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Resumo

O Complexo HLA (Human Leukocyte Antigen Complex) é a regido mais variavel do genoma
humano. O gene HLA-A ¢é o segundo mais polimdrfico do grupo e responsavel por codificar
moléculas envolvidas no processo de apresentacdo antigénica e modulacdo das células NK
(Natural Killer). Diversos estudos avaliaram a variabilidade do gene HLA-A em populacdes
mundiais. No entanto, estes estudos focaram-se principalmente na variabilidade dos éxons,
ignorando a variabilidade de introns e regides regulatorias. A variabilidade do gene HLA-A é
particularmente elevada no segmento que codifica a fenda de ligacéo a peptideos (éxons 2 e 3),
relacionado com a funcdo de apresentacdo antigénica e alvo de selecdo balanceadora. No
presente estudo avaliamos a diversidade genética do gene HLA-A considerando um segmento
continuo que compreende o promotor estendido (1.5 Kb upstream do primeiro ATG traduzido),
todos os éxons (incluindo a regido 3’ nao-traduzida) e introns por meio de sequenciamento
paralelo massivo. As estratégias computacionais empregadas no estudo utilizam-se de
programas de livre acesso ou desenvolvidos localmente, viabilizando um mapeamento
adequado das sequéncias produzidas e a genotipagem/haplotipagem para genes HLA. A
variabilidade detectada para o gene HLA-A em uma amostra brasileira demonstrou que 0s
segmentos regulatorios apresentam poucas sequéncias diferentes, porém as sequéncias
existentes sdo bastante divergentes entre si. As variantes regulatorias apresentam alto
desequilibrio de ligacdo com variantes da regido codificadora. Assim como 0s éxons, 0s introns
do gene HLA-A sdo bastante variaveis. Além disso, padrdes de diversidade molecular sugerem
que a regido promotora, juntamente com a regido codificadora, estdo sob 0 mesmo tipo de
pressao seletiva, mas um cendrio diferente é observado para o éxon 4 e para a regido 3’ ndo-
traduzida.

Palavras-chave: selecdo balanceadora, haplotipos, alelos, HLA-A, selecdo natural,

Sequenciamento de Nova Geragéo, polimorfismos, evolugéo.
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Introducéo

O Complexo Principal de Histocompatibilidade (MHC, do inglés, Major
Histocompatibility Complex) consiste de um grupo de genes localizados no brago curto do
cromossomo seis (6p21.3), em um segmento de aproximadamente 4Mb (0.13% do genoma
humano). Este complexo apresenta cerca de 200 genes (Klein e Sato, 2000a; b), representando
ao todo cerca de 0.5% dos genes codificadores de proteinas descritos no genoma humano
(Shiina et al., 2009). Em sua maioria 0s produtos génicos codificados pelo MHC estdo de
alguma forma envolvidos com a resposta imune, sendo eles: ligantes, receptores, fatores de
sinalizacdo celular, moléculas reguladoras do processo transcricional. Os produtos génicos
codificados pelo MHC estéo relacionados a contextos imunes diversos, tais como: inflamacéo,
processamento e apresentacdo antigénica (resposta imune adaptativa) e interaces com
receptores nas células NK (do inglés, Natural Killer), importantes na resposta imune inata
(Shiina et al., 2009). A regido do MHC é considerada a regido de maior densidade génica do
genoma humano, com uma média de 1 gene a cada 16Kb (Meyer et al., 2018). Além disso, 0
MHC é a regido mais variavel do genoma humano e o elevado polimorfismo deve-se
principalmente aos genes HLA (HLA, do inglés Human Leucocyte Antigens). O complexo HLA
codifica moléculas responsaveis pelo processamento e apresentacéo de antigenos. Os genes do
complexo HLA estdo envolvidos nos processos de combate a patdgenos, pois as moléculas que

codificam apresentam antigenos aos linfdcitos T (Klein e Sato, 2000a).

Didaticamente, os genes do complexo HLA estdo divididos em dois grupos principais,
denominados genes de classe I e Il. Os genes de classe I, HLA-A, HLA-B e HLA-C, sdo também
conhecidos como genes HLA de classe | classicos e codificam glicoproteinas transmembrana
expressas na maioria das células nucleadas. Essas moléculas atuam na apresentacdo de
antigenos extracelulares aos linfocitos TCD8 durante a resposta imunitaria adaptativa (Klein e
Sato, 2000a; b; Goldberg e Rizzo, 2015). Os genes HLA-G, HLA-E e HLA-F sé&o considerados
genes de classe | ndo classicos (Geraghty et al., 1992; Klein e Sato, 2000a; b). Embora
apresentem semelhanca estrutural e molecular aos genes classicos, possuem padrdes de
expressao distinto e estdo relacionados principalmente com o processo de tolerdncia
imunoldgica (Barrow e Trowsdale, 2008; Carosella et al., 2008; Crispim, Duarte, et al., 2008;
Harada et al., 2015; Martinez et al., 2017). Em geral, as moléculas ndo classicas ligam-se a
receptores presentes em linfocitos T e células NK, modulando a acéo destas células (Donadi et
al., 2011). Os genes de classe Il, HLA-DPAL, HLA-DPB1, HLA-DQAL1, HLA-DQB1, HLA-
DRB1 e HLA-DRA1 também estdo envolvidos com o processo de apresentacdo antigénica,
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porém suas moléculas apresentam antigenos aos linfocitos TCD4 na superficie celular
(Touraine et al., 1989).

Os genes HLA séo considerados os genes mais polimorficos do genoma humano,
possuindo uma ampla diversidade alélica, ou seja, diversas sequéncias de DNA especificas para
um determinado gene HLA. O banco de dados IPD-IMGT/HLA constitui um banco
especializado em catalogar sequéncias HLA, contendo informagGes detalhadas sobre a origem
e validacao dessas sequéncias (Robinson et al., 2016). Este banco de dados conta atualmente
com um total de 17.344 sequéncias de alelos descritos. A gama de sequéncias HLA descritas
extrapola mais de 16.000 sequéncias para genes HLA de classe | (Tabela 1) e por volta de 4.000

sequéncias para os genes HLA de classe Il (Robinson et al., 2016).

Tabela 1. Numero de alelos identificados para os genes HLA de classe | (banco de dados IPD-
IMGT/HLA, verséo 3.36.0.1/20-02-2019).

HLA DE CLASSE | CLASSICOS

Gene Alelos Proteinas
HLA-A 5018 3398
HLA-B 6096 4248
HLA-C 4852 3193

HLA DE CLASSE | NAO CLASSICOS

Gene Alelos Proteinas
HLA-E 30 9
HLA-F 44 8
HLA-G 68 19

Estrutura e fungdo das moléculas HLA

As moléculas HLA de classe | classicas sdo expressas na maioria das células nucleadas,
ligam peptideos de origem endogena e os apresentam na superficie celular aos receptores de
linfécitos TCD8. Caso sejam reconhecidos como ndo-préprios, uma resposta citotdxica podera
ocorrer. No entanto, caso peptideos proprios sejam reconhecidos como estranhos ao organismo,
ha& possibilidade de desenvolvimento de doencas autoimunes (Matzaraki et al., 2017). As
moléculas de classe Il sdo expressas em células apresentadoras de antigenos e em geral
apresentam peptideos de origem exdgena as células TCD4 na superficie celular, levando a um

processo de sinalizagdo celular que estimula a multiplicacdo das células T-helper, levando, por
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consequéncia, a estimulacdo das células B, que séo responsaveis pela producdo de anticorpos

contra o antigeno que desencadeou a resposta (Rock et al., 2016).

As moléculas HLA de classe | e Il apresentam fragmentos protéicos as células TCD8 e
TCD4, respectivamente. Essas moléculas sdo essenciais para a imunidade mediada por células
e surgiram no inicio do sistema imune adaptativo cerca de 500 milhdes de anos atras (Flajnik e
Kasahara, 2010). A estrutura de uma molécula de classe |, independentemente do gene que a
codifica, compreende uma cadeia a pesada codificada no cromossomo 6, associada com uma
cadeia B2-microglobulina codificada no cromossomo 15 (Figura 1) (Klein e Sato, 2000a). A
cadeia a possui cinco dominios principais. Os dominios al e a2 dao origem a ‘fenda de ligacao
a peptideos’ e estdo envolvidos com o acoplamento de peptideos. Esta fenda provavelmente
evoluiu a partir da estrutura de chaperonas, uma vez que a) chaperonas ligam-se a fragmentos
proteicos, b) diversas chaperonas possuem estrutura similar as moléculas MHC; c) existem
diversas moléculas que se assemelham estruturalmente ao MHC e que atuam como chaperonas
especificas no processo de apresentacdo antigénica restrita ao MHC (i.e tapasina) (Dong et al.,
2009; Rock et al., 2016). As cadeias a possuem também um dominio semelhante a
imunoglobulina (a3), que interage com co-receptores presentes nas células T, um dominio

transmembrana e um dominio citoplasmatico (Figura 1) (Klein e Sato, 2000a).

MHC de classe I

Peptideo

Dominio al Dominio a2
Fenda de ligacio

a0 peptideo /

Dominio a3

p2-microglobulina Dominio

transmembrana
Ponte dissulfeto ==~~~

B2 - microglobulina Dominio Ig

Figura 1. A esquerda, representaco grafica computadorizada da molécula HLA-A2, contendo todos os
dominios estruturais e um peptideo acoplado na fenda ligadora de peptideos. Fonte: Protein Data Bank
(http://www.rcsb.org/structure/SEQ0). A direita, ilustracdo da estrutura da molécula HLA de classe |,
composta por trés dominios alpha, regido transmembrana acoplada a membrana plasmatica, cauda
citoplasmatica ¢ o dominio de f2-microglobulina, ligado por meio de ligagdes ndo-covalentes a cadeia
alpha. Fonte: Adaptado de Abbas, et. al. Cellular and Molecular Immunology, 2008, p. 193.
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Esta semelhanga estrutural entre as diferentes moléculas de classe I se deve ao fato de
que os genes desse complexo originaram-se por duplicagdes imperfeitas de blocos génicos
(Kulski et al., 2000). O MHC tem sido descrito como uma regido polimdérfica composta por
blocos conservados. Na regido de classe | temos os blocos génicos alfa e beta. O bloco alfa
contém os genes HLA-F, HLA-G, HLA-A e pseudogenes como HLA-H e HLA-J. Dentro do
bloco beta existem duas grandes duplicagdes de segmentos contendo os genes HLA-B, HLA-C,
MICA e MICB. Essas duplicacBes contém segmentos que compartilham aproximadamente 30
kb de sequéncias, incluindo sequéncias codificadoras e intergénicas, sendo que a maior parte
das diferencas entre as duplicacOes estdo relacionadas com a alta quantidade de insercdes e
delegdes, contendo retroelementos, pseudogenes e outras sequéncias repetitivas inseridas
nesses segmentos (Dawkins et al., 1999; Gaudieri et al., 1999; Kulski et al., 2000). A origem
comum evidenciada para os genes do MHC acarreta uma grande similaridade de sequéncia
entre os varios genes HLA, dificultando abordagens para andlise individual da estrutura e
variabilidade de cada um desses genes.

No presente trabalho, avaliamos a variabilidade completa do gene HLA-A, incluindo
suas regides regulatdrias e introns, por meio de sequenciamento paralelo massivo. Por conta da
alta similaridade entre os genes do complexo HLA e do elevado polimorfismo, desenvolvemos
um workflow para anélise de dados utilizando ferramentas de bioinformatica. Os metodos
aplicados para a andlise de dados minimizam os custos de genotipagem e definicdo dos
haplétipos, uma vez que (a) utiliza bancos de dados e softwares gratuitos, (b) utiliza primers
desenvolvidos localmente e kits de preparacdo de biblioteca de DNA comuns, sem custos
adicionais além dos reagentes de amplificacdo e sequenciamento, e (c) permite a customizacao
dos experimentos, uma vez que outros alvos (genes) podem ser avaliados em conjunto com o
loci HLA. Além disso, a metodologia aqui desenvolvida avalia todo o gene, incluindo
segmentos regulatorios, ao invés de focar apenas nas sequéncias codificadoras como
comumente realizado na pratica clinica (Sheldon e Poulton, 2006). Para minimizar os
problemas de mapeamento erréneo de sequéncias de genes HLA, utilizamos o software hla-
mapper, que foi desenvolvido localmente por ocasido da realizacdo deste estudo e de estudos

envolvendo outros genes HLA (Castelli et al., 2018).

As moléculas HLA de classe | e classe Il sdo consideradas Gnicas no proteoma, uma vez
que apresentam elevado polimorfismo (>16.000 diferentes alelos ja catalogados) (Tabela 1). Essa
elevada variabilidade possui consequéncias interessantes, pois a presenca de polimorfismo no

topo das alpha hélices esta relacionada com modificacdo no padréo de interacdo entre a molécula
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HLA e o TCR (do inglés, T Cell Receptor). Além disso, variagdes no sitio de ligacao ao peptideo

estdo relacionadas com o perfil de peptideos apresentados (Rock et al., 2016).

Os residuos polimorficos presentes na fenda de ligacdo ao peptideo sdo capazes de gerar
mudancas na localiza¢do dos ‘bolsdes’ (pockets). Esses pockets sdo preenchidos por cadeias
laterais de aminoacidos variaveis complementares, também conhecidos como ‘residuos ancoras’,
com a consequéncia de que diferentes fragmentos de um determinado antigeno podem ser
apresentados por diferentes moléculas HLA (Falk et al., 1994; 2006). Préximo aos residuos
ancoras, outros aminoacidos preenchem o espaco livre, podendo ser qualquer um dos 20
aminoacidos existentes. Uma vez que essas moléculas possuem pockets com especificidade para
somente algumas poucas cadeias laterais, permitindo que haja variacdo de 6 a 10 aminoacidos
dentre todas as possibilidades, cada molécula HLA pode apresentar um alto repertdrio de
peptideos. Em teoria as moléculas HLA de classe | podem apresentar cerca de 6 x 20° peptideos
diferentes e HLA de classe Il cerca de 12 x 20*°. Contudo, todo esse repertério de peptideos ndo
pode ser apresentado na superficie celular, uma vez que ha uma estimativa de que cerca de
200.000 moléculas HLA de classe I e 20.000 de classe Il seriam encontradas na superficie de

uma célula T ou B (Eisen et al., 2012).

Importante ressaltar que diferentes moléculas HLA apresentam um conjunto diferente
de antigenos. Portanto, quando ha mutacdes em um determinado patégeno que altera um de
seus residuos ancoras criticos para interacdo adequada com as moléculas HLA, isso prejudica
a apresentacdo desse antigeno por um individuo portador das moléculas HLA que originalmente
apresentariam este antigeno. Porém, essa apresentacdo ndo € prejudicada em individuos
portadores de outras moléculas HLA (Schmid et al., 2010). Desta forma, o polimorfismo das

moléculas HLA é de extrema importancia para a adaptabilidade de uma populacao.

As moléculas classicas de classe | (HLA-A, HLA-B e HLA-C) associam-se a peptideos
antigénicos oriundos principalmente do meio intracelular. No entanto, alguns microrganismos
sdo capazes de adentrar o meio intracelular e suas proteinas sdo processadas pelos mesmos
mecanismos que processam as proteinas préprias do organismo. Portanto, nessas situagoes, as
moléculas de classe | classicas também podem se associar a antigenos virais, de

microorganismos intracelulares ou fagocitados (Murphy et al., 2012).

As moléculas MHC de classe | sdo montadas no reticulo endoplasmatico, onde ocorre a
unido das cadeias a ¢ B em um processo que requer a agao de chaperonas, calreticulina, p57,

calnexina e de uma proteina ligante muito importante na estabilizagdo das moléculas HLA de
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classe | recém-sintetizadas, denominada 2-M (Beta-2 microglobulina). Apds a montagem, as
moléculas HLA associam-se a um peptideo e sua versdo completa (complexo HLA + peptideo)
é exportada a superficie celular, podendo entéo interagir com os receptores de células T (Yang
et al., 1996; Klein e Sato, 2000a; Abbas et al., 2007). A geracdo dos peptideos que serdo
apresentados pelas moléculas de classe | envolve a participacdo de um complexo multiproteico
conhecido como proteassomo. As proteinas destinadas a este complexo, de alta capacidade
proteolitica, sdo marcadas com ubiquitinas e os peptideos gerados no citosol sao transportados
ao reticulo endoplasmatico por meio do TAP. No reticulo, esses peptideos podem associar-se
com moléculas HLA de classe | (Figura 2) (Yang et al., 1996; York e Rock, 1996; Abbas et al.,
2007).

Na superficie celular, o complexo HLA + peptideo interage com receptores TCR e CD8
dos linfocitos T citotoxicos (CTLs), ou ainda, com diversos outros receptores de células NK,
que podem ser ativadores ou inibitérios. Na ocasido da interagdo entre MHC e TCR, uma série
de proteinas estabilizam essa interacdo, permitindo com que ligante e receptor fiquem unidos
tempo o suficiente para uma eventual ativagdo de um linfocito antigeno-especifico (Gao et al.,

2000; Klein e Sato, 2000b) quando do encontro deste antigeno.

Célula T citotoxica

Membrana plasmatica

Complexo
peptideo/MHC I

/e
Proteassomo ""N’“ Peptideos
Nl
QW

o %

Calreticulina

Citosol

Proteina Complexo de Golgi

Tapasina

Ribossomo

Translocador

Figura 1. Via de processamento de antigenos das moléculas MHC de classe I. Fonte: Adaptado de
SCHOLZ, C.; TAMPE, R. The intracellular antigen transport machinery TAP in adaptive immunity and
virus escape mechanisms. J Bioenerg Biomembr, v. 37, n. 6, p. 509-15, Dec 2005.
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Deve-se ressaltar que cada linfocito inativo presente na circulagdo possui um TCR com
uma Unica especificidade, que foi determinada por um mecanismo de rearranjo génico e que foi
selecionado durante as fases de maturacdo dos linfécitos e selecdo timica. Em situacdes
normais, esta selecdo permite que apenas linfécitos que apresentam uma afinidade (porém
baixa) pelas moléculas HLA do individuo e que ndo se associam fortemente com moléculas
HLA do individuo carreando antigenos préprios sdo liberados na circulagdo. Desta forma, cada
linfécito possui uma especificidade distinta, porém sua diversidade permite com que a gama de
antigenos estranhos reconhecido por essas células do sistema imunitario seja muito grande
(Lederberg, 1988; Abbas et al., 2007; Lima et al., 2016). Somente os linfocitos que encontraram
um antigeno com o qual seu receptor é capaz de interagir poderdo ser ativados a fim de
proliferarem e se diferenciarem em células efetoras (Pardigon et al., 1998). Além disso, a
ativacdo das células T necessita também de sinais co-estimulatorios (Pardigon et al., 1998). A
presenca ou auséncia desses sinais pode acarretar na ativacdo do linfécito T ou a inducdo de
tolerancia (Sakaguchi et al., 2008).

Embora a selecdo negativa atue eliminando linfocitos auto-reativos durante seu
desenvolvimento no timo (Kazansky, 2008), em algumas situagfes, as moléculas HLA
apresentam antigenos préprios aos linfocitos, podendo levar ao desenvolvimento de doencas
autoimunes (Caillat-Zucman, 2009; Lima et al., 2016). O processo de selecdo negativa consiste
em um dos mecanismos mais importantes no processo de tolerancia a auto-antigenos (Janeway
Ca Jr, 2001; Abbas et al., 2007). Por outro lado, a sele¢do positiva garante o desenvolvimento
das células T cujos receptores interagem fracamente com moléculas MHC do hospedeiro. As
células T maduras, cujos precursores sofreram selecdo positiva no timo, agora sdo capazes de
reconhecer antigenos ndo-préprios, apresentados pelas mesmas moléculas HLA do hospedeiro
nas APCs nos tecidos periféricos (Janeway Ca Jr, 2001; Lima et al., 2016).

As células NK pertencem ao grupo de células que compde a imunidade inata, eliminando
células tumorais ou infectadas por virus sem a necessidade de sensibilizacdo prévia. A reducéo
ou auséncia de moléculas HLA de classe | na superficie da célula alvo é um dos mecanismos
que ativam a lise celular mediada pelas células NK. Contudo, as células NK apresentam uma
variedade de receptores em sua superficie celular com capacidade de ligagdo com moléculas
HLA de classe I, inibindo ou aumentando a citotoxicidade mediada por essas células (Davis et
al., 1999). O reconhecimento das moléculas HLA de classe | pelos receptores KIR (do inglés,
Killer-cell Immunoglobulin-like Receptors) presente nas células NK é central no controle da

funcéo das celulas NK, bem como na modulagéo da ativagdo dos linfocitos T citotoxicos. Dentre
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os receptores KIR, o KIR3DL2 parece interagir com variantes do gene HLA-A conhecidas como
HLA-A3 e HLA-A11, contudo mais estudos ainda precisam ser realizados para a confirmacéo

desses achados (Hansasuta et al., 2004).

O gene HLA-A e suas funcdes

Considerando a alta variabilidade encontrada nos genes classicos, € improvavel que dois
individuos sejam idénticos quanto a estes polimorfismos considerando-se todos os genes de
classe I. Se por um lado esta variabilidade ¢ interessante do ponto de vista populacional, pois
aumenta a capacidade de apresentacdo antigénica, por outro lado, a eventual necessidade de
realizacdo de transplantes em humanos torna essa variabilidade problemética, uma vez que a
compatibilizacdo desses polimorfismos é crucial para uma boa aceitacdo do enxerto. A rejeicao
ao enxerto ocorre quando hd um transplante de tecidos de um individuo para um receptor
geneticamente diferente, levando a uma resposta imunoldgica direcionada ao 0rgédo

transplantado.

A montagem de respostas imunes adaptativas aos tecidos enxertados séo o principal
impedimento contra 0 sucesso de um transplante. A rejei¢do é causada por respostas imunes
contra aloantigenos do 6rgdo enxertado, gque consistem em proteinas que variam entre
individuos da mesma espécie e que passam a ser reconhecidas pelo sistema imune do
hospedeiro como estranhas (resposta imune alorreativa). Os principais alvos no processo de
compatibilizagdo de 6rgdos para transplantes sdo as moléculas HLA de classe | cléssicas e de
classe 1. Quando o doador e o receptor diferem quanto ao MHC, a resposta imune alorreativa
é dirigida contra moléculas MHC n&o-préprias alogénicas presentes no orgao enxertado.
Existem dois modos possiveis de apresentacdo dos aloantigenos para as células T do receptor.
Na via conhecida como alorreconhecimento direto, as células apresentadoras de antigenos
derivadas do doador podem migrar pelos linfonodos localizados préximos a regido do enxerto
e ativar as células T do hospedeiro. Desta forma, as células T alorreativas efetoras ativadas sdo
direcionadas ao enxerto. O segundo mecanismo que pode desencadear 0 processo de
alorreconhecimento envolve a captacdo de proteinas alogénicas por APCs do préprio receptor
e sua posterior apresentacdo as células T, incluindo Treg(s), por moléculas MHC proprias,
processo conhecido como alorreconhecimento indireto (Bradley, 1991; Sheldon e Poulton,
2006; Abbas et al., 2007; Hansen et al., 2008; Chinen e Buckley, 2010; Ayala Garcia et al.,
2012; Murphy et al., 2012)
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Alguns estudos ja demonstraram que variagdes em um unico aminoacido em uma dessas
moléculas HLA classicas pode levar a rejei¢do aguda em situacdes de transplante de medula
0ssea, pelos mecanismos expostos anteriormente. A analise dos segmentos das porcdes que
acoplam peptideos (dominios al e 02) justifica-se pela importancia dessa regido na
compatibilizacdo com receptores TCR que passaram pelo processo de selecdo timica

(reconhecimento proprio e ndo-préprio) (Choo, 2007; Ayala Garcia et al., 2012).

O gene HLA-A, alvo do presente estudo, apresenta atualmente um total de 5.018 alelos
(Tabela 1), que codificam 3.398 proteinas distintas. Desta forma, o gene HLA-A é o segundo
mais variavel do genoma humano em termos do nimero de alelos diferentes, superado apenas
pelo gene HLA-B (Tabela 1). Grande parte da variabilidade encontrada atualmente para esse
gene concentra-se nos éxons 2 e 3, responsaveis pela codificacdo da fenda de ligacdo de
peptideos (dominios al e a2). Contudo, a variabilidade nesses segmentos justifica-se pela
grande importancia dada a esses dominios nos diversos contextos patoldgicos e fisiolégicos.
Em geral, estes sdo os segmentos avaliados pelos diversos laboratorios de histocompatibilidade

gue avaliam a compatibilidade entre doadores e receptores.

A estrutura da molécula HLA-A é de fundamental importancia para o desempenho da
sua fungdo. Neste contexto o dominio a3, codificado pelo éxon 4, mostra-se importante para a
manutencdo da resposta imune adaptativa. A interagdo entre linfocitos TCD8 e seu alvo
(moléculas HLA) requerem a interacao fisica entre CD8 e por¢des conservadas no dominio a3
das moléculas HLA (Fayen et al., 1995). A perda ou dificuldade de interacéo entre o dominio
a3 e CD8 de linfocitos T reduz a sinalizagdo e ativagao de CTL (Wesley et al., 1993). Contudo,
polimorfismos no segmento a3 parecem influenciar ndo sé a interagcdo com o CD8, mas também
com outros receptores. Um estudo de associacdo de variantes no dominio a3 do gene HLA-B
encontrou uma associacdo entre um polimorfismo no cédon 194 (acarreta troca de Isoleucina
por Valina) e progressao lenta do virus HIV, por alterar de forma significativa a interacdo da
HLA-B com receptores LIR1 (ILT2/LILRB1/CD85j) (Grifoni et al., 2013). Alteracdes nas
sequéncias do éxon 5 (dominio transmembrana) do gene HLA-A podem modificar a
conformacdo da molécula, uma vez que mutagdes nesse segmento podem originar moléculas
soliveis (ndo aderidas a membrana plasmatica) ou prejudicar sua ancoragem, com
consequéncias na estabilidade dessas moléculas na superficie celular e no desempenho de uma
resposta imunoldgica adequada. Alteracdes nas sequéncias dos éxons 6 e 7 podem levar a
alteragdes na regulacdo do padrdo de reciclagem e degradacdo de moléculas HLA-A. A

variabilidade desses éxons pode influenciar no nivel de sinais de regulacéo positiva ou negativa
23



destas moléculas na superficie celular e, dependendo da situacdo patoldgica, pode prejudicar a
apresentacdo de antigenos aos linfocitos, bem como inibir a acdo das células NK, importantes

para a resolucéo de determinados quadros patologicos (Schaefer et al., 2008).

Embora a variabilidade nos éxons 2 e 3 seja bastante explorada, os demais segmentos
do gene HLA-A (incluindo suas regides regulatdrias) sdo comumente negligenciados. Nao esta
claro se a variabilidade nestes segmentos acompanha a variabilidade observada para os éxons
2 e 3, acarretando modificagbes funcionais como as descritas acima. Desta forma, a
variabilidade genética do gene HLA-A (fora dos éxons 2 e 3) pode estar subestimada, apesar do
elevado nimero de alelos registrado para o gene (tabela 1). Ainda, caso a variabilidade das
regides regulatérias do gene HLA-A seja tdo elevada quanto a observada para 0s éxons 2 e 3, é
provavel que diferentes hapldtipos encontrados nestes segmentos estejam relacionados com
perfis transcricionais distintos. Polimorfismos presentes na regido promotora poderiam
influenciar a ligacdo de fatores de transcricdo ou influenciar o perfil de metilagdo do gene.
Polimorfismos presentes na regido 3’ ndo traduzida poderiam influenciar a ligagdo de
microRNAs, modificando o perfil de transcricdo de determinados haplétipos. Por fim,
considerando a importancia do gene HLA-A para a manutencdo de uma reposta imunitaria
adaptativa, ndo esta claro se o perfil de selecdo balanceadora, que atua no segmento que codifica

a fenda de ligacao de peptideo, tambem atua nos demais segmentos do gene.

Muitos polimorfismos dos genes classicos foram associados com doengas autoimunes,
degenerativas, infecciosas e susceptibilidade a determinadas neoplasias (Hughes e Yeager,
1998; Meyer e Thomson, 2001; Penn et al., 2002; Bernatchez e Landry, 2003; Crispim,
Mendes-Junior, et al., 2008). Por exemplo, determinados alelos HLA-B relacionam-se com a
progressao da infeccdo relacionada ao HIV, na qual se encontrou uma forte associacao entre o
alelo HLA-B*58:01 e baixa carga viral e o alelo HLA-B*58:02 e alta carga viral em uma
populacéo do Sul da Africa. Essas variantes HLA-B diferem-se por apenas trés aminoacidos,
destacando que pequenas diferengas entre moléculas HLA de classe | podem refletir em
diferencas na especificidade de ligacdo de peptideos (Kiepiela et al., 2004). Um trabalho
realizado com uma populacdo de Mbeya, Tanzania, demonstrou que o alelo HLA-A*74:01 esta
associado com a protecdo contra infeccdo pelo virus HIV-1, porém progressao acelerada da
doencga (Koehler et al., 2010). Os mecanismos de susceptibilidade a infecgdo e progressdo néo
estdo bem caracterizados e precisam ser melhor estudados, contudo a auséncia ou presenca de
determinadas moléculas HLA podem estar relacionadas com diferentes capacidades de

apresentagéo antigénica, influenciando assim os desfechos nos diversos quadros patoldgicos, a
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exemplo das doencas infecciosas. O grupo de alelo HLA-A*24 parece relacionar-se com a
predisposic¢do ao Diabetes mellitus do tipo 1 e os grupos HLA-A*01, HLA-A*11 e HLA-A*31
parecem desempenhar um papel protetor (Nejentsev et al., 2007). Ainda, o alelo HLA-A*03:01
parece estar relacionado com a predisposi¢do (Fogdell-Hahn et al., 2000) e HLA-A*02:01 com
a protecdo a esclerose mdaltipla (Harbo et al., 2004).

Em situacOes de cancer, onde hd um descontrole nas vias que regulam a proliferacdo e
morte celular, o desenvolvimento de uma célula tumoral acontece em funcdo de uma sucesséo
de alteracdes de origem genética (Virani et al., 2012; Ramsuran et al., 2015) em genes criticos,
entre eles aqueles responsaveis pelo controle do ciclo celular (Smyth et al., 2001; Abbas et al.,
2007). As respostas imunolégicas capazes de destruir células tumorais consistem em linfocitos
T CD8 especificos a antigenos tumorais, células NK e macrofagos ativados. A ativagdo dos
linfécitos T possui um papel essencial no desencadeamento da resposta imune, pois estas
células podem desempenhar uma funcdo de vigilancia ao reconhecer e destruir células
potencialmente malignas que expressam peptideos derivados de proteinas celulares mutantes
ou proteinas virais oncogénicas. Estes peptideos sdo apresentados aos linfocitos T CD8+
associados a moléculas HLA de classe I, ou seja, peptideos oriundos da célula tumoral sdo
levados a superficie celular pelas moléculas HLA e o complexo HLA-peptideo € reconhecido
pelo receptor de células T. Neste contexto as moléculas HLA classicas tem papel crucial
(Cordon-Cardo et al., 1991; Da Silva et al., 2013). A auséncia das moléculas HLA é ocorréncia

comum em transformagdes malignas (Abbas et al., 2007).

Selec¢éo natural e o complexo HLA

Darwin prop6s em seus estudos que a selecdo natural possui como principio que
caracteristicas hereditarias que aumentam/promovem a aptiddo do individuo tendem a aumentar
em frequéncia nas populagdes com o passar do tempo e caracteristicas que diminuem a aptiddo
tendem a ser eliminadas (Darwin, 1859). A manutengdo ou eliminacdo dessas caracteristicas
operam por mecanismos distintos, podendo ser por meio da acdo de selecédo direcional (positiva

ou negativa) ou de selecdo balanceadora.

A selecdo direcional positiva atua sobre uma mutacdo adaptativa aumentando sua
frequéncia na populagéo. A do tipo direcional negativa, também conhecida como purificadora,
reduz a frequéncia da mesma ou elimina mutacBes deletérias na populacdo. A selecdo

balanceadora é responsavel pela manutencdo dos polimorfismos na populagdo e pode operar
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por mecanismos diferentes (vantagem do heterozigoto, flutuacdo e selecdo dependente de
frequéncia). A vantagem do heterozigoto considera que alelos especificos sdo favorecidos em
funcdo da sua habilidade de promover protecdo contra determinado patégeno, ou
contrariamente quando resultam na susceptibilidade a um determinado patdgeno (Penn et al.,
2002). A selecdo dependente de frequéncia prediz que os valores de fitness ndo séo fixados,
mas sdo capazes de modificarem-se em proporcdo a frequéncia de alelos ou gendtipos na
populacdo, i.e quando patdgenos mutam determinada sequéncia em seu material genético,
reduzem as chances de seus peptideos serem apresentados pelas moléculas HLA que possuem
elevada frequéncia, resultando em uma diminuicdo do fitness adaptativo, uma vez que a
molécula HLA frequente ndo sera capaz de reconhecer e apresentar esse antigeno. Na
sequéncia, moléculas HLA de menor frequéncia capazes de reconhecer esse peptideo
aumentardao de frequéncia, até que uma nova onda de adaptacdo do patdgeno aconteca e a
frequéncia desse alelo diminua novamente, permitindo o aumento de outras moléculas menos
frequentes (Meyer e Thomson, 2001). O mecanismo de flutuagdo considera que a intensidade
de selecdo natural varia conforme espaco e tempo. Se a frequéncia de patdgenos muda
constantemente, diferentes moléculas HLA serdo selecionadas em tempos distintos, diferente
do modelo dependente de frequéncia onde o valor do fitness muda conforme a frequéncia
alélica, no modelo de flutuacdo o fitness varia em funcao da frequéncia de patdgenos (Meyer e
Thomson, 2001; Meyer et al., 2018; Bitarello, 2011).

A expansao geografica recente dos humanos, incluindo processos de colonizacao, expde
nossa espécie constantemente ao contato com diferentes agentes patogénicos. Patdgenos
potencialmente letais influenciaram sobremaneira as frequéncias alélicas em nosso genoma.
Dessa forma, genes envolvidos com a imunidade apresentam assinaturas moleculares desse
processo de adaptagédo da populagdo humana a essas condigdes recentes (Ferrer-Admetlla et al.,
2008). Atualmente, destaca-se na literatura cerca de 91 genes que apresentam assinaturas de
selecdo positiva ou balanceadora, ou as duas formas, sendo que diversos desses estdo
envolvidos com a fungé@o imunolodgica e susceptibilidade a patdgenos (Sabeti et al., 2006). Por
iSs0, estudos que esclarecam as assinaturas de sele¢do natural atuando nos genes HLA, podem
trazer informagBes importantes acerca do passado evolutivo dessas moléculas, acrescentando

informacdes importantes quanto a funcao desses genes.

A alta variabilidade associada aos genes HLA, principalmente nos éxons 2 e 3, que
codificam a fenda de ligacédo ao peptideo, levaram alguns autores a estudarem o perfil de selecdo

nesses genes (Garrigan e Hedrick, 2003; Meyer et al., 2006; Buhler et al., 2016). Uma das
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hipoteses para a manutengdo da alta diversidade alélica observada nesses segmentos parece ser
a selecdo balanceadora mediada por microorganismos, que acarreta em um aumento da
heterozigozidade nesses segmentos. Diversos estudo tem buscado genes sob acdo de selecédo
balanceadora (capaz de gerar um fitness adaptativo), regime que mantém diversas variantes na
populacdo com frequéncias intermediarias, fazendo com que cada alelo persista na populagédo
por tempo maior do que aqueles sob acdo de selecdo neutra (Andres et al., 2009; Bitarello,
2011).

Neste caso, em uma populacdo exposta a diversos patdgenos, individuos heterozigotos
sdo favorecidos quando comparados aos homozigotos, uma vez que o repertorio de peptideos
apresentados pelos heterozigotos é maior (Doherty e Zinkernagel, 1975; Hughes e Yeager,
1998; Penn et al., 2002; Bernatchez e Landry, 2003). Um estudo realizado por Solberg e
colaboradores em 2008 considerando 497 populacdes, identificou um perfil de selecédo
balanceadora para o segmento codificador do gene HLA-A, sendo que as frequéncias alélicas
observadas nas diferentes populacbes diferiram bastante. Estas diferencas podem ser
justificadas pela acéo de forcgas seletivas atuando nessas regides, devido sua grande importancia
no processo de apresentacdo antigénica, sendo influenciado pelo contato com diversos
microrganismos atuando nessas populac6es. No entanto, o perfil de sele¢do avaliado considerou
basicamente polimorfismos presentes nos segmentos codificadores (Solberg et al., 2008) e ndo
considerou os segmentos relacionados com a regulacdo da expressao das moléculas HLA, tais
como regides promotoras € 3’ ndo traduzidas. Além disso, padrdes de migracao, deriva genética
e efeito fundador sdo outros fatores que podem levar a modificagdes nas frequéncias alélicas
(Hartl e Clark, 2007).

Os genes do complexo HLA estdo entre os alvos da selecdo natural em humanos. Em
especial destaca-se selecdo balanceadora atuando nos genes classicos, elevando a variabilidade
nestes genes (Solberg et al., 2008) e selecdo purificadora atuando nos genes nédo classicos. O
mecanismo subjacente a baixa variabilidade detectada nas regides codificadoras destes Ultimos
(genes ndo classicos) ainda ndo foi esclarecido, tornando-os virtualmente invariaveis quando
comparados aos seus vizinhos HLA-A, HLA-B e HLA-C (Castelli et al., 2011; Veiga-Castelli et
al., 2012; Felicio et al., 2014). Também foram encontradas evidéncias de selecdo balanceadora
atuando nas regides regulatorias 5’ e 3’ ndo traduzidas do gene HLA-G, mantendo uma alta
heterozigose entre os haplotipos encontrados (Castelli et al., 2011). Esta assinatura de selecdo
balanceadora atuando nas regides regulatérias do HLA-G, porém néo na regido codificadora,

foi encontrada em trés diferentes populacdes Africanas: Senegal, Begin e Congo (Gineau et al.,
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2015). Embora seja consenso a atuacao de selecdo balanceadora na regido que codifica a fenda
de ligacdo ao peptideo das moléculas classicas (assim como nas regides regulatorias do gene
HLA-G), ndo esta claro se esse mesmo perfil de selecdo também ocorre nos demais segmentos

dos genes classicos ou em suas regides regulatorias.

Levando em consideracdo a elevada variabilidade na fenda de ligacdo de peptideos,
alguns estudos discutem a possibilidade de VVantagem do Alelo Divergente (DAA, do inglés,
Divergent Allele Advantage). De acordo com esta proposta, individuos heterozigotos que
carregam alelos divergentes, teriam uma habilidade aumentada de apresentar uma maior gama
de peptideos comparado aos individuos carregando alelos proximos (Buhler et al., 2016). No
entanto, muitos estudos populacionais foram desenvolvidos nas Ultimas décadas e detectou-se
uma observacao contraditdria a essas hipdteses: uma alta proporcédo de homozigotos em um ou
mais genes HLA em populacbes pequenas e isoladas como as Amerindias, Tailandesas
aborigenes e ilhas do Pacifico, como resultado do rapido efeito da deriva genética durante suas
historias de migracdo (Black, 1992; Buhler et al., 2016). Neste contexto, a homogeneidade
genética dos Amerindios poderia ser associada a uma alta taxa de mortalidade dessa populacéo
apos a colonizacdo europeéia, o que os deixariam susceptiveis a uma série de doencas (Black,
1992). Contudo, esse raciocinio ndo se confirma nessas populacdes, i.e., populaces tailandesas
sdo extremamente populosas, apesar de serem consideradas as mais homogéneas quando

levamos em consideragédo o loci HLA (Lin et al., 2000).

Além disso, dados demograficos apontam que a populacdo Ami e Paiwan exibem 43%
e 76% de homogeneidade, respectivamente, para o loci HLA-A, com o alelo HLA-A* 24:02
atingindo frequéncia de 64.0% e 86.3%, respectivamente (Buhler et al., 2016). Os dados
encontrados ndo indicam uma possibilidade de extin¢do dessa tribo, sugerindo entdo que outros
mecanismos estdo envolvidos para assegurar uma resposta imune adequada nessas populacdes
(Buhler et al., 2016). Quando outras espécies sdo analisadas, observa-se um decréscimo na
expectativa de vida associado a homogeneidade das moléculas HLA. No entanto, isso ndo
acontece para todas espécies, destacando o envolvimento de outras forgas de selecdo natural
(Froeschke e Sommer, 2005; Huchard et al., 2010; Worley et al., 2010)

Recentemente um estudo demonstrou uma elevada frequéncia de variantes deletérias
em genes ndo-HLA localizados no complexo MHC, sendo que a frequéncia dessas variantes
aumenta conforme a proximidade com genes HLA, indicando uma dependéncia de ligacao
genética. Os resultados revelaram um custo indireto dessa diversidade genética mantida por

meio da acdo de selecdo balanceadora, o que na maioria das vezes é visto como algo positivo,
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trazendo implicagcOes para o processo de recombinacdo, bem como para a epidemiologia de

diversas doencas associadas ao complexo HLA (Lenz et al., 2016).

Entendendo os testes de assinatura de selecéo natural

Os testes para detecgdo das assinaturas de selecdo natural baseiam-se em testes de desvio
da neutralidade. Entende-se por neutralidade a condi¢do em que o alvo da analise (i.e um
determinado gene) sob observacdo ndo é afetado pela acdo da selecdo natural. Um ponto
importante a se destacar é que os modelos neutros admitem a possibilidade de intensa acéo
purificadora contra mutac6es fortemente deletérias (Bitarello, 2011;2016). Assim que a teoria
neutra foi proposta, permitiu-se o desenvolvimento de uma série de testes para a teoria nula da
neutralidade, que considera que as mudangas evolutivas resultam exclusivamente por conta da
ocorréncia de mutacdes e deriva genética, quando a teoria neutra é rejeitada, considera-se
hip6teses alternativas incluindo selegdo positiva, purificadora ou balanceadora (Meyer et al.,
2018). Uma vez que a hipdtese nula é baseada no modelo neutro da evolucdo, esses testes sdo
chamados de testes de neutralidade. Entre eles, destacamos os testes baseados na no
desequilibrio de ligacdo e diversidade, testes baseados no padrdo de distribuicdo de
frequéncia alélica, testes de contraste de variagdo intra e inter espécies e polimorfismos

compartilhados entre espécies (Meyer et al., 2018).

Os testes baseados em LD e diversidade consideram que, sob forte acdo de selecdo
positiva, as frequéncias aumentam rapidamente, reduzindo a diversidade de locus neutros ao
redor. Para selecdo balanceadora, onde duas ou mais variantes sao mantidas, a varia¢do genética
local aumenta na regido. Esses testes sdo excelentes para detectar selecdo positiva recente e

menos especificos para detectar selecdo balanceadora antiga (Meyer et al., 2018).

Os testes baseados nos padrdes de distribuicdo de frequéncia alélica comparam a
distribuicdo das frequéncias alélicas observadas com aquelas esperadas sob neutralidade.
Incluem-se aqui o teste D de Tajima, D de Fu e Li, F de Fu e Li, dentre outros. Quando
consideramos a selecdo positiva, espera-se observar 0 aumento no nimero de variantes de baixa
frequéncia, enquanto a selecdo balanceadora aumenta o nimero de variantes com frequéncia
intermediaria acerca do sitio selecionado. Esses testes podem detectar a presenca de selecdo
natural atuando ao longo de muitos periodos de forma comparativa, sdo mais eficientes quando
comparados aos testes de LD e Fst, porém sdo influenciados por parametros demogréaficos (Fu

e Li, 1993; Zhang et al., 2015; Meyer et al., 2018). No presente trabalho os testes descritos a
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seguir foram alternativas empregadas para avaliar o desvio da neutralidade e determinar as
assinaturas de selecdo presentes no gene HLA-A, sendo eles (a) teste de Ewens-Watterson
(Ewens, 1972; Watterson, 1978), que indica a possibilidade de neutralidade em determinado
segmento, onde pode acontecer uma selecdo direcionada (na qual identificamos um excesso de
homozigose), ou atuacdo de selecdo balanceadora, prevalecendo uma heterozigose maior que o
esperado; (b) teste D de Tajima (Tajima, 1989), que compara as estimativas © derivado do
numero médio de diferengas observadas nas sequéncias (m) ¢ o do numero de sitios de
segregacéo (S), utilizando um algoritmo de simulacédo de coalescéncia (Tajima, 1989; Excoffier
e Lischer, 2010) e (c) teste de Fu e Li (Fu e Li, 1993), que compara a estimativa © derivado do
namero de sitios de segregacao (S) e o nimero de mutac6es em singleton (alelos que aparecem
apenas uma vez na amostra), bem como compara as diferencas nos pareamentos (1) € o nimero
de mutacdes singleton. Este teste permite a avaliacdo de pontos de variagdo muito antigos (Fu
e Li, 1993). O uso de diferentes testes de selecdo evita resultados falso positivos, uma vez que
variagcOes nas frequéncias alélicas podem acontecer em funcédo de efeitos demograficos, como

deriva genética e efeito fundador (Gineau et al., 2015).

Os testes contrastando variacdo inter e intra espécies incluem os testes de dN/dS (taxa
de propor¢des de mutagdes ndo-sindbnimas para sindnimas) e os testes HKA e MK (comparam
polimorfismos e niveis de divergéncia). As assinaturas de sele¢do positiva e balanceadora sdo
compativeis com elevados valores de dN/dS, porém apresentam diferentes perfis quando os
testes sdo aplicados. A selecdo positiva apresenta baixo nivel de polimorfismo comparado a
divergéncia dentro de uma determinada espécie. A selecdo balanceadora apresenta elevado
polimorfismo em relagdo a divergéncia. Esses testes séo excelentes para detectar sele¢do antiga,
superior a 1 milh&@o de anos (Shapiro e Alm, 2008; Meyer et al., 2018; Bitarello,2011;2016).
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Justificativa

O impacto dos polimorfismos das moléculas HLA no sucesso de transplantes de medula
Ossea e Orgdos sdlidos resultou no desenvolvimento de técnicas moleculares para a avaliacéo
da variabilidade dessas moléculas e compatibilizacdo entre doador e receptor (comumente
conhecidas como “tipificagdo de HLA”). Esses métodos eram baseados originalmente em
avaliacOes soroldgicas por meio de anticorpos direcionados a grupos de moléculas HLA que
compartilhavam residuos polimérficos em comum. Com o advento das técnicas moleculares,
métodos mais sofisticados e de deteccdo direta de variantes na molécula de DNA foram
desenvolvidos, elevando assim a acuracia do procedimento para a tipificacdo dessas moléculas
(Sheldon, 2006). A unido dessas técnicas aos métodos sorolégicos melhorou muito os
resultados dos testes de histocompatibilidade realizados antes do transplante. No entanto, isso
ainda é um desafio na clinica e na ciéncia, uma vez que esses genes apresentam alta similaridade
entre si e um elevado polimorfismo. Ainda, como discutido anteriormente, os métodos de
deteccdo da variabilidade dos genes HLA em geral avaliam somente alguns éxons do gene e

negligenciam regides intrénicas e regulatdrias.

Neste sentido, 0 sequenciamento massivo paralelo (ou sequenciamento de nova geragao)
€ uma técnica Util na caracterizacdo da variabilidade de qualquer fragmento de DNA. No
entanto, avaliar um gene HLA por NGS é um grande desafio, pois a similaridade de sequéncia
entre os genes e o elevado polimorfismo dificultam o mapeamento correto das sequencias
geradas (Lima et al., 2016). Por conta disto, poucos ensaios comerciais estdo disponiveis para
avaliacdo dos genes HLA por NGS, e estes ensaios ndo caracterizam as regides regulatorias dos

genes ou apenas reportam o nome dos alelos presentes em um individuo.

Considerando o papel chave da molécula de HLA-A nas respostas imunitarias
adaptativas, importantes em diversos contextos fisiologicos e patologicos, destaca-se a
importancia de estudos que abordem a variabilidade completa do gene HLA-A, ou seja,
considerando as regides regulatorias e éxons que englobam os segmentos que codificam
dominios diferentes da fenda de ligacdo a peptideos. Desta forma, o estudo da variabilidade
completa do gene HLA-A torna-se muito importante, uma vez que polimorfismos presentes nas
regides regulatorias podem afetar diretamente os niveis de expressdo génica e variagdes no
dominio alfa-3, transmembrana e citoplasmatico podem influenciar diretamente a funcéo da
molécula. Além disso a avaliagcdo dos perfis de selecdo para todos os segmentos do gene

(regulatdrias e codificadora) nos permitira inferir as diferentes assinaturas de selecdo associadas
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ao gene HLA-A. A variabilidade observada em alguns segmentos do gene HLA-A pode ser
mantida por selecdo balanceadora, como ja bem estabelecido para os éxons 2 e 3 (segmentos
que codificam a fenda de ligacao ao peptideo), contudo estudos de assinatura de selecdo natural
nos demais segmentos do gene HLA-A nédo foram realizados (segmento completo, incluindo
regido promotora, codificadora e 3’NT), dados que somados ao estudo da variabilidade genética

deste gene poderiam auxiliar bastante no entendimento da biologia do gene HLA-A.
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Hipdtese do estudo

A variabilidade da regido promotora e 3’ ndo traduzida do gene HLA-A, bem como dos
segmentos que codificam o dominio a3, transmembrana e citoplasmatico da molécula HLA-A,
sdo tdo variaveis quanto a regido que codifica a fenda de ligacdo ao peptideo (éxons 2 e 3). Esta

variabilidade pode ser mantida por selecdo balanceadora atuando nestes segmentos.
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Objetivo geral

Avaliar a variabilidade completa do gene HLA-A por meio de sequenciamento paralelo massivo
e inferir as assinaturas de selecdo natural que atuam sobre este gene ao longo de toda sua

extensdo (regido promotora, regido codificadora e regido 3’ ndo traduzida).

Objetivos especificos

e Consolidar uma metodologia para avaliacdo do gene HLA-A por sequenciamento
paralelo massivo, sem o uso de ferramentas comerciais;

e Caracterizar os pontos de variacdo e haplétipos encontrados para o gene HLA-A em uma
amostra brasileira do estado de S&o Paulo;

e Elaborar um banco de dados de variacdo no gene HLA-A para futuros estudos de
associacdo com doenca (doengas autoimunes, infecciosas ou canceres);

e Avaliar o perfil de selecdo que atua em todos os segmentos do gene HLA-A,

40



Capitulo 11



ARTIGO CIENTIFICO

* O artigo cientifico foi publicado recentemente no periédico HLA journal e encontra-se disponivel no
link: https://onlinelibrary.wiley.com/doi/abs/10.1111/tan.13474, DOI: 10.1111/tan.13474. Em respeito
as normas do periodico o texto anexado abaixo refere-se a versdo enviada ao peridédico sem qualquer
revisdo ou edicdo sugerida pela revista cientifica.

FULL TITLE: A COMPREHENSIVE STUDY OF POLYMORPHIC SITES ALONG
THE ENTIRE HLA-A GENE: IMPLICATION FOR VARIANT TYPING, GENE
REGULATION, AND EVOLUTION

SHORT TITLE: HLA-A PROMOTER, CODING AND 3’UTR HAPLOTYPES, AND
EVOLUTIVE ASPECTS

Thalitta H. A. Lima®?, lane O. P. Porto3, Michelle A. Paz 3, Andreia S. Souza?, Luciana C.
Veiga-Castelli 4, Maria Luiza G. Oliveira *, Eduardo A. Donadi °, Diogo Meyer ©, Audrey
Sabbagh ’, Celso T. Mendes-Junior &, Erick C. Castelli 123

! S50 Paulo State University (UNESP), Molecular Genetics and Bioinformatics Laboratory -
Experimental Research Unity, School of Medicine, Botucatu, State of S&o Paulo, Brazil. 2 Sdo
Paulo State University (UNESP), Genetics Program, Institute of Biosciences of Botucatu,
Botucatu, State of S3o Paulo, Brazil. * Sdo0 Paulo State University (UNESP), Pathology
Program, School of Medicine, Botucatu, State of S&o Paulo, Brazil.  Department of Genetics,
School of Medicine of Ribeirdo Preto, University of Sdo Paulo (USP), Ribeirdo Preto, State of
S&o Paulo, Brazil. ® Department of Medicine, School of Medicine of Ribeirdo Preto, University
of S&o Paulo (USP), Ribeirdo Preto, State of S&o Paulo, Brazil. ® University of S&o Paulo,
Department of Genetics and Evolutionary Biology, S&o Paulo, Brazil. "UMR 216 MERIT, IRD,
Université Paris Descartes, Faculté de Pharmacie, Sorbonne Paris Cité, Paris, France. ®
Departamento de Quimica, Faculdade de Filosofia, Ciéncias e Letras de Ribeirdo Preto,
Universidade de Séo Paulo, Ribeirdo Preto, Séo Paulo, Brasil

Contact

Erick C. Castelli

Departamento de Patologia, Faculdade de Medicina de Botucatu, Unesp — Botucatu, SP
CEP: 18618970, Brazil, Phone: +55 14 3880-1696, E-mail address: castelli@fmb.unesp.br
ORCID 0000-0003-2142-7196

Conflicts of Interest; none

42


https://onlinelibrary.wiley.com/doi/abs/10.1111/tan.13474
mailto:castelli@fmb.unesp.br

Abstract

HLA-A is the second most polymorphic loci at the Human Leucocyte Antigen (HLA) complex
and encodes a key molecule for antigen presentation and NK cell modulation. Many studies
have evaluated HLA-A variability in worldwide populations focusing mainly on exons, and the
regulatory segments are poorly characterized. HLA-A variability is particularly high at the
segment encoding the peptide-binding groove (exons 2 and 3), which is probably related to their
antigen presentation function and balancing selection acting at these segments. Here we
evaluate the variability and haplotypes of the HLA-A gene considering a continuous segment
encompassing the extended promoter (1.5 Kb upstream the first translated ATG), all exons and
introns, and the entire 3’ untranslated region, by using massively parallel sequencing. To
achieve this goal, we used a freely available bioinformatics workflow that optimizes read
mapping for HLA genes and defined haplotypes using either the phase among variable sites
observed directly in sequencing data or probabilistic models. The HLA-A variability detected
in a highly admixed population sample from Brazil demonstrates that the HLA-A regulatory
segments present few, but divergent haplotypes. The regulatory segments are in close
association with the coding alleles. Introns segments are also quite variable. In addition, patterns
of molecular diversity suggest that the promoter, in addition to the coding region, might be
under the same selective regime, but a different scenario arises when it comes to exon 4 and
3’UTR segment.

Keywords: balancing selection, haplotypes, HLA-A, natural selection, Next Generation
Sequencing - NGS, polymorphisms.
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Introduction

The human leucocyte antigen (HLA) gene cluster includes some of the most
polymorphic loci of the human genome. This gene complex is located at the short arm of
chromosome 6, at 6p21.3, and most of the HLA genes are involved in antigen presentation,
modulation of the immune response or both **. HLA-A is a classical class | gene that encodes
a key molecule for self and non-self antigen presentation °. HLA-B and HLA-C (other classical
class I loci) and HLA class Il loci (HLA-DQA1, DQB1, HLA-DRA, HLA-DRB1) encode
molecules that are responsible for displaying self, foreign and damaged peptides on the cell
surface, which in turn may be recognized by the T Cell Receptor (TCR) from CD8+ and CD4+

T cells, respectively, representing critical steps to trigger the adaptive immune responses °'.

Some HLA alleles are associated with the outcome of autoimmune and infectious
diseases as well as cancer 8. For instance, the HLA-A*74:01 allele is associated with
protection against HIV-1 infection and slow progression to AIDS (acquired immunodeficiency
syndrome) . Although the mechanism underlying the association between HLA alleles and
infectious diseases has not been completely elucidated, the ability of an HLA molecule to bind
peptides depends on the structure of the peptide-binding groove, and of the presented pathogen
peptide >, HLA genes also strongly influence grafted tissue acceptance and graft outcome,
depending on the compatibility between donor and recipient *"2°, Achieving this compatibility
can be challenging since the classical HLA class | genes (HLA-A, HLA-B, and HLA-C) are
among the most variable ones of the human genome. Moreover, in the reproductive context,
there is evidence that mate choice and pregnancy outcome may be influenced by HLA

genotypes 292,

HLA-A, HLA-B, and HLA-C add up to 12,631 different alleles according to the last
ImmunoGenetics Database (IPD-IMGT/HLA), version 3.30.0. The HLA-A locus itself has
3,997 different DNA sequence-level alleles, which encode 2,792 different HLA-A full-length
proteins. Natural selection and genetic drift have shaped HLA worldwide sequence variability,
allele diversity, and distribution of allele frequencies by different mechanisms 2. It is well
established that different HLA classical class | molecules can present a different subset of
antigens %, Pathogen-driven selection may explain such high polymorphism observed for
the classical class | molecules 24?528, As a consequence of this balancing selection, HLA

variability is enhanced by keeping alleles longer than expected under neutrality, which allows
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the accumulation of new mutations in these variants, thus increasing HLA inter-allelic
variability 23!, The variability at HLA-A, HLA-B, and HLA-C is particularly high at the DNA
segment encoding the peptide groove (exons 2 and 3) %%, Variability can also be maintained
by selection that is variable over space and/or time, as well as by selection that is frequency-
dependent *. Most of the known HLA-A alleles differ by in exons 2 and 3. Since these two
segments represent the minimum requirement to characterize an HLA classical class | allele, it
is not clear if this high variability is restricted to exons 2 and 3, or whether other HLA-A
segments follow the pattern observed at these two exons. In addition, the same allele group may

present different promoter or 3°UTR segments, as observed for the HLA-G gene 3.

Studies addressing the complete variability of HLA genes are scarce and usually do not
include regulatory and intronic segments. Ramsuran explored this variability extending nearly
2kb upstream from the transcription start site of HLA classical class | genes (HLA-A, HLA-B,
and HLA-C) for few cell lines typed for the frequent HLA classical class | alleles *. The
promoter variability of 19 HLA-A alleles detected on homozygous cell lines was assessed
through Sanger sequencing. Despite the presence of many variable sites at the HLA-A promoter,
the core promoter was quite conserved. Ramsuran demonstrated a great allele-specific
expression level variation, but there was no clear relationship between sequence similarities
and expression levels . However, it is not clear whether such low variability at the core
promoter would still be detected when evaluating larger population samples. This same research
group demonstrated that the HLA-A mRNA expression levels correlate with allelic lineage and
are continuously distributed, and this in part to differential DNA methylation levels mainly at
the promoter segment . Considering that there is no population-level study to date that has
addressed the variability at HLA-A for the entire gene and including regulatory segments, here
we evaluated the nucleotide variability and haplotype structure of the HLA-A gene in a highly
admixed Brazilian population sample, considering a continuous segment encompassing the
extended promoter (1.5 kb upstream the first translated ATG), all exons and introns, and the
entire 3’ untranslated region (3°’UTR), using massively parallel sequencing procedures. We
observed that the regulatory segments present few, but divergent promoter and 3’UTR
haplotypes, which are in close association with the coding regions. The analysis of this
population-level dataset indicates that the promoter, together with the coding regions, might be

under selection.
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Methods
Population sample

HLA-A variability was surveyed in 408 unrelated samples (82.84% female, a mean age
of 31.3 years old) from the state of S&o Paulo, Southeastern Brazil. All participants signed an
informed consent before blood withdraw and this study protocol was reviewed and approved
by the Human Research Ethics Committee from the School of Medicine (Unesp/Brazil). From
those, 106 randomly selected samples had their ancestry evaluated by using Ancestry
Informative Markers (AIMs). Ancestry composition of the population sample was 75.9%
European, 16.7% African, and 7.3% Amerindian/Asian. These proportions are expected for a
Brazilian sample from the Sdo Paulo State. DNA was obtained by a salting out procedure,
quantified using Qubit Broad Range Assays (Thermo Fisher Scientific Inc., Waltham, MA) and

normalized to a final concentration of 50 ng/uL.
HLA-A amplification

HLA-A amplification was performed as a single amplicon of 5,883 nucleotides
(excluding primers), encompassing the segment between nucleotides 29,908,285 and
29,914,168 based on the sequence available for chromosome 6 (human genome assembly
hgl9). Amplification primers were HAPR.F1 (5’-GCTACTTGGGACTGAGACAG-3’) and
HAUT.R1 (5’-GCCTTATGGGTACAATTTTCC-3’) in a final volume of 50 pL, containing
2.0 mM of dNTPs (Invitrogen, EUA), 15 pmol of each primer, 1.25 units of DNA polymerase
(PrimeStar GXL, Takara) and 1X the PCR buffer supplied with the DNA polymerase. Cycling
conditions were: 30 cycles of 98°C for 10 seconds, 60°C for 15 seconds and 68°C for 6 minutes.
Amplification was evaluated on 1% agarose gel stained with GelRed® (Biotium™, Hayward,
USA). Prior to library preparation, amplicons were purified using Illlustra ExoProStar (GE
Healthcare), quantified using Qubit dSDNA High-Sensitivity Assays (ThermoFisher Scientific,
USA) and normalized to the proper concentration. The sequencing was performed in the same
assay as for other HLA class | genes, with the amplicons pooled together. A bioinformatics

approach (presented below) allowed the discrimination of sequences from each locus.
Library preparation and sequencing

Amplicons were sequenced using the MiSeq Platform (Illumina, Inc.). Sequencing
libraries were prepared using Nextera XT Library Preparation Kit, multiplexed with the Nextera

XT Index Kit (both from Illumina, Inc.). Libraries were quantified by gPCR using Kapa (Kapa
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Biosystems, Wilmington, USA), and normalized to the recommended concentration. The
library fragmentation pattern was assessed with High-Sensitivity DNA BioAnalyser chips
(Agilent Technologies, CA, USA). Sequencing was performed using MiSeq Reagent Kit (V2,
500 cycles, 2 x 250bp), as recommended by Illumina Inc. The paired-end sequencing data was
evaluated using freely available and locally developed software, as described below. Here we
aimed to achieve a minimum sequencing depth of about 100 for the entire HLA-A segment and,
with the exception of part of intron 2 and part of intron 3 (discussed hereinafter), average

sequencing depth was over 100 for all samples.
Raw data processing (mapping)

Prior to mapping, the sequences (reads) from all individuals were trimmed on both ends
for primer and adapter sequences and for low-quality sequences using seqtk trimfq (-q 0.01)
(https://github.com/In3/seqtk). A major challenge when performing HLA sequencing by NGS
procedures is to obtain a reliable mapping of the reads 3*37%0 a problem aggravated for HLA
classical class | genes because of the high level of sequence similarity among them, which may
lead to misalignment (mapping to the wrong reference sequence). Moreover, the high level of
polymorphism may lead to alignment failure. Both this issues contribute to errors in genotype
calls. In addition, to avoid unnecessary costs, usually, more than one HLA gene is sequenced

at the same time (as was done here), magnifying the read mapping issues.

To circumvent these issues, we used hla-mapper (version 2.0, database version 002.1,
function dna using default parameters) to map the HLA-A derived reads to a reference genome
(version hg19), and record the results in an HLA-A specific alignment file (BAM format) “°.
This software is available at www.castelli-lab.net/apps/hla-mapper and was previously
introduced when evaluating the HLA-E, HLA-F, and HLA-G genes in different population

samples 34’37'38’40.
Genotype calling and processing

The Genome Analysis Toolkit (GATK, version 3.6) HaplotypeCaller (GVCF model
with default parameters) was used to infer SNP genotypes ***3, and chromosome 6 from the
hgl9 genome draft as a reference (the same used by hla-mapper). Next, GATK
GenotypeGVCFs combined all .G.\VVCF files into a multi-sample VCF (variant call format) file.
At this moment, each variable site was annotated using dbSNP version 146. The VCF file was

then processed by vcfx, function checkpl (with the minimum genotype likelihood set to
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99.99%), which guarantees that only high-quality genotypes are retained for the imputation
step. vcfx is available at http://www.castelli-lab.net/apps.vcfx. This approach was mandatory
because Nextera kits produce bias in the fragmentation pattern, so that part of intron 2 and part
of intron 3 are usually underrepresented, and these segments might be prone to genotyping
errors, especially the calling of untrue homozygous genotypes in segments with low sequencing
depth. Thus, missing alleles replaced alleles presenting low likelihood, and they were further
imputed as discussed later. The use of vcfx checkpl introduced missing alleles in 0.66% of

genotypes, considering the entire HLA-A segment.

The GATK ReadBackedPhasing inferred the phase among variable sites, with a minimal
Phase Quality Threshold of 2000 and minimum base quality set to 20. This ensures that only
alleles from closely located variable sites (present in a same read or library fragment) are
directly phased. Considering that variable sites may sometimes be quite far from each other,
not all variable sites were phased in this way. Considering all samples together, 77.65% of the
heterozygous sites were directly phased using GATK. For the remaining 22.35%, we used the
PHASE algorithm #445 which also imputed the 0.66% of missing alleles observed after the vcfx
checkpl treatment. Most of the variants that were not directly phased by the ReadBackedPhasing
algorithm represent indels or multiallelic loci, which are not supported by the aforementioned

algorithm.

To perform the PHASE analysis, we converted the partially GATK-phased VCF file
(obtained with the ReadBackedPhasing algorithm) into an input file for PHASE and into an
accessory file containing the known phases between variable sites. In many cases, there were
blocks with known phases, but with unknown phase between them. The PHASE algorithm was
used to infer haplotypes, requiring several different runs. For each run, we considered a block
with known phases, and a final run was also performed disregarding the GATK information.
Samples presenting the same pair of haplotypes with the highest P value for all runs were
maintained, as long as the pair of haplotypes was in agreement with the known phases detected
by GATK (which happened for all samples, with no exception). The most probable haplotype
pair of each sample was then considered to create a phased VCF file. All singletons were
removed to perform the haplotyping step using the PHASE algorithm because they are by
definition ambiguous. Singletons were only included in the phased VCF file manually, if they
met the following conditions: (a) there were no missing alleles for any sample regarding that
particular position, and (b) there was a clear relationship between the singleton and a close

heterozygous site visualized using the BAM file of that sample or it was the only heterozygous
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site detected on that particular sample. This haplotyping approach is described in details at

https://github.com/erickcastelli/phase-readbackedphasing.

This phased VCF file was converted into complete HLA-A sequences using the hg19
chromosome 6 as a draft and replacing the correct nucleotide at each position, thus creating two
sequences per sample (one for each chromosome), by using application vcfx function fasta

(www.castelli-lab.net/apps/vctx). This same approach was used to create two coding sequences

(CDS, only exons, from the ATG to the stop codon) for each sample. Then, we used a local
BLAST server with databases containing all known HLA alleles described so far, either for
genomic sequences and CDS sequences, downloaded from the IPD-IMGT/HLA database %,
version 3.30.0, to define the closest known HLA-A coding allele for each different sequence
observed. In cases in which the sequence observed was identical to one already described, this
sequence was named as the known allele. In cases in which the sequence was not identical to
anyone already reported, the closest allele was identified, and its name was accompanied with
observed differences using the official IMGT/HLA alignment as a reference. For the promoter
and 3’UTR segments, haplotypes were named manually as described later. The frequency of
each HLA-A haplotype (for each segment) was computed by the direct counting method. Each
CDS sequence was translated using EMBOSS transeq and the protein molecules were counted
directly and named according to the IMGT/HLA database. The HLA-A alleles called by the
bioinformatics approach described above were compared with the ones obtained by using the
NGSEngine (from GenDX).

Diversity indexes, neutrality deviation tests and other analyses

Nucleotide diversity and gene diversity at specific segments, Tajima’s D, and Ewens-
Watterson were calculated using Arlequin 3.5.1.2, using aligned sequences because of the
presence of indels “°. Tajima’s D P-value was computed by comparing the statistic to a
distribution obtained from 5,000 simulations, and represents the probability of obtaining a
simulated Tajima’s D larger than that observed . The dn/ds ratio was calculated using Mega
version 7.0.20 4/, considering one copy of each Brazilian sequence, or one copy of each
IMGT/HLA sequence. The network was created using PopArt (http://popart.otago.ac.nz) and
the Median-Joining algorithm, and further processed using Inkscape. The nucleotide diversity
plot was computed by using VariScan *® with a sliding window of 150 bp, and a step size of 1.

The linkage disequilibrium (LD) plot was generated using Haploview (standard color scheme,
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D’/LOD) #°. Tagging was performed using the same software with the aggressive tagging mode
(two-marker haplotypes), with r? >= 0.8 and LOD threshold set to 3.0.

Results

In order to evaluate the phylogenetic/evolutionary relationship among the extended
HLA-A haplotypes, we attempted to identify different lineages using quantitative criteria. We
considered as lineages groups of alleles separated by less than 25 differences, whereas branches
with a higher number of differences were used to delimit distinct lineages. In this way, we
identified 10 different lineages (Figures 1 and S1) that were named as “Lineage 01 to Lineage
107, starting from the top right part to the lower left (Figure S1). The single occurrence of a
unique promoter sequence, the A*80:01:01:02 coding allele, and a unique 3’UTR sequence was

then named as lineage 10.

Since almost all lineages present a single 3’UTR haplotype, we named the 3’UTR
haplotypes following the lineage name, as HLA-A*UO1 to HLA-A*U10. The naming of the full
promoter haplotypes followed the same rule, in which a single haplotype or few closely related
ones were detected for each HLA-A lineage. Thus, they were also named following the lineage
name, in which all the promoters detected within lineage 01 were named as HLA-A*PQ1, and
the specific promoters were named consecutively (e.g., HLA-A*P01-01 and HLA-A*P01-02,
etc.). A version of this full HLA-A network presenting the identification of each of the extended
haplotypes, including the promoter names, coding alleles and 3’UTR haplotype names, is

available in Figure S1.

We identified the following properties for the HLA-A lineages: (a) coding sequences
showed high similarity, usually belonging to the same HLA-A allele group, or representing
alleles that were previously recognized as a single HLA-A antigen; (b) a single 3° UTR
sequence or haplotype, with the exception of lineage 4 which has two different but closely

related 3’UTR haplotypes; and (c) few different but closely related promoter haplotypes.

The pattern depicted in Figures 1 and S1 is also apparent from the high LD along the
entire HLA-A segment (Figure S2). The entire region behaves essentially as a single segregation
block, from the promoter region (1,500 nucleotides upstream the first translated ATG) to the
3’UTR. Because of this strong LD, the 453 variable sites detected along the entire HLA-A
segment were distributed in only 94 extended haplotypes, with many variable sites in complete
(D’ =1, r><1)orperfect (D’ =1, r> = 1) LD. The complete list of all variable sites detected,
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including their frequencies and their IPD-IMGT/HLA relative position, is available as a
supplementary file (Table S1). Because of this LD, it is possible to infer the HLA-A extended
haplotype by evaluating a smaller subset of variable sites. For instance, only 58 variable sites
are necessary to capture all the polymorphic sites (MAF > 1%) at the promoter, exons, introns,
and 3’UTR (r? >= 0.8, multi-allelic loci not included), while only 25 are necessary to infer the
promoter and 3’UTR haplotypes (and thus the HLA-A lineage).

HLA-A coding region haplotypes

When we investigated the HLA-A variability between nucleotides 29,910,031
(IMGT/HLA position -300, considered as 5’UTR) and 29,913,562 (IMGT/HLA position
+3,203, considered as 3’UTR), using chromosome 6 from the hgl9 human genome draft as
reference, which corresponds to the segment tracked by the IMGT/HLA database, 90 different
HLA-A coding sequences were detected (Table 1). Among them, 54 are identical to previously
described sequences, and the remaining 36 are new HLA-A coding sequences not yet described
in the IPD-IMGT/HLA database version 3.30. Although eight of these new alleles were
detected more than once, the cumulative population frequency of the new HLA-A alleles was
only 6.69%, the remaining 93.31% representing previously reported HLA-A sequences. In
addition, many of these new HLA-A alleles encode known HLA-A protein molecules, and only

four new sequences encode new HLA-A molecules (1.22%) (Table S2).

The most frequent coding sequences detected in this Brazilian sample are
A*02:01:01:01 (19.49%), followed by A*24:02:01:01 (7.97%), A*03:01:01:01 (7.48%) and
A*01:01:01:01 (7.26%), and 21 alleles among the 90 detected (23.3%) present frequencies
higher than 1% (Table 1). Some rare HLA-A alleles previously described in the IPD-
IMGT/HLA database were detected in the present sample, including alleles A*29:02:01:04,
A*02:01:01:08, A*31:01:02:04, A*68:17, A*02:20:01 and A*80:01:01:02, and others.
Altogether, we detected 44 different full-length protein molecules (Table S2).

HLA-A promoter haplotypes

The nucleotide variability of the extended HLA-A promoter segment was surveyed
between nucleotide chr6:29,908,726 (IMGT/HLA position -1605) and chr6:29,910,330
(IMGT/HLA position -1). Only the last 300 bases out of these 1,605 nucleotides are included
in the IMGT/HLA database, and were also included as part of the coding sequence described

in the previous subsection. We detected 100 variable sites within this segment, arranged into
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25 different full promoter haplotypes (Figure S3). The low number of haplotypes contrasts with
the high number of variable sites, a consequence of the high LD detected along the promoter

segment, with many variable sites in perfect LD with each other (Figure S3).

As mentioned earlier, these full promoter haplotypes were named according to the main
HLA-A lineage they belong to (Figures 1 and S1), and 14 out of 25 haplotypes were at a
frequency higher than 1% (Table 2). The most frequent promoter haplotype was HLA-A*P06-
01, which is associated with several coding alleles from the HLA-A*02 group (Table 2). Each
main HLA-A lineage presents only one or at most a few closely related promoter haplotypes, as

indicated in Figures 1 and S1.
HLA-A4 3’ untranslated region haplotypes

The HLA-A variability at the last HLA-A exon, between nucleotide chr6:29,913,228
(IMGT/HLA position +2899) and chr6:29,913,661 (IMGT/HLA position +3332) was
considered as encompassing the HLA-A 3°’UTR. Only 70% of this segment is in the IMGT/HLA
database, and was also included as part of the coding sequence described in a former subsection.
We detected 21 variable sites along this segment, arranged into 11 different haplotypes (Table
3).

The majority of HLA-A 3° UTR haplotypes (9 out of 11) present a frequency higher than
5% in the present series (Table 3). The most frequent 3’UTR haplotype detected in this sample
was HLA-A*UO06, which, like the P06 promoter, is associated with several coding alleles from
the HLA-A*02 group (Table 3 and Figure S1). Each main HLA-A lineage presented only one
3’UTR haplotype (with the exception of lineage 4), as indicated in Figures 1 and S1.

Nucleotide diversity and natural selection signatures at the HLA-A locus

The nucleotide diversity at the HLA-A locus, considering the extended promoter, coding
and 3’UTR segments, was 0.02467 (Table 4). Considering each segment separately, nucleotide
diversity ranged from 0.00753 at the 3’UTR to 0.04731 at intron 1. Intron segments were on
average as variable as the exons. The promoter segment presented a nucleotide diversity of
0.01716.

When nucleotide diversity was evaluated across the HLA-A genomic sequence (Figure
2), the highest values were detected at the segments encompassing (a) the promoter around
position -900, (b) exon 1, (c) exon 2, (d) the first half of exon 3, (e) the end of intron 3, (f) exon

5 and (g) exon 7. A somewhat different scenario is observed when only the mRNA sequence is
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taken into account (Figure 2). The nucleotide diversity peaks observed at the genomic sequence
for exons 1, 5 and 7 (Figure 2 upper panel) are no longer evident when evaluating the mRNA
(Figure 2 middle panel), since they are related with the highly polymorphic introns surrounding

these exons (Table 4).

Considering the genomic sequence, the lowest values were observed for exon 4 and the
3’UTR segment, especially for the latter. Considering the mRNA sequence, the lowest values
were observed for the segment after exon 6, mainly at the 3°’UTR. Despite the relative
conservation at the core promoter, nucleotide diversity at the promoter segment rises above 3%

around position -900 (Figure 2).

Neutrality tests were applied to detect signatures of natural selection along the HLA-A
locus. We detected positive Tajima’s D for all segments of HLA-A when evaluated separately
(Table 4). Significant Tajima’s D were detected for exons 2, 3, 4, introns 1, 3, 5, and the
promoter segment, as well as for the full segment, and the CDS, and borderline significant
values were observed for intron 2 and exon 5. As previously observed for exons 2 and 3 %05,
these positive Tajima’s D values are indicative of balancing selection. In addition, significant
Ewens-Watterson values were also detected for exons 2, 5 and the 3’UTR segment; except for

the full sequence, all observed F was lower than the expected F.

An excess of synonymous mutations was detected at exon 4 (ds-dn = +2.721, P=0.0037,
Table 5), suggesting the action of purifying selection for a conservation of this coding sequence.
This is consistent with the lower nucleotide diversity detected at this exon (Figure 2). A similar
pattern was observed when considering the sequence data from all the known HLA-A alleles
described in the IMGT/HLA database (data not presented here). Most of the variable sites at
this segment are quite frequent, with 76% of them presenting MAF higher than 5%, which may
explain the high Tajima’s D value detected for exon 4 (Table 4).

Discussion

In the present study, we use massively parallel sequencing and a bioinformatics
workflow to quantify the variability of the entire HLA-A genomic region, including regulatory
segments and introns. Our methods minimize the costs to obtain individual genotypes and
haplotypes, because (a) they rely on either publicly available software “°, (b) they use locally
developed primers and common library preparation Kits, without any additional costs beyond

the sequencing and amplification reagents, and (c) they are customizable, allowing the
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evaluation of other targets together with the class I HLA loci “°. In addition, this methodology
evaluates the whole gene, including regulatory segments, instead of focusing only on the coding
sequence, which are the main targets of most HLA typing methodologies. We were thus able
to generate data on HLA-A variability for full-length haplotypes including exons, introns, the
entire 3’UTR and at least 1,605 nucleotides upstream the first translated ATG defining the

extended promoter segment.

The methodology presented here relies on the hla-mapper software, locally developed
to minimize cross mapping between similar HLA sequences. This software applies a series of
filters to assign each pair of sequences (from a paired-end sequencing) to their proper locus,
based on the similarity between the pair of sequences and known HLA sequences described in
the IPD-IMGT/HLA database and a local database of known sequences “°. After using hla-
mapper and inferring SNP genotypes with GATK HaplotypeCaller (GVCF mode), 99.64% of
the genotypes presented a likelihood higher than 99.99%. Then, the GATK
ReadBackedPhasing algorithm directly phased 77.65% of all heterozygous sites, and the
remaining sites, most of them indels and multiallelic loci, which are not supported by the

ReadBackedPhasing algorithm, were phased using the PHASE algorithm.

Overall, 60% (54/90) of the HLA-A coding sequences detected here were identical to
those already described in the IPD-IMGT/HLA database (version 3.30.0) and presented a
cumulative frequency of 93.25%. Thus, the new alleles detected in this study represent rare
sequences and may be attributed to the specific origin of the sample evaluated, since Brazilians
are one of the most admixed populations in the world %2*3, carrying African, European and
Native American ancestry. Furthermore, the allele group frequencies detected here (Table 1)
are consistent with the ones already reported for the Southeastern Brazilian population °°°

(www.allelefrequencies.net). In addition, when the HLA-A alleles called by the method applied

here were compared with the results obtained by NGSEngine, we found a compatibility of
100% for allele groups, 98.11% for the encoded protein and 92.45% for the full-length (8-digit)
allele. However, it should be pointed that most of the incompatibilities were related to the

presence of new HLA-A alleles detected when using our method.

Our study aimed to evaluate the nucleotide variability, haplotype structure and
signatures of natural selection along the entire HLA-A gene in a Brazilian population sample.
We found 421 variable sites encompassing the promoter, coding, introns and 3’UTR segments.

Most of these variable sites were in complete or perfect LD, and a strong LD block structure

54


http://www.allelefrequencies.net/

was detected encompassing the whole HLA-A gene (Figure S2). The low number of haplotypes
in the regulatory segments confirmed the high level of LD, particularly in the promoter region
where the 100 variable sites were arranged into only 25 promoter haplotypes. A similar pattern
was observed for the 3’UTR segment. In addition, each HLA-A allele group was usually
associated with a single (or closely related subset of) promoter and 3’UTR haplotypes. The
number of regulatory haplotypes is similar to the one observed for HLA-G, despite the fact that
HLA-G is a more conserved gene %58 This low number of haplotypes for the regulatory
segments and the high LD throughout HLA-A can also be visualized by the network at Figures
1 and S1, in which few very divergent HLA-A lineages were observed. This network is
compatible with balancing selection because of the presence of highly divergent haplotypes
(closest lineages differing by between 29 and 125 nucleotides) occurring at high frequencies,
which is in fact expected (and well documented) for the HLA-A coding region, especially for
exons 2 and 3 that encode the peptide-binding groove *°%°, Since the HLA-A gene is a key locus
for triggering adaptive immune responses, this locus is expected to be a major target for natural

selection.

Balancing selection is an important force that maintains advantageous genetic diversity
in populations, including variation sites that are responsible for long-term adaptation to the
environment ®°. Considering our data, we found evidence of balancing selection along the entire
HLA-A locus, with significant Tajima’s D for promoter, exons 2, 3 and 4 (and also for some
intron segments) and significant Ewens-Watterson tests for exons 2, 5 and 8 (Table 4). Although
demographic events may result in signatures that resemble those arising from natural selection,
this possibility may be discarded for HLA-A, since the results from at least exons 2 and 3 have

been systematically observed in populations with very distinct demographic histories 56162,

The majority of studies evaluating HLA-A variability have shown high polymorphism
at sites directly involved in antigen presentation, mainly the exons encoding the peptide-binding
groove (exons 2 and 3), thus providing a straightforward link between functional knowledge
and population variation 24, Neutral evolution cannot explain the high polymorphism found in
these segments. Nucleotide diversity at exons 2 and 3 was indeed very high, at about 50 times
the human genome average °°%2. However, nucleotide diversity at other exons was also high,
from 0.01072 for exon 7 (14 times the human genome average) to 0.02896 for exon 5 (38 times
the human genome average) 5%, and nucleotide diversity in some introns was sometimes

higher than the ones detected for exons (Table 4). This higher diversity at introns and other
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exons that do not encode the peptide-binding groove might be a consequence of a hitchhiking
effect, arising from the action of balancing selection at exons 2 and 3 and the high level of LD
along the entire HLA-A locus (Figure S2). This phenomenon was actually already described,
with nucleotide variation decreasing with distance from the classical HLA class | genes 244,
We have detected signatures of balancing selection in almost all HLA-A segments, including
the promoter segment and some introns (Table 4). While balancing selection at the peptide
binding groove can be explained by the fitness benefits resulting from an increased peptide
repertoire that can be presented at the cell surface 24°%% a rationale for balancing selection in
other HLA-A coding regions and in noncoding ones is not straightforward.

Besides the high nucleotide diversity along the HLA-A locus when compared to the
human genome average, the lowest value within HLA-A coding sequence (CDS) was at exon 4.
This segment presents a significantly positive Tajima’s D value, but it also presents evidence
of purifying selection because of a higher proportion of synonymous substitutions compared to
nonsynonymous ones (Table 5). These results suggest that different nucleotide sequences
encoding the same (or similar) amino acid sequence have been maintained throughout evolution
as a result of balancing selection. A certain level of conservation of the protein sequence is
indeed expected at exon 4 in order to favor the a3 domain interaction with CD8 at T
lymphocytes %7 It is well established that three clusters of amino acids encompassing residues
222-245 are involved in this interaction, but the binding of HLA molecules to T CD8+ cells
involves mainly a conserved and negatively charged loop domain in the o3 domain (residues
223 to 229) %, For example, residues 227 (Asp, encoded at positions 29,912,030 to 29,912,032
at the hg19) and 228 (Thr, encoded at positions 29,912,033 to 29,912,035 at the hg19) seem to
be important for this interaction, since double amino acid substitutions such as Asp/Thr to
Lys/Ala at these positions prevent the HLA binding to T CD8+ cell . Using available
crystallographic structures from the Protein Data Bank database of some HLA-A (3V5D) and
HLA-B (1JGD and 1JGE) molecules, we noticed that residues 223-229 at the a3 domain,
encoded by exon 4, are indeed involved in the HLA/CDS8 interaction. This segment is conserved
in our data since no variable sites were detected (Table S1). Interestingly, by using the 1000
Genomes Phase 3 data (available at http://phase3browser.1000genomes.org/index.html), we
observed a signature of purifying selection in exon 2 of the CD8A gene (ds — dn = 1.859,
P=0.033). It is possible that the presence of divergent nucleotide sequences (but similar amino
acid sequences) occurring at similar frequencies results from a hitchhiking effect because of the

high LD between this segment and exons 2 and 3.
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As HLA-A is widely expressed, some level of conservation is expected for the
regulatory regions, in order to ensure an adequate expression profile. Thus, signatures of
purifying selection, minimizing the presence of variants that might modify the HLA-A
expression pattern, are expected at the regulatory segments. However, the HLA-A extended
promoter was found to be very polymorphic, with at least 100 variable sites within
approximately 1,600 nucleotides. Nucleotide diversity across the extended promoter may reach
3% or more around position -900, but the lowest diversity was indeed observed at the core
promoter (Figure 2), maintaining the key elements for the transcription machinery. This
phenomenon was previously observed when studying homozygous cell lines *, but it also
became evident here studying a larger batch of promoter haplotypes from a highly admixed and
large population sample. In addition, this former study also detected the same nucleotide

diversity pattern across the extended promoter as the one detected here (Figure 2).

Previous studies demonstrated different HLA-A allele-specific mRNA levels, but closely
related sequences presented a divergent expression pattern 33, The expression profile of each
evaluated HLA-A coding allele was apparently related to both nucleotide variations and
different methylation profiles 3¢, In fact, our data indicate that at least 22 variable sites at the
HLA-A promoter would modify a potential CpG site (such as rs9260072) and that the high
expressing alleles HLA-A*23 and A*24 %3¢ would present a promoter sequence with fewer
CpG sites. However, in both studies, HLA-A expression levels were measured in specific cell
lines. Hence, it is not clear whether the observed pattern would also be detected in different
tissues. We hypothesize that the high variability observed at the HLA-A regulatory (distal)
promoter might influence the binding of transcription factors, and also affect the promoter
methylation profile, therefore influencing the gene expression profile according to the
microenvironment. In this scenario, the evidence of balancing selection acting on the promoter
segment, and the presence of few divergent haplotypes, might (a) result from a hitchhiking
effect between the promoter and the coding region, or (b) be related to the maintenance of
divergent promoters that respond to different transcription factors and present a different
methylation profile as discussed earlier, which might promote an adequate HLA-A expression
level in different tissues. A confirmatory and comprehensive functional study is required to

evaluate these two possibilities.

The most conserved HLA-A segment was the 3’UTR (Figure 2, Tables 3 and 4), which

is frequently involved in post-transcriptional regulation of gene expression. The lowest
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nucleotide diversity indices were indeed detected in the first half of the HLA-A 3°’UTR. It is not
clear why this segment is particularly conserved when compared to the entire HLA-A locus, but
this phenomenon might be related to microRNA binding. Considering that the HLA-A molecule
must be expressed in almost all nucleated cells, which in turn present different microRNA
environments, some conservation at this segment is indeed expected. In this scenario, it is
plausible to consider that the variable sites at the HLA-A 3’UTR segment would not influence
post-transcriptional regulation (even by modifying microRNA binding or mRNA stability). In
fact, the 3’UTR segment is quite conserved among different primates (aligned files upon
request), including humans, chimpanzees, gorillas, orangutans, rhesus and others, with many
of the variable sites detected at the human 3’UTR segment also detected in non-human

primates.

Hence, in conclusion, we were able to develop a reliable methodology for analyzing
HLA-A variability and HLA-A typing considering the entire gene, including the distal promoter
and the complete 3’"UTR segment. The HLA-A extended promoter is very polymorphic, with
the presence of few but divergent sequences (Figure S3). The variable sites along the entire
HLA-A segment are tightly linked to each other, behaving essentially as a single segregation
block. As a consequence, each HLA-A coding allele group (or closely related coding allele
groups) constitutes a distinct HLA-A lineage, each characterized by a unique promoter and
3’UTR sequence. As expected, nucleotide diversity was very high at exons 2 and 3, but the
same pattern was also observed for the promoter segment (considered as a whole), other exons
and many introns. Assessing the evolutionary forces acting on this gene was also surprising
since balancing selection was not expected to be the main force acting on the whole locus
(exception made, maybe, for the 3’UTR segment). However, since these gene regions
encompass a very short DNA segment, the effects of natural selection over one region will
definitely be experienced by the surrounding ones. Disentangling the effects of natural selection
on neighboring regions is a task of a great burden. In order to address this issue, and to
completely understand HLA-A biology and expression patterns, functional evaluations are
mandatory. Meanwhile, we can hypothesize that HLA-A expression may be finely regulated to
ensure its ubiquitous expression. This fine regulation might be achieved because the HLA-A
core promoter is quite conserved, maintaining the key elements for the transcription machinery,
while the extended promoter presents many variable sites, which in turn may modulate the
binding of different transcription factors and the methylation profile, in tissues with different

microenvironments. The HLA-A 3’UTR is the most conserved HLA-A segment, which is also
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probably related to the maintenance of an adequate HLA-A expression pattern via an important
post-transcription regulation. Although balancing selection would be the main force acting at
HLA-A, here we also detected evidence of purifying selection at exon 4, maintaining an

invariable or similar a3 domain to assure a proper HLA-A/CDS interaction.
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Legends

Figure 1: Network from HLA-A extended haplotypes (promoter, coding, and 3’UTR).
The network was calculated by Median-Joining method using PopArt and further processed
using Inkscape. We considered lineages groups of alleles separated by less than 25 differences,
whereas branches with more than this number of differences were used to delimit distinct
lineages. The number of mutational steps between different haplotypes is indicated as numbers
inside small white squares (when higher than 1 mutational step) or not indicated in cases that
there is only one mutational step. Each HLA-A lineage presents a single 3’UTR haplotype

(indicated at each lineage group).

Figure 2: Nucleotide diversity plot across the HLA-A locus, considering the genomic
sequence from -1605 at the promoter segment up to the end of the 3°UTR segment (upper
panel), the mRNA sequence (central panel) and the extended promoter (lower panel).
Nucleotide diversity was assessed using a sliding-window approach, with a window size of 150

bp and a step size of 1. Core indicates the region of the HLA-A core promoter.

Figure S1: A network of HLA-A extended haplotypes (promoter, coding, and 3’UTR).
The network was calculated using the Median-Joining method implemented in PopArt
(popart.otago.ac.nz) and it was further processed using Inkscape. We considered lineages
groups of alleles separated by less than 25 differences, whereas branches with more than this
number of differences were used to delimit distinct lineages. The number of mutational steps
between different haplotypes is indicated as numbers inside small white squares (when higher
than 1 mutational step) or not indicated in cases where there is only one mutational step. Each

HLA-A lineage presents a single 3’UTR haplotype (indicated at each lineage group). Each
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haplotype is named following the IMGT/HLA nomenclature (or as new HLA-A alleles) and

their associated promoter haplotypes.

Figure S2: Linkage disequilibrium across the HLA-A locus. The image was generated
in the Haploview 4.2 program using variable sites with a frequency higher than 1%. Areas in
dark red or dark gray indicate strong LD (LOD > 2, D' = 1), shades of pink or shades of gray
indicate moderate LD (LOD > 2, D' < 1), blue or light gray indicate weak LD (LOD < 2, D' =
1), and white indicates no LD (LOD < 2, D' < 1). D" values different from 1.00 are represented
inside the squares as percentages. LOD, log of the odds; D', pairwise correlation between
variable sites. The haplotype block was defined by the confidence intervals method

implemented in Haploview.
Figure S3: HLA-A promoter haplotypes detected in Brazil.
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Figure 1. Network of the extended HLA-A haplotypes (associated promoters, coding and 3’UTR haplotypes).
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Figure 2: Nucleotide diversity across the entire HLA-A gene.
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Table 1: List of all HLA-A coding alleles detected in a Brazilian population sample from
Southeast Brazil.

HLA-A allele @ Frequency HLA-A allele (continued) Frequency (continued)
2n=816 2n=816
A*02:01:01:01 0.1949 A*24:02:01:02L 0.0025
A*24:02:01:01 0.0797 A*29:02:01:03 0.0025
A*03:01:01:01 0.0748 A*30:02:01:03 0.0025
A*01:01:01:01 0.0723 A*66:02 0.0025
A*11:01:01:01 0.0576 A*01:01:01:01(1276,130C) 0.0012
A*23:01:01:01 0.0392 A*01:01:01:01(148C, 152T) 0.0012
A*31:01:02:01 0.0380 A*01:01:01:01(165C) 0.0012
A*29:02:01:01 0.0306 A*01:01:01:01(670¢) 0.0012
A*26:01:01:01 0.0294 A*01:01:01:01(99G. 127G) 0.0012
A*30:01:01 0.0257 A*02:01:01:07 (different indel at +1256) 0.0012
A*32:01:01:01 0.0245 A*02:01:01:01(16430) 0.0012
A*68:02:01:01 0.0245 A*02:02:01:01691T) 0.0012
A*30:02:01:01 0.0159 A*02:02:01:01(7264) 0.0012
A*33:01:01:01 0.0159 A*02:02:01:07 (different indel at +1256) 0.0012
A*02:05:01:01 0.0147 A*02:01:01:08 0.0012
A*03:01:01:05 0.0147 A*02:05:01:0169T) 0.0012
A*23:17 0.0135 A*02:05:01:01(700T) 0.0012
A*36:01 0.0135 A*02:06:01:01 0.0012
A*66:01:01:01 0.0110 A*02:17:02 (670C, 707G, 734A, 739A) 0.0012
A*68:01:01:02 0.0110 A*02:20:01 0.0012
A*68:01:02:01 0.0110 A*11:01:01:01(127G, 130C, 138A, 148C, 152T, 8736) 0.0012
A*02:11:01 0.0098 A*11:01:01:01¢245T) 0.0012
A*33:03:01:01 0.0098 A*11:01:01:01(2096) 0.0012
A*74:01:01 0.0086 A*23:17 (734A, 739A) 0.0012
A*02:17:02 (707G, 734A, 739A) 0.0074 A*24:02:01:016706) 0.0012
A*29:02:01:02 0.0074 A*24:02:01:01(6701) 0.0012
A*34:02:01 0.0074 A*24:02:01:04 0.0012
A*02:04 0.0061 A*24:02:13 0.0012
A*02:17:02(7076) 0.0061 A*24:03:01:01 0.0012
A*30:02:01:02 0.0061 A*26:01:01:01(1004T) 0.0012
A*68:01:02:02 0.0061 A*29:02:01:04 0.0012
A*03:02:01 0.0049 A*29:02:03 0.0012
A*25:01:01:01 0.0049 A*30:01:0100™M 0.0012
A*30:04:01 0.0049 A*30:01:010%6) 0.0012
A*31:01:02:04 0.0049 A*31:01:02:01¢-224C) 0.0012
A*02:01:01:01(69T) 0.0037 A*32:02 0.0012
A*02:01:01:01(700T) 0.0037 A*34:02:01(675A, 681T) 0.0012
A*02:02:01:01 0.0037 A*66:03 (23906, 2394C) 0.0012
A*03:01:01:03 0.0037 A*68:02:01:01(2165T, 2147G, 2266G) 0.0012
A*24:02:01:01(6734) 0.0037 A*68:02:01:0181T) 0.0012
A*29:01:01:01 0.0037 A*68:02:01:03 0.0012
A*33:03:01:01(-1966) 0.0037 A*68:17 0.0012
A*01:01:01:01(670C, 6734) 0.0025 A*69:01:01:01 0.0012
A*01:01:01:01¢1724) 0.0025 A*74:01:01 (896G, 9tnodel) 0.0012
A*02:01:04 0.0025 A*80:01:01:02 0.0012

2 Coding sequences were named following the closest known HLA-A allele described in the IPD-IMGT/HLA
database version 3.30.0, followed by any divergences eventually observed. The HLA-A coding alleles are listed
in decreasing order of frequency. The complete sequence of each of these coding alleles is available upon
request.
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Table 2: Frequency and associated coding alleles of all HLA-A promoter haplotypes detected
in a Southeastern Brazilian population sample.

Frequency  Associated HLA-A

Promoter ? 2n=816 coding allele groups
P01-01 0.0600 A*11
P01-02 0.0012 A*11
P02-01 0.0944 A*01 and A*36
P02-02 0.0025 A*01 and A*36
P03-01 0.0980 A*03
P04-01 0.0282 A*30
P04-02 0.0294 A*30
P05-01 0.1458 A*23 and A*24
P06-01 0.2623 A*02
P06-02 0.0012 A*02
P06-03 0.0025 A*02
P06-04 0.0588 A*68 and A*69
P07-01 0.0037 A*66
P07-02 0.0061 A*34
P07-03 0.0025 A*34
P07-04 0.0466 A*26
P08-01 0.0257 A*32
P08-02 0.0098 A*74
P08-03 0.0343 A*29
P08-04 0.0123 A*29
P09-01 0.0527 A*31 and A*33
P09-02 0.0012 A*31
P09-03 0.0159 A*33
P09-04 0.0037 A*33
P10-01 0.0012 A*80

& For a list of variable sites and the structure of each of these promoter haplotypes, please refer
to Figure S3.
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Table 3: Frequency and associated HLA-A coding alleles of all HLA-A 3’ untranslated region haplotypes detected in a Southeastern
Brazilian population sample.

uo3 C A C C G G A 0.098 A*03
4 u04-01 G C C A T C C G A 0.0527 A*30°
:% u04-02 G A C G G G C C C A C T C C C G C G A G A 0.0049 A*30¢
-g uo6 G A C G G G C C C A C T C C C G A G A C A 0.3248 A*OZ'AA*?;S and
% uos G A C - G G C C C A G T C C C G A G A C A 0.1458 A*23 and A*24
E Uo7 T A C T G G C A C C T G A G A C A 0.0588 A*25 and A*66
1]
‘_% uos T A C T G G C C C A C C C C C G A G A C A 0.0821 A*29,Aé*75;2 and
:‘::: uo09 T T C T G G C C C A C C C C C G A G A C A 0.0735 A*31 and A*33
; uo1 G A C G G G C G T A C T C C C G A G - C G 0.0613 A*11
; uo02 G A C G G G G C T A C T C C C G A G T C G 0.0968 A*01 and A*36
u1o0 G A G G A A C C C G C T T T A G A C A C A 0.0012 A*80 d

2 For a list of variable sites and their IMGT/HLA related position, please refer to Table S1.
b A*30:01:01, A*30:02:01

©A*30:04:01

4 A*80:01:01



Table 4: Diversity and neutrality deviation tests for each HLA-A segment

HLA-A Sequence Number of Segregation Nucleotide Gene Tajima’s Ewens-

segment Size Codons Sites Diversity Diversity D Watterson

Promoter 1608 - 98 0.0172 £0.0083  0.8764 £ 0.0063  2.4513, P=0.0108 Fo =0.1247, Fe =0.1702, P = 0.2272
Exon 1 73 24 6 0.0195 +0.0132  0.7753 £0.0057  1.2665, P=0.1050 Fo =0.2256, Fe = 0.4926, P = 0.0778
Intron 1 130 - 18 0.0473 £0.0249  0.8507 £ 0.0055 3.2053, P=0.0030 Fo =0.1504, Fe = 0.2343, P = 0.7890
Exon 2 270 90 40 0.0379+0.0192  0.8941 +0.0055 2.2638, P=0.0154 Fo=0.1070, Fe =0.1638, P = 0.0345
Intron 2 241 - 27 0.0247 +£0.0131  0.8812 +0.0054  1.4999, P=0.0608 Fo=0.1199, Fe =0.1451, P=0.7901
Exon 3 276 92 37 0.0401 £0.0202  0.9100 £ 0.0051 3.0634, P=0.0017 Fo=0.0911, Fe =0.1271, P = 0.1592
Intron 3 601 - 38 0.0349 £0.0171  0.8624 £ 0.0048 2.5694, P=0.0088 Fo =0.1386, Fe = 0.2917, P = 0.1282
Exon 4 276 92 25 0.0267 +0.0138  0.7950 +£ 0.0075  2.8155, P=0.0056 Fo =0.2060, Fe = 0.3340, P = 0.2259
Intron 4 102 - 5 0.0249 +0.0148  0.6270 +0.0088 0.8490,P=0.1780 Fo=0.3737, Fe =0.5399, P=0.5234
Exon 5 117 39 14 0.0290 +£0.0164  0.7650 £0.0079  1.6751, P=0.0510 Fo =0.2359, Fe = 0.4494, P = 0.0400
Intron 5 444 - 43 0.0320 £0.0159  0.8378 £0.0081 2.5823, P=0.0089 Fo =0.1632, Fe = 0.2454, P = 0.1719
Exon 6 33 11 3 0.0262 +0.0204 0.4328 £0.0122 1.4778,P=0.0916 Fo=0.5677, Fe =0.7539, P=0.5761
Intron 6 142 - 16 0.0172 £0.0103 0.6642 £0.0156  0.2491, P=0.6668  Fo =0.3366, Fe = 0.4145, P = 0.2226
Exon 7 48 16 2 0.0107 +0.0100 0.4723 +0.0167 0.9928,P=0.1419 Fo=0.5283, Fe =0.7562, P =0.0729
Intron 7 169 - 17 0.0286 +£0.0155  0.8007 £ 0.0065 2.2155, P=0.0190 Fo =0.2003, Fe = 0.3592, P = 0.2621
Exon 8 /3'UTR 337 - 21 0.0075 £0.0043  0.8331+£0.0079 0.3165,P=0.3059 Fo=0.1679, Fe = 0.3561, P = 0.0097
CDS 1095 365 127 0.0318 £0.0153  0.9209 £ 0.0049  2.8495, P=0.0044 Fo =0.0803, Fe = 0.0826, P = 0.4869
Full segment 4964 - 408 0.0247 £0.0117  0.9345 £ 0.0047 2.5612, P=0.0082 Fo =0.0667, Fe = 0.0363, P = 0.9999
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Table 5: Synonymous and non-synonymous nucleotide substitution test of neutrality, positive and purifying selection considering the HLA-A

sequences observed in Brazilian samples.

Location

Size

Codons

Ha = Neutrality
(dn # ds)

Ha = Positive Selection
(dn > ds)

Ha = Purifying Selection
(dn < ds)

Exon 1
Exon 2
Exon 3
Exon 4
Exon 5
Exon 6
Exon 7
CDS

73
270
276
276
117

33

48

1095

24
90
92
92
39
11
16
365

dn—ds = -0.544, P=0.588
dn-ds = +0.421, P=0.675
dn-ds = +1.654, P=0.100
dn—ds = -2.780, P=0.006
dn-ds = -0.044, P=0.965
dn—-ds = -0.557, P=0.578
dn-ds =-0.417, P=0.677
dn—-ds =-1.216, P=0.226

dn—ds = -0.575, P=1.000
dn—-ds = +0.413, P=0.340
dn-ds = +1.540, P=0.063
dn—ds = -2.685, P=1.000
dn-ds = -0.043, P=1.000
dn-ds =-0.576, P=1.000
dn—ds =-0.421, P=1.000
dn-ds = -1.189, P=1.000

ds—dn = +0.545, P=0.293
ds—dn =-0.411, P=1.000
ds-dn =-1.571, P=1.000
ds—dn = +2.721, P=0.004
ds—dn =+0.042, P=0.433
ds—dn = +0.588, P=0.279
ds—dn = +0.417, P=0.338
ds—dn =+1.195, P=0.117
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Conclusoes

Em conclusdo, n6s desenvolvemos uma metodologia altamente eficaz para analisar a
variabilidade dos genes HLA, considerando todo seu segmento, incluindo o promotor distal e
o segmento completo da regido 3’ ndo-traduzida. A regido do promotor estendido do gene HLA-
A é altamente polimérfica, com a presenca de poucas sequéncias, mas altamente divergentes
(Figura S3). Os sitios de variacdo detectado ao logo de todo 0 segmento génico estdo altamente
associados em funcédo do alto LD observado. Como consequéncia do alto LD, cada grupo de
alelos codificadores do gene HLA-A (ou grupo de alelos préximos relacionados) constitui uma
linhagem HLA-A distinta, cada uma caracterizada por um Unico promotor e uma Unica
sequéncia 3’ ndo-traduzida. Como esperado, uma elevada diversidade nucleotidica foi
observada para os éxons 2 e 3, mas 0 mesmo padrdo também foi observado para o segmento
promotor completo, outros éxons e regides intronicas.

Quanto as assinaturas de selecdo natural atuando neste gene, foi surpreendente detectar
o perfil de selecdo balanceadora atuando em todo segmento, uma vez que apostdvamos na
possibilidade de perfis de selecdo diferentes atuando nos segmentos regulatérios do gene HLA-
A. Avaliagdes funcionais sdo necessérias para o entendimento completo da biologia e padréo
de expressdo deste gene, contudo aqui supomos que 0 HLA-A possui um padrdo de regulacdo
da expressdo muito fino o que garante que seu padréo de expressao seja ubiquo. Essa regulacéo
fina provavelmente se explica pela conservacao das regides do core do promotor, mantendo 0s
elementos chaves para a acdo da maquinaria de transcri¢do, enquanto o promotor estendido
apresenta muitos sitios de variagdo, o que pode modular a expressao deste gene, possibilitando
a ligacao de diferentes fatores de transcricdo a depender do tecido e do microambiente em que
se encontra. A regido 3’ndo-traduzida é o segmento mais conservado, provavelmente
relacionado com a manutencdo de niveis de expressdo adequados da molécula HLA-A. Além
disso, o dominio a3 do HLA-A, que interage com CD8, também parece apresentar certo grau de
conservacao, de certa forma garantindo uma adequada interacdo entre HLA-A/CD8, e a porcao
3’NT ¢ altamente conservada, o que provavelmente favorece a expressao diferencial do gene

HLA-A nos tecidos com microRNAs e microambientes diferentes.
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Material suplementar

Tabelas e figuras suplementares. A resolucdo das figuras podem ficar comprometidas em
funcdo do formato do arquivo, mas todas encontram-se disponiveis por meio de solicitacdo

(thalitta.ayala@unesp.br).
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Figure S1. Network of the extended HLA-A haplotypes (associated promoters, coding and 3' UTR hapl otypes).
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Figure S1: A network of HLA-A extended haplotypes (promoter, coding, and
3’UTR). The network was calculated using the Median-Joining method
implemented in PopArt (popart.otago.ac.nz) and it was further processed using
Inkscape. We considered lineages groups of alleles separated by less than 25
differences, whereas branches with more than this number of differences were
used to delimit distinct lineages. The number of mutational steps between
different haplotypes is indicated as numbers inside small white squares (when
higher than 1 mutational step) or not indicated in cases where there is only one
mutational step. Each HLA-A lineage presents a single 3’UTR haplotype (indicated
at each lineage group). Each haplotype is named following the IMGT/HLA
nomenclature (or as new HLA-A alleles) and their associated promoter
haplotypes.
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Figure S2: Linkage disequilibrium across the HLA-A locus. The image
was generated in the Haploview 4.2 program using variable sites with a
frequency higher than 1%. Areas in dark red or dark gray indicate strong
LD (LOD = 2, D' = 1), shades of pink or shades of gray indicate moderate
LD (LOD = 2, D' < 1), blue or light gray indicate weak LD (LOD < 2, D' =
1), and white indicates no LD (LOD < 2, D' < 1). D' values different from
1.00 are represented inside the squares as percentages. LOD, log of the
odds; D', pairwise correlation between variable sites. The haplotype block
was defined by the confidence intervals method implemented in
Haploview.
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Figure S3
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Table S1: List of variable sites at the HLA-A gene detected in Brazil.

Chromossome rlel\l/[a(i;rv-e SNPid Reference ~ Frequency First Alternative Allele Frequency Alf::l?:t(iive Frequency Altg'lrilla;‘tiive Frequency Notes
position (hg19) position Allele 2n =816 2n =816 Allele 2n =816 Allele 2n =816
29908726 -1605  rs9260070 C 0,9522 G 0,0478 promoter
29908742 -1589  rs9260071 A 0,9154 C 0,0846 promoter
29908753 -1578  rs72498365 G 0,9265 C 0,0735 promoter
29908789 -1542  rs112519287 T 0,9289 C 0,0711 promoter
29908804 -1527  rs13203830 G 0,6630 A 0,3370 promoter
29908838 -1493  1rs9260072 G 0,3137 C 0,6863 promoter
29908869 -1462  rs143741490 C 0,9534 A 0,0466 promoter
29908891 -1440  rs9260073 C 0,9522 T 0,0478 promoter
29908892 -1439  rs79761237 G 0,8456 A 0,1544 promoter
29908895 -1436  rs9260074 G 0,9522 A 0,0478 promoter
29908901 -1430  rs9260075 A 0,9522 C 0,0478 promoter
29908928 -1403  rs67901303 GAC 0,3615 G 0,3015 AAC 0,3370 promoter
29908937 -1394  rs78179089 C 0,6985 T 0,3015 promoter
29908954 -1377  1rs9260077 G 0,3137 A 0,6863 promoter
29908967 -1364  rs13207054 G 0,6630 A 0,3370 promoter
29908976 -1355  rs74218766 C 0,9265 T 0,0735 promoter
29909014 -1317  rs375623213 T 0,9657 C 0,0343 promoter
29909021 -1310  rs2571420 C 0,9032 G 0,0968 promoter
29909033 -1298  rs9260078 A 0,2855 G 0,7145 promoter
29909044 -1287  rs28749141 G 0,6728 C 0,3272 promoter
29909070 -1261  rs9260079 T 0,6164 C 0,3836 promoter
29909071 -1260  rs9260080 G 0,8419 A 0,1581 promoter
29909111 -1220  rs191021452 C 0,9988 G 0,0012 promoter
29909153 -1178  rs9260081 G 0,3137 T 0,6863 promoter
29909181 -1150  rs1632889 A 0,1556 C 0,8444 promoter
29909197 -1134  rs1655919 G 0,0980 C 0,9020 promoter
29909205 -1126  rs1632888 C 0,8419 T 0,1581 promoter
29909217 -1114  rs1632887 T 0,8419 G 0,1581 promoter
29909219 -1112  rs1632886 T 0,8419 C 0,1581 promoter
29909238 -1093  rs9260082 T 0,9645 C 0,0355 promoter
29909249 -1082  rs9260083 A 0,8444 C 0,1556 promoter
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Table S2: List of all HLA-A protein molecules detected in a Brazilian population sample from

Southeast Brazil.

HLA-A coding allele Frequency

(only CDS) @ 2n=816
A*02:01 0.2071
A*03:01 0.0931
A*24:02 0.0907
A*01:01 0.0833
A*11:01 0.0600
A*31:01 0.0441
A*29:02 0.0429
A*23:01 0.0392
A*26:01 0.0306
A*30:01 0.0282
A*68:01 0.0282
A*68:02 0.0282
A*30:02 0.0245
A*32:01 0.0245
A*02:05 0.0172
A*33:01 0.0159
A*23:17 0.0135
A*33:03 0.0135
A*36:01 0.0135
A*66:01 0.0110
A*02:11 0.0098
A*74:01 0.0098
A*02:04 (codon119:ViL) 0.0086
A*34:02 0.0086
A*02:02 0.0061
A*02:.04 0.0061
A*02:17 0.0061
A*03:02 0.0049
A*25:01 0.0049
A*30:04 0.0049
A*29:01 0.0037
A*66:02 0.0025
A*02:01 (codon170:S/R) 0.0012
A*02:02 (codon119:L/1) 0.0012
A*02:06 0.0012
A*02:20 0.0012
A*11:248 0.0012
A*23:17 (codon121:M/1) 0.0012
A*24:03 0.0012
A*32:02 0.0012
A*66:03 0.0012
A*68:17 0.0012
A*69:01 0.0012
A*80:01 0.0012

aHLA-A protein molecules were named according to the IPD-IMGT/HLA database version 3.30.0,
followed by any divergences eventually observed. Codon positions refer to the first translated

Methionine as codon 1.
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