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Titulo da Dissertagao - Diversidade de Numero de Cépias e Variantes Alélicas
do gene KIR2DS4 em Populagées Mundiais

Impacto cientifico esperado: Desenvolvimento de uma nova metodologia para
analise dos genes KIR, em especial KIR2DS4; compreender a distribuicdo dos
polimorfismos do gene KIR2DS4 e suas frequéncias em diversas populagdes ao
redor do mundo, fornecendo uma base sélida para investiga¢des futuras envolvendo
analise funcional.

Impacto social esperado: a possibilidade de avaliagdo dos genes KIR em genomas
completos e exomas permitira a criagdo de modelos estatisticos que detectam
esses alelos em plataformas de genotipagem. Com isso, poderemos avaliar se
esses genes estdo relacionados com diversas doencas, em estudos de associagao
que ja foram realizados, como, por exemplo, Covid-19 e Dengue, definindo variantes
que podem influenciar o progndstico e o tratamento de diversas doencgas.

Impacto econdmico: independéncia do Brasil sobre programas de analise desses
genes, visto que os kits atuais de sequenciamento e as estratégias de analise sao
comerciais; possibilidade de incluir os genes KIR na gama de genes considerados
para decisdes terapéuticas e sele¢cao de doadores.



RESUMO

Os receptores KIR e NKG2 estdo presentes na superficie das células Natural
Killer (NK), desempenhando um papel crucial principalmente na resposta imune
inata. Esses receptores interagem com ligantes presentes nas células-alvo e podem
levar a ativagdo das células NK e liberagdo de granulos citotdxicos e/ou citocinas,
com destruicdo da célula alvo, ou podem desencadear mecanismos de inibicdo da
citotoxicidade. O gene KIR2DS4 é responsavel pela codificagdo de um receptor
ativador dentre genes KIR presentes no cromossomo 19. O receptor KIR2DS4 se
liga principalmente aos antigenos leucocitarios de histocompatibilidade HLA-C,
presentes na superficie de células somaticas em baixa quantidade. Existem duas
versdes do receptor KIR2DS4: funcional (proteina completa, KIR2DS4-full) e néo
funcional (proteina incompleta ou truncada, KIR2DS4-del) devido a uma delegao de
22 pares de base no éxon 5 que resulta em um codon de parada prematuro.
Estudos indicam possiveis associagdes entre este receptor e suas variantes em
transplantes, gravidez e infecgdes virais. Para esta dissertagdo, foi desenvolvido
uma metodologia computacional para minimizar erros de alinhamento e
mapeamento devido a alta similaridade e a natureza polimérfica dos genes KIR.
Com essa nova tecnologia, detectamos SNPs e indels ao longo do gene KIR2DS4,
inferimos o numero de cépias deste genes e quais alelos estdo presentes em cada
individuo estudado. Aplicamos esse método em 490 amostras oriundas da Europa,
Africa, América do Sul e Asia, todas do projeto 1000 Genomas. As maiores
frequéncias de auséncia de KIR2DS4 foram observadas no sul da Asia e na
América (Colémbia), com 10.8% e 8.6%, respectivamente. Identificamos 12 alelos
diferentes, sendo os mais mais frequentes: KIR2DS4*001 (33.1%); KIR2DS4*003
(15.9%) e KIR2DS4*null (auséncia de KIR2DS4, 22.3%). Os individuos do sul da
Asia geralmente apresentam KIR2DS4 n3o funcional, seja pela auséncia do gene ou
pela presenca de um alelo truncado. A descricdo da diversidade do gene KIR2DS4
em todas essas populagdes contribuira para um melhor entendimento do papel
desse receptor na gestagcdo ou em diversas condigdes patoldgicas, como doengas

autoimunes ou infecciosas e tumores.

Palavras-chave: KIR2DS4, polimorfismo, KIR2DS4-del, NGS.
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ABSTRACT

The KIR and NKG2 receptors in the Natural Killer (NK) cell surface play a
crucial role mainly in the innate immune response. These receptors interact with
ligands present on target cells, modulating the NK cell cytotoxic function. The
KIR2DS4 gene is responsible for encoding an NK activating receptor. The KIR2DS4
receptor binds mainly to the human leukocyte antigen HLA-C antigens, which are
present in low quantities on the surface of somatic cells. This receptor might be
present or absent in an individual, and, when present, might present two versions,
the full-length one and a truncated and non-functional one. Studies indicate possible
associations between this receptor and its variants in transplants, pregnancy, and
viral infections. For this dissertation, we developed a computational methodology to
genotype KIR genes from whole-genome sequencing data. It allowed for a more
accurate detection of SNPs and indels along the KIR2DS4 gene, determination of
copy numbers of different alleles. This method was applied to 490 samples from
Europe, Africa, South America, and Asia, all from the 1000 Genomes Project. The
highest frequencies of KIR2DS4 absence were observed in South Asia and America
(Colombia), with 10.8% and 8.6%, respectively. We also detected 12 different alleles,
and the most frequent ones are: KIR2DS4*001 (33.1%), KIR2DS4*003 (15.9%), and
KIR2DS4*null (absence of KIR2DS4, 22.3%). Most individuals in South Asia present
a non-functional KIR2DS4 (comprising KIR2DS4 absence or the KIR2DS4*
absence). Describing the diversity of the KIR2DS4 gene in all these populations will
contribute to a better understanding of the role of this receptor in gestation or in
various pathological conditions, such as autoimmune diseases, infectious diseases,

and tumors.

Key-words: KIR2DS4, polymorphism, KIR2DS4-del, NGS.
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INTRODUCAO

1. As células Natural Killer e os receptores KIR

O sistema imune tem sua origem durante o desenvolvimento fetal, mas sua
maturacdo completa ocorre apds o nascimento, continuando ao longo da infancia e
adolescéncia (1). A pressao exercida por patdogenos tem sido a principal forga na
evolugdo do sistema imunoldgico, que € caracterizado por um conjunto de tecidos,
orgaos e células que desempenham a funcdo de protecdo contra patdégenos e
promovem o equilibrio homeostatico de saude e o bem-estar (2—4). Essas respostas
sdo didaticamente divididas em duas formas, imunidade inata e adaptativa, com
componentes especificos de cada uma delas e componentes comuns a ambas.

A resposta inata é representada por barreiras fisicas, fisioldgicas e quimicas,
que atuam como defesas primarias do organismo. Além disso, um grupo de
proteinas e células atuam no reconhecimento de patdégenos e na defesa inicial.
Entre essas células, podemos citar os neutrofilos, as células dendriticas (DC), os
monocitos/macrofagos, as células natural killer (NK), e outros componentes do
sistema imune que atuam juntamente com os fatores do sistema complemento (2).
A resposta adaptativa € organizada em torno de duas classes de linfocitos
especializados: células T, especificamente os linfocitos T CD4+ e T CD8+, e células
B (2,5), que, através da diversidade de receptores, sdo capazes de direcionar a
eliminacdo especifica de patégenos e desenvolver memoria imunoldgica de longa
duracao contra reinfeccao (5). As células B desempenham um papel importante na
resposta imune humoral, enquanto as células T estdo mais envolvidas na resposta
imune mediada por células (6).

Na imunidade inata, as células NK sao capazes de induzir a morte celular por
apoptose de células que estejam sob estresse oxidativo, infectadas por virus, ou
neoplasicas (7,8). Elas atuam na resposta imunolégica por meio de citotoxicidade
celular dependente ou ndo de anticorpos (7,8), liberando perforinas e granzimas de
granulos intracelulares apdés se ligarem com as células-alvo (9) e produzem
citocinas que regulam a atividade dos linfécitos T e células dendriticas (DCs) (7). As
NKs secretam grandes quantidades de citocinas pro-inflamatérias, como

interferon-gama (IFN-y) e fator de necrose tumoral-alfa (TNF-a) (7,8) e

21


https://www.zotero.org/google-docs/?t14gk2
https://www.zotero.org/google-docs/?ECOLQX
https://www.zotero.org/google-docs/?70Q1ib
https://www.zotero.org/google-docs/?zq0tQP
https://www.zotero.org/google-docs/?kPel0D
https://www.zotero.org/google-docs/?HJQakR
https://www.zotero.org/google-docs/?NUiEPd
https://www.zotero.org/google-docs/?aTNTy8
https://www.zotero.org/google-docs/?PdjRut
https://www.zotero.org/google-docs/?eZXjBp
https://www.zotero.org/google-docs/?9q7Tqe

imunossupressoras, como a interleucina (IL)-10, além de quimiocinas como CCL3 e
CCL4 (7,10).

As células NK podem apresentar diferencas em funcgao, fendtipo e localizagao
tecidual (11,12). As NKs representam 5-15% dos linfécitos circulantes nos humanos
e podem ser categorizados em dois subconjuntos fenotipicos e funcionais distintos
com base na densidade de CD56 em sua superficie, as células CD56" "
apresentam maior expressdo dessa proteina. Este subgrupo é caracterizado pela
produgdo de altos niveis de citocinas em resposta a IL-2, enquanto as células
CD56%™ que compdem cerca de 90% das NK que sdo encontradas no sangue
periférico, ttm uma capacidade robusta de liberar perforinas e granzimas, quando
estd com CD16+ apresenta um importante papel na regulagéo do sistema imune via
producado de citocinas, mas reduzida a atividade citolitica (9,13). Além de estar
envolvida na morte celular, CD56%™ também atua na indugdo de respostas
inflamatdrias envolvendo recrutamento de outras células de defesa e promovendo a
resisténcia celular contra infecgdo juntamente com a formacgao inicial das respostas
imunes adaptativas (14).

As células NK apresentam um repertério de receptores em sua superficie,
que influenciam a atividade dessas células. Entre eles, podemos citar os receptores
KIR (do inglés, killer cell immunoglobulin-like receptors), LILRs (do inglés, leukocyte
immunoglobulin-like receptors) e KLR (do inglés, the Killer cell lectin-like receptors)
(15). Esses receptores tém a capacidade de ativar ou inibir as células NK, por meio
da interagdo com ligantes das células-alvo, em especial as moléculas do sistema de
Antigeno Leucocitario Humano (HLA, do inglés, human leukocyte antigen), de
classe | classicas (HLA-A, -B, e -C) e nao classicas (HLA-E, -F e -G). As moléculas
de HLA-I (HLA de classe |, classicas) tem como fungcédo apresentar peptideos na
superficie celular de células nucleadas, seja peptideos proprios ou alterados devido
a transformacdes de células neoplasicas ou infectadas por patdégenos intracelulares,
como virus (2) aos linfécitos T, um processo que inicia a resposta imune adaptativa.
A interagdo receptor/ligante (KIR/HLA, por exemplo) e das citocinas liberadas,
contribuem para a funcionalidade da célula NK (15-23). Por exemplo, os receptores
inibitérios KIR2DL1 e KIR2DL3 reconhecem moléculas HLA-C (24); KIR2DL4
interage com HLA-G; KIR3DL1 reconhece o epitopo HLA-Bw4 no residuo 77-83
presente em algumas moléculas de HLA-A e HLA-B, e KIR3DL2 reconhece as
variantes HLA-A*3 e HLA-A*11 (25). O receptor ativador KIR2DS4, alvo deste

22


https://www.zotero.org/google-docs/?zzcdlv
https://www.zotero.org/google-docs/?3TYtsa
https://www.zotero.org/google-docs/?4Jt1CQ
https://www.zotero.org/google-docs/?7tgBNr
https://www.zotero.org/google-docs/?Q6giEo
https://www.zotero.org/google-docs/?oXGc7g
https://www.zotero.org/google-docs/?5kGJWu
https://www.zotero.org/google-docs/?AJHgC7
https://www.zotero.org/google-docs/?CLv2mh

estudo, reconhece HLA-A e HLA-C (26). Na literatura, ha descrita a interacédo entre
KIR2DS4 e HLA-F somente pelos autores Goodridge et al., 2009 (27),
demonstrando que € necessario mais estudos para comprovar essa interagcao entre
as duas moléculas.

Por parte das células NK, ha um mecanismo central de reconhecimento
denominado como hipotese “missing self", em que uma das fungdes destas células
€ reconhecer e eliminar células que apresentam auséncia ou poucas quantidades
de HLA-I na superficie (28), processo comum que ocorre principalmente em células
neoplasicas e durante infecgdes virais (29). Além disso, as células alteradas podem
superexpressar ligantes induzidos por estresse (“induced self-recognation”),
aumentando a interagcao por receptores ativadores (30) presentes na NK. Portanto,
0s principais receptores expressos na superficie celular da NK contribuem para a
sinalizagdo negativa (inibitoria) ou positiva (ativadora) durante a resposta imune

mediada por célula NK (31). (Figura 1)

A. Tolerancia B. Indugédo de autoconhecimento C. Auséncia do reconhecimento
("Induced self-recognation”) ("Missing-self")
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Figura 1: Mecanismos de regulagéo da atividade de células NK, de acordo com a interagédo de seus
receptores com os ligantes da célula-alvo ou auséncia desses ligantes. A) Maiores quantidades de
ligantes inibitérios (em vermelho na célula-alvo) com receptores inibitérios de NK (em vermelho na
célula NK) em relagéo aos ligantes com receptores ativadores(em verde na célula NK), resulta na
tolerancia da célula NK. B) Maior quantidade de ligantes ativadores(em verde), interagindo com
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receptores ativadores (em verde na célula NK), comumente visto em células infectadas por alguns
virus e células tumorais, resulta em ativacdo da citotoxicidade da NK. C) Redugéo ou auséncia de
ligantes na superficie celular resulta na citotoxicidade celular. Criado no BioRender. Adaptado de
Quatrini et al. 2021 (30).

Nos humanos, a familia de genes KIR € composta por 15 genes responsaveis
pela codificacdo dos receptores KIR, com a fungdo de ativagdo (KIR2DS1-S5,
KIR3DS1), inibigdo (KIR2DL1-L5, 3DL1-L3), ou dupla fungdo, como o KIR2DL4 (32),
expressos na superficie das células NK e em um subconjunto de linfocitos T
ativados ou de memoria, e 2 pseudogenes (KIR2DP1 e KIR3DP1). Estes genes
estdo presentes no cromossomos 19 (19913.4), no Complexo de Receptores
Leucocitarios (LRC, do inglés, leukocyte receptor complex), caracterizado por ser
altamente diversificado e em rapida evolugdo (32), que compreende um grande
cluster de receptores de superficie, juntamente com receptores LILR, leucécitos
associados com dominio com receptor-l (LAIR, do inglés, leukocyte-associated
Ig-like receptor-1), receptor associado com osteoclasto (OSCAR, do inglés,
osteclast-associated receptor), NKp46, glicoproteina VI (GPVI, do inglés,
glycoprotein 1V) e FcRaRI (receptor Fc de alta afinidade | das imunoglobulinas G,
IgG), cujo ligantes s&do tdo diversos quanto imunoglobulinas, colagenos e
hemaglutininas virais. Na regiao extendida do LRC, ha um conjunto adicional de
genes que surgiram por multiplas e antigas ondas de duplicagdo, Siglecs,
glicoproteina gravidez especifica (PSG, do inglés, pregnancy-specific glycoprotein) e
molécula de adesado celular relacionada com antigeno de carcinoembrionario
(CEACAM, do inglés, carcinoembryonic antigen-related cell adhesion molecule),
além de estarem dentro da regiao estendida também o DAP10 e DAP12 (moléculas
adaptadoras), Axl e CD79A. (33—-41) (Figura 2). As familias génicas codificadas na
regido do LRC sdo organizadas em haplétipos. Em cada haplétipo, pode haver uma

combinagao unica de genes que codificam receptores ativadores e inibidores (41).
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Figura 2: Localizacdo dos genes KIR no cromossomo 19. No cromossomo 19, especificamente em
199.13.4 (em roxo escuro), estao localizados diversos genes dentro do Complexo de Receptores
Leucocitarios (LRC), incluindo-se os genes KIR. Criado pelo BioRender. Adaptado de:
Debska-Zielkowska et al., 2021 (33) e IPD-KIR (42).

A ordem dos genes KIR dentro do complexo KIR de um cromossomo 19
define um haplétipo de KIR (Figura 3). Os haplétipos podem variar tanto do ponto de
vista da ordem dos genes, como também da presenga ou auséncia de alguns dos

genes.

Esses haplétipos séo didaticamente divididos em dois grupos principais, A e
B, diferenciando-se pela quantidade de genes que os compdem e pelos alelos
presentes em cada um dos genes KIR presentes (43). O haplétipo A apresenta uma
maior quantidade de genes que codificam KIR inibidores (44) e apenas um gene
para receptor ativador, o KIR2DS4 (43). O haplotipo B contém maior variedade de
combinagdes, com um ou mais genes ativadores, como KIR2DS1, KIR2DS2,
KIR2DS3, KIR2DS4, KIR3DS1 e KIR2DL4 (43,45,46).
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Os haplotipos também sado designados (ou subdivididos) em haplotipos
centroméricos (cen) e/ou teloméricos (tel). A regido centromérica do haplotipo A
(Cen-A) é caracterizada pela presenga exclusiva de KIR2DL1 e KIR2DL3, sem
nenhum outro gene associado ao hapldtipo A. Enquanto a regido centromérica B
(Cen-B) foi delimitada pela presenga de qualquer gene do haplétipo centromérica B
(KIR2DL2 e KIR2DS2, elou KIR2DL5B e KIR2DS3/KIR2DS5). Na regiao telomérica
A (Tel-A), inclui-se o gene KIR2DS4, potencialmente codificando o unico receptor
ativador do haplétipo A, e KIR3DL1 (47). E a regiao telomérica B (Tel-B) é definida
pela presengca de qualquer gene do haplétipo B centrébmero (KIR3DS1 elou
KIR2DS1, por exemplo) (47).
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Figura 3: Haplétipos A e B dos genes KIR . Genes “framework” (em cinza); inibidores (em rosa);
ativadores (em azul) e pseudogenes (em laranja), apenas KIR3DP1 esta presente como pseudogene
e “framework” (em laranja e cinza). Criado pelo BioRender. Adaptado de: TUKWASIBWE et al., 2021
(47).

Os genes KIR sao bastante polimorficos, tanto do ponto de vista estrutural
(variagdo no numero de cépias), como de variagcédo alélica de cada gene (48). Os
genes KIR2DL4, KIR3DL3, KIR3DL2 e o pseudogene KIR3DP1 geralmente estao
presentes em todos os hapldtipos, considerados como genes “framework” por nao
apresentarem variacdo no numero de coépias. Atualmente, apenas o KIR3DL3
parece nao apresentar polimorfismo de numero de copias, e todos os demais sao

variaveis neste sentido. A complexidade genética dos KIR aumentam os riscos de
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erros de genotipagem e ma interpretacbes de associacbes genéticas,
particularmente em estudos com pouca quantidade amostral, mostrando que é
necessario desenvolver métodos analiticos aprimorados e dedicados para estes
genes (48). Ha ao menos 1617 alelos descritos para os genes KIR no banco de
dados IPD-KIR, que € o banco de dados oficial de sequéncias conhecidas de genes
KIR (42). Os receptores KIR tém wuma alta similaridade de sequéncia,
particularmente nos dominios extracelulares. Porém, ha sinais opostos em seus

dominios citoplasmaticos (41).

Cada receptor KIR é classificado de acordo com: (i) a quantidade de
dominios extracelulares que codificam (KIR2D, para dois dominios, ou KIR3D, para
3 dominios); (ii) o tamanho da cauda citoplasmatica intracelular, que pode ser curta
(S, de short) e esta relacionada com receptores ativadores, ou longa (L, de /long),
que esta relacionada com receptores inibidores; (iii) presenga ou auséncia de
dominio citoplasmatico do imunoreceptor ativador baseado em tirosina (ITAM, do
inglés immunoreceptor tyrosine-based activation motif) (49) que interagem com
proteinas adaptadoras (como DAP12) (50) ou do imunoreceptor inibidor baseado
em tirosina (ITIM, do inglés immunoreceptor tyrosine-based inhibitory motifs),
definindo a fungao ativadora ou inibitéria do receptor KIR, respectivamente (38,51)
(Figura 4). A unica excegéo para este esquema de classificagao é para o receptor
KIR2DL4, que, apesar de possuir uma cauda citoplasmatica longa (L), pode atuar
tanto na inibigdo quanto na ativagdo da NK (52), o que por sua vez depende do

ligante que esta interagindo com KIR2DL4.
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Figura 4: Estrutura dos receptores KIR. Caracteristicas estruturais de 1, 2 e/ou 3 dominios, em roxo,
rosa e verde, respectivamente. Adaptadores DAP12 associados com os receptores ativadores (em
verde claro), ITIM associados com os inibidores (em vermelho). Criado pelo BioRender.com.
Adaptado de: IPD-KIR (42).

Os receptores KIR inibidores que interagem com as moléculas HLA classe |
apresentam em sua cauda citoplasmatica motivos inibidores imunorreceptores
baseados em tirosina, que permitem recrutar e ativar fosfatases SHP-1 (do inglés,
SH-containing tyrosine phosphatase) e SHP-2 (15,33). Durante a gestagao, por
exemplo, o receptor KIR2DL1 confere um importante sinal de inibicado para as
células NK ao interagir com o HLA-C2 presente no trofoblasto fetal na decidua
(52,53).

Devido ao sucesso da nomenclatura utilizada para os alelos de HLA, os
pesquisadores implementaram o mesmo padrdao de nomenclatura para os genes
KIR. Inicia-se com o nome do gene, depois um asterisco (*) como um separador
entre o gene e a designagdo numérica (38). Os trés primeiros digitos numéricos
indicam diferentes versbes da proteina por conta da presenca de variacdes
nao-sinbnimas em éxons; os dois digitos seguintes sdo usados para distinguir alelos
que apresentam sequéncias de nucleotideos diferentes em éxons, mas que geram a

mesma proteina representada pelos 3 primeiros digitos; os dois ultimos digitos séo
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utilizados para indicar alelos com sequéncias diferentes de nucleotideos em introns,

regiao promotora ou outra regido nao-traduzida (38). (Figura 5)
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Figura 5: Nomenclatura utilizada para os genes KIR. Adaptado de: IPD-KIR (42).

2. Receptores KIR e associagao com doengas

O papel principal das células do sistema imunolégico é proteger o nosso
organismo contra tumores, infecgbes e alérgenos (33). As células NK apresentam
variagdes em suas propriedades funcionais dependendo da presenca ou auséncia
de expressao dos seus receptores, principalmente em termos de degranulagao (54),
no balancgo de sinais para regulagao da maturagao e ativacao (19).

A familia de receptores KIR, reconhecida como a mais polimorfica entre todos
os receptores, exibe variagbes em sua sequéncia génica que podem influenciar sua
expressao, afinidade com os ligantes e funcionalidade. No entanto, a pesquisa
sobre essas variagdes ainda € bastante limitada, assim como quantidade amostral e
diferentes estudos com resultados conflitantes (55), o que compromete nossa
capacidade de compreender muitas contribuicées clinicamente relevantes, incluindo
a interacao entre KIR/HLA na saude humana (19) e a diversidade genética entre
populagdes.

Os receptores KIR e também a interacao entre KIR/HLA contribuem para um
papel fundamental na susceptibilidade ou protecdo a doengas autoimunes,
patdgenos (56), e durante a gestagao, apresentando uma variagéo entre individuos
e populagdes (8). Essa relagdo KIR/HLA é muitas vezes negligenciada em estudos
de associagdo genémica ampla (GWAS, do inglés, genome-wide association study)
com doengas e infecgdes, em parte devido as dificuldades metodologicas de se
avaliar tanto os genes KIR quanto os genes HLA, pela complexidade dos loci

génicos, pela alta variabilidade e similaridade entre as sequéncias. Em plataformas
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de GWAS, ha uma baixissima representacao de variantes dos genes KIR e para
avaliar a variabilidade dos genes KIR e HLA em doencas, € necessario estratégias
de sequenciamento direcionadas para esses genes KIR com uso de algoritmos
especificos, ou extrair os dados de KIR e HLA em estudos de exomas ou genomas
completos (57) com alta resolugéo de genotipagem (58), utilizando ferramentas de
analise direcionadas para esses genes. Durante as duas ultimas décadas, os
métodos predominantes se concentravam em apenas a presenca/auséncia destes
genes KIR para cada individuo, assim como nas analises de leucemia mieldide
aguda e transplantes por exemplo (58).

Os genes KIR podem impactar o sucesso de transplantes. Nos casos de
pos-transplantes, seja de 6rgao sélido ou de célula-tronco hematopoiética, ha uma
imunossupressiao com uso de drogas para melhorar a taxa de sobrevivéncia do
enxerto. Porém, o paciente fica suscetivel a complicagbes por infeccoes (59),
principalmente virais. Ha uma associagao significativa entre a presenga de KIR2DS4
funcional (KIR2DS4-full) nos doadores com hapléotipo AA ou de aumento de
KIR2DL1/3DL1 com doenga aguda do enxerto versus o hospedeiro apés transplante
alogénico de células hematopoiéticas (33,60). Geralmente, gendtipos que possuem
mais receptores KIR ativadores do que inibidores sdo benéficos em contextos de
infeccéo por virus, especialmente por imunodeficiéncia adquirida (HIV) e hepatite C
(HCV) (61), pois os virus interferem com a expressdo de moléculas HLA como uma
forma de driblar a resposta citotoxica por célula T (33).

Ao analisar casos de COVID-19 na Espanha, observou-se uma menor
frequéncia de KIR3DL1 em pacientes com HLA-B*015 quando comparado a um
controle populacional (66.7% vs 100%) (62). Além disso, KIR3DS1/HLA-B*15:01
estava associado com casos leves/moderados da COVID-19, ressaltando o papel
decisivo das células NKs na imunopatogénese da doencga (62). Os genes KIR2DL5
e KIR2DS3 foram significativamente associados a protecdo contra o virus
SARS-CoV-2 (63) em pacientes da cidade de Meca e Riad, Arabia Saudita.

Estudo envolvendo pacientes japoneses com colite ulcerosa mostrou que a
presenca de KIR2DS3 aumenta o risco de desenvolver essa doenga (23% nos
pacientes vs 14% no grupo controle) e KIR2DS4 diminui o risco (88% vs 95%,
respectivamente) (57). Na dermatite atépica, ha menor probabilidade de remisséo
da doenca quando ha o haplétipo telomérico KIR2DL4*00102 ~ KIR2DS4*00101 ~
KIR3DL2*00201, e mais significativo ainda quando esses alelos de KIR2DS4 e
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KIR2DL4 estavam acompanhados de HLA-C*04:01 (64). A frequéncia do KIR2DS4
funcional em pacientes com arterite de Takaysu € menor em relagdo ao grupo
controle saudavel (38% vs 82%), demonstrando uma significativa associagdo com a
protecao para a doenga (p<0.001) (65).

Em pacientes de Kayseri (Turquia) com doenga celiaca (CD) e pacientes com
CD e diabetes mellitus (DM) coexistentes, foram observados dois receptores
teloméricos ativadores como fatores de risco, KIR2DS5 e KIR3DS1 (66). Em uma
meta-analise de estudos ja descritos com populagdes do México, Brasil, Ira, Norte
da india, Japao, Polbnia, Irlanda do Norte, Taiwan e Europa Ocidental sobre artrite
reumatdide (RA), os genes KIR2DL3, KIR2DL5 e KIR3DL3 demonstraram
associagao com baixo risco da doenga (67).

Estas pesquisas demonstraram a importancia dos receptores KIR na
protecao e susceptibilidade em diversos processos patolégicos, como infecgdes
virais, doengas autoimunes e cronicas. Além disso, esses estudos podem contribuir
para um melhor entendimento do mecanismo das células NK relacionadas com essa
diversidade (68).

3. Gene KIR2DS4

O gene KIR2DS4 codifica um dos receptores ativadores de células NK. Esse
gene esta localizado na regidao telomérica do complexo KIR e esta presente no
haplétipo A (Tel-A). Atualmente, ha 41 alelos descritos, que codificam 22 proteinas
distintas (diferentes sequéncias de aminoacidos), de acordo com o banco de dados
IPD-KIR (42).

Um polimorfismo importante do gene KIR2DS4 é uma delecao de 22 pares de
bases no éxon 5 (39,42,56). Esta delecao faz com que haja um deslocamento no
quadro de leitura, gerando um novo trecho com 64 aminoacidos diferentes (42,69) e
um codon de parada prematuro localizado no final do éxon 7 (42,46,69), alterando a
maior parte da sequéncia proteica do dominio D2 (63 de 92 residuos) e toda a
sequéncia da haste (70). Essa versao truncada € bem menor que a versao completa
e funcional (42). Se a molécula truncada for expressa, provavelmente ela ndo se
ancora na membrana celular e seria secretada, formando potencialmente uma
molécula de KIR2DS4 soluvel (52,59,61). Nao foram observados, até entao, splicing
alternativos que pudessem corrigir a delecdo das 22 bases e re-estabelecer o

quadro de leitura original (59).
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Portanto, KIR2DS4 apresenta duas versoes distintas, uma completa funcional
(KIR2DS4-full) e uma truncada nado funcional (KIR2DS4-del) (71). Os individuos
homozigotos para o haplétipo A e com KIR2DS4 nao funcional nas duas copias do
gene apresentam somente genes KIR inibidores (60).

Além do polimorfismo de 22pb, mutagbes nao sindbnimas modificam alguns
aminoacidos na cadeia peptidica, gerando diferentes sequéncias, seja na forma full
ou del. Entre essas diferentes versdes, podemos citar, para a KIR2DS4-full, as
versdes denominadas 2DS4*001, 2DS4*011, 2DS4*014, 2DS4*015, 2DS4*016,
2DS4*017, 2DS4*019, 2DS4*020, 2DS4*021, 2DS4*022, 2DS4*023 e 2DS4*024.
Para a KIR2DS4-del, podemos citar 2DS4*003, 2DS4*004, 2DS4*006, 2DS4*007,
2DS4*008, 2DS4*009, 2DS4*010, 2DS4*012, 2DS4*013 e 2DS4*018 (42).

A funcdo da proteina soluvel advinda da liberacdo da versdo truncada
(KIR2DS4-del) ainda nao esta completamente elucidada. Ha estudos que buscam
potenciais associacbes com doencgas, além de especulagdes de que essa versao
atue como um receptor para outro ligante, ainda n&o identificado, ou sendo uma
armadilha para eliminar as proteinas soluveis do MHC, que podem interferir na
funcao das células NK (71,72). Uma analise de PCR em tempo real (QRT-PCR) com
confirmacéo por dot blot de RT-PCR demonstrou que amostras que tinham os alelos
com delegéo das 22 bases (KIR2DS4*003, *004 e *006) mostraram uma expressao
mais baixa do gene KIR2DS4 que os alelos sem a delegao (73).

Foram identificados alguns transcritos alternativos para KIR2DS4-full através
da analise de 15 individuos por sequenciamento do tipo PacBio (74). Dentre os
eventos de splicing, um possui uma delecdo de 294b em parte do éxon 4 e 5,
resultando na exclusao do final do dominio D1 e no comeco do D2. Outro apresenta
um éxon a mais, que normalmente é removido do RNAmM porém mantido neste
transcrito, resultando na inclusao de 54pb apds o éxon 5. Como consequéncia, um
stop-codon prematuro € gerado. Foi observada uma delegédo de 51pb no éxon 6 que
ocasiona no pulo de éxon, ndo sendo traduzida a regido da haste da molécula (74).
Os splicing alternativos contribuem para a complexidade dos receptores KIR,
resultando em possiveis receptores com modificagcdes estruturais, funcao e/ou perfil
de expresséo distintos (74).

O principal ligante de KIR2DS4 até entdo descrito € a molécula HLA-C, tanto
o subconjunto C1 quanto C2. Portanto, KIR2DS4 se difere dos outros receptores

KIRs, que sao restritos a apenas um desses grupos (26). A ligacdo também
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acontece com o HLA-A (A*11:01 e A*11:02) e HLA-F de conformagéao aberta (26,27).
Como a funcionalidade das formas truncadas do KIR2DS4 ainda permanecem
incertas, fizeram uma fusdo do KIR2DS4*003 (um dos alelos de KIR2DS4-del) com
beads revestidas com MHC de classe |, mas n&o obtiveram a ligacédo
receptor/ligante, demonstrando que os alelos de KIR2DS4-del ndo sao receptores
de MHC de classe | (26).

Tanto o gene humano KIR2DS4 quanto o ortélogo Pt-2DS4 encontrado em
chimpanzés, codificam moléculas que similarmente reconhecem HLA-A*11 e
HLA-C*16:01, indicando que essas caracteristicas evoluiram antes da separacao
dos ancestrais humanos e chimpanzés, resultando na conservagado dessas
interagcbes em ambas as linhagens. No entanto, uma vez que apenas Pt-2DS4 se
liga ao MHC-C*08:01, as especificidades entre KIR2DS4 e HLA-C s&o divergentes
entre humanos e chimpanzés (26).

E descrito na literatura que o residuo W na posicéo 14 do HLA-Cw4 (sorotipo
de antigeno leucocitario humano) é importante para a ligagado HLA-Cw4/KIR2DS4,
enquanto que o KIR2DS4 néao faz ligagdo com HLA-Cw6 (69). A ligacao entre
KIR2DS4 com HLA-Cw4 é fraca quando comparado ao KIR2DL1, receptor inibidor
(69).

Segundo Augusto, 2006 (43), a perda da funcdo de KIR2DS4 devido a
delecdo no éxon 5 pode fazer com que alguns individuos possam ser mais
suscetiveis a determinadas doengas, principalmente quando ndo ha nenhum outro
gene KIR ativador em seu repertdrio, como os individuos homozigotos para o
haplotipo A (A/A). Todavia, existem outros receptores ativadores nas células NK que
também estao envolvidos na resposta citotoxica, semelhantes a lectina (43).

Em transplantes, pacientes diagnosticados com diferentes tipos de doencas
linfides com compatibilidade total para os genes do MHC de classe | com o doador
(HLA 10/10), apresentaram baixa incidéncia de mortalidade sem recidiva, taxas
mais elevadas de sobrevida e sobrevida livre da doenca, quando receberam o
transplante de célula-tronco hematopoiética de um doador homozigoto para
haplétipo A com KIR2DS4-del (AA/KIR2DS4-del) em comparagao com aqueles que
recebem um enxerto de um doador homozigoto para KIR2DS4-full
(AA/KIR2DS4-full) (75). Foi visto também um aumento no risco de desenvolver
doenga aguda do enxerto contra o hospedeiro (aGVHD) quando o doador é
AA/KIR2DS4-full (60).
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Estudos realizados com populagdo espanhola mostraram uma frequéncia
maior de KIR2DS4-full em pacientes sintomaticos com COVID-19 quando
comparado ao controle (61.7% vs 36.2%, respectivamente) e também com doencga
mais grave e necessidade de ventilagdo mecanica (62). A versado funcional do
KIR2DS4 com KIR2DS1 demonstrou uma protecdo adicional contra disturbios na
gravidez que podem impactar na placentagao, a provavel interagao biologica entre o
KIR2DS1 e o KIR2DS4, baseada em suas fungdes semelhantes e na sobreposig¢ao de
seus ligantes, é provavelmente responsavel pela epistasia detectada em nivel

estatistico (76).

Frequéncia de KIR2DS4-full e KIR2DS4-del em diferentes populagoes

A analise de alelos KIR utilizando técnicas de sequenciamento de segunda
geracdo se faz necessaria para entender a evolucdo desses receptores e
estabelecer uma base para estudos funcionais para uma melhor percepcédo dos
mecanismos das doengas (77). O método mais frequentemente utilizado para
explorar a diversidade genética dos KIR ainda € a PCR-SSP (do inglés,
polymerase-chain reaction with sequence-specific primers) (78), que limita o estudo
a busca de polimorfismos ja conhecidos. Descrito no IPD-KIR (42), os alelos do
KIR2DS4 podem ser distribuidos de acordo com o genétipo encontrado, separando
nas duas versdes encontradas na tabela 1.

Tabela 1: A distribuicdo dos alelos de acordo com os gendtipos KIR2DS4-full e
KIR2DS4-del. Baseado nas sequéncias do IPD-KIR (42).

Genoétipo Alelos

KIR2DS4*00101; *00102; *00103; *00104; *00105; *00106; *01101;
KIR2DS4-full ~ *01102; *014; *015; *016; *017; *018; *019; *020; *021; *022; *023 e
*024

KIR2DS4*00301; *00401; *00601; *007; *008; *009; *010; *012; *013 e

KIR2DS4-del '

Em uma pesquisa com amostras da Irlanda do Norte (n = 100), foi constatado
que o alelo mais frequente encontrado foi KIR2DS4*003 (64%), seguido pelo
KIR2DS4*006 (33%), KIR2DS4*00101 (36%) e KIR2DS4*005 (7%) (79). Em relagéao

a associagdo com COVID-19, o KIR2DS4*00101 foi associado com maior
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susceptibilidade a internacao, registrado 20.7% em hospitalizados e 14.9% em
nao-hospitalizados, independente da ancestralidade genética. Por outro lado,
KIR2DS4*00601 demonstrou relacionado ao baixo risco de internagdo (18.4% vs
15%) (80). Em analise de uma combinacgao de trés populag¢des iranianas através de
sequenciamento de segunda geragdo, revelaram diferentes frequéncias alélicas
para KIR2DS4: *003 (40%), *null (auséncia do gene, cerca de 20%), *001
(aproximadamente 15%), *006 (10%), *010 (em torno de 7%) e *004 (com 5%) (81).
Ao focar em residentes dos Estados Unidos com ascendéncia europeia, os alelos
encontrados foram KIR2DS4*00101 (27%), KIR2DS4*null (22%), KIR2DS4*00301
(14,6%), KIR2DS4*010 (14,3%), KIR2DS4*00601 (12%), KIR2DS4*00401 (3,5%),
*unresolved/new (2,8%), KIR2DS4*00104 (1,9%), KIR2DS4*014 e *00102
(frequéncia menor que 1%) (77).

Sobre o gendtipo de KIR2DS4, a variante KIR2DS4-del é menos frequente
nos indigenas, tendo sua presenga em 3,4% em Kaingang (n = 37) e 11,3% em
Guarani (n = 32). Em analise de pacientes com ovarios policisticos, houve uma
maior frequéncia do gendtipo KIR2DS4-del/del (Pc = 0.0002, 54%) nas pacientes
quando comparado com o controle (26%), e uma baixa frequéncia de KIR2DS4-full
100)

apresentaram a predominancia de KIR2DS4-del com uma frequéncia de 82%, e -full

(43% nos pacientes e 70% no controle) (82). E irlandeses do norte (n

com 36% (79). A principio, as andlises de KIR2DS4 foram realizadas, em sua
maioria, em populagdes isoladas. O intuito deste projeto é obter informagdes sobre

a diversidade deste gene utilizando banco de dados publicos.

4. Dificuldades metodolégicas para analise dos genes KIR

Os genes KIR apresentam um elevado grau de similaridade de sequéncia,
compartilhando cerca de 85-98% de similaridade. H4, inclusive semelhangas entre
os alelos de genes distintos. Essa similaridade de sequéncia dificulta o alinhamento
das sequéncias curtas produzidas em sequenciamentos de segunda geragédo, com
varios reads de um gene alinhado em outro. Por consequéncia, temos um elevado
numero de variantes falso-positivas e falso-negativas (25,83).

Além disso, os genes KIR sao altamente polimoérficos, com dezenas de
diferentes alelos (sequéncias distintas) para cada gene, e variagdo no numero de

copias em nivel individual (58,84). Os erros de alinhamento apresentados
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anteriormente prejudicam a identificacdo desses alelos e prejudicam a analise do
numero de copias, que, em geral, baseia-se no numero de reads alinhados em cada
gene.

Portanto, um dos desafios na analise bioinformatica de sequenciamento dos
genes KIR esta justamente na obtencdo de alinhamentos menos enviesados, que
permitam captar com confiabilidade todos as variantes (SNVs e indels) ao longo de
cada gene, além do numero de cépias e variantes estruturais (85).

Recentemente, os avancos no sequenciamento de nova geracdo (NGS, do
inglés, next-generation sequence) e de terceira geracdo (TGS, do inglés,
third-generation sequence) permitiram uma analise mais abrangente dos genes KIR,
englobando toda a extensdo dos genes e haplotipos entre genes (58). O
sequenciamento com sequéncias curtas (segunda geragdo) proporcionou uma
melhor compreensdo da estrutura de cada gene e do grau de variagdo observado.
Além disso, embora ainda de forma inicial as plataformas de sequenciamento de
sequéncias longas (terceira geragao), como Oxford Nanopore, fornecem dados
importantes acerca da estrutura de haplétipos e presencga de variantes estruturais.
Embora mais utilizada, a desvantagem de usar a tecnologia de sequenciamento de
segunda geracgao reside principalmente nos erros de mapeamento/alinhamento (58).
Um exemplo esta no gene KIR3DP1, que geralmente recebe reads originadas de
KIR3DL3, KIR3DL2, KIR2DP1 e KIR2DL4 (58).

Nos ultimos trés décadas, os métodos de genotipagem dos genes KIR tém se
concentrado principalmente em identificar se os genes estdo presentes ou ausentes,
0 que, em certa medida, auxilia na parcial determinagdo dos hapl6tipos individuais.
No entanto, essas técnicas fornecem informacdes bastante limitadas sobre a
extensdo e a importancia da variagdo nos niveis dos alelos (58). Obter uma
genotipagem de alta resolugao € importante para os inumeros estudos que estudam
a variacao alélica, a histéria evolutiva dos genes KIR e o impacto da diversidade
desses genes nas respostas imunoldgicas, como ocorre em transplante de 6rgaos
sélidos e em transplantes de células-tronco hematopoéticas (HSCT, do inglés,
hematopoietic stem cell transplantation) (58).

Ja foram desenvolvidos métodos computacionais para analise dos genes KIR
em dados de sequenciamento de segunda geracédo, como PING (86), T1K (87),
KIR-IMP (88), e KPI (89,90). O T1K é compativel com dados de sequenciamento de
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DNA e RNA, incluindo sequenciamento completo do genoma (WGS, do inglés,
whole genome sequencing) e quando se avalia somente os éxons (exoma). O
KIR*IMP imputa o numero de cépias dos genes a partir de SNPs selecionados, e o
KPI prediz os haplétipos usando sondas virtuais, mas nenhum dos dois s&o capazes
de genotipar os alelos (91). A ultima versao do PING foi desenvolvida para analisar o
sequenciamento de genoma completo (WGS), mas ndo é compativel para a analise
do exoma (92). Além disso, PING exige computadores de alta performance quando
se esta avaliando um grande numero de amostras e nao produz dados de variantes
(SNPs e indels) no contexto do genoma de referéncia humano. PING é, de longe, o
método mais utilizado para avaliar os genes KIR em dados de sequenciamento de
segunda geragao.

O Kir-mapper, método apresentado nesse estudo, foi concebido para
processar WGS, exomas e dados de sequenciamento obtidos por enriquecimento de
genes KIR por sondas. Além disso, o kir-mapper foi desenvolvido para produzir
alinhamentos mais confidveis utilizando varias sequéncias conhecidas como
referéncia para os alinhamentos e produzir genotipagens de SNVs e indels com alta
confiabilidade, no contexto do genoma de referéncia hg38. Isso permite obter o
numero de copias e os alelos existentes em cada gene, convertendo a informacao
dos SNPs em sequéncias e haplétipos.

PING e kir-mapper utilizam metodologias semelhantes para detectar o
numero de cépias de cada gene. Normalmente, o KIR3DL3 é utilizado como
referéncia para determinar a quantidade de cépias em cada gene. Esse € o padréao
utilizado pelo PING. No entanto, em casos raros em que ha uma variagdo no
numero de copias em KIR3DL3 (detectamos ao menos 3 casos como esse em
amostras estudadas no laboratério), o kir-mapper permite a selegao de outros genes
de referéncia, como HLA-E e HLA-G. Embora aqui propomos um novo método para
analise dos genes KIR, é importante destacar a dificuldade metodoldgica dessas
analises. Os diferentes métodos propostos apresentam pré e contras, que devem
ser pesados na hora da escolha do método e considerados quando os dados sao
comparados. Por exemplo, a definigdo do numero de copias para alguns genes é,
no momento, mais eficiente no PING. Por outro lado, kir-mapper é mais eficiente na

deteccao dos alelos, pois possui em seu core um sistema de faseamento entre os
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SNPs e produz resultados de SNPs de mais facil interpretacdo, pois estdo no

contexto do genoma de referéncia hg38.

Caracterizagao dos bancos de dados genémicos publicos: Projeto 1000

Genomas utilizado no estudo

O projeto 1000 Genomas criou um catalogo de variagbes comuns em
humanos. Esse projeto conta com 3.202 amostras de individuos autodeclarados
como saudaveis de 26 populacdes em 5 regides biogeograficas. Desses, 2.504 sao
de individuos n&o-relacionados. Estas amostras possuem sequenciamento do
genoma completo (WGS) de alta cobertura (30x), utilizando a técnica lllumina Nova
Seq 6000, leitura de 150 pares de base, e a preparagao da biblioteca foi por PCR. O
objetivo principal deste projeto foi encontrar variantes genéticas comuns com uma
frequéncia de pelo menos 1% na populacdo estudada, variantes raras, variantes
estruturais e fornecer informacgdes sobre formacédo haplotipica nas populagdes de
estudo. Caracterizaram cerca de 88 milhdes de variantes (SNPs, InDels e variantes
estruturais), faseadas em alta qualidade (93). Os dados brutos de sequenciamento
foram alinhados ao genoma de referéncia humano GRCh38 (hg38) utilizando a
ferramenta BWA (BWA-MEM 0.7.15). Todos os dados gerados a partir do projeto
estdo disponiveis publicamente, incluindo arquivos BAM (os sequenciamentos
alinhados ao genoma de referéncia), VCFs (as variantes, SNPs e indels, chamados
pelo HaplotypeCaller do GATK) e anotagdes funcionais (94) para que possam ser
analisadas e estudadas por outros projetos de pesquisa. Todas as amostras estao
disponiveis também em linhagens celulares de linfoblastdides (LCLs) e LCL
derivados do DNA do repositério Coriell Cell (https://catalog.coriell.org/).

Nesta dissertacdo, foram selecionadas 5 populagbes, 1 por regido
biogeografica do projeto 1000 Genomas: Indiano Telugu (ITU) (ancestralidade do
Sul Asidtico); Inglaterra e Escocia (GBR) (ancestralidade Européia); Japoneses
(JPT) (ancestralidade do Leste Asiatico); Colombianos de Medellin (CLM)
(ancestralidade Americana); Yoruba (YRI) (ancestralidade Africana), totalizando em

490 amostras.
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JUSTIFICATIVA

A diversidade do gene KIR2DS4 é provavelmente subestimada, visto que ha
uma auséncia de estudos em populagdes miscigenadas, como a brasileira, e outras
populagdes n&o européias, 0 que gera incerteza sobre a amplitude da diversidade
desse gene. O estudo da diversidade de KIR2DS4 em um conjunto amplo de
amostras, de diferentes partes do mundo, ira contribuir para um melhor
entendimento da funcionalidade e da historia evolutiva desse receptor. A
determinacao das frequéncias alélicas, genotipicas e distribuicado de KIR2DS4-full,
-del e -null, e a identificacdo dos haplotipos associados, sdo passos fundamentais
para um entendimento da funcdo desse gene. Além disso, os métodos atuais para
analise de genes KIR em dados de sequenciamento de segunda geragédo, embora
uteis para a caracterizacdo desses genes em pequenos tamanhos amostrais,
dificultam a analise de grandes tamanhos amostrais, especialmente na auséncia de
servidores bastante potentes.

Este estudo contempla uma parte do desenvolvimento de um método
computacional que se adequa a realidade brasileira, com capacidade para analisar
grandes numeros de amostras em computadores de pequeno a médio porte. Esse
meétodo foi criado no ambito do laboratério GeMBio pelo orientador do projeto e
curado (utilizado repetidas vezes, com avaliagdo manual dos resultados) pelos
alunos de pés-graduacao. Neste estudo, mostraremos esse método com foco no
gene KIR2DS4 e exploramos a diversidade observada em amostras provenientes
do projeto 1000 Genomas. Neste primeiro momento, exploraremos o numero de
copias e a frequéncia dos alelos observados que caracterizam uma proteina

diferente (primeiros trés digitos) .
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OBJETIVOS

Objetivo Geral

O objetivo deste trabalho é avaliar a diversidade genética de KIR2DS4
observada em amostras de diferentes regides biogeograficas, considerando o
numero de cépias do gene e os diferentes alelos observados, e testar uma nova

metodologia de anélise em dados de sequenciamento de segunda geragao.

Objetivos Especificos

e Consolidar uma metodologia para avaliagdo da variabilidade do gene
KIR2DS4 a partir de dados de sequenciamento de nova geragéao (NGS);

e Demonstrar como a metodologia desenvolvida no laboratério pode ser
complementar a outras ferramentas ja utilizadas para analise dos genes KIR;

e Detectar os sitios de variagcdo encontrados para o gene KIR2DS4 em
amostras de diferentes populacoes;

e Detectar variagdo do numero de copias (presenga/auséncia e quantidade);
e Estudar a diversidade do gene KIR2DS4 em diferentes populagdes,

e Analisar a distribuicdo das diferentes versées de KIR2DS4, com foco entre a
versao funcional, ndo-funcional e a nula (Qquando o gene nao esta presente).
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Abstract

Natural Killer (NK) cells are essential in innate immune response. NK surface receptors such
as KIR modulate NK cell cytotoxicity. The KIR genes have similar sequences of DNA and a
degree of polymorphism. KIR2DS4 encodes an activator receptor and might be absent from
an individual, or present in two possible isoforms, the functional full-length molecule
(KIR2DS4-full) or the non-functional truncated one. The presence of these isoforms may
influence transplantation and infection outcomes. Here, we present a new computation
method to survey KIR2DS4 copy numbers, variants, and alleles from short reads, by using
the kir-mapper workflow. We have applied this method to survey KIR2DS4 diversity in 490
samples from 5 populations: GBR (British in Europe), JPT (Japanese in East Asia), YRI
(Yoruba in Africa), ITU (Telugo in South Asia), and CLM (Colombia from America) from the
1000 Genomes Project. KIR2DS4 was detected in all populations in most individuals (more
than 90%). The complete absence of KIR2DS4 is uncommon, but more frequent in South
Asia (about 10%). We detected individuals with 0, 1, 2, or 3 copies of KIR2DS4. The most
frequent genotype was two copies, except for South Asia with one copy (49%), and rare
cases of three copies, only detected in JPT (1%) and YRI (2.9%). KIR2DS4 allele
frequencies vary among populations. While some alleles are highly frequent everywhere
(KIR2DS4*00101, *00301, *00401, *010), others are only absent in specific populations
(KIR2DS4*00601 absent in Japan), and others are detected in specific populations (*00103
in Colombia and *016 in Japan). Although most individuals present at least one copy of
KIR2DS4, the frequency of individuals carrying at least one copy of an allele encoding the
full/functional version of KIR2DS4 varied from 30.4% in South Asia, 42% in Europe, to
78.4% in Japan. These frequencies are the expected ones based on previous studies in
similar populations. In conclusion, this new computational method can be an alternative or
additional tool to characterize KIR2DS4 in NGS data, and can be used in functional and
disease association studies. The presence of a functional KIR2DS4 gene is less frequent in
South Asia, Europe, and admixed populations with major European and South Asian

backgrounds.

Keywords: KIR2DS4, copy number variation, NGS, KIR2DS4-del.
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Introduction

KIR2DS4 is the oldest and most divergent activador KIR (killer
immunoglobulin-like receptor) receptor (1) and, in several cases, the only activating
KIR in some individuals. Several studies detected association of KIR2DS4 with
successful pregnancy (2), protection from hepatitis C virus (3), and promoted the
pathogenesis of HIV-1 (4). This receptor binds with HLA-C serotypes C1 and C2,
HLA-A*11 which is a ligand of KIR3DL2 too (1), and possibly HLA-F (5-8). Analysis
between the interaction of KIR/HLA in general has been increasing to investigate the
impact of them on the outcome and progression of viral infection (9). For KIR2DS4,
there are 44 alleles encoding 22 different protein sequences (10).

It is not clear whether SNPs across KIR2DS4 influence protein/receptor
function or expression patterns. However, a deletion of 22 nucleotides in exon 5 of
the gene has a functional impact, because it leads to a different reading frame and a
premature stop codon in the final part of exon 7 (11). Consequently, this deletion
impairs the translation of the part of the D2 domain, the transmembrane domain, the
steam, and the cytoplasmic domain, producing a truncated version of KIR2DS4 (11).
This truncated version is known as KIR2DS4-del or KIR1D, and the alleles described
until now carrying this deletion are KIR2DS4* 003, *004, *006, *007, *008, *009,
*010, *012, *013, and *018 (10). It is theorized that if this truncated version is
expressed, it would be secreted as a soluble isoform with loss of function (5,12,13),
failing to anchor in the membrane surface of NK cells (14). They might also be
unable to bind with HLA class | molecules (7,12,13). Consequently, KIR2DS4
presented two isoforms: functional, known as KIR2DS4-full and non-functional,
represented by KIR2DS4-del or KIR1D. Therefore, if an individual has only KIR2DS4
as an activating receptor within the KIR receptors, and only the KIR2DS4-del in both
chromosome 19, thus none of KIR receptors would be capable of activation of NK
cells. The presence of this truncated KIR2DS4 protein was associated with syphilis
(patients 16.85% vs control 6.59%) in the Chinese Han population (15), and with
higher graft-versus-host disease-free (p = .002) and relapse-free survival rates (p =
.002) (16) in hematopoietic stem cell transplantation.

The KIR genes are considered the most polymorphic receptors from NK cells,
mainly because of the combination of allelic diversity, copy number polymorphism

(17) and similarity between the sequence of DNA. The functional diversity within KIR
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variations has been a subject of several studies, yielding consistent and replicable
information. Nevertheless, conflicting results emerged due to distinct ancestral
cohorts. Furthermore, there's a critical need to refine our understanding of copy
number variations and allelic diversity. For instance, a specifically characterized allele
remained undetectable using solely gene-content methods. This underscores the
necessity for more nuanced approaches to fully capture the diversity and functionality
of KIRs. Next-generation (NGS) and third-generation sequencing methods using
short reads can generate a massive amount of sequencing data in a high throughput
and cost-effective manner. The super high-resolution sequencing will provide a
detailed view of the KIR gene and haplotype structures. This knowledge can then be
carried into studies of how allelic variation might affect NK cell function, outcomes in
HSC and solid organ transplantation, and the progression of infectious disease.

There is a lack of tools to sequence and analyze KIR genes, especially from
NSG methodology. Although many pipelines and programs have been created to
survey KIR genes and polymorphisms from whole-genomes and targeted sequencing
data, such as PING and T1K (18), their results are sometimes conflicting. The most
used pipeline to analyze KIR genes is PING (19)o, updated last year to be
compatible with whole genomes (20). However, it depends on the availability of
high-performance computers when evaluating a large number of samples, and it has
not been designed for Exome sequencing (which is an increasing demand).

Here, we propose a different method to survey KIR genes from whole-genome
sequencing data (WGS), focusing on detecting KIR2DS4 copy numbers and alleles.
Then, we applied this pipeline to survey KIR2DS4 in 490 samples from the 1000
Genomes Project (21), divided into 5 populations and distributed by ancestry
respectively: British in England and Scotland (GBR, Europe), Yoruba in Ibadan (YRI,
Africa), Japanese in Tokyo (JPT, East Asia), Colombians from Medellin (CLM, South
America) and Indian Telugu (ITU, South Asia).
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Methods

The kir-mapper workflow and read alignment: the map algorithm

The kir-mapper is a toolkit to analyze KIR genes from NGS short-read
sequencing data. The toolkit presents 3 main functions, one for read alignment to the
reference genome (function map), one to calculate coverage and copy numbers
(function ncopy), and one for genotyping SNPs KIR alleles (function genotype),
Figure 1.

Kir-mapper Workflow

Step 1 Slep 2 Step 3
@ Optimized E @ SNP and Indels
or ﬁ %
@ @ @ | I @ Allele calls

Figure 1: The kir-mapper workflow to produce BAM files for each sample, call copy numbers, SNPs,
and alleles.

The map function applies an algorithm to calculate the distance between each
read and known sequences for all KIR genes, comparing these distances to assign
each read to its proper locus. Some reads present the same distance for more than
one KIR gene. In these cases, they are assigned to multiple genes but marked as
secondary alignments. Kir-mapper::map also applies an algorithm that detects two
sequences for each gene that best fits the observed reads and, when possible,
recovers some of these reads marked as secondary, passing them to primary
alignments.

This step is important to get unbiased alignments. Because of the repetitive
nature of all KIR genes, they present a high sequence similarity. Therefore,
conventional alignment tools, such as BWA or Bowtie2, which uses a single
reference genome to guide the alignments, are prone to many alignment errors,
jeopardizing genotyping procedures. Kir-mapper::map employs a multi-referenced
alignment because it considers many references for each gene to decide where each
read should be aligned, but, in the end, forces read alignment to a single reference
as other aligners do.

The effect of kir-mapper::map can be observed in Figure 2. Here, we

generated a virtual NGS sequencing simulation for 50 samples, with two known
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sequences for every KIR gene, a read length of 2x150bp (paired-end) and a mean
fragment size of 450. We have aligned all samples with BWA MEM (22) and with
kir-mapper::map, tracking the origin of each read and where they were aligned.
When using BWA, the distribution of reads across KIR2DS4 is represented in Figure
2A. We can observe that many reads from other genes are aligned to KIR2DS4, and
the coverage across the gene is much higher than the expected 30x. These
misaligned reads would jeopardize any genotyping procedure and the estimation of
copy numbers based on comparing coverage between a target and a reference.
When using kir-mapper::map, most of these misalignments are solved, and we
observe a homogeneous read coverage across KIR2DS4 around the expected value
of 30X, with few exceptions (Figure 2B).

The end product of kir-mapper::map is a BAM file with reads aligned to the
hg38 reference genome, and this BAM file can be inspected on other programs, such
as Integrative Genome Viewer (IGV) (23). This step has some dependencies,
including BWA MEM (22), samtools (24), freebayes (25), and picard-tools (26). The
references for each KIR gene used by the kir-mapper came from IPD-KIR (10)
databases. The inputs for this step can be either the raw fastq, or a BAM file with
reads aligned to the hg38 reference genome. The kir-mapper::map step must be
applied to all samples. For this analysis, we used an input fastq file to compare with

another tool.
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Figure 2: The differences observed for read alignment when using BWA (A) and kir-mapper (B)
considering gene KIR2DS4. The y-axis represents the proportion of reads (coverage), different colors
represent different origins for the reads, and the KIR2DS4 structure is represented at the bottom, with
exons as orange squares and introns as white squares. Specifically, KIR2DS4 reads are colored in
orange, while the presence of other colors corresponds to different KIR genes. The horizontal black
line indicates the expected coverage, 30X.

Determining copy numbers: the ncopy algorithm

The second kir-mapper main function is ncopy, which uses the optimized BAM
files produced in the previous step to calculate read depth across each KIR gene and
some references. In this step, it can assess the presence/absence of each gene and
determine their copy number, from 0 to 4 or more copies. Copy number
determination is crucial to get accurate genotypes.

Kir-mapper::ncopy uses samtools depth (24) to determine the coverage of
selected gene regions, calculating the ratio between the observed coverage in the
target and some references. The default reference is usually KIR3DL3, which is
expected to be present in two copies in all individuals (it is so far the only true
framework gene). However, the user can set other references to test whether
KIR3DL3 is truly a framework, such as genes HLA-G, and HLA-E, which are HLA
class | non-classical and least polymorphic of HLA region (27,28), and a region
upstream of the LRC that we called SUPKIR (some nucleotides upstream gene
KIR3DL3 and the KIR complex, between ILT2 and KIR3DL3).

The end product of this step is plots (in PNG and HTML formats) of the ratios
between the targets’s coverage and the coverage of the reference. We expect a ratio
around zero for samples with no copy of the target gene, 0.5 for samples with just 1
copy, 1.0 with samples with 2 copies, 1.5 with samples with 3 copies, and 2.0 for
samples with 4 copies. By manually inspecting the plots, the user can determine the
best thresholds (the transition between groups of samples with the same pattern),
and run the algorithm again with these adjusted thresholds to determine the copy
numbers of all samples. An example of the coverage plot of the Colombian
population for KIR2DS4 in Figure 3, the results of other populations are in the
supplementary section (Figure S6-9). Red dots represent samples with no
heterozygous SNP. Blue and green dots represent samples with heterozygous SNPs.
KIR2DS1 and KIR2DS4 are located in the same position in the locus, so when an

individual has two copies of KIR2DS4, it's expected to have zero copies of KIR2DS1.
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Figure 3: The KIR2DS4 copy number determination using kir-mapper::ncopy for CLM population.
Each triangle represents a sample. The y-axis represents the ration between the coverage observed in
KIR2DS4 and KIR3DL3. Because KIR2DS1 and KIR2DS4 are usually in the same position in the
locus, we also plotted the ratios for KIR2DS1 (light dots).

Calling SNPs and KIR alleles: the genotype algorithm

The last algorithm is kir-mapper::genotype. It considers the copy numbers
determined by kir-mapper::ncopy and the optimized bam files produced by
kir-mapper::map, to call SNPs and Indels across each gene by using freebayes (25).
It also applies a method to transform uncertain alleles into missing alleles, producing
an unphased VCF with variants across each gene. This step also includes every
allele described at the IPD-KIR (10) as a virtual sample homozygous for those
alleles. Therefore, this step produces a VCF file with all tested samples and all
references for a specific gene. After, it applies WhatsHap (29) to phase heterozygous
sites that are close to each other and with reads passing by them. The comparison
between the variants observed at the references (known alleles) and the samples
determines the best allele combination for each sample, with reports of these allele

combinations, how many variants were tested, and the proportion of matches
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between the sample and the tested alleles, the proportion of missing variants, and
the list of eventual mismatches that were detected. This algorithm can be applied in
two formats, for whole-genome, evaluating all exons and introns of every KIR gene
(as presented here), or for exomes, evaluating only exons. For whole-genomes, the
best practice is the comparison of the results from both versions.

Sometimes, kir-mapper reports a series of possible allele combinations for the
same sample (ambiguities). This might occur because there might be more than one
allele combination with the same SNPs and genotypes but different phases among
them. Although kir-mapper tries to phase all heterozygous sites, this phasing fails
when two heterozygous sites are far apart, with no short read passing through them.

To solve this problem, kir-mapper has a built-in method to resolve ambiguities,
that is only available when genotyping a minimum of 150 samples simultaneously
and many KIR genes at the same time. We use statistical phasing to fill in the gaps
among the phasing sets defined by whatshap (29), to define complete haplotypes, by
using shapeit4 (30). With all variants phased, there is no ambiguity and the best
combination of alleles is defined.

Testing kir-mapper with samples from all biogeographic regions

To test the kir-mapper for genotyping KIR2DS4, and also explore KIR2DS4
diversity in different populations, we used high-coverage sequencing data (30x) from
490 samples from different locations. This dataset comprised related and unrelated
samples from 1000 Genomes Project (21) dataset, from 5 populations (n = 490):
Colombian (CLM); British (GBR); Yoruba (YRI); Japanese (JPT); and Telugu (ITU).
The samples were also classified according to their biogeographic region ancestry as
Europeans (EUR), Africans (AFR), East Asians (EAS), South Asians (SAS), and
Americans (AMR).

For all these samples, we downloaded raw sequencing files from
high-coverage (30x) from whole-genome sequencing (WGS) (fastq) or BAM files with
short reads from lllumina Novaseq 6000 platform, using 2 X 150bp cycles, aligned to
the human reference genome hg38 (GRCh38) using BWA-MEM (version 0.7.15) tool.
(21)
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Comparing Kir-mapper and PING

PING (19) is the most used tool to call KIR alleles from NGS data. It was
created for and validated with targeted sequencing for KIR. To target KIR genes for
next-generation sequencing, they used probes to the KIR region (19). Later, the tool
was updated for whole-genome sequencing (20). PING can determine copy
numbers, genotypes (allele calls), and novel sequences (19). We compared the
outputs from PING (the WGS version) and kir-mapper to evaluate whether they
produced similar results. The rationale here is that, since there is a lack of tools to
deal with KIR genes and NGS data, and both methods apply an entirely different
algorithm for aligning, copy number determination, and genotyping, the overlap
between these two methods would greatly support an accurate KIR genotyping.

The graphics of comparison between the tools (kir-mappper and PING) and
the results of this study were built using “ggplot” (version 3.3.6) (31) package in R
(version 4.1.2) language (32) in RStudio (version 2023.06.2) (33) program.

Results

Presence/absence of KIR2DS4 in different biogeographic regions

The KIR complex has been described as a polymorphic region, and this
included that not all KIR genes are uniformly present in all individuals. The
presence/absence polymorphism generates a variety of KIR combinations, which
vary among individuals and populations as well (34). Most individuals present at least
one copy of KIR2DS4 (Figure 4). The frequency of individuals with no copy of
KIR2DS4 is higher in South Asia and Colombia. We observed that the ITU population
differs from other populations (p < 0.05) regarding this matter. This suggests

significant variation in KIR2DS4 frequencies.
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Figure 4: The proportion of individuals carrying at least one copy of KIR2DS4 in different
biogeographic regions. Population in Y axis: Colombian in America (CLM); British in Europe (GBR);
Telugu in South Asia (ITU); Japanese in East Asia (JPT) and Yoruba in Africa (YRI).

The number of KIR2DS4 copies among individuals

In addition to the presence or absence of KIR2DS4, we evaluated the number
of copies each individual carries, by using kir-mapper::ncopy (Figure 3 and S6-9). We
can observe the formation of at least three distinct groups of samples. The first
group, with a KIR2DS4/KIR3DL3 ratio around zero, represents samples with no
KIR2DS4 (KIR2DS4 absence). The second group, with a ratio around 0.5, represents
samples with one copy of KIR2DS4. The third group, with a ratio around 1.0 and the
presence of many heterozygous sites (the blue and green triangles), represents
samples with two copies of KIR2DS4. Sometimes, a fourth and fifth group can be
noticed, indicating samples with more than 3 copies of KIR2DS4. The frequency of
samples carrying a specific number of copies was calculated and plotted in Figure 5
and S10, and summarized per population at Table S1.

There are some rare cases of 3 copies of KIR2DS4 in Africa (YRI) and Japan
(JPT). Most individuals present two copies of KIR2DS4 except among the South
Asians (ITU).
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Figure 5: The number of copies of KIR2DS4 in different populations. Each color represents a quantity
of KIR2DS4. Population in X axis: Colombian in America (CLM); British in Europe (GBR); Telugu in
South Asia (ITU); Japanese in East Asia (JPT) and Yoruba in Africa (YRI).

KIR2DS4 allele distribution

The frequency of each allele we have detected is described in Table 1.
Samples with 3 or more copies of KIR2DS4 were deleted from this analysis to avoid
a bias in allele frequencies, but this represents only 5 samples in total. We have
encoded the absence of KIR2DS4 as the KIR2DS4*null allele. Therefore, individuals
with no KIR2DS4 have two copies of KIR2DS4*null, and samples with one copy of
KIR2DS4 have one specific allele and one KIR2DS4*null. KIR2DS4*unresolved
refers to a new allele or an allele that could not be resolved. In this study, the alleles
encoding the full length and functional KIR2DS4 protein (KIR2DS4-full) were
KIR2DS4*00101, *00103, *00104, and *016, while all the others present the 22bp
deletion at exon 5 (KIR2DS4-del).

The alleles KIR2DS4*00101,*00301, and *null (the absence of KIR2DS4) are
usually the most frequent ones globally, with a frequency of 33.1%, 15.9%, and
22.3%, respectively (Table 3). However, allele frequencies vary among populations.
For instance, while *00101 (KIR2DS4-full) corresponds to about 50% of all alleles in
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Japan and Africa, it drops down to 16.2% in East Asia. KIR2DS4*00601 is frequent in

most regions but absent from Japan.

Some samples presented unresolved alleles (Table 3), and the frequency of
unresolved alleles is higher among Africans and East Asians. This might be a
consequence of the underrepresentation of non-European samples in the database

describing KIR sequences.

Table 1: The frequency of KIR2DS4 alleles in different populations.

ALLELE CLM (c]:13 ITU JPT YRI GLOBAL

(n=93) (n=88) (n=102) (n=102) (n =105) (n =486)
KIR2DS4*00101 25.3% 21.6% 16.2% 51% 49.5% 33.1%
KIR2DS4*00103 0.5% - - - - 0.1%
KIR2DS4*00104 2.2% - - - 3.9% 1.2%
KIR2DS4*00301 17.2% 25% 27.5% 5.4% 5.9% 15.9%
KIR2DS4*00401 3.2% 2.8% 6.4% 11.4% 7.4% 6.4%
KIR2DS4*00601 12.9% 18.2% 5.4% - 8.8% 8.7%
KIR2DS4*009 - - - - 2.9% 0.6%
KIR2DS4*010 12.4% 13.6% 8.8% 10.4% 2.9% 9.5%
KIR2DS4*013 - - - - 2% 0.4%
KIR2DS4*016 - - - 1% - 0.2%
KIR2DS4*null 25.3% 18.2% 35.3% 19.3% 13.2% 22.3%
KIR2DS4*unresolved 1.1% 0.6% 0.5% 1.5% 3.4% 1.4%

Population: Colombian (CLM); British (GBR); Telugu (ITU), Japanese (JPT), and Yoruba (YRI).

The frequency of a functional KIR2DS4

As described before, KIR2DS4 presents a functional polymorphism, with two
versions of the receptor: the full-length one, KIR2DS4-full, at the cell surface
anchored to the membrane, and a truncated one, KIR2DS4-del, which lacks the part

of D2, the transmembrane, and cytoplasmic domains, and it is possibly expressed as
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a soluble molecule. We evaluated the 22bp deletion at exon 5 extracting this data
from the VCF produced by kir-mapper::genotype, to survey the frequency of different
genotypes among populations (Table 2).

As observed in Table 2, the frequencies of all possible genotypes are usually
high in all populations. The presence of at least one functional copy of KIR2DS4 is
low in Europe (6.82%) and high in Japan (49%) and Africa (47.62%). Therefore, in
Japan and Africa, KIR2DS4 is the most frequent KIR activator gene modulating
immune responses. In general, one copy of a functional KIR2DS4 was detected in all
populations, from 14.71% to 35.23%. Conversely, in South Asia, other KIR activators
might be in place, because there is a high proportion of individuals with no copy of
KIR2DS4 or with non-functional copies (69.6%). Therefore, it would be necessary for
future studies to analyze the mechanism of NK cells without activador KIR receptors

in individuals with only KIR2DS4-del genotype.

Table 2: Frequency (%) of samples carrying different KIR2DS4 genotypes in five
populations from the 1000 Genomes Project.

Copy CLM GBR ITU JPT YRI GLOBAL*
KIR2DS4 Genotype (n=93) (n = 88) (n=102) | (n=102) (n = 105) (n = 490)
Number
Only Full 1or2 22.58% 6.82% 15.69% 49% 47.62% 29.19%
(KIR2DS4-full)
KIR2DS4-del , . . . , .

KIR2DSAfull 2 23.66% 35.23% 14.71% 29.41% 29.52% 26.33%
No functional KIR2DS4 53.76% 57.95% 69.6% 20.58% 20.95% 43.88%

(Only Del or only *null)

Population: Colombian (CLM, America); British (GBR, Europe); Telugu (ITU, South Asia); Japanese
(JPT, East Asia) and Yoruba (YRI, Africa).

Comparing Kir-mapper and PING

Figure 6 illustrates the comparative analyses of the called genotypes from
kir-mapper and PING-WGS, for 490 samples from the 1000 Genomes (21). Figures
S1-5 illustrated each population separately. The alleles that were compared from
kir-mapper were only one combination of the alleles and PING had one combination

or a list of possible alleles which were called as ambiguity.
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Sometimes PING and kir-mapper report “unresolved” alleles when there are
many possible allele combinations for one sample, or no allele combination could be
detected. When the called alleles are the same or the kir-mapper call is among a list
of possible genotypes produced by PING, they are marked as “Overlapped calls”.
This represents 88.2% of the samples. There are a proportion of samples in which
PING could not resolve the alleles (in blue represented by one allele unresolved,
1.4% and green with 3.9% for both alleles). Both methods disagree in about 11.8% of
the samples.

The kir-mapper solved the genotypes of samples that PING failed, but we
cannot address how accurate these genotypes are because there is nothing to
compare with. In addition, the proportion of different calls is highly dependent on the
population. The proportion of different calls was higher than 3% for African samples
(YRI) (Figure S5).

Kir-mapper and PING genotypes compare (KIR2DS4) in all population

Genotypes compare

Different calls
Overlapped calls
Partial overlap
Unresolved by PING-1
Unresolved by PING-2

Figure 6: Comparison between the KIR2DS4 allele calls from kir-mapper and PING-WGS.
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Discussion

Here, we describe and test a new computational method using a kir-mapper to
evaluate KIR2DS4 from short-read lllumina sequencing. Kir-mapper is under
construction by the GeMBio group to support KIR analysis of a large number of
samples and low computation power, and it has yet to be made available to the
scientific community. All the analyses described here from Kir-mapper were
conducted in a workstation with 64 GB of RAM and ten cores. Kir-mapper is
multi-threaded, taking advantage of multiple cores when they are available. The time
necessary for all the analyses depends highly on the sample coverage. It took 2 days
to map all the samples with 30X whole-genome sequencing, 1 hour for ncopy, and 2
hours for the genotype step (with all samples).

As mentioned earlier, there is a lack of tools for KIR genes and sequencing
data due to the diversity of the KIR locus, mainly due to the variability of these genes
in different haplotypes, allelic polymorphism, and the combination of maternal and
paternal haplotypes (35). The most used pipeline to analyze KIR genes is PING (20),
updated last year to be compatible with whole-genomes (20). However, PING
depends on a high computation power, and we could not run it on the same
workstation where we performed our kir-mapper analysis. Instead, we had to run
PING with just a few samples (around 100 samples) per time, which was highly
time-consuming. Nevertheless, since there is a high proportion of samples with
different calls between PING and kir-mapper, as described at Figure 4, particularly for
African samples (FigureS3), and there are samples that failed with both methods, we
support the use of different tools as T1K when dealing with KIR genes to compare
results and get accurate genotypes. In addition, it is crucial to have another tool to be
used together with PING, increasing the reliability of the called genotypes. In these
cases, if different calls or partial combinations were included in a list, the best
practice would be manually inspecting the outputs to decide which one is correct or
use a third pipeline.

We have applied the kir-mapper workflow to characterize KIR2DS4 in samples
from 5 populations of the 1000 Genomes Project dataset, all with high coverage
(30x) whole-genome sequencing data. We have selected one population per
biogeographic region: Colombian (CLM) in America; British (GBR) in Europe; Yoruba
(YRI) in Africa; Japanese (JPT) in East Asia; and Telugu (ITU) in South Asia. The

62


https://www.zotero.org/google-docs/?bBKL1X
https://www.zotero.org/google-docs/?ZmMFTG
https://www.zotero.org/google-docs/?uiPJsz

rationale here is to evaluate kir-mapper behavior in populations with different
ancestry backgrounds, and that might present different alleles or highly divergent
allele frequencies. Indeed, as observed at Figure 6 and table 3, the frequency of
alleles is highly different among populations, and some of the alleles were exclusively
detected in just one region. It should be noted that the genotype procedure (detection
of SNPs and allele combinations) was conducted with all samples at the same time.

The complete absence of KIR2DS4 is much more frequent in South Asia (ITU,
10.8%) and America (CLM, 8.6%) (Figure 5). These frequencies are in agreement
with what was observed in other populations of the same biogeographic region. For
instance, the absence of KIR2DS4 occurs in about 28% of the individuals in
Pakistan, 11% in Chile and 20% in Guarani Native Americans (allelefrequencies.net).
This absence is uncommon in Africa (YRI, 1%) and East Asia (JPT, 2%), which was
also supported by the aforementioned database. The presence and absence
frequencies were statistically different (p < 0.05) for each population.

The copy number variation is a significant KIR polymorphism, impacting both
the occurrence of a particular receptor and its expression levels. Determining copy
numbers depends on a suitable reference in the genome, i.e., a gene or genomic
region always presenting a fixed number of copies. Most KIR pipelines use KIR3DL3
as a reference because this gene is usually in two copies in all individuals. However,
this is not always the case (data not shown), and, because of that, ki-mapper can
use more than one reference to assign copy numbers. We have tested KIR3DL3 by
comparing it with other genes in the genome, and, in this specific case (for these five
population samples), there was no variability in KIR3DL3 copy numbers. Therefore,
we used KIR3DL3 as a reference.

Copy number determination indicated that most individuals present two copies
of KIR2DS4, except in South Asia (ITU) (Figure 6). KIR2DS4 in two copies is highly
frequent in Africa and Europe, but not all copies correspond to a functional KIR2DS4.
While in Africa 99% of the individuals present at least one copy of KIR2DS4 and
most of these copies are functional (77.14%, Table 4), in Europe, 97.7% of the
individuals also have at least one copy of KIR2DS4, but only 42.05% are functional.
In fact, the presence of a KIR2DS4 copy encoding the truncated version of KIR2DS4
is highly frequent in Europe (90.9%), ranging from that to 48% in Japan. Because of
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this high frequency of the KIR2DS4 truncated version, we wonder if this is truly a
non-functional allele, or if this version has another function in the immune system. A
higher frequency of KIR2DS4*null and KIR2DS*del might also follow a higher
frequency of other KIR activators, such as KIR2DS1, but, for now, only KIR2DS4 was
explored in this sample.

The alleles and genotypes observed here are close to the ones observed in
other studies. Most of the individuals in Northern Ireland present KIR2DS4*00101
(35.1%); *003 (62.3%); *006 (37%); and *004 (6.5%) (36), which is similar to what
was observed in Great Britain (GBR). The allelefrequencies.net database also
supports the frequency observed in this study. For instance, in Ghana, the most
frequent allele is *00101, followed by *006, *003, and *004, with rare copies of *009,
*010, and *012. Similar results were observed for Yoruba in Africa (Table 3). Except
for the functional polymorphism of 22bp del at exon 5 (the functional or truncated
KIR2DS4), it is not clear whether the different alleles influence KIR2DS4 function.
Nevertheless, allele association studies with diseases have revealed that
KIR2DS4*00101 was associated with the severity of COVID-19 (37). This effect was
particularly noticeable in patients homozygous for this allele. Conversely,
KIR2DS4*00601 was associated with lower risk (37). The KIR2DS4*001 was also
associated with high viral level and rapid transmission of HIV-1, with significance
value (p < 0.004) (4).

The method presented here was able to process about 500 samples in a few
days using low to medium power computers, detecting the number of copies for
KIR2DS4, all the SNVs and indels across the exons, and the allele calls (the
combination of SNVs and indels into haplotypes). We detected a high number of
unresolved alleles in African samples, probably due the low representation of
non-European samples in the IPD-KIR database. This method is straightforward and
packed into a single program with multiple functionalities, called kir-mapper. The
comparison with other methods, such as PING, demonstrates how important is the
use of multiple tools to evaluate KIR genes, since there are many samples with
different calls (particularly in non-European samples). For future studies, we will
apply this method to evaluate KIR2DS4 in all populations of the 1000 Genomes
dataset, HGDP, and Brazilians from the SABE cohort, and integrate these findings on
KIR2DS4 studies exploring disease association, natural selection, selective pressure,

and evolutionary patterns.
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Supplementary

Table S1: The frequency of different genotypes regarding the number of copies of
KIR2DS4 in different populations.
Number of CLM GBR ITU JPT YRI
Copies (n=93) (n=88) (n=102) (n=102) (n=105)
0 8 (8.6%) 2 (2.27%) 11 (10.78%) 2 (1.96%) 1(0.95%)
1 31 (33.3%) 28 (31.82%) 50 (49.02%) 35 (34.32%) 25 (23.80%)
2 54 (58.06%) 58 (65.90%) 41 (40.19%) 64 (62.75%) 76 (72.38%)
3 - - - 1 (0.98%) 3 (2.86%)

Divided by population: Colombian (CLM); British (GBR); Telugu (ITU); Japanese (JPT); Yoruba (YRI).

Kir-mapper and PING genotypes compare (KIR2DS4) - CLM
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Figure S$1: Kir-mapper and PING genotypes compare (KIR2DS4) for Colombia (CLM). The graphic
represents in frequency (%) the proportion of similarity and differences between the two tools, PING
and Kir-mapper, in KIR2DS4 genotype in the CLM population of 1000Genomes Project (17). Each
color represents a specific comparison. The green color represents that both alleles were labeled as
unresolved by PING. The purple showed that the kir-mapper’s combination was included in a list of
combinations called by PING or the alleles were the same in both tools. The pink represented that one
of the alleles was the same in kir-mapper and PING but the other wasn’t. More than 90% (Overlapped
calls) show that kir-mapper can be an additional tool for the analysis.

68



Kir-mapper and PING genotypes compare (KIR2DS4) - GBR
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Figure S2: Kir-mapper and PING genotypes compare (KIR2DS4) for British (GBR). The graphic
represents in frequency (%) the proportion of similarity and differences between the two tools, PING
and Kir-mapper, in KIR2DS4 genotype in GBR population of 1000Genomes Project (17). Each color
represents a specific comparison. The purple showed that the kir-mapper’s combination was included
in a list of combinations called by PING or the alleles were the same in both tools. The pink
represented that one of the alleles was the same in kir-mapper and PING but the other wasn’t.

Kir-mapper and PING genotypes compare (KIR2DS4) - ITU
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Figure S3: Kir-mapper and PING genotypes compare (KIR2DS4) for Yoruba (ITU). The graphic
represents in frequency (%) the proportion of similarity and differences between the two tools, PING
and Kir-mapper, in the KIR2DS4 genotype in the ITU population of 1000Genomes Project (17). Each
color represents a specific comparison. The purple shows that the kir-mapper’s combination was
included in a list of combinations called by PING or the alleles were the same in both tools. The pink
represented that one of the alleles was the same in kir-mapper and PING but the other wasn’t. The
green color represents that both alleles were labeled as unresolved by PING. The blue represents that
one allele by PING was identify by “unresolved”.

Kir-mapper and PING genotypes compare (KIR2DS4) - JPT
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Figure S4: Kir-mapper and PING genotypes compare (KIR2DS4) for Japanese (JPT). The graphic
represents in frequency (%) the proportion of similarity and differences between the two tools, PING
and Kir-mapper, in the KIR2DS4 genotype in the JPT population of 1000Genomes Project (17). Each
color represents a specific comparison. The purple showed that the kir-mapper’s combination was
included in a list of combinations called by PING or the alleles were the same in both tools. The pink
light represented that one of the alleles was the same in kir-mapper and PING but the other
wasn’t.The dark pink represented different alleles. The green color represents that both alleles were
labeled as unresolved by PING. The blue represents that one allele by PING was identify by
“unresolved”.
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Kir-mapper and PING genotypes compare (KIR2DS4) - YRI
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Figure S5: Kir-mapper and PING genotypes compare (KIR2DS4) for Yoruba (YRI). The graphic
represents in frequency (%) the proportion of similarity and differences between the two tools, PING
and Kir-mapper, in the KIR2DS4 genotype in the YRI population of 1000Genomes Project (17). Each
color represents a specific comparison. The purple showed that the kir-mapper’s combination was
included in a list of combinations called by PING or the alleles were the same in both tools. The pink
light represented that one of the alleles was the same in kir-mapper and PING but the other
wasn’t.The dark pink represented different alleles. The green color represents that both alleles were
labeled as unresolved by PING, while kir-mapper showed, for the same sample, an allele defined and
another as unresolved. The blue color means that kir-mapper showed a combination of alleles
defined, and PING showed unresolved both. The purple showed that the kir-mapper’s combination
was included in a list of combinations called by PING. More than 90% (identical calls + kir-mapper
calls included in a list of PING) show that kir-mapper can be an additional tool for the analysis.The
green color represents that both alleles were labeled as unresolved by PING. The blue represents that
one allele by PING was identify by “unresolved”.
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KIR2DS4 (GBR)
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Figure S6: The KIR2DS4 copy number determination using kir-mapper::ncopy for GBR. Each triangle
represents a sample. The y-axis represents the ration between the coverage observed in KIR2DS4
and KIR3DL3. Because KIR2DS1 and KIR2DS4 are usually in the same position in the locus, we also
plotted the ratios for KIR2DS1 (light dots). The lines red, blue, yellow and green defined the thresholds

to separate the number of copies.
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KIR2DS4 (JPT)
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Figure S7: The KIR2DS4 copy number determination using kir-mapper::ncopy for JPT. Each triangle
represents a sample. The y-axis represents the ration between the coverage observed in KIR2DS4
and KIR3DL3. Because KIR2DS1 and KIR2DS4 are usually in the same position in the locus, we also
plotted the ratios for KIR2DS1 (light dots). The lines red, blue, yellow and green defined the thresholds

to separate the number of copies.
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KIR2DS4 (ITU)
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Figure S8: The KIR2DS4 copy number determination using kir-mapper::ncopy for ITU. Each triangle
represents a sample. The y-axis represents the ration between the coverage observed in KIR2DS4
and KIR3DL3. Because KIR2DS1 and KIR2DS4 are usually in the same position in the locus, we also
plotted the ratios for KIR2DS1 (light dots). The lines red, blue, yellow and green defined the thresholds
to separate the number of copies.
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KIR2DS4 (YRI)
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Figure S9: The KIR2DS4 copy number determination using kir-mapper::ncopy for YRI. Each triangle
represents a sample. The y-axis represents the ration between the coverage observed in KIR2DS4
and KIR3DL3. Because KIR2DS1 and KIR2DS4 are usually in the same position in the locus, we also
plotted the ratios for KIR2DS1 (light dots). The lines red, blue, yellow and green defined the thresholds
to separate the number of copies.
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Figure S10: Number of copies of KIR2DS4 in all the samples. The graphic represents frequency (%)
and the quantity of the samples of each population of 1000Genomes (17), CLM, GBR, JPT, ITU and
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YRI. Each color represents a specific quantity. The blue represents the complete absence of
KIR2DS4. The pink one showed that one copy. The purple presents the two copies of KIR2DS4 and
the yellow, 3 copies. Population: Colombian (CLM); British (GBR); Telugu (ITU); Japanese (JPT);
Yoruba (YRI).
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Em concluséo, esta dissertagdo investigou a diversidade genética do gene
KIR2DS4 em um subgrupo amostral do projeto 1000 Genomas (17). Observamos
que KIR2DS4 esta presente em todas as populagdes estudadas, porém destacou-se
maiores frequéncias da auséncia do gene no Sul da Asia (10.8%) e na América
(8.6%). Duplicacédo de KIR2DS4 em um mesmo cromossomo é um evento raro, com
apenas 4 exemplos (3 na Africa e 1 no Japdo). KIR2DS4 se mostrou bastante
polimodrfico, com 12 diferentes alelos. No entanto, cerca de 43.88% das amostras
nao apresentaram a versao funcional do gene, sugerindo que ha possivelmente um
mecanismo compensatorio em individuos que ndo apresentam KIR2DS4 como

receptor ativador dentre os KIR.

Os resultados obtidos podem ser utilizados em futuras pesquisas, incluindo
analise de associagcao com doencas, estudos funcionais para avaliar o mecanismo
das células NK, gestacado e implementagcao de SNPs para painéis de referéncia de
imputacdo. Além disso, a metodologia aplicada neste estudo, complementar a outras
utiizadas como o PING para analise dos genes KIR, demonstrou fornecer

informacgdes de alta confiabilidade acerca da diversidade dos genes.
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