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Abstract 

        Specific immune mechanisms regulate the immune system to protect the host against 

environmental risk factors and clear abnormal immunological responses. All immune cells 

originate from Hematopoietic stem cells, which differentiate into several sub-types and can 

communicate with each other. Human leukocyte antigen (HLA) is a group of genes 

encoding particular proteins responsible for immune system regulation. Killer 

immunoglobulin receptors (KIRs) are expressed on the surface of NK cells and work with 

specific HLA ligands. At the same time, cytokines can influence the immune mechanism 

through signalling pathways among various immune cells. 

       Genetic studies on immunogenetic markers provide significant information for stem cell 

transplantation, on disease susceptibility and on infections. Stem cell transplantation is a 

complicated procedure that needs specific precautions pre-transplantation. Accordingly, I 

have characterized in detail human leukocyte antigen (HLA), Killer immunoglobulin-like 

receptor (KIRs), and short tandem repeats (STRs) genes among Saudi individuals to 

establish reference data that may help in the transplantation process and be used as a 

control for disease association studies. The results demonstrated some similarities and 

differences for alleles and haplotypes compared to other national and international 

populations. 

        I have also focused on markers for susceptibility to type 1 diabetes mellitus and 

investigated the possibility of linkage disequilibrium among them. Based on that, I published 

three studies exploring KIRs and their HLA class I ligands, HLA-DRB1 and SNPs within the 

pro-inflammatory cytokines/toll-like receptor genes polymorphisms and DRB1, DRA1, 

DQB1 and anti-inflammatory cytokines polymorphisms. Multiple associations with T1DM 

that are not linked to HLA genes were observed, and the stratifications of the genes that 

have shown significant differences demonstrated specific models of associations that I 

reported for the first time.        

     In conclusion, data on immunogenetic markers in the Saudi population have been 

obtained and used for a study on genetic markers for type 1 diabetes mellitus.  
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Immune cells and cellular immune mechanisms 
 
      The immune system acts as the first line of defence against invading pathogens in the 

human body. This system comprises multiple biological structures, including highly 

specialized cells, and can differentiate between self and non-self-antigens[1]. The balance 

of cell components (white blood cell subpopulations) is driven by both genetic and 

environmental factors that influence the control of innate cell types, adaptive B and T 

lymphocytes, and memory cells. The normal immune system functions under specific 

immune mechanisms to achieve host protection against environmental risk factors and to 

clear abnormal immunological responses [2]. B and T cells are the two main types of 

lymphocytes produced from the hematopoietic stem cells in the bone marrow. B 

lymphocytes are associated with humoral immune response, and T lymphocytes are 

associated with cell-mediated immune response. The cytotoxic T (CD8) cells identify the 

antigens only coupled to human leukocyte antigen (HLA) class I molecules, whereas the T 

helper (CD4) identifies HLA class II. The γδ are the minor subtype of T cells that promote 

the inflammatory responses of lymphoid and myeloid lineages and recognize antigens or 

non-peptidic compounds without instant HLA assistance [3]. 

        B cell-specific antigen receptors are antibodies expressed on the surface of the B 

cells, and they identify native antigens without processing. B cell antigen receptors 

represent all antibodies the host produces, but each B cell lineage produces specific 

antibodies. Clonal selection is a term used for T or B cells when each produces similar 

targets for specific encountered antigens [4].  

     T lymphocyte cells (T cells) are produced from c-kit+Sca1+ haematopoietic stem cells 

(HSC) in the bone marrow. They are defined as common lymphoid progenitors (CLP) that 

differentiate into T, B, or natural killer (NK) cells to control the variable immunological 

functions and shapes [5]. CLPs that migrate through the bloodstream into the thymus are 

early thymic progenitor (ETP) or double-negative cells expressing 

CD4−CD8−CD44+CD25−ckit+ [6].   

        CD2, CD5, and CD7 expression can identify the double negative thymocytes, and then 

CD34 expression will stop, and the CD1 expression will initiate in this stage of development 

[7].  
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        T cell development results in mature T cells expressing T cell receptors (TCR). Each 

cell expresses one specific TCR, which is composed of alpha and beta chains. On each 

mature T cell, the TCR is selected by specialist cells within the thymus in a process known 

as positive selection. This process involves a range of self-peptides-MHC protein 

complexes within the thymus so that the mature T cell repertoire complements available 

HLA proteins. Negative selection helps ensure that the ability of mature T cells to react to 

self-antigens is limited  [7][8].     

         B lymphocytes are the main generators of the adaptive humoral immune system, 

which involves the production of antigen-specific immunoglobulin (Ig) to defend the body 

against microbes  [4].  

           Disulfide bonds join heavy and light chains to form the Ig, and the rearrangement of 

the heavy chain is an initial step during B lymphocyte development that starts with D-J 

recombination in the common lymphoid progenitors (CLPs). The pre-pro B cells are 

subsequently recombined with V to form V-DJ in the large pre-B lymphocytes [9]   

        The recombined heavy chain is associated with the surrogate light chains to form the 

pre-B cell receptor (pre-BCR) on the cell surface. Forming pre-B lymphocytes followed by 

V-J rearrangement of the Ig light chain leads to mature BCR with solely specific molecules 

expressed on the surface of immature B lymphocytes known as IgM [10]. Immature B 

lymphocytes that express IgM migrate from bone marrow to the spleen, where they can 

differentiate into long-lived mature follicular (FO) or marginal zone (MZ) B lymphocytes. 

Another mature B lymphocyte known as the B1 cell originates from the fetal liver and is 

found in the spleen, intestine, peritoneal cavity, and pleural cavities [11].  

     When mature B lymphocytes encounter antigens, they receive a signal from T helper 

cells to carry out plasmacytic differentiation, develop extrafollicular plasmablasts, and 

develop IgM-secreting plasma cells. These cells have a limited life span and interact in a 

quick manner with antigens [12].  

       Establishing the germinal centre is the second developmental process in which B cells 

conduct proliferation associated with affinity maturation. Class switching is a vital 

mechanism for the B cell diversity response in which immunoglobulin switches to IgG, IgA 

and IgE and is functionally matched to a suitable immunological reaction [13].  
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        Natural Killer (NK) cells are a subtype of lymphocytes functioning within the innate 

immune system and control several types of tumours and virally infected cells. Also, NK 

cells can be detected in the placenta, which is considered an indicator of playing a role in 

pregnancy [14].   

         NK cells are classified as group 1 innate immune lymphocytes (ILCs) and belong to 

the same family of T and B lymphocytes originating from the common progenitor cells. NK 

cells can release cytokines, e.g., interferon-gamma (IFN-γ) and tumour necrosis factor 

(TNFα), that act on macrophage and dendritic cells to consolidate their immune response 

[15] [16]. NK cells play a surveillance role in the human body to detect and eliminate 

abnormal blood cells. The killing mechanism depending on the fine balance between the 

signals arising from activating and inhibitory receptors that identify the antigens expressed 

on the surface of abnormal cells [15].  

        Cytokines are a group of multiple small glycoproteins that affect immune response 

behavior, through which lymphocytes, inflammatory cells and haematopoietic cells 

communicate with each other to achieve specific roles in the human body [17]. Also, 

cytokines were demonstrated to have a direct role in cell differentiation and cells mediated 

migration. T helper and macrophages are the two main secretors for cytokines that affect 

innate and adaptive immune responses [18].  

       Cytokines are not always in a soluble form and sometimes are anchored on the cell 

membrane, making it difficult to differentiate between the role of cytokines and cytokine 

receptors [19]. In general, cytokines contribute to cell activation, division, apoptosis, or cell 

movement that signal to their receptors in different ways, including acting as autocrine, 

paracrine, and endocrine messengers. Cytokines have various names such as those 

secreted by leukocytes are called interleukins, those with chemoattractant role are termed 

chemokines, and others are known as colony-stimulating factors (CSF) because of their 

role in cell differentiation and proliferation, whereas interferons named for their interaction 

with viral replication [20].  
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 Antigen presentation    
       HLA class-II proteins are expressed specifically on the surface of professional antigen-

presenting cells (APCs), including DCs, B cells, and thymic epithelial cells. Also, they can 

be induced on monocytes and macrophages due to gamma interferon (IFN-γ) mediated 

activation [21]. Peptides attached to HLA class II are processed in endosomal/lysosomal 

(antigen processing compartments) by proteolysis of antigens utilizing different 

mechanisms including receptor-mediated endocytosis, macropinocytosis, phagocytosis, 

and autophagy [22]. On the other hand, the major histocompatibility complex (MHC)-II 

molecules associated with invariant chain (Ii) protein can enter antigen processing 

compartments shortly after biosynthesis in the endoplasmic reticulum (ER) [23].   

       Ii protein supports HLA class II with three functions:   

1) Acts as a chaperone to help in ideal folding and movement of the HLA class II/Ii complex 

to Golgi apparatus via ER   

2) Protects peptides and unfolded proteins found in the ER attach to nascent MHC-II 

molecule   

3) Directed HLA class II/Ii complex to antigen processing compartments through targeting 

signals in its cytoplasmic domain [22].   

       These signals are composed of a couple of dileucine-based internalizing motifs that 

interact with clathrin-associated adaptor proteins to deliver the HLA class II/Ii complex into 

the endocytic pathway [24].   

HLA class II proteins cannot react with antigenic peptides unless the Ii is proteolytically 

degraded and separated from the HLA class II/Ii complex. This complex degradation takes 

place in a series of steps utilizing different proteinase enzymes to liberate invariant chain 

peptides (CLIP). The CLIP attaches to the MHC II binding groove [25], then will be removed 

by catalytic action to make space for lysosomal-generated peptides by an accessory protein 

known as DM. DM also acts as a peptide editor for HLA class II to accelerate the generation 

of high affinity immunodominant epitopes [26]. DO is another protein on the cell surface of 

B cells, thymic cells and Langerhans cells and contributes to the HLA class II processing 

involving DM [27].   
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       The role of HLA class I proteins is mainly in presenting peptides derived from viral 

proteins by proteolysis in the proteasome and subject to more processing by cytosolic 

aminopeptidase enzymes before being delivered into the ER lumen by a transporter 

associated with antigen processing (TAP) [28]. ERAP1 and ERAP2 are resident 

aminopeptidases present in the ER that to carry out further processing to suitable peptides 

(8 to 10 amino acid length) before reacting with HLA class I protein [29].  

      Macropinocytosis is an extracellular capturing process responsible for the uptake of 

varied materials from tiny molecules to larger intact bacteria and protozoans. 

Macropinosomes are products of plasma membrane ruffles, folded together then, fused 

with the plasma membrane, then with early endosome delivering materials to the 

endolysosomal pathway (commonly used for antigen acquisition by dendritic cells (DCs)) 

for antigens processing [30].  

Receptor-Mediated Endocytosis  

       Multiple receptors found on the surface of APCs, such as Fc-γ in DCs and 

macrophages, can bind to immune complexes and pass to antigen-processing 

compartments [31]. The others are Lectin receptors such as mannose and DEC 205 that 

identify the carbohydrate residues and aim them to receptor-mediated phagocytosis 

[32].      

       Phagocytosis is a process to internalize insoluble antigens such as necrotic/apoptotic 

cells, bacteria, and viruses into macrophages and DCs using specific receptors including 

Fc receptors, complement receptors, and C-type lectin receptors. After receptor 

engagement and engulfment, the internalized particle is delivered to a specialist organelle, 

the phagosome. Fusion with lysosomes occur and the pathogens are killed by proteolysis 

and release of toxic reactive oxygen species [33] [34].  

 

Genes relevant to antigen presentation 

         Human leukocyte antigens (HLA) genes 
        Genes encoding the HLA are located on the short arm of chromosome 6 (region 

6p21.3.1). The genes encode numerous proteins and are highly polymorphic (Figure 1). 

HLA is classified into three classes: HLA class I, II, and III. HLA class I is divided into HLA-
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A, HLA-B, and HLA-C and presents endogenous peptides (8-10 amino acids in length) to 

T cells, which are known as CD8-positive cells or cytotoxic T cells [35]. HLA class II is 

divided into DP, DM, DO, DQ, and DR. This class presents exogenous peptides to T cells 

known as CD4-positive T cells, which ultimately stimulate antibody-producing B cells to 

produce specific antibodies [36]. HLA class III is located between HLA class I and HLA 

class II and includes specifically the genes of complement component C2, C4 and B factor 

and other genes such as tumour necrosis factors (TNFs) and heat shock proteins [37].    

 

  

Figure 1. Location and distribution of the HLA structural gene clusters [35].   
HLA region is located on 6p21.1-21.3, which stretches on 3 Mbp lengths and is classified into 3 different classes. 1. HLA class I (Shown in 
blue) includes A, B, C, E, F and G loci. 2. HLA class II (Shown in red) includes DM, DP, DQ and DR loci. 3.  HLA class III (shown in green) 
and contains C4, C2, Hsp70 and TNF genes. 
 
 

          

        Killer immunoglobulin like receptors (KIR) genes 
        The KIR locus includes a group of 16 genes, as shown in Figure 2, and will be 

discussed in detail in Chapter 2. This locus extends around 1 Mb within the leukocyte 

receptor complex (LRC) and comprises 2 or 3 Ig-like domains (KIR2D and KIR3D) that bind 

to HLA Class-I molecules on the extracellular domains. A delicate balance between 

activating and inhibitory KIR receptors governs NK cell effector functions. In the presence 

of tumour or viral infection, NK cells act to remove tumour or virally infected cells and 

regulate downstream responses of the innate and acquired immune systems [38][39]. 
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. 

Figure 2, The structural variation of KIR gene in haplotype A and B [40]. 
The KIR gene cluster is located at 19q13.4 and contains 16 KIR genes including KIR2DL1, -2DL2, -2DL3, -2DL4, -2DL5, -3DL1, -3DL2, -3DL3, -
2DS1, -2DS2, -2DS3, -2DS4, -2DS5, -3DS1, -2DP1 and -3DP1 genes. These genes encode inhibitory (blue colour), activating (red colour), 
pseudogene (grey dark) or framework genes (purple). Haplotype A is composed of KIR2DL1, -2DL3, -3DL1, -3DL2, -3DL3 and -2DL4 (inhibitory), 
KIR2DS4 (activating) and two pseudogenes KIR2DP1 and -3DP1. Haplotype B is determined mainly by the presence or absence of the genes that 
are not part of the haplotype A. KIR3DL2, -3DL3 and -2DL4 (framework genes) that divided the KIR locus into centromeric and telomeric parts and 
are present in both the A and B haplotypes 

 

 

 

Aims of the studies described in this thesis and methods used 

       Aims 

     The geographical location of the Arabian Peninsula, which accommodates the Arab 

population, including the Saudis, may have affected the genetic pool of these populations. 

Self-peptides associated with β-cell are targeted by autoimmune T-cell clones whose 

evolution is facilitated by an excess of pro-inflammatory cytokines (e.g., TNF-α) and an 

absence of anti-inflammatory cytokines (e.g., IL-4 or IL-10); both scenarios facilitating β-

cell destruction. KIRs and their corresponding HLA class I ligands are crucial in NK cell 

activation/suppression, reflected in autoimmune diseases. The first three publications 

aimed to determine allele and haplotype frequencies for HLA, KIRs, and short tandem 

repeats (STRs), compare the results with those of other populations, and provide a 

frequency pool reference to assist researchers in anthropological analysis and 
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immunogenetics disease studies. In the last three publications, I aimed to investigate the 

KIRs, their HLA ligands and pro-inflammatory and anti-inflammatory cytokines in T1DM to 

identify significant differences in gene frequencies between patients and controls. 

          Experimental Design and Genotyping Methods Justification 

        In this thesis, I include 6 publications resulting from multiple research projects that 

were approved by the Institutional Review Board (IRB) and funded by the Intra-Mural Fund 

(IRF) program in King Medical City (KFMC). Only Saudi nationals (whose parents and 

grandparents lived in Saudi Arabia) were recruited, and blood samples in EDTA were 

collected from patients or healthy controls. Sample sizes were calculated based on 

implementing Fisher’s exact test, and the level of significance was adjusted at 5%. 

       Our research utilized two known methods for DNA extraction: 1. An automated nucleic 

acid purification utilizing the MagNa pure compact instrument (Roche Diagnostics GmbH, 

Mannheim, Germany) that uses a proven magnetic beads technology. 2. Spin-column 

(Roche Diagnostics) methods that utilize glass fibre fleece immobilized in a special plastic 

filter tube. The extracted DNA was measured for quality and quantity using the 

NANODROP 2000 (Thermo Scientific), which reads the absorbance of diluted samples at 

260 nm and 280 nm wavelengths. 

       I utilized three methods for genotyping (Table 1), including Sequence-specific 

oligonucleotide probe (SSOP), TaqMan® MGB probes technique and The AmpFlSTR™ 

Identifiler for STRs, as detailed in Table 1.  

     The SSOP method was used for HLA and KIR genotypes utilizing the Luminex 100 

system as a platform for data acquisition. We implemented predesigned reverse group-

specific primers from One Lambda (One Lambda, San Diego, USA) to amplify exon 2 and 

exon 3 of the HLA loci. I implemented reverse group-specific primers to amplify exons 3, 4, 

5, 7, 8 and 9 of KIR genes for KIR genotyping. The biotinylated PCR products for HLA and 

KIR were denatured and re-hybridized to complementary DNA probes conjugated to 

fluorescently coded microspheres. Then, the complementary DNA was labelled with R 

Phycoerythrin-conjugated Streptavidin (SAPE). For this genotyping procedure, I utilized 
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proficiency testing samples for quality control, validated by the University of California Los 

Angeles (UCLA) and the College of American Pathologists (CAP) for quality assurance. 

Multiple DNA samples with a known KIR genotype were run in parallel with our study 

samples for additional quality assurance. Our protocols always resulted in the expected 

calling of all controls. 

       We used commercially available TaqMan® MGB probes (Life Technologies) for SNP 

genotyping, and amplification was performed using the Lightcycler 480 (Roche 

Diagnostics). (I used the Minor Groove Binder (MGB) technology with TaqMan probes, two 

unlabeled forward and reverse PCR primers, a VIC dye-labelled hydrolysis probe, and a 

FAM dye-labelled hydrolysis probe.) I validated the TaqMan assay by triplicating ten 

samples to genotype each SNP before carrying out the whole genotype and consistently 

obtained the same results (https://www.genome.gov/10002404). Using the AmpFlSTR™ 

Identifiler™ to amplify for STRs, we amplified 15 tetra-nucleotide repeat loci (on different 

chromosomes) and the Amelogenin (gender-determinant marker) in a single PCR tube. 

The combination of the 15 loci that were globally recommended were genotyped, and 

several dyes, including 6-FAM™, VIC™, NED™ and PET™, were used. The AmpFlSTR™ 

Identifiler™ Allelic Ladder and positive control DNA 9947A were included in the assay. 

Multiple DNA samples with known combined STR genotypes were run in parallel with this 

study samples, and typical results were obtained for these control samples on every 

occasion.  
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Table 1  

A summary of the methods used in the publications in the thesis 

No  Method Gen
e 

Primer Amplified 
exon 

Instrument 

1 SSOP Bead-
Based Multiplexing 

HLA  R 2 and 3  luminex 100 
system KIRs  3, 4, 5, 7, 8 

and 9 
2 TaqMan® MGB 

probes  
SNP

s  
F and R    lightcycler 480 

roche 

3 AmpFlSTR 
Identifiler 

STR
s  

16-locus 
multiplex 
primers 

15 
tetranucleoti

de repeat 
loci 

3130 xl genetic 
analyzer 

        

         We used various statistical and data analysis software tools, including the SAS 

program, SNPStats, and SPSS version 22.0. SAS software is widely used software for 

statistical analysis and data visualization, and it is only available for Windows operating 

systems [41]. SPSS statistics have been used by researchers in different fields, including 

health researchers. IBM developed this software for data management, advanced 

analytics, and multivariate analysis (https://www.ibm.com/spss?).  SNPStats software has 

been designed to analyze genetic epidemiology by focusing on multiple genetic 

parameters such as allele and genotype frequencies, Hardy-Weinberg equilibrium, 

Linkage disequilibrium, and Haplotype frequency estimation 

(https://www.snpstats.net/start.htm).  

         The Hardy–Weinberg equilibrium (HWE) for the expected and observed distribution 

of allele frequencies for the control data was analysed by implementing the χ2 distribution 

(degree of freedom = 1). The D′ statistic and p-value tests were used to analyse the 

linkage disequilibrium (LD) among the genetic markers. Principal components analysis 

(PCA) was used to determine the genetic differences between these study samples and 

other populations. Fisher's exact test and the log of the odds (logit) were calculated to 

determine the significant differences at an overall level of p < .05. The Bonferroni 

correction test was applied whenever necessary to address multiple comparisons. 
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Chapter 2. Immune-related gene frequencies in the Saudi population 
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Introduction and Background 
     Hematopoietic stem-cell transplantation (HSCT) is an infusion of multipotent 

hematopoietic stem cells from a donor to a patient with a specific life-threatening 

haematological disease including leukemia, lymphoma, multiple myeloma, and 

myelodysplastic syndromes. Also, HSCT is used for other diseases such as 

neuroblastoma, Ewing sarcoma and brain tumors [42]. There are three types of stem cells 

including peripheral blood stem cells, bone marrow stem cells, and umbilical cord stem 

cells. Based on the origin of stem cells, HSCT is divided into three categories: a) autologous 

transplantation, when stem cells are collected from the same patients before giving 

chemotherapy. b) allogeneic transplantation, when stem cells are collected from related or 

unrelated donors. c) Syngeneic transplantation is the origin of stem cells from identical 

twins [43].  

       HSCT is a complicated procedure, and specific precautions should be considered 

before transplantation. Graft-versus-host disease (GVHD) is considered a serious problem 

that develops post-SCT and causes damage to the skin, liver, intestines, and many other 

organs [44]. GVHD has two different types: acute, which develops in the first three months 

post-transplant, and chronic, which develops after three months post-transplantation. 

GVHD could be minimized by selecting an HLA-matched donor, using immune-suppression 

drugs, or removing T cells from donated stem cells before transplantation, known as the T 

cell depletion process [45]. 

       According to the Consensus Opinion of the Blood and Marrow Transplant Clinical Trials 

Network (BMT CTN): a fully HLA-matched sibling is the best choice for allogeneic 

Hematopoietic cell transplantation (HCT). The patient and related donor (parent or sibling) 

should at least meet a 6/6 match for HLA-A and HLA-B at intermediate resolution DNA 

genotype and HLA-DRB1 typed at high resolution. HLA-C and -DQB1 loci may be 

considered. The choice for graft in case a full match-related donor is unavailable is 

considering one HLA antigen mismatch with a 7/8 match at HLA-A, -B, -C, and -DRB1 or a 

haploidentical donor sharing a single HLA haplotype. There should be at least a 4/8 match 

at HLA-A, -B, -C and -DRB1 loci with only one mismatch per locus. However, the risk of 

graft failure is high in the HLA mismatch-related donor when HLA antibodies are detected  
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in the patient.  For bone marrow transplantation (BMT)-unrelated donors, HLA-A, -B, -C, 

and HLA-DRB1 genotypes at high resolution with 8/8 HLA matches will increase the 

survival rate for patients. A single locus mismatch should be considered if an 8/8 HLA match 

is unavailable. When multiple choices for unrelated donors are available, HLA-DPB1, 

DQB1 and DRB3/4/5 should be considered when selecting donors with minimal 

mismatches [46]. HLA-DQB1 mismatch only does not affect the survival rate, but if the 

mismatches are associated with 7/8 or 6/8 of HLA-A, B, C, and DRB1, then poor survival 

will consequently occur[47]. Also, Tie et al. concluded that HLA-DQB1 will be better 

controlled than HLA-A, B, C, and DRB1 loci in GVHD [48].    

       Haploidentical donors within the families have increased the BMT (this term is used 

when cells are collected from bone marrow) opportunities for patients who do not have HLA 

identical siblings. Cyclophosphamide post-transplantation is essential to reduce the risk of 

GVHD caused by HLA mismatches and destroy alloreactive T cells [49]. The haploidentical 

donors may be fathers or mothers, which is always suitable for pediatric patients as adult 

patients are not always available. Siblings and children are often considered second-

degree related donors, but this could be possible [50]. The contact of the maternal fetus 

during the pregnancy period may cause tolerance against mother antigens that the fetus 

does not inherit. These antigens are known as non-inherited maternal antigens (NIMAs) 

[51]. NIMAs are defined as acceptable HLA mismatch; therefore, the opportunities for HLA 

alleles that are acceptable for potential BMT patients will increase [51].   

      Establishing a population appropriate HLA genotyping within the hospital service was 

critical to finding a better match between donor and recipient for HSCT (Publication 1). 

Immune-genetic differences between patient and recipient lead to many complications 

post-transplantation. The establishment of improved HLA allele matching between patient 

and unrelated donor improves the chance of graft survival and reduces transplant-related 

risks.  

      Specific HLA class I antigens govern the role of the NK cells in the immune system, 

and the type of KIRs expressed on the surface of NK cells induce activation or inhibition 

signals (Publication 2). The simultaneous presence of the two receptors in one individual 

may block the effect of the KIR-HLA ligand. This preliminary work establishing the ability to 
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genotype KIRs in donors and patients was critical to its clinical use. KIRs genotyping has a 

positive impact in transplanted patients with AML if a donor is KIRs mismatched with the 

patient, but this was not the case for recipients with ALL. Consideration of KIR mismatching 

in the transplantation practice reduces disease relapse and has improved the disease-free 

survival of patients [52].   

      The condition of mixed DNA chimerism of donor and recipient post-transplantation is 

expected in nonmalignant diseases such as haemoglobinopathies. The mixed chimerism 

could transform into graft failure if the chimerism is not controlled by inducing a tolerance 

initiated by regulatory T cells. 

    The success of allogeneic SCT depends on the efficiency of the procedure and the 

proper time of stem cell engraftment. Also, protection against infection and graft-versus 

leukaemia induced by donor cells against the residual malignant cells of patient origin are 

other factors for transplant success. Currently, the STRs test is a gold standard method in 

routine clinical practice to identify genetic variation depending on multiple base pair lengths 

among individuals (Publication 3). 

     HLA genotyping is the first step in determining patient and donor histocompatibility in 

transplantation. The STR genotype is a crucial post-transplantation test that helps 

physicians follow engraftment and make the right decision at the right time. Notably, the 

role of KIR genes was positively demonstrated in transplanted patients with specific 

haematological diseases.  

      In this chapter, I include three published papers in which I was the main generator 

throughout the publication process. In these publications, we investigated HLA, KIRs, and 

STR allele frequencies and characterized the genetic components. The aim was to provide 

high-quality work and accumulate experience in the research field to provide better service 

for BMT patients.    
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Publication 1. HLA allele frequencies in Saudi individuals  
 

Significance and Background  
 

       The Major histocompatibility complex (MHC) is a protein family in vertebrates, and the 

HLA is specifically present in humans is synonymous with MHC. The HLA region includes 

numerous genes and is considered a highly polymorphic region in the human genome; 

these variations have a crucial impact on various clinical outcomes related to the human 

immune system. HLA proteins are expressed on the cell surface of human cells except for 

RBCs, and their main function is to present foreign antigens to T cells. Many HLA gene loci 

and their related alleles have been detected so far, but the most important ones include A, 

B, and C antigens for HLA class I, and DRB1 and DQB1 for HLA class II.  We utilized a 

sequence-specific oligonucleotide probe (SSOP), a Luminex-based method and the Lab 

Type kit to genotype HLA class I and class II in this study. To the best of our knowledge, it 

was the first time this technology was implemented in HLA genotyping in the Saudi 

population, and we were also able to recruit a large sample compared to previous studies 

in this population at the time of publication. 

          The structure of HLA is explained in Chapter 1 (Figure 1); the HLA genes encode 

numerous proteins and are highly polymorphic.  Variations in some of these genes (Class 

I, II and III) on chromosome 6 have a crucial impact on various clinical outcomes such as 

solid organ transplant (SOT), hematopoietic stem cell transplantation (HSCT), 

pharmacogenetics, and HLA-associated diseases [53] [54]. Matching HLA between 

patients and the potential donor could decrease the possibility of rejection in solid organ 

transplantation and minimize the graft-versus-host disease in bone marrow transplantation 

[55]. Also, the importance of HLA genes was demonstrated in the field of 

pharmacogenomics, where certain drugs such as abacavir and carbamazepine were found 

to cause serious immunological reactions by binding to specific HLA proteins and leading 

to T-cell mediated hypersensitivity. Studying HLA alleles and/or haplotypes provides useful 

genetic information for different populations [56] [57].  

          Saudi Arabia (SA) is the largest Arab country in the Arabian Peninsula. Most Saudis 

are of Arab origin and have lived in this part of the world for thousands of years [58]. Riyadh 
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and Al Gaseem are in the middle part of SA and the population in these areas is more 

stable than in the other parts of the Kingdom [59].  

       In Saudi Arabia, consanguineous marriage is considered higher than in other parts of 

the world, a report in a multicenter study demonstrated the overall rate of consanguineous 

marriage was about 56% whereas, the rate in Riyadh was estimated to be around 62.8%. 

The Arabian Peninsula is composed of seven countries including Bahrain, Kuwait, Oman, 

Qatar, the United Arab Emirates (UAE), Yemen, and Saudi Arabia which is the largest 

one.  In the time between the 7th and 8th centuries during the Islamic state power, Muslims 

were able to distribute their Arabic language and their culture outside the Peninsula that 

extended to North Africa and the middle of Asia [60] [61].  

        In the last 30 years, different methods to genotype HLA genes have allowed numerous 

studies to be performed worldwide. However,  only a  few studies have been done on HLA 

gene frequencies in Saudi Arabia [62] [63]. 

    In this study we genotyped HLA-A, -B, -C, -DRB1, and -DQB1 genes; the purpose was 

to characterize HLA allele and haplotype distribution in this population and compare the 

data with other available Arab-related studies.  

 

Results  
           A strong LD was found between the B-C pair, followed by the DRB1-DQB1 pair.  

A*02 was found to be the most frequent allele for the HLA-A locus then, followed by A*24, 

A*26, A*03, and A*01 with no presence for A*25, A*43, and A*80 in this study sample. The 

B*51 and the B*50 were the most common in the B locus, followed by B*08 and B*07alleles. 

Whereas the more frequent alleles in the HLA-C were observed are C*07 and C*06, then 

C*15 and C*04. HLA class II, located on the centromeric end of the 6p21.3.1 region, is less 

polymorphic than class I. DRB1*07 and DRB1*03 were found at higher frequencies, 

followed by DRB1*13 and DRB1*15 alleles.   

      The A.C.B haplotype calculation revealed that 02.06.50 was the most frequent, followed 

by 02.07.07, 26.07.08 (3.34%), and 31.15.51. For the DRB1.DQB1 of class II, 07.02, 03.02, 

and 04.03 were the common haplotypes. The overall calculation for class I and II loci 

(A.C.B.DRB1.DQB1) showed 424 haplotypes (see Table 2 for the top 50 haplotypes), the 

most common of which are 02.06.50.07.02, 26.07.08.03.02, and 02.07.07.15.06.   
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Table 2  

The top 50 haplotypes out of 424 for the overall calculation for class I and II loci 
(A.C.B.DRB1.DQB1). 

No A.B.C.DRB1.DQB1 2n=940 *HF 
(2n=940) 

HF(%) 
2n=(940) 

1 02.50.06.07.02 63 0.0665 6.65% 
2 26.08.07.03.02 23 0.0245 2.45% 
3 02.07.07.15.06 21 0.0224 2.24% 
4 31.51.15.13.06 18 0.0191 1.91% 
5 24.08.07.03.02 17 0.0183 1.83% 
6 02.51.15.04.03 15 0.0163 1.63% 
7 33.58.03.03.02 13 0.0138 1.38% 
8 33.50.06.07.02 12 0.0128 1.28% 
9 68.08.07.03.02 11 0.0112 1.12% 

10 02.07.07.03.02 10 0.0102 1.02% 
11 31.50.06.07.02 9 0.0099 0.99% 
12 23.50.06.07.02 9 0.0096 0.96% 
13 01.41.17.07.03 9 0.0096 0.96% 
14 33.14.05.01.05 8 0.0083 0.83% 
15 02.51.14.15.06 8 0.0083 0.83% 
16 02.51.16.11.03 8 0.0082 0.82% 
17 26.51.15.04.03 8 0.0081 0.81% 
18 11.52.12.15.06 7 0.0079 0.79% 
19 24.15.07.13.06 7 0.0075 0.75% 
20 30.13.06.07.02 7 0.0075 0.75% 
21 24.35.04.13.06 7 0.0075 0.75% 
22 26.38.12.13.06 7 0.0074 0.74% 
23 02.07.07.07.02 6 0.0067 0.67% 
24 68.50.06.07.02 6 0.0066 0.66% 
25 29.07.07.15.06 6 0.0064 0.64% 
26 68.08.07.15.06 6 0.0064 0.64% 
27 24.35.04.16.05 6 0.0061 0.61% 
28 01.51.15.15.06 6 0.0061 0.61% 
29 02.50.06.04.03 5 0.0056 0.56% 
30 02.51.16.16.05 5 0.0056 0.56% 
31 31.51.15.07.02 5 0.0055 0.55% 
32 68.51.15.11.03 5 0.0053 0.53% 
33 29.07.15.10.05 5 0.0053 0.53% 
34 30.53.04.13.06 5 0.0053 0.53% 
35 32.50.06.07.02 5 0.0053 0.53% 
36 03.51.15.11.03 5 0.0053 0.53% 
37 02.35.04.04.03 5 0.0052 0.52% 
38 02.52.12.15.06 5 0.0050 0.50% 
39 03.50.06.07.02 4 0.0047 0.47% 
40 03.08.07.03.02 4 0.0047 0.47% 
41 68.08.07.04.03 4 0.0043 0.43% 
42 31.51.15.03.02 4 0.0043 0.43% 
43 03.53.04.04.03 4 0.0043 0.43% 
44 31.15.01.13.06 4 0.0043 0.43% 
45 03.15.04.13.06 4 0.0043 0.43% 
46 02.49.07.11.03 4 0.0043 0.43% 
47 03.51.16.04.03 4 0.0043 0.43% 
48 68.51.15.13.06 4 0.0043 0.43% 
49 03.58.03.13.06 4 0.0042 0.42% 
50 68.51.15.04.03 3 0.0036 0.36% 

                   * HF means haplotype frequency 
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 Principal component analysis (PCA) was performed in order to look at the distributions of 

A, B and DRB1, comparing my data to the available data from other previous Arab studies 

that included Saudi Arabians, Jordanians, Omanis, Moroccans, Palestine, Tunisians, 

Algerians, and the United Arab Emirates (Publication no 1; Figure 1). PCA for A locus 

demonstrated a clustering data of the three Saudi studies including ours, Omani and United 

Arab Emirates. For B locus, only Saudi studies were found clustering together, while Omani 

and United Arab Emirates were a little far but still were closer than the others. The PCA for 

the DRB1 locus, demonstrated a cluster area composed of two Saudi studies including this 

report, Tunisia, Algeria, and Oman.     

 

Commentary and Impact  
      Graft-versus-host disease (GVHD) is the most critical issue in allogeneic hematopoietic 

stem cell transplantation. HLA matching between patient and donor is a crucial factor 

preventing this disease [64]. Loren et al. explained the benefit of HLA matching between 

the donor and recipient [65].  

     The large sample size, the method we used and the number of HLA loci investigated in 

this study provided a clinically significant data which is distinct from the other two previous 

studies conducted in this population [62], [66]. We identified similarities and differences in 

allele frequencies and carried out comparisons with other local and regional studies that 

have provided a clear understanding of the extent of variation among the various ethnic 

groups.   

     I demonstrated that alleles A*02 and B*51 were at higher frequencies. We suggested 

that blood banks should observe patients with platelet refractoriness for possible novel 

antibodies due to multiple transfusions. The B*51 allele is known to be associated with 

Behçet’s disease [67].   

      One of the crucial variations I detected was the absence of the A*43. This allele was 

observed more frequently in African people [68]. An increase in homozygosity of various 

alleles with non-conformation to HWE was also detected by Hajeer et al. [69]. This non-

conformation to HWE in the homozygous alleles may be due to the high rate of 
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consanguineous marriage among the Saudi people [61] or to the Wahlund effect that 

happens because of the subpopulation structure [70].  

      Numerous haplotypes were identified using the maximum likelihood estimation test. 

The finding demonstrated similar frequencies in the A*02.C*06.B*50 haplotype (the highest 

in our study) and North African populations, namely the Chaouya population from Morocco 

and Tunisia, which are attributed to their Arab [71], [72].    

      PCA analyses test on HLA-A, -B, and -DRB1 alleles data retrieved from 

http://www.allelefrequencies.net for Arabs-related ethnic studies to portray the genetic 

components have shown similarities and differences among the tested populations.   

        One of the key limitations of this study was the HLA genotyping method we used, 

which was at a low-resolution level (only two digits). In the light of this, we strongly 

recommend future studies with larger sample sizes and higher HLA resolution. These 

studies could provide more comprehensive and detailed insights into the genetic 

components of the tested populations.   

       This study is part of a broader set of recent literature looking at HLA allele frequencies 

in different populations. A study from Iran focused on the people of Mashhad who live in 

the northeast region of Iran. The authors demonstrated the allele frequencies for HLA-A 

and HLA-B alleles. They found that HLA-A *24 and HLA-B*35 were the most frequent 

alleles in this population [73]. At the same time, an Italian study demonstrated HLA 

haplotypes provided remarkable differentiation in Sardinia populations compared to other 

parts of the country [74]. Also, a study of HLA-A, -B, -C, and -DRB1 loci that was conducted 

in the Kinh population of Vietnam showed HLA-A*11:01, -B*15:02, -C*08:01 and -

DRB1*12:02 were the most frequent alleles in their report [75]. It is worth noting that we 

implemented the result of this study in our daily routine work to sort out some ambiguous 

HLA results based on alleles frequencies for this publication. 
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Publication 2; The distribution of Killer Immunoglobulin-like receptors in the Saudi 
population  
  

 Significance and Background 
 

        Human natural killer (NK) cells are an effector type of lymphocyte subpopulation that 

acts within the innate immune system mechanism against various tumours and virally 

infected cells. Killer immunoglobulin receptors (KIRs) are a family of highly polymorphic cell 

receptor proteins that express on the surface of NK cells and work with certain types of 

HLA ligands on the surface of the target cells. KIR molecules can control NK cell behavior 

through the activation and suppression mechanism. In Publication 2, we studied and 

characterized the frequency distribution of 16 KIR genes using the sequence-specific 

oligonucleotide probe (SSOP) method that amplified seven different exons within the KIRs 

genes. Also, I compared the study outcome with other population studies in the region and 

worldwide.        

       A quick release of interferon-gamma (IFN-γ) and tumour necrosis factor-alpha (TNF-

α) post-cell activation can induce NK cells to interact quickly and start destroying their 

targets, activating other inflammatory molecules [76].  

         KIRs are a family of 16 combined genes present on chromosome 19 (19q13.4) and 

encode the inhibitory and activating surface receptors present on the NK [76]. These genes 

are highly polymorphic and characterized into several types, including KIR2DL1, 2DL2, 

2DL3, 2DL4, 2DL5, 3DL1, 3DL2, 3DL3, 2DS1, 2DS2, 2DS3, 2DS4, 2DS5, 3DS1, 2DP1 

and 3DP1 (see figure 2). In addition, most of these genes can encode proteins that play a 

role in the immune mechanism.   

        KIR genes are divided into two groups of haplotypes based on the gene content:    

1. Haplotype A has simple and constant genes content, including 2DL1, 2DL3, 3DL1, 3DL2, 

3DL3 and 2DL4 (the inhibitory genes), KIR2DS4 (activating genes) and KIR2DP1 and -

3DP1(pseudogenes). KIR2DL3 and -2DL1 are present in the variable centromeric region, 

while -3DL1 and -2DS4 are in the telomeric part.  

2. B haplotypes are characterized by a specific distinct feature that includes at least one of 

the following three: a) including several activating KIR genes, b) lacking at least one 

inhibitory KIR gene and c) containing 2DL5 gene [77].  
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      The 3DL2, 3DL3, and 2DL4 are framework genes found in A and B haplotypes. Full-

length sequencing of the KIR haplotypes demonstrated two structured regions, a proximal 

centromeric ("C") region containing 2DL3, 2DL1, 2DP1, 3DL3 and 3DP1 and a distal 

telomeric ("T") region that has 3DL1, 2DS4, 2DL4 and 3DL1 genes. A haplotype is a 

conservative with a constant uniform difference from the B haplotype; the latter 

demonstrated various centromeric ends, including 2DS2, 2DL2, 2DL5B, 2DS3, 2DS5, 

3DL3 and 3DP1 genes, while the telomeric part for B haplotype contains 3DS1 and 2DS1 

genes [78].  

    KIRs genes have also been classified according to the number of extracellular 

immunoglobulin domains expressed on the surface of the NK cells and the length of the 

cytoplasmic tails. The long cytoplasmic tail confers the inhibitory function with two 

immunoreceptor tyrosine-based inhibitory motifs (ITIM), such as in 2DL and 3DL. In 

contrast, the activation function is present in the short cytoplasmic tail genes (2DS, 3DS) 

[79].        

     The specificity and affinity of the KIRs ligands' capacity, determined by the genetic 

coding sequence that leads to protein production, may be linked to susceptibility and 

progression for specific diseases [80]. In addition, the role of the KIR genes in the immune 

system may affect the susceptibility to infectious/autoimmune diseases and the outcome of 

transplantation. Distribution of the KIRs genes/haplotype frequencies was demonstrated in 

considerable differences in ethnic groups among various populations worldwide 

[81][82][83].  

       HLA class I-specific ligands include HLA-C group 1 (C1), HLA-C group 2 (C2) and 

HLA-Bw4 (Bw4) motifs that span residues 77–83 of the alpha1 domain, but HLA-C is the 

most important ligand for NK cell regulation [84]. Also, haplotype A is known as HLA-C-

specific genes due to its C1 and C2 epitope's function, C1 is identified by 2DL1 and 2DS2 

while C1 is identified by 2DL2 and 2DL3 [85].   

      The dispersion out of Africa hypothesis is one of the most exciting models scientists 

use to track the distribution of the modern human journey from East Africa to other parts of 

the world. However, the fact was different when looking at the middle part of the Peninsula 

because of the limitation of the immigrant settlement that contributed to the stability of the 

Arab gene pool [58][86].  
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            In this study, we investigated and characterized the KIR genes and KIR genotype 

content in healthy Saudi individuals and compared the outcome with other studies in the 

region and worldwide.    

 

Results    
       As shown in Table 1 (publication 2), allele frequencies were determined, and the 

framework genes (2DL4, 3DL2, 3DL3 and 3DP1) were observed at 100% frequency as 

expected. The lowest frequencies were observed in 3DS1, 2DS3 and 2DS5 (inhibitory 

genes), while the highest frequencies were observed in 2DL1 and 3DL1 (activating genes). 

Also, comparing my data with other populations showed similarities and significant 

variations in allele frequencies, as in Table 2 (publication 2). Remarkable differences were 

observed between the Saudi population and Australian Aborigines on one side and 

between the Saudi and Senegalese/Indians Kanikar on the other. In contrast, minimum 

differences were shown between our study and the other Arab-related populations. A sum 

of thirty-one KIR genotype groups was demonstrated, as explained in Figure 1 (publication 

2).  

      The AA genotype was found in a frequency of 18.1% of the total observed genotypes, 

while the Bx genotype with ID number 5 was observed at 12.1% frequency and the Bx with 

ID 6 at 10.1% frequency. Other genotypes were observed at frequencies less than 10% 

along the obtained result. Subsets of the Bx genotype gene clusters C4T4, C4Tx, CxT4 

and CxTx were observed at frequencies between 19% and 31.4%. Additionally, portraying 

the PCA showed the clustering of the Arab populations to the middle of the plot between 

Africans and Asians, as shown in Figure 2 (publication 2).   

  

Commentary and Impact  
       This study characterized KIR genes and individual genotype components. The 

activating KIR genes were observed at frequencies higher than the inhibitory ones. 

         Based on 2DL1, 2DL3, 2DS4, and 3DL1 frequencies, I found higher frequencies 

among the Senegalese population, and the lowest were observed in Australian Aborigines. 

The Arab-related origin, including this study, was found between these two populations. 

Also, significant variations between the Saudi population and Australian Aborigines were 

found across most KIR gene frequencies, explaining the differences between them.  
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        Similarities of culture and language, speaking Arabic as the mother tongue, among 

Arab populations may explain why their Arab genes frequencies are similar. However, the 

observed differences among the Arab gene frequencies may be attributed to ethnic 

admixture that occurred over time.  

     A group of studies characterizing the KIRs genes in different populations has been 

published recently. A study that analyzed KIR gene frequencies in unrelated individuals 

from Malay and Malaysian Chinese has shown the Malay population is more diverse than 

the Malaysian Chinese [87]. Cardozo et al. identified that haplotype A frequency among the 

Brazilian population is around 27.4%, which is more frequent than we identified among the 

Saudi population [88]. At the same time, a German study demonstrates links between KIR 

haplotype structures and allele group frequencies [89].  
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Publication 3. Variation of STRs in population from the central region of 
Saudi Arabia 
  

Significance and Background  
            In this study, we characterized fifteen autosomal STR markers used in forensic and 

paternity testing to demonstrate genetic variations in this Saudi sample from Riyadh 

Province. Short Tandem Repeats (STRs) are a pattern of short nucleotide sequences 

arranged in 2 to 6 nucleotides along the human genome. They vary from one person to 

another (polymorphic). The STR DNA is estimated to be around 3% of the entire genome 

and repeats in every ten thousand nucleotides. The principal amount of STRs is present in 

the non-coding region, whereas only less than 10% is found in the coding areas [90] [91]. 

Based on repeat units, STRs are grouped according to their: a) Length that extends from 

one to six repeats of nucleotides, but the most common STRs in humans are in dinucleotide 

form. b) A repeating structure in simple repeats form includes one nucleotide unit or 

compound repeats that include multiple repeats [92].  

      DNA sequences outside of STR locations demonstrate a very low mutation rate along 

the genome in each generation, but in the STRs, the rate is highly increased [93]. STRs 

can cause frame-shift mutation in particular genes leading to amino acid sequence 

changes. Such changes when they involve immune-related genes can affect the ability of 

the individual to deal with pathogens. 

     Multiple DNA-based methods were used to demonstrate variation in the human 

population worldwide. However, the STR technique is one of the most popular ones utilized 

in studies on human diversity for many reasons, including the small size of the genetic 

markers, low rate of mutations occurrence and high distribution along the human genome 

[94].  

     Genetic studies focused on DNA sequence variations, including the STRs test, are 

excellent for detecting genetic polymorphisms that make differentiation among human 

populations possible. 

    More than 85% of the Saudi population are Arabs who have lived in this area for 

thousands of years, which may show how far or close divergence from the typical human 

ancestor. People of Saudi Arabia are rarely mixed with other ethnic groups, in addition to 

an increased rate of consanguineous marriage compared with other populations [61]. 
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Based on all these facts, Saudis may have specific genetic components that identify them 

from different populations in near geographical areas or other parts of the world.  

       Accordingly, we characterized the autosomal STR markers used in forensic and 

paternity testing to demonstrate genetic variations in this Saudi sample from Riyadh 

Province.  

 

Results    
      We characterized 15 STR genetic markers in Saudis, polymorphic loci were 

demonstrated, and the number of alleles was found to vary from one locus to another. 

D18S51 was found at greater polymorphisms (17 alleles) and the TPOX was found at the 

lower polymorphism (5 alleles).  Allele 10 of the TPOX and allele 12 of D13S317 were found 

at greater frequencies than the other alleles. D2S1338, D19S433, and FGA loci were 

demonstrated as the most polymorphic STR markers based on the high PD values.  

         Deviation from HWE was observed in three different loci (TH0, D5S818, and FGA), 

which were ascribed to high rates of consanguineous marriage among the Saudis or to the 

Wahlund effect due to a high rate of homozygosis (Publication 1, Publication 2). HWE 

values were compared with other Arab-related published studies, as shown in Table 2 of 

Publication 3. I observed significant deviation from HWE in the current study and 

Tunisians, while no deviation was detected in Omanis or Syrians. Also, we applied multi-

dimensional scaling (MDS) to explain the genetic distances between 14 different 

populations, including Caucasians, Asians, Africans, and Arabs, as shown in Figure 1 of 

Publication 3. Arabs were found clustering in the near middle of the plot  

 

Commentary and Impact  
       The allele frequencies of 15 STR markers and genetic/forensic parameters were 

analyzed, and results have been shown. The degree of polymorphism at each locus can 

also be expressed in terms of heterozygosis along with the PIC [95]. The polymorphic 

nature of the tested loci was found sufficient to allow the differentiation of Saudi individuals 

by specific genetic markers, including D21S1, THO, D2S1338, D19S433, D18S5, D5S818, 

and FGA.  

     A low degree of polymorphism was observed among Iraqis compared to Saudis and 

Tunisians [96] as seen in the heterozygosis values for this population, which ranged 
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between 0.621 and 0.869. Lower values of homozygosis may be attributed to random 

mating or less consanguinity among specific populations. Although the rate of 

consanguineous marriage is more frequent among Saudis [61], we demonstrated seven 

different markers that could be used in their identification. Consequently, this method can 

be used in clinical practice for Bone Marrow Transplant (BMT) patients to demonstrate 

engraftment post-transplantation.   

       Variant alleles such as 34.2 (D21S11), 16.2 (D18S51), 12.2 (D16S539), 29 and 22.2 

(FGA), and 7.3 and 8.3 (THO1) that were observed at low frequencies in previous studies 

were also found at low frequencies in this study. Also, similarities and differences in allele 

frequencies between the current and previous population studies were observed, including 

Slovenians [97], Bolivians [98], Wallachians in South Romania [99], and in the Adaima 

community from Egypt [100].  

      This study has been followed by several recent publications that characterize STRs in 

many populations. Chen et al. studied the link between the number of STR repeats and the 

regulation of gene transcription and how the nearby SNPs are required for STR function. 

They concluded that the C allele of rs35767 provides a binding site for CCAAT/enhancer 

binding protein δ (C/EBPD) [101]. In 2018, Saini et al. demonstrated a SNP+STR haplotype 

reference panel that allows the imputation of STRs from SNP (Single Nucleotide 

Polymorphisms) array data [102]. Fernández-López studied 25 STR loci of genetic markers 

in the population of Bahia, Northeastern Brazil [103]. SE33, D21S11, and FGA were 

observed as the most polymorphic loci in this population, while in this study, I found that 

D18S5, FGA, and D21S11 were the most polymorphic ones.  
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Publication No: 1 

        My contribution included obtaining IRB approval and the approval under my name. I 

contributed equally with the senior author in the research design and sample selection; I 

generated the bulk of the laboratory work and analyzed the raw data. I drafted the 

manuscript, communicated with the other co-authors for review, acted as a corresponding 

author, and responded to all reviewer comments throughout the publication. 
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Publication No: 2 

        My contribution to this study included obtaining IRB approval and the approval under 

my name. I equally contributed to the research design and sample selection with a senior 

author. I generated the bulk of laboratory work, analyzed the raw data, drafted the 

manuscript, communicated with the other co-authors for review, acted as the corresponding 

author and responded to all reviewer comments throughout the publication.  

 



50 
 

 



51 
 

 



52 
 

 



53 
 

 



54 
 

 

 



55 
 

 

 

 

 

Publication No: 3 

       My contribution to this study included obtaining the IRB approval, which was under my 

name. I contributed equally with a senior author in the research design and sample 

selection. I generated the bulk of laboratory work and analyzed the raw data, drafted the 

manuscript, communicated with the other co-authors for review, acted as the corresponding 

author, and responded to all reviewers' comments throughout the publication.  
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Chapter 3. The role of genetic variants in T1DM development among Saudi 
population. 
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Introduction and background 

         Type 1 Diabetes (T1D) is an autoimmune disease characterized by the progressive 

destruction of insulin-producing pancreatic beta-cells through T lymphocytes and 

macrophages that can infiltrate and destroy the islet cells of Langerhans and eventually 

lead to insufficient secretion of insulin in the blood circulation [104][105]. 

        Three critical conditions that cause the failure of beta cells include the activation of 

beta cell-reactive T cells, the creation of factors including production of pro-inflammatory 

cytokines/chemokines and the loss of control by the immune regulatory system [106]. 

However, the exact immunological mechanisms controlling disease initiation and 

progression remain to be fully clarified. An experimental study on animals and patients with 

T1DM showed an essential role of pro-inflammatory cytokines and cell-mediated immunity 

in the pathogenesis of beta cell destruction [107]. Similarly, several clinical trials were 

conducted using targeted immunotherapy directed towards cytokines and adaptive 

lymphocytes, such as anti-IL-1 (canakinumab or anakinra), anti-TNF-α (etanercept), anti-

CD3 (teplizumab or otelixizumab, to block T cell function), anti-CD20 (rituximab, for B cell 

depletion) and CTLA4-Ig (abatacept, to block T-cell activation) [108][109][110]. Recurrence 

of beta cell loss was found in most patients post-treatment, and the pathogenic lymphocytes 

remained autoreactive after the immunomodulatory intervention, so this approach to date 

has not been very successful. 

      The inflammation of the islet cells depends on the interaction between the immune cells, 

pancreatic beta cells and the mediation of cytokines and chemokines. Expression of 

cytokines such as interleukin (IL-1) and tumour necrosis factor (TNF-α) have been 

demonstrated in the islet cells of patients with T1DM [104]. In addition, Toll-like receptors 

(TLRs) are involved in the pathogenesis of various autoimmune diseases [105][111][112]. 

           T1DM is considered a multifactorial autoimmune disease with proven genetic 

susceptibilities that interact with multiple environmental factors, determining the potential 

progression of the disease [113]. Environmental Determinants of Diabetes in the Young 

(TEDDY) study is a prospective international study that has followed children from 5 to 15 

years through a coordinated protocol. This study aimed to identify the relationship between 

environmental factors and genetic susceptibility in T1DM patients [114][115]. At least two 
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marked stages exist before the derangement of the beta cell function occurs and blood 

glucose begins to rise. The first stage is the presence of autoantibodies against islet cells, 

during which endogenous insulin production is still subclinical. In the second stage, blood 

glucose levels rise, and cytotoxic T-cell infiltration occurs. The persistent islet autoimmunity 

assessment was checked every three months, and the primary outcome of TEDDY was 

reported based on the American Diabetes Association criteria for T1DM diagnosis [116]. 

      The HLA is a critical genetic locus for susceptibility to autoimmune diseases such as 

T1DM [117][118]. Although HLA is regarded as a risk factor for approximately 50% of type 

1 diabetes Mellitus (T1DM) cases, there are other residual genetic factors outside the HLA 

region, such as single nucleotide polymorphisms (SNPs) that may be associated with the 

risk of T1DM development [119]. Furthermore, non-genetic (environmental) factors could 

contribute to disease pathogenesis since the concordance rate between monozygotic twins 

is significantly less than 100%, particularly for T1DM, estimated to be between 13–65% 

[120]. 

      The HLA is a critical genetic locus for susceptibility to many autoimmune diseases. 

Natural killer (NK) cells are a type of large granular lymphocytes (LGL) that are essential to 

the innate immune system and belong to the innate lymphoid cells (ILC); also see 

Publication 2. NK cells were demonstrated as crucial regulators and inducers for 

autoimmune diseases, including T1DM; they act against the target cells through direct 

contact to destroy the pancreatic islets of Langerhans [121]. 

       A SNP is defined as a DNA sequence variation at single nucleotide position of A, T, G 

or C that can be involved in critical genetic variations among individuals. Some of these 

variations are associated with susceptibility to diseases, such as autoimmune diseases 

[122]. Additionally, SNPs are considered recent units in genetic variation and have single 

base-pair variations in the DNA sequence that occur with high frequencies along the human 

genome and are used as genetic markers for specific genetic regions [123]. SNPs are 

present in many human populations, and each SNP has two alleles in which the lower 

frequency allele is known as the mutant or variant form. SNPs may have a functional role 

in causing amino acid changes, by affecting the mRNA transcript stability or changes to 

transcription factor binding affinity [124]. SNPs are used as genetic markers in disease 
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association studies to demonstrate which part of the human genome may be involved. 

Specific studies identified some SNPs in coding and regulatory regions of specific genes 

that may be implicated in disease development. Non-synonymous SNPs that lead to an 

amino acid change in the protein sequence product are of significant interest since amino 

acid substitutions account for half of the known gene defects responsible for human genetic 

diseases [125].   

         Genome-wide association studies (GWAS) involve analysis of SNPs throughout the 

genome by use of high throughput genotyping methods using microarray technology.  

GWAS truly investigates the role of significant SNPs associated with specific genomic risk 

loci [126]. Over the last few years, GWAS has been used to measure and analyze DNA 

sequence variations across the human genome to identify a wide range of genetic risk 

factors for common population diseases [127][128].  

An early GWAS study identified the Complement Factor H gene as a common risk factor 

for age-related macular degeneration. Later, the Type 1 Diabetes Genetics Consortium 

conducted a GWAS study in TEDDY participants carrying high-risk HLA genotypes and 

demonstrated that the PTPN22, ERBB3, SH2B3, and INS genes are associated with a 

significant risk of T1DM [120]. A large sample size to provide sufficient statistical power and 

linkage disequilibrium (LD) reliability is considered critical for GWAS [129].The relatively 

small sample size collected for the studies in this thesis did not allow a formal GWAS to be 

performed and instead we investigated the relevance of HLA and certain specific SNP 

genotypes on T1DM risk. This approach is consistent with the view that low levels of anti-

inflammatory cytokines facilitate autoimmunity to β-cells of the pancreas. 

        In this chapter, I include three published papers. Publication 4 investigated the role 

of KIRs and HLA class I ligands in T1DM patients. Accordingly, we studied KIRs and their 

corresponding HLA class I ligands in Saudi T1DM patients and compared them to healthy 

controls. In Publication 5, the focus was on the role of HLA-DRB1 alleles frequencies and 

SNPs within the cytokine genes regulating the autoimmune responses that include toll-like 

receptors (TLR-2, TLR4), tumour necrosis factor (TNF), interleukin-1 (IL-1), interleukin-1 

receptor 1 (IL-1R1), interleukin-1 receptor antagonist (IL-1RN), interleukin-2 (IL-2) and 
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interleukin 12 (IL-12). The goal was to demonstrate possible significant differences 

between T1DM and healthy controls and identify linkages between SNPs and HLA.  

      Finally, in Publication 6, I investigated rs1800896, rs1800871, rs1800972, rs2070874 

and rs1801275 SNPs that located within IL-4, IL4R and IL-10 genes and, HLA-DRB1, 

DQA1, and DQB1 loci in T1DM and healthy controls. The purpose was to identify possible 

significant differences between the two groups and detect any link with the onset of T1DM 

for patients above the age of 13 or below this age. 
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Publication 4, Killer Immunoglobulin-like receptor, and their corresponding HLA 
class I ligands in T1DM 
 

Significance and Background  
     Type 1 Diabetes Mellitus (T1DM) is a T cell-mediated autoimmune disease developed 

due to beta cell malfunction [130]. Direct viral infection, environmental toxin or immune 

invasion against B-cell-specific antigens may lead to islet cell destruction. B-cell antigens 

and antigen-presenting cells such as macrophage and dendritic cells can activate T helper 

lymphocytes. For example, macrophages release interleukin 12 (IL12), and the activated 

CD4 positive T cells secret IFN γ; the latter cytokine activates resting macrophages to 

produce IL-1β, TNF-α and other free molecules that lead to beta cell toxicity [107].   

      Natural killer (NK) cells are a type of large granular lymphocytes (LGL) that are essential 

to the innate immune system. They belong to the innate lymphoid cells (ILC) family and are 

found in between 5% and 20% of the circulating lymphocytes in the human body [131][132] 

(see also Publication 2). NK cells can easily detect stressed cells caused by infection or 

malignancy and react to release cytotoxic granules or death receptor ligands, which 

consequently produce cytokines such as IFN-γ and TNF-α [133]. NK cells were 

demonstrated as crucial regulators and inducers of autoimmune diseases, including T1DM. 

They act against the target cells through direct contact to destroy the pancreatic islets of 

Langerhans [121].  

     Killer immunoglobulin-like receptors (KIRs) are expressed on the surface of NK cells 

and interact with the HLA class I-specific ligands on target cells (see also Publication 2). 

The activation mode for these cells is controlled by a specific balance between activating 

and inhibitory signals received from the KIRs [82].    

     The HLA class I ligand on the human healthy cell reacts with the inhibitory KIRs to 

protect these cells from killing. If the NK cell cannot identify a perfect HLA ligand, it will be 

activated to destroy the target [134]. HLA ligands that interact with KIRs were grouped into 

three distinct types, including HLA-C group 1 (C1), HLA-C group 2 (C2) and HLA-Bw4 

(Bw4) motifs that present with the alpha 1 domain within the amino acid residues number 

77-83. HLA-C plays a more significant role in NK cell regulation than the HLA-Bw4 motif 

[135]. 
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      The presence of the KIR genes on chromosome 19 and the HLA genes on chromosome 

6 gives a property of independent genetic segregation during cell division. Hence, their 

inheritance in everyone is necessary to maintain a functional interaction in the immune 

system [136]. Different studies demonstrated the association of specific genetic models for 

HLA class 1 ligands and the corresponding KIR genes with autoimmune diseases, including 

T1DM [130] [121] [82][137][138].  

       To the best of our knowledge, this study was the only study investigating the role of 

KIRs and HLA class I ligands in T1DM patients in the Saudi population. Accordingly, we 

aimed to investigate these genes in T1DM patients and compare them to healthy controls.  

 

Results           
      No significant differences were observed regarding the KIR genes between patients 

and control or in A and Bx haplotype groups, as shown in Table 1 and Figure 1 of 

Publication 4. Forty-six different KIR genotype groups were observed in this study. The 

frequency distribution of HLA-C alleles is shown in Table 3, and subsequently, we 

calculated C1 and C2 ligands as shown in Table 4. The homozygous C1C1 ligands were 

found at higher significant frequencies in T1DM patients, while the C2C2 ligands and Bw4 

motif were at higher significant frequencies in the control group. There is no difference 

between patients and control in A*03/11alleles. For KIRs and HLA class 1 ligands, 

KIR2DL2-C1C1, KIR2DS2-C1C1 and KIR2DL3-C1C1 were observed at significant 

frequencies among patients. In contrast, the KIR2DS1-C1C1 combination was significantly 

greater in the control group.  

       2DL2/3-C1C1 (A), 3DL1-Bw4 (B), and 2DL1-C2C2 (C) were stratified as shown in 

Table 3, Publication 4. The model positive for A, negative for B and C; and that positive 

for A and B, negative for C were demonstrated high significant frequencies in T1DM 

patients. On the other hand, the model positive for B, negative for A and C; and the model 

positive for B and C, negative for A were found to be greater in the control group. 
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Commentary and Impact  
      There was no effect for the presence of the KIR genes alone in T1DM, as shown by 

two previous studies carried out in the Han Chinese and Spanish Basque populations 

[139][139], which agreed with our findings. However, this was not the case in a British study, 

in which the frequency of the KIR2DL3 gene was observed at a significant difference 

between patients and control [139]. KIRs can modulate NK cell and T-cell function through 

their HLA class 1 ligand, which is present on the surface of the target cell [140]. The binding 

of the inhibitory KIR with the suitable immune-receptor tyrosine-based inhibitory motif 

(ITIM) leads to the gathering of tyrosine phosphorylated and protein tyrosine phosphatases 

and consequently, to the initiation of the inhibition mechanism [141]. 

       In this study, we demonstrated the C1C1 genotype as a risk factor for T1DM, while the 

C2C2 genotype and Bw5 motif may act as a protective factor for T1DM in Saudis. Our study 

did not show significant effects on the heterozygous C1C2 genotype, but C1C2 was 

observed to be substantial in the Han population (China)[142].  

     HLA class 1 molecule shapes T cell repertoire and presents antigens for CD8 cytotoxic 

cells to act against beta cells in the pancreas. Accordingly, specific combinations are 

suggested to affect the destruction process in the pancreas [143]. KIR2DL2 and KIR2DS2 

have one HLA-C ligand (C1); these genes are found in strong linkage disequilibrium [144]. 

The presence of these receptors with their ligand was considered a risk factor for T1DM in 

our population; this was also observed in Dutch and Latvian people [121][145]. The 

presence of the homozygous 2DL1 with its cognate C2 ligand increases the number of NK 

cells to almost double [75], which may indicate a protective role against immunological 

reactions. This may explain the high frequency of the KIR2DL1-C2C2 combination was 

observed in the control group. Interestingly, we observed 2DL1-C2C2 and 3DL1-Bw4 

without KIR2DL2/3-C1C1 increased protection against T1DM fivefold.  

        In conclusion, the presence of certain KIR genes alone has no role in T1DM, but when 

combined with genotype for HLA ligands this changes. A combination of different KIR genes 

and HLA class 1 ligand was demonstrated to be a risk or protective factor for T1DM.  
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        Many recent publications investigated a link between KIR gene polymorphisms and 

T1DM. A meta-analysis paper published in 2017 demonstrated a negative association 

between the KIR2DL1 polymorphism and susceptibility to T1DM in the overall population 

[146]. Yang et al. discussed the role of NK cells in T1DM development and concluded that 

NK cells can be involved in various classic autoimmune diseases such as rheumatoid 

arthritis (RA), multiple sclerosis (MS), systemic lupus erythematosus (SLE) and type 1 

diabetes mellitus (T1DM) [147]. Most recently, Gunavathy et al. demonstrated the role of 

KIRs and their corresponding HLA class I ligands among south Indian populations and that 

KIR3DL1 in the presence of HLA-B Bw4 Ile80 has a protective role against T1DM [148]. 

 

Table 3 

HLA-C allele frequencies in T1DM patients and controls. 

T1DM patients Healthy control 

HLA-C* 2n =212 
AF 

(2n=212) AF (%) 2n=212 HLA-C* Counts AF (2n=288) AF (%) 2n=288

C*01 2 0.009 0.9 C*01 1 0.003 0.3 

C*02 6 0.028 2.8 C*02 7 0.025 2.5 

C*03 8 0.038 3.8 C*03 11 0.038 3.8 

C*04 26 0.123 12.3 C*04 32 0.112 11.2 

C*05 4 0.019 1.9 C*05 7 0.025 2.5 

C*06 27 0.127 12.7 C*06 37 0.128 12.8 

C*07 54 0.255 25.5 C*07 72 0.25 25 

C*08 1 0.005 0.5 C*08 1 0.003 0.3 

C*12 12 0.057 5.7 C*12 17 0.059 5.9 

C*14 8 0.038 3.8 C*14 15 0.052 5.2 

C*15 45 0.212 21.2 C*15 59 0.205 20.5 

C*16 10 0.047 4.7 C*16 15 0.052 5.2 

C*17 7 0.033 3.3 C*17 12 0.041 4.1 

C*18 2 0.009 0.9 C*18 2 0.007 0.7 
HLA alleles in bold italic with red color mean C1 ligands and HLA alleles in bold only mean C2 ligands 
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Table 4 

KIR HLA class I ligand frequencies in cases and controls 

Ligands T1DM n=106 (%) Control n= 136 (%) OR (95%) P value 

C1C1 48 (45.3)a 23 (16.9)a     

C1C2 43 (40.5) 64 (47.1) 3.0 (1.7, 5.8) 0.0004 

C2C2 15 (14.2)a 49 (36)a 7.5 (3.2, 14.6) 0.0002 

 aSlight variations from the values appeared in Publication 5 but did not affect the statistical power.  
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Publication 5; Single-nucleotide polymorphisms (SNPs), pro-inflammatory 
cytokines and human leukocyte antigens (HLA) with type 1 diabetes mellitus 
(T1DM)  
 

Significance and Background  

     We hypothesized that in T1DM, the ‘self’ peptides associated with pancreatic islet cells 

are targeted by autoimmune clones normally directed down tolerogenic pathways. Instead, 

they are directed down immune pathways, where they become amplified into self-

destructive clones under the influence of pro-inflammatory cytokines. To further assess the 

relevance of polymorphisms in the adaptive and innate immune systems to T1DM risk in 

the Saudi population, we investigated HLA-DRB1 alleles and SNPs within the cytokine 

genes regulating autoimmune responses, including toll-like receptors (TLR-2, TLR4), 

tumour necrosis factor (TNF), interleukin-1 (IL-1), interleukin-1 receptor 1 (IL-1R1), 

interleukin-1 receptor antagonist (IL-1RN), interleukin-2 (IL-2), and interleukin 12 (IL-12).  

The aim was to demonstrate possible significant differences between T1DM cases and 

healthy controls and in the frequencies of individual and combined genotypes in these 

genes.  

 

Results       

      Allele frequencies and codominant, dominant, and recessive models were derived and 

presented in Table 3 of Publication 5.  The presence of the TNF rs361525G-G genotype in 

our study indicates a susceptibility risk for T1DM about fivefold more than the rs361525A-

G or rs361525A-G ones, and the rs1800629G:361525A haplotype was observed more 

frequently in the controls and considered to be conferring protection against the disease.  

      The sum of allele frequencies for DRB1*03 and -*04 among T1DM patients was about 

73%, which was highly significant compared with the controls and considered to be risk 

factors for T1DM. DRB1*07, -*11, -*13 and -*15 alleles were found at higher frequencies in 

the control group compared with cases.  

      Stratification of T1DM patients for DRB1*03, -*04, -*07 and -*13 alleles with rs1800629 

and rs361525 revealed a significant difference between T1DM patients and controls when 
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comparing individuals positive for DRB1*07 in the presence of rs1800629A/G genotype 

against those positive for DRB1*07 and negative for rs1800629G/G. No other meaningful 

results were demonstrated in this context. A significantly increased frequency was 

observed in patients with both DRB1*07 and DRB1*03/04 genotypes compared with 

controls, and in patients positive for DRB1*07 and rs18006629 A/G genotypes. But there 

was no difference between patients and controls when comparing individuals positive for 

DRB1*07, DRB1*03/*04 and rs1800629A/G genotypes in the two groups.  

 

Commentary and Impact  
       After adjusting our significance values SNP frequencies between patients and controls 

using the Bonferroni correction test, only rs361525 genotypes of the TNF-α demonstrated 

statistical differences. The result agreed with the Croatian study that found over-

transmission of this SNP allele from parents to T1DM patients' children [149] and with the 

Caucasian study in T1DM [150]. However, this was not the case with Kaidonis's study 

investigating sight-threatening diabetic retinopathy [151].  

      Tumor necrosis factor alpha (TNF-α) is a pleiotropic cytokine that regulates 

inflammatory responses and contributes to some autoimmune diseases [152]. A greater 

level of secreted TNF-α in the blood was observed among T1DM patients with no link to 

age, disease duration and ethnicity [153]; the elevated level of this cytokine is attributed to 

the presence of rs1800629A allele, which may influence the synthesis and transcription 

factor binding capacity [154].  

         No significant difference was observed in the rs1800629 genotype in our study, but 

the presence of rs1800629G:361525A haplotype played a role in protecting against T1DM 

disease. Both rs361525 and rs1800629 are promotor region SNPs not involved in direct 

protein coding but may affect the quantity of proteins. Specific SNPs in the TNF-α gene 

were found to affect susceptibility to many diseases [155].  

       The rs1800629A allele was observed at significantly high frequency in Australian and 

United Kingdom T1DM patients [151]. Another Saudi study also demonstrated a significant 

level of this SNP, but the authors did not correct their results using the Bonferroni test [156]. 
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Strong linkage disequilibrium (LD) was demonstrated between the TNF gene and HLA [157] 

(the telomeric HLA class III harbours many genes, including TNF) [158]. Furthermore, the 

association of HLA with T1DM is demonstrated globally, including in Saudi Arabia [159] 

[160]. Our investigation for HLA class II in this study confirmed that DRB1*03 and DRB1*04 

alleles are risk factors for T1DM while DRB1*07, DRB1*13 and DRB1*15 are protective. 

Moreover, stratification of specific HLA alleles with rs18006629 and rs361525 genotypes 

have shown DRB1*07 in the presence of rs18006629A/G is a twelve times risk factor for 

T1DM than those having DRB1*07 and rs18006629G/G.  

       It is worth noting that individuals positive for DRB1*07 and DRB1*03/04 were observed 

at a higher significant frequency in T1DM patients despite DRB1*07 being considered a 

protective factor. Individuals positive for DRB1*07, DRB1*03/*04 and rs1800629A/G 

showed no significant difference between patients and control, while those positive for 

DRB1*07 and rs18006629 A/G were only found in the T1DM group. Accordingly, we 

observed the predominant immunological influence of DRB1*03/*04 alleles over DRB1*07 

when inherited in one person, and the compromise situation was observed when DRB1*07, 

DRB1*03/04 and rs1800629A/G inherited together. However, the association with T1DM 

could be due to an HLA-DRB1-TNF-alpha-HLA-B haplotype association[161] [162], and the 

effect could be due to HLA-B, not TNF. The 26-08-07-03-02 haplotype, the second most 

frequent haplotype observed in Publication 1, showed the link between the HLA-B and 

HLA-DRB1 alleles. 

      This study is part of a broader set of recent literature looking for a link between TNF 

gene polymorphisms and T1DM in different populations. Szabo et al. investigated the role 

of adiponectin and TNF in susceptibility to T1DM in Romanian children, but no associations 

were detected in their study [163]. Keles et al. demonstrated a significantly increased of 

TNF-α level in T1DM patients with gingivitis [164]. Lin et al., in 2021, identified a strong link 

between TNF and naive B cell/naive CD4+ T cell in T1DM patients and concluded that TNF 

may play a vital regulatory role in T1DM development [165].  
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Publication 6; The presence of rs 2070874C/C genotype at Interleukin-4 is linked to 
a high risk of type 1 diabetes mellitus  
 

Significance and Background 
        Usually, self-reactive T cells are suppressed to avoid autoimmune reactions; instead, 

HLA genetically susceptible individuals can break the peripheral tolerance and harm B cells 

in the islet of Langerhans. Releasing pro- and anti-inflammatory cytokines is crucial in the 

immune mechanism to initiate the destruction of B cells. In this study, we genotyped five 

different SNPs within IL-4, IL4R and IL-10 genes and HLA- DRB1, DRA1, and DQB1 loci 

in T1DM and healthy control. The purpose was to identify possible significant differences 

between the two groups.  

       HLA-DRB1, -DA1, and DQB1 molecules present self-peptide through TCRs to T cells, 

and then the cytokines regulate the immune reactions to determine whether they are 

expanded or suppressed [166], [167]. Interleukin-4 (IL-4) and interleukin 10 (IL-10) are anti-

inflammatory cytokines that down-regulate the inflammatory response. The IL-4 gene is on 

chromosome 5, and the IL-10 gene is on chromosome 1. Blood levels for both cytokines 

were observed at low concentrations at the time of T1DM diagnosis or in non-obese 

diabetic patients [168]. Additionally, IL-4 genetic overexpression or administration prevents 

insulitis and minimizes T1DM incidence [169]. The combination of IL-4 with the IL-4R 

involves the PI3K and JAK/STAT pathways in the immune reaction process. It initiates B 

cell viability and increases the expression of IL-4R on their surface [170].  

        IL-10 is an anti-inflammatory cytokine that can suppress Th1-producing cytokines, 

including IFN-γ and TNFα [171]. IL-10 has a short half-life and a short range of activity, so 

multiple cells that secrete this cytokine can respond quickly at various needed sites [172]. 

A variety of SNPs in non-coding sequences on both the Il-10 and IL-4 genes may affect 

levels of these cytokines [168]. For instance, the rs2070874 SNP located at the 

untranslated region of the IL-4 gene regulates the level for this cytokine secretion in blood. 

Furthermore, the rs1800871 and rs1800872 SNPs present within the promoter region for 

this gene were found to regulate the messenger RNA and gene expression for the IL-10 

cytokine [173]. 
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        Our hypothesis in this study assumed that self-peptides are attached to beta cell in 

the pancreas. The combined reaction was bound to autoimmune cell clones, exacerbated 

by pro-inflammatory cytokines such as TNF-α or missed the influential roles of anti-

inflammatory cytokines such as IL-4 and IL-10. Accordingly, we genotyped rs1800896, 

rs1800871, rs1800972, rs2070874 and rs1801275 SNPs located within IL-4, IL4R and IL-

10 genes and the HLA- DRB1, DRA1, and DQB1 loci in T1DM and healthy control. The 

purpose was to identify possible significant differences between cases and controls and to 

determine if there was any link between the onset of T1DM above or below the age of 13 

among the patients.  

Results     

      
       DRB1*03 and DRB1*04 were observed at higher significant frequencies among T1DM 

patients while DRB1*07, DRB1*13 and DRB*15 were significantly higher among the 

healthy controls. For DQ, DQA1*03, DQA1*05 and DQB1*02 were found to play a role in 

T1DM susceptibility, whereas DQA1*04, DQA1*06 and DQB1*06 alleles were protective.  

            Stratification of DRB1*03/04 or DRB1*07/13 with rs2070874 C/C genotype (these 

genotypes have shown significant differences between patients and control) as indicated 

in Table 9 of Publication 6, no meaningful associated withstood post statistical calculation. 

However, a grouping of patients based on the age of onset (≤13 or >13 years) 

demonstrated a significant increase of rs2070874 C/C genotype in patients who were ≤13 

compared with those >13 of age. Stratification of specific HLA-DRB.DQA1. DQB1 

haplotypes with rs2070874 C/C have shown 03.05.02/04.03.03 in the presence of 

rs2070874 C/C was in significant among early onset of T1DM compared with late ones 

(≤13 years).  

 

Commentary and Impact   
        Low IL-4 production was associated with T1DM in NOD mice and patients with T1DM, 

and the administration of IL-4 was observed to prevent autoimmune disease in animal 

experiments [174]. IL-4 mRNA expression in peripheral blood mononuclear cells was 

almost double in T1DM males compared to females [175]. Others have shown no 
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association between T1DM and the IL-4 gene using the affected sibpair (ASP) and 

transmission/disequilibrium test (TDT) [176]; however, they did not consider the age of 

disease onset.  

       Early onset of T1DM was more significant in younger twin patients because of non-

HLA genes that control B and T cell activity [177]. HLA class II presents exogenous 

peptides to T-helper cells to initiate immune response or produce β-cell self-peptides to 

induce tolerance. Accordingly, our data demonstrated specific HLA haplotypes 

(03.05.02/04.03.03) are strongly associated with T1DM, while others (07.02.02/11.05.03) 

were observed as protective factors against T1DM. 

       The standard immune mechanism depends on the balance between pro- and anti-

inflammatory cytokines; an imbalance between these groups of cytokines leads to an 

immune defect. Elevated levels of pro-inflammatory or low anti-inflammatory cytokines 

induce autoimmune disease [178]. Our findings in Publication 5 indicated a high TNF 

producer gene or the current one that provides evidence of a contribution from an IL-4 gene 

variant associated with low IL-4 production is consistent with the statement of imbalance 

cytokine in T1DM development.  

        Multiple genes linked to aggressive early-onset T1DM in young individuals under 

seven years, such as the GLIS3 gene, were detected. It is a crucial transcriptional factor in 

the Islet β-Cell, and its presence in a deletion form in mice and humans induces neonatal 

diabetes [179]. In a recent GWAS meta-analysis study, multiple genes were found to be 

associated with the risk of T1DM, including PTPN22, HLA-DQB1, 

IL2RA, RNLS, INS, IKZF4-RPS26-ERBB3, and SH2B3. Moreover, PTPN22, HLA-

DQB1, INS, and ERBB3 were found to be associated with the onset of T1DM [180]. Also, 

a significant association with IL-10 in T1DM patients under seven years of age was 

detected, which disagreed with our findings [181]. Our cases and controls differed in age 

range, which might have introduced bias to the study. We will consider using age-matched 

controls in future studies. However, the current study only focused on candidate SNPs in 

IL-10, and the selection of additional SNPs in this gene for study may have resulted in an 

association being found. 
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        In conclusion, the presence of high-risk HLA alleles for T1DM with rs2070874 C/C 

genotypes was significantly increased in early-onset T1DM patients; this is commensurate 

with the statement that low IL-4 secretion can enhance autoimmune destruction of beta 

cells.  

         Recently, some further studies looking for a link between IL-4 gene polymorphisms 

and T1DM in different populations were conducted. An in vitro study of the effect of IL-4 in 

the T1DM model was conducted by Pfeifer et al. in 2022; they observed that IL-4 failed to 

preserve beta cell endocrine function [182]. In another study by Preisser et al., investigating 

the role of recombinant Lactococcus lactis that carries an IL-4 coding vector in the T1DM 

nod mice model, they demonstrated some protection against T1DM because it attenuates 

the insulitis process [183]. The association between IL-4 polymorphisms and T1DM was 

also shown in a recent study (2023) by Haider et al. on the Kuwaiti population [184].  

Analysis of P values for allele frequencies for the 17 SNPs that were 
studied in Publication 5 and 6 with correction for multiple testing  
 

     In Publication 5, I studied the role of SNPs present within the pro-inflammatory cytokines 

and how these SNPs may exacerbate the autoimmune reaction against pancreatic cells 

and lead to T1DM. In Publication 6, I focused on the role of anti-inflammatory cytokines in 

controlling the immune response and preventing T1DM development. Allele frequencies 

and the genotype models for rs16944, rs3212227, rs1800629 and rs361525 SNPs have 

shown significant differences between T1DM patients and controls when data for each 

publication was analyzed separately using the Bonferroni correction test. Publication 6 was 

an extension of publication 5 using the same samples for both studies to investigate a new 

set of SNPs further. In the two original publications, the Bonferroni correction test was used 

separately for each publication. However, for this thesis, I now include all the SNPs (17) 

investigated in the two publications based on how pro- and anti-inflammatory cytokines 

could modulate the human immune system and lead to T1DM. When I applied the 

Bonferroni correction test, only the allele frequency of the rs2070874 SNP demonstrated a 

significant difference between the patients and control (corrected p values < 0.002941), as 

shown in Table 5.  I also applied the false discovery rate (FDR) analysis using the method 
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of Benjamini-Hochberg to see if that could make any other SNPs potentially significant and 

to minimize the possibility of false positive association, as the studied SNPs have not been 

functionally proven. As shown in Table 5, when Q=0.05, only rs2070874 and rs361525 

were significant. The FDR results suggest that the most significant SNPs in Publications 5 

and 6 (ie rs2070874 and rs361525 in IL4 and TNF-alpha respectively) remain significant 

as predictors of T1DM in a more extended analysis.  
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Table 5  

Allele frequencies for the 17 SNPs that were studied in Publications 5 and 6 with correction 

for multiple testing. 

No  SNP ID Gene Alleles P value 
Bonferroni 

Corrected P value
FDR corrected P 
value (Q=0.05) 

1 rs2070874 IL-4 
C 

C0.0013* 0.0221 0.002941 
T 

2 rs361525 
TNF-
alpha 

G 
0.007* 0.119 0.008824 

A 

3 rs16944 IL-1B 
A 

0.03 0.51 0.014706 
G 

4 rs1800871 IL-10 
G 

0.033 0.561  0.020588 
A 

5 rs1801275 IL-4R 
A 

0.08 1.36 0.026471 
G 

6 rs315952 IL-1RN 
T 

0.18 3.06 0.032353 
C 

7 rs1143634 IL-1B 
G 

0.19 3.23 0.038235 
A 

8 rs2069762 IL-2 
C 

0.2 3.4 0.044118 
A 

9 rs2234650 IL-R1 
C 

0.22 3.74 0.05 
T 

10 rs3212227 IL-12B 
T 

0.3 5.1 0.005882 
G 

11 rs1800872 IL-10 
G 

0.3 5.1 0.011765 
T 

12 rs4986791 TLR-4 
C 

0.4 6.8 0.017647 
T 

13 rs1800587 IL-1A 
G 

0.42 7.15 0.023529 
A 

14 rs3804099 TLR-2 
T 

0.5 8.5 0.029412 
C 

15 rs4986790 TLR-4 
A 

0.5 8.5 0.035294 
G 

16 rs1800629 
TNF-
alpha 

G 
0.6 10.2 0.041176 

A 

17 rs1800896 IL-10 
T 

0.64 10.88 0.047059 
C 

SNPs in italic bold for publication 5; SNPs in bold for publication 6; C indicates the p value is significant after correction; values 
in rows 1, 2, 3 and 4 of column “Bonferroni Corrected P value” represent the threshold for the Bonferroni test. *Significant using 
FDR correction. 
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Publication No: 4 

            My contribution to this study included obtaining the IRB approval, which was under 

my name. I contributed equally with a senior author in the research design and sample 

selection. I generated the bulk of laboratory work and analyzed the raw data, drafted the 

manuscript, communicated with the other co-authors for review, acted as the corresponding 

author and responded to all reviewers' comments throughout the publication.   
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Publication No: 5 

 

         My contribution to this study included obtaining the IRB approval, which was under 

my name. I contributed equally to the research design and sample selection, the 

supervision of the laboratory work, and the interpretation of the data. I drafted the 

manuscript, communicated with the other co-authors for review, and acted as the 

corresponding author.  
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Publication No: 6 

      My contribution to this study included obtaining the IRB approval, which was under my 

name. I equally contributed to the research design and laboratory work supervision and 

interpreted the raw data. I drafted the manuscript, communicated with the other co-authors 

for review, and acted as the corresponding author.   
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       In conclusion, I have characterized HLA, KIRs and STRs genes in the Saudi population 

to pave the way for understanding their distributions among this population. Allele 

frequencies were determined and compared to other national and international studies, and 

as a result, I have detected similarities and variations. LD was detected between specific 

markers and haplotypes for HLA loci and KIRs genes. I have implemented PCA analysis in 

specific HLA alleles or MDS plots in STRs markers on data from Arab-related ethnic groups 

and other unrelated populations; the clustering of Saudis was closer to Arabs than other 

unrelated populations. However, PCA on the KIR data has shown clustering of the Arab 

populations near the middle of the plot between Africans and Asians, supporting the 

dispersion out of Africa theory (Publication 2). 

        Various informative results were detected in the studies I have conducted on T1DM; 

in the study of KIRs and their corresponding HLA ligand, there was no significant difference 

between patients and controls for all 16 KIRs gene frequencies but, the differences were 

detected in C1C1, C2C2 and Bw4 ligands. Also, KIR2DL2-C1C1, KIR2DS2-C1C1, 

KIR2DL3-C1C1 and KIR2DS1-C1C1 significantly differed between the two groups. In 

studies of SNPs within selected pro- and anti-inflammatory cytokines in conjunction with 

HLA in T1DM, I confirmed that HLA DRB1*03 and DRB1*04 are risk alleles for T1DM, and 

that DRB1*07, DRB1*11 and DRB1*13 are protective against T1DM. The dominant model 

for rs361525 (TNF) and rs1800629G.361525A haplotype also increases the risk. In 

contrast, individuals positive for both DRB1*07 and rs1800629A/G were found to be at risk 

of T1DM. On the other hand, the carriers of the high-risk HLA genes in the presence of 

rs2070874 C/C (IL-4) genotype showed increased risk of T1DM which is consistent with 

the notion that low levels of this anti-inflammatory cytokines induce autoimmunity to beta 

cells in children under 13 years old. 

         The presented publications are one-centre-based studies, the sample sizes were not 

large enough, and we utilized low-resolution methods for HLA and KIRs genotyping, which 

were considered limitations for these research works. Also, there may not have been 

enough correction for multiple testing when a number of different genes are genotyped, as 

in Publications 5 and 6. However, further analysis which has not been published but is 

included in the commentary suggests that the findings for rs361525 (TNF-alpha) and 
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rs2070874 (IL4) as T1DM risk factors in these publications are still significant when a more 

global correction is performed. Further genetic studies in larger samples and high-

resolution methods for KIRs and HLA genotypes are recommended to better understand 

the interrelationship between the different ethnic groups and sort out complex ambiguities 

in specific alleles. These should be used in genome-wide approaches instead of further 

candidate gene studies. Also, in vitro and in vivo functional assays are recommended for 

evaluating the practical significance of particular genes and their associations with 

diseases. However, the work has had a direct impact on the day-to-day management of 

patients in the clinic. 
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