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“And once the storm is over, you won’t remember how you 

made it through. But one thing is certain. When you come out 

of the storm, you won’t be the same person who walked in.” 

 

 Haruki Murakami 
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ABSTRACT 

 

The Human Leukocyte Antigen (HLA) genes within the Major Histocompatibility Complex (MHC) 

region encode essential molecules for immune system activation. These molecules are involved 

in the antigen presentation pathway, presenting both self and non-self antigens. HLA gene 

polymorphisms are associated with many diseases and influence transplant outcomes. The 

analysis of HLA genes from second-generation sequencing data (also known as NGS) requires 

specialized tools to avoid alignment and genotyping errors. In this study, we applied the hla-

mapper pipeline to call SNPs and haplotypes within HLA genes in different worldwide populations, 

including over 1,000 samples from Brazil. This methodology effectively analyzed HLA genetic 

diversity at multiple levels, encompassing SNPs, InDels, haplotypes, and alleles with 2- to 4-field 

resolution, as we demonstrated for the HLA-B gene (the most polymorphic HLA gene). After, 

within the SNP-HLA Reference Consortium (SHLARC) framework, we used the data obtained in 

the previous step to create and test HLA imputation models. These models were validated using 

an independent Brazilian sample and cross-validated within the reference panel by performing 

repetitive subsampling. The best results for imputation were obtained using the full reference 

panel, i.e., when we pooled together all samples (including Brazilians) in a single reference panel, 

highlighting the importance of including admixed samples in multiethnic panels. Moreover, our 

imputation accuracy outperformed those obtained with the Michigan Imputation Server, a widely 

used imputation platform for HLA genes, validating the effectiveness of our method. The findings 

of this work represent a significant contribution to understanding the genetic diversity of HLA 

genes and improving imputation techniques. 

 

Keywords: HLA, Imputation HLA, SHLARC, Immunogenetics 
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RESUMO 

 

Os genes HLA (Human Leukocyte Antigen) na região do Complexo Principal de 

Histocompatibilidade (MHC) codificam moléculas essenciais para a ativação do sistema 

imunológico. Essas moléculas estão envolvidas na via de apresentação de antígenos, 

apresentando tanto antígenos próprios quanto não próprios aos linfócitos T. Os polimorfismos 

dos genes HLA estão associados a diversas doenças e influenciam os resultados de transplantes. 

A análise dos genes HLA a partir de dados de sequenciamento de segunda geração (também 

conhecido como NGS) requer ferramentas especializadas para evitar erros de alinhamento e 

genotipagem. Neste estudo, aplicamos o programa hla-mapper para identificar SNPs e haplótipos 

dentro dos genes HLA em diferentes populações mundiais, incluindo mais de 1.000 amostras do 

Brasil. Essa metodologia analisou de forma eficaz a diversidade genética dos genes HLA em vários 

níveis, abrangendo SNPs, InDels, haplótipos e alelos com resolução de 2 a 4 campos, como 

demonstramos para o gene HLA-B (o gene HLA mais polimórfico). Posteriormente, no âmbito do 

SNP-HLA Reference Consortium (SHLARC), utilizamos os dados obtidos na etapa anterior para 

criar e testar modelos de imputação de HLA. Esses modelos foram validados usando uma amostra 

brasileira independente e validados de forma cruzada dentro do painel de referência, por meio 

de subamostragens repetidas. Os melhores resultados de imputação foram obtidos utilizando o 

painel de referência completo, ou seja, quando agrupamos todas as amostras (incluindo as 

brasileiras) em um único painel de referência, destacando a importância de incluir amostras 

miscigenadas em painéis multiétnicos. Além disso, nossa precisão de imputação superou os 

resultados obtidos com o Michigan Imputation Server, uma plataforma amplamente utilizada 

para imputação de genes HLA, validando a eficácia do nosso método. As descobertas deste 

trabalho representam uma contribuição significativa para a compreensão da diversidade genética 

dos genes HLA e para o aprimoramento de técnicas de imputação. 

 

Palavras-chave: HLA, Imputação de HLA, SHLARC, Imunogenética 

  



13 
 

Table of contents 

1. INTRODUCTION TO THE MAJOR HISTOCOMPATIBILITY COMPLEX ------------------------------- 15 

2. THE HUMAN LEUKOCYTE ANTIGEN SYSTEM ----------------------------------------------------------- 18 

2.1 Structure and function of HLA molecules --------------------------------------------------------- 19 
2.1.1 HLA class I molecules -------------------------------------------------------------------------------- 19 

2.1.1.1 HLA class I antigen presentation pathway -------------------------------------------------- 20 
2.1.2 HLA class II molecules ------------------------------------------------------------------------------- 22 

2.1.2.1 HLA class II antigen presentation pathway ----------------------------------------------- 23 

2.2 Immunological function of HLA molecules ------------------------------------------------------- 24 

2.3 HLA polymorphism ------------------------------------------------------------------------------------- 26 

2.4 Naming HLA alleles ------------------------------------------------------------------------------------- 30 

2.5 Functional and regulatory polymorphisms in HLA genes ------------------------------------- 32 

2.6 HLA diversity across different populations ------------------------------------------------------- 34 

2.7 Diseases associations ---------------------------------------------------------------------------------- 36 
2.7.1 Genome-wide association studies ---------------------------------------------------------------- 38 

3. EVOLUTION OF HLA TYPING METHODOLOGIES ------------------------------------------------------- 42 

3.1 Complement-dependent microlymphocytotoxicity (serology) HLA typing ------------------ 42 

3.2 Polymerase chain reaction (PCR)-based HLA typing methods ---------------------------------- 43 
3.2.1 PCR-SSO -------------------------------------------------------------------------------------------------- 43 
3.2.2 PCR-SSP --------------------------------------------------------------------------------------------------- 44 

3.3 Sequencing-based methods ------------------------------------------------------------------------------ 44 
3.3.1 Sanger sequencing-based typing (SBT)------------------------------------------------------------ 45 
3.2.2 NGS-based HLA typing -------------------------------------------------------------------------------- 46 

3.4 NGS in HLA research --------------------------------------------------------------------------------------- 47 
3.4.1 HLA Typing Tools for NGS data from whole-genomes and exomes ------------------------ 49 

3.5 Current challenges and perspectives in HLA typing ------------------------------------------------ 52 

4. HLA IMPUTATION ----------------------------------------------------------------------------------------------- 53 

4.1. Methods and advances in HLA imputation ---------------------------------------------------------- 53 

4.2 Challenges in HLA imputation --------------------------------------------------------------------------- 56 

4.3. SNP-HLA Reference Consortium (SHLARC) ---------------------------------------------------------- 57 
4.3.1 Creating SHLARC imputation models -------------------------------------------------------------- 58 
4.3.2. SNP-HLA Reference Consortium component in the International HLA and 
Immunogenetics Workshop -------------------------------------------------------------------------------- 60 

5. GOALS ----------------------------------------------------------------------------------------------------------- 62 

6. DEVELOPMENT OF REFERENCE PANELS FOR IMPROVING HLA IMPUTATION ----------------- 63 



14 
 

6.1 Generation of MHC data through the hla-mapper methodology ------------------------------ 63 
6.1.1 Description of study samples for genetic diversity evaluation ------------------------------ 64 
6.1.2 Alignment optimization ------------------------------------------------------------------------------ 65 
6.1.3 Variant calling, HLA haplotypes, and alleles ----------------------------------------------------- 67 
6.1.4 Creating a HLA data resource from worldwide populations --------------------------------- 67 
6.1.5 A focus on the HLA-B gene --------------------------------------------------------------------------- 68 

6.1.5.1 Article - Immunogenetics of HLA-B: SNP, allele, and haplotype diversity in 
populations from different continents and ancestry backgrounds ----------------------------- 69 

6.2 Development of multiethnic reference panels for HLA imputation --------------------------- 93 
6.2.1 Article - A multi-ethnic reference panel to impute HLA classical and non-classical class 
I alleles in admixed samples: Testing imputation accuracy in an admixed sample from Brazil
 --------------------------------------------------------------------------------------------------------------------- 94 
6.2.2 A multi-ethnic reference panel to impute HLA classical and non-classical class II alleles
 ------------------------------------------------------------------------------------------------------------------- 118 

6.2.2.1 HLA imputation for HLA class II alleles in worldwide populations ------------------- 118 
6.2.2.2 Testing imputation for HLA class II alleles in an independent Brazilian sample -- 128 

6.3 SHLARC: Sharing a multiethnic reference panel through a free online platform for HLA 
imputation ------------------------------------------------------------------------------------------------------- 131 

7. DISCUSSION -------------------------------------------------------------------------------------------------- 134 

8. CONCLUSION ------------------------------------------------------------------------------------------------- 139 

9. REFERENCES -------------------------------------------------------------------------------------------------- 141 

10. LIST OF COMMUNICATIONS ------------------------------------------------------------------------------- 163 

Appendix 1 --------------------------------------------------------------------------------------------------------- 167 

Appendix 2 --------------------------------------------------------------------------------------------------------- 175 
 

 

 

 

 

 

 

 

 

  



15 
 

1. INTRODUCTION TO THE MAJOR HISTOCOMPATIBILITY COMPLEX 

The discovery of the Major Histocompatibility Complex (MHC) and the research that 

followed has significantly shaped our understanding of immunology, disease susceptibility, and 

transplantation biology. The first studies date back to the early 20th century, with initial research 

carried out through transplantation experiments in animals. Clarence Little was one of the 

pioneers, demonstrating that susceptibility and resistance to transplants were influenced by 

multiple genes with Mendelian inheritance(1). In the 1930s, Peter Gorer identified antigen II (later 

known as H-2) in mice and discovered that these antigens were associated with the rejection of 

tumor grafts. He introduced the concept that specific antigens determined the immune response 

to transplanted tissues(2). Later, Snell selectively bred two mouse strains, achieving a new strain 

nearly identical to one of the progenitor strains but differing in histocompatibility, which allowed 

for the genetic mapping of loci associated with graft rejection(3). His collaboration with Peter 

Gorer confirmed that the H-2 locus identified by both was the same, demonstrating the dominant 

influence of H-2 on graft survival(4). This H-2 locus was later proved to be very complex through 

many genes specifying many antigens, and it has since become established as the principal 

histocompatibility locus in mice—that is, central to understanding immune response and 

rejection of transplants(4,5). 

The term MHC was adopted in the early 70s after researchers discovered that systems 

genetically homologous to H-2 were found in many other vertebrates(5). Since then, there have 

been significant advances in in understanding the structure and function of MHC molecules. MHC 

genes, present in all mammals, are crucial in the immune response, especially adaptive immunity. 

They influence the ability to distinguish between self and non-self, as well as the susceptibility to 

autoimmune, infectious, neoplastic diseases(6), and their subsequent progression. 

In humans, the MHC is located on the short arm of chromosome 6 at position 6p21.3, 

covering about 4Mb and containing around 250 genes, most of which regulate immune 

responses(7). The MHC region is considered the most gene-dense region of the human genome, 

with an average of 1 gene every 16Kb(8), containing 1% of the human coding genes within just 

0.1% of the genome's length(9). It consists of highly polymorphic blocks originated through 

duplications, deletions, and various genomic recombination events during the evolution of 
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mammals and primates(10). The MHC is the most variable region in the human genome, mainly 

because of the high diversity of a specific group of genes known as Human Leukocyte Antigens 

(HLA) genes(11). 

The MHC is divided into three regions or classes: classes I, II, and III(7) (Figure 1). Focusing 

on the immune-related genes, the class I and II regions comprise the HLA system, with genes 

encoding membrane glycoproteins responsible for presenting protein antigens(12). The class I 

region also harbors the MIC (MHC class I chain-related genes) genes, whose products modulate 

the Natural Killer (NK) cell activity by interacting with NKG2D receptors in cells upon stress(13). 

In the class II region, TAP1 and TAP2 form heterodimers that are associated with the transport 

and processing of peptides from class I HLA molecules(14). The class III region, located between 

class I and II, does not encode molecules involved in antigen presentation but has other essential 

components of the immune system, such as proteins of the complement system (e.g., C2 and C4), 

hormones, and cytokines (e.g., Tumor Necrosis Factor, Lymphotoxin alpha and beta)(7,12). 

The extensive variability and gene density of the MHC highlights its evolutionary 

importance and essential role in both innate and adaptive immunity(12,14). This variability has 

clinical significance in transplantation and autoimmune diseases(6). Advances in molecular 

biology have helped researchers better understand the complex interactions between MHC 

molecules and immune cells, which are essential for distinguishing between self and non-self, a 

key in the development of many diseases(9). HLA typing is a standard procedure for organ and 

bone marrow transplants, significantly impacting the transplant success rates(15). Therefore, the 

intricate genetic organization and polymorphism of the MHC, especially the HLA genes, 

underscore its vital role in modulating immune responses. 
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Figure 1: Location and organization of the MHC complex on chromosome 6. The MHC complex is divided 

into three regions: I, II, and III. White, gray, striped, and black boxes represent expressed genes, gene 

candidates, non-coding genes, and pseudogenes, respectively. Figure adapted from Shiina et al(12). 
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