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RESUMO

O gene MICA codifica glicoproteinas expressas em situacdes de estresse celular,
como no caso de infec¢des, cancer e estresse oxidativo. Quando MICA é expresso
na membrana, a molécula interage com o receptor ativador NKG2D presente na
superficie de células Natural Killer (NK), linfocitos Ta CD8 e linfocitos Tyd, levando
a morte das células-alvo. Porém, essa proteina pode ser liberada na forma soluvel,
guando isso acontece, ela interage com o mesmo receptor ativador NKG2D, mas leva
a regulacéo negativa das células NK. O gene MICA é altamente polimérfico, com mais
531 alelos descritos até o momento, alguns desses polimorfismos apresentam
impacto funcional descritos. MICA também pode estar ausente em alguns individuos,
devido a uma delecdo de 100pb que acontece entre os genes HLA-B e MICB,
deletando toda a regidao de MICA, dessa forma, ndo ha producdo da molécula de
MICA. Assim, este trabalho utilizou um pipeline de bioinformatica utilizando o hla-
mapper para trabalhar com os polimorfismos dos genes MICA e criamos uma
estratégia especifica para analisar a delecdo do gene. Analisamos a diversidade de
MICA em mais de 5.000 amostras de populacdes do mundo todo, incluindo amostras
brasileiras, populagdo altamente miscigenada. Encontramos MICA*del em todas as
populacdes analisadas, exceto na Oceania, com maior frequéncia na populacao
asiatica e americana, especialmente em amostras com ancestralidade nativo
americanas. A maioria das amostras com a delecdo de MICA, séo heterozigotas e
apresentam ao menos uma copia funcional da molécula de MIC, porém encontramos
duas amostras com a delecdo completa de MICA e MICB nulo, sugerindo que outros

mecanismos devem compensar a auséncia das moléculas MIC.

Palavras-chave: MICA, MICA*del, Diversidade, NGS.
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ABSTRACT

The MICA gene encode glycoproteins expressed in situations of cellular stress, such
as in the case of infections, tumor cells, oxidative stress, among others. MICA is
expressed on the membrane, the molecule interacts with the activating receptor
NKG2D present on the surface of NK cells, Tap CD8 cells and Tyd cells, leading to
the death of the target cells. However, this protein can be released in soluble isoform,
when this happens, it interacts with the same activating receptor NKG2D, but leads to
negative regulation of NK cells. The MICA gene is highly polymorphic, with over 531
alleles described to date, some of these polymorphisms have described functional
impact. MICA may also be absent in some individuals, due to a 100pb deletion that
occurs between the HLA-B and MICB genes, deleting the entire MICA region, thus,
there is no production of the MICA molecule. Thus, this study used a specific
methodology to work with MICA gene polymorphisms and we created a specific
strategy to analyze gene deletion. We analyzed MICA diversity in more than 5,000
samples from populations around the world, including Brazilian samples (highly mixed
population). We found MICA*del in all analyzed populations, except in Oceania, more
frequently in the Asian and American population, especially in samples with Native
American ancestry. Most samples with MICA deletion are heterozygous and have at
least one functional copy of the MIC molecule, but we found two samples with
complete MICA deletion and null MICB, suggesting that another mechanism must

compensate for the absence of MIC molecules.

Keywords: MICA, MICA*del, Diversity, NGS.
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INTRODUCAO

O complexo principal de histocompatibilidade humano (do inglés, major
histocompatibility complex - MHC) é uma regido do genoma altamente
polimérfica, com diversos genes relacionados ao sistema imunolégico . O MHC
esta localizado em 6p21.3 e apresenta genes relacionados com apresentacéo
antigénica (genes HLA classicos de classe | e Il), processamento de antigenos
(TAP1, TAP2, TAPBP), modulacdo da agdo de células T e Natural Killer (NK)
(genes HLA néao classicos de classe |), citocinas (e.g., TNF, LTA) e sinaliza¢édo
de estresse celular (MICA, MICB) 2.

Os genes MICA e MICB estao localizados, aproximadamente, 46kb e
141kb distantes do HLA-B em direcdo ao centrdbmero, respectivamente °. Foram
descritos pela primeira vez em 1994 %7 e estdo entre os Ultimos identificados
dentro do MHC humano, na regido de classe I, e incluem os loci: MICA, MICB,
MICC, MICD, MICE, MICF e MICG (Figura 1). Apenas MICA e MICB codificam

proteinas funcionais, enquanto os demais sédo pseudogenes 6.

MICE  MICG MICF  MICD MIicC HLAB MICA MICB
| \ | | | \ O\ /
Teldmero Centromero

Figura 1: Familia dos genes MIC. Os genes em azul sdo pseudogenes, 0s verdes sao genes
funcionais e em vermelho o gene HLA-B. Adaptado de Risti e Bicalho .

As proteinas de MICA/B sdo expressas na superficies de células
endoteliais, queratindcitos, fibroblastos °, mondcitos de sangue periférico 1° e
no epitélio gastrico ', além de serem sintetizadas como marcador de estresse
em condicdes como o cancer 2 e infecgdes 1314,

A molécula de MICA e MICB é expressa na superficie da membrana, mas
pode ser liberada na isoforma soltuvel. Quando expressa na superficie celular

atua como ligante interagindo através dos dominios a1, a2 com o receptor
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ativador NKG2D, expressos nas células Natural killer, células Ta CD8 e células
Tyd, ajudando na eliminacdo de células-alvos tumorais ou infectadas com
patégenos intracelulares 315, Quando sédo liberadas na isoforma sollvel, ao
interagirem com NKG2D, levam a regulag&o negativa da sua expressao, inibindo
ou diminuindo a atividade citotéxica dessas células *°.

Diversos estudos ja encontraram a associacao entre polimorfismos de
MICA e MICB com doencgas. Por exemplo, os alelos MICA*045 e MICA*008
foram associados com a suscetibilidade a dengue, enquanto o alelo MICB*002
com a protecdo a doenca 1”18, Os alelos MICA*009 e MICA*A6 foram associados
com a artrite reumatoide e MICB*002 e MICB*014 com a protec¢éo 1°. Variantes
de MICA associadas a maior expressdo do mRNA, possivelmente de forma
soluvel, e menor expressdo de MICB foram relacionadas a susceptibilidade a
infeccdo por SARS-CoV-2 %0,

A proximidade dos genes MICA e HLA-B favorece um alto grau de
desequilibrio de ligagéo entre seus alelos 1. Em muitos casos, o mesmo alelo
de MICA aparece associado a diversos alelos de HLA-B, e vice-versa. Como
exemplos dessas associagOes temos os alelos HLA-B*07:02, HLA-B*08:01,
HLA-B*40:01 e HLA-B*40:02 com MICA*008 e HLA-B*51:01 com MICA*006,
MICA*007, MICA*009. Além disso, alguns alelos ocorrem sempre associados
entre si, como HLA-B*14:02 e MICA*011 22. A associacdo desses alelos pode
estar envolvida com a suscetibilidade a algumas doencas, como MICA*002 e
HLA-B*35 esta associado a hanseniase 2.

Embora a diversidade dos genes MICA e MICB seja reduzida quando
comparada aos genes HLA classicos envolvidos com apresentacdo de
antigenos, um grande ndamero de alelos distintos foram descritos até o momento:
531 alelos para MICA, codificando 280 proteinas diferentes e 244 alelos para
MICB, gerando 44 proteinas diferentes (HLA/IMGT version 3.51 - 2023-1) 24,
Alguns estudos mostraram que o alto polimorfismo dos genes MIC esta
relacionado com rejeicdo precoce do enxerto, além das associacbes com

doencas descritas anteriormente 2526,

Estrutura e funcéo das moléculas MICA e MICB
As moléculas MIC apresentam similaridade estrutural nos dominios

extracelulares a1, a2 e a3 com as moléculas HLA de classe | classicas. No

19


https://www.zotero.org/google-docs/?iXYCcI
https://www.zotero.org/google-docs/?Uo7GRd
https://www.zotero.org/google-docs/?7jwWFV
https://www.zotero.org/google-docs/?BKdsca
https://www.zotero.org/google-docs/?9e3VbH
https://www.zotero.org/google-docs/?NG6Nmd
https://www.zotero.org/google-docs/?YIQsS5
https://www.zotero.org/google-docs/?TsXyXF
https://www.zotero.org/google-docs/?1iNpPf
https://www.zotero.org/google-docs/?IIiGvQ

entanto, as moléculas MIC nao se associam a 2-microglobulina e apresentam
um sulco de ligacdo ao peptideo extremamente estreito 27, impedindo a
apresentacdo de antigenos aos linfécitos T 1028, A molécula é constituida por
trés dominios extracelulares semelhantes a imunoglobulinas (lg), codificados
pelos éxons 2, 3 e 4 respectivamente, a regido transmembrana codificada pelo
éxon 5, a cauda citoplasmatica e a regidao 3’'NT (regido nao traduzida) codificada
pelo éxon 6 829, O éxon 1 codifica o peptideo lider, que direciona a molécula para
a superficie celular.

Os genes MICA/B codificam glicoproteinas expressas em situagfes de
estresse celular que irdo interagir com o receptor ativador NKG2D resultando na
ativacao das células NK que leva a liberacdo de granulos citotoxicos e morte da
célula-alvo 131530,

As células NK sé&o células da imunidade inata e contribuem efetivamente
para a adaptativa 3! e possuem como principal funcéo lisar células infectadas,
malignas ou danificadas através de sinais ativadores que geram uma
citotoxicidade contra a célula-alvo. As células NK s&o controladas através de um
balanco de sinais fornecido por receptores ativadores e inibidores 2. Diversos
receptores regulam a acao das células NK, entre eles os receptores da familia
NKGZ2, aqui destacamos o receptor ativador NKG2D, devido a interacdo com as
moléculas de MICA e MICB 1333, O NKG2D é um receptor ativador presente na
superficie das células NK, linfocitos T yd e linfocitos T af CD8 + 13, A expressao
de NKG2D pode ser estimulada pela agao de algumas citocinas, como a IL-2, IL-
7, 1L-12 34, IL-15 %5 e IFN-a 3837 regulam positivamente a expressédo de NKG2D,
enquanto o TGF-B 2, IFN-B1 %7, IL-21 %9, IL-4, IL-12 e IFNy %" modulam
negativamente a expressdo de NKG2D. Essa regulacao negativa também pode
acontecer devido a superexposicao a ligantes soltveis ou ligados a membrana
8,36_

NKG2D néo possui elementos em sua cauda citoplasmatica que leve a
citotoxicidade, por isso ele se associa com a proteina adaptadora DAP10 que
possui um motif (YINM) 4° . Essa estrutura é formada por duas moléculas de
NKG2D e quatro de DAP10 4. A interacdo do ligante ao complexo
NKG2D/DAP10 leva a fosforilagdo do dominio YINM, assim, permite o
recrutamento do complexo proteina 2 (Grb2)/Vavl ligada ao receptor do fator de

crescimento e a ativacdo da fosfatidil-inositol-3-quinase (PI3K) 4042734 g,
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conseguentemente, essa cascata de sinalizacao leva a ativacdo das células NK
e morte da célula-alvo #°.

A inducdo de estresse nas células leva a formacdo das glicoproteinas
MICA e MICB, que irdo se ancorar na membrana celular. Isso permitira a
interagdo com o receptor ativador NKG2D e consequente lise dessa célula-alvo
13,33, Porém, essas glicoproteinas podem ser liberadas de forma soltvel devido
a diferentes mecanismos, que serao descritos adiante.

A liberacdo de MICA soluvel pode acontecer devido a polimorfismos que
modificam o quadro de leitura gerando um stop cédon prematuro no éxon 5 4,
Assim, a regido transmembrana e a cauda citoplasmatica ndo sdo traduzidas,
gerando uma proteina que apresenta os dominios de interacdo com NKG2D mas
ndo possui a estrutura que a ancora a membrana plasmatica 64’ (Figura 2). Essa
proteina truncada pode se associar a uma ancora GPI para fixacdo na
membrana, mas pode ser recrutada por exossomos e liberada de forma soluvel
48.

Outro mecanismo de liberacdo de MICA soluvel, e o principal de MICB,
esta relacionado com clivagem da molécula pela acdo de metaloproteinases de
matriz (MMP) e a disintegrin and metalloproteinase (ADAM) proteins 4°°0, As
MMPs levam a destruicdo da matriz extracelular, invasdo da membrana basal e
angiogénese. Muitas ADAMs sao proteases que estdo ligadas a membrana e
sua principal funcdo é a liberacdo proteolitica de ectodominios de proteinas
transmembranares da superficie celular 5%4 A proteina 5 do reticulo
endoplasmatico (ERp5) se liga ao dominio a3 levando a uma mudanca
conformacional, permitindo assim a clivagem de MICA/B de superficie . Dessa
forma, polimorfismos que levam a substituicdo de aminoacidos no dominio a3
inibem a liberacdo de MICA/B sollvel %¢. Ap6és a mudanca conformacional por
ERpb5, as metaloproteinases cortam MICA/B em algum ponto préximo ao dominio
a3, liberando os dominios dominio a1 e a2, local de ligagdo do NKG2D °7.

Quando MICA/B é liberado na forma soluvel, ele interage com 0 mesmo
receptor ativador NKG2D, levando a internalizagdo do receptor, que podera ser
encaminhado até os lisossomos e degradado. Assim, os ligantes sollveis levam
aregulacao negativa das células NK, devido a diminui¢édo de ligantes de estresse

(moléculas MICA/B) e de receptor ativador disponivel 58-60,
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Expressao das proteinas MICA e MICB

Como citado anteriormente, a expressdo de MICA/B esta limitada em
células normais, porém pode ser regulada positivamente em situacdes de
estresse celular, como, por exemplo, choque térmico, irradiacdo UV, infeccbes
virais e estresse genotoxico/oncogénico °162, Os genes MICA e MICB
apresentam elementos de resposta ao choque térmico semelhante aos dos
genes HSP70 28 |i.e, uma caixa CCAAT que se liga ao fator de transcricdo
nuclear Y (NF-Y) e uma caixa GC que se liga aos fatores de transcricdo Sp1,
Sp3 e Sp4 63.64,

A regulacao positiva da expressao de MICA/B pode ocorrer por diferentes
vias. Os agentes genotoxicos levam a inducéo da expressao de MIC pela via de
dano ao DNA iniciada por ATR (ataxia telangiectasia e Rad3 relacionado) e/ou
ATM (ataxia telangiectasia mutada). Essas quinases possuem um papel na
deteccdo de quebras no DNA de fita dupla ou simples, respectivamente. Esta
mesma via também pode ser ativada devido a infeccdes virais 8 e células
tumorais . Nos macréfagos, a via ATR/ATM regula MIC por um mecanismo
translacional ou pds-transcricional, uma vez que a inibicdo dessa via por
inibidores prejudicou a expressao de MIC de superficie celular mas nao afetou a
regulagdo positiva do mRNA de MIC ©7. Outros trabalhos mostram o
envolvimento da via ATR/ATM na expressdo do mRNA 68 indicando que o
envolvimento desta via no controle de expressao do mRNA depende do ligante,
do tipo de célula e/ou do estimulo especifico .

O LPS, componente da parede celular de bactérias gram-negativas, se
liga no TLR4 °, um receptor de reconhecimento de padrées que reconhece
padrdes moleculares associados a patdgenos, como o LPS que é liberado
durante a infeccdo. Esta ligacdo leva a liberacdo de mediadores inflamatorios,
como citocinas e quimiocinas “t72. Porém, é importante controlar a resposta
imunolégica para evitar inflamacéo excessiva, que pode levar a quadros graves
de sepse 9271, Assim, macrofagos podem expressar proteinas MICA e MICB
pode regular a resposta inflamatéria 627172 (Figura 2).

A regulacdo da expressao das proteinas MIC pode acontecer de forma
pés-transcricional, devido a acdo de microRNAs (miRNAS) que tem como alvo a
regido 3 nao-traduzida do mRNA de MICA e MICB. Em condicdes de
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homeostase, esses miRNAs estabelecem um limiar de expresséo para impedir
a expressao de MICA e MICB e consequentemente levar a morte celular de

células saudaveis " (Figura 3).
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Figura 2: Diferentes vias de inducdo da expressédo de MICA/B: ligacao de LPS no receptor TLR-
4 e ATM/ATR. As setas verdes indicam estimulos ativadores e a seta vermelha representa a
inibicdo da tradugéo de MICA/B através da acdo do miRNA. Adaptado de Eissmann et al., 2010
62

Polimorfismos dos genes MICA e MICB

O gene MICA é altamente polimorfico, com 531 alelos descritos até o
momento segundo o banco de dados IPD/IMGT/HLA 2. Estudos demonstraram
gue alguns polimorfismos do gene MICA pode afetar a estrutura da proteina
produzida, sua localizacdo (membrana ou sollvel) " e a afinidade de ligagéo de
MICA com seus receptores ’°.

Uma das principais variacdes de MICA relacionada com mudangas na
estrutura da proteina € um microssatélite presente no éxon 5, que codifica a
regido transmembrana da molécula de MICA, também conhecido como MICA-
TM. Esse microsatélite apresenta repeticbes de trinucleotideos (GCT), que
codificam o aminoacido Alanina. Portanto, a proteina MICA tera um nimero de
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Alaninas correspondente ao namero de repeticdbes neste microssatélite. Os
alelos do gene MICA (as diferentes sequéncias conhecidas) podem ser
classificados de acordo com a quantidade de Alaninas em: A4, A5, A6, A7, A8,
A9, A10 e A5.1 (Tabela 1) 7. O MICA*A5.1 se difere dos demais devido a
insercdo de uma Guanina (rs67841474), que resulta em uma mudanca no
guadro de leitura e introducdo de um stop codon prematuro, que impede a
traducao do dominio transmembrana e a cauda citoplasmatica. Assim, gera uma
proteina com ancora GPl o que resulta no recrutamento de MICA para
exossomos e consequente liberacdo na forma de vesiculas extracelulares,
sendo liberada de forma soltvel 46-48.77,

A separacdao dos alelos de MICA de acordo com a quantidade de Alaninas,
€ considerada uma segunda nomenclatura para os alelos, apesar disso, pouco
se sabe sobre o impacto funcional dessa regido de microssatélite. Diversos
estudos relacionam a quantidade de Alaninas presente no MICA-TM a doencas

879 'mas como a quantidade de Alaninas afeta a molécula ainda néo foi descrito.

Tabela 1: Classificacao dos alelos de MICA de acordo com o nimero de
Alaninas do microssatélite presente no éxon 5.

STR Alelos

MICA*001, MICA*007, MICA*012, MICA*018, MICA*029, MICA*043,
MICA*045, MICA*051, MICA*059, MICA*060, MICA*061, MICA*063N,
MICA*079, MICA*100, MICA*109, MICA*112, MICA*142, MICA*162,
A4 MICA*168, MICA*172, MICA*177, MICA*190, MICA*209, MICA*213,
MICA*222N, MICA*225, MICA*232, MICA*243, MICA*244, MICA*245,
MICA*250, MICA*253, MICA*258, MICA*266, MICA*270, MICA*272,
MICA*279, MICA*281

MICA*010, MICA*016, MICA*019, MICA*022, MICA*027, MICA*033,
MICA*048, MICA*054, MICA*056, MICA*057, MICA*062, MICA*064N,
MICA*065, MICA*066, MICA*069, MICA*076, MICA*089, MICA*099,
MICA*104, MICA*114, MICA*118, MICA*121, MICA*124, MICA*135,
MICA*159, MICA*165, MICA*170, MICA*174, MICA*176, MICA*191,
MICA*194, MICA*197, MICA*198, MICA*206, MICA*212, MICA*216,
MICA*218, MICA*228, MICA*231, MICA*235, MICA*236, MICA*238,
MICA*239, MICA*249, MICA*251, MICA*252, MICA*273, MICA*274,

A5
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MICA*280, MICA*286N, MICA*291

A5.1

MICA*008, MICA*023, MICA*028, MICA*053, MICA*058, MICA*070,

MICA*073, MICA*080, MICA*082, MICA*085, MICA*087, MICA*088N,
MICA*094, MICA*096N, MICA*097, MICA*103, MICA*113, MICA*117,

MICA*128, MICA*130, MICA*137, MICA*140, MICA*145, MICA*147,
MICA*150, MICA*154, MICA*155, MICA*156, MICA*175, MICA*180,
MICA*181, MICA*185, MICA*192, MICA*193, MICA*196, MICA*201,
MICA*202, MICA*203, MICA*204, MICA*217, MICA*224, MICA*237,
MICA*242, MICA*247, MICA*248, MICA*261, MICA*262, MICA*264,
MICA*268, MICA*271, MICA*277, MICA*278, MICA*282, MICA*283,
MICA*284, MICA*285

A6

MICA*004, MICA*006, MICA*009, MICA*011, MICA*024, MICA*026,
MICA*030, MICA*047, MICA*049, MICA*067, MICA*074, MICA*077,
MICA*095, MICA*101, MICA*102, MICA*105Q, MICA*107N,

MICA*108, MICA*115, MICA*116, MICA*119, MICA*120, MICA*122,
MICA*123, MICA*126, MICA*127, MICA*134, MICA*136, MICA*138,
MICA*141, MICA*144, MICA*146, MICA*148, MICA*149, MICA*151,
MICA*152, MICA*153, MICA*157, MICA*160, MICA*163, MICA*164,

MICA*166, MICA*167, MICA*169, MICA*171Q, MICA*173, MICA*182,

MICA*186, MICA*188, MICA*199, MICA*205, MICA*208, MICA*219,
MICA*221, MICA*223, MICA*241, MICA*254, MICA*255, MICA*259,
MICA*263, MICA*265, MICA*267, MICA*269, MICA*275, MICA*287,
MICA*289, MICA*290

A7

MICA*050, MICA*210

A8

MICA*055, MICA*091, MICA*092, MICA*211

A9

MICA*002, MICA*015, MICA*017, MICA*020, MICA*041, MICA*046,
MICA*052, MICA*068, MICA*072, MICA*075, MICA*078, MICA*081,
MICA*083, MICA*084, MICA*086, MICA*090, MICA*093, MICA*098,
MICA*106, MICA*110, MICA*111, MICA*125, MICA*129, MICA*131,
MICA*132, MICA*133, MICA*139, MICA*143, MICA*158, MICA*161,
MICA*178, MICA*179, MICA*183, MICA*184, MICA*187, MICA*189,
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MICA*195N, MICA*200, MICA*207, MICA*214, MICA*215, MICA*220,
MICA*226, MICA*227, MICA*229, MICA*230, MICA*233, MICA*234,
MICA*240, MICA*246, MICA*256, MICA*257, MICA*260, MICA*276,
MICA*288

Fonte: Material elaborado pelo autor utilizando os dados de sequéncia de nucleotideos
fornecidos pelo IPD-HLA/IMGT version 3.51 - 2023-1 24,

Outro polimorfismo com impacto funcional € a troca de Metionina por
Valina na posicdo 129 da proteina MICA, no dominio a2. Esse dimorfismo
acontece devido ao SNP rs1051792 G/A no éxon 3 8, MICA-129 afeta a ligacdo
de NKG2D. Essa alteracdo esta possivelmente relacionada a uma alteracéao
conformacional, pois esta posicdo ndo esta diretamente envolvida na ligagdo
com o receptor 1>81, MICA-129 met ligado ao NKG2D presente nas células NK
apresenta sinalizacdo mais forte e rapida, resultando em uma maior
citotoxicidade de células NK e liberacdo aumentada de interferon-y 8. Nas
células TCD8+, esta variante levou a uma co-estimulagdo mais rapida. Porém,
em ambos os tipos de células, MICA-129 met induziu rapidamente a regulacao
negativa de NKG2D 8L,

MICA também pode ter variacdo no numero de copias. Alguns individuos
apresentam uma delecao de 100kb que acontece entre os genes HLA-B e MICB,
deletando todo o gene MICA. Essa delecdo é chamada de MICA*del 8283, A
delecdo de MICA esta em desequilibrio de ligacédo (LD) com o alelo HLA-B*048
e com MICB*009N &4, um alelo nulo de MICB. Assim, alguns individuos podem
carregar um cromossomo 6 que nao é capaz de produzir proteinas MIC
funcionais.

O gene MICB apresenta até o momento 244 alelos, gerando 44 proteinas
diferentes (IPD-HLA/IMGT version 3.51 - 2023-1) 24, MICB é menos polimoérfico
do que MICA, porém, existem menos trabalhos com foco em MICB quando
comparado a MICA e os poucos estudos analisam MICB em pequenas amostras
e em populacfes especificas. Dessa forma, o menor grau de polimorfismo de
MICB pode ser um viés relacionado aos poucos estudos realizados. MICA e
MICB apresentam 91% de homologia em suas sequéncias. Porém, apresentam

diferencas em seus polimorfismos e diferencas funcionais 2, além de MICB
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apresentar o intron 1 e uma 3' ndo traduzida muito maior quando comparado
com MICA 86,

MICB apresenta uma regiao de microssatélite no intron 1 conhecida como
Cl 2 A 8. Esse microssatélite pode variar de 14-28 repeticdes de
dinucleotideos (CA/TG), cujos alelos sdo denominados CA14-CA28 . Apesar
de ter sido identificado a muito tempo, poucos estudos exploraram este
polimorfismo em associagdo com doencas 28° e o impacto desse microssatélite
na fungéo do gene ainda néo foi discutido.

Diferente do gene MICA, MICB apresenta um dimorfismo de insergéo ou
delecdo de elementos ALU no intron 1. A presenca ou auséncia de elementos
ALU pode ser estudada na genética comparativa de humanos e primatas. Outra
diferenca entre os dois genes é que MICB se liga a proteina UL16, produzida
durante a infeccdo pelo citomegalovirus humano como mecanismo de escape
imunoldgico 8. MICB nédo apresenta a regido de microssatélite no éxon 5 que
codifica Alaninas, assim como acontece em MICA.

O alelo MICB*009N € um dos alelos com maior impacto funcional. Este
alelo contém um stop cédon prematuro no éxon 3, regido que codifica o dominio
a2, levando ao truncamento da molécula na posicdo 170 2%, Esse alelo esta
em desequilibrio de ligacdo com a delecao do gene MICA. Desta forma, alguns
cromossomos 6 carregam tanto MICA*del quanto MICB*009N e nao codificam

uma proteina MIC funcional.

MICA/B em infeccdes, cancer e no transplante

Devido a funcao das moléculas de MICA/B em ativar as células NK e levar
a morte de células estressadas, estas moléculas acabam sendo alvo de
mecanismos de escape imunoldgico.

Os polimorfismos de MICA e MICB podem estar associados a
susceptibilidade ou protecdo a determinadas doencas. Ja € bem estabelecido o
papel das moléculas MICA/B no escape imunolégico do citomegalovirus humano
(HCMV). Na infeccao por esse virus, as proteinas virais levam a expressao de
MICA/B. No entanto, o HCMV inibe a funcéo de MIC por diferentes mecanismos,
gue incluem o sequestro de ligante MICB pela proteina UL16 °! e/ou retencédo de
MICA pela proteina UL142 dentro do cis-Golgi. Porém vale ressaltar que
MICA*008 (que € um alelo MICA*5.1 e, portanto, produz uma versao truncada
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da molécula de MICA) néo é afetada por esse mecanismo de escape %. Além
disso, 0o mMRNA de MICB pode ser alvo de miRNA que impedem sua traducéo .
A proteina truncada de MICA era considerada ndo afetada pelo mecanismo de
escape deste virus, porém recentemente Seidel e colaboradores mostraram um
mecanismo de escape diferente do HCMV que impede a associagao de MICA
truncada com a ancora GPI, leva o desvio de MICA para o citosol, onde acaba
sendo degradada no proteossoma e assim o HCMV prejudicando a
citotoxicidade das células NK %4,

As proteinas de MICA e MICB também ja foram associadas a COVID-19.
A maior expressdo de MICB pode influenciar positivamente no controle da
infeccdo, ativando as células NK precocemente. Enquanto os individuos com
maior produgdo de mRNA de MICA, possivelmente da forma soluvel e a baixa
expresséo de MICB, foram associadas a suscetibilidade a doenga .

Diversos estudos jA4 abordaram o mecanismo pelo qual as células
tumorais escapam da citotoxicidade mediada por células NKs. As células
tumorais liberam os ligantes de estresse (MICA e MICB) da superficie, assim, as
proteinas sollveis levam a regulacdo negativa do ligante NKG2D, escapando da
citotoxicidade mediada pelas células NKs %69,

O polimorfismo de MICA e MICB pode levar a incompatibilidade entre o
doador e receptor e rejeicdo do tecido transplantado 2. Além disso, essas
moléculas sdo sinalizadoras de estresse celular e podem ser reguladas
positivamente devido a fatores clinicos relacionados ao doador e ao receptor,
favorecendo a rejeicdo do enxerto. Além disso, a incompatibilidade entre as
moléculas do doador e do receptor pode levar a formacéo de anticorpos anti-
MICA e anti-MCB 26,100,101,
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JUSTIFICATIVA

MICA é altamente polimérfico e codifica uma glicoproteina sinalizadora de
estresse celular e que interage com o receptor ativador NKG2D, ativando as
células NK e levando a morte das células-alvo. A expressdo de MICA é
estimulada em situacbes como o cancer, infecgcdes virais e pode estar
relacionada com a rejeicdo precoce a enxertos. Poucos trabalhos abordam a
diversidade desses genes em populagbes verdadeiras, principalmente em
populacdes miscigenadas como a brasileira. Portanto, a caracterizacdo da
variabilidade de MICA poderia favorecer uma melhor compreensao sobre as
diferencas genotipicas a nivel mundial, na busca de diagndsticos e tratamentos
de doencas.
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OBJETIVOS

Objetivo Geral

Analisar a diversidade genética do gene MICA em popula¢des mundiais,

incluindo amostras brasileiras.

Objetivos Especificos

e Desenvolver um método computacional para inferir adequadamente os
genatipos de MICA,;

e Determinar as frequéncias alélicas de MICA observadas;

e Determinar a frequéncia de MICA*del de acordo com as regides
biogeograficas;

e Avaliar o desequilibrio de ligagédo entre os genes MICA e MICB e entre
MICA e HLA-B.
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ABSTRACT

The complete deletion of major histocompatibility complex class I-chain related A
(MICA), known as MICA*del, may be an important point of weakness for the
immune response, since this gene encodes a NKG2D receptor-ligand, highly
polymorphic and responsible for activating an immune response during
intracellular infections, neoplasic cells development and after allograft
transplantation. However, data on the deletion frequencies in different
populations are limited. To evaluate the distribution of the MICA*del in different
biogeographic regions, including a large sample of admixed individuals from
Brazil we use a specific bioinformatic pipeline and hla-mapper software to correct
the alignments, we addressed MICA*del and others MICA and MICB null alleles
in eight different populations of biogeographical regions. Different deletion
patterns were found MICA deletion complete, called MICA*del and the partial
MICA deletion, which involves the promoter region, exon 1 and intron 1, called
MICA*partial. MICA*del was detected in all biogeographical regions, except
Oceania. It's more frequent in the Asian population. Interestingly, America was
the second region where MICA*del were most frequent, specially in samples from
Mexican, Peruvians and Native Americans individuals from Brazil (Surui).
MICA*partial was detected only in America and the Middle East, with low
frequency. Most alleles with MICA deletion were in LD with B*48:01 and
MICB*009:01N in Asia and America. Therefore, the presence of different patterns
of deletion suggests independent deletion events. Moreover, we found two
samples with MICA deletion in both chromosomes and one of these samples did
not have functional MICB, which may indicate that another mechanism
compensates for the lack of functional MIC.
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Introduction

The major histocompatibility complex class I-chain related (MIC) genes
are among the last loci identified within the human Major Histocompatibility
Complex (MHC) in the class | region. They include two functional genes, MICA
and MICB, and five pseudogenes, MICC, MICD, MICE, MICF, and MICG
51013102 'MICA is 46kb upstream of the human leukocyte antigen (HLA)-B gene,
with strong Linkage Disequilibrium (LD) among them 193, MICA presents six
exons, large introns, and a 3' untranslated region (UTR) longer than most class |
genes 29102

MICA encodes a glycoprotein that is constitutively expressed in epithelial
cells of the gastrointestinal tract, endothelial cells, and monocytes. It is
upregulated upon cellular stress, particularly in oxidative stress %4, intracellular
infections 171820105 and tumorigenesis %. This stress-signaling molecule
interacts with the activating receptor NKG2D from Natural Killer (NK), Tap and
Tyd CD8+ lymphocytes 1013102,

MICA can be expressed in two isoforms: bound to the membrane surface
(mMICA) or released as soluble molecules (sMICA). Membrane-bound isoforms
activate a cytotoxic function of immune cells after being bound to the receptor.
However, the soluble isoforms may lead to NKG2D downregulation, preventing
immune cell cytotoxic activity 1°/. Two mechanisms can produce the soluble
isoform: due to polymorphisms that prevent the translation of the transmembrane
domain #7198 or shed by metalloproteinases such as ADAM10 and ADAM17 10%-
111 The production of sMICA configures an efficient mechanism of target cells to
escape NK cell-mediated cytotoxicity in innate immunity 9131516,

Moreover, MICA might be absent from chromosome 6 due to a large
deletion of approximately 100Kb between HLA-B and MICB 8311?; therefore,
some individuals may not produce MICA at all. This deletion is known as the
MICA*deletion or MICA*del. MICA*del has been associated with susceptibility to
nasopharyngeal carcinoma in Taiwan %2 but not in Southern China 4,

Previous studies reported that MICA*del exhibits an LD with HLA-B*48 and
MICB*009N, a null allele for the MICB 8284 MICB is encoded close to MICA and
produces a molecule with similar functions. The linkage disequilibrium between
MICA*del and MICB*009N suggests that these individuals do not produce
functional MIC proteins from this chromosome 8. The distribution of this
phenotype may vary among different populations.

Here, we evaluate the distribution of the MICA*del and other MICA null
alleles in different biogeographic regions and the linkage between this allele and
HLA-B and MICB. This data may contribute to a better understanding of MICA
function and how these alleles distribute globally and influence disease
susceptibility.
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Methods

Samples included in this study, sequencing strategy, and read
alignment

We evaluated the MICA*del and other null alleles from MICA in 5,347
samples from different biogeographic regions: 3,197 individuals from the
1000genomes project 115 828 individuals from the Human Genome Diversity
Project (HGDP) 16, and 1,322 Brazilians from the city of Sdo Paulo, Brazil 7.
For all these samples, we downloaded the raw sequence data (Fastq) from high-
coverage whole-genome sequencing (WGS), or a BAM file with reads aligned to
the human reference genome hg38. For raw Fastqg, we aligned all reads to the
reference genome using BWA MEM to produce BAM files. We used these BAM
files as inputs for hla-mapper version 4.3, which minimizes alignment bias in HLA
and MIC genes (www.castelli-lab.net/apps/hla-mapper) 1,

Calling MICA and MICB copy numbers

To evaluate the number of copies of MICA and MICB, we compared the
read depth between a reference region in chromosome 6 that does not present
copy number variation, genes HLA-G and TNF, and those observed in MICA and
MICB. To do that, we used samtools depth to calculate read depth across the
selected regions, using the BAM files from hla-mapper as input. After, we
calculated the ratio between the read depth at the target and the reference. We
also tracked heterozygous sites across MICA and MICB. We considered only
heterozygous sites from regions with overage > 15x and with a balanced
proportion of reads supporting both alleles (from 45 to 55%). After, we plotted
these ratios (target / reference) using ggplot2 version ggplot2_3.4.1.

Calling MICA, MICB, and HLA-B alleles

We used the hla-mapper workflow available at
https://github.com/erickcastell/HLA genotyping (version 2) to call SNPs and
alleles for MICA and MICB. The HLA-B alleles were already available from
another study using the same samples and the same workflow 1°.

To evaluate linkage disequilibrium among MICA and other genes at the
MHC region by using Arlequin 3.5.
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Results

Detecting MICA*del

We plotted the depth ratios between MICA/B and the references, as
illustrated in Figure 1. The pattern suggests six groups of samples. We also
potted read depth across the MICA and MICB for one sample from each group
(Figure 1S). The first group represents one sample with no reads for MICA
(sample 5 in Figure 1S), carrying a full deletion of MICA in both chromosomes,
l.e., homozygous for the MICA*del allele. The second group represents one
sample with MICA*del at one chromosome and a partial deletion of MICA in the
other (sample 4 in Figure S1). In this case, the partial deletion of MICA
comprehends the promoter region, exon 1, and most intron 1. We called this allele
MICA*partial. The third group represents samples with the MICA*del allele in one
chromosome and a full copy of MICA (MICA*full) in the other (sample 2 in Figure
S1), with a depth ratio of around 0.5. The fourth group includes samples with
MICA*partial and MICA*full (sample 3 in Figure S1). The fifth group is the most
common one and includes samples with two copies of MICA*full (sample 1 in
Figure S1), with a depth ratio of around 1. The last group might represent samples
with 3 copies of MICA*full, with a depth ratio of around 1.5. We detected
heterozygous sites only in samples with two or more copies of MICA*full.
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Figure 1: MICA copy number estimation by comparing read depth in two references, TNF and
HLA-G demonstrates one, two and three or more copies of MICA gene. There are samples
carrying three possible alleles: the complete MICA deletion (MICA*del), a partial MICA deletion
lacking the promoter, exon 1 and part of intron 1 (MICA*partial), and the presence of full MICA
copy (MICA*full).

The presence of two chromosomes carrying a MICA*del, MICA*patrtial, or
both is a rare condition. Assuming that MICA*partial is not functional, there were
only two samples out of 5,347 with a double deletion of MICA. The first is
NA19761 from the 1000 Genomes dataset (Mexican Ancestry from Los Angeles,
USA), with the genotype MICA*del/MICA*partial. This individual presents at least
one functional copy of MICB. The second individual was an older man from Brazil,
more than 70 years old, with African (56%), European (28%), and Native
American (16%) ancestries. This individual is homozygous for the MICB null allele
MICB*009N, HLA-B*48:02, and C*04:01.

Other MICA null alleles
Besides MICA*del and MICA*partial, we detected another null allele called
MICA*064N. This allele produces a truncated MICA molecule due to a premature

stop codon, and it was detected in China, East Asia, sample HGDP01291.
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The frequency of MICA null alleles in different biogeographical regions

We tracked the frequency of MICA*del, MICA*partial, and MICA*064N
across different biogeographic regions (Figure 2).

MICA*del was not detected in Oceania. MICA*del is frequent in most Asian
populations (Figure 3). In America, MICA*del is frequent among individuals with
Mexican ancestry in Los Angeles, Native Americans from Brazil (Surui), and
Peruvians from Peru, but not in Sdo Paulo/Brazil and in Colombia (Figure 3).
Apparently, MICA*del is frequent in populations with higher Native American
backgrounds, such as Mexico and Peru. However, the Brazilian and Colombian
samples included in this study have a major European ancestry 12°, and MICA*del
is rare in Europe.

MICA*partial was detected only in America and in the Middle East in low
frequencies (Figure 2). In the Middle East, it is the only null allele from Bedoin in
Negev (Figure 3). In America, it was detected among Brazilians, Caribbeans, and
Americans with Mexican ancestry (Figure 3). Interestingly, the frequency of MICA
null alleles in East Asia and the Middle East are very similar since the higher
frequency of MICA*partial at the Middle East compensates the lower frequency
of MICA*del (Figure 2).

Frequency of MICA null alleles in different biogeographic regions

1.5%

Allele
WICATDBAN
WICA el

1.0% MICA partial

Figure 2: Frequency of MICA null alleles in different biogeographic regions. MICA*064N presents
a premature stop-codon with no translation of a functional MICA. MICA*del represents the
complete deletion of MICA. MICA*partial represents a partial deletion in MICA encompassing the
promoter, exonl, and part of intron 1.
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Figure 3: Frequency of MICA null alleles in different population samples. MICA*064N presents a
premature stop-codon with no translation of a functional MICA. MICA*del represents the complete
deletion of MICA. MICA*partial represents a partial deletion in MICA encompassing the promoter,
exonl, and part of intron 1.

Linkage disequilibrium between MICA*del and MICB, HLA-B, and HLA-
C

We evaluated the haplotypes observed in chromosomes carrying
MICA*del or MICA*partial, considering MICB, HLA-B, and HLA-C alleles (Table
1 and Table S1). We noticed a strong LD among MICA*del, HLA-B, and MICB,
but not with HLA-C (Table S1). In general, more than 50% of all haplotypes
carrying MICA*del also carry B*48:01 and MICB*009:01N. This haplotype can be
detected in America and in South and East Asia but not in Africa, Europe, and
the Middle East (TS2).

There are other frequent haplotypes associated with MICA*del (Table S2).
For instance, the second most frequent haplotype is
B*15:16/MICA*del/MICB*002:01, present in Africa, America, and the Middle East.
The haplotype B*39:06/MICA*del/MICB*004:01 is also frequent and exclusive
from America, possibly among Amerindians since B*39:06 is a Native American
allele *21. Interestingly, the most frequent MICA*del haplotype in the Middle East,
B*52:01/MICA*del/MICB*005:02, only occurs in that region. HLA-B*52:01 is
frequent in the Middle East and among Native Americans 2. MICA*partial is
mainly linked to HLA-B*41:01 and two different MICB alleles (TS2).
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Table 1: The frequency of different haplotypes observed for chromosomes 6

carrying MICA*del or MICA*partial

Frequency
HLA-B MICA MICB
N =158
| 0.3608 B*48:01:01 MICA*del MICB*009:01:01N
| 0.1646 B*15:16:01 MICA*del MICB*002:01:01
| 0.1139 B*48:02:01 MICA*del MICB*009:01:01N
| 0.0633 B*39:06:02 MICA*del MICB*004:01:01
| 0.038 B*48:03:01 MICA*del MICB*009:01:01N
| 0.0316 B*15:16:01 MICA*del MICB*005:02:01
| 0.0316 B*41:01:01 MICA*partial MICB*005:02:01
| 0.0253 B*48:01:01 MICA*del MICB*004:01:01
| 0.0253 B*48:04:01 MICA*del MICB*003:01:01
| 0.0253 B*52:01:01 MICA*del MICB*005:02:01
| 0.019 B*41:01:01 MICA*partial MICB*002:01:01
| 0.0127 B*15:10:01 MICA*del MICB*004:01:01
| 0.0127 B*48:01:01 MICA*del MICB*005:02:01
| 0.0063 B*15:11:01 MICA*del MICB*005:02:01
| 0.0063 B*15:15:01 MICA*del MICB*004:01:01
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0.0063 B*15:18:01 MICA*del MICB*004:01:01
0.0063 B*27:05:02 MICA*del MICB*002:01:01
0.0063 B*41:01:01 MICA*partial MICB*008:01:01
0.0063 B*48:04:01 MICA*del MICB*005:08,L
0.0063 B*48:43 MICA*del MICB*005:02:01
0.0063 B*55:01:01 MICA*del MICB*003:01:01
0.0063 B*58:01:01 MICA*del MICB*004:01:01
0.0063 B*58:02:01 MICA*del MICB*002:01:01
0.0063 newcds_3 MICA*partial MICB*005:02:01
Discussion

The HLA and MIC genes are challenging to analyze using NGS short
reads because of their polymorphic nature and their paralogy. These genes are
very similar to each other, which jeopardizes read alignment mostly due to cross-
alignments. MICA and MICB, for instance, present a sequence homology of
91%:%° 8, Because of that, we may obtain many genotyping errors when using
conventional tools for short-read alignment. This issue may jeopardize detecting
the correct alleles for MICA and MICB.

In this study, we focused on the deletion of the MICA gene (MICA*del) and
the HLA-B and MICB haplotypes associated with it. To get accurate coverage
estimations (used for detecting MICA*del) and accurate genotypes for MICB and
HLA-B, we used a pipeline that minimizes cross-alignments for HLA and MIC
genes. We explored samples from all continents, including samples from Brazil,
a highly admixed population not represented in global databases such as the
international genome 116122 This study is the first one to address MICA deletion
in worldwide populations.

The deletion at the MICA region was described previously 88 and
comprehended about 100Kb between HLA-B and MICB. This deletion, named
MICA*del, was associated with MICB*009N and HLA-B*048 in several Asian
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populations 8283123 \We confirm that this haplotype is frequent in Asia, and we
also detected it in America but not in Europe, Africa, and Oceania. The lack of
MICA*del in Oceania might result from the low sample size we have studied for
this region. Although this corresponds to 50% of the sequences carrying
MICA*del, we also detected different haplotypes than
B*48/MICA*del/MICB*009N (Table S2) involving other HLA-B and MICB alleles.
In the Middle East, MICA*del is associated mainly with B*52:01 and
MICB*005:01; this haplotype only occurs in that region. Likewise, the haplotype
B*39:06/MICA*del/MICB*004:01 was detected only in America and it is related to
Native Americans.

Different haplotypes carrying MICA*del suggests that MICA deletion might
have occurred in different chromosomes as an independent event due to denovo
deletions involving recombination hotspots. When zooming at the coverage
pattern at the borders of the deleted region, we can notice at least three different
patterns for the deletion starting point (samples 1, 2, and 3 in Figure S2). Each
sample presents a different HLA-B and MICB allele associated with MICA*del.
Likewise, the deletion ending point seems also to be different (samples 1, 2, and
3 in Figure S3). Therefore, although we called all these deletions MICA*del, we
may have three different deletions with specific starting and ending points.
Nevertheless, the effect would be the same: no functional MICA from these
chromosomes. It is unclear whether these deletions also influence MICB
expression patterns since they also delete part of the distal MICB promoter
region.

Besides the MICA*del allele, we also detected a different deletion that
removes the promoter region, exon 1, and part of intron 1. We called this allele
MICA*partial. Because the promoter region is deleted, and exon 1 encodes the
leader peptide that addresses the molecule to the cell surface, we considered
that MICA*partial and MICA*del might have similar effects, canceling MICA
expression producing a phenotype that we will call the absence of MICA.
MICA*partial was detected only in America and the Middle East.

The chromosome with the absence of MICA is uncommon, with its higher
frequency of around 2.5% in East Asia and the Middle East (Figure 2). It is almost
absent from Europe. We notice a high frequency of this phenotype in America,
which is incompatible with the expected frequencies when considering the
observed for Africa and Europe. This pattern does not occur for all the American
populations we have studied. While the absence of MICA is frequent among
Mexicans (Mayas and from Los Angeles with Mexican ancestry), Native
Americans (Surui from Brazil), and Peruvians, it is not frequent among Brazilians
from S&o Paulo and Colombians from Medellin. These two last groups present
major European ancestry, and this phenotype is almost absent from Europe.
Therefore, the chromosome with the absence of MICA is more common in Asians
and Native Americans. Nevertheless, most samples presenting the deletion of
MICA are heterozygous and present at least one copy of a functional MICA.
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Although rare, we detected two individuals that do not produce MICA. The
first individual is NA19761 from the 1000 Genomes dataset (Mexican Ancestry
from Los Angeles, USA), with the genotype MICA*del/MICA*partial. (Sample 4 in
Figure S1). This individual also presents MICB*009:01N in one chromosome but
has a functional MICB in the other. Therefore, this individual might produce MICB
from one chromosome. A second individual is an older man (> 70 y) homozygous
B*48:02/MICA*del/MICB*009:01N. Unless there is a mechanism to bypass the
stop codon from MICB*009:01N, this individual cannot produce a functional MIC,
and other mechanisms to activate the cytotoxic response of NK cells might be in
place.

Assuming that the Brazilian individual mentioned above does not produce
a functional MIC, the nonexpression of both MICA and MICB is not critical
regarding immunological fitness. Still, the chromosome with a deleted MICA (*del
or *partial) may be selectively neutral in immune defense or present some
advantage. Since the MICA-MICB null haplotype (MICA*del/MICB*009N) was
widely observed with almost the same frequencies among many Asian
populations, positive selection might be in place. The present observations would
be useful for understanding the essential function of MIC molecules.

In conclusion, we have explored the deletion of the MICA allele and the
HLA-B and MICB haplotypes associated with it in different biogeographic regions,
including admixed samples from Brazil. We detected at least four different
patterns of deletion, 3 with full deletion but different starting and ending points
and associated with different HLA-B/MICB haplotypes and one partial MICA
deletion. The presence of different patterns of deletion suggests independent
deletion events. The MICA*del allele is mostly associated with B*48 and
MICB*009N in Asia and America (particularly among samples with higher Native
American ancestries), but other haplotypes also occur. While most samples
present the complete partial MICA deletion are heterozygous and present at least
one functional MICB gene, we detected two samples with no functional MICA and
one sample with no functional MIC gene. Therefore, other mechanisms might be
in place to compensate for the absence of MIC molecules.
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Supplementary

Sample 3 Sample 2 Sample 1

Sample 4

Sample 5

Figure S1: An overview of the sequencing coverage across the MICA and MICB loci. Sample 1
indicates a sample with two copies of MICA. Sample 2 indicates a sample with one copy of MICA
and a full deletion. Sample 3 indicates a sample with a full copy of MICA and one with a partial
deletion evolving exon 1 and intron 1. Sample 4 represents a sample with a partial deletion and
a full deletion. Sample 5 represents a sample with a full deletion in both chromosomes. The green
and red arrows indicated the MICA and MICB genes, respectively.
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Figure S2: An overview of the sequencing coverage at the upstream border of the MICA deleted
region. Sample 1 indicates an heterozygous sample carrying B*15:16/MICA*del/MICB*002:01.
Sample 2 indicates an heterozygous sample carrying B*39:06/MICA*del/MICB*004:01. Sample 3
indicates an heterozygous sample carrying B*48:01/MICA*del/MICB*009:01N. Sample 4
indicates an homozygous sample for B*48:02/MICA*del/MICB*009:01N. The green arrow
indicates the MICA gene.
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Figure S3: An overview of the sequencing coverage at the downstream border of the MICA
deleted  region. Sample 1 indicates an  heterozygous sample carrying
B*15:16/MICA*del/MICB*002:01. Sample 2 indicates an heterozygous sample carrying
B*39:06/MICA*del/MICB*004:01. Sample 3 indicates an heterozygous sample carrying
B*48:01/MICA*del/MICB*009:01N. Sample 4 indicates an homozygous sample for
B*48:02/MICA*del/MICB*009:01N. The red arrow indicates the MICB gene.
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Table S1: Frequency of MICA*del, MICB, HLA-B and HLA-C haplotypes.

Frequency HLA-C HLA-B MICA*del MICB
| 0.0063 C*01:02:01 B*15:15:01 MICA*del MICB*OO4:01:01I
0.0063 C*01:02:01 B*27:05:02 MICA*del MICB*002:01:01 |
0.0063 C*01:02:01 B*48:01:01 MICA*del |MICB*009:01:01N |
0.0253 C*01:02:01 B*48:04:01 MICA*del MICB*003:01:01 |
0.0063 C*01:02:01 B*55:01:01 MICA*del MICB*003:01:01 |
0.0063 C*01:64,L newcds_39 MICA*del MICB*002:01:01 |
0.0063 C*03:02:02 B*58:01:01 MICA*del MICB*004:01:01 |
0.0063 C*03:03:01 B*15:11:01 MICA*del MICB*005:02:01 |
0.019 C*03:03:01 B*48:01:.01 MICA*del |MICB*009:01:01N |
0.0127 C*03:04:01 B*48:01:01 MICA*del |MICB*009:01:01N |
0.0063 C*03:04:01 B*48:43 MICA*del | MICB*005:02:01
0.0063 C*03:04:02 | B*15:10:01 MICA*del | MICB*004:01:01
0.0063 C*04:01:01 B*15:10:01 MICA*del MICB*004:01:01 |
0.0127 C*04:01:01 B*48:01:01 MICA*del |MICB*009:01:01N |
0.1076 C*04:01:01 B*48:02:01 MICA*del |MICB*009:01:01N |
0.0063 C*04:81,L B*48:01:01 MICA*del |MICB*009:01:01N |
0.0063 C*04:82:01 B*48:01:01 MICA*del |MICB*009:01:01N |
0.0063 C*06:02:01 | B*48:01:01 MICA*del | MICB*009:01:01N
0.0063 C*06:02:01 | B*58:02:01 MICA*del | MICB*002:01:01
0.019 C*07:01:01 B*41:01:01 | MICA*partial | MICB*002:01:01 |
0.0316 C*07:01:01 B*41:01:01 | MICA*partial | MICB*005:02:01 |
0.0063 C*07:01:01 B*41:01:01 | MICA*partial | MICB*008:01:01 |
0.0633 C*07:02:01 B*39:06:02 MICA*del MICB*004:01:01 |
0.0127 C*07:02:01 B*48:01:01 MICA*del |MICB*009:01:01N |
0.0063 C*07:04:01 B*15:18:01 MICA*del MICB*004:01:01 |
0.0253 C*08:01:01 B*48:01:01 MICA*del MICB*004:01:01 |
0.1456 C*08:01:01 B*48:01:01 MICA*del |MICB*009:01:01N |
0.038 C*08:01:01 | B*48:03:01 MICA*del | MICB*009:01:01N
0.0063 C*08:01:32 | B*48:01:01 MICA*del | MICB*009:01:01N
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0.0063 C*08:02:01 B*48:02:01 MICA*del |MICB*009:01:01N
0.0127 C*08:03:01 B*48:01:01 MICA*del MICB*005:02:01 |
0.1203 C*08:03:01 B*48:01:01 MICA*del |MICB*009:01:01N |
0.0063 C*12:02:02 B*48:01:01 MICA*del |MICB*009:01:01N |
0.1203 C*14:02:01 B*15:16:01 MICA*del MICB*002:01:01 |
0.0316 C*14:02:01 B*15:16:01 MICA*del MICB*005:02:01 |
0.0443 C*16:01:01 B*15:16:01 MICA*del MICB*002:01:01 |
0.0253 C*16:02:01 B*52:01:01 MICA*del MICB*005:02:01 |
0.0063 newcds 23 newcds 3 | MICA*partial | MICB*005:02:01 |
0.0063 newcds_35 B*48:04:01 MICA*del MICB*005:08,L |
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Table S2: Frequency of MICA, MICB and HLA-B haplotype distribution in different biogeographical populations.

DATA AFR AMR | CSA EAS EUR MEA SAS |Global

2N 1578 4310 | 362 1556 1540 306 992 | 10694 |

| B*48:01:01 MICA*del MICB*009:01:01N - 0.0058 | 0.011 0.0174 - - 0.001 | 0.0053 |
| B*15:16:01 MICA*del MICB*002:01:01 0.0076 0.003 - - - 0.0033 - 0.0024 |
| B*48:02:01 MICA*del MICB*009:01:01N - 0.0042 - - - - - 0.0017 |
| B*39:06:02 MICA*del MICB*004:01:01 - 0.0023 - - - - - 0.0009 |
| B*48:03:01 MICA*del MICB*009:01:01N - 0.0002 - 0.0032 - - - 0.0006 |
| B*15:16:01 MICA*del MICB*005:02:01 0.0013 0.0007 - - - - - 0.0005 |
| B*41:01:01 | MICA*partial MICB*005:02:01 - 0.0009 - - - 0.0033 - 0.0005 |
| B*48:01:01 MICA*del MICB*004:01:01 - 0.0009 - - - - - 0.0004 |
| B*48:04:01 MICA*del MICB*003:01:01 - - - - - - 0.004 | 0.0004 |
| B*52:01:01 MICA*del MICB*005:02:01 - - - - - 0.0131 - 0.0004 |
| B*41:01:01 | MICA*partial MICB*002:01:01 - 0.0005 - - - 0.0033 - 0.0003 |
| B*15:10:01 MICA*del MICB*004:01:01 0.0013 - - - - - - 0.0002 |
| B*48:01:01 MICA*del MICB*005:02:01 - - - 0.0013 - - - 0.0002 |
| B*15:11:01 MICA*del MICB*005:02:01 - - - 0.0006 - - - 0.0001 |
| B*15:15:01 MICA*del MICB*004:01:01 - 0.0002 - - - - - 0.0001 |
| B*15:18:01 MICA*del MICB*004:01:01 - - - 0.0006 - - - 0.0001 |
| B*27:05:02 MICA*del MICB*002:01:01 - - - - 0.0006 - - 0.0001 |
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B*41:01:01 | MICA*partial MICB*008:01:01 - 0.0002 - - - - - 0.0001
B*48:04:01 MICA*del MICB*005:08,L - 0.0002 - - - - - 0.0001

B*48:43 MICA*del MICB*005:02:01 - - - 0.0006 - - - 0.0001
B*55:01:01 MICA*del MICB*003:01:01 - - - - - - 0.001 | 0.0001
B*58:01:01 MICA*del MICB*004:01:01 0.0006 - - - - - - 0.0001
B*58:02:01 MICA*del MICB*002:01:01 0.0006 - - - - - - 0.0001
newcds_39 MICA*del MICB*002:01:01 - - - 0.0006 - - - 0.0001
newcds_3 | MICA*partial MICB*005:02:01 - 0.0002 - - - - - 0.0001

Africa (AFR), America (AMR), Central South Asia (CSA), East Asia (EAS), Europa (EUR) Middle East (MEA), Oceania (OCE), South Asia (SAS). (-)
indicates that this allele is absent in this biogeographic region considering the samples we have studied.
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