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Resumo

O perfil de citocinas produzido pelas células CD4+ € um marcador importante do tipo
de resposta imune, por exemplo, as respostas Thl (IFN-y), Th2 (Interleucina (IL)-5 e
IL-13) e Treg (IL-10). Ademais, a resposta imune é considerada um traco complexo
resultante da interacdo entre fatores ambientais, genéticos e epigenéticos. Nesta
perspectiva, a base genética dos componentes imunoldgicos € produto de processos
evolutivos que atuaram ao longo da histéria humana, especialmente considerando a
diversidade de ambientes encarada ao longo da dispersdo da espécie. Assim, 0
presente trabalho tem como objetivo avaliar a influéncia da ancestralidade genémica
na producéo das citocinas IFN-y (Th1l), IL-5 (Th2), IL-13 (Th2) e IL-10 (Treg) em uma
populacao brasileira. Os participantes do estudo sao criangas (4 -11 anos) que fazem
parte do programa SCAALA (Social Change Asthma and Allergy in Latin America) em
Salvador - Bahia. Foi realizada a estimativa de ancestralidade global e local a partir
de variantes genotipadas utilizando o chip lllumina Omni 2,5M. A producédo das
citocinas foi mensurada a partir da cultura de células sanguineas por meio do
imunoensaio ELISA. A associacéo entre ancestralidade global e producéo de citocinas
foi investigada por meio de regresséo logistica, incluindo variaveis potencialmente
confundidoras. Foi realizado o mapeamento por miscigenacao para a citocina IL-13
utilizando o software PLINK. Encontramos uma associacdo entre ancestralidade
gendmica biogeogréafica e producdo da citocina da assinatura Th2, IL-13, em que
individuos com maior ancestralidade africana tiveram uma menor chance de serem
produtores de IL-13. A analise posterior de mapeamento por miscigenacao permitiu a
identificagcdo de trés variantes intrénicas (rs12598402-PLCG2, rs28376615-CDH13 e
rs75929636-CDH13) associadas com a producédo de IL-13. Além disso, os alelos
destas trés variantes que estdo associados a uma maior producédo de IL-13 tém uma
maior frequéncia em individuos com maior influéncia genética africana em seu
genoma. Estudos futuros sdo necessérios para melhor elucidacdo dos mecanismos

associados a regulagéo da resposta Th2 na populagdo Brasileira.

Palavras-chave: Imunogenética, Th2, IL-13, Citocinas, Ancestralidade



Abstract

The profile of cytokines produced by CD4+ cells is an important marker of the type of
immune response, for example, Thl (IFN-y), Th2 (Interleukin (IL)-5 and IL-13), and
Treg (IL-10) responses. Furthermore, the immune response is considered a trait
resulting from the interaction between environmental, genetic, and epigenetic factors.
In this perspective, the genetic basis of the immunological components is a product of
evolutionary processes that acted throughout human history, especially considering
the diversity of environments faced throughout the dispersion of species. Thus, the
present study aims to evaluate the influence of genomic ancestry on the production of
IFN-y (Th1), IL-5 (Th2), IL-13 (Th2), and IL-10 (Treg) cytokines in a Brazilian
population. Study participants are children (4-11 years old) who are part of the
SCAALA program (Social Change Asthma and Allergy in Latin America) in Salvador -
Bahia. Global and local ancestry estimation was performed from genotyped variants
using the Illumina Omni 2.5M chip. The production of cytokines was measured from
the culture of blood cells through the immunoassay ELISA. The association between
global ancestry and the production of cytokines was investigated using logistic
regression, including potential confound variables. Admixture mapping for the 1L-13
cytokine was performed using PLINK software. Here, we found an association between
biogeographic genomic ancestry and production of the Th2 signature cytokine IL-13,
in which individuals with greater African ancestry had a lower chance of producing IL3.
A fine-mapping analysis reveals three variants (rs12598402-PLCG2 and rs28376615-
CDH13, rs75929636-CDH132) associated with the production of IL-13. In addition,
alleles of these three variants that were associated with a higher production of IL-13
were more frequent in individuals with greater African genetic influence in the genome.
Future studies are needed to better elucidate the mechanisms associated with the

regulation of Th2 response in the Brazilian population.

Keywords: Immunogenetics, Th2, IL-13, Cytokines, Ancestry
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1. INTRODUCAO
1.1. Visdo geral darespostaimune

Os humanos, assim como outros seres, estdo constantemente expostos a
organismos patogénicos e ndo-patogénicos, que por sua vez podem conter inUmeras
moléculas que impactam o funcionamento do organismo. Neste contexto, o Sistema
Imunolégico (SI) tem um papel essencial na manutencdo e recuperacdo da
homeostase. Isso se d& diante de respostas imunologicas montadas contra agentes
externos, mas também contra internos, funcionando por meio de mediadores celulares
e moleculares que constituem a resposta imune (RI) (BRODIN; DAVIS, 2017). ARI do
hospedeiro pode ser conceitualmente classificada em inata, cujo 0s mecanismos
envolvem o reconhecimento de padr6es moleculares associados aos patégenos, e
adaptativa, que é capaz de reconhecer e montar uma resposta especifica. Vale
ressaltar que esses tipos de respostas ndo atuam de maneira independente, ao
contrario, sdo mecanismos complementares e correlacionados, aspectos
fundamentais para o funcionamento correto do SI (MARSHALL et al., 2018). Por
exemplo, o desenvolvimento da resposta imune adaptativa é dependente da

apresentacao do antigeno por células da resposta imune inata.

Um dos principais mecanismos moleculares associados a resposta imune é a
producao de citocinas, tanto por células da Rl inata quanto adaptativa, cujo o papel é
essencial na montagem e regulacéo da resposta imune (KANY et al., 2019; LIU et al,
2021). As citocinas sdo um grande grupo de proteinas de baixo peso molecular
envolvidas na sinalizagéo celular no contexto da RI, s&o principalmente produzidas
por leucdcitos, mas outros tipos celulares também podem produzir tais sinalizadores
(KANY et al., 2019). Além disso, populacdes celulares distintas podem produzir uma
mesma citocina. A atividade efetora destas moléculas se da por interacdo com
receptores celulares, que apds ativados resultam em uma cascata de sinalizagdo
celular, levando a ativacdo ou inativacdo de células especificas, liberacdo de outros
mediadores moleculares, entre outras acdes (KANY et al., 2019). Uma caracteristica
chave das citocinas € a sua acao pleiotropica em que os efeitos provocados por essas

moléculas sinalizadoras dependem da célula que recebe o sinal.

Em condicbes adequadas, as células T podem ser estimuladas por células
apresentadoras de antigenos (APCs), levando a diferenciacdo em dois subtipos
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primarios, as células T citotoxicas (CD8+) e as células T-helper (CD4+) (IWASAKI et
al., 2015). As células Th (T Helper) tém um papel importante no estabelecimento e
amplificac@o da resposta imune. Tais células, uma vez ativadas por meio da interagédo
com seus receptores de membrana, os TCRs, tem sua acao principalmente mediada
por citocinas que modulam e influenciam a atividade de diversas outras células
(LUCKHEERAM et al., 2012).

As células Th podem ser diferenciadas em subpopulacées de acordo com o
microambiente ao qual estdo expostas, resultando em polarizacdo em perfis distintos
de producdo de citocinas. Dados os estimulos adequados, ocorre em células T naive
a ativacdo de fatores de transcricdo envolvidos na sintese de diversos receptores e
mediadores, incluindo as citocinas, caracteristicos da respectiva resposta (PAWLAK
et al., 2020). Dentre os varios perfis existentes, 0s principais e mais estudados sdo o0s
tipos Treg, Thl, Th2e Th17 (LUCKHEERAM et al., 2012; EIZENBERG-MAGAR, 2017,
MARTINEZ-SANCHEZ et al., 2018; ZHU et al., 2019). Ademais, descobertas mais
recentes tém mostrado que as subpopulacdes de células Th ndo estdo em uma
diferenciacao final, como se pensava anteriormente, ao contrario, ttm se observado o
fendbmeno de plasticidade onde células T polarizadas mudam seu fenoétipo para um
misto (e.g., Thl — Th1/Th17) ou alternativo (e.g., Th1 — Th17) (DUPAGE et al.,
2016). A Figura 1 apresenta os principais subtipos de células Th e o perfil de citocinas

correspondente a cada fenétipo.

A resposta do tipo Thl esta principalmente relacionada a producéo da citocina
IFN-y, que por sua vez ativa a atividade bactericida de macréfagos bem como
aumenta a imunidade contra patdégenos intracelulares (MARSHALL et al., 2018).
Falhas nos mecanismos de montagem da resposta Thl de maneira adequada estao
implicadas com o desenvolvimento de certas doengas autoimunes como Diabetes tipo
1, Esclerose Mdltipla e Artrite Reumatoide (RAPHAEL et al., 2015).

Em contrapartida, a resposta do tipo Th2 tem como citocinas assinatura as
Interleucinas (IL)-4, IL-5 e IL-13, por exemplo, e esta envolvida no desenvolvimento
de células B produtoras do anticorpo IgE (Imunoglobulina E). Além disso, também esta
envolvida no recrutamento de mastécitos e eosinofilos, células efetoras essenciais na
montagem da RI contra diversos parasitas multicelulares (MARSHALL et al., 2018).

Esse perfil celular caracteristico da resposta Th2 também esta associado a alergia e
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alguns fenotipos de asma, sendo observado na resposta inflamatdria dessas
condicbes. Acredita-se, dessa forma, que o desbalanco na producéo de citocinas Th2

esta associado com o desenvolvimento de atopia (alergia), por exemplo.

As células Thl7 foram descritas mais recentemente, caracterizadas pela
producdo de citocinas da familia IL-17, estdo associadas com diversas condi¢des
inflamatorias, tanto em infec¢des crénicas quanto em algumas doencas. Por exemplo,
o perfil Th17 esta envolvido na patogénese tanto de doencgas autoimunes quanto em
alguns subtipos de asma (BEDOYA et al., 2013; ZHAO et al., 2013).

IL-4 iL-9
e e
IL-5 IL-21
e @ @ .
Th2 '\ / Tho
IL-4
'L""\ TGF-B
IFN ‘ IL-6, IL-1 " RORC \ oo i
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Thl /  ThO \, Thiz
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/TGF-B IL-23
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TGF- —
B iTreg Th22

Figura 1. Diferenciacdo dos subtipos de células T helper. Células T naive podem se diferenciar em
subpopulagbes distintas dependendo do contexto de citocinas ao qual estdo expostas. Estas
subpopulagfes tém sua diferenciacdo mediada pela ativagcdo de fatores de transcricdo, levando a
expressdo de citocinas de assinatura relacionadas a funcao efetora de cada subconjunto. Lee et al.,
2021

Uma outra subpopulacdo de células CD4+ sdo conhecidas como células
regulatorias (Treg) (BUSZKO et al., 2020) cuja acdo esta ligada a producao de
citocinas que podem exercer uma acao regulatéria em diferentes contextos, como a
IL-10. O papel central desse grupo de células é modular a resposta imune de
diferentes formas, muitas vezes suprimindo a resposta inflamatéria e regulando
negativamente a producdo de outras citocinas. Além disso, outros perfis vém sendo
descritos e caracterizados como o Th3, Th9, Th22, Tfh, entre outros, o que traz ainda
mais complexidade na compreensdo dos mecanismos associados as células CD4+

(RAPHAEL et al., 2015).
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1.2. O Sistema Imune e suas variacdes

Ao estudar a variacao do perfil imunolégico individual € possivel notar que apos
a exposicao a algum fator que afeta a homeostase, tal como uma infec¢cado aguda ou
0 processo de vacinacao, ha uma mudanca no status da resposta imune. Entretanto,
apos a resolucdo, o sistema imune tende a retornar ao estado em que se encontrava
previamente a exposi¢cdo, em homeostase (BRODIN; DAVIS, 2017). Tal ideia vem
sendo corroborada por estudos longitudinais, em que ha mensuracao dos parametros
imunoldgicos em individuos ao longo do tempo. Por exemplo, amostras de sangue de
individuos adultos saudaveis coletadas ao longo de semanas ou meses mostram que
h& uma estabilidade na frequéncia de células e também nos niveis séricos de
proteinas (TSANG et al., 2014; SHEN-ORR et al., 2016; CARR et al., 2016). Tais
estudos demonstram que cada organismo possui um status basal na composicéo do
sistema imune, que tende a se manter estavel ao longo do tempo. Isso ndo significa
que tal status ndo possa ser alterado, ou que permanece de uma mesma forma ao
longo de toda a vida, especialmente considerando que a composi¢cao do sistema
imune em um mesmo individuo pode ser distinta em diferentes faixas etarias (SIMON
et al., 2015).

Diversos estudos envolvendo a investigacao de parametros imunolégicos em
uma perspectiva populacional corroboram que os sistemas imunolégicos humanos
sdo altamente variaveis entre os individuos, e até mesmo, entre populacdes
(KOLLMANN et al., 2013; BRODIN et al., 2015; SANZ et al., 2018). Essa variacao
pode se manifestar de distintas formas, tanto a nivel celular quanto molecular, por
exemplo, diferencas na frequéncia de populagdes e subpopulacdes de leucocitos, ou
até mesmo na expressao e producgdo de fatores de transcrigdo, receptores e outras
moléculas (TSANG et al.,, 2015; LISTON et al., 2016). Brodin e Davis (2017)
comparam a frequéncia de diversos leucocitos em uma populacdo de individuos
saudaveis e demonstraram uma grande amplitude na variacdo em populacdes
especificas de células, como mondcitos, células NK e células T. Desta forma, pode-
se dizer que a imunidade € um traco intrinsecamente variado entre individuos,
especialmente considerando as analises realizadas em pessoas aparentemente

saudaveis.
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Nessa perspectiva, um dos objetivos centrais da imunologia € compreender a
variacdo normal em diversos parametros, colaborando para a elucidacdo dos
mecanismos subjacentes bem como os fatores determinantes dos diversos
imunofendtipos. Entender tais causas torna-se essencialmente importante quando se
considera que certos fenotipos imunoldgicos podem predispor o desenvolvimento de
doencas especificas (BRODIN; DAVIS, 2017). A perspectiva que melhor explica a
variagdo no sistema imune dentro e entre populacdes inclui fatores ambientais,
genéticos e epigenéticos (BARREIRO; QUINTANA-MURCI, 2020). Desta forma,
pode-se compreender a expressdo do sistema imune individual como um traco
geneticamente complexo, produto de diversos fatores e da interacdo entre eles. A
Figura 2 ilustra os fatores que podem influenciar o Sl, demonstrado tanto fatores
intrinsecos, como extrinsecos ao individuo. A contribuicdo proporcional de fatores
genéticos e ndo-genéticos é alvo de debate, apesar de evidéncias apontarem que
fatores ndo-genéticos provavelmente tém uma maior contribuicdo (ORRU et al., 2013;
BRODIN et al., 2015; BRODIN; DAVIS, 2017; MANGINO et al., 2017). Vale ressaltar
que, considerando que o S| é composto por diversas moléculas, células e érgaos, a
proporcao com que fatores ndo-genéticos e genéticos contribuem para a expressao

de tracos imunes depende da unidade alvo em questéo.

Fatores intrinsecos:

Genética, Idade, Sexo Ambiente:

Poluigao, Estagao,
Biodiversidade

Fenotipos °

oS m @ 0
Imunolégicos o o

Estilo de Vida:
Dieta, Exercicios, Habitos
comportamentais

Microrganismos e parasitas:
Bactérias patogénicas e
nao-patogénicas, parasitoses

Figura 2. Fatores determinantes dos diversos fenotipos imunolégicos. Diferentes fatores que
contribuem para variacdo populacional na imunidade.
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1.3. Fatores genéticos

Ainda que as influéncias ambientais sejam preponderantes na variacao
interindividual observada nas configuracbes do sistema imunologico, a genética
também apresenta um papel consideravel na determinacgdo do status imune. De fato,
grandes estudos sobre a base genética da variacdo nas células e moléculas que
compdem o Sl explicam em média de 20-40% da variacdo imunoldgica total (ORRU
et al., 2013; BRODIN et al., 2015; MANGINO et al., 2017). Conforme jA mencionado,
a herdabilidade em parametros imunolégicos néo se distribui uniformemente, logo, o
papel da genética dependera essencialmente do parametro analisado, como o tipo
celular ou a molécula em questao. Vale ressaltar que hd uma crescente influéncia néo-
genética com o0 aumento da idade, isso quer dizer que parametros imunoldgicos
podem ser muito mais hereditarios se medidos em populac¢des de criancas (BRODIN
et al., 2015).

Estudos com gémeos oferecem uma oportunidade ideal para quantificar a
contribuicdo relativa de fatores hereditarios para caracteristicas imunolégicas em
humanos saudaveis, permitindo o ajuste para fatores de confusdo conhecidos e
desconhecidos (VAN DONGEN et al., 2012; SAHU et al., 2016; CRAIG et al., 2020).
Nesse sentido, Roeder e colaboradores (2016) estudaram 78.000 tragos imunes
obtidos por imunofenotipagem em 669 gémeas, tanto frequéncia de leucdcitos e
subpopulacdes quanto expressdo de moléculas de superficie. Os autores
encontraram que as estimativas de herdabilidades variaram amplamente, indo de 0%,
onde ha influéncias puramente ambientais ou estocasticas, até 96%, indicando um
forte efeito genético (ROEDER et al., 2016). Ao investigar as 151 principais
caracteristicas hereditarias, 11 loci genéticos foram associados, explicando até 36%
da variacdo de 19 caracteristicas. Um outro estudo, também com gémeos, mostrou
que 39% das populacdes de células estudadas apresentaram uma herdabilidade
maior que 20%, o limite de deteccao do estudo (BRODIN et al., 2015). Apesar dos
autores enfatizarem o papel dominante dos fatores ambientais, € notavel que a
genética também possui alguma contribui¢cdo. Por outro lado, Orra e colaboradores
(2013) utilizaram uma outra abordagem por meio do coeficiente de parentesco entre
individuos (ndo gémeos) em que estimaram em 41% a herdabilidade média para

diversos tipos e subtipos celulares.
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No contexto das citocinas e quimiocinas, foi mostrado que a herdabilidade
meédia foi maior que a encontrada para frequéncia de células imunes. Os niveis de
algumas citocinas se mostraram altamente herdaveis, como para a IL-12p40,
enquanto outras, como a IL-10 tiveram uma influéncia genética menor (BRODIN et al.,
2015). A maior influéncia da genética na producao citocinas e quimiocinas pode estar
relacionado ao fato de que a frequéncia de células é um traco cuja regulacdo é mais
complexa e envolve influéncias poligénicas, enquanto de quimiocinas e citocinas sao
produtos diretos da expressao de um unico gene (BRODIN et al., 2017). Ademais, 0s
autores avaliaram a resposta celular as citocinas homeostaticas (IL-2 e IL-7) in vitro e
observaram que a ativacdo de vias downstream, como a fosforilacdo do fator de
transcricdo STATS foi altamente herdavel (BRODIN et al., 2015).

O Projeto Gendmica Funcional Humana (Human Functional Genomics Project
- HFGP) é uma iniciativa com o intuito de identificar os fatores que explicam a
variabilidade da RI, tanto no contexto da saude quanto de doencas (NETEA et al.,
2016). Em um dos estudos realizado pelo grupo, foram investigadas variantes
genéticas putativamente associadas com a producdo de citocinas em resposta a

diversos estimulos (LI et al., 2016).

Em contraste com o estudo de Brodin e colaboradores (2015), eles encontraram que
a herdabilidade para a producgéo estimulada das citocinas em PBMC foi maior que o
reportado anteriormente. Ademais, citocinas derivadas de mondcitos tiveram uma
maior influéncia de fatores genéticos que as citocinas derivadas de células T. Além
disso, o impacto dos fatores genéticos foi diferente entre os estimulos de
microrganismos analisados, demonstrando que variantes podem ter um efeito

regulatorio apenas para alguns patégenos (LI et al., 2016).

Tendo em vista que o background genético pode ter uma influéncia moderada
para alguns tragos imunes, um passo importante é a identificacdo dos loci envolvidos
na variagao fenotipica. Apesar das diversas categorias de variantes genéticas, como
as CNVs (variacdo no numero de copias) ou INDELs (insercao/delecéo)
potencialmente influenciarem na expressao de tracos imunes, as variantes de Unico
nucleotideo (SNVs) constituem o tipo mais comum de variagdo ao longo do genoma
e sao, consequentemente, as mais estudadas (LISTON et al., 2013). Além da

identificacdo dos loci genéticos, faz-se relevante estabelecer a relacdes funcionais
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gue explicam tais associacfes do ponto de vista molecular. Assim, 0 mapeamento de
loci de tracos quantitativos (QTL) constitui uma das principais estratégias para
compreender a relacdo genotipo-traco imune, em que diferentes aspectos podem ser
estudados como medidas de expressao génica (eQTLs), niveis séricos de

marcadores, como citocinas (cQTLS), ou mesmo a contagem de células (ccQTLS).

Dentre as principais estratégias utilizadas, os estudos de GWAS se destacam,
em que, numa perspectiva livre de hipoteses, sdo investigadas variantes comuns ao
longo do genoma. Ademais, a maioria dos QTL identificados para citocinas sao do tipo
trans, ou seja, as variantes estdo em genes cuja posicdo € mais distal em relacdo ao
gene da citocina investigada, sugerindo mecanismos de regulagéo indiretos (LI et al.,
2016). A importancia destas analises se torna ainda mais relevante ao se considerar
gue dados recentes sugerem que eQTLs de resposta imunologica desempenham um
papel importante na arquitetura genética de doencas humanas (ROEDER et al., 2015).
Li e colaboradores (2016) investigaram o impacto do componente genético na
producdo estimulada de citocinas e identificaram sinais significativos de variantes
associadas (QTLs) ao longo do genoma. Adicionalmente, as variantes identificadas

estdo mais frequentemente localizadas em regides sob selecao positiva.

1.4. Fatores ndo-genéticos

O Sl pode ser encarado como sensor de diversos estimulos internos e externos,
desta forma, é capaz de modular e ajustar-se de acordo com aquilo que € percebido,
tal como alteracdes ambientais (BRODIN; DAVIS, 2017). As influéncias néo
hereditarias tém um papel relevante no desenvolvimento e funcionamento do sistema
imune, tais fatores incluem exposicbes ambientais, exposi¢cbes a microrganismos
patogénicos e simbidticos, bem como fatores intrinsecos do individuo como
sexo/género e idade (BRODIN et al., 2015).

A idade e o0 sexo sao dois fatores que contribuem para a variagdo no Sl. Tem
sido demonstrado que o processo de envelhecimento, por exemplo, contribui em
média com 5% da variagdo total (TER HORST et al., 2016). Uma abordagem que
também contribui para explicar parcialmente o papel da idade sédo os estudos com

gémeos, foi observado, por exemplo, que parametros imunologicos divergem em
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gémeos monozigoéticos conforme a idade aumenta. Nesse sentido, € sugerido que o
acumulo de exposi¢cdes ambientais contribui para o aumento dessa heterogeneidade.
Vale ressaltar que o progresso do sistema imune ao longo dos anos pode ser
modulado por fatores ambientais e genéticos. Por exemplo, genes associados com

longevidade estédo relacionados a mudancas funcionais no SI (BRODIN et al., 2015).

O sexo também se mostra um importante fator no contexto imune, apesar de
gue sdo observadas mais diferencas na susceptibilidade a doencas imunomediadas
(e.g., Doencas autoimunes) do que em parametros imunolégicos. A frequéncias de
alguns tipos de linfécitos e producéo de citocinas podem variar de acordo com o sexo,
tal heterogeneidade pode ser explicada considerando fatores hormonais e fisiol6gicos
distintos (TER HORST et al., 2016). Um ponto crucial nos estudos de variacdo imune
associada ao sexo que € pouco explorado é a discriminagédo entre o que de fato é
atribuido a uma natureza biologica do que € produto de diferencas de género, um
aspecto mais sociocultural (LISTON et al.,, 2021). Por exemplo, em um estudo
envolvendo andlise transcriptémica de células sanguineas o efeito da variavel sexo foi
discrepante considerando o ambiente urbano e o ambiente rural em Marrocos
(IDAGHDOUR et al., 2010).

Um estudo realizado por Liston e colaboradores (2016) identificou que o fator
ambiental que mais contribuiu para a variacdo no Sl foi a coabitacdo, individuos que
compartilham o mesmo ambiente tendem a ter 50% menos variacédo que o observado
na populacéo geral. O estudo propde que as condi¢des locais do ambiente sao fatores
chave na constituicdo do sistema imune humano, levando a convergéncia do perfil
imune entre pares. Os autores discutem que tal observacéo pode estar relacionada
com o compartiihamento de habitos e estilo de vida, que tende a ocorrer entre
conjuges. Ademais, uma explicagdo também plausivel envolve uma convergéncia em
termos da microbiota, bem como exposi¢ao a patdogenos (SONG et al., 2013; KORT
et al., 2014; LAX et al., 2014; ROTHSCHILD et al., 2018).

1.5. Origens da variacédo interpopulacional na RI

Ao se pensar na constituicdo da Rl numa perspectiva populacional, observa-se

gue ha uma heterogeneidade na configuracdo do Sl destas, o que inclusive repercute
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em diferentes prevaléncias de doencas imunomediadas (OKADA et al., 2010). A
hipétese da higiene proposta por Strachan (1989) postula que o aumento na
prevaléncia de doencas alérgicas em paises desenvolvidos est4d associado a
mudangas no estilo de vida que resultam em uma menor carga infecciosa. O
mecanismo imune inicialmente proposto se relacionava com o paradigma Th1/Th2,
em que o contato com agentes infecciosos na infancia aumentaria a resposta Thl,
reduzindo a resposta Th2. Ja a diminuicAo nestas infec¢cBes causaria,
consequentemente, um aumento na resposta Th2, envolvida na patogénese de
alergias (ROMAGNANI et al., 2004; GARN et al., 2021). Um dos primeiros pontos de
fraqueza de tal hipétese foram as infeccfes helminticas, tendo em vista que essas
tém como mecanismo de resposta uma elevacao de citocinas Th2 também. Neste
sentido, observa-se uma relacdo inversa entre presenca de infeccées helminticas e
predisposicdo para o desenvolvimento de alergias (ROMAGNANI et al., 2004;
SCUDELLARI; 2017).

A descoberta das células regulatérias (Treg) contribuiu para uma mudanca
mecanicista na hipétese da higiene. Foi percebido que em locais onde ha endemismo
de parasitoses, os individuos tendem a produzir mais células Treg e citocinas
associadas (e.g., IL-10), levando ao desenvolvimento de um sistema imune que néo
é hiper-reativo (VAN DEN BIGGELAAR et al., 2000; GARN et al., 2021). Outro ponto
de falha da hipotese, foi explicar o aumento na prevaléncia de doencas mediadas pela

resposta Thl, como as doencas autoimunes, em paises desenvolvidos.

Nos dias de hoje, diversas linhas de evidéncia ddo suporte a uma nova Vviséo,
a hipotese dos “velhos amigos”, que além de incorporar um novo paradigma, inclui
também uma perspectiva evolutiva. Em 2003, Graham Rook e colaboradores
propuseram que a exposicdo para diversos microrganismos “amigaveis” que
coevoluiram com os seres humanos - patdégenos nao infecciosos - € necessaria para
treinar e regular o sistema imune para reagir apropriadamente. O principal aspecto
dessa nova Optica, é que ela considera como principais atores os micrébios nao-
patogénicos, e nao os infecciosos (como pensava-se anteriormente) (ROOK;
BRUNET, 2005). Ademais, alguns aspectos da Higiene da Hipotese permanecem na
Hipotese dos Velhos Amigos, € provavel que de fato mudancas relacionadas a
saneamento, alimentacdo e acesso a agua tratada tenham reduzido a exposicao a

esses microrganismos.
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Para além da interacdo ambiente- individuo, uma visédo ainda mais abrangente
deve incluir também aspectos genéticos, tendo em vista que as populacdes distintas
possuem uma constituicdo genética também distinta (i.e., diferencas nas frequéncias
alélicas e genotipicas) (FREW, 2019). Essa visdo mais abrangente é necessaria, pois,
0 background genético também contribui para a configuracéo do seu Sl, assim como
esse patrimbnio genético é resultante da pressao evolutiva exercida ao longo do
tempo. Assim, os dados de genética de populagbes sdo encarados como uma
ferramenta essencial para a melhor compreenséo sobre a hipétese da higiene/velhos

amigos (SIRONI; CLERICI, 2010).

Uma possibilidade alternativa também postulada, € que muitas variantes
genéticas associadas ao status imune teriam se comportado de maneira parcialmente
neutra, dada a auséncia de fatores ambientais que predispdem o desenvolvimento de
um Sl mais inflamatério, por exemplo. Tais fatores ambientais relacionados a
abundancia de patdégenos, microrganismos nao prejudiciais e os “velhos amigos”, que
teriam maior efeito na modulacdo do Sl. Na entdo auséncia destes, ha a revelacdo de
muitos alelos no genoma humano de que ja foram “equilibrados” ou quase neutros,
mas sao prejudiciais no contexto atual (SIRONI; CLERICI, 2010). Além disso, uma
visdo ainda mais ampla, denominada hipétese da Biodiversidade, considera o contato
com a natureza importante para que haja o desenvolvimento correto do Sl
(HAAHTELA; 2019). A Figura 3 fornece uma visdo geral da hip6tese da
Biodiversidade/Velhos amigos. Mais informacgdes sobre a complexa interacédo entre a
ancestralidade genética, desequilibrios imunolégicos e infeccbes (ou a auséncia
delas) necessitam de grandes esfor¢cos para que haja a elucidacéo das relacdes entre

genotipo/interagcdes microbianas/fenotipo imune em nivel molecular.

1.6. Evolucdo humana e a arquitetura genética da resposta imune

Os agentes patogénicos sdo considerados uma das principais fontes de
pressdo seletiva que a humanidade ja enfrentou ao longo da sua evolucdo. Tal
fendmeno pode ser observado por meio da investigacdo dos loci genéticos com
assinatura de presséao seletiva, em que uma parte consideravel destes séo variacdes
funcionais em genes relacionados ao SI (FUMAGALLI et al., 2011; KARLSSON et al.,
2014; VATSIOU et al., 2016). Neste sentido, pode-se dizer que o background genético
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relacionado as variacdes no Sl € produto de processos evolutivos que atuaram ao

longo da histéria humana.

| Contato com a natureza 1 Doengas Imunomediadas
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Figura 3. Hipotese da Biodiversidade/Velhos amigos e o Sistema Imune. Mudangas recentes no
estilo de vida, maior higiene, menor contato com a biodiversidade, dieta, impactam no contato com os
microrganismos e outros organismos importantes para o desenvolvimento correto do Sl. O desbalango
imune impacta no desenvolvimento de perfis inflamatérios que estdo ligados a doencas
imunomediadas.

Considerando o modelo Out of Africa (OOA), os humanos anatomicamente modernos
surgiram na Africa ha aproximadamente 200 mil anos, e a cerca de 100 mil anos
iniciaram-se fluxos migratérios para outras regiées. Os humanos ocuparam a Eurasia,
e mais ainda mais recente foi a chegada as Ameéricas, que ocorreu entre 35 e 15 mil
anos atras (NIELSEN et al., 2017; BENTON et al., 2021). Na perspectiva do modelo
OOA, é proposto que conforme os humanos modernos migraram para fora da Africa
e ocuparam novos locais, mudangas no ambiente ao qual estavam expostos também
ocorreram. Tais mudancas, aconteceram, em especial, no contexto de exposi¢cao
microbiana/situacbes patogénicas, resultando em selecdo de imunofendtipos
especificos (SANZ et al., 2018). Desta forma, a migracdo dos ancestrais humanos
para fora da Africa implicou na exposicdo a diferentes tipos de doencas infecciosas,

favorecendo entéo a selecédo de variantes genéticas ligadas a uma configuracéo do
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S| mais efetiva aquele contexto patogénico (FUMAGALLI et al., 2011; KARLSSON et
al., 2014; VATSIOU et al., 2016). A Figura 4 ilustra o0 modelo migratorio humano,
mostrando também a abundancia de patégenos e dados epidemiolégicos de algumas

doencas.
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Figura 4. Principais rotas migratérias seguidas pelos ancestrais humanos que se originaram na
Africa. Mapa mostra também a diferenga na abundancia de patégenos entre regides. Sanz et al., 2018

O sistema imune humano pode ser considerado, assim, um produto de diversas
adaptacdes resultantes da selecao de variantes funcionais em resposta as interacdes
ambiente-patégeno-hospedeiro ao longo de milhares de anos (DOMINGUEZ-
ANDRES; NETEA, 2019). Apesar de variantes genéticas funcionais potencialmente
aumentarem o fitness em um dado contexto, também podem impactar diretamente no
desenvolvimento de doencas imunomediadas ou tracos imunolégicos desfavoraveis
(CRESPI et al., 2015). Sendo assim, intera¢cdes entre microrganismos e humanos que
ocorreram ha milénios sdo importantes ndo apenas na resposta contra ameacas
patogénicas modernas, mas também no surgimento de doencas autoimunes e
inflamatorias observadas nas populacbes atuais (DOMINGUEZ-ANDRES; NETEA,
2019).

Um aspecto fundamental da evolugdo humana é que ela n&o ocorre de maneira
que o fenotipo selecionado é o mais saudavel, mas sim o fendtipo que favoreca a
sobrevivéncia do individuo, ainda que haja custos. Assim, o conceito de trade-off pode
ser aplicado, em que se analisa o balanco custo-beneficio na sele¢cdo de uma dada
caracteristica (CRESPI et al., 2015). A principal consequéncia disso € que, caso a

presséao seletiva deixe de existir e ndo haja tempo o suficiente (i.e., milhares de anos)
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para que ocorram mudancas genéticas, existiram variantes nas popula¢des que teréo
um custo que supera os beneficios nesse novo cenario. Compreender como a selecao
natural moldou a variabilidade do genoma representa uma abordagem poderosa para
identificar genes que desempenharam um papel importante na sobrevivéncia do
hospedeiro, complementando estudos genéticos imunoldgicos, clinicos e
epidemiologicos (QUACH et al., 2016)

1.7. Ancestralidade genética, miscigenacao e producéao de citocinas

Estudos recentes sugerem que de fato existe uma relacao entre ancestralidade
e resposta imune, com individuos de ascendéncia africana demonstrando respostas
mais fortes NEDELEC et al., 2016; QUACH et al., 2016; YAO et al., 2018). Isso pode
ser o resultado de processos seletivos em resposta a novos ambientes para as
populacbes europeias, ou uma carga maior de patégenos na Africa, agora levando a
um maior nimero de disturbios inflamatoérios e autoimunes (BENTON et al., 2021).
Por exemplo, Fumagalli e colaboradores identificaram variantes que se correlacionam
com a diversidade de helmintos, maior parte delas envolvidas com aspectos da
imunidade (2010).

A relacdo entre o background genético e tracos imunes se torna ainda mais
complexa no contexto de popula¢des miscigenadas, como as latino americanas, pois
0 genoma destas populacdes pode ser considerado um mosaico do patriménio
genético das populacdes ancestrais. Estudos nessa perspectiva podem investigar
tanto o impacto da ancestralidade gendmica global, assim como o impacto da
ancestralidade local, de uma regido do genoma do individuo, na expressdao de
imunofendtipos. A figura 5 ilustra a diferenga entre ancestralidade genética global e

local em individuos de uma populagao.

Nesse sentido, alguns estudos apresentam evidéncias de diferencas
interpopulacionais, ligadas a ancestralidade genética, na resposta imune. Foi
demonstrado, por exemplo, que ha diferenca na expresséo génica em células imunes
estimuladas associada com a ancestralidade do individuo (Africana ou Europeia)
(Nedelec et al.,, 2016; Quach et al.,, 2016). Além disso, parte desta diferenca

interpopulacional pode ser explicada a partir da genética, mais especificamente pela
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presenca de variantes regulatorias (Cis- e Trans-Acting Expression Quantitative Trait
Loci) (Quach et al.,, 2016). Ademais, tem sido demonstrado um excesso de
ancestralidade africana para alguns loci em populagfes recentes da América Latina
(Rishishwar et al., 2015; Zhou et al., 2016).

~ -

- -
B 1§ 5 BN B & 5 B 8
I I Eda . G I EaE

Chromosome 1 Chromosome 1

Figura 5. Diferenca entre ancestralidade genética global (A) e local (B) em uma populagéo
miscigenada. A figura ilustra a composi¢cdo genética dos individuos em uma populacdo recém
miscigenada a partir de trés populacdes ancestrais, como a brasileira. SUAREZ-PAJES et al., (2021).

Nessa perspectiva, ja foi notado que frequéncia de alelos em genes ligados a
resposta Th2 diferem mais que o esperado entre populacdes Africanas e Europeias,
considerando a diferenca gendmica, ressaltando que a resposta Th2 esta relacionada
a defesa contra helmintos (RUSSEL et al., 2015). Nessa mesma linha, ao comparar a
expansao in vitro de células T, foi observado que células CD4 + IL-4 e IL-13
expandiram-se apenas em adultos africanos (WILFING; 2001). Ademais, o paradigma
hoje considera a existéncia de outros perfis Th, que ndo necessariamente sédo contra-
regulados. Assim, ao avaliar expressao génica durante a ativacao de ceélulas Th em
uma coorte de 348 individuos saudaveis de trés ancestralidades (Africana, Asiatica e
Europeia), foi notado que a ascendéncia dos doadores influenciou marcadamente as
respostas das células T, com o perfil Th17-high sendo associado a ascendéncia

africana (YE et al., 2014). Ademais, mais estudos e mais evidéncias sado necessarias
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para que haja um maior suporte para a proposicdo, para que conclusdes validas

possam ser obtidas.

Ainda no contexto da producéo de citocinas, Yao et al. (2018) investigaram a
associacdo entre ancestralidade genética e a producdo de citocinas em que
identificaram, por meio da abordagem de mapeamento por miscigenagéo, a
associacao entre a variante rs2814778 e os niveis das quimiocinas CCL2 e CCL11.
Neste mesmo sentido, Norris et al. (2018) investigaram a ancestralidade genética na
ameérica latina e observaram que SNVs ligados a ancestralidade enriquecidos nas
populacbes estudadas estavam relacionados a vias imunoldgicas, como as de
interacdo citocina-receptor. Além disso, foi observado que alguns destes SNVs

relacionados a ancestralidade africana influenciam na expressdo do gene IL10.

Nenhum estudo foi realizado no Brasil utilizando tais estratégias em tais contextos.

1.8. Justificativa

Apesar da importancia reconhecida dos estudos imunogenéticos, a maior parte
destes ainda se concentram em populacdes europeias, limitando o potencial de
identificar variacbes genéticas associadas a resposta imune em outras populacdes
(PENG et al., 2021). Neste sentido, o presente trabalho busca investigar a associacao
entre ancestralidade genética e a producao espontanea das citocinas IFN-y, IL-5, IL-
13 e IL-10 em uma populacéo brasileira de criancas miscigenadas. O estudo tem como
alvo as referidas citocinas tendo em vista que estdo envolvidas nas respostas do tipo
Thl, Th2 e Treg. Nesta perspectiva, foi realizada a analise de associacdo com
ancestralidade global e a abordagem de mapeamento por miscigenacao, a fim de

identificar variantes genéticas associadas.
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Admixture mapping approach reveals an association between genomic region
16923.3 with a lower IL-13 production in a Brazilian pediatric population
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Abstract

T-helper cells can be classified according to the cytokine profile produced,
characterizing different types of immune response, for example Thl (IFN-y), Th2
(Interleukin (IL)-5 and IL-13) and Treg (IL-10) responses. The immune response of an
individual is resulted from interaction between environmental, genetic and epigenetic
factors. Such genetic components were shaped by exposure to infectious pathogens,
and also non-pathogenic microrganisms, faced by humans throughout their
evolutionary history. Latin American populations were formed by the admixture
process of three ancestral populations that significantly differs in the environment from
which they were exposed. Thus, it is important to understand how such admixture
processes impact in shaping the immune system of recent admixed populations.
Therefore, the present study aims to evaluate the influence of both genomic ancestry
on the production of IFN-y (Th1), IL-5 (Th2), IL-13 (Th2) and IL-10 (Treg) cytokines in
a Brazilian population. We observed significant differences for IL-13 production, where
individuals with a higher African ancestry were more likely to produce lower levels of
IL-13. We further investigated IL-13 production by using the admixture mapping
approach. Through admixture mapping, one suggestive signal was pinpointed to local
European ancestry at 16923.3, with fine-mapping analysis refined to one variant in
PLCG2 (rs12598402) and two variants in CDH13 (rs28376615 and rs75929636). In
opposition to the genomic global ancestry pattern, alleles linked to a greater chance of
producing IL-13 were more common in individuals with higher African ancestry. Further
studies are needed to investigate how immune differences driven by genetic ancestry

could predispose to immune mediated diseases.

Keywords: Immunogenetics, Ancestry, Cytokine, IL-13, Th2
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1. Introduction

Cytokines are a large group of secreted proteins, with varied structures and
functions, involved in the coordination of immune response (IR). T-helper (Th) cells
can be differentiated into subpopulations according to their profile of cytokines
produced and are involved in different IR contexts, such as Th1l (e.g., IFN-y), Th2 (e.g.,
Interleukin (IL)- 5 and IL-13) and Treg (e.g., IL-10) profiles (Eizenberg-Magar, 2017,
Martinez-Sanchez et al.,, 2018). Each profile is linked to distinct scenarios of
inflammation, such as allergies and helminth infection (Th2), virus infections and
autoimmune diseases (Th1l) but also regulatory and tolerance-induced mechanisms
(Treg). Although these profiles were the first to be described and studied, other profiles
have been recently described, such as Th9, Th1l7, and Th22, involved in a range of
clinical situations. (Luckheeram et al., 2012; Zhu et al., 2019). For example, the Th17
profile is involved in the pathogenesis of both autoimmune diseases and some
subtypes of asthma (Bedoya et al., 2013; Zhao et al., 2013).

The immune system (IS) can be characterized by interindividual and
interpopulation variability, in which, Sl is highly variable among individuals but tends to
remain relatively stable over time in a given person (Brodin & Davis, 2017). Such
variability has been explained through a multifactorial perspective, which considers
genetic, epigenetic, environmental, and evolutionary aspects (Barreiro &
Quintana-Murci, 2020). The proportion by which different factors influence cytokine
production depends on the marker investigated, especially, its biological role (Brodin
et al.,, 2015). In a study with twins, it was shown, for example, that the estimated
heritability for the basal production of IFN-y, IL-5, IL-13, and IL-10 was 0.46, 0.59, 0.48,
and 0.22, respectively (Brodin et al., 2015).

The genetic background related to IS variations in is a product of evolutionary
processes that acted throughout human history. As modern humans migrated out of
Africa, the environment to which they were exposed changed, in particular, regard to
microbial exposure, resulting in the selection of specific immunophenotypes (Sanz et
al.,, 2018). Thus, the environment-pathogen-host relationship contributed to the
selection of favorable genetic variants in the given context for human populations
(Dominguez-Andrés & Netea, 2019).
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Considering the rapid change in the lifestyle of modern humans with a
progressive reduction in exposure to pathogens, previously selected variants may
confer, in this new context, greater susceptibility to inflammatory diseases. The
increase in the incidence and prevalence of autoimmune and allergic diseases has
been observed in different populations (Okada et al., 2010) and is explained from this
perspective considering the Hygiene Hypothesis (Strachan, 1989), or the more refined
Old Friends Hypothesis (Rook et al., 2003). In this sense, it is stated that improvements
in human living conditions concerning hygiene, and consequent decrease in exposure
to microorganisms, contribute to IR patterns that increase susceptibility to inflammatory
diseases. In the same sense, the Biodiversity Hypothesis proposes that the diversity
of organisms in the environment contributes positively by promoting a balance in IR
that protects the individual from inflammatory diseases (Haahtela, 2019).

Ancestral populations were exposed to different environments; thus, it is
assumed that there was a selection of different genetic variants, which could explain
the differences in the prevalence of immune-mediated diseases between currently
observed populations. More recent evolutionary processes, involving admixture of
ancestral populations may also play a role in the constitution of IS genetic architecture
(Sanz et al., 2018). For example, an excess of African ancestry has been demonstrated
for some loci in recent Latin American populations (Rishishwar et al., 2015; Zhou et
al., 2016). Furthermore, studies on immune cells have shown that there is a gene
expression pattern associated with ancestry in stimulated immune cells (Nedelec et
al., 2016; Quach et al., 2016). Furthermore, part of this interpopulation difference could
be explained by genetics, more specifically by the presence of regulatory variants (Cis-

and Trans-Acting Expression Quantitative Trait Loci) (Quach et al., 2016).

In the context of cytokine production, Yao et al. (2018) investigated the
association between genetic ancestry and cytokine production, and identified, through
the admixture mapping approach, the association between the rs2814778 and the
levels of the chemokines CCL2 and CCL11. In addition, Norris et al. (2018)
investigated genetic ancestry in Latin America and observed that ancestry-linked SNVs
enriched in the populations studied were related to immunological pathways, such as
cytokine-receptor interaction. Furthermore, it was observed that some of these SNVs
related to African ancestry influence the expression of the IL10 gene. Despite the

recognized importance of immunogenetic studies, most of still focus on European
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populations, limiting the potential to identify genetic variations associated with the
immune response in other populations (Peng et al., 2021). Thus, the present study
aims to investigate the association between genetic ancestry and the spontaneous
production of IFN-y, IL-5, IL-13, and IL-10 cytokines in a Brazilian admixed children
population. In this perspective, the analysis of association with global ancestry and the

admixture mapping approach was carried out to identify associated genetic variants.

2. Methods
Population

Study participants are part of the SCAALA (Social Change Asthma and Allergy
in Latin America) program in Salvador — Bahia, Brazil. The detailed study design was
previously described in Barreto et al. (2006) and Alcantara-Neves et al. (2008). In
summary, the study population consists of 1,445 children (4 to 11 years old) from the
city of Salvador, who were initially recruited to prospectively assess the impact of
sanitation on child morbidity. This cohort is suitable for this study since data collection
was not biased to recruit a specific phenotype, instead, it is a population-based study
representative of Salvador city, later on, used to describe the prevalence of some
conditions, such as asthma and allergy.

Information related to socio-demographic and domestic environment variables
in 2005 was collected through interviews and questionnaires applied to legal
guardians. In addition, whole blood samples were obtained for DNA extraction and
cytokine measurement (Barreto et al., 2006; Figueiredo et al., 2009). A consent form
with detailed information about the project was obtained from the participant's legal
guardian. The project was approved by the ethics committee of the Federal University
of Bahia (registration 003-05 / CEP-ISC) and also by the National Council for Ethics in
Research (CONEP, resolution n°® 15 895/2011).

Cell culture and cytokine production

Detailed information regarding cell culture and subsequent cytokine
measurement was previously described by Figueiredo et al. (2009). In summary,
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venous blood was collected in heparinized tubes and whole blood cells were cultured
at a dilution of 1:4 in RPMI medium. Cultured cells were maintained in a humidified
environment, 5% CO:2 at 37 °C for 24 hours for the detection of IL-10 and 5 days for
the detection of IL -13, IL-5, and IFN-y, according to the standardization protocol

performed.

Spontaneous production of cytokines IFN-y, IL-5, IL-13, and IL-10 was
measured from supernatants using commercial sandwich ELISA kits following the
manufacturer's recommended protocol (BD Biosciences Pharmingen, San Diego, CA,
USA). Cytokine concentrations were determined using standard curves. The detection
limits (lower/upper) for each cytokine were as follows: 18.5/300 pg/mL; 15.63/500
pg/ml; 62.5/4,000 pg/ml; and 31.25/500 pg/ml, for IFN-y, IL-5, IL-13 and IL-10,
respectively. Since a significant proportion of individuals did not produce detectable
levels of studied cytokines (65.6% - 94.5%), we categorized them into non-producers
and producers, according to the lower detection limits of each assay.

DNA extraction and genotyping

Genomic DNA (gDNA) was extracted from whole blood samples using a
commercial kit, following the manufacturer's recommended protocol (Flexigene DNA
Kit, Qiagen, Hilden, Germany). SCAALA is one of the three cohorts participating in the
EPIGEN-Brasil initiative (Kehdy et al., 2015), which performed the genotyping of 6,487
Brazilian individuals. Among the 1,445 individuals in the SCAALA program, 1309 were
genotyped for approximately 2.5 million markers using the Illumina Omni 2.5M chip
(San Diego, California). 1,246 unrelated individuals were included in the posterior
analysis, due to the removal of possible relationships determined by kinship

coefficients (second-degree cutoff; =0.1).

Genomic global and local ancestry estimation

Global ancestry estimate was performed from a set of 720,438 independent
(r2.<0.40) SNVs (Single Nucleotide Variants) shared between the HapMap project,
Human Genome Diversity Project (HDGP), and the populations included in EPIGEN-



34

Brazil. The proportion of African, European, or Native American ancestry was
estimated using the ADMIXTURE software from a tri-hybrid model (k = 3). For local
ancestry, individual genetic data were phased using the software SHAPEIT2
(Delaneau et al. 2011) and subsequently used to perform the local ancestry inference
in RFMix software v 1.5.4 (Stanford University, Stanford, CA, USA) (Maples et al.,
2013).

The parental population included data from 1000 Genomes Project and HDGP
European populations; Africans from four regions in addition to 1000 Genomes Project
and HDGP African populations; and Native American populations from Tarazona-
Santos group Laboratory of Human Genetic Diversity (LDGH) and Peruvian National
Health Institute—INS, Lima, Peru) (Borda et al., 2020) in addition to 1000 Genomes
Project and HDGP Native American populations. Detailed information regarding

parental populations is provided in Table S1.

RFMix uses a conditional random field parameterized by random forests trained
on reference panels, the algorithm can learn from the admixed samples to autocorrect
phasing errors and boost local ancestry inferences. To run RFMix, we fixed the number
of generations since the admixture event (parameter-G) to 20 (~500 years) and the
number of trees to generate per random forest (parameter-t) to 500. Inferences were
performed in window lengths (parameter -w) of 0.2 cM. All other parameters present

in RFMix were set as default.

Relationship between cytokine production and individual ancestry

The effect of individual ancestry (European, African, and Native American) on
cytokine production was assessed by using multivariate binary logistic regression
models in the R platform. The analyzes were performed with two models, model 1,
adjusting only for age and sex, and model 2, adjusting for other variables that remained
significant using the backward selection method. Odds Ratio (OR) and its confidence
intervals were estimated considering the 10% increase in the proportion of ancestry
considering the formula e(3*10), where B represents the coefficient obtained in the
logistic regression. Also, we performed the analysis by categorizing individuals into
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quartiles of African and European ancestries and median-based for Native American

ancestry.

Admixture mapping

We performed admixture mapping using local inferences generated by RFMix.
Using logistic regression, we tested the association between IL-13 production status
(non-producers vs producers) and each local ancestry (African, European, and Native
American). All analyses were adjusted by age, sex, street paving condition, helminth
infection, and presence of mold in the house, in addition to the global African ancestry,
which would be an indicator of socioeconomic conditions. An additive model was used,
which considers the number of ancestry copies (0, 1, or 2) carried by individuals at
each window. We used PLINK 1.9 software for regression analysis.

In order to establish a significance threshold accounting for multiple testing, we
performed the method proposed by Shriner et al. (2011) to estimate the effective
number of tests (ENT). The method fits an autoregressive model to each vector of local
ancestry for each chromosome for each individual and evaluates the spectral density
at frequency zero with the package coda for R. We used the estimates to obtain the
Bonferroni-adjusted p-value threshold as 0.05 divided by ENT. We defined a significant
p-value < 2.29x107 (for African ancestry); p-value < 2.26x107* (for European ancestry)
and p-value < 1.28x107* (for Native American ancestry). We used a p-value <1 x 1073

as the suggestive threshold.

Imputation

The imputation was performed through the Michigan Imputation Server
(https://imputationserver.sph.umich.edu) by incorporating the Consortium on Asthma
among African-ancestry (CAAPA - GRCh37/hgl9) as the reference panel. The
following post-imputation QC (quality control) filters were applied: Non-biallelic SNVs,
HWE (10-4), MAF (10-4), and the imputation score Rsqg of 0.1. The imputed SNVs
underwent a second quality control, using as an exclusion parameter the Rsq of <0.80,

a call rate of <0.95, and the MAC (minor allele count) <10. After the imputation QC,
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about 22.6M SNVs remained for further analysis. Imputed and genotyped data were

further used to perform the fine-mapping analysis.

Fine-mapping

The significant or suggestive admixture mapping peaks were followed up for
fine-mapping analysis focusing on £1 Mb centered in the most significant window of
each admixture mapping hit. The genotyped and imputed genotypes were tested for
association with IL-13 production with the same logistic regression models used in local
ancestry analysis. We excluded SNVs with minor allele frequency (MAF) <0.005 and
minor allele count (MAC) <20 for these analyses. After QC, the regions 3p21.2-3p21.1
(7,726 variants), 10q21.3(11,487 variants) 11g14.1 (8,690 variants), 15925.1 (10,488
variants), 16923.3 (15,150 variants), and 17p13.2 (10,674 variants) remained.

We considered the p-values of the respective admixture mapping peaks as the
significant threshold for SNV associations. Ultimately, SNVs with significant p-values
in the SCAALA cohort were tested using genotyped and imputed data from a Brazilian
replication cohort (PROAR Asthma Cohort) following the multiple logistic regression

analysis including age, sex, and African genomic ancestry as covariates.

3. Results

Tables S2-5 summarizes the sociodemographic characteristics and other
variables according to cytokine production - IFN-y, IL-5, IL-13, and IL-10 - of the studied
population. IFN-y production was associated with weight at birth and day-care
attendance in early childhood. IL-5 production was significantly related to the presence
of mold in the house. No significant association was found for IL-13. IL-10 production
was associated with the absence of proper paving, tap water, and sewage system
conditions. Furthermore, IL-10 was related to infection burden and helminth infection.

In our population, African, European, and Native American median ancestries
correspond to 50.29%, 42.83%, and 5.62%, respectively. Results of the association
between biogeographical genomic ancestry and cytokine production are shown in
Table 1. The cytokines IFN-y, IL-5 and IL-10 were not associated with genomic
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ancestry. IL-13 production was negatively associated with the increasing proportion
(each 10%) of African ancestry (OR: 0.93; 95% CI1 0.75 - 0.91; p < 0.001) in the model
adjusted for age, sex and other covariates. Also, when comparing quartiles of ancestry,
individuals in the 4rd quantile have a greater chance of being a non-producer than
individuals in the 1st quartile (OR: 0.49; IC 95% 0.34 - 0.72; p < 0.001). European
genomic ancestry was also associated with IL-13 production, but in the opposite
direction to African ancestry. Moreover, the quantile-based analysis revealed that
individuals from second to fourth quartiles had a greater chance to produce the
cytokine compared to the first quartile.

Table 1. Association of African ancestry proportion and quantiles with cytokines production.
Analysis obtained by logistic regression for the SCAALA. 2OR for each 10% increase in ancestry.

Native American
ancestry

OR (CI 95%)

African ancestry European ancestry

Variable

OR (CI 95%) p-value OR (CI 95%) p-value p-value

IFN-y (654 non-producers/ 92 producers)

Genomic ancestry 2 1.08 (0.93 - 1.26) 0.32 0.90 (0.77 - 1.07) 0.25 1.12(0.59-2.12) 0.73
Genomic 1st Reference Reference - Reference -
ancestr 2nd 1.01 (0.53 - 1.92) 0.98 0.84 (0.41-1.27) 0.88 0.98(0.63-1.52) 0.93
uam”g 3rd 094 (050-1.79) 0.85 0.54(0.42-1.38) 0.16 ; -
q 4th 1.40 (0.77 - 2.53) 0.27 0.71 (0.30-1.39) 0.41 - -
IL-5 (858 non-producers/ 51 producers)
Genomic ancestry 2 0.87 (0.72 - 1.06) 0.16 1.19 (0.97 - 1.45) 0.10 0.73(0.28-1.94) 0.53
Genomic 1st Reference - Reference - Reference -
ancesir 2nd 0.62 (0.28 - 1.37) 0.24 0.77 (0.32-1.89) 0.57 1.08(0.61-1.92) 0.79
uantilg 3rd 0.51 (0.22 - 1.16) 0.11 0.97 (0.42 - 2.28) 0.95 - -
q 4th 0.70 (0.33-1.49) 0.36 1.62 (0.76 - 3.46) 0.21 - -
IL-13 (623 non-producers/ 327 producers)
Genomic ancestry®  0.83(0.75-0.91) <0.001 1.22(1.10-1.35) <0.001 1.31(0.87-1.97) 0.19
Genomic 1st Reference - Reference - Reference -
ancestr 2nd 0.85 (0.59 - 1.24) 0.40 1.50 (1.01 - 2.23) 0.04 1.30(0.99-1.71) 0.06
uantilé/ 3rd 0.71 (0.49 - 1.04) 0.08 1.50 (1.01 - 2.23) 0.04
q 4th 0.49 (0.34-0.72) <0.001 2.02(1.38-2.97) <0.001
IL-10 (910 non-producers/ 85 producers)
Genomic ancestry 2 0.99 (0.84 - 1.16) 0.88 0.99 (0.83-1.18) 0.92 1.40(0.73-2.66) 0.31
Genomic 1st Reference - Reference - Reference -
ancestr 2nd 1.07 (0.55 - 2.07) 0.85 1.49 (0.79 - 2.81) 0.22 1.26(0.79-2.01) 0.33
uantil?a/ 3rd 1.05 (0.55 - 2.00) 0.88 1.15 (0.59 - 2.25) 0.69 - -
q 4th 1.03 (0.53 - 2.01) 0.92 0.90 (0.45 - 1.80) 0.77 - -

IFN-y association models were adjusted by age, sex, birth weight, and day care

attendance; IL-5 models were adjusted by age, sex, presence of smokers, presence
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of mold, paving street and sewage system conditions; IL-13 models were adjusted by
age, sex presence of mold, paving street conditions and helminth infections; IL-10
models were adjusted by age, sex, day care attendance, paving street conditions,

infection burden and helminth infection.

Since we observed a significant difference in IL-13 production according to the
genomic ancestry background, we performed an admixture mapping analysis using IL-
13 production as a phenotype in SCAALA population considering the three continental
ancestries in Brazilians (African, European, and Native American). Six suggestively
associated admixture mapping peaks were found for the IL-13 production in 11g914.1,
16q23.3, 17p13.2 for European ancestry, and 3p21.2 - 3p21.1, 10g21.3, and 15925.1
for Native American ancestry. Figure 1. shows the Manhattan plots for the admixture
mapping results based on RFMix chromosome ancestry inferences and Figures S2-4

show the quantile-quantile plots for such analysis.

No significant or suggestive associations were found for African local ancestry
(Table 2). European ancestry in 11g14.1 and 16g23.3 cytogenetic regions were
suggestively associated with a lower chance of IL-13 production at detectable levels.
In addition, European ancestry in the 17p13.2 region was suggestively associated with
a greater chance of IL-13 production (Table 2). Regarding Native American ancestry,
3p21.2 - 3p21.1 regions were related to a lower chance of IL-13 production, while
10921.3 and 15025.1 regions were suggestively associated in the opposite direction
(Table 2). Table S6. provides statistics of reported suggestively associated peaks for

other ancestries regardless of the p-value.

We performed a fine-mapping analysis in order to identify SNVs associated with
IL-13 production by analyzing both genotyped and imputed variants in £1 Mb centered
in the most significant window of each admixture mapping peak. We considered a
significant association if the p-value was less than or equal to the correspondent

admixture mapping peak.
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Figure 1. Manhattan plots of the admixture mapping (AM) analyses for IL-13 production. Plot
showing the log10 of the p-value (Y-axis) for each local ancestry window (X-axis). No significant
association was found for African ancestry AM (A). European ancestry AM analysis shows three
suggestive peaks at 11, 16, and 17 chromosomes (B). Native American ancestry AM analysis shows
three suggestive peaks at 3, 10, and 15 chromosomes (C).
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Table 2. Admixture mapping analysis suggestive peaks for IL-13 production among children from
the Social Change, Asthma, Allergy in Latin America (SCAALA) Cohort in Salvador, Brazil.

Initial Window Final Window

Ancestry Chr Region Chr Position Marker Marker Effect (OR) P
11914.1  11:84380621 - 84612058 rs17147488  rs7943571 0.72(0.60 - 0.87) 6.98E-04
16023.3  16:82828365 - 82865785 rs12929663  rs9936998 0.73 (0.60 - 0.88) 8.86E-04
17:3564235 - 3672941  rs3826493  rs11649949 1.39 (1.15- 1.67) 6.65E-04
European 17:3674153 - 3703782  rs12604024  rs4300684 1.38 (1.15- 1.67) 7.22E-04
17p13.2 17:3705526 - 3762271 rs2891 rs57724104 1.38 (1.14 - 1.67) 8.53E-04
17:3763574 - 3794352  rs1558294 rs7216488 1.39 (1.15-1.68) 5.70E-04
17:4455500 - 4490468  rs7206974 rs7210765 1.37 (1.14 - 1.64) 9.54E-04
3:51368795 - 51962081  rs78870156 rs323881  0.45(0.29 - 0.71) 5.84E-04
3p21.2 - 3p21.1 3:51963904 - 52536308 rs11921171 rs758801  0.45(0.29 - 0.71) 4.84E-04
3:52544155 - 53178658 rs114506140 rs62254273 0.47 (0.3-0.72) 6.88E-04
10g21.3  10:68276614 - 68396283 rs76422529  rs7072222 1.76 (1.26 - 2.46) 8.61E-04
N. American 15:80563203 - 80637884 rs11856226  rs9920521  1.86 (1.3-2.67) 6.70E-04
15:80639564 - 80754984  rs3848198 rs8028295 1.89 (1.32-2.71) 5.42E-04
15025.1  15:80756302 - 80878680 rs115471347  rs73494771 1.86 (1.3-2.67) 6.94E-04
15:80879709 - 81077104 rs76810611  rs12372942 1.82 (1.28 - 2.59) 9.45E-04
15:81077470 - 81104785 rs10519292  rs28468684 1.83 (1.28 - 2.61) 8.59E-04
We attempted to replicate the findings related to IL-13 production in 653
individuals from the PROAR cohort. Three SNVs, within the 16g23.3 genomic region,
previously associated in Fine-mapping to the SCAALA cohort were also associated in
the PROAR cohort tested by logistic regression considering a significant p-value <
0.05. The PLCG2 variant rs12598402-C was associated in both cohorts with a lower
level of IL-13 with a similar effect size. The CDH3 genetic variants rs28376615-C and
rs75929636-G were related to a higher production of IL-13 in both the discovery and
replication cohort (Table 3).
Table 3. Fine-mapping significant associations for IL-13 production identified through imputed
variants. Analysis obtained by logistic regression shows only the associated common SNVs for the
SCAALA and ProAr.
Cohort Region SNV Position Al A2 MAF OR (Cl 95%) P Gene
rs12598402 16:81968848 C T 0.22 0.67 (0.54-0.84) 5.68E-04 PLCG2
SCAALA 160233 rs28376615 16:83480673 C A 0.08 1.72(1.25-2.36) 8.54E-04 CDH13
rs75929636 16:83477556 G A 0.11 1.62(1.22-2.15) 8.77E-04 CDH13
rs12598402 16:81968848 C T 0.21 0.68(0.49-0.95) 2.43E-02 PLCG2
PROAR 16023.3 rs28376615 16:83480673 C A 0.09 1.63(1.09-2.44) 1.65E-02 CDH13
rs75929636 16:83477556 G A 0.10 1.62(1.09-2.42) 1.83E-02 CDH13
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We investigated the relationship between genotype probabilities according to
African genomic ancestry (Figure 2). We found a negative correlation between African
ancestry and rs12598402-C frequency, which was associated with a lower chance to
produce IL-13. Also, rs28376615-C and rs75929636-G frequencies were positively
related to African ancestry, both variants were associated with a greater chance of
producing detectable levels of IL-13. These results were consistent for European
ancestry as well Figure S4, but in the opposite direction.

rs12598402 - PLCG2 rs28376615 - CDH13 rs75929636 - CDH13
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Figure 2. Frequency distribution of genotypes according to the estimated African genomic
ancestry for the SCAALA population. Fitted multinomial logistic regression models showing the
association between the distribution of genotypes for (a) rs12598402, (b) 28376615, and (c) 75929636
according to African ancestry.

4. Discussion

The primary aim of this study is to describe, according to biogeographical
genomic ancestry, the spontaneous cytokine profile of children aged 4 to 11 years in a
low-income population from a developing country. In order to correctly adjust the
association models, we performed an exploratory analysis considering socio-
environmental and demographic variables. Although, Figueiredo et al. (2009)
previously investigated the effects of environmental exposures in addition to biological
characteristics in immune homeostasis for this population.

In the present study, we report a negative association between individual
African ancestry and IL-13 production status in childhood. In accordance, we also
report positive associations between European ancestry and IL-13 production. To the
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best of our knowledge, is one of the first studies to investigate the association between
genomic ancestry and IL-13 production in a Latin American population. Interleukin-13
iIs one of the signature cytokines of type 2 immune inflammation, mainly related to
allergen and parasite responses, which can be produced by both innate and adaptive
cells (Juntilla, 2018). The IL-13 regulates cellular functions through cell receptors,

which downstream signaling involves activating the transcriptional machinery.

The association between individual genomic ancestry and Th2 marker has been
little investigated, although there are few related results. For example, in a systematic
review, it was shown a negative correlation between Th2-mediated conditions, such
as allergy, atopic dermatitis, and allergic rhinoconjunctivitis with socioeconomic level
(Uphoff et al., 2015). It should be pointed out that for our population the socioeconomic
level (mother education and household income) is associated with African

Biogeographic Ancestry (Silva et al., 2018).

Moreover, Yao et al., reported that the mean concentration of IL-4 was 13%
higher in European ancestry than in African ancestry women, although it lacks
significance when adjusted for educational level (2018). Although they did not
investigate IL-13 levels, there is a crosslink between both cytokines, IL-4 and IL-13, in
which biological properties are similar. Moreover, in a study conducted in a South
African adult population, ethnic groups were compared according to several cytokines
production, in addition to other findings, significantly lower levels of IL-13 were found
in the black participants compared to whites (Crouch et al., 2020). However, inverse
associations are also reported, in which individuals with African ancestry are more
likely to develop Th2-mediated conditions (Vergara, 2013; Daya et al., 2019), the
association between ancestry and Th2-mediated conditions is not totally conclusive,

especially when considering the crucial role of environmental modulator factors.

In our study, the global African ancestry was related to a lower chance of
producing IL-13, which is in the opposite direction expected by the hypothesized
increased genetic background that predisposes to a Type 2 inflammatory profile in
individuals with African ancestry. Although this hypothesis is mainly applicable to a
helminth-free environment, therefore it should be further investigated the explanatory
power of such affirmation in a country with current helminthiasis (such as Brazil). As

previously reported, individuals with higher African biogeographical ancestry are more
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likely to live in poor sanitary conditions and more exposed to infectious agents, such
as helminths (Silva et al., 2018).

It is possible that longstanding exposure to these features is connected to the
development of mechanisms that down-regulate Th2 immunity due to helminth chronic
infection. Furthermore, mechanisms that explain such downregulation can be
associated with both host and parasite-related factors (Nutman, 2015).
Mechanistically, chronic human responses to helminths are related to the expansion
of Tregs cells, which involves the production of immunomodulatory cytokines IL-10 and
TGF-B (Finlay et al., 2014; Maizels et al., 2018; Maizels, 2020). As previously
demonstrated in a study from the same cohort, children living in circumstances of poor
hygiene during the first three years of life have elevated IL-10 spontaneous production

later in life (Figueiredo et al., 2009; Figueiredo et al., 2010).

In admixture mapping, six regions were associated with IL-13 levels. The
subsequent fine-mapping approach revealed for the 16923.3 region three variants
associated with IL-13 production, which was further replicated in an independent
cohort. None of the SNVs found here were previously associated with IL-13 production
or other makers of type 2 immune response. The rs12598402_C, in the PLCG2 gene,
was associated with a lower chance of producing IL-13. This gene encodes the
Phospholipase C gamma 2 (PLCy2), an enzyme involved in hydrolyzing
phosphatidylinositol 4,5-bisphosphate, producing second messenger molecules
diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3) (Neves et al., 2018). The
IP3 molecule induces calcium release from the endoplasmic reticulum to the cytoplasm
of the cell, and DAG is linked to the activation of cell signaling protein. PLCy2 is mainly
found in hematopoietic cells, immune cell receptors BCR and Fc receptors, for
example, recruit tyrosine kinases and subsequently activate the phospholipase. PLCy2
is necessary for the appropriate development of B cells in producing antigen-specific
responses (Wang et al., 2000; Jackson et al., 2021). Also, PLCy2 is likely implicated
in allergic responses, specifically with regard to the mast degranulation mediated by

the interaction between IgE and FcyR receptor (Wen et al., 2002; Ombrello, 2012).

Noteworthy, it was reported that a PLC inhibitor, and also inhibitors of other
downstream molecules, blocked the IL-13 expression and production, indicating that

IL-13 expression and production are related to the PLCy pathway (Park et al., 2009).
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Indeed, there are few immune-mediated conditions caused by mutations in the gene,
such as cold urticaria, immunodeficiency, and autoimmunity (Martin-Nalda et al.,
2020). In a study conducted on southwestern Europeans with North African ancestry
influences, whole-exome sequencing analysis revealed an enrichment of likely
deleterious variants among asthma cases in the same region, particularly in the
phospholipase Cy2 (PLCG2) gene (Guillen-Guio et al., 2020). The variant associated
here is identified as an sQTL in whole blood (GTEX) and also as an eQTL in blood cells
(eQTLgen), leading to a lower expression of functional PLCG2. Further functional
studies are needed to confirm the specific mechanisms linking PLCG2 and its genetic

variants with a Th2 response pattern.

The rs28376615 C and rs75929636 G, in the CDH13 gene, were both
associated with a higher chance of producing IL-13. CDH13 encodes T-cadherin, a
non-canonical member of the cadherin superfamily, which lacks the transmembrane
and cytoplasmic domains. In a study that compared asthmatic individuals grouped into
Th2 low or high response, CDH13 expression was positively correlated to a Th2
pattern, which translated into correlation with IL13 expression and also clinical features
mediated by a Th2 response (Choy et al., 2011). Also, it was observed that knockout
mice for Cdh13 have reduced allergy compared to the Wild Type, in accordance I1L-13
levels were also diminished (Williams et al., 2012). In addition to other functions, such
as cell adhesion, T-cadherin is one of the receptors for the adipocytokine adiponectin,
which indicates that T-cadherin might modulate its activity (Rubina et al., 2021).
Indeed, it was shown that T-cad-/- mice have markedly elevated blood adiponectin,
which is likely to explain the effect of the absence of T-cadherin in modulating allergy

response (Williams et al., 2012).

Adiponectin is a multimeric protein that is present in different biologically active
isoforms, largely secreted from adipocytes. Adiponectin serum levels are negatively
correlated with the presence of an allergy, in which mechanisms of protection are
probably related to the expression of immunomodulatory cytokines, such as IL-10 by
Tregs (Hsueh et al., 2010; Ramos-Ramirez et al., 2021). Additionally, SNVs in the
CDH13 gene are consistently associated with adiponectin levels in genome-wide
association studies performed in different populations (Chung et al., 2011; Morisaki et
al., 2012; Spracklen et al., 2020). We hypothesize that CDH13 variants that could
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impact CDH13 expression or function, could lead to changes in the adiponectin

pathway resulting in differential IL-13 production.

A remarkable finding from our study is that variants associated with a greater
chance of IL-13 production are indeed more frequent in African ancestry. Thus, this
study reinforces the postulated hypothesis in the African genomic background
predisposes to an enhanced Th2 response by the enrichment of variants linked to
greater levels of Th2 mediators (Russel et al., 2015). Russel and colleagues (2015)
compared Fst values, a population differentiation metric, and found that variants in
Th2-related genes differ more between African and European populations compared
to the genomic background. Although, we recognize that the expression of such
genomic background is influenced by the environmental exposures that can modulate

the expression of immune-relevant cytokines.

In conclusion, we found an association between biogeographical genomic
ancestry and IL-13 levels, which led us to perform three admixture mapping/fine-
mapping for IL-13 production. We provide a list of three candidate ancestry-enriched
SNVs that are associated with IL-13 production. Altogether, our results show that
indeed variants linked to a greater chance of IL-13 production, a Th2 signature
cytokine, are enriched in African ancestry populations and can impact IL-13 production

in an admixed population as well.
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Table S1. Populations used for ancestry inference according to continental origin and data

source.

Continental Origin Population Source Individuals (n)
ACB 1000 Genomes 96
ASW 1000 Genomes 62
ESN 1000 Genomes 99
GWD 1000 Genomes 113
LWK 1000 Genomes 99
MSL 1000 Genomes 85
YRI 1000 Genomes 108
Biaka HGDP 20
Kenya HGDP 9
Africans Mandenka HGDP 18
Mbuti HGDP 8
Namibia HGDP 2
South Africa HGDP 4
Yoruba HGDP 18
Botswana Crawford et al. 2017 140
Ghana Prostate Study (NCI-NIH) -
Gahna (Chokkalingam et al. 2012) 968
Tanzania Crawford et al. 2017 43
Uganda EMBLEM 795
TOTAL 2687
CEU 1000 Genomes 99
GBR 1000 Genomes 91
IBS 1000 Genomes 107
TSI 1001 Genomes 107
Basque HGDP 21
Europeans Bergamo HGDP 10
French HGDP 24
Orcadian HGDP 13
Sardinian HGDP 24
Tuscan HGDP 6
TOTAL 502
Karitiana HGDP 8
Maya HGDP 19
Native Americans P|ma_ HGDP 11
Surui HGDP 6
Peruvian Natives LDGH/INS (Borda et al. 2020) 358

TOTAL

402
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to sociodemographic and

Variable Non-producers Producers p-value
Female 47.66% (376) 41.51% (44)
Sex 0.277
Male 52.34% (413) 58.49% (62)
Age 6 (5-8) 7 (5-7) 0.398
BMI Z-score -0.33(-1.00- 0.50) -0.18(-0.82-0.72) 0.077
= 2500g 90.51% (706) 97.17% (103)
Birth weight 0.036
< 2500¢g 9.49% (74) 2.83% (3)
Light 41.54% (324) 48.11% (51)
Infection Burden 0.238
Heavy 58.46% (456) 51.89% (55)
Only primary school 20.9% (163) 20.75% (22)
_ More than primary 46.67% (364) 55.66% (59)
Mother education school 0.141
More than high 32.44% (253) 23.58% (25)
school
<1MW 52.31% (408) 53.77% (57)
Income 1-2MW 31.15% (243) 30.19% (32) 0.961
>2 MW 16.54% (129) 16.04% (17)
Yes 14.1% (110) 22.64% (24)
Day care attendance 0.031
No 85.9% (670) 77.36% (82)
Yes 25.13% (196) 24.53% (26)
Smoker in home 0.989
No 74.87% (584) 75.47% (80)
Yes 69.74% (544) 63.21% (67)
Mold in home 0.21
No 30.26% (236) 36.79% (39)
Always present 80.9% (631) 76.42% (81)
Tap water 0.337
Absent in any time 19.1% (149) 23.58% (25)
Always present 26.15% (204) 28.3% (30)
Paving street 0.724
Absent in any time 73.85% (576) 71.7% (76)
Always present 42.56% (332) 41.51% (44)
Sewage 0.919
Absent in any time 57.44% (448) 58.49% (62)
Yes 27.05% (211) 29.25% (31)
Helminthic infection 0.719
No 72.95% (569) 70.75% (75)




Table S3. IL-5 production in SCAALA cohort according to sociodemographic and environmental

Non-producers

Producers

p-value

variables.
Variable
Female
Sex
Male
BMI Z-score
= 2500¢g
Birth weight

< 2500¢g

Light
Infection Burden
Heavy

Mother education

Income

Day care attendance

Smoker in home

Mold in home

Tap water

Paving street

Sewage

Helminthic infection

Only primary school

More than primary school

More than high school

<1MW
1-2MW
>2 MW
Yes
No
Yes
No
Yes
No
Always present
Absent in any time
Always present
Absent in any time
Always present
Absent in any time
Yes

No

45.72% (481)
54.28% (571)
6 (5-8)

91.74% (955)
8.26% (86)
59.08% (615)
40.92% (426)
22.29% (232)
47.65% (496)

30.07% (313)
54.47% (567)
29.2% (304)

16.33% (170)
15.66% (163)
84.34% (878)
27.38% (285
72.62% (756)
69.74% (726)
30.26% (315)
79.92% (832)
20.08% (209)
26.22% (273)
73.78% (768)
45.24% (471)
54.76% (570)
27.19% (283)
72.81% (758)

51.67% (31)
48.33% (29)
6.5 (5-8)

-0.28 (-0.95 - 0.51) -0.90 (-0.05 - 0.70)

93.33% (56)
6.67% (4)
58.33% (35)
41.67% (25)
20% (12)
48.33% (29)
31.67% (19)
45% (27)
35% (21)
20% (12)
15% (9)
85% (51)
20% (12)
80% (48)
53.33% (32)
46.67% (28)
85% (51)
15% (9)
26.67% (16)
73.33% (44)
31.67% (19)
68.33% (41)
20% (12)
80% (48)

0.444

0.252
0.633

0.845

0.910

0.359

0.27

0.012

0.428

0.054

0.284




Table S4. IL-13 productionin SCAALA cohort according to sociodemographic and environmental

variables.
Variable Non-producers Producers p-value
Female 45.72% (347) 46.87% (187)
Sex 0.756
Male 54.28% (412) 53.13% (212)
Age 6 (5-8) 6 (5-8) 0.455
BMI Z-score -0.30 (-0.96 - 0.44) -0.27 (-0.92-0.56) 0.365
> 25009 91.6% (687) 90.89% (359)
Birth weight 0.766
< 2500¢g 8.4% (63) 9.11% (36)
Light 40.93% (307) 42.03% (166)
Infection Burden 0.769
Heavy 59.07% (443) 57.97% (229)
Only primary school 22% (165) 21.27% (84)
Mother education More than primary school 47.6% (357) 46.84% (185) 0.868
More than high school 30.4% (228) 31.9% (126)
<1MW 53.87% (404) 54.68% (216)
Income 1-2MW 29.47% (221) 30.38% (120) 0.746
>2 MW 16.67% (125) 14.94% (59)
Yes 16.13% (121) 16.71% (66)
Day care attendance 0.868
No 83.87% (629) 83.29% (329)
Yes 26.8% (201) 26.58% (105)
Smoker in home 0.993
No 73.2% (549) 73.42% (290)
Yes 70.8% (531) 65.57% (259)
Mold in home 0.08
No 29.2% (219) 34.43% (136)
Always present 80.13% (601) 79.24% (313)
Tap water 0.779
Absent in any time 19.87% (149) 20.76% (82)
Always present 26.93% (202) 22.78% (90)
Paving street 0.144
Absent in any time 73.07% (548) 77.22% (305)
Always present 44.67% (335) 43.29% (171) 0.702
Sewage
Absent in any time 55.33% (415) 56.71% (224)
Yes 24.93% (187) 30.13% (119) 0.069
Helminthic infection
No 75.07% (563) 69.87% (276)




Non-producers

Producers

Table S5. IL-10 production in SCAALA cohort according to sociodemographic and environmental

p-value

Mother education

variables.
Variable
Female
Sex
Male
Age
BMI Z-score
= 25009
Birth weight

< 25009

Light
Infection Burden
Heavy

Only primary school

More than high school

<1MW
Income 1-2MW
>2 MW

Yes

Day care attendance

No

Yes
Smoker in home
No

Yes
Mold in home
No

Always present
Tap water
Absent in any time

Always present
Paving street
Absent in any time

Always present

Sewage
Absent in any time
Yes
Helminthic infection
No

More than primary school

46.58% (517)
53.42% (593)

6 (5-8)

90.98% (999)
9.02% (99)
59.47% (653)
40.53% (445)
21.58% (237)
47.36% (520)

31.06% (341)
54.1% (594)
29.51% (324)

16.39% (180)
16.3% (179)
83.7% (919)
27.05% (297)
72.95% (801)
69.31% (761)
30.69% (337)
80.51% (884)
19.49% (214)
26.5% (291)
73.5% (807)

46.63% (512)

53.37% (586)

25.59% (281)

74.41% (817)

41.18% (42)
58.82% (60)
6 (5-8)

-0.29 (-0.96 - 0.52) -0.28 (-1.11 - 0.33)

96.04% (97)
3.96% (4)
47.52% (48)
52.48% (53)
26.73% (27)
46.53% (47)

26.73% (27)
57.43% (58)
27.72% (28)

14.85% (15)
12.87% (13)
87.13% (88)
23.76% (24)
76.24% (77)
66.34% (67)
33.66% (34)
74.26% (75)
25.74% (26)
7.92% (8)
92.08% (93)
15.84% (16)
84.16% (85)
42.57% (43)
57.43% (58)

0.346

0.149
0.386

0.121

0.026

0.43

0.809

0.448

0.551

0.613

0.17

<0.001

<0.001

<0.001
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Table S6. Admixture Mapping statistics of identified suggestive peaks for IL-13 production
among children from the Social Change, Asthma, Allergy in Latin America (SCAALA) Cohort in
Salvador, Brazil. Those suggestive peaks were identified in Table 2. and windows associated were
investigated for the other ancestries.

Initial Window Final Window

Ancestry  Chr Region Chr Position Marker Marker Effect (OR) P
11q14.1  11:84380621 - 84612058 rs17147488 rs7943571 0.78 (0.65 - 0.94) 1.05E-02
16923.3  16:82828365 - 82865785 : 19936998 1.32 (1.09 - 1.59) 4.33E-03
17:3564235 - 3672941  rs3826493  rs11649949 1.28 (1.06 - 1.54) 1.18E-02
African 17:3674153 - 3703782  rs12604024  rs4300684 1.27 (1.05 - 1.53) 1.35E-02
17p13.2  17:3705526 - 3762271  rs2891  rs57724104 1.26 (1.04 - 1.53) 1.63E-02
17:3763574 - 3794352 rs1558294  rs7216488 1.32 (1.09- 1.6) 4.21E-03
17:4455500 - 4490468  rs7206974  rs7210765 1.23 (1.02 - 1.48) 3.17E-02
11q14.1  11:84380621 - 84612058 rs17147488 rs7943571 1.34 (0.95- 1.9) 9.96E-02
16923.3  16:82828365 - 82865785 512929663  rs9936998  1.20 (0.84 - 1.7) 3.15E-01
. 17:3564235 - 3672941  rs3826493  rs11649949 0.71 (0.48 - 1.04) 7.60E-02
Arl:itrli\:;n 17:3674153 - 3703782  rs12604024  rs4300684 0.71 (0.48 - 1.03) 7.35E-02
17p13.2  17:3705526 - 3762271  rs2891  rs57724104 0.70 (0.48 - 1.02) 6.58E-02
17:3763574 - 3794352 rs1558294  rs7216488 0.80 (0.56 - 1.16) 2.45E-01
17:4455500 - 4490468  rs7206974  rs7210765 0.65 (0.44 - 0.94) 2.30E-02
3:51368795 - 51962081 rs78870156  rs323881 0.95 (0.78 - 1.14) 5.67E-01
3p21.2 - 3p21.1 3:51963904 - 52536308 rs11921171  rs758801 0.95 (0.79 - 1.15) 5.93E-01
3:52544155 - 53178658 rs114506140 rs62254273 0.94 (0.78 - 1.14) 5.50E-01
109213 10:68276614 - 68396283 576422529  rs7072222 1.18 (0.98 - 1.41) 8.81E-02
African 15:80563203 - 80637884 rs11856226  rs9920521 1.02 (0.84 - 1.24) 8.23E-01
15:80639564 - 80754984 rs3848198  rs8028295 1.01 (0.83 - 1.22) 9.32E-01
15q25.1  15:80756302 - 80878680 rs115471347 rs73494771 1.02 (0.84 - 1.23) 8.75E-01
15:80879709 - 81077104 rs76810611  rs12372942 1.02 (0.84 - 1.23) 8.37E-01
15:81077470 - 81104785 rs10519292  rs28468684 1.05 (0.87 - 1.27) 6.35E-01
3:51368795 - 51962081 rs78870156  rs323881 1.12 (0.92 - 1.35) 2.56E-01
3p21.2 - 3p21.1 3:51963904 - 52536308 rs11921171  rs758801 1.13 (0.93 - 1.37) 2.20E-01
3:52544155 - 53178658 rs114506140 rs62254273 1.12 (0.92 - 1.35) 2.64E-01
109213  10:68276614 - 68396283 576422529  rs7072222 0.99 (0.82 - 1.19) 9.22E-01
European 15:80563203 - 80637884 rs11856226  rs9920521 0.86 (0.71 - 1.04) 1.19E-01
15:80639564 - 80754984 rs3848198  rs8028295 0.84 (0.7 - 1.02) 8.51E-02
15925.1  15:80756302 - 80878680 rs115471347 rs73494771 0.85 (0.7 - 1.03) 1.06E-01
15:80879709 - 81077104 rs76810611 rs12372942 0.86 (0.71 - 1.04) 1.25E-01
15:81077470 - 81104785 rs10519292  rs28468684 0.88 (0.73 - 1.07) 2.06E-01
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Table S7. Local ancestry window in 16q23.3 associations for IL-13 adjusted for previously
associated variants. Analysis obtained using logistic regression including ancestries windows
(16:82828365 — 82865785), SNVs and covariates in the model.

Local Ancestry OR (Cl 95%) P-value SNV OR (CI 95%) P-value
1.20(0.98-1.46) 8.17E-02 rs12598402 0.72(0.57-0.92) 8.02E-03
African 1.23(1.01-150) 3.65E-02 rs28376615 1.57(1.13-2.18) 7.27E-03
1.23(1.01-150) 3.63E-02 rs75929636 1.49(1.11-2.00) 7.39E-03
0.73(0.58-0.93) 1.10E-02 rs12598402 0.77 (0.64-0.94) 8.75E-03
0.77 (0.63-0.93) 7.98E-03 rs28376615 1.55(1.12-2.15) 8.61E-03
European

0.77 (0.64 - 0.94) 8.75E-03 rs75929636  1.47 (1.1-1.97)  9.71E-03
1.23(0.87-1.75) 2.49E-01 rs12598402 0.67 (0.53-0.84) 4.86E-04
. . 1.23(0.86-1.74) 253E-01 rs28376615 1.73(1.26-2.38) 7.26E-04

Native American
1.21(0.85-1.72) 253E-01 rs75929636 1.62(1.22-2.16) 8.22E-04




57

p =0.0205 125 o002 p=0.0111 100 0.07
1259 0.001 . ' e 1
0.03 - 1
D1’8—‘ 012
1004 Tan @ e 100 s, 008 0.0¢
| -
E E T
2 757 2" =S
- = o
- - 2
= 5o = 507 =
25 25
0- 0-
1st 2nd 3rd 4th 1st 2nd 3rd 4th 0
(297) (303) (299) (313) (315) (297) (305) (295) 1st (505) 2nd (507)
Global African Ancestry Quantile Global European Ancestry Quantile Global Nat. American Ancestry Quant

Figure S1. Global ancestry quantiles comparison for IL-13 concentration. Concentrations of IL-13
are expressed in geometric mean and 95% confidence interval. The p-values were from the Kruskal-
Wallis test with Dunn post-test (when necessary).
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Figure S2. Quantile-quantile (QQ) plot for IL-13 production association with African Local
Ancestry. P-values correspond to the data shown in the Manhattan plot (Figure 1A).
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Figure S3. Quantile-quantile (QQ) plot for IL-13 production association with European Local
Ancestry. P-values correspond to the data shown in the Manhattan plot (Figure 1B).
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Figure S4. Quantile-quantile (QQ) plot for IL-13 production association with Native American
Local Ancestry. P-values corresponding to the data shown in the Manhattan plot (Figure 1C).
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Figure S5. Linkage Disequilibrium (LD) Plot for associated variants rs12598402, rs28376615
and rs75929636. LD calculated by using HaploView software. LD plot showing pairwise r-squared
values.
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Figure S6. IL-13 concentration and rs12598402 (A), rs28376615 (B) and rs 75929636 (C) genotype.
Concentrations of IL-13 are expressed in geometric mean and 95% confidence interval. The p-values
were from the Kruska-Wallis test with Dunn post-test (when necessary).
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Figure S7. Violin plot of PLCG2 intron-excision ratios according to rs12598402 genotypes in
Genotype-Tissue Expression (GTEx). The allelic effect of rs34767465 as splicing quantitative trait
locus (sQTL) in Whole Blood (A) and EBV-transformed lymphocytes (B). Normalized PLCG2 gene
intron-excision ratios are shown by box-plots within violin plots. Minor allele normalized effect size was
-0.63 (p = 2.1e-30) and -0.80 (1.4e-12) for Whole Blood (A) and EBV-transformed lymphocytes (B),
respectively.
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Figure S8. Frequency distribution of genotypes according to the estimated European genomic
ancestry for the SCAALA population. Fitted multinomial logistic regression models showing the
association between the distribution of genotypes for (A) rs12598402, (B) 28376615 and (C) 75929636
according to European ancestry.
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DISCUSSAO

O sistema imunolégico é um forte alvo de pressao seletiva, especialmente
considerando que ao longo da histéria, os humanos compartilharam o ambiente e
conviveram com diversos organismos, incluindo microrganismos e parasitas
multicelulares. Desta forma, é esperado que a composicdo genética dos humanos
atuais relacionada ao sistema imune seja produto de diversos processos evolutivos,
incluindo a selecéo de variantes genéticas que permitam conviver com esses outros
seres. Nessa perspectiva, considerando aspectos da evolugéo e migracdo humana,
concomitante a mudangas ambientais, foi investigada a influéncia da ancestralidade
genética individual na producéo das citocinas IFN-y, IL-5, IL-13 e IL-10, que estédo

relacionadas a contextos distintos da resposta imune em uma populacao brasileira.

O aumento na proporcao de ancestralidade gendmica Africana foi relacionado
a uma menor chance de producdo da citocina IL-13, envolvida na resposta anti-
helmintica que é do tipo Th2. Ademais, a ancestralidade genémica Europeia, que esta
inversamente correlacionada a Africana na populacdo estudada, apresentou a
associacdo no sentido inverso. Esse achado traz luz na compreensdo de como a
ancestralidade pode influenciar no viés para um dado tipo de resposta. Vale ressaltar
que na literatura € trazido que um background genético mais relacionado a populacdes
africanas esta associado a uma maior resposta Th2 em um contexto livre de
helmintiases. Nesse sentido, € importante responder essa pergunta no contexto do
Brasil, pois o background genético das populacdes brasileiras é um produto da mistura
de trés populacdes ancestrais, os povos Nativo-Americanos, 0os Europeus e o0s
Africanos. Além disso, trata-se de um pais em desenvolvimento cuja presenca de
infec¢des helminticas ainda € um aspecto encontrado em algumas regidées do pais. A
exposicdo a longo prazo a tais parasitas pode induzir mecanismos regulatérios e
imunomodulatérios no hospedeiro, relacionados a producdo da citocina IL-10, por

exemplo.

Dado que a IL-13 se mostrou associada com a ancestralidade, um outro
aspecto investigado no presente estudo foi a relacdo com a ancestralidade local, ou
seja, a origem biogeografica de segmentos cromossémicos ao longo do genoma. Essa
abordagem permite investigar regides especificas cuja ancestralidade pode estar

associada ao fendtipo, e com posterior analise mais refinada da regido identificar
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variantes genéticas associadas. Portanto, a partir do mapeamento por miscigenacao
e subsequente mapeamento fino da regido identificamos trés SNVs associados com
a producédo de IL-13 em dois genes do cromossomo 16, cujo os achados foram
replicados em uma outra coorte. Ademais, 0s alelos destas variantes genéticas
associados a uma maior chance de produzir IL-13 apresentam uma maior
probabilidade de serem encontrados em populacfes de origem africana. Desta forma,
0 achado esta de acordo com o padrdo esperado do ponto de vista genético-
populacional, em que variantes genéticas associadas a uma resposta Th2 acentuada

estdo enriquecidas no background Africano.
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CONCLUSOES

Em conclusdo, encontramos uma associacdo entre ancestralidade gendémica
biogeografica e producéo da citocina de assinatura Th2 IL-13, o que levou a realizar
trés mapeamentos de miscigenagao e posterior mapeamento fino para producao de
IL-13. A partir disso identificamos trés SNVs enriquecidos por ancestralidade que
estdo associados a producao de IL-13, nos genes PLCG2 e CDH13, em que a variante
identificada no gene PLCG2 estéa potencialmente relacionada a mudancas no perfil de
expressdo em tecido sanguineo e células imune. Nossos resultados mostram que, de
fato, variantes genéticas ligadas a uma maior chance de producdo de IL-13 séo
enriquecidas em populacdes de ascendéncia africana e também podem afetar a
producao de IL-13 em uma populac¢édo miscigenada. Estudos futuros podem um painel
ainda maior de citocinas e outros mediadores, além também da frequéncia de células
imunes. Investigacdes nessa perspectiva podem contribuir para melhor compreenséao

da variacdo imune em nivel populacional no contexto do Brasil.
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