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RESUMO

Os genes dos receptores semelhantes a imunoglobulina das células natural killer (KIR)
codificam proteinas transmembrana que medeiam a fungao efetora das células NK
(do inglés, natural Killer) contra células proprias infectadas e neoplasicas, através da
interacdo com antigenos leucocitarios humanos (HLA, do inglés human leukocyte
antigen) de classe |. Combinag¢des de genes KIR e HLA ja foram associadas a
susceptibilidade diferencial a doengas autoimunes, infecciosas, cancer e também com
0 sucesso reprodutivo. O polimorfismo dos genes KIR € complexo e incomum, uma
vez que determinados genes podem ou nao estar presentes no cromossomo. A familia
KIR contém até 13 genes e 2 pseudogenes localizados no cromossomo 19q13.4, que,
por sua vez, possuem grande diversidade alélica. A complexidade do estudo de KIR
se amplifica pela homologia e alta similaridade de sequéncia entre os diversos genes.
Como consequéncia, poucos sao os estudos que caracterizaram a diversidade alélica
de KIR, especialmente em populag¢des. Portanto, o objetivo desse trabalho foi utilizar
um método pioneiro e inovador através de sequenciamento de nova geracao (NGS)
para caracterizar, em alta resolucéo, a diversidade alélica de todos os loci KIR e dos
loci de seus ligantes HLA em oito populagdes sul-americanas (uma eurodescente,
uma descendente de japoneses, e seis amerindias dos grupos Guarani, Kaingang e
Aché; n=707). Além disso, buscamos evidéncias de coevolugao envolvendo o receptor
KIR2DL1, que reconhece com alta afinidade moléculas HLA-C do grupo C2. O NGS
foi realizado no aparelho HiSeq 4000 apds o enriquecimento das bibliotecas a partir
de um conjunto de mais de 20 mil sondas biotiniladas especificas para aos genes KIR
e HLA. A filtragem, alinhamento e identificacdo de gendtipos de sequéncias KIR foi
feita através do algoritmo PING; e o mesmo foi feito para os genes HLA, que foram
analisados utilizando o programa HLA Explore™. Para a andlise de coevolugao,
variantes em KIR2DL 1 foram relacionadas aos niveis de expressao in silico de HLA-
C a partir de dados publicos do 1000 genomes e relacionada a expresséo de KIR2DLA1
em uma amostra de Curitiba, Parana (n=48). Para a analise de expressao, foi coletado
sangue periférico de individuos eurodescendentes que nao relataram nenhuma
doencga aguda ou cronica, seguido da separagéao de linfécitos mononucleados (PBMC)
e extracdo de DNA. A genotipagem alélica de KIR2DL1 foi feita através de
sequenciamento Sanger e os niveis de expressao foram avaliados por citometria de
fluxo. Foram encontradas nas populagdes desse estudo 209 variantes nos 13 genes
KIR, organizadas em 37 haplétipos centroméricos e 44 haplotipos teloméricos. Os
amerindios apresentaram menor numero de alelos, cerca de 58 por populagao, e
menor diversidade de haplétipos, com até 9 haplotipos centroméricos e 12 haplétipos
teloméricos. A diversidade de KIR mantida em amerindios pode ser considerada a
minima ja observada em populagdes humanas, e esta € principalmente concentrada
nas interagbes com HLA-C (até 97,2%). Ainda, nds encontramos evidéncia de
coevolucao entre KIR e HLA ao observar uma variante em KIR2DL 1, rs2304224T, que
marca os niveis de expressao de KIR2DL1 (p = 0,0002) e HLA-C2 (p < 0,05). Esta
variante esta em desequilibrio de ligagao com outras duas variantes, rs4806553G e
rs687000G, que apresentam elevada homozigose compativel com selegao positiva.
Os resultados desse estudo tém o potencial de contribuir para a compreensao da
variagao normal dos genes KIR e na compreensao das relagdes evolutivas entre as
familias génicas KIR e HLA, bem como suas implicagbes na susceptibilidade
diferencial a doencas.



Palavras-chave: Células NK. Selec¢ao natural. Desequilibrio de ligagdo. Coevolucgao.
Expresséo génica. Genética de populagdes.



ABSTRACT

Killer-cell immunoglobulin-like receptor (KIR) genes encode surface
transmembrane molecules that mediate NK (natural killer) cell function against
neoplastic and infected cells. KIR interact with human leukocyte antigen (HLA) class |
molecules on the surface of target cells. Combinations of KIR and HLA alleles have
been associated with susceptibility to autoimmune diseases, viral infections, cancer
and reproductive success. The KIR family comprises up to 13 genes and 2
pseudogenes located on chromosome 19q13.4 that exhibit an unusual and complex
presence and absence polymorphism. In addition, each single locus exhibits extensive
allelic diversity, which is difficult to analyze due to several technical difficulties imposed
by high sequence similarity among KIR genes. Consequently, studies that characterize
KIR alleles are scarce, especially among populations. Thus, the aim of this project is
to use a pioneer and cutting-edge next generation sequencing (NGS) method to
characterize, in high resolution, the allelic diversity of all KIR genes and HLA ligands
in eight South American populations (European and Japanese descendants from
Curitiba, and six Amerindian populations belonging to the Guarani, Kaingang and Aché
groups, n=707). Besides describing the allelic and haplotype frequencies, we aim to
search for evidences of coevolution involving KIR2DL1, which is the stronger receptor
for C2 allotypes of HLA-C. NGS was performed in HiSeq 4000 after library enrichment
with over 20,000 biotinylated probes to capture the KIR and HLA regions. Sequence
filtering, alignment and genotype calling of KIR genes were performed using PING
pipeline; for HLA genes sequence reads were analyzed using the software HLA
Explore™. For coevolution analysis, we searched for KIR2DL1 variants which could
influence HLA-C expression levels in silico using public data from 1000 genomes, and
verified if those also marked KIR2DL1 expression levels in a group of Euro
descendants from Curitiba (n=48). In order to assess KIR2DL1 expression levels, we
collected peripheral blood from euro-descendant individuals from Curitiba with no
report of acute or chronic disease, followed by mononuclear cells (PBMC) isolation and
DNA extraction. KIR2DL 1 was sequenced using Sanger method and expression levels
were measured through flow cytometry. In the 13 KIR loci analyzed, we found 209
variants organized in 13 centromeric and 44 telomeric haplotypes. Amerindians
present reduced KIR diversity, averaging 58 KIR alleles per population, and a reduced
diversity of haplotypes, with a maximum of 9 centromeric and 12 telomeric haplotypes.
This reduced diversity in KIR maintains mainly HLA-C interactions (up to 97.2%). We
also present evidence of coevolution between HLA-C and KIR2DL1 by showing that a
KIR2DL1 variant, rs2304224T, marks KIR2DL1 expression (p = 0.002) and HLA-C
expression (p < 0.05). This variant is in linkage disequilibrium with other two KIR2DL1
variants, rs4806553G and rs687000G, which present elevated homozygosity
compatible with positive selection. The results of this study may provide the basis for
the comprehension of KIR diversity and susceptibility to diseases, as well as insights
on KIR-HLA coevolution.

Keywords: NK Cells. Natural Selection. Linkage disequilibrium. Coevolution. Gene
expression. Population Genetics.
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1 INTRODUGAO

As células natural killer (NK) séo linfocitos grandes e granulares que
participam da imunidade inata e adaptativa (KIESSLING et al., 1975; O’LEARY et al.,
2006). Sua acdo €& mediada por receptores de membrana, que reconhecem
principalmente os antigenos leucocitarios humanos (HLA) de classe | na superficie de
células alvo (PARHAM, 2004). Os genes da familia KIR (killer cell immunoglobulin-like
receptors) codificam a familia de receptores semelhantes a imunoglobulina presentes
na superficie das células NK e também NKT (natural killer T). A interacdo de KIR com
as moléculas HLA da célula alvo podem gerar uma resposta de ativagéo ou inibigao
das células NK, modulando assim sua atividade citotoxica (PEGRAM et al., 2011).

Os genes KIR se localizam na regidao genémica 19913.4 (WILSON et al., 2000)
e apresentam uma complexa variagao estrutural e de sequéncia. A homologia e alta
similaridade de sequéncias resultam em muitos eventos de recombinacdo nao
reciproca entre diferentes loci KIR, causando a duplicacéo, delecdo e até a formacao
de genes hibridos (MARTIN et al., 2003), caracterizando a rapida evolugdo dessa
familia génica (VILCHES; PARHAM, 2002; TRAHERNE et al., 2010). Essas
caracteristicas impdem dificuldades técnicas para analise dessa familia,
principalmente quando se leva em conta que cada gene KIR apresenta grande
diversidade alélica (ROBINSON et al., 2015).

Tamanha a diversidade observada em KIR, é muito pouco provavel encontrar
dois individuos nao relacionados geneticamente que possuam a mesma combinacgao
de variantes KIR, quase tdo improvavel quanto encontrar individuos idénticos para os
variantes HLA, que sao os genes mais polimérficos do genoma humano (SHILLING et
al., 2002). Além disso, os genes KIR apresentam uma expressao proteica variegada
e aleatdria (UHRBERG, 2005), o que significa que nem todas as células NK de um
mesmo individuo apresentam as mesmas moléculas KIR na superficie celular. Para
que o receptor expresso seja funcional, € ainda necessario que o ligante HLA
especifico para cada KIR esteja presente no mesmo individuo. Como os genes HLA
estdo localizados no cromossomo 6 (HORTON et al., 2004) e segregam
independentemente dos genes KIR, além de poderem n&o apresentar certos genes
KIR, os individuos podem possuir 0 gene mas nao necessariamente o ligante HLA que

torna o receptor funcional.



Essa complexa combinacao de gendtipos de KIR e de HLA ja foi associada a
doengas autoimunes, susceptibilidade a infecgdes virais e cancer (RAJAGOPALAN;
LONG, 2005; KHAKOO; CARRINGTON, 2006; AUGUSTO, 2016). Combinac¢des KIR-
HLA estdao também envolvidas no processo de placentagdo (HIBY et al., 2004,
TROWSDALE; MOFFETT, 2008; XIONG et al., 2013) e mostraram importancia no
aumento da sobrevida apés transplantes terapéuticos (COOLEY et al., 2010). Essas
implicagdes evidenciam um papel chave dos receptores KIR e das células NK na
imunidade e sobrevivéncia humana.

Devido a dificuldade do estudo de KIR, a maioria dos trabalhos até o momento
se limitaram a analise de presenca e auséncia de genes (GUINAN et al., 2010).
Quando estudado, o polimorfismo alélico € normalmente restrito a um ou poucos
genes. Ainda, os poucos estudos da diversidade de KIR em alta resolugdo séo
concentrados em populagdes europeias (NORMAN et al., 2016; SOLLOCH et al.,
2020) e algumas poucas africanas (NEMAT-GORGANI et al.,, 2019) e asiaticas
(RAJALINGAM et al., 2002). Até fevereiro de 2020, foram descritos 1110 variantes
dentre os 12 genes e pseudogenes KIR no banco de dados IPD-KIR (Release 2.9.0,
ROBINSON et al., 2015), que concentra dados submetidos de todas as populagdes
mundiais ja descritas. Desses, grande parte (551) é restrita aos trés genes mais bem
caracterizados: KIR3DL1, KIR3DL2 e KIR3DLS3.

O presente trabalho compreende o estudo de todos os 13 genes KIR em oito
populacdes sul-americanas, incluindo seis populacdes isoladas e duas urbanas,
levando em consideracdo a presenca ou auséncia dos ligantes HLA. Ainda,
estudamos o impacto da diversidade alélica nos niveis de expresséo de KIR2DL1, um

dos receptores KIR mais potentes.
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2 REVISAO DE LITERATURA

2.1 CELULAS NATURAL KILLER (NK)

As células natural killer (NK) sao linfocitos grandes e granulares do sistema
imune, e correspondem a 2 a 18% dos linfécitos circulantes no sangue periférico em
humanos (GREGOIRE et al., 2007). A fungéo efetora das NK esta relacionada a
exocitose de seus granulos, que contém moléculas liticas, como perforinas e
granzimas (SMYTH et al., 2005). Essas moléculas formam poros na membrana da
célula alvo, que alteram sua permeabilidade e contribuem para lise osmaética, bem
como ao desencadeamento de processos pro-apoptoticos. Ainda, as células NK
liberam citocinas e quimiocinas, que atraem outras células do sistema imune (LANIER,
2008).

Devido a sua capacidade natural de atacar seu alvo somente pela falta de
inibicdo, estas células foram nomeadas de células assassinas naturais, ou ainda
exterminadoras naturais (do inglés, natural killer cells) (KIESSLING et al., 1975;
HERBERMAN; ORTALDO, 1981). Sao classificadas tradicionalmente como
componentes do sistema imune inato, mas apresentam caracteristicas associadas a
imunidade adaptativa. Dentre elas, estdo a expansao clonal apds a ativagao (DOKUN
et al., 2001; SUN et al., 2009), o fato dessas células continuarem circulantes mesmo
apds a cessao da resposta citotoxica contra a célula alvo, e a capacidade de
reativagdo dessas células de memoria frente a um novo estimulo (O’LEARY et al.,
2006; SUN et al., 2009; PAUST et al., 2010).

A caracterizacao de células NK periféricas pode ser feita pela presenca de
proteinas em sua superficie, que constituem os marcadores de diferenciacdo. Na
superficie das células NK, ha a presenca dos marcadores CD56 e CD16 e auséncia
de expressao de CD3. O CD16 (do inglés, cluster of differentiation 16) € um receptor
do fragmento cristalizavel (Fc) de imunoglobulinas, e, portanto, responsavel pela
resposta mediada por anticorpo das células NK (BULMER; LASH, 2015).
Interessantemente, o CD16 esta presente em menos de 20% das células NK uterinas
(uNK) (KING; LOKE, 1991), ja que a agcao mediada por anticorpos nao é a fungao
primaria desse subtipo celular, e isso faz com que o CD16 n&o seja um bom marcador
de uNKs. O CD56 (do inglés, cluster of differentiation 56), € uma proteina de adeséo

celular ja descrita em células NK, mas também em neurdnios e subtipos de células T
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CD4+ e CD8+. O CD3 (do inglés, cluster of differentiation 3) € um correceptor
necessario para ativagao de células T e, portanto, marcador desse subtipo celular
(LANIER et al., 1989). A auséncia do CD3 é importante na diferenciacéo entre células
NK e células T — incluindo células T natural killer (NKT) (GODFREY et al., 2004).

As células NK reconhecem, principalmente, células infectadas e neoplasicas
(ROBERTSON; RITZ, 1990; BIRON, 1997). Além disso, um conjunto de células NK
conhecidas como uterinas (UNK) tém importante funcao reprodutiva na implantagéo e
estabelecimento da placenta durante os estagios intermediarios de secregao
menstrual e na gravidez inicial (KAMMERER et al., 1999; BULMER; LASH, 2015).
Essas fungdes fazem das células NK um importante alvo evolutivo.

A interacdo das células NK com outras células, normais ou alteradas, se da
por meio de receptores de membrana, que transduzem estimulos principalmente
inibidores, mas também ativadores (LANIER, 1998). Os receptores que medeiam a
atividade de células NK (NKR) pertencem a duas classes principais, os semelhantes
a lectina, como CD94 e NKG2A, e os semelhantes a imunoglobulina, os KIR
(PARHAM; GUETHLEIN, 2018). Os receptores das NK interagem predominantemente
com regides oligomorficas de moléculas HLA proéprias, mas também com outras
moléculas, como CD58, CD66 e CD99, que sao reguladoras do sistema imune
(LANIER, 2008). Juntas, essas trés principais regides gendmicas — o MHC (do inglés,
major histocompatibility complex, regido no cromossomo 6 na qual se encontram os
genes HLA), o NKC (do inglés, natural killer complex, regidao no cromossomo 12 que
codifica os receptores semelhantes a lectina) e o LRC (do inglés, leukocyte receptor
complex, regiao no cromossomo 19 que codifica os receptores semelhantes a
imunoglobulina) — controlam a educagéao e a resposta das células NK (PARHAM,;
GUETHLEIN, 2018).

As células NK interagem e desencadeiam respostas imunes de acordo com o
reconhecimento do perfil de expressao de moléculas de HLA de classe | na superficie
de outras células. Células préprias nao alteradas normalmente exibem alta expressao
de moléculas HLA de classe | em sua superficie (APPS et al., 2015). Essa expresséao
normal de HLA é reconhecida e transduzida pelos NKR predominantemente na forma
de sinais inibidores. Tais sinais levam a inibigdo global das células NK, que as impede
de atacar células saudaveis, e assim, evitam respostas autoimunes (PARHAM, 2004;
KIM et al., 2005).
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Ja células nao-proprias, infectadas, ou neoplasicas, normalmente apresentam
padrées anormais de expressdo de HLA na sua superficie. Mais especificamente,
células infectadas por virus (APPS et al., 2015) ou neoplasicas (GARRIDO et al., 1997;
KANEKO et al.,, 2011) frequentemente apresentam baixa expressdao de HLA. A
hipétese do "missing self* ou "perda do préprio" sugere que, quando as células NK
reconhecem células que possuam baixos niveis de HLA na superficie, os sinais de
inibicdo das células NK sao diminuidos, o que desencadeia a agao citotoxica contra
células alteradas (STORKUS et al., 1987; LIUNGGREN; KARRE, 1990; HILTON;
PARHAM, 2017). Esse mecanismo € especialmente importante na prote¢ao contra a
evasdo de patdgenos, pois alguns patdogenos se especializaram em escapar da
resposta de linfécitos T CD8+ através da supressio da expressdo de moléculas HLA
nas células hospedeiras (JONES et al., 1995; SCHWARTZ et al., 1996; BENNETT et
al., 1999; ISHIDO et al., 2000). O reconhecimento de baixos niveis de HLA por células
NK teria sido vantajoso para evitar a evasao de respostas por linfocitos T CD8+. No
entanto, para que as células NK reconhegcam apenas perfis alterados de expressao
de HLA, é necessario que haja um processo de educagao das NK nas fases iniciais
de seu desenvolvimento. Esse fendbmeno também é conhecido como licenciamento
das células NK (KARRE et al., 1986; KIM et al., 2005).

Alternativamente, o aumento anormal da expressao de HLA também pode
levar a ativagdo das células NK (VIVIER et al., 2012). As NK podem desencadear
citotoxicidade direcionada a essas células devido a expressdao aumentada de
moléculas HLA que sao ligantes para receptores ativadores, o que também desregula
o balango de sinais e promove acgao citotdxica. Sendo assim, tanto a ativagdao quanto
a inibigao de células NK sao processos importantes para o controle da resposta imune
mediada por estas células (VILCHES; PARHAM, 2002; PARHAM, 2004; PEGRAM et
al., 2011).

2.2 RECEPTORES SEMELHANTES A IMUNOGLOBULINA DE CELULAS NK (KIR)

Os receptores semelhantes a imunoglobulina das células NK (KIR) receberam
este nome por terem sido primeiramente descritos nesse conjunto de células. Porém,
sdo também encontrados em uma subpopulacédo de linfocitos T, as células NKT
(IKEDA et al., 1997; UHRBERG et al., 2001). S&o receptores de membrana que
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possuem dominios extracelulares semelhantes a imunoglobulina, além de uma regiao
transmembrana e um dominio intracelular efetor.

Os KIR sdo nomeados pelo comité de nomenclatura HUGO (do inglés, Human
Genome Organization) de acordo com: a quantidade de dominios semelhantes a
imunoglobulina extracelulares (D), que podem ser dois ou trés (2D ou 3D); a estrutura
do seu dominio citoplasmatico, que pode ser curto ou longo (S, do inglés shortou L,
do inglés, long); ou ainda por ndo possuir produto proteico funcional (P, do inglés
pseudogene) (MARSH et al., 2003).

A fungao ativadora ou inibidora de KIR esta associada a motivos especificos
baseados em tirosina em seu dominio citoplasmatico (FIGURA 1). Os dominios curtos
geralmente se associam a moléculas adaptadoras DAP (DAP10 ou DAP12), que
contém motivos ativadores baseados em tirosina (ITAMs, do inglés immune tirosine-
based activating motifs), responsaveis pelo desencadeamento de uma cascata de
mecanismos citotoxicos. Ja os dominios longos possuem em sua prépria estrutura
motivos inibidores baseados em tirosina (ITIM, do inglés immune tirosine-based
inibitory motif), capazes de silenciar receptores ativadores (SMYTH et al., 2005;
LANIER, 2008). A excecgao é KIR2DL4, que apesar de ter dominio longo, transduz
sinais inibidores e ativadores, com fungao ativadora preponderante (FAURE; LONG,
2002).
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FIGURA 1 - CONJUNTO DE RECEPTORES KIR, DESTACANDO SEUS DOMINIOS
EXTRACELULARES E MOTIVOS BASEADOS EM TIROSINA.

KIR2D KIR3D
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s A ~ e
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FONTE: IPD-KIR (ROBINSON et al., 2015), modificado pelo autor (2019).
LEGENDA: Os dominios em vermelho sdo correspondentes aos ITIM e em verde sédo representados
os dominios ITAM. Esta destacado em uma caixa vermelha o receptor KIR2DL4, que possui dominio
longo e atividade predominantemente ativadora.

O ITAM esta presente em moléculas como o DAP12, CD3 e FceRI (LANIER,
2008) e contém um residuo de aspartato carregado negativamente que ajuda na sua
associacao com residuos de carga elétricas opostas, como lisina ou arginina presente
em receptores KIR ativadores (FENG et al., 2005). Os KIR e as moléculas contendo
ITAM formam um complexo que permite a fosforilagdo dos residuos de tirosina, que
por sua vez desencadeiam uma cascata ativadora de mecanismos citotoxicos. Com
isso, o0s receptores ativadores sdo capazes de promover a reorganizagdo do
citoesqueleto e a liberagao de granulos contendo perforinas e granzimas, bem como
a ativagao da transcricdo de genes de citocinas e quimiocinas e a proliferagdo das
células NK (SMYTH et al., 2005; LANIER, 2008).

Ja o ITIM é parte da cauda citoplasmatica de receptores KIR inibidores e tem
seus residuos de tirosina fosforilados quando os receptores inibidores encontram seus
ligantes. Com isso, ha o recrutamento de uma cascata de sinalizagado que culmina na

desfosforilagdo de tirosino-quinases associadas aos receptores ativadores (SMYTH
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et al., 2005; LANIER, 2008). Portanto, a fungao inibidora de KIR inibidores consiste na
propria supressao dos receptores ativadores.

N&o sdo conhecidos os ligantes de todos os KIR. Um mesmo receptor pode
reconhecer mais de um ligante HLA, como é o caso de KIR3DL2, que reconhece HLA-
F, HLA-B27, HLA-A3 e HLA-A11 (revisado por AUGUSTO; PETZL-ERLER, 2015). Da
mesma forma, um mesmo ligante HLA pode ter mais de um receptor que o reconhece,
como HLA-C2, que se liga a KIR2DL1 e KIR2DS1 (WINTER et al., 1998). Entre os KIR
que nao tém ligantes conhecidos estdo: KIR2DL5, KIR3DL3 e KIR2DS3 (PENDE et
al., 2019). Além disso, muitas das interagdes propostas ainda sao controversas. As
interacbes de KIR com HLA confirmadas através de estudos funcionais estao
descritas na TABELA 1, revisadas por NEMAT-GORGANI et al. (2019).

TABELA 1 — INTERACOES CONFIRMADAS ENTRE KIR E HLA (REVISADO POR NEMAT-
GORGANI et al., 2019).

HLA Epitopo de HLA KIR Referéncias
(GUMPERZ et al., 1995; FOLEY

HLA-A e -B Bw4 KIR3DL1 et al., 2008)
HLA-A A3 KIR3DL2 (DOHRING et al., 1996)
HLA-A A11 KIR3DL2 (HANSASUTA et al., 2004)
HLA-C C2 KIR2DL1 (FAN et al., 1996; WINTER;
HLA-C C1eC2 KIR2DL2 LONG, 1997; WINTER et al.,
HLA-C C1 KIR2DL3 1998; HILTON, HUGO G et al.,
HLA-C C2 KIR2DS1 2015),
HLA-C C1 (apenas C*16) KIR2DS2 (MOESTA et al., 2010)
HLA-A A11 KIR2DS4 (GRAEF et al., 2009)

C2 (apenas C*0501,

C*0202 e C*0401) e
HLA-C C1 (apenas C*1607, KIR2DS4 (GRAEF et al., 2009)

C*0102 e C*1402)

KIR2DS5 (apenas

HLA-C Cc2 0s alelos 2DS5°003, gy s et al., 2017)

*004, *005, *006,
*007 e *008)

2.3 GENES KIR

Genes KIR sao encontrados em primatas simios (incluindo humanos e
macacos) e em ruminantes (como carneiros, bovinos e cervos), embora a expansao
tenha ocorrido de maneira independente nas duas linhagens evolutivas, a partir de
diferentes genes ancestrais (GUETHLEIN; ABI-RACHED; et al., 2007; GUETHLEIN et
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al., 2015). O surgimento do MHC-C em primatas simios (FUKAMI-KOBAYASHI et al.,
2005) foi importante para a evolugao de KIR, com a expansao dos KIR que contém os
dominios extracelulares D1 e D2 (KIR2DL1-3, KIR2DS1-5), em que o DO corresponde
a um pseudoéxon (FIGURA 2). Esses KIR2D possuem especificidade ao MHC-C
determinada por um polimorfismo na posi¢cao 44 do dominio D1 (WINTER et al., 1998;
KHAKOO et al., 2000; GUETHLEIN; OLDER AGUILAR; et al., 2007). Em humanos, o
surgimento de um dimorfismo na posi¢céo 80 de HLA-C, que da origem ao epitopo C1
(residuo de asparagina) e ao epitopo C2 (residuo de lisina), enriqueceu a
diversificacao dos KIR2D (tipo |, D1 e D2), em comparagao aos outros primatas. Além
disso, a regido gendmica dos genes KIR em humanos se diferencia daquela de outros
primatas por ter duas regides, denominadas centromérica e telomérica. Ainda, difere
pela existéncia de grupos de haplétipos de conteudo génico funcionalmente distintos
(UHRBERG et al., 1997; VALIANTE et al., 1997).



FIGURA 2 — ORGANIZAGAO DOS GENES KIR.
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FONTE: ROBINSON et al. (2015).
LEGENDA: Genes com estruturas semelhantes foram agrupados. Os retdngulos azuis representam

éxons codificadores e as caixas vermelham representam os pseudoéxons 3 e o éxon 2 de KIR3DP1,
que pode apresentar delegdo. Os nimeros sobre as caixas representam o tamanho em pares de
base (pb). As correspondéncias entre os éxons e os dominios codificados na proteina estao

representados pelas chaves na parte inferior da imagem.

A familia génica KIR humana contém 13 genes (KIR2DL1, KIR2DL23,
KIR2DL4, KIR2DL5A, KIR2DL5B, KIR2DS1, KIR2DS2, KIR2DS3, KIR2DS4,
KIR2DS5, KIR3DL1S1, KIR3DL2, KIR3DL3) e dois pseudogenes (KIR2DP1 e
KIR3DP1) localizados no complexo de receptores leucocitarios (LCR), na regiao
genbmica 19913.4 (WILSON et al., 2000). A diversidade de genes KIR é caracterizada
pelo incomum polimorfismo de presenga e auséncia, que leva a um polimorfismo

haplotipico com relagéo ao conteudo de genes, por polimorfismos alélicos e ainda por
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uma expressao génica diferencial entre individuos de uma populacédo e variegada
entre células NK de um mesmo individuo (PARHAM, 2004; UHRBERG, 2005).

Como mencionado, a variagdo de auséncia e presenga de genes e
pseudogenes gera uma grande diversidade de haplétipos de conteudo génico, que
podem ser classificados em dois grandes grupos, A e B (FIGURA 3) (UHRBERG et
al., 1997; VALIANTE et al., 1997). Haplotipos do grupo A contém um numero menos
variavel de genes, normalmente sete genes, além de dois pseudogenes. Possuem
apenas um gene ativador classico, de cauda curta, o0 KIR2DS4, além do KIR2DL4 que
também transduz sinais ativadores (FAURE; LONG, 2002). E, portanto, um
haplogrupo com maior potencial inibidor. Ja os haplétipos do grupo B contém uma
maior variedade de combinagdes de genes ativadores, podendo apresentar de um a
seis (VALIANTE et al., 1997; UHRBERG et al., 2002; PARHAM, 2008). O haplogrupo
B é definido pelo HUGO pela presenca de pelo menos um dos seguintes genes:
KIR2DL5, KIR2DS1, KIR2DS2, KIR2DS3, KIR2DS5 e KIR3DS1; enquanto o
haplogrupo A é definido pela auséncia destes (MARSH et al., 2003).

Os dois haplogrupos foram encontrados em todas as populag¢des estudadas
até o momento, mas suas frequéncias diferem significantemente entre populagdes.
Por exemplo, em japoneses a frequéncia do haplogrupo A é 80% (YAWATA et al.,
2006) e em aborigenes australianos a frequéncia deste haplogrupo € de apenas 2%
(TONEVA et al., 2001). Ja foi sugerido que a presenga do haplogrupo B € vantajosa,
em nivel populacional, para a reprodug¢ao e no combate a patdégenos, ja que esse é
associado a maiores niveis de ativagao de células NK. A maior ativagao, por sua vez,
aumenta o perfil citotoxico das NK em infecgdes e aumenta potencial de invasdo do
trofoblasto na gravidez (PENMAN et al., 2016). Apesar da grande variagcao de
presenca € auséncia de genes observada na regidao KIR, os genes KIR3DLS3,
KIR2DL4, KIR3DL?Z2 e ainda o pseudogene KIR3DP1 estao presentes em praticamente
todos os haplétipos, sendo chamados de genes moldura. Os genes KIR3DL3 e
KIR2DL4 demarcam a regidao centromérica do haplétipo KIR, enquanto os genes
KIR3DP1 e KIR3DL2 demarcam a regiao telomérica (VILCHES; PARHAM, 2002)
(FIGURA 4). Ja foi demonstrado que a grande maioria dos haplétipos frequentes nas
populacdes mundiais sdo, na verdade, diferentes combinagbes de um numero menor
de segmentos centroméricos e teloméricos (PYO et al., 2010; HOLLENBACH et al.,
2012). Raramente, alguns genes podem estar duplicados e algum gene moldura n&o
esta presente (GONZALEZ-GALARZA et al., 2015).
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FIGURA 3 - COMBINAGOES DE SEGMENTOS KIR CENTROMERICOS E KIR TELOMERICOS
IDENTICOS.

A haplotype

Cen B1 Tel A

KIRIDLI KIRZDEZ KIRZDLZ KIRIDLS KIR2D535 KIRZ2DP1 IR, 1 KIR3ZDP1 KIRZDL4 KIRIDL1 KIRIDS4 KIRIDL2
ES- T .

TelB
i e T

FONTE: HOLLENBACH et al. (2012).

LEGENDA: Organizagdes possiveis dos haplétipos KIR encontradas em diversas populagdes. Estao
indicadas as regides centroméricas (Cen) e teloméricas (Tel) de acordo com sua associagdo aos
haplogrupos A e B. Cada retangulo representa um Jocus KIR. Caixas em preto indicam genes
caracteristicos dos haplogrupos A, e caixas em branco indicam genes caracteristicos dos
haplogrupos B. Caixas com preenchimento tracejado destacam os genes que podem ser encontrados
em ambos os haplogrupos. Finalmente, caixas em cinza destacam os genes moldura.

A variacao estrutural de presencga e auséncia de genes KIR ¢é explicada pela
alta similaridade entre suas sequéncias, geralmente com 80 a 90% de identidade
(TRAHERNE et al., 2010), pela orientagao unidirecional dos genes e pela proximidade
fisica das sequéncias dos genes KIR, que estdo espagados por regides intergénicas
curtas (1 a 3 kb) e conservadas (MARTIN et al., 2000). Esses fatores facilitariam a
ocorréncia de eventos de duplicagdo ou delecdo de genes por recombinagdo néo
reciproca (MARTIN et al., 2003). Foi demonstrado ainda que sitios de elementos
repetitivos podem dirigir a recombinag¢ao dentro dessa regiao, como os Alu, elementos
nucleares intercalados longos (LINEs) e longas repeticoes em tandem (LTRS)
(WILSON, M J et al., 2000). Essas caracteristicas aumentam a ocorréncia também de

fusdes génicas, que ocorrem a partir de delegcdes em regides intergénicas e
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subsequente justaposicao de segmentos de genes diferentes. Assim, as fusbes
génicas possibilitaram o surgimento de receptores KIR hibridos, como observado para
KIR2DL3-KIR2DP1 e KIR2DL1-KIR2DS1. Sugere-se que a elevada ocorréncia de
recombinagdes entre genes KIR € um recurso evolutivo seletivamente vantajoso para

evitar a evasao ou subversao de patogenos (TRAHERNE et al., 2010).

FIGURA 4 - REPRESENTAGCAO DE DIFERENTES HAPLOTIPOS DE PRESENCA DE GENES KIR,
SEPARANDO REPRESENTANTES DOS HAPLOGRUPOS A E B.
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FONTE: RAJALINGAM (2012). Adaptado pelo autor (2020).

LEGENDA: Organizagdes possiveis dos haplétipos KIR encontradas em diversas populagbes. Estao
indicadas as regides centroméricas e teloméricas pelos colchetes superiores. Os colchetes a direita
indicam o pertencimento de cada um dos haplétipos ao haplogrupo A ou B. Cada retangulo
representa um locus KIR. Caixas em preto indicam genes moldura, caixas em cinza indicam genes de
receptores inibidores e em caixas em branco estdo representados genes de receptores ativadores ou
pseudogenes.

Ao contrario de receptores de outros linfécitos, como células T e B, os genes
de receptores de células NK ndo sofrem processos de rearranjo génico em suas
células somaticas para gerar diversidade entre as células de um mesmo individuo. Em
contrapartida, possuem diversidade de expressao variegada de seus receptores na

superficie que gera diversidade entre diferentes clones celulares. Sugere-se que esta
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€ controlada por desmetilagdo aleatéria de promotores KIR durante a maturagao
celular. Como consequéncia, diferentes clones de células NK podem expressar
subconjuntos diferentes de moléculas KIR em sua superficie (UHRBERG, 2005; ORR,;
LANIER, 2010). Além disso, os receptores KIR nao silenciados apresentam diferentes
niveis de expressdo na superficie das células NK. E conhecido que o polimorfismo
alélico de alguns genes KIR influencia os niveis de expressao na superficie (DUNPHY
et al., 2015).

A combinacdo de presenca de certos genes KIR com alelos HLA que
codifiquem seus respectivos ligantes ja foi relacionada com varias doengas, como a
sindrome da imunodeficiéncia humana (AIDS) (MARTIN et al., 2002), infec¢ao pelo
virus da hepatite C (KHAKOO et al., 2004), neoplasia cervical induzida pelo
papilomavirus humano (CARRINGTON et al., 2005), artrite psoriatica (NELSON et al.,
2004), diabetes tipo | (SLIK, VAN DER et al., 2003), pré-eclampsia (HIBY et al., 2004),
cancer (AUGUSTO, 2016) e pénfigo foliaceo (AUGUSTO et al., 2012a; AUGUSTO et
al., 2015). Isso sugere que a diversidade populacional nas interagbes dos receptores

KIR com seus ligantes sdo importantes na modulacéo da resposta das células NK.

2.4 GENE KIR2DL1

O gene KIR2DL1 tem presenga variavel, sendo observado com frequéncias
que abrangem um intervalo de 65,6% em taiwaneses (YEN et al., 2006) até 100% em
algumas populagdes asiaticas (YAWATA et al., 2006). A frequéncia mais baixa desse
gene em uma populacéo brasileira, 84%, foi observada em indigenas Guarani
(AUGUSTO et al., 2013a). O KIR2DL1 tem 9 éxons, sendo que o éxon 3 € na verdade
um pseudoéxon (FIGURA 5). Em outros genes, esse éxon € responsavel pela
codificacdo do dominio DO e sua perda de funcgao foi observada nao s6 em KIR2DL 1
como também em outros genes KIR, como KIR2DL23 e KIR2DS1-5. A auséncia do
dominio DO combinado com o polimorfismo na posi¢cao 44 do dominio D1, que codifica
uma metionina ou lisina, confere a capacidade dessas proteinas se ligarem a
moléculas de HLA-C (VILCHES et al., 2000; PARHAM; GUETHLEIN, 2018).

O receptor KIR2DL1 tem como ligantes um subgrupo de moléculas de HLA-C
que contém um residuo de asparagina na posigao 77 e lisina na posig¢ao 80, presente
no grupo C2 (FAN et al., 2001). As moléculas HLA-C2 sao reconhecidas por KIR2DL1
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e também pelo seu receptor homologo ativador KIR2DS1. Além disso, observa-se
certo grau de reconhecimento cruzado de C2 por KIR2DL2 e KIR2DL3 (WINTER et
al., 1998). Dentre esses trés, o KIR2DL1 é o receptor que se liga com maior afinidade
e especificidade ao HLA-C2, além de desencadear resposta inibidora mais
pronunciada (STEWART et al., 2005; MOESTA et al., 2008; HILTON, HUGO G et al.,
2015). Ja foi demonstrado que o nivel de expressao de KIR2DL1 altera a capacidade
citotoxica das células NK (BARI et al., 2009; CHAROUDEH et al., 2012). Quando em
niveis mais baixos, leva a menor inibigdo global e a um consequente aumento na
atividade citolitica dessas células (XUE et al., 2013).

A importancia funcional de KIR2DL 1 evidencia-se também pelas implicacées
clinicas, uma vez que o polimorfismo desse gene ja foi associado a diversas doengas,
como a hanseniase tuberculéide (FRANCESCHI et al., 2008), endometriose (ZHANG
et al., 2006), neoplasia cervical (CARRINGTON et al., 2005), leucemia (JUNEVIK et
al., 2007), pré-eclampsia (HIBY et al., 2004), na doenca do enxerto contra hospedeiro
(DECH) (LUDAJIC et al., 2009), e, ainda, a uma possivel imunodeficiéncia devido a
expressao constitutiva do receptor em toda a populagao de células NK (GAZIT et al.,
2004), bem como a evolugao clinica de transplantes (VELARDI et al., 2002; BARI et
al., 2009).

FIGURA 5 - ORGANIZACAO DO GENE KIR2DL1.

Exon1 Exon2 Exon 3 Exon 4 Exon 5§ Exon6 Exon7 Exon8 Exon 9

Ly ! ! Lo

34 36 282 300 294 51 102/105 53 177

i+ e e e

FONTE: (ROBINSON et al., 2015)
LEGENDA: As setas indicam cada um dos éxons e o nimero representa a quantidade de
nucleotideos codificados por cada éxon. A caixa em vermelho representa o pseudoéxon 3.

2.5 POPULACOES HUMANAS E DIVERSIDADE GENETICA

A evolugdo e a diversidade de familias génicas como a de KIR estdo
intrinsecamente relacionadas com a histéria das populagées humanas. Os humanos
modernos tiveram origem na Africa ha cerca de 200 milhdes de anos; porém, estima-

se que sua migracdo além da Africa s6 tenha ocorrido ha cerca de 100 milhdes de
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anos. A partir da Africa, a espécie humana povoou a Asia, Europa, Oceania e,
finalmente, as Américas (CAVALLI-SFORZA et al., 1994; REYES-CENTENO, 2016).
Atualmente, dentre as populagbes humanas modernas, as africanas em geral
apresentam maior diversidade genética, complexa subestrutura populacional e baixo
desequilibrio de ligacdo quando comparadas a populagdes nao africanas, de maneira
correlata com a distancia de migracdo das populacdes ancestrais desde a Africa.
Portanto, os amerindios apresentam menor diversidade genética, em torno de 60 a
70% daquela observada em africanos (ROSENBERG et al., 2002; WANG et al., 2007),
menor subestruturagdo populacional e maior desequilibrio de ligagdo (TARAZONA-
SANTOS et al., 2001; GASPAR et al., 2002; TISHKOFF; VERRELLI, 2003).

2.5.1 POPULACOES AMERINDIAS

Com relagédo a origem das populagdes amerindias, ha fortes e numerosas
evidéncias de que essas sado descendentes de populacbes do nordeste asiatico
(CAVALLI-SFORZA et al., 1988; REICH et al., 2012; POSTH et al., 2018). Essas
populacdes teriam migrado do continente asiatico para as Américas através do
Estreito de Bering, em trés diferentes ondas de migracdo. A onda de migracao
responsavel pelo povoamento da América do Sul teria ocorrido a partir de uma
populagao ancestral denominada paleoindios, ou "primeiros homens" (SCHANFIELD,
1992; CAVALLI-SFORZA et al., 1994; WANG et al., 2007; REICH et al., 2012). Outras
evidéncias sugerem que a origem dos povos da América pode ter influéncias também
da Australasia (que inclui a Australia, Melanésia e ilhas do Sudeste Asiatico), porém
essa influéncia é muito inferior a das populagdes do nordeste asiatico (SKOGLUND et
al., 2015). Todas as analises indicam que os amerindios atuais sdo mais préximos
geneticamente das populagdes asiaticas do que de populagdes de qualquer outra
regiao geografica.

As populagdes amerindias que foram analisadas nesse estudo pertencem a
trés grupos étnicos principais: os Kaingang, os Guarani, e os Aché. Os Kaingang tém
subsisténcia baseada na agricultura e sua lingua nativa pertence ao grupo linguistico
Jé. Essas populagbes vivem majoritariamente no sul do Brasil, distribuidos em mais
de 30 areas de reservas. Ja os amerindios Guarani, podem ser encontrados nas

regides sul, sudeste e central do Brasil, além de outros paises da América do Sul, que
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incluem Paraguai, Argentina e Bolivia. Os Guarani ttm em comum, além de costumes
e fendtipo, a lingua Guarani, que pertence ao tronco Tupi-Guarani (TSUNETO et al.,
2003). No Paraguai, os Guarani sdo o grupo indigena predominante, porém sao
encontradas também outras populacdes, como os Aché. Os Aché, por sua vez, séo
um pequeno grupo amerindio do leste do Paraguai que vivem em pequenos grupos
de 15 a 70 individuos e evitam visitas e miscigenagdo com grupos Guarani. Esse
grupo difere dos Guarani em costumes; pela sua lingua Aché, que também
pertencente ao tronco linguistico Tupi-Guarani; e pelo fenotipo que se caracteriza por
pele, cabelos e olhos mais claros (HILL; HURTADO, 1996; TSUNETO et al., 2003).
Além disso, é debatido se os Aché sdao um grupo Guarani diversificado ou se
descendem de grupos Jé que precedem a colonizagdo Guarani do Paraguai. Porém,
estudos genéticos com marcadores HLA (TSUNETO et al., 2003), mtDNA (SCHMITT
et al., 2004) e outros marcadores autossémicos (BATTILANA et al., 2002; GASPAR
et al., 2002; CALLEGARI-JACQUES et al., 2007) apontam maior proximidade entre
Aché com os grupos Guarani.

As populagbes amerindias continuaram isoladas ao longo de geragdes, em
funcdo principalmente de fortes barreiras culturais que levaram ao isolamento
reprodutivo. O fluxo génico entre populagcdes nao-amerindias e as populacdes
amerindias incluidas no presente estudo foi estimado com base nas frequéncias de
alelos dos genes HLA (TSUNETO et al., 2003). Foi estimado que a populagdo de
Guarani Nandeva possui o fluxo génico mais elevado (14,3%), seguido das
populagdes Kaingang (7,2%) e Guarani M’bya (3,7%). Nesse mesmo estudo, nao foi
encontrada evidéncia de fluxo génico na populacdo de Guarani Kaiowa, nem na
populagao Aché.

O polimorfismo de presenca e auséncia de genes KIR foi caracterizado em
quatro das seis populag¢des de amerindios incluidas nesse trabalho (n&o incluidos séo
os Kaingang de Ivai e Aché) (AUGUSTO et al., 2013a). Porém, ndo foram descritas
frequéncias alélicas de nenhum dos genes KIR nessas populagdes. Ja foram feitos
estudos a nivel alélico, porém com poucos genes, em amerindios do México (KIR2DL1
e KIR2DL3), da Argentina (KIR2DL4) e da Venezuela (KIR3DL1 e 3DST)
(GONZALEZ-GALARZA et al., 2015), e, apenas um estudo na populacdo de
amerindios Yucpa na Venezuela caracterizou o polimorfismo haplotipico de KIR
(GENDZEKHADZE et al., 2009).
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2.5.2 JAPONESES NO BRASIL

Atualmente, o Brasil tem a maior populagéo de ancestralidade japonesa ndo
residente no Japao. Segundo dados do censo demografico brasileiro de 2010, sédo
mais de 1,5 milhdo de descendentes de japoneses no Brasil. Dentre esses, o Parana
tem a segunda maior populagdo de descendentes de japoneses do Brasil, atras
apenas do estado de Sao Paulo (IBGE, 2013). Os descendentes de japoneses se
organizam em comunidades em grandes centros urbanos. No Parana, estao
presentes principalmente em Londrina, Curitiba e Maringa (SAKURAI et al., 2010),
mas também em maior propor¢gdo em algumas cidades menores como Assai e Urai
(CATANIO, 2002).

A imigragao japonesa ao Brasil ocorreu devido a escassez de recursos € a
superpopulacdo que ocorria no Japao apds a Restauracao Meiji. No final do século
XIX, muitos japoneses migraram para paises como Estados Unidos, México e Peru. A
migragao ao Brasil comecgou a partir de 1895, quando o Brasil e o Jap&o assinaram o
Tratado de Amizade, Comércio e Navegacao, para suprir a demanda de mao de obra
no pais. Até 1941, ja tinham sido registradas a entrada de aproximadamente 175 mil
japoneses no Brasil. Os descendentes dos japoneses que imigraram ao Brasil tém
baixa miscigenagdo com outros grupos étnicos (SAKURAI et al., 2010).

A diversidade alélica de KIR foi caracterizada em individuos japoneses, porém
em baixa resolucao (YAWATA et al.,, 2006). Naquele trabalho, foi visto que os
japoneses tém a maior frequéncia mundial de haplétipos KIR A (80%) e também de
ligantes C1 (92%). Ainda, a populagao de descendentes de japoneses residentes em
Curitiba ja foi caracterizada para a presenca e auséncia de genes KIR em estudos
anteriores do nosso grupo, que mostrou que o haplétipo KIR A apresenta frequéncia
de 60,8% e o ligante HLA-C1 apresentou frequéncia de 85,1% (AUGUSTO et al.,
2016). Até o momento, ndo foram publicados estudos que caracterizam a diversidade
dos genes KIR em alta resolucdo em individuos japoneses ou com ascendéncia
japonesa. Ainda, devido as evidéncias de que as populagdes Amerindias foram
originadas de ancestrais asiaticos (REICH et al., 2012) mencionadas anteriormente, é

interessante comparar a diversidade genética das populagdes japonesa e indigenas.
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2.6 JUSTIFICATIVA

Estudos de genética de populagdes sdo de grande importancia para entender
a histoéria evolutiva da espécie humana e as bases genéticas das doengas humanas.
Os padrdes de diversidade genética em populagdes humanas, considerando tanto os
genes que influenciam doencgas quanto outras regides do genoma, sao o resultado de
uma historia evolutiva complexa. A deteccao de fatores evolutivos (mutagdes, fatores
demograficos e sele¢do) que moldam a diversidade populacional pode auxiliar a
compreender a essencialidade da funcdo biolégica dos genes analisados e,
eventualmente, auxiliar na elucidagcao da funcédo de regides ainda desconhecidas.
Além disso, levar em conta a estrutura genética populacional é fundamental para
realizar estudos de associagdo a doengas complexas (multifatoriais) e no
desenvolvimento de metodologias diagndsticas e terapéuticas que contemplem
efetivamente todas as populagées humanas.

A familia génica KIR evoluiu rapidamente, em comparagdo com outras
familias génicas (KHAKOO et al., 2000; SAMBROOK et al., 2005; GUETHLEIN et al.,
2007; TRAHERNE et al., 2010). Alguns autores propdem que a alta taxa de
recombinacdo e o surgimento de genes hibridos seriam favorecidos por selegcao
positiva, pois o aumento da diversidade contribui para evitar a evasao de patégenos
(TRAHERNE et al., 2010). Ja foi demonstrada a ocorréncia de selecdo em genes KIR
(NORMAN et al., 2007, 2013a; AUGUSTO et al., 2019) e ha evidéncias de coevolugao
entre genes KIR e HLA (revisado em AUGUSTO e PETZL-ERLER, 2015). Contudo,
poucos estudos exploraram a diversidade de KIR em Amerindios (GENDZEKHADZE
et al., 2006, 2009; GUTIERREZ-RODRIGUEZ et al., 2006; AUGUSTO et al., 2013b;
AUGUSTO; HOLLENBACH; et al., 2015)

Além de descrever a diversidade desses genes em populagdes sul-
americanas isoladas e urbanas, a nossa hipotese é de que certas combinacgdes
funcionais de genes KIR e ligantes HLA possam ter sido favorecidas por selegcéo
natural. Dentre os HLA de classe |, as moléculas HLA-C apresentam os mais baixos
niveis de expressao (APPS et al., 2015), possivelmente pela sua especializagdo em
modular a funcdo das células NK através dos KIR2D; em contraste com HLA-A e B,
que teriam se especializado na resposta de células T (OLDER AGUILAR, A. M. et al.,
2010). Ja foi demonstrado que o receptor inibidor KIR2DL1 reconhece o epitopo C2

de aldtipos HLA-C e que isso desencadeia a resposta inibidora mais potente dentre
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os receptores KIR (NORMAN; PARHAM, 2005; STEWART et al., 2005; MOESTA et
al., 2008). Além disso, a presenca de KIR2DL1 ja foi associada a diversas doengas e
ao sucesso de transplantes (VELARDI et al., 2002; RAJAGOPALAN; LONG, 2005).
Portanto, dentre os receptores KIR, o estudo da diversidade de KIR2DL1 e seu
impacto nos niveis de expressao do receptor e nos niveis de expressdo de HLA-C
pode nos fornecer evidéncias de possiveis alvos de regulagao génica e de coevolugao
entre KIR e HLA.

3 OBJETIVOS

3.1 OBJETIVO GERAL

Caracterizar em alta resolugao a diversidade de todos os genes KIR em oito
populagdes sul-americanas (seis populagdes amerindias, eurodescendentes e
descendentes de japoneses), bem como a presenca dos ligantes HLA, e avaliar o
possivel impacto da variagao genética nos niveis de expressao génica, em especifico,
de KIR2DL1.

3.2 OBJETIVOS ESPECIFICOS

e Estimar as frequéncias alélicas de todos os genes KIR em amostras de
trés populagdes de amerindios Guarani (Guarani Kaiowa — MS -,
Guarani Nandeva — MS — e Guarani M’bya — PR), duas populacdes de
amerindios Kaingang (provenientes de lvai e Rio das Cobras — PR), uma
populacdo de amerindios Aché (oriundos do Paraguai), e duas amostras
urbanas de Curitiba (PR), uma de descendentes de japoneses e outra
de ascendéncia predominantemente de europeia.

e Estimar as frequéncias de moléculas HLA de classe | descritas como
ligantes de KIR.

e Determinar, em alta resolugao, os haplétipos KIR mais frequentes nas

populacdes em estudo.
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e Verificar o impacto funcional da diversidade de presenca e auséncia e
da diversidade alélica de KIR2DL1 na sua expressao génica e de seu
ligante HLA-C.
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4 MATERIAL E METODOS

4.1 AMOSTRAS BIOLOGICAS

A partir de um painel de amostras do biorrepositorio do Laboratorio de Genética
Molecular Humana (LGMH) da UFPR, foram selecionados 707 individuos
pertencentes as oito populagdes sul-americanas, descritas na TABELA 2. O material
bioldgico em estoque dessas amostras foi previamente coletado e o DNA foi extraido
ao longo dos anos pelo método do fenol cloroférmio alcool isoamilico (SAMBROOK et
al., 1989) e estocado a -80°C. Amostras com baixa disponibilidade ou qualidade do
material bioldgico foram excluidas.

As populagdes do estudo incluem seis populagdes amerindias isoladas, sendo
trés Guarani (Guarani Kaiowa — n=150; Guarani Nandeva — n=81; Guarani M’bya —
n=84), duas popula¢des Kaingang provenientes de Ivai (n=93) e de Rio das Cobras
(n=84) e uma populacao de estabelecida no Paraguai, os Aché (n=51). Os Aché, que
eram ndmades, hoje vivem em reservas na regiao fronteiriga do Paraguai com o Brasil,
a 200 quildmetros da fronteira com o Brasil e a 400 km da reserva de Rio das Cobras,
onde vivem os Guarani M’bya e uma populagdo Kaingang. A coleta de material
biolégico das populagbes amerindias foi feita entre o final dos anos de 1980 e o
comego de 1990, como descrita em trabalhos anteriores do nosso grupo (TSUNETO
et al., 2003).

Esse estudo também inclui duas populacbes urbanas de Curitiba, uma
predominantemente eurodescendente (n=109) e uma de descendentes de japoneses
(n=75). Todos os individuos de ascendéncia japonesa incluidos nesse estudo
nasceram no Brasil e apresentam os dois genitores ou os quatro avos bioldgicos
nascidos no Japao. Eles relataram nao ter histérico de miscigenagdo com nao
japoneses. Dentre os eurodescendentes de Curitiba coletados para analise de
expressao génica (n=48), foram incluidos individuos adultos (em média 26 anos) que
nao relataram nenhuma doenga aguda ou crénica e que residiam em Curitiba e regiao
metropolitana.

Todos os participantes foram informados dos objetivos da pesquisa e
concordaram em participar através de consentimento oral ou escrito, de acordo com

a regulacao vigente no momento da coleta. Esse estudo esta incluido no projeto
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registrado pelo nimero 02727412.4.00000096 e aprovado pelo Comité de Etica em
Pesquisa Humana da Universidade Federal do Parana (CEP-UFPR) e pela Comissao
Nacional de Etica em Pesquisa (Conep) sob o parecer de numero 505.988
(02/01/2014).

TABELA 2 - CARACTERIZAGCAO DAS OITO POPULAGOES INCLUIDAS NO ESTUDO.

Idade média Localiza¢do no Numero
Etnia Detalhes Abreviagio! (min - méx) momento da coleta Latitude Longitude amostral
(TSUNETO et al, 2003) (n=707)
Eurodescen- . 25,95 .
dentes de Curitiba CTBA (20 - 64) Curitiba/PR -25,45 -49,22 109
Descendentes 4 itiba JAP 30,62 Curitiba/PR 2545 4922 75
de japoneses (15-69)
. 25.57 Limao Verde/MS -23,12 -55,05
Kaiowa GKW ’ . 150
: (12 - 66) Amambai/MS 23,06  -55,12
Guarani -
M’bya GRC - Nova Laranjeiras/PR -25,18 -52,32 84
Nandeva GND = Amambai/MS -23,06 -55,12 81
. Ivai KIV - Ivai/PR -24,50 -51,67 93
Kaingang . ..
Rio das Cobras KRC - Nova Laranjeiras/PR -25,18 -52,32 64
, . Aroyo 2330 -55,50
Aché Paraguai ACHE - Bandera/Paraguai 51

Chupa Pou/Paraguai -24,10 -56,30

LEGENDA: 1 - Abreviagao adotada no contexto deste trabalho. Na idade média, estado indicados entre
parénteses as idades minimas e maximas em cada populagdo. O hifen indica que informagdes sobre
a idade dos individuos n&o esta disponivel para aquela populagéo.

4.2 GENOTIPAGEM DE PRESENGCA E AUSENCIA DO GENE KIR2DL1

Para a analise de alelos e de expressao do gene KIR2DL 1, foram convidados
48 individuos eurodescendentes residentes em Curitiba. O critério de inclusdo foi
individuos com a presenca de KIR2DL1. A presenca de genes KIR foi caracterizada
previamente na amostra de eurodescendentes de Curitiba (AUGUSTO, D. G. et al.,
2012). Os individuos que nao haviam sido previamente genotipados tiveram a
presencga do gene KIR2DL 1 avaliada pelo método de PCR com oligonucleotideos para
sequéncia especifica (PCR-SSP), utilizando dois pares de oligonucleotideos
especificos para KIR2DL1 e um par de oligonucleotideos especificos para o gene

HLA-DRB1, que é utilizado como controle positivo de amplificagdo (TABELA 3). A
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analise dos produtos das reagdes de PCR foi feita por eletroforese em gel de agarose
(2%, 80V, 60 min) banhado em TBE (Tris-Borato-EDTA), usando o corante de DNA
UniSafe (Uniscience, Sao Paulo, BR), 2 uL de produto de PCR, 2 pL de tampéao de
carreamento (azul de bromofenol e glicerol) e o marcador de peso molecular de 1kb

Scada® (Sinapse Inc., Sao Paulo, BR).

4.3 IDENTIFICACAO DOS ALELOS DE KIR2DL1

A genotipagem alélica de KIR2DL1 foi feita para os 48 individuos
eurodescendentes que participaram do ensaio de expressdo, através de
sequenciamento pelo método de Sanger (SANGER et al., 1977). Dos nove éxons do
gene, foram selecionados os éxons 1,4, 5,7 e 9, uma vez que os éxons 2, 6 e 8 e 0
pseudoéxon 3 sdo nao informativos para a distingdo dos principais grupos alélicos,
segundo os alelos ja descritos no banco de dados KIR-IPD (ROBINSON et al., 2013).
Ainda, um numero adicional de 258 amostras de individuos eurodescendentes foi
sequenciado apenas para o éxon 1, que contém a variante rs2304224, para aumentar
o poder estatistico nos testes de associacdo com esse SNP e a expressdo de
KIR2DL1 e HLA-C.

Foi utilizada a estratégia de amplificacdo de segmentos longos, em que foram
amplificados dois segmentos, denominados A e B, a partir dos oligonucleotideos
descritos na TABELA 3. O fragmento A compreende os éxons 1 a 5 (5772 pb) e foi
amplificado utilizando o mix enzimatico GoTaq® Long PCR Master Mix (Promega,
Fitchburg, WI). O fragmento B compreende os éxons 7 a 9 (2218 pb), e foi amplificado
utilizando a enzima Taq Platinum (/nvitrogen, CA, EUA). Os segmentos amplificados
foram utilizados para sequenciamento individual de cada éxon de KIR2DL 1, utilizando
o mix enzimatico Big Dye Terminator Cycle Sequencing Standart v3.1 (Thermo Fisher
Scientific Inc., Wilmington, EUA), de acordo com as instru¢des do fabricante, e os
oligonucleotideos descritos na TABELA 3.

Antes da inje¢ao do produto no sequenciador, este foi ressuspenso em 10 pyL
de Hi-Di Formamida (Thermo Fisher Scientific Inc., Wilmington, EUA). A leitura das
sequéncias nucleotidicas foi realizada por eletroforese capilar no sequenciador 3500xl

Genetic Analyzer (Thermo Fisher Scientific Inc., Wilmington, EUA).
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4.4 DETERMINACAO DO NUMERO DE COPIAS DE KIR2DL1

Para quantificar o numero de copias de KIR2DL 1, foram realizadas reacdes
de PCR em tempo real (qQPCR) utilizando DNA gendmico. O ensaio de gPCR foi
realizado em todas as amostras genotipadas para KIR2DL1 por sequenciamento
(n=48). O ensaio foi realizado em triplicata para o gene alvo (KIR2DL1) e o gene
utilizado como referéncia foi o KIR3DL3, por ser um gene moldura com numero fixo
de copias. Foi utilizado um par de oligonucleotideos adicional de KIR3DL3 para
averiguar casos de haplétipos com numero expandido de coépias (>2). O reagente
utilizado foi o GoTag® qPCR Master Mix (Promega, Fitchburg, WI), e a reacao ocorreu
no equipamento ViiA™ 7 Real-Time PCR System (Applied Biosystems, Foster City,
CA). Além disso, nos casos em que a expansao do gene (3 copias) nao foi descartada,
foi realizada PCR digital em microgotas (ddPCR, do inglés, digital droplet PCR), para
quantificacao absoluta do numero de coépias do gene. A ddPCR foi realizada apds
fragmentacado do DNA com a enzima de restricao Alul, utilizando o gene de referéncia
RPP30, na plataforma QX200™ Droplet Digital™ PCR System (Bio-Rad Laboratories,

Hercules, CA). Os oligonucleotideos iniciadores estao descritos na TABELA 3.

4.5 ENSAIO DE EXPRESSAO GENICA DE KIR2DL1

A quantificagdo da expressao génica de KIR2DL1 foi feita através do ensaio
de citometria a partir de sangue fresco em uma subamostra de eurodescendentes de
Curitiba (n=48). Foram coletados 8 mL de sangue periférico de cada voluntario em
tubo VACUETTE® (Greiner-Bio One, Austria) contendo EDTA. A separacédo das
células mononucleadas do sangue periférico (PBMC) foi feita utilizando o tubo de
separacao Leucosep™ (Greiner Bio-One, Austria) que contém uma membrana de
separacgao seletiva e Ficoll Hypaque (Sigma Aldrich, Missouri, EUA). As PBMC foram
quantificadas por contagem direta em cémara de Neubauer visualizada em
microscopio éptico, e foram utilizadas 0,5x108 células por ensaio de citometria.

As células foram marcadas com os anticorpos especificos para caracterizacao
de células NK, o anticorpo CD56 conjugado a molécula fluorescente ficoeritrina (PE)
(Miltenyi Biotec, Alemanha — Cat #130-100-622, RRID:AB_2658731) e o anticorpo

CD3 conjugado a molécula de fluorescéncia ficoeritrina-cianina 5 (PE-Cy5)
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(Biolegend, Califérnia, EUA — Cat #00328, RRID:AB_1575008). Para cada individuo,
a marcacao das células foi feita também com anti-KIR2DL1 CD158a, clone REA284,
conjugado com isotiocianato de fluoresceina (FITC) (Miltenyi Biotec, Alemanha — Cat#
130-103-967, RRID:AB_2655323). Apos incubagao, as células foram lavadas com a
solucao fosfato-salina PBS, na concentragdo de 1X, e abrigadas de luz e calor em
geladeira (temperatura padrao de 0 a 8 "C). As células marcadas foram analisadas no
citbmetro de fluxo BD FACSVerse™ (BD Biosciences, San Jose, CA). Para a
aquisigcao das células, o numero minimo de eventos por amostra foi alterado de 10.000
eventos totais para 1.000. Essa alteragao € sugerida para populagdes celulares raras,
como € o caso de células NK-KIR2DL1+ no PBMC. Foi verificado nesse estudo que
os linfocitos compdem cerca de 80% do PBMC, e uma mediana de 8,71% desses séo
células NK. Ainda, dentre as células NK, 15,65% em mediana expressam o KIR2DL1.
Isso resulta em um total de 1,09% de células NK KIR2DL1 positivas no conjunto total
de PBMC. Amostras que nao atingiram o numero minimo de eventos na citometria
foram excluidas do estudo.

A compensagédo para ensaios com multiplos fluoréforos foi feita utilizando
esferas do conjunto CS&T (do inglés, Cytometer Setup & Tracking, BD Biosciences,
San Jose, CA) que sado marcadas com fluoréforos em concentragdes conhecidas,
PBMC nao marcadas e PBMC marcadas com uma unica fluorescéncia. A estratégia
de gates (selegcédo de células com parametros celulares similares na FIGURA 6) foi
feita a partir de um primeiro gate para selecionar a populagéo de linfocitos, com base
nos parametros de granulosidade (SSC - side scatter) e tamanho (FSC - forward
scatter), uma vez que essas células apresentam granulosidade baixa (SSC°¥) e
tamanho baixo (FSC'*%). A partir da populagéo de linfocitos, foram selecionadas no
segundo gate as células NK, caracterizadas pela expressao em superficie de CD56 —
PE positivas — e auséncia de CD3 — PE-Cy5 negativas. A partir do subconjunto de
células NK, um terceiro gate selecionou as células NK que expressam KIR2DL1 —
FITC positivas. A contagem de células FITC positivas informa a porcentagem de
células NK que expressam KIR2DL1 (presenga do receptor no conjunto de células
NK). O valor de MFI (median fluorescence intensity) dessas ceélulas permite a

quantificacdo da expressao na superficie celular.
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FIGURA 6 — ESTRATEGIA DE GATES PARA QUANTIFICAR A EXPRESSAO DE KIR2DL1 POR
CITOMETRIA.

B NK cells c NK cells D Median Fluorescence
(CD56+, CD3-) (KIR2DL1+) Intensity (MFI)

50 100 150 200 250

x1000

FSC-A

FONTE: A AUTORA (2020)

LEGENDA: Na estratégia de gates, populacdes celulares sao plotadas de acordo com diversos
paradmetros, com o objetivo de isola-las das demais. (A) Na primeira imagem est&o plotados o
tamanho e a granulosidade das células do PBMC. Conforme a densidade de células ocupando um
mesmo valor aumenta, a cor dos pontos passa de azul para vermelho. Nesse grafico sdo
selecionados os linfocitos, demarcados por um circulo vermelho. (B) Em seguida, estao plotadas a
fluorescéncia de CD56 (PE-A) por CD3 (PE-Cy5-A) nos linfécitos. As células NK, que séo positivas
para CD56 e negativas para CD3, estao selecionadas em um quadrado verde (nomeado P4). (C) A
partir do conjunto das células NK, s&o selecionadas as células positivas para o KIR2DL1 (FITC-A),
em um quadrado vermelho nomeado P5. A comparacao entre as células positivas e negativas nesse
gréafico nos informa a porcentagem de células NK que expressam o KIR2DL1. (D) Quantificagcao da
expressao nas células NK positivas para o KIR2DL1, dada pelo MFI.

Em um segundo ensaio de citometria, foi analisado um subconjunto de 30
individuos eurodescendentes de Curitiba. O protocolo experimental seguiu o padrao
aqui descrito, porém foram modificados os anticorpos utilizados para quantificar a
expressao de HLA-C. Nesse ensaio, as PBMC foram incubadas com: o anticorpo anti-
HLA-C (clone DT9 sem fluorescéncia, BD Biosciences Cat# 566372, RRID:
AB_2739715), anticorpo secundario anti-rato lgG2ab (clone X-57 conjugado ao FITC,
Miltenyi Biotec Cat# 130-098-126, RRID: AB_2661521) e, por ultimo, o anticorpo anti-
CD3 (clone HIT3a conjugado ao PE/Cy5, Biolegend Cat# 300309, RRID: AB_314045).
As células CD3+ formam cerca de 60% do PBMC e, ainda, todas as células nucleadas
expressam o antigeno HLA-C. Portanto, devida a abundancia de células positivas para
o HLA-C no conjunto de células CD3+, foi definida a aquisi¢do de 10.000 eventos por

amostra.
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4.6 GENOTIPAGEM DE GRUPOS ALELICOS DE HLA DE CLASSE I (-A, -BE -C)

Para as amostras n&o previamente genotipadas (BRAUN-PRADO et al.,
2000), a genotipagem de grupos alélicos dos genes HLA-C na amostra de
eurodescendentes de Curitiba foi realizada através de PCR alelo-especifica seguida
de curva de dissociacao, utilizando oligonucleotideos previamente descritos (HONG
et al., 2011) modificados com nucleotideos LNA (do inglés, locked nucleic acid). Os
LNA se encontram na extremidade 3' dos oligonucleotideos e tem a vantagem de
possuir uma modificagdo no anel da ribose que confere maior estabilidade termal e
especificidade ao oligonucleotideo, o que permite uma melhor discriminagao de
substituicbes de bases unicas em posicoes variaveis. Foram utilizados na reagao de
PCR: Kapa 2G® fast master mix (Kapa Biosystems, Africa do Sul), 10 ng de DNA
genbmico, 20 puM de cada oligonucleotideo alelo especifico, e 10 pM de
oligonucleotideo controle para o gene da galactosylceramidase (GALC). A reacao
ocorreu por 3 minutos a 95°C, seguida de 35 ciclos alternando as temperaturas de
95°C por 15 segundos, 63°C por 15 segundos e 72°C por 1 segundo, e, finalmente,

um ciclo de 72°C por 1 minuto.

4.7 SEQUENCIAMENTO DE NOVA GERACAO DE TODOS OS GENES KIR E DE
HLA DE CLASSE |

4.7.1 Analise da qualidade do DNA

Para o sucesso do sequenciamento de nova geragao (NGS), é essencial que
as amostras de DNA estejam integras e suficientemente livres de contaminagéo. Para
avaliar essas condicbes, as amostras de DNA foram analisadas por
espectrofotometria, usando o aparelho Thermo Scientific 1000 Spectrophotometer
NanoDropTM (Thermo Fisher Scientific Inc., Wilmington, EUA), e por eletroforese em
gel de agarose. Na espectrofotometria, o DNA é quantificado na absorbancia de 260
nm, e outros contaminantes como proteinas a 280 nm. A pureza do DNA é dada pela
razao das absorcboes de 260/280, e valores entre 1,8 e 2,2 foram considerados
suficientemente puros. Para analise da integridade do DNA, foram aplicados em gel

de agarose (1%) 2 yL de DNA gendmico e 2 pL de solugéo de carreamento (azul de
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bromofenol + glicerol). As amostras foram submetidas a eletroforese com voltagem de
100V por 35 minutos. A eletroforese permite observar o DNA fragmentado, a partir da
formagéao de rastros na corrida do DNA. O DNA é considerado integro caso apresente
banda unica, clara e definida no gel. A degradacao parcial ou total, bem como baixa

quantidade de DNA foram critérios de exclusdo de unidades amostrais do estudo.

4.7.2 Sequenciamento de Nova Geracéo dos Genes KIR e HLA

O sequenciamento de nova geragdo para genotipagem alélica de alta
resolucado dos genes KIR e HLA de classe | classicos e ndo classicos foi feito na
Universidade da Califérnia, Sdo Francisco (UCSF), utilizando plataforma lllumina
HiSeq 4000 (lllumina, San Diego, CA) a partir do método desenvolvido por NORMAN
et al. (2016) e adaptado por Dr. Danillo Augusto, em 707 individuos das oito
populagdes sul-americanas previamente descritas (detalhes da amostra na TABELA
2). Todos os genes e pseudogenes KIR sao capturados e sequenciados por este
método.

Para isso, o preparo da biblioteca foi feito inicialmente com a fragmentacéao
enzimatica do DNA em segmentos curtos utilizando o kit KAPA HyperPlus (Roche,
USA). O DNA fragmentado foi ligado a adaptadores TS HT Dual Index contendo
sequéncias identificadoras (processo conhecido como indexing, ou barcoding) do kit
TruSight (lllumina, San Diego, CA). Os fragmentos ligados aos adaptadores foram
selecionados pelo método de dupla selecao de tamanho utilizando microesferas
magnéticas AMPure XP Beads (Beckman Coulter, USA), de forma a obter um
tamanho médio de 780 pares de base. O DNA, uma vez fragmentado e indexado, foi
amplificado e novamente purificado com beads magnéticas, para entdo ser feito o
controle de qualidade. A qualidade foi verificada através de dois parametros: a
quantificacao, utilizando o kit PicoGreen® (Thermo Fisher Scientific, Waltham, MA), e
a verificagdo do tamanho dos fragmentos, utilizando o sistema Bioanalyzer (Agilent,
Santa Clara, CA). As amostras processadas foram reunidas proporcionalmente em
um unico tubo (individualizados pela sequéncia dos adaptadores) usando o
manipulador de liquidos automatizado Echo ® 525 (Labcyte, San Jose, CA), formando

0s pools de bibliotecas para captura.
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Os pools de amostras agrupadas foram concentrados por ultrafiltracao,
utilizando o protocolo dos kits Nextera (lllumina, San Diego, CA). Foram utilizadas
10.456 sondas biotiniladas (NORMAN et al., 2016) para capturar seletivamente e com
alta afinidade fragmentos correspondentes aos genes KIR e HLA de classe I. Os
fragmentos ligados as sondas foram selecionados pela ligagdo da biotina com SV-
Magnetic Beads (lllumina, San Diego, CA). Apds a captura, o produto foi amplificado
(processo conhecido como enriquecimento) utilizando oligonucleotideos especificos
para a sequéncia dos adaptadores através do kit TruSight (lllumina, San Diego, CA).
O produto foi novamente purificado com microesferas magnéticas SPRI Nextera
(lumina, San Diego, CA), para remover os reagentes da etapa de amplificagao.
Finalmente, a quantificacdo do produto capturado e amplificado foi realizada através
de PCR digital em microgotas (ddPCR, do inglés, digital droplet PCR), para que entéao
fosse feito 0 sequenciamento por sintese das bibliotecas na plataforma Illumina HiSeq
4000 (lllumina, San Diego, CA). Cada reacao de sequenciamento por esse método
permite sequenciar até 384 amostras de DNA simultaneamente. Sendo assim, por
questdes logisticas, as amostras desse trabalho foram subdivididas em 4 reagdes de
sequenciamento.

O sequenciamento de alta cobertura enriquecido apenas para a regidao de
genes KIR e HLA permite alta profundidade na leitura das sequéncias (média de 200
leituras por base). Assim, é possivel obter tipagem alélica de alta resolugédo e
identificar com alta sensibilidade novas variantes. Além disso, através do numero de
leituras de cada sequéncia génica é possivel quantificar o numero de coépias dos
genes KIR. Essa informacao € essencial para a inferéncia de haplétipos.

4.8 ANALISE DOS DADOS

As analises estatisticas desse trabalho foram feitas predominantemente na
linguagem de programagdao R (R CORE TEAM, 2019), através do programa de
interface RStudio™ (RSTUDIO TEAM, 2018) e estao detalhadas abaixo.

Para o conjunto de individuos que foram sequenciados com o método de
Sanger, os resultados do sequenciamento foram alinhados com a sequéncia
nucleotidica de referéncia através do programa Mutation Surveyor® (SoftGenetics,

PA, USA). A inferéncia de alelos foi feita manualmente, com base na descricdo de
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alelos disponivel no banco de dados IPD-KIR (ROBINSON et al., 2015). Os resultados
de PCR em tempo real para determinar o numero de copias de KIR2DL1 foram
analisados de forma manual utilizando o método 222CT. Os resultados do ensaio de
citometria de fluxo foram gerados e exportados pelo software BD FacSuite™ (BD
Biosciences, San Jose, CA).

A partir da determinagéao alélica de KIR2DL 1, foram calculadas a frequéncia
alélica e a heterozigosidade média usando o pacote em R genetics (WARNES et al.,
2019). O equilibrio de Hardy-Weinberg foi testado pelo qui-quadrado de Person,
usando o mesmo pacote. Com base nos 5 éxons analisados, foi possivel chegar a
resolucao alélica de 4 digitos em algumas das sequencias analisadas. Essas foram
mantidas para a descricao das frequéncias alélicas de KIR2DL1, e posteriormente
reduzidas a resolugao de dois digitos para os testes de associagdo com a expressao.

A normalidade dos parametros de expressao foi testada utilizando o teste de
Kolmogorov-Smirnov, no pacote em R nortest (GROSS; LIGGES, 2015). O desvio da
normalidade nesses parametros nos levou a utilizar testes ndo-paramétricos para
realizar as associagdes. Para verificar se diferentes gendétipos de SNPs em KIR2DL 1
estavam associados com uma diferenca de expressao em HLA-C, utilizamos uma
regressao logistica linear com o pacote em R stats (R CORE TEAM, 2019),
considerando sexo, genotipo do ligante HLA-C e o numero de coépias de KIR2DL1
como covariaveis. Esse teste apenas verifica a existéncia de diferenca na distribuigcao
de uma variavel entre os grupos. Com o objetivo de verificar as diferengas cada par
de gendtipos (por exemplo, para um dimorfismo CA: CC versus AA, CC versus CA e
AA versus CA), foi aplicada a analise pos-hoc de Dunn sobre o teste de Kruskal-Wallis
no pacote em R dunn.test (DINNO, 2017).

A imputacgao in silico dos niveis de expressao de HLA-C foi feita a partir de
dados publicados no estudo de APPS et al. (2013) em populagdes europeias e
africanas. No estudo, foram caracterizados os niveis de expressao meédio de 14
grupos alélicos (C*01 ao *08, *12, e *14 ao *18) em células periféricas positivas para
o CD3 (CD3+). Para cada individuo, foi identificado o nivel de expressao associado a
cada um dos seus alelos, e os dois valores foram somados. Nés fizemos uma
correlagao de Pearson entre os dados que imputamos com base no estudo de APPS
et al. (2013) e a expressao in vivo em células CD3+, através do pacote em R Hmisc
(JR; DUPONT, 2019). Os graficos de expressao foram plotados utilizando os pacotes
em R base e beeswarm (EKLUND, 2016; R CORE TEAM, 2019).
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A partir dos dados genémicos de KIR2DL1 obtidos por NGS, o desequilibrio
de ligacao entre SNPs na regido promotora e codificadora foi calculado no pacote em
R genetics (WARNES et al., 2019) e plotado utilizando uma versao modificada do
pacote em R LDheatmap (SHIN et al., 2006). A fase dos SNPs no cromossomo foi
inferida usando o programa fastPHASE (SCHEET; STEPHENS, 2006), com os
parametros -T10 (define o numero vezes em que o algoritmo EM é rodado de maneira
aleatdria) e -H200 (minimiza o erro por amostra). As sequéncias em fase foram
utilizadas para estimar a ocorréncia de haplétipos de homozigosidade estendida
(EHH, do inglés, Extended Haplotype Homozigosity) (SABETI et al., 2002), com o
pacote em R rehh (GAUTIER et al.,, 2017). Alelos ancestrais e derivados foram
definidos de acordo com o banco de dados dbSNP (do inglés, Database of Single
Nucleotide Polymorphisms). A predigao in silico de sitios que se ligam a fatores de
transcricdo foi feita através da ferramenta LASAGNA-Search tool (LEE; HUANG,
2013), considerando os modelos de sitios de ligagao a fatores de transigéao reportados
no repositério ORegAnno (LESURF et al., 2016) e PAZAR (PORTALES-CASAMAR et
al., 2007). Nesta predicao, foi utilizado um valor maximo de significancia de p < 0,001.

A analise dos dados do sequenciamento de nova geragao para os genes KIR
foi feita utilizando a pipeline PING (do inglés, Pushing Immunogenetics to the Next
Generation) (NORMAN et al., 2016; MARIN et al., em preparagao). Essa ferramenta
realiza o alinhamento, filtragem, determinagao do numero de cépias e dos alelos dos
genes KIR. Nao foram incluidos nessa analise os pseudogenes KIR2DP1 e KIR3DP1.
A pipeline possui quatro modulos principais: PING Extractor, PING GC caller, PING
allele caller, e Haplo PING. O PING Extractor realiza filtragem de sequéncias
correspondentes aos loci dos genes KIR de interesse. O PING GC caller utiliza o
numero de leituras de cada gene para determinar o numero de copias dos genes KIR.
O mddulo PING allele caller realiza a determinacdo alélica dos genes a partir do
alinhamento da sequéncia codificadora com as sequéncias de referéncia disponiveis
no banco de dados IPD-KIR (ROBINSON et al., 2015) e 0 médulo Haplo PING resolve
ambiguidades a partir de desequilibrio de ligacdo conhecidos entre alelos de
diferentes genes. Ao final da analise, os resultados de saida do PING séo integrados
para produzir um unico arquivo que descreve o conteudo alélico e génico de cada
locus KIR, por individuo.

Estes mesmos dados de NGS foram analisados utilizando o programa HLA

Explore™ (Omixon, Hungria) para obter a genotipagem de genes HLA de classe |,
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classicos e nao classicos. O programa faz a filtragem, alinhamento e identificagcao de
gendtipos. A genotipagem é feita em alta resolugao, até oito digitos. Além disso, o
programa faz a genotipagem até o 6° digito sem ocorréncia de ambiguidades.

Os dados de KIR provenientes do programa PING foram conferidos
manualmente, para eventual ajuste manual do numero de cépias e ambiguidades. Os
alelos de KIR2LD5 foram designados manualmente em KIR2DL5A e KIR2DL5B, que
compreendem diferentes loci na regidao KIR, bem como KIR2DS3 e KIR2DS5 foram
classificados em KIR2DS3 e KIR2DS5 (na regido centromérica) e KIR2DS5 (na regiao
telomérica). Esses alelos que foram previamente analisados como um so6 locus,
podem ser designados em dois loci diferentes a partir da observacao: do desequilibrio
de ligagdo observado nos haplétipos homozigotos em cada populagéo; e dos
haplétipos KIR em alta resolugdo publicados na literatura. As ambiguidades, a
subclassificacdo dos alelos de KIR2DL5, KIR2DS3 e KIR2DS5, e a determinagao de
haplétipos foram resolvidas por inspecdo manual e pela analise de desequilibrio de
ligacdo entre genes vizinhos em cada populagédo. Para resolver as ambiguidades,
também foram analisadas variantes intrdbnicas que nao haviam sido incluidas na
chamada de alelos do algoritmo PING. As analises descritivas de frequéncias alélicas
foram feitas utilizando o pacote em R PopGenReport (ADAMACK; GRUBER, 2014).
A determinagao dos haplétipos foi feita manualmente por observagéao do desequilibrio
de ligacao entre um gene e seus genes vizinhos, sucessivamente ao longo dos loci
KIR e para cada um dos 707 individuos do estudo.

Além disso, nés criamos um script em linguagem R para classificar os genes
HLA-A, -B e -C de acordo com os epitopos relevantes para interagcdo com KIR
(SIDNEY etal., 2008). HLA-A foi classificado em A3 e A11 (inclui todos os alelos A*003
e A*011) e Bw4 (alelos A*023, A*024 e A*032). Para HLA-B, foi recuperada a
sequéncia proteica de cada alelo depositado no IPD-IMGT/HLA (ROBINSON et al.,
2020), e as sequéncias foram classificadas em Bw4 (presenca do epitopo SLRNLRG
nas posi¢oes 77-83) e Bw6 (presenca dos epitopos NLRIALR, DLRTLLR, SLRTLLR,
NLRTALR ou SLRTALR nas posigées 77-83). O Bw4 foi subclassificado ainda em
epitopos que contém na posicdo 80 o aminoacido isoleucina (Bw4l), que esta
associado com maior inibigdo pelo KIR3DL1, ou treonina (Bw4T), com menor potencial
inibidor (CARR et al., 2005). Finalmente, o HLA-C foi classificado utilizando a
sequéncia proteica, de maneira similar ao HLA-B, porém, de acordo com o dimorfismo

da posigao 80 em asparagina (epitopo C1) e lisina (epitopo C2).
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Esses dados foram integrados com os dados de KIR para produzir a
pontuacdo media de interagdes KIR-HLA em cada populagdo, como descrito por
NEMAT-GORGANI et al. (2018). Nessa pontuacao, sdo contabilizadas as diferentes
interagdes KIR-HLA confirmadas através de estudos funcionais. Para cada interagao
considerada, a presenga do gene KIR e do seu ligante HLA pode assumir os valores
de 0 (alelos envolvidos na interacdo ausentes), 1 (alelos envolvidos na interacéo
presentes em hemizigose — apenas para KIR — ou presentes em homozigose) ou 2
(alelos envolvidos na interagéo presente em heterozigose). S&o entdo multiplicados o
valor de presenca de KIR com o valor de presenca de HLA de cada par funcional para
gerar a pontuacao de interacao, que pode apresentar os valores 0, 1, 2 e 4. Os pares
funcionais considerados sao: Bw4 (HLA-A) e KIR3DL1 (FOLEY et al., 2008); Bw4
(HLA-B) e KIR3DL1 (GUMPERZ et al., 1995; FOLEY et al., 2008); HLA-A*03 e
KIR3DL2 (DOHRING et al., 1996); HLA-A*11 e KIR3DL2 (HANSASUTA et al., 2004);
C2 e KIR2DL1 (HILTON et al., 2015); C1 e C2 e KIR2DL2 (HILTON et al., 2015); C1
e KIR2DL3 (HILTON et al., 2015); C2 e KIR2DS1 (HILTON et al., 2015); HLA-C*16 e
KIR2DS2 (MOESTA et al., 2010); HLA-A*11 e KIR2DS4 (GRAEF et al., 2009); um
subconjunto de HLA-C que engloba alelos C2 — C*0501, C*0202 e C*0401 — e alelos
C1-C*1601, C*0102 e C*1402 —, que sao reconhecidos por KIR2DS4 (GRAEF et al.,
2009); e C2 e um subconjunto de KIR2DS5 composto pelos alelos 2DS5*003, *004,
*005, *006, *007 e *008 (BLOKHUIS et al., 2017).

Descritas essas interacdes, um exemplo para o calculo da pontuacgao é: para
a interacdo de Bw4+HLA-A e KIR3DL1, um individuo com os gendtipos duplo
heterozigotos HLA-A*024/HLA-A*012 (Bw4/Bw4) e KIR3DL1*001/KIR3DL1*002 teria
a pontuacao 4, pois existem 4 diferentes interagdes possiveis entre KIR e HLA no
individuo. Em contrapartida, homozigotos HLA-A*024/HLA-A*024 (Bw4/Bw4) com
heterozigose KIR3DL1*001/KIR3DL1*002 produziriam a pontuagdo 2. Neste caso,
existem s 2 interagbes diferentes possiveis, ja que o individuo é homozigoto.
Finalmente, duplo  homozigotos @ HLA-A*024/HLA-A*024  (Bw4/Bw4) e
KIR3DL1*001/KIR3DL1*001 gerariam a pontuagdo 1, uma vez que s existe uma
forma de interagdo ocorrendo. Quando ha a auséncia do gene KIR3DL 1 e/ou de alelos
que codifiqguem o epitopo Bw4 em HLA-A é atribuido a pontuacao 0 para a interagao
Bw4 (HLA-A) e KIR3DL1, pois nao existe o par funcional. Ao final, sdo somadas todas
as interagcdes KIR-HLA presentes em cada individuo, e € calculada a média da

populacao.
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Abstract

Regulation of NK cell activity is mediated through killer-cell immunoglobulin-like receptors
(KIR) ability to recognize human leukocyte antigen (HLA) class I molecules as ligands.
Interaction of KIR and HLA is implicated in viral infections, autoimmunity and reproduction
and there is growing evidence of the coevolution of these two independently segregating gene
families. By leveraging K/R and HLA-C data from 1000 Genomes consortium we observed
that the KIR2DL ] variant rs2304224T is associated with lower expression of HLA-C in
individuals carrying the ligand HLA-C2 (p = 0.0059). Using flow cytometry, we
demonstrated that this variant is also associated with higher expression of KIR2DL1 on the
NK cell surface (p = 0.0002). Next, we applied next generation sequencing to analyze
KIR2DL1 sequence variation in 109 Euro and 75 Japanese descendants. Analyzing the
extended haplotype homozygosity, we show signals of positive selection for 7s4806553G and
rs687000G, which are in linkage disequilibrium with 7s2304224T. Our results suggest that
lower expression of HLA-C2 ligands might be compensated for higher expression of the
receptor KIR2DL1 and bring new insights into the coevolution of K/IR and HLA.
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1 Introduction

The killer cell immunoglobulin-like receptor (KIR) genes on chromosome 19 encode
receptors that interact with a subset of human leukocyte antigen (HLA) class I molecules,
encoded by genes on chromosome 6, to regulate NK cell cytotoxicity cells against infected
and neoplastic cells (1-3). In fact, combinations of variants of K/R and HLA have been
repeatedly associated with autoimmune disease (4—6), cancer (7,8), viral infections (9,10), and
are also implicated in placentation and reproduction (11-14). As a result, the interaction of
KIR and HLA is relevant to fitness and survival, and therefore, candidate for evolutionary
studies (15).

KIR recognizes some subsets of HLA-A (A3, A1l and Bw4), HLA-B (Bw4 and Bw6), and all
subsets of HLA-C (C1 and C2) molecules (16). HLA-C, present in all humans, appears to
have had a great impact on K/R evolution, driving the expansion of lineage III KIR, which are
the receptor lineage that recognize HLA-C (17,18). The dimorphism in position 80 of HLA-C
defines HLA-C1 (80%*") and HLA-C2 (80™) and confers differential specificity to KIR.
Among all ligands, the interaction between KIR2DL1 and HLA-C2 is responsible for the
strongest regulatory signal and HLA-C seems to act as the main educator of NK cells (19,20).

Worldwide studies demonstrate coordinated frequencies of K/R and HLA genes in
populations. In a comprehensive study consisting of 30 populations, Single et al. (21) found
that increasing frequencies of activating KIR are correlated with decreased frequencies of
their respective HLA ligands. On the other hand, Hollenbach et al. (22) showed positive
correlation between the presence of KIR2DL3 and the presence of HLA-C1 in 105 worldwide
populations. A strong and negative correlation of K/R gene-content haplotype 4 and HLA-C2,
a pair which is associated with increased risk of pre-eclampsia, was found in eight populations
from European, African and Asian ancestries (11). Moreover, there is extensive evidence of
balancing selection maintaining diversity in K/R genes (23-25). KIR and HLA segregate
independently and there are no reports of gametic association between these two gene
families. Here, we show that a single nucleotide polymorphism (SNP) in KIR2DL]1 is
associated with expression levels of the KIR2DL 1 receptor on the cell surface and also with
HLA-C expression. In addition, we present evidence of positive selection in linked K/IR2DL1
variants.

2 Results

2.1 KIR2DL] variant rs2304224T is associated with lower expression levels of HLA-C

To search for possible signals of coevolution between KIR and HLA, we evaluated if variants
in inhibitory KIR that bind to HLA-C could be associated with HLA-C expression levels in
global populations. We leveraged the public sequencing information available for all
populations in the 1000 Genomes Project (IKGP) (26) and retrieved the genotypic data
available for SNPs located within KIR2DL1 and KIR2DL23 (rs2304224, rs11673144,
rs12982263, rs34721508, rs35719984 and rs35861855) in 955 individuals of various
ancestries. We also obtained HLA genotyping data available for those individuals (27).

We next used previously published data of HLA-C expression levels (28) and imputed the
expression for each HLA-C genotype in the 1KGP cohort. The variant rs2304224T was
associated with lower HLA-C expression levels in individuals HLA-C1/C2 (p = 0.0420),
HLA-C2/C2 (p = 0.0059) but not in HLA-C1/C1 individuals (p = 0.0740) (Suppl. Fig. 1). We
replicated these results by imputing the HLA expression in an independent panel of 308
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Brazilians Euro-descendants for which HLA genotyping data was available, and we sequenced
the first exon of KIR2DL]1 to genotype rs2304224 (p = 0.0107; Figure 1B).

To demonstrate that our approach to impute the HLA-C expression is predictive of the cell
surface expression in vivo, we measured the HLA-C surface levels of fresh CD3+ cells in 30
individuals using flow cytometry and compared to the imputed values. We found a correlation
of r=0.62, p <0.0001 (Suppl. Fig. 2).

2.2 rs2304224T is also associated with higher surface expression levels of KIR2DL1

We sought to investigate if the variant »s2304224T in KIR2DL1 was associated with
KIR2DL1 surface expression. We used flow cytometry to quantify both the abundance of
KIR2DL1 on the surface of NK cells (median fluorescence intensity, MFI) as well as the
percentage of NK cells expressing KIR2DL1 on their surface (KIR2DL1" NK cell), and also
interrogated if copy number variation of KIR2DL1 affects surface expression. Although
borderline, we did not find significant differences of expression levels in individuals carrying
one copy (hemizygous) or two copies (homo- or heterozygous) of KIR2DLI (p = 0.0594;
Suppl. Fig. 3A). However, the number of KIR2DL1+ NK cells was 2.16-fold higher in
individuals carrying two copies (p = 0.0001) (Suppl. Fig. 3B). For all KIR2DL1 expression
analyses, we used copy number of K/IR2DL] as covariant in the regression model.

We observed that the allele rs2304224T, associated with decreased HLA-C expression, was
also associated with 1.54-fold increase of the KIR2DL1 surface expression (p = 0.0002) and a
1.41-fold increase of KIR2DL1" NK cells (p = 0.03) (Figures 1C-D). The median expression
of each KIR allotype is shown in Suppl. Figure 4. We also observed that KIR2DL 1
expression was decreased in individuals homozygous for the C2 ligand (C2/C2, p = 0.007)
(Figure 1E).

2.3 Signals of positive selection for KIR2DL 1 variants in linkage disequilibrium with
rs2304224

We next analyzed the entire KIR2DL1 gene in a subset of 109 Euro-descendants and 75
Japanese descendants sequenced using our custom next generation sequencing method (29).
In Euro descendants, we observed low correlation but strong linkage disequilibrium (LD)
between rs2304224 and three other variants (Sup. Fig. 5A-B). The first variant is at position -
406 upstream of the KIR2DL1 gene (rs4806553, D’=0.99, r>= 0.18, p< 10®). The other
variants are located within the coding region, in exon 4 (75687000, D’=0.99, 1>=0.52, p<107'?)
and exon 7 (534721508, D’=0.99, 1>=0.24, p<10~*). Weaker LD was observed for the same
variants in Japanese descendants (Suppl. Fig. 5C-D). Frequencies for all SNPs in both
populations are given in Suppl. Table 1. Moreover, the frequency of HLA-C2 in our Japanese-
descendant cohort was 10.3% while in Euro-descendants it was 40.9%.

We searched for signals of population specific selection, for both Euro and Japanese
descendants, by estimating the extended haplotype homozygosity (EHH) using rs2304224
and also variants in significant LD with it as focal SNPs. The bifurcation patterns are
consistent with positive selection increasing frequencies of the haplotype more rapidly than
they could be broken by genetic recombination. Signals of positive selection were observed
for the derived allele 7s4806553G in Japanese but not in Euro-descendants (Fig 2A and 2C).
Strong signals of positive selection were also observed for the derived allele rs687000G in
both Euro and Japanese descendants (Fig 2B and 2D).
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3 Discussion

Previous results show that cis polymorphisms associated with HLA-C expression do not
associate with NK cell activity (30), despite the compelling evidence that KIR-HLA are
coevolving as an integrated system (11,16,21,22). Here, we show evidence of coevolution of
KIR and HLA by identifying a variant in KIR2DL ] that was associated with surface
expression of the HLA-C2 ligand in worldwide populations. The allele 523042247 was
associated with lower expression of imputed HLA-C surface expression in 995 individuals
from 1KGP and also in an independent cohort of 308 Brazilian Euro-descendants. The
association was only observed in individuals carrying at least one copy of the ligand HLA-C2,
which suggests an orchestrated and refined evolution between these two systems. Our direct
measurement of HLA-C expression in a subset of 30 individuals demonstrates that imputing
HLA expression based on previously published data is predictive of the expression observed
on the surface of fresh blood cells.

It is also interesting that the same allele rs2304224T is associated with higher expression of
the receptor KIR2DL1 in NK cells. The SNP rs2304224 in exon 1 causes a non-synonymous
substitution of valine (allele G) to phenylalanine (allele 7) in the signal peptide. The
hydrophobicity of the signal peptide can influence protein retention in the cytosol (31).
According to the Wimley-White interfacial hydrophobicity scale (32), valine has a free energy
of transfer of 0.07 AG from water to bilayer, and the free energy of phenylalanine is -1.13 AG.
The lower and negative value of phenylalanine indicates this transference is more favorable,
and therefore, 7523042247 may increase protein availability in the membrane. This could
explain the increased KIR2DL1 expression associated with rs2304224T.

The patterns that we observed for the expression of KIR2DL1 allotypes (Suppl. Fig. 4) are
consistent with previous studies (20,33-35). Our results showing that copy number of
KIR2DLI affects the quantity of KIR2DL1" NK cells corroborate those by Béziat et al. (35).
On the other hand, the lack of significant association that we observed between KIR2DL1
copy number and the abundance of expression on the cell surface reinforces the idea that copy
number does not affect levels of KIR2DLI1 as strongly as it affects the proportion of cells
expression the receptor (35). The presence of HLA-C2 was associated with lower expression
of surface KIR2DL 1, according to our results and of others (33,36,37). However, differently
from the observations from Le Luduec et al. (36), who observed that the expression of
KIR2DLI1 is associated to the presence of C2 in a dose dependent manner, we found
association only in individuals carrying two copies of C2.

We found three SNPs in LD with 52304224 (D> = 0.99, 0.18<r’<0.51). The low correlation
coefficient is explained by difference in the allele frequencies among them. The frequency of
the variant rs2304224T is 0.26 in Euro-Brazilians, while the frequency of 7s4806553C is 0.67;
rs6870004 is 0.57; and rs34721508C is 0.86. From the three variants in LD with rs2304224,
only rs34721508, in exon 7, has been previously associated with differential expression levels
of KIR2DL1 in transfected cell lines (34). That study showed that cells expressing allotypes
with 245 have reduced protein stability and are more susceptible to ligand mediated
expression down-regulation in comparison to those with 2454, Interestingly, this variant was
also present in the 1KGP dataset, and we did not observe association of 534721508
genotypes with HLA-C imputed expression levels (p = 0.28). We also demonstrated that there
is an additive effect of 752304224 T and rs34721508C on KIR2DL1 expression, which
indicates that each has independent effect on the expression of KIR2DL1 (Suppl. Fig. 6).
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We applied extended haplotype homozygosity (EHH) analysis to all SNPs in LD with
rs2304224, using the next generation sequencing data that we generated for a subset of Euro
and Japanese descendants. Homozygosity surrounding the derived allele rs4806553G is
prominent in the Japanese population, suggesting this allele has been under recent positive
selection. Japanese populations are especially interesting because they exhibit the lowest
frequency of the HLA-C2 allotype (only 8%) (38) and, accordingly, we report low frequency
of C2 also in the Brazilians of Japanese ancestry (10.3%). The low frequency of HLA-C2
could be driving the evolution of KIR2DL]I in the Japanese population.

The SNP rs4806553 is located in a predicted transcription factor (TF) binding site in
KIR2DL]I, according to LASAGNA-Search tool (39). The transcription factor E2F4 is
predicted to bind to the sequence containing the allele rs4806553G (PAZAR 1874, combined
affinity score = 184.89, p <0.01), while the 754806553 C disrupts this site. E2F4 is a member
of the E2F family; it represses gene expression of its target genes (40) and is expressed
mainly in the bone marrow and placenta (41). Loss of E2F4 has been associated to neonatal
lethality, especially due to dehydration and starvation (42), showing that this TF play an
important role in reproduction. If this binding site on K/R2DL] is further confirmed in
functional studies, E2F4 could be repressing KIR2DL1 in the presence of 7s4806553G.
Decreased KIR2DL1 expression, especially in the uterine NK (uNK) cells in the maternofetal
interface, would allow greater production of cytokine and growth factors by uNK, which has
been shown to promote spiral artery transformation and trophoblast invasion (43). Therefore,
the selection on 7s4806553G could potentially be related to a reproductive advantage.
Although speculative, this is one example of the possible reasons why rs4806553G could be
implicated in KIR2DL1 expression and also being favored by positive selection in the
Japanese population.

Strong signals of positive selection were observed towards the derived allele rs687000G in
both the Euro and Japanese descendants. This variant is a synonymous change in exon 4, with
no apparent impact on expression or regulation of K/IR2DL1. One hypothesis is that
rs687000G rose in frequency due to hitchhiking with a nearby variation that was positively
selected and eventually fixed. We did not observe signals of positive selection for rs2304224
and rs34721508, which strongly associate with KIR2DL1 expression levels. One possibility is
that selection could be favoring specific KIR2DL] alleles that carry these variants. In fact, the
combination of 7s2304224G (neutral), rs687000G (positively selected) and rs34721508C
(neutral) defines KIR2DL1*003, the most frequent allele across all populations worldwide
(44).

Coevolution of K/R and HLA is mostly driven by HLA-C (20,45), which encodes a strong
educator for KIR" NK cells (46,47). A fine tuning mechanism of NK cell regulation through
the cell-specific promoter NK-Pro (48) was recently proposed, in which expression levels of
HLA-C during NK cell education combines with expression levels and interaction strength of
KIR and HLA in mature NK cells to modulate their selectivity and cytotoxicity (49).
KIR2DLI1 is the receptor with the highest affinity and avidity to HLA-C, and mediates the
strongest NK response (19,20,50). Therefore, it is plausible that variation in KIR2DLI could
be under selection and also that KIR2DL1 and HLA-C are coevolving. Here, we show a
KIR2DL] variant that is associated with lower expression of KIR2DL1 and inversely
associated with higher HLA-C expression in HLA-C2/C2 individuals. This could be an
indication that higher levels of the ligand are being compensated by lower expression of the
receptor. We also observed evidence of positive selection on KIR2ZDL1. Our data show that
much remains to be understood regarding the mechanisms of the KIR-HLA recognition and
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evolution. They also bring insights into the evolution of these two systems and suggest that
more questions will emerge as we explore more deeply KIR-HLA diversity at high resolution.



212

213

214
215
216
217
218
219
220
221
222
223
224

225
226
227
228
229
230
231

232
233
234
235
236

237

238
239
240
241
242
243
244

245
246
247
248
249
250

251
252

49

4 Material and methods

4.1 Samples

A cohort of 308 individuals of predominantly European ancestry and 75 individuals of
Japanese ancestry from Curitiba, Brazil, were analyzed in this study. About 80% of the
population from Curitiba self-reported as White (51), in accordance with previous genetic
studies (52). For the Japanese descendants, we only included individuals who had two parents
or four grandparents born in Japan, with no history of admixture with non-Japanese
ancestries. In order to measure KIR2DL1 expression levels, we analyzed fresh blood cells
from a subset of 48 Euro-descendants. A subset of 30 of these individuals were included in
the HLA-C expression assay. Detailed information about the study design is given in Suppl.
Figure 7. All individuals were living in Curitiba, Brazil, at the time of blood collection.
Median age in the group was 26 years (ranging from 20 to 64) and the male/female ratio was
0.37.

For expression assays, we collected 8 mL of peripheral blood samples and isolated PBMC
(peripheral blood mononuclear cells) using Leucosep™ tubes (Greiner Bio-One, Austria),
which have a selective membrane for density-based lymphocyte separation, and Ficoll
Hypaque (Sigma Aldrich, MO). Isolated PBMC were counted in a Neubauer chamber under
an optical microscope. A total of 0.5x10° cells were incubated with specific antibodies for
KIR2DL1 and HLA-C and analyzed by flow cytometry. Detailed description and gate strategy
are shown in Suppl. Figure 8.

All participants were informed of the research's purpose and agreed to participate through a
written informed consent, in accordance with Brazilian regulation. This study is part of the
project registered under the number 02727412.4.00000096 and approved by the Human
Research Ethics Committee of the Federal University of Parand and the Brazilian National
Commission on Research Ethics (Conep) under the number 2970200 (01/02/2014).

4.2 KIR2DLI and HLA-C genotyping

We initially sequenced exons 1, 4, 5, 7 and 9 to distinguish the main K/R2DL] allele groups
using the Sanger method (53) in the 48 Euro-descendants included in the expression assay
(Suppl. Figure 9). The sequences obtained were aligned with reference sequences from IPD-
KIR database (44), using the software Mutation Surveyor® (SoftGenetics, PA) and identified
manually. Additionally, we sequenced only the exon 1 (containing the variant 7s2304224) in
extra 260 Euro-descendant individuals to increase statistical power for the analysis of
rs2304224.

We applied quantitative PCR to determine copy number of K/R2DL1 compared to KIR3DL3,
which is present in virtually all haplotypes. KIR2DL1 was amplified in triplicate using one set
of primers and the reference gene K/R3DL3 was amplified using other three sets of primers,
each in triplicate, in a total of 12 (4 x 3) reactions per sample. The sequence of all primers
used for amplification, sequencing and copy number assay, including those designed in this
study as well as those described previously (54—58) are given in Supplementary Table 2.

We also sequenced the entire KIR2DL1 gene in 109 Euro-descendants and 75 Japanese
descendants from Curitiba, Brazil. These samples were sequenced using the previously
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published method for next generation sequencing of K/R and HLA genes (29) using [llumina
platform.

4.3 Data analysis

Normality of variables was tested using Kolmogorov-Smirnov test, in R package nortest (59).
Difference in HLA-C expression between KIR2DL1 SNP genotypes was tested via the
Kruskal-Wallis test, using stats R (60). Pos-hoc analysis of Dunn was applied to Kruskal-
Wallis results in order to identify pair-wise significant differences between genotypes, in R
package dunn.test (61). Median HLA-C expression by allele, as defined by Apps et al. (28),
was imputed for each allele in an individual, and then summed. The imputation was
performed in all 308 Brazilians of European ancestry sequenced for rs2304224 and 1KGP
individuals. Correlation analysis between expected HLA-C expression in CD3" cells and in
vivo HLA-C expression in CD3+ cells was calculated with R package corr. Difference in
KIR2DL1 expression according to copy number was tested using Mann-Whitney, in stats R
(60). Association of KIR2DL1 expression with allotype and rs2304224 was tested through
logistic regression using copy number as a covariate, also in stats R. Linkage disequilibrium
was estimated using LD function from R package genetics (62) and plotted with a modified
version of R package LDheatmap (63). Median expression graphs were plotted using base and
beeswarm R packages (60,64).

KIR2DLI SNPs obtained from genomic sequence data were phased using fastPHASE, with
modified parameters (-T10 -H200). The phased data was used for estimation of extended
haplotype homozygosity (EHH) (65) using R package rehh (66). Ancestral and derived alleles
were defined according to the Database of Single Nucleotide Polymorphisms (dbSNP) (67).
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Figure 1. HLA-C and KIR2DL1 expression are associated with genetic variants. (A-B)
rs2304224 in KIR2DL1 marks in silico HLA-C surface expression (28) in two different
cohorts. The presence of allele rs2304224T marks lower HLA-C expression in (A) 130 C2/C2
homozygotes out of 955 individuals from 1000 genomes consortium and (B) 25 C2/C2
homozygotes out of 308 Euro-Brazilians from Curitiba (present study). (C) Higher KIR2DL1
surface expression and (D) increased presence on NK cells are also associated with the variant
rs2304224T (p = 0.0002 and p = 0.0027, respectively). (E) HLA-C genotype is associated to
KIR2DLI1 surface expression (p=0.0074). There is no difference in expression, however,
between homozygotes C1/C1 and heterozygotes C1/C2 (p= 0.44). Homozygosity for C2/C2,
on the other hand, is associated with lower KIR2DL1 surface expression than in C1/C1
(»=0.0031) and C1/C2 (p=0.0016). Each dot in the graphs represents one individual. Red dots
indicate hemizygosity for KIR2DL 1. Median values are shown in horizontal lines and
statistical significance is indicated in the top right corners of each plot.
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Figure 2. Extended haplotype homozygosity (EHH) in KIR2DL1. The extended
homozygosity analysis is based on the premise that advantageous alleles increase in frequency
at a higher pace than the local recombination rate breaks down the haplotypes in which these
alleles are located. Therefore, alleles marking regions with elevated extended homozygosity
are possibly under recent positive selection. Here we identify extended haplotypes
surrounding KIR2DL1 variants 754806553 and rs687000. The possible haplotypes of
rs4806553 and rs687000 in relation to rs2304224 are represented at the top of the image. The
continuous line represents the most common configuration between two variants, and the
dashed line represent less frequent configurations. On the left of each haplotype, arrows
indicate higher or lower expression of KIR2DL1 and HLA-C, as associated with 752304224
alleles G or T. A representation of the genomic organization of KIR2DL 1 with the indicated
location of the three variants is represented above. (A) EHH graph of decay in homozygosity
(left) and furcation plot (right) for 7s4806553 in Euro-Brazilians. The graph shows little to no
difference between ancestral rs4806553C (blue) and derived rs4806553G (red) alleles in
Euro-Brazilians. (C) EHH graph of decay in homozygosity (left) and furcation plot (right) for
rs4806553 in Japanese. In Japanese, elevated homozygosity is associated with derived allele
rs4806553G (red). (B) EHH graph of decay in homozygosity (left) and furcation plot (right)
for rs687000 in Brazilians with European ancestry and (D) Brazilians with Japanese ancestry.
Elevated homozygosity associated with derived allele rs687000G (red) is consistent with the
selective sweep model, in which recent positive selection sweeps the diversity on nearby loci.
Vertical dotted lines indicate the position of the core SNP. The thickness of each branch in the
furcation plot is determined by haplotype frequency.
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Supplementary Figure 1. Associations of rs2304224 and HLA-C expression levels in
1KGP samples. (A) Non-significant differences between G/G and 7/T genotypes of
rs2304224 were observed in donors carrying two copies of HLA-C1 (p=0.0740). (B) Allele
rs2304224T is associated to HLA-C expression in both heterozygous C1/C2 (p=0.0420) and
(C) homozygous C2/C2 (p=0.0059). Each dot in the graphs represents one individual. Median
values are shown in horizontal lines and p-values in the top right corner. HLA data were
previously published (27) for the samples of the 1000 Genomes Project (1KGP). Median
HLA-C expression by allele, as defined by Apps et al. (28), was imputed for each individual

genotype.
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Supplementary Figure 2. Correlation fit between HLA-C expression in fresh CD3+ cells

compared to imputed HLA-C expression levels also from CD3+ cells, as described in

Apps et al. (28).
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Supplementary Figure 3. The effect of gene copy number on KIR2DL1 expression.
KIR2DLI copy number was not associated with (A) abundance of KIR2DL1 on the surface of
NK cells (p=0.0594) but was associated with (B) percentage of NK cells positive for
KIR2DL1(p=0.0001). Gene copy number is indicated in the x axis: 1 copy (hemizygosity) or
2 copies (homozygosity or heterozygosity). Each dot in the graphs represents one individual.
Median values are shown in horizontal lines and p-values in the top right corner.
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A KIR2DL1 surface expression B NK-KIR2DL1 positive cells
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Supplementary Figure 4. Differential expression of common KIR2DL1 allotypes.
KIR2DL]I allelic diversity is associated with (A) abundance of KIR2DL1 on the surface of
NK cells (p < 10”) and to (B) percentage of NK cells positive for KIR2DL1 (p = 0.0028).
Each dot in the graphs represents one individual, which is plotted twice (once for each allele).
Red dots indicate hemizygosity for KIR2DL 1. Median values are shown in horizontal line. p-
values in the top right corner of each graph indicate the significance of differences in
expression among all allele groups given by the Kruskal-Wallis test. Post-hoc Dunn test
shows that there is no significant difference within Cen A alleles (*002 and *003) or within
Cen B alleles (*004 and *006) (p > 0.05), but there is a difference between Cen 4 and Cen B
alleles in all pairwise comparisons (p < 1072).
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Supplementary Figure 5. Linkage disequilibrium (LD) between KIR2DL1
polymorphisms. (A) LD spanning 700 bp in the 5’ untranslated region (UTR) up to
rs2304224, and (B) LD across KIR2DLI coding region in Euro-Brazilians (n=109). (C) LD
spanning the 5’ untranslated region (UTR) and rs2304224, and (D) LD across KIR2DL1
coding region in Japanese (n=75). Cell color corresponds to the correlation coefficient (1?)
between markers, and normalized LD coefficient (D’) is given by the number inside each cell.
Asterisks and their respective rs ID accession numbers highlight all SNPs in significant

linkage disequilibrium with 752304224 (p<0.01).
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Supplementary Figure 6. Additive effect of rs2304224T and rs34721508C on KIR2DL1
expression. (A) KIR2DL1 surface expression (p < 10*) and (B) the percentage of NK cells
KIR2DL1 positive (p = 0.0043). Each dot in the graphs represents one individual, which is
plotted twice (once for each allele). Red dots indicate hemizygosity for K/IR2DL1. The score
of 2 in the x axis represents individuals who have both rs2304224T and rs34721508C; while 1
indicates those who have only rs2304224T or rs34721508C; and the score 0 is given when
both variants are not present. Median values are shown in horizontal line. p-values in the top
right corner of each graph indicate the significance of differences in expression among all
allele groups given by the Kruskal-Wallis test.
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Supplementary Figure 7. Study design. All samples were collected in Curitiba, in the south

of Brazil.
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Supplementary Figure 8. Gating strategy for flow cytometry analysis. For KIR2DL1
expression, a total of 0.5x10° cells were incubated with the following antibodies: anti-CD56
(REA196 clone PE conjugated, Miltenyi Biotec Cat# 130-100-622, RRID:AB 2658731),
anti-CD3 (HIT3a clone PE-Cy5 conjugated, Biolegend Cat# 300328, RRID:AB_1575008)
and the specific anti-KIR2DL1 antibody (REA clone FITC conjugated, Miltenyi Biotec Cat#
130-103-967, RRID:AB_2655323). Cells were washed with PBS 1X solution after incubation
and then run through BD FacsVerse™ cytometer. The cytometer was calibrated and
compensated using CS&T beads (BD Biosciences Cat# 650621). Gating and cell populations
were defined using the equipment's software BD FacSuite™ (BD Biosciences, CA). (A) First,
lymphocytes were selected from the PBMC pool based on size (FSC-A) and granularity
(SSC-A). Each dot represents one cell, as the density of cells occupying the same position in
the graph increases, the color changes from blue to red. (B) Then, we selected lymphocytes
which were CD56 positive (PE-A) and CD3 negative (Pe-Cy5-A), corresponding to NK cells.
(C) From the NK cell pool, cells positive for KIR2DL1 (FITC-A) were selected. The count of
positive and negative cells in this stage determine the percentage of cells expressing
KIR2DLI1. (D) The expression of KIR2DL1 is given using the median fluorescence intensity
(MFI) for each individual. A number of 1,000 target nuclei events were acquired per sample,
given the rare occurrence of NK-KIR2DL 1+ cells in PBMC (lymphocytes are present in
~80% of PBMC, ~8.7% of those are NK cells, and a median of 15.65% of NK cells are
positive for KIR2DL1, which makes a total of 1.09% NK-KIR2DL1" cells in the PBMC
pool). A similar approach was used to measure HLA-C expression levels in a subset of 30
individuals using anti-HLA-C antibody (DT9 clone with no fluorescence, BD Biosciences
Cat# 566372, RRID: AB_2739715), with the secondary antibody anti-mouse IgG2ab (X-57
clone FITC conjugated, Miltenyi Biotec Cat# 130-098-126, RRID:AB_2661521), and a third
antibody anti-CD3 (HIT3a Clone PE/Cy5 conjugated, Biolegend Cat# 300309,

RRID:AB 314045). The acquisition was modified to 10,000 target data events acquired per
sample, given the high abundancy of cells containing the HLA-C receptor in the CD3+ pool.
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Supplementary Figure 9. Strategy used to sequence KIR2DL1 using Sanger. We
sequenced exons 1, 4, 5, 7 and 9, which distinguish between the main K/R2DL] allele groups.
Two long amplification reactions were performed. The first segment comprised exons 1 to 6
(5,564 bp) and was amplified using GoTaq® Long PCR Master Mix (Promega, WI) with 1
cycle at 94°C for 3 minutes, 35 cycles (94°C for 20 seconds, 59°C for 30 seconds, 68°C for 5
minutes) and 1 cycle at 68°C for 10 minutes. The second amplification included exons 7 to 9
(2,218 bp) and it was amplified using Taq Platinum (Invitrogen, CA). The reaction conditions
were 1 cycle at 95°C for 5 minutes, 35 cycles (95°C for 20 seconds, 61°C for 30 seconds and
68°C for 5 minutes) and 1 cycle at 68°C for 5 minutes. The amplification products were
purified with Exonuclease I (Fermentas, MA) and alkaline phosphatase (Thermo Fisher
Scientific, MA) and subsequently used for the five individual sequencing reactions of exons
using master mix Big Dye Terminator Cycle Sequencing Standard v3.1 (Life Technologies),
for 1 cycle at 95°C for 10 seconds and 35 cycles (50°C for 5 seconds and 60°C for 4 minutes)
and 1 cycle at 68°C for 10 minutes. The sequencing product was purified by precipitation and
resuspended in 10 pL of Hi-Di Formamide (Life Technologies, CA). Capillary electrophoresis
was performed using 3500x1 Genetic Analyzer (Life Technologies, CA).
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1.2 Supplementary Tables

rs4806553 rs2304224 rs687000 rs34721508
CDS position -406 13 144 796
Protein codon non-coding  -17 (sig. peptide) 27 245
Protein substitution non-coding V>F synonymous R>C
Allele C* G G* T A* G C* T
Euro-descendants 0.67 0.33 0.74 026 057 043 0.86 0.14
Japanese 0.44 0.56 0.89 0.11 023 0.77 0.99 0.01
rs4806553 rs2304224 rs687000 rs34721508
High expressing allotypes
KIR2DL1*002 C T A C
KIR2DL1*003 GorC G G C
Low expressing allotypes
KIR2DL1*004 G G A T
KIR2DL1*006 G G A T

Supplementary Table 1. KIR2DL1 variants and frequencies. Allele frequencies of
rs2304224 and linked SNPs in Euro-Brazilians (n=109) and Japanese (n=75) populations, as
well as their corresponding alleles in common KIR2DL1 allotypes. CDS: coding sequence
(DNA). Asterisks indicate the ancestral allele of each SNP. Frequencies corresponding to the
alleles which appear to be under positive selection (rs4806553G and rs687000G) are
indicated in red.
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Reaction Gene Pair Sequence (5" - 3’) Reference (if applicable)
GGACACTAGGTGTCAAATTCTAGC
Pre-sequencing KIR2DL1 A ACAAGCAGTGGGTCACTTGAC
amplification TCACAGGAGGACAGGTGGTT
B GCTGTTGTCTCCCTAGAAGACG
Exon 1  GGACACTAGGTGTCAAATTCTAGC
Exon4 GAAGGAGAGAGATAAGACACCAGG
Sequencing KIR2DL1 Exon5 GAAGATCCTCCCTGAGGAAAC
Exon7 GGGTGCTTGTCCTAAAGAGG (54)
Exon9 GGACCCAGAAGTGCCCTC
CCATCAGTCGCATGACG
7B 1CACTGGGAGCTGACAC (55)
Presence/absence KIR2DL1 TGGACCAAGAGTCTGCAGGA
typing 16 TGTTGTCTCCCTAGAAGACG (56)
HLA- TGCCAAGTGGAGCACCCAA
prB1  Control e ATCTTGCTCTGTGCAGAT (57)
CCATCAGTCGCATGACG
7B 1CACTGGGAGCTGACAC (59)
KIR2DL1 GTTGGTCAGATGTCATGTTTGAA
ddPCR  CCTGCCAGGTCTTGCG (58)
AACGACACTTTGCGCCTCATT
TTCTGCACAGAGAGGGGATCA
Copy number 1C GAGCCGACAACTCATAGGGTA (56)
CACTGTGGTGTCTGAAGGAC
KIR3DL3 2B GGAGTGTGGGTGTGAACTG (59)
CTGCAATGTTGGTCAGATGTCAG
RT GGGAGCYGACAACTCATAGGGTA Modified from (58)

GCTCTGGTTGTAGTAGCCGCGCAG+T

Supplementary Table 2. Primers used in KIR2DL1 analysis. Sequences in bold were
designed in this study.
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5.2 KIR allelic characterization in Southeastern Amerindians and Brazilian
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Abstract

Natural killer (NK) cells trigger cytotoxic and inflammatory responses to viral infections and
neoplastic cells. NK cells are regulated by killer-cell immunoglobulin-like receptors (KIR),
encoded by a rapidly evolving gene family on 19q13.4. These receptors present an unusual
presence and absence polymorphism, with distinctive activating and inhibitory haplotype
profiles and high allelic diversity. Many studies have associated K/R polymorphism with
medical conditions. However, the interpretation of that relationship is complex and often
controversial, especially regarding KIR’s role in transplantations. Only recently, high-
resolution allele-level haplotypes have been described in populations, especially those of
European and African descent. Here, we use an innovative Next Generation sequencing
method to describe K/R diversity in 707 individuals from eight South American populations,
including six isolated Amerindian populations (Guarani Kaiow4, Guarani Nandeva, Guarani
M’bya, Kaingang from Ivai, Kaingang from Rio das Cobras, and the Aché from Paraguay,
n=523), as well as two urban populations (Euro-Brazilians, n=109, and Japanese descendants,
n=75). We report 167 KIR alleles in Brazilians of European ancestry and 96 alleles in
Brazilians of Japanese ancestry, but only an average of 62 KIR alleles were found in
Amerindians, which reflects the reduced genetic diversity of these populations. Nonetheless,
19 Amerindian alleles were not found in the urban Brazilian populations. This study expands
the knowledge of KIR genetic diversity in populations and contributes to understanding the
impact of K/R variability in human health.

Keywords: killer-cell immunoglobulin-like receptors, high-resolution, evolution, HLA
ligand.
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1 Introduction

Natural killer (NK) are cytotoxic lymphocytes that were first discovered due to its ability to
spontaneously kill tumor cells in vitro without prior sensitization (HERBERMAN; HOLDEN,
1978) and later recognized as critical components of the first line of defense against tumor
and infected cells (MORVAN; LANIER, 2016; FLOREZ-ALVAREZ et al., 2018). Among
the receptors that control NK cell cytotoxicity are the killer-cell immunoglobulin-like
receptors (KIR), which recognize human leukocyte antigen (HLA) molecules as ligands
(LANIER; PHILLIPS, 1995; MORETTA et al., 1996). Nomenclature of KIR is based on the
structure of the receptors, which may present two or three extracellular domains (2D or 3D)
and short or long cytoplasmatic tails (S or L) (LONG et al., 1996).

KIR are encoded by a highly polymorphic gene family located on the chromosome region
19q13.4, characterized by a complex structural variation of presence and absence of genes
(WENDE et al., 1999; WILSON, M. J. et al., 2000). The homology and high sequence
similarity among the 13 KIR loci contribute to the occurrence of non-reciprocal recombination
(WILSON et al., 2000; MARTIN et al., 2003), which generates duplication and deletion of
genes, as well as the formation of hybrid genes and alleles, in a family known by their rapid
evolution (KHAKOO et al., 2000; SAMBROOK et al., 2005; GUETHLEIN et al., 2007;
TRAHERNE et al., 2010).

The presence and absence of K/R genes generate a wide diversity of gene-content haplotypes
which were previously classified in two groups: 4 and B (UHRBERG et al., 2002).
Haplotypes from group B include at least one of the following: KIR2DL2, KIR2DL5A or
KIR2DL5B, KIR3DS1, KIR2DS1, KIR2DS2, KIR2DS3 and KIR2DS5. On the other hand, 4
haplotypes generally exhibit seven fixed genes and are characterized by the lack of all the
genes that characterize group B (GONZALEZ-GALARZA et al., 2020). Despite the large
number of described haplotypes among human populations, the majority of haplotypes found
are the result of different combinations of a smaller number of centromeric and telomeric
segments (PYO et al., 2010; HOLLENBACH et al., 2012). This feature is most likely driven
by a hotspot that facilitates the recombination of segments (TRAHERNE et al., 2010). Both
KIR A and B haplogroups are present in all studied human populations, however, their
frequencies vary significantly. As an example, haplotype A4 is present in approximately 80%
of Japanese individuals (YAWATA et al., 2006), but in only 2% of Australian aborigines
(TONEVA et al., 2001).

HLA genes, on the other hand, are located within the major histocompatibility complex
(MHC) on chromosome 6 (HORTON et al., 2004) and are considered the most polymorphic
genes of the human genome (HILL, 1999). The interaction of KIR and HLA molecules is
critical for NK cell education during early stages of maturation (KARRE et al., 1986; KIM et
al., 2005), regulation of NK cell cytotoxicity (SMYTH et al., 2005; LANIER, 2008), and
reproduction (HIBY et al., 2004; XIONG et al., 2013; BLOKHUIS et al., 2017). In addition,
combinations of K/IR-HLA have been associated with numerous diseases (MARTIN et al.,
2002; SLIK, VAN DER et al., 2003; HIBY et al., 2004; KHAKOO et al., 2004; NELSON et
al., 2004; CARRINGTON et al., 2005; AUGUSTO, DANILLO G. et al., 2012; AUGUSTO,
2016).

Not all HLA serve as ligands for KIR, which only recognizes specific motifs in certain HLA
allotypes. The HLA-C allotypes are divided in two groups, C1 and C2, which can contain
either asparagine or lysine at amino acid position 80 of the HLA-C polypeptide, respectively.
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HLA-C molecules carrying C1 group serve as ligand for KIR2DL2, KIR2DL3 (HILTON et
al., 2015), KIR2DS2 (MOESTA et al., 2010) and KIR2DS4 (GRAEEF et al., 2009), while C2
group is recognized by KIR2DL1, KIR2DL2, KIR2DS1 (HILTON et al., 2015), KIR2DS4
(GRAEF et al., 2009) and KIR2DSS5 (BLOKHUIS et al., 2017). HLA-A and HLA-B
molecules that exhibit the Bw4 epitope are recognized by KIR3DL1 (GUMPERZ et al., 1995;
FOLEY et al., 2008). Moreover, the HLA-A3 and A1l allotypes are recognized by KIR3DL2
(DOHRING et al., 1996; HANSASUTA et al., 2004) and KIR2DS4 (GRAEF et al., 2009).
Because both KIR and HLA gene families are highly polymorphic and segregate
independently, the number of KIR-HLA interactions as well as the strength and affinity of
binding and signaling differ among individuals and populations.

The complexity of the structural variation combined with sequence similarity among genes
impose technical difficulties to the study of K/R. The vast majority of the population genetics
studies to date only analyzed K/R at gene-content level and sometimes in combination of a
few HLA ligands (GONZALEZ-GALARZA et al., 2015). Despite the fact that over a
thousand KI/R alleles have been deposited in the IPD-KIR database (ROBINSON et al., 2015),
the distribution of these variants in global populations is poorly known. The study of allelic
diversity at high resolution for all K/R genes is still restricted to a few European (NORMAN
et al., 2016; SOLLOCH et al., 2020) and African populations (NEMAT-GORGANI et al.,
2019). In Amerindians, allelic diversity was described only for the Yucpa from Venezuela,
but high resolution was restricted to a few loci (GENDZEKHADZE et al., 2009). In that
study, the low diversity in the KIR and HLA system found in the Yucpa allowed the authors to
suggest that Yucpa retained the lowest essential diversity for the survival of human
populations, highlighting the importance of studying isolated Amerindian populations.
Evidence shows, however, that eastern Amerindians, such as the ones living in the Brazilian
region, bear lower genetic diversity than western Amerindians (WANG et al., 2007).
Therefore, we hypothesize that southeastern Amerindians may have an even lower and
differentiated K/R diversity to the western Amerindians previously described. Moreover, we
aim to compare these Amerindian populations to Brazilians with European and Japanese
ancestries, which may provide insights into the extent of gene flow between Amerindians and
non-Amerindians, and to the genetic proximity of the K/R and HLA system in Amerindian
and Asian populations.

Here, we deliver the first high-resolution characterization of K/R allelic variation in eight
South American populations, seven from Brazil and one from Paraguay. We analyzed six
isolated Amerindian populations from Guarani, Kaingang and Aché groups, as well as
descendants of European and Japanese living in Southern Brazil. We identified the most
frequent allele-level haplotypes in each population and analyzed the K/R variation in the
context of their HLA ligands.

2 Results
2.1 Amerindians exhibit reduced diversity of KIR alleles

A total of 209 KIR variants at allelic level were observed across the study populations. In
Amerindians, we observed 122 KIR variants, averaging 62 per population. Nineteen of the
variants observed in Amerindians were not observed in the urban populations (Figure 1). Six
of these Amerindian variants have been only found in the Kaingang from Ivai, and five were
exclusive to Guarani Kaiowa. In sharp contrast, we found 167 KIR variants solely in the urban
population of predominantly European ancestry and 96 in the Japanese descendants from
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Curitiba. KIR3DL3 and KIR3DL?2 were the two genes with the highest number of alleles
(Figure 2). Detailed allelic frequencies for each population are described in Figures 3 and 4

Overall, Amerindians share an average of 64.2% of KIR alleles with Euro-Brazilians, ranging
from 59.2 to 69.9%. A higher proportion of alleles, 71.2%, is shared between Amerindians
and Japanese descendants, ranging from 65.6% to 75.7% (Table 1). Considering only the
Amerindian populations, 82.4% of KIR variants are shared among them. However, the two
Kaingang populations share a higher proportion of variants than the three Guarani populations
(90.6% and 82.8%, respectively). Interestingly, the Aché has the lowest proportion of shared
alleles with Euro-Brazilians, only 59.2%, and KIR allelic diversity in this population is more
similar to the Guaranis (80.1%) than to the Kaingang populations (76.3%).

We estimated genetic differentiation in K/R genes between populations using Fst analysis
(Fig. 5). The higher overall differentiation values were observed for KIR2DLI (median Fst =
0.10), followed by KIR2DL23 (median Fst = 0.09) (Figure 5C). In fact, we observed striking
differences in the presence and absence polymorphism of K/R2DL1, which is present in
60.1% of haplotypes in the of Guarani M’bya to 99.99% in the Aché (Figure 3).

The most divergent Amerindian population was the Aché (median Fst = 0.05, Figure 5B).
This observation is supported in the principal component analysis (PCA), which distributes
populations according to the overall heterogeneity across their allele frequencies. The first
two principal components (PC1 and PC2) explain 42.6% of the variation in K/R and show that
KIR diversity in the Aché is indeed distinct from the other Amerindian groups (Figure 6).
Although Aché differ significantly from all other Amerindians, their K/R diversity is closer to
that found in Guarani Kaiowa (Fst = 0.01) in comparison to other Guarani (Fst = 0.02 and
0.07) and also Kaingang (Fst = 0.05 and 0.06). Interestingly, K/R diversity in Guarani M’Bya
is more closely related to the Kaingang than to the other Guarani populations (Figure 5D and
Table 1).

The first two components of PCA analysis distinguish the groups of Amerindians, Japanese
and Euro-Brazilians. The third component, which explains 7.7% of KIR diversity, groups the
Japanese with Amerindians. The fourth component (3.7%) separated the Amerindians in two
groups: one containing the Aché, Guarani Kaiow4 and Guarani Nandeva; and a second group
containing Guarani M’bya, Kaingang from Ivai and Kaingang from Rio das Cobras (Suppl.
Fig. 1).

We also tested the neutrality of K/R genes in the eight South American populations. The rates
of non-synonymous to synonymous substitutions (dN/dS) in K/R genes were according to the
expected under a neutral model for most locus. Only the KIR3DL3 locus in the Aché
population was significantly departing from neutrality (p = 0.049), with a negative overall
dN/dS value of -1.99, which may indicate purifying selection (Suppl. Table 1). Notably, the
D1 domain and the portion containing the stem, transmembrane and cytoplasmatic domains
presented negative dN/dS values (-0.73 and -0.12, respectively), while domains DO and D2
had positive dN/dS values (1.48 and 1.71, respectively). When analyzed separately, all
KIR3DL3 domains were neutral (p > 0.05).

2.3 Amerindians maintain limited diversity of K/R haplotypes

Considering only the KIR haplotypes observed in at least three individuals, we observed 44
telomeric and 37 centromeric haplotypes in the study populations. As expected, increased
diversity of haplotypes was observed in populations of European and Japanese descent, with 14
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and 7 centromeric haplotypes, and 15 and 6 telomeric haplotypes, respectively. Among
Amerindians, the highest number of haplotypes was observed among the three Guarani
populations, with up to 12 telomeric and 9 centromeric haplotypes. The two Kaingang and the
Aché¢ exhibited five or less centromeric and six or less telomeric haplotypes. The most common
haplotypes in all populations are shown in Figure 7.

In regards to the low frequency haplotypes, we observed 121 centromeric 127 telomeric
haplotypes that were found in less than three individuals (Supplemental Table 2 and 3). These
haplotypes are usually variations of the most common ones and differ by the allelic
polymorphism of a few KIR genes. Allelic variation of K/IR3DL3 was responsible for around
30% of the less common centromeric haplotypes. On the telomeric region, the allelic variation
on KIR3DL 1 differentiated most of the less frequent haplotypes.

Remarkably, we observed that the Aché have an extremely high frequency of centromeric 4
haplotypes (CenA, f=0.99) and lower frequency of telomeric 4 haplotypes (Teld, f=0.62),
which result in 58.0% frequency of haplotype 4 (CenA + TelA) (Figure 7C-E). The Guarani
Kaiow4 and Guarani Nandeva also exhibit high frequencies of Cen A (f=0.89 and 0.84,
respectively) and lower frequencies of Tel 4 (f=0.50 and 0.60, respectively). High frequency
of Cen A was also observed in the Japanese (f=0.88), however, they exhibited Tel 4 (f=0.79)
more frequently than Amerindians, and, therefore, the highest frequency of the KIR A4
haplotype in this study (f=0.75).

2.2 2 Fewer functional KIR-HLA interactions were observed in the isolated populations

We analyzed the presence of KIR ligands to provide a detailed analysis of KIR-HLA
interactions in the study populations. This is also the first report of the frequencies of HLA
ligands in Aché, in which we show the lack of HLA-A3 and A11 ligands, similarly to what
has been observed in Guarani Kaiowd, Guarani M’bya and Kaingang from Ivai (Table 2).
Presence of these ligands at low frequencies was observed in Guarani Nandeva (1.0%) and
Kaingang from Rio das Cobras (4.0%). Interestingly, Aché also exhibit low frequency of Bw4
(f=0.05), which results in most of their KIR-HLA interactions being dependent on HLA-C1
and HLA-C2. In average, Amerindians exhibited only ~3 to 5 KIR-HLA interactions (Table
3), and 95% of individuals presented between 1 and 7 interactions (Suppl. Fig. 2). In
Japanese, we found and average of 6 KIR-HLA interactions with 95% of individuals
presenting between 2 and 11 interactions, and in the Euro-Brazilians we found an average of
7.65, with 95% of individuals having from 4 to 14 interactions. HLA-C was responsible for
53.9% of the observed KIR-HLA interactions in Japanese, 58.3% in Euro-Brazilians, and
83.0% to 97.2% in Amerindians. The HLA-C allotype frequencies, however, differed
significantly among Amerindians (Figure 8). Most of the KIR-HLA interactions observed in
all study populations (>60%) are inhibitory.

3 Discussion

We observed lower KIR allelic diversity in Amerindians, an average of only 62 variants per
population, in comparison to Japanese (96) and European (167). The highest KIR allelic
diversity to a single population sample has been reported in Sub-Saharan Africans from
Ghana, with 175 alleles described (NORMAN et al., 2013a). Amerindian populations are
unique due to the demographic history of migrations of their Asian ancestors via the Behring
Strait, their complex dispersal along the American continent, as well as the persisting genetic
isolation during the last five centuries (PETZL-ERLER et al., 1993; TSUNETO et al., 2003).
Amerindian demographic history is especially interesting because they underwent strong
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bottleneck and founder effects (AMOS; HOFFMAN, 2010; O’FALLON; FEHREN-
SCHMITZ, 2011), and they also have been subject to greater genetic drift effects due to their
mostly small population sizes (CONROY et al., 2000; TARAZONA-SANTOS et al., 2001),
all of which contribute to their low genomic diversity (DEGIORGIO et al., 2009). Reduced
KIR gene-content diversity was previously observed in Amerindians (AUGUSTO et al.,
2013a). The reduced diversity of the KIR and HLA interactions in Amerindians may provide
insights in the essentiality of K/R genes and ligands for the survival of populations, as has
been suggested for the Yucpa indigenous from Venezuela (GENDZEKHADZE et al., 2009).

The Kaingang from Ivai exhibited six variants that were not found in the other study
populations (Figure 1). Interestingly, four of them form the haplotype KIR3DL3*01406~
KIR2DL2*00602~ KIR2DL5B*00601~KIR2DS5*004. This haplotype has been described in
the Ga-Adangbe from Ghana (NORMAN et al., 2013b) and in the KhoeSan from Southern
Africa (NEMAT-GORGANI et al., 2018). Similarly, the Guarani Kaiow4 present five variants
observed only in this population. Three of those define the haplotype
KIR2DL4*022~KIR3DL1*024N~KIR2DS4*00104. Of these, KIR3DLI*024N encodes a
truncated KIR3DL1 protein and was reported in the Ga-Adangbe from Ghana (NORMAN et
al., 2007). In addition, KIR2DS4*00104 was also observed in African Americans (HOU et al.,
2009). Therefore, we suggest that some of the 19 variants that were found in the Amerindians
but not observed in two urban populations of European and Japanese descent may be result of
gene flow with African descendants that migrated to Brazil centuries ago.

KIR frequencies were similar among Amerindians, with the exception of the Aché. The origin
of the Aché groups currently living in Paraguay is still not completely clear, but genetic
evidence indicates that they are closer to Guarani than to other Amerindian populations
(BATTILANA et al., 2002; GASPAR et al., 2002; TSUNETO et al., 2003; SCHMITT et al.,
2004; CALLEGARI-JACQUES et al., 2007). We observed that K/R diversity in Aché
corroborates their closer relationship with Guarani. However, Aché exhibited the greatest K/R
differentiation among Amerindians, especially in comparison with the Kaingang from Ivai
and Rio das Cobras and Guarani M’bya (Fst > 0.04). The lowest proportion of shared alleles
were also observed between the Aché and these populations (72.7 to 78.0%).

According to principal component analysis and differentiation statistics, K/R diversity in the
Aché, Guarani Kaiowé and Guarani M’bya is differentiated. Despite they share low
frequencies of A3, A11 and Bw4, the epitope C1 occurs at lower frequency in the Aché
(f=0.55) than in both the Guarani Kaiow4 and Guarani M’bya (f=0.64 and 0.85,
respectively). Moreover, the Aché present a remarkably high frequency of Cen A haplotypes
(f=0.99) which contains K/R2DL3, a weaker C1 receptor (ANFOSSI et al., 2006), and
usually also KIR2DLI1*00302 (f=0.92), a strong C2 receptor (HILTON et al., 2015), which
seem to compensate the low frequency of C1 in this population. In the Aché, the rate of
synonymous substitutions was significantly higher than the rate of non-synonymous
substitutions for K/IR3DL3 (p = 0.049), which is suggestive of purifying selection. Even
though the ligand for KIR3DL3 is not yet known, the high degree of polymorphism along
with the conservation of certain portions of its sequence suggest that this receptor plays an
important role in KIR function, especially in reproduction (LEATON et al., 2019). The
domain most likely to contribute to this negative value is the D1 domain, which is predicted
to have important functions in the receptor clustering to form the immunological synapsis of
NK cells (BOYINGTON et al., 2001).

Due to the common origin of the Guarani populations, we would expect K/R diversity to be
more similar within Guarani populations and different from Kaingang. However, Guarani
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M’bya are more similar to Kaingang than to other Guarani, an observation corroborated by
the proportion of shared alleles, differentiation statistics and principal component analysis.
Both Guarani M’bya and Kaingang live in the Rio das Cobras indigenous land, which spans
19.000 hectares in Parand (INSTITUTO SOCIOAMBIENTAL, 2020). Although they occupy
the same area, these populations live in different villages and remained genetically isolated
due to strong cultural and linguistic barriers. The estimated gene flow between Guarani
M’bya and Kaingang, based on HLA-DRBI frequencies is of only 5% (TSUNETO et al.,
2003). Therefore, the similarity in KIR could be stochastic, driven by genetic drift, as it has
been shown that demographic factors apparently impact K/R diversity in Amerindians to a
greater extent than natural selection (AUGUSTO et al., 2013b). Alternatively, we speculate
that the similarity between these two populations could be explained by local selective
pressures, rather than identity by descent. Further analysis comparing the diversity in K/R
with whole-genome diversity would be informative to understand the nature of this similarity.

Frequencies of KIR ligands have already been reported in Brazilians of European ancestry
(AUGUSTO et al., 2012), Japanese ancestry (AUGUSTO et al., 2016) and Brazilian
Amerindians (PARHAM et al., 1997; AUGUSTO et al., 2013a), but this is study is the first to
describe their frequencies for Aché. The absence or low frequencies HLA-A and HLA-B
ligands (absence of HLA-A3, HLA-A11, and low frequency of HLA-Bw4) occur in three
Amerindian populations: Aché, Guarani Kaiowa and Guarani M’bya. Absence or low
frequencies of HLA-A3, HLA-A11 and HLA-Bw4 means that most of the KIR-HLA
interactions in these populations rely on the recognition of HLA-C1 and HLA-C2 by KIR2D.
In addition, the Amerindian population Yucpa exhibited 2.9 KIR-HLA interactions, which led
the authors to suggest that this number may define the minimum diversity necessary to
maintain NK function (GENDZEKHADZE et al., 2009). Here, using the same approach, we
observed even lower interactions for the Kaingang from Rio das Cobras and the Guarani
Kaiow4, 2.76 and 2.75 respectively. It has been suggested that western Amerindians, such as
the Yucpa, have higher genetic diversity and a lower level of population structure than eastern
Amerindians, such as the southern Brazilian Amerindian populations (WANG et al., 2007).
Up to 97% of the KIR-HLA interactions found in these populations rely on the recognition of
HLA-C by KIR2DL1, KIR2DL2 and KIR2DL3. These interactions are known to be the
strongest HLA-mediated educators of NK cells (MOESTA et al., 2008; HILTON et al., 2015).
Altogether, our results support the suggestion that HLA-C specialized and evolved to become
primarily KIR ligands while HLA-A and HLA-B kept their primary function as T cell
receptor ligands (OLDER AGUILAR et al., 2010).

Interestingly, we report that Brazilians of European ancestry have 7.65 interactions per
individual, which is higher than the average of 6.5 interactions found in European populations
(NEMAT-GORGANI et al., 2019). Euro-Brazilians from Curitiba are an admixed population
with a high proportion of European ancestry, close to 80% (IBGE, 2013). However, even
individuals who are phenotypically white have approximately 6% African and/or Amerindian
genetic background (BRAUN-PRADO et al., 2000). This admixture may explain why they
have higher genetic diversity and more interactions than the 6.5 KIR-HLA interactions per
individual reported in Europeans (NEMAT-GORGANI et al., 2019).

In this study, we make an outstanding contribution by reporting more than 150 centromeric
and 170 telomeric high-resolution allele-level haplotypes in South American populations. In
most cases, these haplotypes are variations of a smaller number of conserved, more frequent,
haplotypes. Because our method allows for 5-digit characterization of alleles, single
nucleotide polymorphisms further diversify haplotypes in the populations. This
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microvariation provides insights into the linkage disequilibrium pattern between the K/IR
genes and enhance the ability to predict K/R haplotypes from different types of data.

4 Material and methods
4.1 Samples

We analyzed 707 samples from eight different populations (Table 4). They include: Euro-
descendants from Curitiba (CTBA, n=109), Japanese descendants from Curitiba (JAP, n=75),
Guarani Kaiowa (GKW, n=150), Guarani Nandeva (GND, n=81), Guarani M’bya (GRC,
n=84), Kaingang from Ivai (KIV, n=93), Kaingang from Rio das Cobras (KRC, n=64), and
Aché (ACHE, n=51). Sampling of these populations is detailed in (TSUNETO et al., 2003)
and Table 4, and sampling locations are indicated in Figure 9. DNA samples were extracted
throughout the years using the Phenol-Chloroform-Isoamyl Alcohol method (SAMBROOK et
al., 1989) or salting-out method (LAHIRI; NURNBERGER, 1991), and stored at -80°C. All
participants were informed about the research purpose and given written or oral consent to
participate in the study. In accordance to the Brazilian Federal laws, ethical approval was
given by the Brazilian National Human Research Ethics Committee (CONEP) (CAAE
02727412.4.0000.0096).

The Amerindian population samples were collected between 1988 and 2000, as previously
described in TSUNETO et al. (2003). The individuals were part of genetically isolated groups
living in indigenous lands in the Brazilians states of Parand and Mato Grosso do Sul, and in
the bordering country Paraguay. The Guarani are closely related groups, and it is suggested
they subdivided in the three populations here studied (Guarani Nandeva, Guarani Kaiow4 and
Guarani M’bya) around 1,800 years ago, while the Kaingang, which speak a J¢ language are
suggested to be very closely related groups which split approximately 200 years ago
(MARRERO et al., 2007). The Aché groups currently living in Paraguay present cultural and
genetic similarity to both Guarani and Kaingang groups. However, evidence based on
autosomal and sexual genetic markers suggest that they are closer to Guarani groups
(BATTILANA et al., 2002; GASPAR et al., 2002; TSUNETO et al., 2003; SCHMITT et al.,
2004; CALLEGARI-JACQUES et al., 2007).

The urban populations were collected in the city of Curitiba, capital of Parana State and one
of the largest cities in Brazil, with over 2 million inhabitants (IBGE, 2013). The south of
Brazil, which was inhabited mainly by descendants of Amerindians and Africans during the
colonization period, received large influx of European immigrants during the XIX and XX
centuries (KEHDY et al., 2015). In the city of Curitiba, most people have Portuguese,
German, Italian, Polish, and Ukrainian background, among others. According to the last
Brazilian population census in 2010, Curitiba’s population self-reported its ethnicity as 78.8%
white, 16.7% admixed, 3% black, 1.4% Asian and 0.2% of Native Americans (IBGE, 2013).
Contributing to the Curitiba’s genetic diversity are also Japanese communities. During
Japan’s crisis after the Meiji restauration in the late XIX century, Japanese people immigrated
heavily to the United States, Peru, Mexico and Brazil. Nowadays, Brazil has the largest
population of Japanese outside of Japan, with over 1.5 million people living mainly in the
states of Sao Paulo and Parand (SAKURAI et al., 2010; IBGE, 2013). Individuals from
Japanese ancestry in this study were born in Curitiba, Brazil and reported no admixture with
non-Japanese. Moreover, these individuals reported that both parents and/or four grandparents
were born in Japan.
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4.2  KIR and HLA sequencing

Next Generation Sequencing targeted for K/R and HLA class I genes was performed
according to our custom method (NORMAN et al., 2016) in the 707 individuals described
earlier. DNA was enzymatically fragmentated using KAPA HyperPlus kit (Roche, USA) and
barcoded with TruSight kit (Illumina, San Diego, CA). Dual size selection was performed
with AMPure XP Beads (Beckman Coulter, USA) to obtain fragments with an average size of
780 bp. Quality control was done using PicoGreen® kit (Thermo Fisher Scientific, Waltham,
MA) for product quantification and Bioanalyzer (Agilent, Santa Clara, CA) to determine
quantity and size of fragments. Pooling was done in the automated liquid handling Echo ®
525(Labceyte, San Jose, CA). Capture was performed with 10,456 biotinylated probes
designed by NORMAN et al. (2016) to capture fragments corresponding to all K/R and HLA
class I loci. These were purified using SV-Magnetic Beads (Illumina, San Diego, CA).
Enrichment was performed with TruSight kit (Illumina, San Diego, CA) and captured with
SPRI Nextera magnetic beads (Illumina, San Diego, CA). Sequencing was performed in the
platform Illumina HiSeq 4000 (Illumina, San Diego, CA).

4.3  Data analysis

Sequence filtering, alignment and genotype calling of K/R genes were made using PING
pipeline (NORMAN et al., 2016; MARIN et al., in preparation). Genotype and copy number
were obtained for all thirteen K/R genes. KI/R data was manually curated for copy number
determination and resolution of ambiguities. KIR2DLS5 alleles were manually classified in
KIR2DL5A and KIR2DL5B, which correspond to different /oci in the KIR region. Similarly,
KIR2DS3 and KIR2DS5 were classified in the /oci containing KIR2DS3 and KIR2DS5 alleles
in the centromeric region, and the /oci that contains only K/R2DS35 alleles and is mapped to
the telomeric region. Observation of linkage disequilibrium between neighboring loci was
used to resolve ambiguities, for allelic classification of the above-mentioned loci, and for the
resolution of K/R haplotypes. Intronic variants were also used for resolution of ambiguities.

The HLA class I genes were sequenced simultaneously with K/R. The corresponding sequence
filtering, alignment and genotype calling of HLA genes were done using HLA Explore™
(Omixon, Hungary), which determines 6-digit genotypes unambiguously.

Allele frequencies, as well as the proportion of shared KIR alleles among populations, were
calculated and plot using a customized version of PopGenReport R package (ADAMACK;
GRUBER, 2014). Intersecting sets of alleles were identified using intersect from base R and
plotted using upset from Package UpSetR (CONWAY et al., 2017). Fst was calculated using
pegas R package (WEIR; COCKERHAM, 1984; PARADIS, 2010), and the neighbor-joining
(NJ) tree was estimated in R package ape (PARADIS; SCHLIEP, 2019). Neutrality tests of
non-synonymous (dN) to synonymous (dS) ratio (NEI; GOJOBORI, 1986) were performed in
MEGA X software (KUMAR et al., 2018). Principal components were calculated and plotted
using the ade4 R package (DRAY; DUFOUR, 2007).

A custom R script was developed to classify HLA-A, HLA-B and HLA-C according to the
relevant epitopes for KIR interaction (SIDNEY et al., 2008). HLA-A was classified in A3 and
A11 epitopes, which include alleles of the 4*003 and 4*011 lineages, and the epitope Bw4,
which included allele lineages 4 *023, A*024 and A*032. For HLA-B, we recovered protein
sequences of each allele in the IPD-IMGT/HLA database (ROBINSON et al., 2020), and the
sequences were classified in Bw4 (presence of the SLRNLRG epitope in positions 77-83) and
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Bw6 (presence of either one of NLRIALR, DLRTLLR, SLRTLLR, NLRTALR, SLRTALR
epitopes in positions 77-83). Bw4 was subclassified in epitopes containing an isoleucine
residue at position 80 (Bw4I) which confers greater inhibition upon interaction with
KIR3DL1 than threonine at position 80 (Bw4T) (CARR et al., 2005). Finally, HLA-C was
classified in a similar manner considering the asparagine (C1 epitope) or lysine (C2 epitope)
in position 80.

HLA and KIR data were integrated to generate the medium score of KIR-HLA interactions as
described (NEMAT-GORGANI et al., 2018). Considered in this score are the interactions
confirmed in functional assays. They include the following pairs: Bw4 (HLA-A) and
KIR3DLI1 (FOLEY et al., 2008); HLA-Bw4 and KIR3DL1 (GUMPERZ et al., 1995; FOLEY
et al., 2008); HLA-A*03 and KIR3DL2 (DOHRING et al., 1996); HLA-A*11 and KIR3DL2
(HANSASUTA et al., 2004); HLA-C2 e KIR2DL1 (HILTON et al., 2015); HLA-C and
KIR2DL2 (HILTON et al., 2015); HLA-C1 and KIR2DL3 (HILTON et al., 2015); HLA-C2
and KIR2DS1 (HILTON et al., 2015); HLA-C*16 and KIR2DS2 (MOESTA et al., 2010);
HLA-A*11 and KIR2DS4 (GRAEEF et al., 2009); a subset of HLA-C which includes C2
(alleles C*05:01, C*02:02 and C*04:01) and C1 (alleles C*16:01, C*01:02 and C*14:02),
recognized by KIR2DS4 (GRAEF et al., 2009); and, finally, HLA-C2 and a subset of
KIR2DSS receptors (encoded by alleles 2DS5*003, *004, *005, *006, *007 and *008)
(BLOKHUIS et al., 2017). For each individual, each interaction is scored in the following
manner: the number of HLA alleles involved in the interaction is multiplied by the number of
KIR alleles involved in the interaction; the scores can be 0, 1, 2 and 4. It is worth noticing that
if there are two alleles which can participate in the interaction and they are in homozygosity,
they are given the score of 1. Alternatively, if those two alleles are in heterozygosity, they are
given the score of 2. For each individual, the score of every interaction is summed. Then, this
information is used to calculate the average number of KIR-HLA interactions in the
population.
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Figure 1. Number of KIR alleles which intersect in the 8 populations studied. Filled circles
indicate the populations in which a set of alleles was found, and the vertical bar plot above
indicate the size of the set of alleles. e.g.: 60 KIR alleles were found exclusively in the

population of Brazilians with European ancestry (CTBA). The number of alleles found in

each population are indicated in the horizontal bar plot. Sets of alleles found exclusively in

Amerindians are highlighted in green, and in blue are the sets of alleles found in only in
Japanese or in Japanese and Amerindians. CTBA: Brazilians of European ancestry. JAP:
Brazilians of Japanese ancestry. ACHE: Aché. GKW: Guarani Kaiowéa. GND: Guarani

Nandeva. GRC: Guarani M’bya. KIV: Kaingang from Ivai. KRC: Kaingang from Rio das

Cobras.
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Figure 3. Allele frequencies of centromeric K/R genes (KIR3DL3 ~ KIR2DL]1). Each graph
displays allele frequencies of a given /ocus in the eight populations studied. CTBA: Brazilians
of European ancestry. JAP: Brazilians of Japanese ancestry. ACHE: Aché. GKW: Guarani
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Relative frequencies are indicated inside each cell and empty cells correspond to alleles not
found in the population.
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Figure 4. Allele frequencies of telomeric K/R genes (KIR2DL4 ~ KIR3DL?2). Each graph
displays allele frequencies of a given locus in the eight populations studied. CTBA: Brazilians
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of European ancestry. JAP: Brazilians of Japanese ancestry. ACHE: Aché. GKW: Guarani
Kaiowéa. GND: Guarani Nandeva. GRC: Guarani M’bya. KIV: Kaingang from Ivai. KRC:
Kaingang from Rio das Cobras. Colors indicate increasing frequency (from yellow to red).
Relative frequencies are indicated inside each cell and empty cells correspond to alleles not
found in the population.
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Figure 5. (A) Gray scale table of pairwise Fsr differentiation values (NEIL, 1973). Values can
indicate low (<0.05), medium (0.05 to 0.15) or high (>0.15) differentiation between
populations (WRIGHT, 1978). (B) Box plot showing the distribution of differentiation values
found for each population among the pairwise Fst values. The line marks the median Fsr
value and the upper and bottom limits of the box mark the superior and inferior quartiles,
respectively. Whiskers represent minimum and maximum Fst values found. (C) Average Fsr
differentiation in each K/R locus. The continuous line indicates the average Fst across all
populations and the dotted line indicates the median Fsr. (D) Genetic distance tree of Fsr
values estimated by the neighbor-joining (NJ) method (SAITOU; NEI, 1987). CTBA:
Brazilians of European ancestry. JAP: Brazilians of Japanese ancestry. ACHE: Aché. GKW:
Guarani Kaiowa. GND: Guarani Nandeva. GRC: Guarani M’bya. KIV: Kaingang from Ivai.
KRC: Kaingang from Rio das Cobras.
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Principal component 2 (PC2) - 14.1%

0 e

Principal component 1 (PC1) - 37.3%

Figure 6. Principal components analysis (PCA) of K/R variation. In PCA analysis, data
containing allele frequencies of all K/R genes is reassigned to new variables which better
explain the distribution observed, which are called principal components. Each dot represents
the frequency of one allele, colored according to the population bearing that frequency.
Ellipsis show the distribution of K/R variance in each population, and rectangles sum the
diversity in that population. The first principal component (x axis) is plotted against the
second principal component (y axis), together they explain 42.6% of KIR variation. Relative
contribution of each component to overall variance (Eingenvalues) is given at the bottom left
graph, where each component correspond to a column, in order of percentage of variation
explained, from left to right (PC1, PC2, PC3...). CTBA: Brazilians of European ancestry.
JAP: Brazilians of Japanese ancestry. ACHE: Aché. GKW: Guarani Kaiowa. GND: Guarani
Nandeva. GRC: Guarani M’bya. KIV: Kaingang from Ivai. KRC: Kaingang from Rio das
Cobras.
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Figure 7. Common KIR haplotypes in South Americans. Shown are the haplotypes observed
in at least 10 individuals. (A) Centromeric and (B) telomeric haplotypes are shown. At the end
of the haplotype, whether the haplotype belongs to K/R A4 or B is indicated. On the right side
of each haplotype is the number of times each haplotype was found in the populations. (C)
Bar plot showing the proportion of K/IR A and B haplotypes in the eight South American
populations. These are subclassified in (D) centromeric (Cen 4 and Cen B) and (E) telomeric



788
789
790
791

792
793

794
795
796

93

(Tel A and Tel B) regions. CTBA: Brazilians of European ancestry. JAP: Brazilians of
Japanese ancestry. ACHE: Aché. GKW: Guarani Kaiowa. GND: Guarani Nandeva. GRC:
Guarani M’bya. KIV: Kaingang from Ivai. KRC: Kaingang from Rio das Cobras. Refer to
Supplementary Tables 2 and 3 for a list of all haplotypes found.
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Figure 8. Frequencies of HLA-C lineages. Alleles with frequencies greater than 5% are above
the dotted horizontal line. CTBA: Brazilians of European ancestry. JAP: Brazilians of
Japanese ancestry. ACHE: Aché. GKW: Guarani Kaiow4. GND: Guarani Nandeva. GRC:
Guarani M’bya. KIV: Kaingang from Ivai. KRC: Kaingang from Rio das Cobras.
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Figure 9. Map displaying portion of South America with the sampling locations of the eight
populations included in this study indicated. CTBA: Brazilians of European ancestry. JAP:
Brazilians of Japanese ancestry. ACHE: Aché. GKW: Guarani Kaiowa. GND: Guarani
Nandeva. GRC: Guarani M’bya. KIV: Kaingang from Ivai. KRC: Kaingang from Rio das
Cobras.
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CTBA JAP GKW GND GRC KIV KRC ACHE
CTBA 1
JAP 0.7004 1
GKW 0.6235 0.7148 1
GND 0.6990 0.7579 0.8920 1
GRC 0.6294 0.6564 0.8019 0.7890 1
KIV 0.6723 0.7521 0.8224 0.8536 0.8425 1
KRC 0.6383 0.6959 0.8323 0.8195 0.8743 0.9065 1
ACHE 0.5918 0.6968 0.8530 0.8226 0.7270 0.7798 0.7462 1

Table 1. Proportion of shared K/R alleles among populations. These values are based on the
minimum frequency of each allele between two populations, the minor frequencies for all
alleles of a given locus are then summed, and this sum is averaged across all KIR locus.
CTBA: Brazilians of European ancestry. JAP: Brazilians of Japanese ancestry. ACHE: Aché.
GKW: Guarani Kaiowa. GND: Guarani Nandeva. GRC: Guarani M’bya. KIV: Kaingang
from Ivai. KRC: Kaingang from Rio das Cobras.

KIR Ligand CTBA JAP ACHE GKW GND GRC KIV KRC

A3/A11 0.17 0.14 0.01 0.04
Bw4 0.68 0.58 0.05 0.12 0.22 0.08 0.34 0.32
Bw4l 0.59 0.43 0.05 0.12 0.20 0.08 0.34 0.29
Bw4T 0.08 0.15 0.02 0.03

C1 0.58 0.89 0.55 0.64 0.59 0.85 0.52 0.59
C2 0.42 0.11 0.45 0.36 0.41 0.15 0.48 0.41

Table 2. Frequencies of HLA alleles that code for KIR ligands (i.e. not carrier frequency).
Bw4 is further subdivided in Bw4l (isoleucine at position 80) and Bw4T (threonine at
position 80), because this residue confers differential affinity of the epitope to distinct KIR.
Blank cells indicate the epitope was not found in the corresponding population. CTBA:
Brazilians of European ancestry. JAP: Brazilians of Japanese ancestry. ACHE: Aché. GKW:
Guarani Kaiowa. GND: Guarani Nandeva. GRC: Guarani M’bya. KIV: Kaingang from Ivai.
KRC: Kaingang from Rio das Cobras.
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HLA
epitope KIR CTBA JAP GRC ACHE GND KIV KRC GKW
Bw4 KIR3DL1 184 132 34 66 33 33 4 8
A3 KIR3DL2 63 28 7 4 1
All KIR3DL2 63 28 7 4 1
All KIR2DS4 38 20 5 2
C2 KIR2DL1 114 20 42 66 75 97 37 14
cl1C2 KIR2DL2* | 112 24 71 79 44 50 2 82
Cl KIR2DL3* | 141 153 67 79 114 209 42 96
C2 KIR2DS1 41 4 38 47 48 82 25 19
Cl6 KIR2DS2 6 1
C2 KIR2DS5*

HLA-C * KIR2DS4 72 42 41 84 29 32 31 12
Activating (%) 0.188 0.146 0.269 0311 0.224 0.227 0.397 0.134
Inhibitory (%) 0.812 0.854 0.731 0.689 0.776 0.773 0.603 0.866

Mean interactions 7.65 6.09 488 4.53 4.36 337 276 2.5

Table 3. Number of functional interactions between KIR and HLA in South American
populations. Blank cells indicate that the interaction was not found in the corresponding
population. Asterisks indicate that only a subset of the molecules are considered to be
involved in the interaction, these are detailed in methods. The percentage of interactions
found in the population corresponding to activating or inhibitory interaction is also shown.
Mean interactions are given in the bottom line and indicate the average of functional pairs per
individual in each population. CTBA: Brazilians of European ancestry. JAP: Brazilians of
Japanese ancestry. ACHE: Aché. GKW: Guarani Kaiowa. GND: Guarani Nandeva. GRC:
Guarani M’bya. KIV: Kaingang from Ivai. KRC: Kaingang from Rio das Cobras.
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Mean D Sample
. Municipality and . . .
. Primary age ; Latitu  Longitu s1ze
Population . state at the time of -
language (interval averiguation' de de (n=
) 707)
Euro- from Portugues  25.95 .\
Brazilians Curitiba o (20 - 64) Curitiba/PR -25.45  -49.22 109
Kaiow4 Guarani 25.57 Limao Verde/MS  -23.12  -55.05 150
(12 - 66) Amambai/MS -23.06  -55.12
Guarani , . Nova
M’bya Guarani - Laraneiras/PR -25.18  -52.32 84
Nandeva Guarani - Amambai/MS -23.06  -55.12 81
Ivai Je - Ivai/PR 245  -51.67 93
Kaingang Rio das . Nova
Cobras Je i Laranjeiras/PR 2518 -52.32 64
Bandﬁgl(;z:a ua 233993
Aché Paraguay Aché - Ch guay 51
"pa 241 -56.3
Pou/Paraguay
Japanese from Portugues  30.62 .
descendants  Curitiba e (15 - 69) Curitiba/PR 2345 -49.22 75

825

Table 4. Characterization of the eight South American populations included in this study.
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11 Supplementary material

Supplementary Figure 1. Four principal components of K/R variation. The four principal
components are plotted against each other, from PC1 to PC4. Contribution of each component
(Eingenvalues) to overall KIR variation is given in the diagonal axis. Each dot represents the
frequency of one allele, colored according to the population bearing that frequency. Ellipsis
show the distribution of K/R variance in each population, and rectangles sum the diversity in
that population. CTBA: Brazilians of European ancestry. JAP: Brazilians of Japanese
ancestry. ACHE: Aché. GKW: Guarani Kaiowa. GND: Guarani Nandeva. GRC: Guarani
M’bya. KIV: Kaingang from Ivai. KRC: Kaingang from Rio das Cobras.



99

104 11 4 0 0 0 1 1 0 r 30

Number of interactions

44 9 7 17 21 20 13 13 | 18
34 2 4 9 7 1 5 15 |
24 9 8 16 . 4 B 5 |

-0

1 - 0 10 1 15 1 1 8

I T I I I T T T
CTBA JAP GKW GND GRC KIV KRC ACHE

Supplementary Figure 2. Number of KIR and HLA interactions per individuals. The y axis
indicates the number of interactions present in the same individual, values range from 1 to 15
different interactions possible. The x axis indicates the 8 populations included in this study.
Each cell contain the number of individuals in a given population which present the same
number of KIR and HLA interactions, this number is also indicated through the color scale,
ranging from light yellow (0 individuals) to dark red (>40 individuals). CTBA: Brazilians of
European ancestry. JAP: Brazilians of Japanese ancestry. GKW: Guarani Kaiowd. GND:
Guarani Nandeva. GRC: Guarani M’bya. KIV: Kaingang from Ivai. KRC: Kaingang from
Rio das Cobras. ACHE: Aché.
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dN/dS CTBA JAP GKW GND GRC KIV KRC ACHE
KIR3DL3 ns ns ns ns ns ns ns -1.99 (p=0.049)
KIR2DS2 ns - - - - - - -

KIR2DL23 ns ns ns ns ns ns ns ns
KIR2DL5B ns ns ns ns ns ns ns ns
KIR2DS35 ns ns ns ns ns - - -

KIR2DL1 ns ns ns ns ns ns ns ns
KIR2DL4 ns ns ns ns ns ns ns ns
KIR3DL1S1 ns ns ns ns ns ns ns ns
KIR2DL5A ns ns ns ns ns ns ns ns
KIR2DS5 - - - - - - - -

KIR2DS1 ns ns ns ns ns ns ns -

KIR2DS4 ns ns ns ns ns ns ns ns
KIR3DL2 ns ns ns ns ns ns ns ns

Supplementary Table 1. Codon-based test of neutrality across all allele pairs in a given K/IR
locus. This test is based on the ratio of non-synonymous (dN) to synonymous (dS)
substitutions. Significance values were based on 500 replicates based on the bootstrap
method. ns: non-significant departure from expected neutrality values. When significant, the
dN/dS ratio is given, followed by its p-value in parenthesis. CTBA: Brazilians of European
ancestry. JAP: Brazilians of Japanese ancestry. GKW: Guarani Kaiowa. GND: Guarani
Nandeva. GRC: Guarani M’bya. KIV: Kaingang from Ivai. KRC: Kaingang from Rio das
Cobras. ACHE: Aché.

Supplementary Table 2. All centromeric K/R haplotypes (KIR3DL3 ~ KIR2DL1) found in
South American populations. On the right side of each haplotype is whether the haplotype
belongs to KIR A or B and the number of times the haplotype was found in each population.
CTBA: Brazilians of European ancestry. JAP: Brazilians of Japanese ancestry. ACHE: Aché.
GKW: Guarani Kaiowa. GND: Guarani Nandeva. GRC: Guarani M’bya. KIV: Kaingang
from Ivai. KRC: Kaingang from Rio das Cobras.

Supplementary Table 3. All telomeric KR haplotypes (KIR2DL4 ~ KIR3DL?2) found in South
American populations. On the right side of each haplotype is whether the haplotype belongs
to KIR A or B and the number of times the haplotype was found in each population. CTBA:
Brazilians of European ancestry. JAP: Brazilians of Japanese ancestry. ACHE: Aché. GKW:
Guarani Kaiowa. GND: Guarani Nandeva. GRC: Guarani M’bya. KIV: Kaingang from Ivai.
KRC: Kaingang from Rio das Cobras.
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6 CONSIDERAGOES FINAIS

Neste trabalho, nés caracterizamos a diversidade de KIR em oito populacdes
sul-americanas. Assim como é observado para o restante do genoma (DEGIORGIO
et al., 2009), as popula¢des amerindias apresentaram menor diversidade em KIR e
em interagdes KIR e HLA quando comparadas a outras populagdes. Foram
encontrados cerca de 69 alelos KIR por populacéo, predominantemente ligantes HLA-
C. Além disso, populacdes amerindias tem baixas frequéncias dos ligantes A3, A11 e
Bw4. Nos reforgamos a sugestdo de GENDZEKHADZE et al. (2009) de que a
diversidade mantida nos indigenas representa 0 minimo necessario para manter as
funcdes das células NK em populagées humanas. Portanto, esses achados reforcam
as evidéncias de que HLA-C tenha se especializado na funcao de receptor de NK, em
contraste a HLA-A e -B terem mantido sua principal fun¢gdo na imunidade adaptativa
de células B e T. Encontramos ainda indicios que fortalecem as observagdes de

coevolucao entre HLA-C e o receptor que o reconhece mais fortemente, o KIR2DL1.

As principais conclusées desse trabalho foram:
e Encontramos 209 alelos entre os 13 genes KIR em populagdes sul-americanas,
organizados em 37 haplétipos centroméricos e 44 haplétipos teloméricos;
¢ A menor diversidade em Amerindios é concentrada em interagcdes com o HLA-
C, o que evidencia que este é o principal ligante KIR;
e O polimorfismo de KIR2DL1 apresenta sinais de coevolugdo com o HLA-C,
pois:

o A variante rs2304224 se relaciona com a expressao do receptor
KIR2DL1 e do seu ligante HLA-C, apenas em individuos que possuem o
ligante funcional C2;

o A variante rs2304224 esta em desequilibrio de ligagdo com duas outras
variantes, rs4806553G e rs687000G, que apresentam sinais de selegcao
positiva.

Nosso estudo representa um grande avango na area de imunogenética. Apesar
da limitacdo da auséncia dos pseudogenes KIR2DP1 e KIR3DP1, a caracterizagéo
dos haplétipos de KIR em maxima resolugao apresentada nesse trabalho podera ser
usada como referéncia em estudos futuros. A analise alélica de KIR é ainda incipiente
devido a grande dificuldade de sua analise e, como evidenciado nesse trabalho, esta

nao € uma tarefa facil. Esperamos que os resultados aqui apresentados possam servir
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de base para a compreensao da complexa e fascinante diversidade de genes KIR,
fornecendo base para trabalhos evolutivos e também na interpretagcao de como KIR e

HLA afetam a reproducdo humana e a suscetibilidade a doencas.
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