference in VLA-4 expression either the TCD4+
or TCD8+ lymphocytes in SCA patients compared to the HD group, but it appears to be
increased in CD4+ T lymphocytes. Although, when we evaluated this marker in laboratory and
clinical conditions of SCA, appears that high VLA-4 expression in TCD8+ to be a selective
biomarker for high death condition, also showed by signature analyses. The higher expression

of VLA-4 in TCD8 + lymphocytes increases its adhesion to vascular endothelium, affecting the
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microenvironment through cytokines and interactions with other cell types and extracellular
matrix [40].

Several studies have shown that the proportions of circulating B cells in SCA are
generally unaltered [27,41,42]. Venkataraman and Westerman [43] showed no significant
changes in the percentage of B cells in SCA patients at steady state compared to control group
individuals, however show that changes in in vitro B cell function occur during vaso-occlusive
pain crises in SCA patients. Unlike the cited data, we observed in our work a significant increase
in the frequency of B (CD5-CD19+) in SCA patients at steady state regardless reticulocytosis,
thrombocytosis and death risk conditions compared to HD. Kaaba and Al-Harbi [33] and Bao
et al [44] have been observed too increases in B cells in SCA patients at steady state and they
claim that higher numbers of B lymphocytes are observed in adults with SCA with increased
circulatory Th2 cytokines, IL-4 and I1L-10. The multiple blood transfusions in SCA patients can
induces B-cell differentiation and immunoglobulin secretion and consequently
alloimmunization [27].

About innate immunity cells our results showed a lower frequency of total neutrophils
count and no difference in frequency of total monocytes count compared to healthy donors
unlike several studies [45-49]. However, in the SCA patients evaluated in our work the
neutrophils appear to be more activated (CD11b+) than HD. Increasing evidence indicates that
(activated) neutrophils could play an important role in the initiation and propagation of vaso-
occlusive processes in SCD [50]. Lard et al [50] and Kerst et al [51] observed similar result
with decrease in neutrophil count that has been the most likely caused by activated neutrophils
due to high expression of the CD11b molecule and consequently greater adhesion to the
vascular endothelium. So, neutrophils may have left the circulation and are therefore under-
represented in the blood. We observed by our analyses high frequency of activated neutrophils

expressing CD11b+ in high thrombocytosis and making rare connections with other markers.
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So, appears that neutrophils CD11b+ in our SCA patients at steady state are aggregated with
platelets. Platelets can also bind to erythrocytes, monocytes, and neutrophils to form aggregates.

Between  monocytes  subsets only activated inflammatory = monocytes
(CD14+CD16+HLA-DR+) were significantly elevated in SCA patients. Singhal et al [52]
showed similar results to our, which observed very low count of total monocytes and high
percentage for inflammatory monocytes (CD14+CD16+HLA-DR+). In SDC patients,
monocytes presented a significant expression of phosphatidylserine on surface indicating the
probability of early activation of apoptosis, which could be a possible reason for low counts of
these cells in patients [52]. Singhal et al also described in their study that CD14+ monocytes
when engulf the Hb-activated platelets, a frequent and characteristic condition of SCA [53],
were transformed into highly inflamed CD14+CD16+ subtype. This condition may be
happening in our SCA patients at steady state.

We observed high frequency of B1 cells (CD5+CD19+) in SCA patients compared to
HD. Human B1 cells (CD5+CD19+), spontaneously secrete IgM, expressed an Ig repertoire
targeted to a narrow range of antigens such as phosphorylcholine and DNA [54]. These cells
also promote homeostasis and can modulate the immune response by secreting the anti-
inflammatory cytokine IL-10.. Natural IgM produced by B1 cells has been shown to promoting
inflammation by activating the classical complement cascade, and causing tissue destruction by
binding to epithelial antigens exposed upon ischemia-reperfusion injury[55]. Possibly by this
mechanism, B1 lymphocytes are contributing to the pathophysiology of SCA. Furthermore, it
was shown by Paglieroni et al [56] in SCA patients had received blood transfusion, but none
have received a transfusion within 3 month, significant differences in CD5+ B-cell (B1 cell)
percentages and absolute numbers compared to healthy never-transfused blood donors.

Among toll-like receptors, only TLR9 in both neutrophils and monocytes were highly
expressed. Pitanga et al [57] showed higher expression of TLR2 and TLR4 genes and no

diferences in TLR9 expression in PBMC of 12 SCA patients at steady state. Although, they did
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not analyze TLR proteins, they believe the continuous exposure to SS-RBC can affect TLR
pathways. Some authors have described under certain conditions, such as elevated IL-4 and IL-
10 or inappropriate concentration of a given stimulus (TLR2 and TLR4 agonists) is not
sufficient to induce TLR2 and TLR4 upregulation on the surface of monocytes and neutrophils
possibly because the baseline expression of these receptors might be sufficient and an
upregulation would only occur after higher stimulus [58-60]. Although, we observed by other
analyzes high expression of TLR2 in monocytes in high thrombocytosis and appears to be a
selective biomarker to high death risk. The network show TLR2 and TLR4 from neutrophils
and monocytes making connections among them and with CD4+CD69+ T cells.

The circulating cell-free DNA in SCA patients even at steady state can be recognized by
TLR9[61,62]. Perhaps in our SCA patients at steady state, the hemolysis process and the release
of heme are contained, not releasing sufficiently high concentrations to induce upregulation of
TLRs 2 and 4, however sufficient to induce TLR9 expression. Besides that, we could observe
by biomarker network analyze, TLR9 in neutrophils and monocyte making positive connection
with B-cell both in high reticulocytosis and high death risk. This correlation can be for TLR9
stimulation induces maturation of antigen presenting cells favoring a Thl immune response and
stimulates antigen-independent B-cell proliferation [63,64].

We are the first to show classical or myeloid and plasmacytoid DCs subsets profile in
SCA patients at steady state. Both subsets the frequency was low in the SCA patients compared
to HD. Urban et al [65] evaluated cDC and pDC frequencies in children with a-thalassemia and
the sickle cell trait. They showed significant reduction of mDC frequency in children
homozygous for a-thalassemia whether or not if they were also carriers for HbS (AA -a/-o. and
AS -a/aa, AS -a/-a) compared to normal healthy children (AA aa/aa) [65]. They suggest the
most likely possibilities are reduced mDC production in the bone marrow or chronic activation

and enhanced retention of mDCs in the spleen.
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Sickle cell disease (SCD) is associated with alterations in immune phenotypes [66] and
we decided evaluated NK and NKT frequencies on SCA patients at steady state. Recently,
ischemia reperfusion injury (IRI) with resultant white cell activation has been implicated as an
additional contributor to the pathophysiology of SCD [67]. Our results showed low frequencies
of NK and NKT cells in SCA patients at steady state. In EIAIfy et al [66] study they showed
NK cell frequency higher in all patients with SDC compared with controls, but the difference
was not significant. Furthermore, showed elevated counts of NK cells with higher levels of
IFN-y, so these cells were activated in SCA patients. They suppose the increased number of NK
cells among their patients was associated with history of frequent vaso-occlusive crisis, but they
could not compare patients with vaso-occlusive crisis and those with stable SCD. Kaplan et al
[68] showed lower NK activity in SCA patients that receive repeated blood transfusion
compared to normal controls.

The activation of RBCs, leucocytes, platelets and endothelial cells, leads to increased
production of pro-inflammatory and anti-inflammatory cytokines, which gives SCA
characteristics of a chronic inflammatory disease [69]. Our results showed increased levels of
Thl and Th17 cytokines profiles (IFN-y, 1L-12, 1L-17) and inflammatory and regulatory
cytokines pattern (IL-1p3, IL-6, IL-4 and IL-10) in SCA patients at steady state. The chemokines
IL-8, IP-10, MIP-1a, MIP-13 and RANTES and the growth factors VEGF, FGF-basic and
GM-CSF were higher in SCA patients.

There are a few reports in the literature pertaining to the role of IL-12 and IL-17 in SCA
[10,69]. Unlike our results, Taylor et al [70] did not observe detectable levels of IL-12 in SCA
patients at steady state compared to healthy control subjects, however as in our study, they
observed high levels of IFN-y. In SCA patients from Oman city the mean serum level of IFN-y
was higher in both steady state (95.71 pg/mL) and crisis patients (90.13 pg/mL) compared to

control subjects (74.42 pg/mL) [71]. Thus, IL-12 can also negatively affect the development,
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homeostasis and function of nTreg cells by limiting IL-2 expression [71]. The
immunoregulatory functions of IFN-y are diverse and include the activation of mononuclear
phagocytes and neutrophils, the upregulation of class | molecules of the major
histocompatibility complex (MHC-1). The IL-2 signaling promotes the development of both
Th1 and Th2 cell types by inducing expression of IL-12Rp2 and IL-4Ra respectively [72] and
has been reported the suppress Th17 development inhibiting IL-17 production [72].

The role of IL-17 in SCA are not well understood [69]. Corroborating with our results
Vilas-Boas et al [10] and Keikhaei et al [69] observed higher levels of IL-17 in SCA patients at
steady state than healthy donors. Vilas-Boas et al still found a positive association among
homocysteine and IL-17 and suggest a possible role of homocysteine in the induction of IL-17.
We also observed high levels of IL-17 in high thrombocytosis. Bouchnita et al [73]
demonstrated that IL-17 enhanced the level of platelet aggregation from 20% to 45-50% and
lead to thrombosis and vessel occlusion.

Increased levels of IL-1B, IL-6 and TNF-o have been reported in serum from patients
with SCD [69,71,74-77]. Selvaraj et al [76] shown that monocytes isolated from SCD patients
are in highly activated state as demonstrated by increased gene expression of IL-1f as well as
TNF-o compared with monocytes from healthy individuals. Our results shown detectable levels
of TNF-a in SCA patients at steady state, but no significant differences. Pathare et al [71]
showed very similar levels of TNF-a between SCA patients at steady-state and control group,
but in patients in crisis, the level was higher compared to the control group, despite the non-
significant difference.

Chemokines contribute to SDC pathogenesis by acting on leucocytes [78]. The IL-8 is
involved in both endothelial cell proliferation and angiogenesis produced by several types of
cells such neutrophils, macrophages, endothelial cells an induces leucocytes chemotaxis and

neutrophil degranulation [69,78]. Elevated levels of IL-8 are observed in SDC patients during
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crises and have been proposed to be a vaso-occlusion crises predictor [79]. Pathare et al [71]
observed, like our results, significant high levels of IL-8 in SCA patients at steady state
compared to healthy donors and despite having observed a higher level in patients in crisis, was
not a significant difference between steady state and crises. Hazin-Costa et al [80] also observed
high levels of IL-8 in SDC patients at steady state compared to healthy donors.

The MIP-1a and MIP-1 are chemokines with inflammatory properties, highly related
and that share 68% identical amino acids [81]. Selvaraj et al [76] showed high expression of
MIP-1p in monocytes activated from SDC patients compared to monocytes from healthy
individuals. Wu et al [82] demonstrated in autoimmune hemolytic anemia that elevated
circulating level of MIP-1p indicate a boost in erythroid proliferation and reticulocytosis. It is
possible that in SCA this chemokine can be acting that way. Preclinical studies have further
demonstrated that MIP-1a. is released upon the induction of Th1l responses and by neutrophils
and monocytes during monocyte-endothelial cell interactions that serves as an important
mechanism in sustaining the recruitment of cells during inflammatory responses [81]. In SCA,
MIP-1a is possibly also mediating this mechanism. Also, we observed high level of MIP-1a in
high thrombocytosis. Klinger et al [83] showed that MIP-1a are present within the a-granules
of human platelets.

Enhanced expression of MCP-1 was demonstrated in a variety of pathologic conditions,
associated with inflammation and mononuclear cell infiltration [84]. Higher level of MCP-1 is
also associated with the development of polarized Th2 responses [85]. Although, our results as
well as those of Hazin-Costa et al [80] did not show statistical difference in the MCP-1 level
between SCA patients at steady state and healthy donors. Although SCA is a chronic
inflammatory disease, MCP-1 may be inhibited by the presence of the heme oxygenase 1 (HO-

1) enzyme, which is increased in SCA patients [86,87]. Sickle erythrocytes release large
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amounts of hemoglobin after hemolysis, endothelial HO-1 induction may serve to control
excessive heme overload [87].

Unlike our results significative levels of RANTES and IP-10 between SCA patients at
steady state and healthy donors did not show by Hazin-Costa et al [80]. However, Driss et al
[88] show elevated serum levels of IP-10 in patients with homozygous sickle cell disease. In
the SCA pathophysiology, RANTES still induces activation of Gardos channel (Ca-dependant
K* channel) in sickle erythrocytes by increase affinity constant for intracellular Ca* result in
intracellular depletion of K* and dehydration of sickle red blood cells [89]. Apparently, in SCA,
RANTES can be important to perivascular recruitment of INF-y-producing T cells which may
affect vascular dysfunction [90].

There are conflicting reports on the role of IL-4 and IL-10 anti-inflammatory cytokines
in SCA patients [69]. Pathare et al [71] and Raghupathy et al [91] demonstrated significantly
higher levels of IL-4 in SCA patients at steady state like our results. Taylor et al [92] also
demonstrated higher levels of IL-4 and IL-10 in SCA patients at steady state, even though,
Cavalcante et al [93] shown not significant different serum levels of IL-10 between steady state
SCA patients and control subjects. Musa et al [14] demonstrated higher levels of IL-4 in SCA
patients in vaso-occlusive crises than steady state and controls subjects, however corroborating
with our results the levels of IL-10 as higher in SCA patients at steady state than in crises and
control individuals. The exacerbated inflammatory process within the vascular environment of
the SCA patients could be responsible for triggering the compensatory Th2 responses
emphasizing the role of an injured endothelium and activated monocytes [94]. The others Th2
cytokines, IL-5 and IL-13 were not elevated in SCA patients at steady state compared to healthy
donors unlike what has been demonstrated by Veiga et al [94]. Possibly, in our SCA patients,
the high levels of IL-17 can be affecting IL-5 and IL-13 production.

T-cell homeostasis requires a balance in programs underlying activation and apoptosis

with those controlling quiescence and survival. In healthy, T-cell replete animals naive CD4 T-
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cells are sustained by self-peptide and IL-7 signals [95]. We did not demonstrate significant
difference in IL-7 levels between SCA patients and healthy donors. Although, in SCA, due the
high levels of activated TCD4" and TCD8" lymphocytes, the IL-7 level maybe being controlled
by negative feedback.

Angiogenesis is a highly regulated process and requires coordinated signalling events
among a variety of angiogenic factors [96]. Girkan et al [97], Solovey et al [98] and Cao et al
[99] demonstrated higher levels of VEGF and FGF-basic in HbSS patients at steady state
corroborating with our results, and even higher levels in SCA patients with painful vaso-
occlusive crises. Nevertheless, even platelet activation has also been proposed as significant
contributing factor to the pathogenesis of and outcome of SCD patients [100]. However,
showed that SCA patients during vaso-oclusive crises had higher levels of PDGF compared to
healthy controls and steady state.

Regarding the colony-stimulating factor, only GM-CSF was higher in SCA patients at
steady state compared to healthy donors, while G-CSF was not significantly different. Conran
et al [101] demonstrated that circulating levels of GM-CSF in steady-state patients with SCD
were significantly higher than in healthy controls and G-CSF levels was significantly lower.
Besides that, demonstrated GM-CSF levels correlated significantly with the numbers of total
leukocytes in SCA patients, but G-CSF had a significant negative correlation. GM-CSF can be
responsible, at least in part, for the leukocytosis observed with SCD and proinflammatory
cytokines like IL-1pB, which are increased in SCD, can be associated with elevated levels of
GM-CSF [101].

As discussed above, and by the signature and biomarker network analyzes SCA
pathophysiology at steady state appears to be controlled by Thl and Thl7 cytokines (IL-12,
IFN-y, IL-13, IL-17), IL-8, IL-10 and IP-10 as general biomarkers and MIP-1p3 and RANTES
making difference in SCA patients with high death risk. Besides, IL-12 due its antiangiogenic

activity [102] appears to controlling VEGF regardless
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of any laboratory and clinical condition, IL-10 controlling endothelial adhesion by IP-10
correlation and MIP-1 stimulating Th17 response by IL-17 correlation. In high reticulocytes
and death risk there appears to be a competition of the Thl and Th17 inflammatory responses
with Th2 due the correlations TNF-o/IL-13/MIP-1a, IFN-y/IL-13, IL-17/IL-4 and IL-4/IL-2. In
high thrombocytosis we observed VEGF making several connections with chemokines and
cytokines.

In conclusion, our results demonstrated that SCA pathophysiology at steady state there
has a broad immunological biomarker cross-talk highlighted by TCD4" lymphocytes, TLR2 in
monocytes, VLA-4 in TCD8" lymphocytes, Thl, Th17 inflammatory and IL-10 regulatory
cytokines, MIP-1a, MIP-1 and IP-10 chemokines and growth factor VEGF. High levels of
MIP-1p and RANTES appears to be relevant in high death risk condition. High reticulocytosis
and high death risk conditions present commons correlations, there seems to be balance by Th2
profile. Even though, more studies approaching the same biomarkers in the same patients in
crisis or other biomarkers, intracellular signaling pathways, analysis of gene expression of
molecules involved in innate and adaptive immune responses are needed to better understand
this complex pathophysiological mechanism of SCA.
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(a) Adaptative Immune Cell Phenotype in SCA Patients
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(a) Innate Immune Cell Phenotype in SCA Subgroups
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(a) Cellular Biomarker Signature in SCA Patients
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(a) Cellular Biomarker Networks in Sickle Cell Anemia
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Cellular Biomarker Networks in Sickle Cell Anemia Subgroups
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Fig.9

Serum Biomarker Networks in Sickle Cell Anemia Subgroups
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FIGURES LEGENDS

Figure 1: Phenotype profile of innate immunity in SCA patients. The frequency of cell
phenotypes (a) and toll-like receptors expression (b) were measured in peripheral blood of SCA
patients and healthy donors by flow cytometry. The results are shown in scatter plots with
individual values and the median percentage of cells or mean fluorescence intensity (MFI)
represented as a line. Significant differences (p < 0.05) are highlighted by connecting lines and
asterisks (*) for comparations with the HD group.

Figure 2: Phenotype profile of adaptative immunity in SCA patients. The frequency of cell
phenotypes (a) and adhesion molecule expression (b) were measured in peripheral blood of
SCA patients and healthy donors by flow cytometry. The results are shown in scatter plots with
individual values and the median percentage of cells or mean fluorescence intensity (MFI)
represented as a line. Significant differences (p < 0.05) are highlighted by connecting lines and
asterisks (*) for comparations with the HD group.

Figure 3: Phenotype profile of innate and adaptative immunity components in SCA subgroups
according to laboratorial and clinical records. The frequency of cell phenotypes (a), the
expression of toll-like receptors (b) by innate immunity cells along with the cell phenotypes (c)
and the expression of adhesion molecules by adaptive immunity cells (d) were analyzed in SCA
subgroups by flow cytometry. The SCA patients were categorized according to their
laboratorial and clinical records, including: reticulocyte counts, platelet levels and death risk
scores. The results are presented in box plots with median and interquartile range overlaid by
scatter plots with individual values for cell phenotype or mean fluorescence intensity (MFI).
The interquartile ranges (25"-75") for results observed in HD were used as reference range
(gray background). Significant differences (p < 0.05) are highlighted by connecting lines and
asterisks (*).

Figure 4: Serum immunological biomarkers in sickle cell anemia patients. The levels of

cytokines (a), chemokines (b) and growth factors (c) were measured in serum of SCA patients
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and healthy donors by Luminex assay. The results are shown in bars charts with mean +
standard deviation for serum concentration (pg/mL). Significant differences (p < 0.05) are
highlighted by connecting lines and asterisks (*).

Figure 5: Serum immunological biomarkers in sickle cell anemia patients according to
laboratorial and clinical records. The levels of cytokines (a), chemokines (b) and growth
factors (c) were measured in serum of SCA subgroups by Luminex assay. The SCA patients
were categorized according to their laboratorial and clinical records, including: reticulocyte
counts, platelet levels and death risk scores. The results are presented in box plots with median
and interquartile range overlaid by scatter plots with individual serum concentration (pg/mL).
The interquartile ranges (25™-75") for results observed in HD were used as reference range
(gray background). Significant differences (p < 0.05) are highlighted by connecting lines and
asterisks (*).

Figure 6: Signatures of cell phenotypes features and serum immunological biomarkers in
patients with sickle cell anemia according to laboratorial and clinical records. The signatures
of cell phenotype features (a, b) and serum immunological biomarkers (c, d) were assembled
considering the frequency of subjects with values above the global median cut-off determined
for each biomarker. The SCA patients were categorized according to their laboratorial and
clinical records, including: reticulocyte counts, platelet levels and death risk scores. The global
median values for each biomarker were used as the cut-off to classify each subjects with “low”
or “high” biomarker levels. Overlay of ascendant biomarker signature curves were employed
to identify those biomarkers with frequency of subjects above the 50™ percentile (dashed lines)
further highlighted by gray background. Venn diagram analysis were carried out to identify
those biomarkers commonly or selectively observed amongst groups. The universal biomarkers
observed in all SCA subgroups were tagged by black squares. Those biomarkers with putative

association with SCA subgroups were tagged with a gray diamond for SCA patients with low
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reticulocyte counts, a dark gray circle for SCA patients with high platelet counts or a dark gray
triangle for SCA patients with high death risk.

Figure 7: Cellular and serum biomarker networks in SCA patients. Customized biomarker
network layouts for SCA (black nodes) and HD (white nodes) were assembled to identify the
relevant association between innate and adaptative cell phenotypes (a) and serum biomarkers
(b) using circular distribution of nodes. Significant Spearman’s correlations at p < 0.05 were
represented by connecting edges to highlight positive [strong (r>0,68; thick continuous line) or
moderate (0,36 >r < 0,68; not so thick continuous line) or weak (r<0,36; thin continuous line)]
and negative [strong (r < -0,68; thick dashed line) or moderate (-0,68 > r < -0,36; not so thick
dashed line) or weak (r>-0,36; thin dashed line)] as proposed by Taylor et al [30].

Figure 8: Cell phenotypes networks in patients with sickle cell anemia according to
laboratorial and clinical records. The SCA patients were categorized according to their
laboratorial and clinical records, including: reticulocyte counts (RET) platelet levels (PLT) and
death risk scores. Customized biomarker network layouts were assembled to identify the
relevant association between innate and adaptative cell phenotypes for SCA patients with low
(light gray nodes) or high (dark gray nodes) clinical and laboratorial records were assembled to
identify the relevant association between innate and adaptative cells using circular distribution
of nodes. Significant Spearman’s correlations at p < 0.05 were represented by connecting edges
to highlight positive [strong (r>0,68; thick continuous line) or moderate (0,36 >r < 0,68; not so
thick continuous line) or weak (r<0,36; thin continuous line)] and negative [strong (r < -0,68;
thick dashed line) or moderate (-0,68 > r < -0,36; not so thick dashed line) or weak (r>-0,36;
thin dashed line)] as proposed by Taylor et al [30].

Figure 9: Serum biomarker networks in patients with sickle cell anemia according to
laboratorial and clinical records. The SCA patients were categorized according to their
laboratorial and clinical records, including: reticulocyte counts (RET) platelet levels (PLT) and

death risk scores. Customized biomarker network layouts were assembled to identify the



93

relevant association between innate and adaptative cell phenotypes for SCA patients with low
(light gray nodes) or high (dark gray nodes) clinical and laboratorial records were assembled to
identify the relevant association between serum cytokines, chemokines and growth factors
using circular distribution of nodes. Significant Spearman’s correlations at p < 0.05 were
represented by connecting edges to highlight positive [strong (r>0,68; thick continuous line) or
moderate (0,36 >r < 0,68; not so thick continuous line) or weak (r<0,36; thin continuous line)]
and negative [strong (r < -0,68; thick dashed line) or moderate (-0,68 > r <-0,36; not so thick

dashed line) or weak (r>-0,36; thin dashed line)] as proposed by Taylor et al [30].
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5. CONCLUSAO

Esse estudo forneceu resultados relevantes sobre o envolvimento de componentes das
imunidades inata e adaptativa nas condicdes de reticulocitose e trombocitose, as quais sdo
caracteristicas importantes da fisiopatologia relacionadas a hemolise e hemostasia, e quanto a
gravidade clinica da anemia falciforme em estado estacionario. Concluimos que:

e Na fisiopatologia da anemia falciforme em estado estacionario o perfil fenotipico
formado por células ativadas da imunidade adaptativa parece se destacar em comparacgao as
células da imunidade inata;

e Observamos uma frequéncia maior na AF de linfocitos TCD4 e TCD8 ativados,
linfécitos B e maior expressao da molécula Mac-1 nos linfocitos TCD4 e quanto as células da
imunidade inata de mondcitos inflamatorios e linfocitos B1 e maior expressdo de TLR9 tanto
em neutréfilos quanto em mondcitos;

e Linfocito TCD4" ativado se destaca correlacionando com receptores TLR4 nas
condicdes de alta reticuldcitos e alto risco de morte e TLR2 de mondcitos na alta trombocitose;

¢ A fisiopatologia da AF no estado estacionario parece ser controlada por citocinas Thl
e Thl7 (IL-12, IFN-y, IL-1B, IL-17) e regulatoria IL-10, quimiocinas IL-8, e IP-10 e fator de
crescimento VEGF como biomarcadores gerais;

e A expressdo de TLR2 em mondcitos e VLA-4 em linfécitos TCD8" e as quimiocinas
MIP- e RANTES parecem ser relevantes em pacientes com AF com alto risco de morte;

e As condicOes de alta reticulocitose e alto risco de morte apresentam correlagdes
comuns, parecendo haver uma competicdo das respostas inflamatoérias Thl e Th17 com Th2.

Todavia, mais estudos abordando 0s mesmos ou outros biomarcadores nos mesmos
pacientes em crise, investigar ativacao de vias de sinalizacdo intracelular, analises de expressao
génica de moléculas envolvidas nas respostas imunes inatas e adaptativas sdo necessarios para
se conseguir definir um biomarcador seletivo e para se entender melhor esse complexo

mecanismo fisiopatoldgico da anemia falciforme.



95

REFERENCIAS

AGUIAR, L. et al. Sickle cell anemia — Nitric oxide related genetic modifiers of hematological
and biochemical parameters. Clinical Hemorheology and Microcirculation, v. 64, n. 4, p.
957-963, 2016.

ANVISA. Manual de Diagndstico e Tratamento de Doengas Falciformes. Brasilia: [s.n.].
ANYAEGBU, C. C. et al. Peripheral blood neutrophil count and candidacidal activity correlate
with the clinical severity of sickle cell anaemia (SCA). European Journal of Haematology,
v. 60, n. 4, p. 267-268, 2010.

ASLAN, M.; CANATAN, D. Modulation of redox pathways in neutrophils from sickle cell
disease patients. Experimental Hematology, v. 36, n. 11, p. 1541-1550, 2008.
BALANDYA, E. et al. Alteration of Lymphocyte Phenotype and Function in Sickle Cell
Anemia: Implications for Vaccine Responses. Am J Hematol, v. 91, n. 9, p. 938-946, 2017.
BANDEIRA, 1. C. J. et al. Chronic inflammatory state in sickle cell anemia patients is
associated with HBB*S haplotype. Cytokine, v. 65, n. 2, p. 217-221, 2014.

BEERS, E. J. VAN et al. Iron, Inflammation, and Early Death in Adults With Sickle Cell
Disease. Clinical Track, p. 298-306, 2014.

BELCHER, J. D. et al. Activated monocytes in sickle cell disease: potential role in the
activation of vascular endothelium and vaso-occlusion. Blood, v. 96, n. 7, p. 24512459, 2000.
BELINI JUNIOR, E. et al. Severity of Brazilian sickle cell disease patients : Severity scores
and feasibility of the Bayesian network model use. Blood Cells, Molecules and Diseases., V.
54, p. 321-327, 2015.

BRAGA, J. A. P. et al. Guidelines on neonatal screening and painful vaso-occlusive crisis in
sickle cell disease: Associacdo Brasileira de Hematologia, Hemoterapia e Terapia Celular
Project Guidelines: Associacdo Médica Brasileira - 2016. Revista Brasileira de Hematologia
e Hemoterapia, v. 38, n. 2, p. 147-157, 2016.

BRASIL, M. DA S. Doenga Falciforme - O que se deve saber sobre herancga genética. [s.I:
s.n.].

BROUSSE, V.; BUFFET, P.; REES, D. The spleen and sickle cell disease : the sick ( led )
spleen. British journal of haematology, v. 166, p. 165-176, 2014.

BUNN, F. H. Pathogenesis and T Reatment of S Ickle C Ell D Isease. The New England
Journal of Medicine, v. 337, p. 762-769, 1997.

CARVALHO-DOS SANTQOS, B. S. et al. Impact of BS-Globin Haplotypes on Oxidative Stress
in Patients with Sickle Cell Anemia in Steady State. Archives of Medical Research, v. 43, n.
7, p. 536-540, 2012.



96

CHAKRAVORTY, S.; WILLIAMS, T. N. Sickle cell disease: A neglected chronic disease of
increasing global health importance. Archives of Disease in Childhood, v. 100, n. 1, p. 48-53,
2015a.

CHAKRAVORTY, S.; WILLIAMS, T. N. Sickle cell disease: a neglected chronic disease of
increasing global health importance. Archives of Disease in Childhood, v. 100, n. 1, p. 48-53,
2015b.

CHIES, J. A. B.; NARDI, N. B. Sickle cell disease : a chronic inflammatory condition. v. 57,
p. 46-50, 2001.

CHOU, S. . Transfusion therapy for sickle cell disease. ISBT Science Series, v. 11, n. S1, p.
263-270, 2016.

CONRAN, N. et al. Leukocyte numbers correlate with plasma levels of granulocyte-
macrophage colony-stimulating factor in sickle cell disease. Annals of Hematology, v. 86, n.
4, p. 255-261, 2007.

COSTA, D. et al. Impact of epigenetic mechanisms on therapeutic approaches of
hemoglobinopathies. Blood Cells, Molecules, and Diseases, v. 55, n. 2, 2015.

CROIZAT, H. et al. Primitive haematopoietic progenitors in the blood of patients with sickle
cell disease appear to be endogenously mobilized. Br J Haematol, v. 111, n. 2, p. 491497,
2000.

DEAN, A. On a chromosome far , far away : LCRs and gene expression. v. 22, n. 1, 2006.
DHALIWAL, G.; CORNETT, P. A.; TIERNEY, L. M. Hemolytic anemia. American Family
Physician, v. 69, n. 11, p. 2599-2606, 2004.

DRISS, A. et al. Sickle cell disease in the post genomic era: A monogenic disease with a
polygenic phenotype. Genomics Insights, v. 2, n. 1, p. 23-48, 2009.

FIELD, J. J.; NATHAN, D. G.; NOEL, W. C. Advances in Sickle Cell Therapies in the
Hydroxyurea Era. v. 20, n. 8, p. 37-42, 2014.

FRENETTE, P. S.; ATWEH, G. F. Science in medicine Sickle cell disease : old discoveries ,
new concepts , and future promise. The Journal of Clinical Investigation, v. 117, n. 4, p. 850—
58 d0i:10.1172/JC130920, 2007.

FRIEDRISCH, J. R. et al. DNA damage in blood leukocytes of individuals with sickle cell
disease treated with hydroxyurea. Mutation research, v. 649, n. 1-2, p. 213-20, 2008.
GLADWIN, M. .; KATO, G. . Hemolysis-associated hypercoagulability in sickle cell disease:
the plo (and blood) thickens! Haematologica, v. 93, n. 1, p. 1-3, 2008.

GLADWIN, M. T.; OFORI-ACQUAH, S. F. Erythroid DAMPs drive inflammation in SCD.
Blood, v. 123, n. 24, p. 3689-3690, 2014.



97

GODEFROY, E. et al. Altered heme-mediated modulation of dendritic cell function in sickle
cell alloimmunization. Haematologica, v. 101, n. 9, p. 1028-1038, 2016.

HAYNES, J. et al. Activated neutrophil-mediated sickle red blood cell adhesion to lung
vascular endothelium : role of phosphatidylserine-exposed sickle red blood cells. American
Journal Physiol Heart Circ Physiol, v. 291, p. 1679-1685, 2019.

HERRICK, J. B. Peculiar Elongated and Sickle-shaped Red Blood Corpuscles in a Case of
Severe Anemiaa. v. 74, p. 543-548, 2001.

HIGGS, D. . et al. A Review of the Molecular Genetics of the Human alpha-Globin Gene
Cluster. Blood, v. 73, n. 5, p. 1081-1104, 1989.

HOFFBRAND, A. .; PETTIT, J. .; MOSS, P. A. . Fundamentos em Hematologia. Quarta ed.
[s..] ARTMED, 2004.

HOPPE, C. C. Prenatal and newborn screening for hemoglobinopathies. International Journal
of Laboratory Hematology, v. 35, n. 3, p. 297-305, 2013.

HUMBERT, J. . et al. Neutrophil Dysfunctions in Sickle Cell Disease. Biomed &
Pharmacother, v. 44, p. 153-158, 1990.

KATO, G. J. et al. Sickle cell disease. Nature Reviews Disease Primers, v. 4, p. 1-22, 2018.
KATO, G. J.; STEINBERG, M. H.; GLADWIN, M. T. Intravascular hemolysis and the
pathophysiology of sickle cell disease. Journal of Clinical Investigation, v. 127, n. 3, p. 750—
760, 2017.

Kl, K. K. et al. Platelet concentrates modulate myeloid dendritic cell immune responses.
Platelets, v. 7104, n. May, p. 1-10, 2017.

LARD, L. R. et al. Neutrophil activation in sickle cell disease. Journal of Leucocyte Biology,
V. 66, p. 411-415, 1999.

LERVOLINO, L. G. et al. Prevalence of sickle cell disease and sickle cell trait in national
neonatal screening studies. Revista Brasileira de Hematologia e Hemoterapia, v. 33, n. 1, p.
49-54, 2011.

LEW, V. L.; BOOKCHIN, R. M. lon Transport Pathology in the Mechanism of Sickle Cell
Dehydration. p. 179-200, 2005.

LI, Q. et al. Locus control regions. Blood, v. 100, n. 9, p. 3077-3086, 2002.

LIU, Y. etal. HO-1hi patrolling monocytes protect against vaso-occlusion in sickle cell disease.
Blood, v. 131, n. 14, p. 1600-1610, 2018.

LUIZA-SILVA, M. et al. Cytokine Signatures of Innate and Adaptive Immunity in 17DD
Yellow Fever Vaccinated Children and Its Association With the Level of Neutralizing
Antibody. Journal of Infectious Diseases, v. 204, n. 6, p. 873-883, 2011.



98

MADIGAN, C.; MALIK, P. Pathophysiology and therapy for haemoglobinopathies; Part I:
Sickle cell disease. Expert Reviews in Molecular Medicine, v. 8, n. 9, p. 1-23, 2006.
MANFREDINI, V.; CASTRO, S.; WAGNER, S. A fisiopatologia da anemia falciforme.
Infarma, v. 19, n. 1/2, p. 3-6, 2007.

MARENGO-ROWE, A. J. Structure-function relations of human hemoglobins. p. 239-245,
2006.

MARTINEZ, P. A. et al. Haemoglobinopathies in Europe: health & migration policy
perspectives. v. 9, n. 1, p. 1-7, 2014.

MEKONTSO DESSAP, A. et al. Environmental Influences on Daily Emergency Admissions
in Sickle-Cell Disease Patients. Medicine, v. 93, n. 29, p. €280, 2014.

MENDONCA, R.; SILVEIRA, A. A. A.; CONRAN, N. Red cell DAMPs and inflammation.
Inflammation Research, v. 65, n. 9, p. 665-678, 2016.

MODELL, B.; DARLISON, M. Global epidemiology of haemoglobin disorders and
derived\nservice indicators. Bulletin of the World Health Organization, v. 86, n. 8, p. 480-
487, 2008.

MOHANTY, D. A century after discovery of sickle cell disease: Keeping hope alive! Indian
Journal of Medical Research, v. 139, n. JUN, p. 793-795, 2014.

MOUSINHO-RIBEIRO; CARDOSO; SOUSA, M. P. Importancia da avaliagdo da
hemoglobina fetal na clinica da anemia falciforme. Revista Brasileira de Hematologia e
Hemoterapia, n. 91, 2008.

MUSA, B. O. P. et al. Pattern of Serum Cytokine Expression and T-Cell Subsets in Sickle Cell
Disease Patients in Vaso-Occlusive Crisis. Clinical and Vaccine Immunology, v. 17, n. 4, p.
602608, 2010.

NAGEL, R. L.; FABRY, M. E.; STEINBERG, M. H. The paradox of hemoglobin SC disease.
Blood Reviews, v. 17, n. 3, p. 167-178, 2003.

NAOUM, P. C. Hemoglobinopatias e Talassemias. Primeira ed. Sdo Paulo: Sarvier, 1997a.
NAOUM, P. C. Hemoglobinopatias e Talassemias. Primeira ed. Sdo Paulo: Sarvier, 1997b.
NAOUM, P. C. Interferentes eritrocitarios e ambientais na anemia falciforme. v. 22, n. 1, p. 5—
22, 2000.

NETO, G. C. DE G.; PITOMBEIRA, M. DA S. Aspectos moleculares da anemia falciforme.
Jornal Brasileiro de Patologia e Medicina Laboratorial, v. 39, n. 1, p. 51-56, 2003.
ODIEVRE, M. H. et al. Pathophysiological insights in sickle cell disease. Indian Journal of
Medical Research, v. 134, n. 10, p. 532-537, 2011.

OLOWOYEYE, A.; OKWUNDU, C. Gene therapy for sickle cell disease. Cochrane Database



99

of Systematic Reviews, n. 11, 2012.

ORKIN, S. H. Regulation of globin gene expression in erythroid cells. v. 281, p. 271-281, 1995.
OSARO, E.; ADIAS, T. The challenges of meeting the blood transfusion requirements in Sub-
Saharan Africa: the need for the development of alternatives to allogenic blood. Journal of
Blood Medicine, p. 7, 2011.

OSORIO-BORGES, M. .; ROBINSON, W. Genética Humana. Porto Alegre: Artes Médicas,
1993.

PATRINOS, G. P.; KOLLIA, P.; PAPADAKIS, M. . Molecular Diagnosis of Inherited
Disorders : Lessons From Hemoglobinopathies. Human Mutation, v. 26, n. September, p.
399-412, 2005.

PERELMAN, N. et al. Placenta growth factor activates monocytes and correlates with sickle
cell disease severity. Growth (Lakeland), v. 102, n. 4, p. 1506-1514, 2003.

PULE, G.; WONKAM, A. Treatment for sickle cell disease in Africa: Should we invest in
haematopoietic stem cell transplantation? Pan African Medical Journal, v. 18, p. 1-5, 2014.
REES, D. C.; WILLIAMS, T. N.; GLADWIN, M. T. Sickle-cell disease. The Lancet, v. 376,
n. 9757, p. 2018-2031, 2010.

RUSANOVA, I. et al. B-globin gene cluster haplotypes in sickle cell patients from Panama.
American Journal of Human Biology, v. 23, n. 3, p. 377-380, 2011.

SARAF, S. L. et al. Differences in the clinical and genotypic presentation of sickle cell disease
around the world. Paediatric Respiratory Reviews, v. 15, n. 1, p. 4-12, 2014.
SCHECHTER, A. N. Hemoglobin research and the origins of molecular medicine Hemoglobin
structure Hemoglobin function. p. 1-16, 2008.

SILVA-PINTO, A. C. etal. Clinical and hematological effects of hydroxyurea therapy in sickle
cell patients: a single-center experience in Brazil. Sdo Paulo medical journal = Revista
paulista de medicina, v. 131, n. 4, p. 238-43, 2013.

SILVA, A. K. O Contexto Epidemioldgico E Biossocial Da Doenca Falciforme No Para ,
Amazonia, Brasil. Revista da ABPN, v. 7, n. 16, p. 103-127, 2015.

SONATI, M. D. F.; COSTA, F. F. The genetics of blood disorders: hereditary
hemoglobinopathies. v. 84, p. 40-51, 2008.

STEINBERG, M. H. Genetic Etiologies for Phenotypic Diversity in Sickle Cell Anemia. The
Scientific World JOURNAL, v. 9, p. 46-67, 20009.

STUART, M. J.; NAGEL, R. L.; JEFFERSON, T. Sickle-cell disease. 2004.

TAYLOR, R. Interpretation of the Correlation Coefficient: A Basic Review. Journal of
Diagnostic Medical Sonography, v. 6, p. 35-39, 1990.



100

THEIN, S. L. Genetic association studies in -hemoglobinopathies. Hematology, v. 2013, n. 1,
p. 354-361, 2013.

THOM, C. S. et al. Hemoglobin Variants : Biochemical Properties and Clinical Correlates.
2013.

URBINATI, F.; MADIGAN, C.; MALIK, P. Pathophysiology and therapy for
haemoglobinopathies; Part I: Sickle cell disease. Expert Reviews in Molecular Medicine, v.
8,n. 9, p. 1-23, 2006.

VILAS-BOAS, W. et al. Association of homocysteine and inflammatory-related molecules in
sickle cell anemia. Hematology, v. 4, p. 151221032123003, 2015.

VINGERT, B. et al. Partial dysfunction of Treg activation in sickle cell disease. American
Journal of Hematology, v. 89, n. 3, p. 261-266, 2014.

WALLACE, K. L. etal. NKT cells mediate pulmonary inflammation and dysfunction in murine
sickle cell disease through production of IFN- [] and CXCR3 chemokines. v. 114, n. 3, p. 667—
677, 2019.

WUN, T. et al. Activated monocytes and platelet-monocyte aggregates in patients with sickle
cell disease. Clinical and Laboratory Haematology, v. 24, n. 2, p. 81-88, 2002.

ZHANG, D. et al. Neutrophils , platelets , and in fl ammatory pathways at the nexus of sickle
cell disease pathophysiology. v. 127, n. 7, p. 801-810, 2016.



101

ANEXOS
Anexo |: Parecer do Comité de Etica em Pesquisa (CAAE: 5641331690000.0009)

FUNDACAQ DE
HEMATOLOGIA E W“’ ma
HEMOTERAPIA DO
PARECER CONSUBSTANCIADD O CEP

DADDE D PROJETD DE PEEGQUIEA

Thulo da Pecguica: Potendals Blomarcydores Celulses & Solivels Associedos a DFerenbes Hapigbpos &
Fenotipos de Anemla FaicHoame.

Pecgulcador: Madia Finlo Gartla

Arsa Tematioa:

Varcdo: 2

CGAAE: SB413316.5.0000.0003

Inciitulglo Proponants: Fundacio de Hemaloiogla & Hemoterapla do Amazonas - HEMOAM
Patrooinador Prinddpal: Financiamento Froprio

DADDE D PARECER

Homero do Parsosr: 1.858.550

Aprecentagdo do Projeio:

Az doengas fakiormes (DFs) =30 as desordens monogénicas mals prevalentes, responsdvels por alta
mortalidsds & morbidade com uma sobrevivincla média esimada de 45 3 48 anos na sodedade ocldental,
consistindo em um probierma de saode poblica em varas naples (Van Beers etal., 20M5).

Trata-se de um estedo observacional anallico ransversal Amosiragert Paclentes disgnosticados com
ar=mis faicHome, tanio em crises vasc-oclusivas quanio em estado estaclionario, atercdidos na Fundago
Huospitalar de Hematologia e Hemoizrapia do Amazonas-HERDAM por

Ihre demanda, localzada ra cidade de Maraus-AK. Oz indiiduos snquadrados ro gnapo oontrole serSo
doadores de sangue, ooletdos a0 acaso, sem doengas aparsnies. Coleln de Dados = Mabsrial Bloldgico: A
coista de dados & amostra bioldgica serd neallzada ra FundagSo Hosplalar d= Hematologia = Hemolerapia
do Amazonas - FHEMOAM, onde o5 Individuos s=rio abordados & convidados & participar da pasquisa =
ESsinar am

seguida o Temmo de Consentmenio Livre & Esdarecide — TCLE & posteriorments serd aplcada um
guesiondrio estruturado, com Hens coma:

Nimem de identfimgio, nome do candidalo amostradao, sexo, idade, local de rascimento & origem; dados
sobre 3 sinbormatclogla da doenca, Hpos de h‘e-:-;ﬁl:i-. uso = medicamentos,

Endaregs  Ax. Constsntino Fesy 4397 5.0 O Erm Pesg

Bairro:  Crepads CEF: spospom
UF: AW Hunicpls: MARALE
Talsfona:  opsEss- W Pz (HIIESSOTI E-mall: cepismomn mmogey be

Pl 71 M



FUNDACAO DE
HEMATOLOGIA E m“’ me
HEMOTERAPIA DO
Comiram o oo Fancer 10 0

ridmars de transtusles.

Objettvo da Pecgulca:

Oihjetivo Primdrio:

hdenificar potenclials bomarcadores celulares & solinels assodados a dferentes Faplitipos & fendbpos de
pacientes com ansmia falkcHome.

Oibjefivo SaCunddria:

» Caracisrizar o peEril fenotiploo funcional de leucdchos drculantes envolvidos na resposta Infamabicia na
aremks TalkcHomme;

» Dosar ciocinas & guimiscinas pré-inflamadtias & reguisitrizs crculantes em pacientes com amemia
talciforme;

» Descrever oo Fapddipos dos pacientes com anemis fakcFome & relaciond-Hos oom os fendtipos. clinkos &
Imunoldgicos.

* Determinar & frequéncla alica dos polmorfismos do recepior NLRP3;

* Reiadonar os pefls de ciocines oo of polmorismcs. do recepior NLRF3.

Avallagdo dos Ricoos & Banefiolos:
Riscioes:

Durante a participacio mo projeto, os padentes estaro sujefios aos rscos Inerenies a coleta die maiedal
bioltgico por fancio wenosa duranies as crises vasc-ooushas & em estado eshaclonario; Poderdo fer seus
dados pessoals & de Dontuirios sIposios 305 pesgulsadons do projeto, portm serd manutido em sigilo a
privacidsde oz paricipantes da pesquiss durant= iodas x5 fxses da pesquisa.

Beneficios:

0 projefio consksie em pesquisa basikca com Riuks de defeminar um Bomancador predior de mudangas na
Interengdo clinica de pacientes com anemia faicforme. Com [sso, pode proporcionar subsidos para
pesquisas dinlcas woladas pars dminuir 3 morbidade & assim mehorar a gualidsde de wida dos portsdones
dessa hemogichinopatis

Comentirios & Conclderagdes cobre a Pecquica:
Fesquisa interessanis & bem desorits que Ros proporcionard malor confacimento sobne & anamia falctorme.

Erndaregoc  Ax. Consisntino Mesy £327 5.0 Dir Ere Pesg

Baimre:  Crspmda CEF: sneoom
UrF: AN Hunicplo: MARALE
Telsfons: (s W P (EIPERSOTD E-mall: copfffsmomm emgoybe

Pl e

102



FUNDACAOQ DE

HEMATOLOGIA E
HEMOTERAPIA DO

Coriram o oo Farsss 100 40

Concideragdes Gobra of Termos de aprecentagdo obrigatona:
s documernios soliciados forem anexsdos, wale apenas ressakar o iImporidncla da identficacao no TCLE
Como primeira & segunda via (pariicipanie & pesqulsador).

Conrslucles ou Panddnolac = Licka de Inadeguanies:

Frojehs apnovado.

Conslderapiec Finals & orfbério do CEP:

Ects parsosr Tol slaboredo bacesdo moG Sooum=nhss abalko relaolonados:

REore

Tipo Dooamenio A Fosagem Aurbor Ethnl;iu
rformagiies Edsicas| FE_INFORMAGUES_BABICAE DO F | Z1m82016 Aretio
ido Frojeho FROWJETD T 1. pdf 1825:33
Frojeto Cetalhade ! | FrojeloCompleio pd! ZAMa2016 | Nada Pinio Garcla Aretio
Brochurs i1B:26:12
Irrvesigador
Cariros Carta_mesposts Comite pdf Z1Ma2016 | Nada Pinio Gancks Aretio

181517
Declaracio de Anuencia_Ewvilasio pdf HME2018 | Mada Pinio Gancks Arein
Eesaysadones 17:55:11
Cutros Anuencia_Departamenio_Alendimenio_ | 21MA2016 | Mada Pinio Gacla Arefin
Fackenbe. pdf 17:51:01
Cariros Anuencla_Cepartamenio_Analis=sCinks | 21092016 | Mada Pinio Gamcls Aretio
as.odf 175031
outms Anuencila_Depariamenio_Alendimenio_ | Z1T82016 | Nada Pinio Gacls Aretio
ICAoxandior 17:45:38
Brochura Fesquisa | Proleln. GuardaChuees_ Completo. pdf Hma2i16 | Mxda Pinio Gacks Arefin
174318
=ohha de Rosio =olFa_de_rosio. paf OS2016 | Madla Pinio Gancks Aretio
1Z11:12
TCLE ! Termos de | TCLE_Triagem_Faclsmiss pdf 11ES2016 | Madla Pinio Gacls Aretio
Agsentmenio ! 23405:139
JusSTicatva de
AusEncia
Declaracdo de Anuencias_Pesquisadones paf 11/DS2Z016 |Msda Pinin Garcks Arein
Fesquisadones 224341
Declaragdo de Anuencia_instiuceo pd! 11052016 | Nadja Pinic Garcla Aretio
resttulcio & 224240
Wang-Iizfal i |
2 thsagdo do Parsoer:
Ao

Heoaccita Apreclagdo da CONEP:

Erclaregse  Ax. Constsniino Me-y £397 5.0 Dir Ere Pesg

Bairre: Crepsda
ur: AN

Talsfona:  (xprysEsE1

CEP: snEo-om

Bunicipia:  MARALE

Fax- (EEPEENSH T3

E-mall: ceplitasTomn . goybe

Pl 00

103



FUNDACAO DE
HEMATOLOGIA E w ma
HEMOTERAPIA DO
(et - T DR TP G SR ]

BAMALRE, 13 de Dezembro de 2016

AGGInado peor:
Ellsa Erocina de= Leon
{Coordenador

104



Anexo I1: Artigo Publicado na revista Journal of Immunology Research.

Hindawi

Joumnal of lssmunalogy Research

Volume 2020, Anticle 1D 4585704, 22 pages
hitps/ idoLorg/10.1155/ 20200 4585704

Hindawi

Research Article

Sickle Cell Anemia Patients Display an Intricate Cellular and
Serum Biomarker Network Highlighted by TCD4+CD69+

Lymphocytes, IL-17/MIP-1p, IL-12/VEGF, and IL-10/IP-10 Axis

Nadja Pinto Garcia ' Alexander Leonardo S. Janior (,’ Geyse Adriana S. Soares,"

Thainé Cristina C. Costa,” Alicia Patrine C. dos Santos,’ Allyson Guimaries Costa [,

Andréa Monteiro Tarragd ,” Rejane Nina Martins,” Flévia do Carmo Leio Pontes,”
Emerson Garcia de Almeida,” Erich Vinicius de Paula,”” Olindo Assis Martins-Filho,*

and Adriana Malheiro "

‘Programa de Pés-Graduagdo em Imunologia Bdsica ¢ Aplicada, Universidade Federal do Amazanas (UFAM), 69077000 Manaus,
AM, Brazil

*Laboratério de Gendmica, Fundagio Hospitalar de Hematologia ¢ Hemoterapia do Amazonas (HEMOAM), 69050-001 Manaus,
AM, Brazil

*Programa de Pis-Graduagio em Ciéncias Aplicadas a He logia, Universidade Estadual do Amazonas (PPCAH/UEA ), 69065-

01 Manaus, AM, Brazil

‘Programa de Apvio a Iniciagio Cientifica, Fundagio Hospitalar de Hematologia e Hemoterapia do Amazonas (HEMOAM), 69050

00! Manaus, AM, Brazil
*Departamento de Clinica Médica da Faculdade de Ciéncias Médicas da UNICAMP, 13083.970 Campinas, SP, Brazil

“Grupo Integrado de Pesquisas em Biomarcadares, Instituto René Rachou/ Fiocruz Minas, 30190-002 Belo Harizonte, MG, Brazil

Carrespondence should be addressed to Nadja Pinto Garcdia; garcianadja@gmail.com
and Adriana Malheiro; malheiroadrianagyahoo.com br

Received 15 April 2019; Revised 14 November 2019; Accepted 27 November 2019; Published 8 fanuary 2020

Academic Editor: Martin Holland

Copynight © 2020 Nadm Pinto Garcia et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properdy cited.

Background. Seckle cell anemia (SCA) is associated with a chronic promnflammatory state characterized by elevated leukocyte coant,
mortality from severe recurrent infections, and subsequent vasoocclusive complications with leukocyte adhesion to the
endothelium and increased plasma levels of inflammatory cytokines. The immune system has a close connection with morbadity
in SCA, but further studies are needed to uncover the involvement of innate and adaptive immunities in modulating the SCA
physiopathology. We performed measurements of the frequency of innate and adaptive immunity cells, cytokines, chemokines,
and growth fctors and immunophenotyping of Toll-like receptor and adhesion molecule expression in the blood of SCA
patients and healthy donors to evaluate the different profiles of these biomarkers, the relationship among them, and their
correlation to hboratory records and death risk. Material and Methods. Immunophenotyping of cells, Toll-lske receptors, and
adhesion molecules were performed from peripheral blood samples of SCA patients and healthy donors by flow cytometry and
cytokine/chemokine/growth factor measurement by the Luminex technigue performed from the serum of the same subjects
Results. Cells of adaptive immunity such as IL-12, IL-17, and IL-10 cytokines; IL-8, IP-10, MIP-1a, MIP-18, and RANTES
chemokines; and VEGF, FGF-basic, and GM-CSF growth factors were higher in SCA patients than healthy donors regardless of
any laboratorial and dinical condition. However, high death risk appears to have refevant biomarkers. Conclusion. In the SCA
pathophysiology at steady state, there & 2 broad immunologacal biomarker crosstalk highlighted by TCD4+CD69+ lymphocytes,
IL-12 and 1L-17 inflammatory and IL-10 regulatory cytokines, MIP-la, MIP.18, and IP-10 chemokines, and VEGF growth
factor. High expression of TLR2 in monocytes and VLA-4 in TCD8+ lymphocytes and high levels of MIP-I1§ and RANTES
appear to be relevant in high death risk condittons The high reticulocytosis and high death risk conditions present common

correlations, and there seems to be a balance by the Th2 profile.
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